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ABSTRACT 
The fusion protein RUNX1-ETO is generated by the translocation t(8;21), which is one of the most 

prevalent chromosomal aberrations in acute myeloid leukemia (AML). The oncogenic potential of 

RUNX1-ETO is acquired as it deregulates normal functions of the hematopoietic master regulator 

RUNX1. t(8;21) positive AML has a favorable prognosis at initial diagnosis, but not in case of relapse. 

While RUNX1-ETO alone is not sufficient for the onset of leukemia and requires additional mutations, 

it is indispensable for t(8;21) positive cells to retain their leukemic phenotype. The mechanisms by 

which RUNX1-ETO contributes to the induction and maintenance of t(8;21) positive AML are not fully 

understood, yet. 

In this study, a stable knockdown of RUNX1-ETO was established by lentiviral shRNA transfer to 

elucidate long-term effects of RUNX1-ETO depletion in the t(8;21) positive cell lines Kasumi-1 and 

SKNO-1. The cellular phenotype of stable RUNX1-ETO RNAi was characterized by a reduction in cell 

expansion and clonal growth, as well as a partial G0/G1 arrest, accompanied by enhanced cell 

viability. In Kasumi-1 cells, the response to chemotherapeutic agents was not affected by RUNX1-ETO 

silencing, which indicates that apoptosis induction is not disrupted. In addition, cellular structures of 

RUNX1-ETO-silenced Kasumi-1 cells were visualized by transmission electron microscopy (TEM) and 

revealed dilated endoplasmic reticulum (ER) structures which are associated with ER stress. Further 

analysis of the cellular stress response was not able to demonstrate an induction of the unfolded 

protein response upon RUNX1-ETO depletion in Kasumi-1 cells.  

Proteome-wide expression analysis in RUNX1-ETO-silenced and control Kasumi-1 cells failed to 

identify novel target proteins that could be linked to the phenotype of stable RUNX1-ETO depletion 

in t(8;21) positive cell lines, as SILAC/LC-MS analysis detected low numbers of regulated proteins. In 

addition, the upregulation of established RUNX1-ETO target genes in long-term RUNX1-ETO 

depletion experiments could not be confirmed on protein level. In contrast, stable induction of 

mRNA expression was observed for RUNX1-ETO targets such as PU.1 and CEBPα, accompanied by a 

massive reduction of protein levels, and a lower molecular weight isoform of PU.1 (PU.1 p22). The 

emergent discrepancy of RNA and protein expression data in RUNX1-ETO-silenced Kasumi-1 and 

SKNO-1 cells was addressed by investigation of cellular degradation pathways and alternative 

translation as a consequence of ER stress.  

The eukaryotic translation initiation factor 4A2 (eIF4A2) was downregulated upon RUNX1-ETO 

silencing, as reported by SILAC/LC-MS, and its impact on protein biosynthesis was evaluated in 

Kasumi-1 cells. Stable depletion of eIF4A2 did, however, not result in any changes of the cellular 

phenotype or in a global reduction of protein levels, as seen in RUNX1-ETO-silenced Kasumi-1 cells.  

The PU.1 isoform p22 was considered to be either the product of alternative translation, presumably 

initiated at an alternative initiation site in frame with the PU.1 coding sequence, or a degradation 

product. Ectopic expression of a PU.1-HA fusion gene in RUNX1-ETO-silenced Kasumi-1 cells, 

combined with the elimination of selected translation initiation sites by site-directed mutagenesis, 

did not support the hypothesis of alternative start codon usage. On the other side, inhibition of 



Caroline Schoenherr „Aberrant protein expression upon stable RUNX1-ETO silencing in t(8;21) 
positive cell lines“ 

 

8 

proteasomal and lysosomal degradation pathways did not rescue protein levels in RUNX1-ETO-

silenced cells. Instead, the degradation of cellular proteins was found to be induced by cell lysis 

procedures. Expression of the neutrophil granule protease cathepsin G (CTSG) was strongly induced 

in response to RUNX1-ETO knockdown, which indicates proteolytic cleavage of cellular proteins in 

RUNX1-ETO-silenced Kasumi-1 cells upon the release of granular enzymes during cell lysis. MS-based 

peptide analysis was applied to investigate proteolytic cleavage on a proteome-wide scale and to 

establish a protease cleavage pattern for the identification of relevant proteases. Finally, the 

contribution of the granule-derived proteases CTSG and neutrophil elastase (ELANE) to the 

degradation of cellular proteins was validated by their RNAi-mediated depletion in RUNX1-ETO-

silenced t(8;21) positive cell lines. 

 

Keywords: AML, RUNX1-ETO, RNAi, ER stress, protein degradation, cell lysis, MS-based peptide 

analysis, CTSG, ELANE 
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ZUSAMMENFASSUNG 
Das Fusionsprotein RUNX1-ETO wird durch die Translokation t(8;21) generiert, welche zu den 

häufigsten chromosomalen Aberrationen bei der akuten myeloischen Leukämie (AML) gehört. Das 

onkogene Potential von RUNX1-ETO beruht auf der Deregulation des hämatopoetischen 

Transkriptionsfaktors RUNX1. Die t(8;21) positive AML geht nach Erstdiagnose mit einer guten 

Prognose einher, welche sich im Falle eines Rezidivs drastisch verschlechtert. Das alleinige Auftreten 

von RUNX1-ETO ist nicht ausreichend für die Entstehung einer AML, welche erst durch zusätzliche 

Mutationen ermöglicht wird. Die Expression von RUNX1-ETO ist jedoch unerlässlich für den 

leukämischen Phänotyp t(8;21) positiver Zellen. Die Mechanismen durch welche RUNX1-ETO zur 

Induktion und Aufrechterhaltung der t(8;21) positiven Leukämie beiträgt sind bis jetzt nicht 

vollständig verstanden. 

In dieser Arbeit wurde durch lentiviralen Gentransfer ein stabiler knockdown von RUNX1-ETO in den 

t(8;21) positiven Zelllinien Kasumi-1 und SKNO-1 etabliert, um Langzeit-Effekte der RUNX1-ETO 

Depletion zu untersuchen. Der zelluläre Phänotyp stabiler RUNX1-ETO RNAi zeichnete sich durch eine 

Reduktion der Zellexpansion und des klonalen Wachstums der Zellen aus. Weiterhin wurde ein 

teilweiser G0/G1 Arrest, sowie eine erhöhte Viabilität der Zellen beobachtet. In Kasumi-1 Zellen gab 

es nach RUNX1-ETO knockdown keine veränderte Reaktion auf chemotherapeutische Agenzien, 

wodurch eine Beeinträchtigung der Apoptose-Induktion unter diesen Umständen ausgeschlossen 

wurde. Durch Transmissionselektronenmikroskopie (TEM) wurden die zellulären Strukturen 

RUNX1-ETO-depletierter Kasumi-1 Zellen visualisiert und eine ausgeprägte Dilatation des 

Endoplasmatischen Retikulums (ER) nachgewiesen. Diese Veränderungen werden in der Regel mit 

ER-Stress in Verbindung gebracht. Bei der daraufhin erfolgten Analyse der zellulären Stressantwort 

konnte keine eindeutige Induktion der unfolded protein response nach RUNX1-ETO knockdown in 

Kasumi-1 Zellen nachgewiesen werden. 

Zur Identifizierung neuer Zielgene, die mit dem beobachteten Phänotyp des RUNX1-ETO knockdowns 

in Verbindung gebracht werden könnten, wurde in Kasumi-1 Zellen eine SILAC/LC-MS Analyse 

durchgeführt. Dabei konnte jedoch nur eine geringe Zahl regulierter Proteine identifiziert werden. 

Weiterhin konnte für bekannte RUNX1-ETO Zielgene (z.B. PU.1 und CEBPα) nach stabilem 

RUNX1-ETO knockdown, trotz anhaltender Induktion der mRNA Expression, auf Proteinebene keine 

langfristige Hochregulation nachgewiesen werden. Dafür wurde eine massive Reduktion des 

Proteingehalts der Zellen und im Falle von PU.1 eine Isoform mit geringerem Molekulargewicht (PU.1 

p22) festgestellt. Die Diskrepanz zwischen RNA und Proteinexpression nach RUNX1-ETO knockdown 

in Kasumi-1 und SKNO-1 Zellen wurde im Folgenden adressiert. Dabei wurden sowohl Wege des 

zellulären Proteinabbaus, als auch die Möglichkeit alternativer Translation in Folge von ER-Stress 

untersucht.  

Die SILAC/LC-MS Analyse hatte Hinweise auf eine verminderte Expression des eukaryotischen 

Translations Initiationsfaktors 4A2 (eIF4A2) nach RUNX1-ETO knockdown in Kasumi-1 Zellen geliefert. 

Der Einfluss eines stabilen eIF4A2 knockdowns auf die Proteinbiosynthese wurde in Kasumi-1 Zellen 
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untersucht, wobei keine Änderung des zellulären Phänotyps und auch keine globale Reduktion der 

Proteinmenge nachgewiesen werden konnte.  

Die PU.1 Isoform p22 wurde sowohl als Produkt alternativer Translation, initiiert an alternativen 

Translations-Initiationsstellen (TIS) innerhalb der PU.1 coding sequence, als auch als Abbauprodukt in 

Betracht gezogen. Durch Überexpression eines PU.1-HA Fusionsproteins in Kasumi-1 Zellen, in 

Kombination mit gezielter Mutation ausgewählter TIS, wurde die Möglichkeit alternativer Translation 

in Folge des RUNX1-ETO knockdowns als Ursache für die Entstehung von PU.1 p22 ausgeschlossen. 

Auch die Inhibition proteasomalen und lysosomalen Proteinabbaus führte nicht zu einer 

Stabilisierung der Proteinexpression in RUNX1-ETO-depletierten Kasumi-1 Zellen. Dafür wurde 

gezeigt, dass der allgemeine Proteinabbau in Folge des stabilen knockdowns von RUNX1-ETO durch 

die Zelllyse induziert wird. Die Unterdrückung der RUNX1-ETO Expression bewirkte eine starke 

Induktion der Neutrophilen Granula Protease Cathepsin G (CTSG), wodurch der Abbau von Proteinen 

aufgrund der Freisetzung granulärer Proteasen bei der Zelllyse nahelegt wird. 

Eine MS-basierte Peptidanalyse wurde durchgeführt, um die Spaltung von Proteinen auf der Ebene 

des gesamten Kasumi-1 Proteoms zu untersuchen. Dabei wurde ein spezifisches Muster von 

Aminosäuren im Bereich der Spaltstellen ermittelt, welches Hinweise auf die beteiligten Proteasen 

lieferte. Durch RNAi-vermittelten knockdown von CTSG und der Neutrophilen Elastase (ELANE) 

konnte schließlich deren Beteiligung am Abbau zellulärer Proteine in Folge des RUNX1-ETO 

knockdowns in t(8;21) positiven Zellen nachgewiesen werden.   

 

Schlagworte: AML, RUNX1-ETO, RNAi, ER-Stress, Proteinabbau, Zelllyse, MS-basierte Peptidanalyse, 

CTSG, ELANE 
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1 INTRODUCTION 

1.1 Hematopoiesis 

The hematopoietic system comprises various functions including oxygen transport, blood coagulation 

and immune response, which are mediated by different cell types. Mature blood cells have a short 

life span and need to be replaced constantly during normal blood homeostasis, but also in response 

to environmental stimuli such as blood vessel damage and infections. The entire spectrum of blood 

cells is derived from multipotent hematopoietic stem cells (HSCs) which are capable of self-renewal 

and have the potential to differentiate to mature blood cells of all lineages. The ability of HSCs to 

replenish all blood cells has been demonstrated by bone marrow transplantation to lethally 

irradiated mice (Ford et al., 1956; Mcculloch and Till, 1960). The transplanted cells prevented death 

by bone marrow failure, suggesting the restoration of hematopoiesis. 

HSC differentiation is tightly regulated and several models for this process do exist. The basic 

hierarchical model describes HSC differentiation to mature blood cells as a successive process based 

on binary decisions which are influenced by the lineage-specific expression of transcriptional 

regulators and cell surface markers. According to this view, long-term (LT)-HSCs with unlimited 

capacity for self-renewal give rise to short-term (ST)-HSCs and subsequently to multipotent 

progenitors (MPP), accompanied by a gradual decrease in self-renewing potential (Morrison et al., 

1997) (Fig 1).  

 

Figure 1: Hierarchical model of HSC differentiation 

Basic model describing stepwise differentiation of HSCs to mature blood cells. LT-HSC, long-term hematopoietic 
stem cell; ST-HSC, short-term HSC; MPP, multipotent progenitor; LMPP, lymphoid-primed multipotent 
progenitor; CMP, common myeloid progenitor; MEP, megakaryocyte/erythrocyte progenitor; GMP, 
granulocyte/macrophage progenitor; CLP, common lymphoid progenitor; Pla, platelets; Ery, erythrocytes; GN, 
granulocytes; Mono/Mϕ, monocytes/macrophages; DC, dendritic cells; NK, natural killer cells.  

Representing a branch point for the commitment to lymphoid or myeloid programs, MPPs 

differentiate to common myeloid progenitors (CMPs) or to lymphoid-primed multipotent progenitors 

(LMPPs). CMPs can further differentiate to granulocyte/macrophage progenitors (GMPs), which can 
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produce monocytes/macrophages and granulocytes, or to megakaryocyte/erythrocyte progenitors 

(MEP) (Manz et al., 2002). MEPs are predominantly committed to megakaryocytes and erythrocytes 

but still hold the potential for B-cell differentiation (Akashi et al., 2000). LMPPs are primed for the 

formation of B-, T- and NK-cells via common lymphoid progenitors (CLPs) (Akashi et al., 2000; Kondo 

et al., 1997) while retaining myeloid potential (Adolfsson et al., 2005; Ceredig et al., 2006; Doulatov 

et al., 2010). Both, GMPs and CLPs have the ability to differentiate to dendritic cells (Manz et al., 

2001; Traver et al., 2000). 

This model has been challenged by numerous studies which reported conflicting hierarchies 

(Adolfsson et al., 2005; Ceredig et al., 2009; Görgens et al., 2013; Haas et al., 2015; Perié et al., 2015; 

Yamamoto et al., 2013) and lineage commitment in allegedly oligopotent progenitors (Notta et al., 

2016; Paul et al., 2015). In addition, new technologies, including single cell RNA sequencing and 

reconstitution assays using lentiviral barcoding of hematological cells, have demonstrated 

heterogeneous gene expression and lineage predisposition in HSCs and hematologic progenitor cells 

(HPCs) (Knapp et al., 2018; Paul et al., 2015). As a consequence, alternative models have been added 

to the understanding of HSC differentiation, describing a continuous process in which lineage priming 

occurs as early as in HSCs, and progenitor populations merely represent a mixture of committed cells 

(Brown and Ceredig, 2019; Ceredig et al., 2009; Knapp et al., 2019; Velten et al., 2017).  

1.1.1 Regulators of myeloid differentiation 

One of the key regulators for definitive hematopoiesis is the Runt-related transcription factor 1 

(RUNX1), also known as AML1 or CBFA2, which is expressed in nearly all populations of HSCs, HPCs 

and mature blood cells, with the exception of terminally differentiated erythrocytes (Bäsecke et al., 

2002; Lorsbach et al., 2004; North et al., 2004). Deletion of RUNX1 in mice has been shown to be 

embryonic lethal and prevents the formation of HSCs and HPCs from the embryonic tissue (Cai et al., 

2000; Okuda et al., 1996; Sasaki et al., 1996; Wang et al., 1996). RUNX1 functions in adult 

hematopoiesis are considered to be more dispensable, as conditional knockout of RUNX1 in HSCs of 

adult mice does not interfere with the generation of HPCs and myeloid cells (Ichikawa et al., 2004). 

However, the levels of progenitor cells were increased and a preleukemic state was proposed for 

RUNX1 deficient HSCs, although no spontaneous leukemia was observed (de Bruijn and Speck, 2004; 

Ichikawa et al., 2004). Notably, this phenotype is very similar to observations upon ectopic 

expression of RUNX1-ETO in mice, where acute myeloid leukemia (AML) is induced only if additional 

mutations are present, such as in c-KIT or FLT3 (de Guzman et al., 2002; Higuchi et al., 2002; Yuan et 

al., 2001). 

RUNX1 is also discussed as a regulator of HSC maintenance, which involves a fraction of the LT-HSC 

population to be arrested in the G0 phase of the cell cycle, a condition termed quiescence. HSC 

quiescence is important to retain their self-renewal potential and preserves the cells´ genomic 

integrity by reducing proliferation and, accordingly, DNA replication rates. Increased proliferation 

and eventually stem cell exhaustion have been observed in mice with RUNX1 deficient HSCs (Jacob et 

al., 2010; Jacob and Osato, 2009). This might be a consequence of decreased CXCR4 and integrin α2 

expression, which are transcriptionally regulated by RUNX1 (Jacob et al., 2010). These cell surface 
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molecules are crucial for HSC interactions with the stem cell niche (Sugiyama et al., 2006) and HSC-

niche interactions have been shown to mediate HSC quiescence (Arai et al., 2004; Calvi et al., 2003; 

Zhang et al., 2003). In addition to its impact on HSC-niche interactions, RUNX1 regulates expression 

of BMI-1, which is important for stem cell renewal, and can directly decelerate cell cycle progression 

(Motoda et al., 2007). 

The further differentiation of HSCs to MPPs and precursors of the myeloid and lymphoid lineages is 

regulated by coordinated expression of transcription factors and cytokine receptors. Commitment to 

the myeloid pathway is facilitated by the ETS family member PU.1 (SPI1, SFFV proviral integration), 

C/EBPα (CCAAT enhancer-binding protein α) and GATA-1, among others. GATA-1 triggers CMP 

differentiation to megakaryocyte/erythrocyte progenitors (MEPs) (Kulessa et al., 1995; Nerlov et al., 

2000; Rekhtman et al., 1999; Zhang et al., 2000, 1999) and their further commitment to 

megakaryocytes and erythrocytes requires downregulation of PU.1. Conversely, GATA-1 is absent 

upon myeloid differentiation (Hoppe et al., 2016) and antagonistic functions, which are mediated by 

physical interaction, have been shown for GATA-1 and PU.1 (Nerlov et al., 2000). GATA-1 functions 

also depend on its expression levels as intermediate concentrations have been shown to facilitate 

the formation of eosinophil granulocytes (Migliaccio et al., 2005; Nerlov et al., 1998). 

PU.1 and C/EBPα both contribute to the direction of CMPs towards GMPs. They mutually drive their 

gene expression in a feed forward loop (Yeamans et al., 2007) and induce the expression of genes 

that are essential for myelopoiesis, e.g. macrophage colony-stimulating factor (M-CSF) and 

granulocyte-macrophage (GM)-CSF (Aikawa et al., 2010; Hohaus et al., 1995; Rieger et al., 2009). 

Additionally, PU.1 synergizes with RUNX1 which leads to increased expression of the M-CSF receptor 

(M-CSF-R) (Hu et al., 2011; Zhang et al., 1996). Deletion of PU.1 has been shown to prevent the 

formation of myeloid cells, as well as B- and T-cells, in knockout mice (McKercher et al., 1996; Scott 

et al., 1994) and leukemic transformation was observed in case of aberrant PU.1 expression 

(Moreau-Gachelin et al., 1996; Rosenbauer et al., 2006). Varying levels of PU.1 are expressed in 

nearly all populations of hematopoietic cells (Back et al., 2005; Nutt et al., 2005) and it has been 

shown to exert dose-dependent effects in hematopoietic differentiation (DeKoter and Singh, 2000; 

Mak et al., 2011). In GMPs, expression levels of PU.1 decide between monocyte/macrophage or 

granulocyte development (Dahl et al., 2003; Laslo et al., 2006). High concentrations of PU.1 promote 

the expression of genes which are essential for macrophage differentiation, e.g. CSF1 (M-CSF-R) 

(Zhang et al., 1994), and induce EGR2 (early growth response protein 2) and NAB2 (NGFI-A-

binding protein 2), which in turn repress the neutrophil transcription factor GFI1 (growth factor 

independent-1) (Laslo et al., 2006; Spooner et al., 2009). If PU.1 levels are low, the transcription 

factors C/EBPα and GFI-1 inhibit macrophage-specific gene expression and drive the expression of 

granulocyte-specific genes, such as CSF3R (G-CSF-R) (Zhang et al., 1997) and the myeloid granule 

proteins MPO (myeloperoxidase) and ELANE (neutrophil elastase) (Ford et al., 1996; Oelgeschläger et 

al., 1996). PU.1 is also required for the formation of CLPs (Iwasaki et al., 2005), but once lymphoid 

commitment is established, PU.1 expression decreases and is almost completely silenced in T-cell 

precursors. However, gradually increasing PU.1 levels are present in developing B-cells (Back et al., 

2005; Nutt et al., 2005). 
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1.2 Acute myeloid leukemia (AML) 

1.2.1 Classification of AML 

Acute myeloid leukemia (AML) is a heterogeneous disease accompanied by clonal expansion and 

impaired differentiation of myeloid precursor cells. The disease results in bone marrow failure as the 

formation of mature blood cells of the myeloid lineage is impaired and, additionally, differentiation 

of the remaining normal progenitor cells is inhibited by AML blasts (Estey and Döhner, 2006; Youn et 

al., 2000). Without treatment, patients die from fatal infections, bleeding or organ infiltration within 

a few weeks or months (De Kouchkovsky and Abdul-Hay, 2016). The median age at initial diagnosis is 

about 70 years and elderly patients have a particular adverse prognosis, as the chances of 5-year 

survival for patients older than 60 years are only at 5-10%, compared to 40% for patients younger 

than 60 (https://seer.cancer.gov/statfacts/html/amyl.html; Juliusson et al., 2009; Slovak et al., 2000; 

Tallman et al., 2005). Moreover, 70% of the patients older than 65 years die within one year of 

diagnosis (Meyers et al., 2013). 

In 1976 the French-American-British (FAB) classification has been introduced, to attain a uniform 

nomenclature for documentation of the various manifestations of AML. The FAB system categorizes 

eight subgroups of AML (M0-M7), based on differentiation grade and cellular origin, as examined by 

morphology and cytochemistry of the leukemic blasts (Bennett et al., 1976; Bloomfield and Brunning, 

1985; Lee et al., 1987). In 2001 the World Health Organization (WHO) initially included information 

on recurrent mutations defining a new subgroup of “AML with recurrent genetic abnormalities” 

(Vardiman et al., 2009, 2002). This model has been revised by Arber and colleagues in 2016 (Arber et 

al., 2016). 

Functionally different classes of alterations have been described, and Gilliland and Griffin 

hypothesized that two classes of mutations are required for the onset of AML (Gilliland and Griffin, 

2002; Kelly and Gilliland, 2002). The first class involves constitutive activation of intracellular 

signaling pathways promoting cell proliferation and survival, whereas the second class interferes with 

cellular differentiation programs and response to apoptosis. More recently, the significance of 

epigenetic processes for AML development has been emphasized, as 44% of AML patients have 

mutations in genes associated with DNA methylation (Cancer Genome Atlas Research Network et al., 

2013). Essentially all AML patients show deregulation of epigenetic mechanisms (Glass et al., 2017; 

Meldi and Figueroa, 2015; Watts and Nimer, 2018). 

Recurrent mutations in AML involve chromosomal aberrations which are present in 55% of patients 

(Mrózek et al., 2001), as well as somatic mutations in patients with normal karyotype. The most 

common chromosomal rearrangement is the translocation between chromosomes 15 and 17 

[t(15;17)(q22;q11-21)] which is found in 13% of AML (Döhner et al., 2017) and leads to the 

expression of PML-RARA that is associated with acute promyelocytic leukemia (APL) (de Thé et al., 

1990; Rowley et al., 1977; Vickers et al., 2000). Other frequently occurring aberrations include the 

translocation between chromosomes 8 and 21 [t(8;21)(q22;q22)] (Miyoshi et al., 1993; Rowley, 1973) 

and an inversion of chromosome 16 [inv(16)(p13q22)] (Liu et al., 1993), which are categorized as core 
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binding factor (CBF) leukemia since they affect members of the CBF transcription factor family. The 

resulting oncogenic fusion proteins RUNX1-ETO [t(8;21)] and CBFB-MYH11 [inv(16)] are present in 

7-12% and 5% of AML, respectively (Döhner et al., 2017; van der Kouwe and Staber, 2019).  

Among the patient group with normal karyotype, the most frequent mutations affect the receptor 

tyrosine kinase FLT3, which carries an internal tandem duplication (FLT3-ITD) or mutations in the 

tyrosine kinase domain (FLT3-TKD) in about 28% of patients (Nakao et al., 1996; Yamamoto, 2001). 

RAS and c-KIT mutations are present in approximately 12% and 4% of AML genomes, while the genes 

encoding the transcription factors RUNX1 and CEBPα are mutated in 10% and 6% of patients. 

Mutations in the DNA methylation-related genes NPM1, DNMT3A and IDH1/2 are also frequently 

observed with 27%, 26% and 20%, respectively. Mutations of the tumor suppressor TP53 are found in 

only 8% of all evaluated genomes but are enriched to approximately 60% in AML genomes with a 

complex karyotype (Cancer Genome Atlas Research Network et al., 2013; Rücker et al., 2012).  

Disease progression and therapy response are heavily influenced by the occurrence and combination 

of driver mutations. For instance, AML with t(8;21) or inv(16) and APL with t(15;17) are generally 

linked to a favorable outcome (de Thé et al., 2017; Solh et al., 2014). Secondary KIT mutations, 

however, seem to worsen the prognosis for patients with t(8;21) and inv(16) (Cairoli et al., 2006; 

Care et al., 2003; Schnittger et al., 2006).  

1.2.2 Translocation t(8;21) and the oncogenic fusion protein RUNX1-ETO 

The translocation t(8;21) is one of the most prevalent chromosomal aberrations in AML and can be 

found in 7-12% of AML genomes (Rowley, 1973; van der Kouwe and Staber, 2019). Patients with 

t(8;21) are predominantly categorized to the FAB M2 subtype of “myeloid leukemia with maturation” 
(Rowley, 1984) and have a favorable prognosis at initial diagnosis, but not in case of relapse (Byrd et 

al., 2002; Grimwade et al., 1998). The chromosomal rearrangement which generates t(8;21) places 

exons 1-5 of the RUNX1 locus upstream of ETO exon 2. This structural variance facilitates the 

expression of the oncogenic fusion protein RUNX1-ETO, which consists of the N-terminal runt 

homology domain (RHD) of RUNX1 and the four nervy homology regions (NHR1-4) of the repressor 

protein ETO (Erickson et al., 1992; Miyoshi et al., 1993; Nisson et al., 1992) (Fig 2).  
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Figure 2: Gene and protein structure of RUNX1, ETO and the t(8;21) translocation product RUNX1-ETO 

The gene loci for RUNX1 and ETO are located on chromosome 21 and 8, respectively. The RUNX1 gene contains 
nine exons and the protein structure for isoform RUNX1b with 453 amino acids is depicted below. The ETO 
locus consists of 13 exons which are translated to the 604 amino acid ETO protein that contains four conserved 
nervy homology regions (NHR1-4). Translocation t(8;21) places exons 1-5 of RUNX1 upstream of ETO exon 2 
and the chromosomal breakpoints are depicted by dashed lines. The resulting fusion protein RUNX1-ETO 
consists of the RUNX1 RHD and the four ETO NHR domains. RHD, runt homology domain; TAD, transactivation 
domain; VWRPY, valine-tryptophan-arginine-proline-tyrosine motif 

RUNX1 constitutes the DNA-binding α subunit of the core binding factor (CBF), a transcription factor 

complex that is crucial for the regulation of definitive hematopoiesis and myeloid differentiation. 

Heterodimerization of RUNX1 with the non-DNA-binding β subunit CBFβ leads to increased DNA 
binding ability and stabilizes RUNX1 by preventing its proteasomal degradation (Huang et al., 2001). 

The interaction between RUNX1 and CBFβ, as well as DNA-binding, is mediated by the RUNX1 RHD. 

RUNX1 functions are regulated by differential expression of three different isoforms (RUNX1a/b/c), 

which is achieved by two distinct promoters and alternative splicing, and by posttranslational 

modifications. Phosphorylation of RUNX1 mediated by extracellular signal-regulated kinase (ERK) has 

been shown to increase its transactivation capacity by releasing the co-repressor mSin3a (Imai et al., 

2004; Tanaka et al., 1996). In addition, RUNX1 can be targeted for proteasomal degradation by 

ubiquitinylation and the phosphorylation-induced release of mSin3a is accompanied by increased 

degradation (Huang et al., 2001; Imai et al., 2004). The C-terminal transactivation domain (TAD) and 

the VWRPY motif of RUNX1, which are absent in RUNX1-ETO, are responsible for multiple protein-

protein interactions that modulate the transcriptional activity of RUNX1. Exemplary interaction 

partners of the TAD are PU.1, C/EBPα, mSin3a and p300 (Imai et al., 2004; Kitabayashi et al., 1998; 

Petrovick et al., 1998; Zhang et al., 1996), while the VWRPY motif is involved in the recruitment of 

corepressors, such as transducing-like enhancer of split (TLE1) (Imai et al., 1998). In contrast to 

RUNX1, the transcriptional repressor ETO is not expressed in hematopoietic cells under physiological 

conditions (Morohoshi et al., 2000). 
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The oncogenic potential of RUNX1-ETO is based on its ability to deregulate normal RUNX1 functions, 

for which several mechanisms have been described. RUNX1-ETO exerts dominant-negative effects on 

RUNX1-dependent gene expression as it recruits the corepressor proteins N-CoR1 (nuclear receptor 

corepressor 1) and SMRT (silencing mediator of retinoic acid and thyroid hormone receptor) to the 

ETO moiety of the fusion protein (Gelmetti et al., 1998; Lutterbach et al., 1998b; Wang et al., 1998). 

N-CoR1 and SMRT can assemble a repressor complex involving mSin3a and histone deacetylases 

(HDAC) (Chen and Li, 1998; Shibata et al., 1997), resulting in transcriptional silencing of RUNX1 target 

genes, e.g. MDR1 (Lutterbach et al., 1998a), FOS (Hwang et al., 1999), CDKN2A (Linggi et al., 2002) 

and BCL2 (Zhuang et al., 2013). Inhibitory functions of RUNX1-ETO are also mediated by direct 

protein-protein interactions. It has been shown to physically interact and to interfere with the 

regulatory functions of hematopoietic transcription factors, such as PU.1, C/EBPα and GATA-1 (Choi 

et al., 2006; Pabst et al., 2001; Vangala et al., 2003). 

Activating functions have also been described for RUNX1-ETO. Recruitment of the histone 

acetyltransferase (HAT) p300 to the RUNX1-ETO NHR1 domain facilitates site-specific lysine 

acetylation of RUNX1-ETO, as well as histone acetylation, and promotes interactions with 

transcriptional coactivators (Wang et al., 2011). The resulting transactivation of target genes, such as 

ID1, CDKN1A, EGR1, CSF1R and KIT (Chen et al., 2019; Rhoades et al., 1996; Wang et al., 2011), is 

essential for RUNX1-ETO-dependent promotion of self-renewal in human hematopoietic stem and 

progenitor cells (HSPCs) and leukemia development in mouse models (Wang et al., 2011). More 

recently, Martinez-Soria et al. (Martinez-Soria et al., 2018) reported direct and indirect RUNX1-ETO-

dependent induction of the cell cycle regulator CCND2. RUNX1-ETO competes with RUNX1 for the 

binding to an upstream negative regulatory element in the CCND2 promoter and, additionally, 

upregulates the expression of AP-1 family members which contribute to CCND2 gene expression 

(Mathas et al., 2002; Ptasinska et al., 2014). 

Both, the repressing and activating functions of RUNX1-ETO are, at least partly, mediated by its 

impact on epigenetic processes, as it interacts with different members of protein families that are 

involved in the modeling of chromatin structure, e.g. HDACs, DNA methyltransferases (DNMT) and 

protein arginine methyltransferases (PRMT) (Amann et al., 2001; Klisovic et al., 2003; Shia et al., 

2012). This is emphasized by a study of Ptasinska and colleagues which demonstrated genome-wide 

changes in the histone acetylation pattern and transcription factor binding as a result of RUNX1-ETO 

depletion in AML cells (Ptasinska et al., 2012).  

Despite its implications for the regulation of target genes involved in cellular processes such as self-

renewal and differentiation, the expression of RUNX1-ETO is not sufficient for the induction of 

leukemia in transgenic mice. In line with the two-hit model of leukemogenesis (Kelly and Gilliland, 

2002), additional mutations are indispensable for the onset of AML (Rhoades et al., 2000; Yuan et al., 

2001). Resulting in genomic instability, the acquisition of secondary mutations is facilitated by 

RUNX1-ETO as it interferes with the expression of genes that are essential for DNA repair (Alcalay et 

al., 2003; Forster et al., 2016; Krejci et al., 2008). Accordingly, 70% of t(8;21) positive AML display 

additional chromosomal aberrations (Krauth et al., 2014; Mrózek and Bloomfield, 2008). 
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The effects of RUNX1-ETO on target gene expression have been studied extensively by ectopic 

expression of RUNX1-ETO in cell lines and HSPCs (Hwang et al., 1999; Lutterbach et al., 1998a; Wang 

et al., 2011; Zhuang et al., 2013) and by RNAi-mediated depletion of RUNX1-ETO in the t(8;21) 

positive cell lines Kasumi-1 and SKNO-1, as well as in primary AML cells (Dunne et al., 2006; Martinez-

Soria et al., 2018; Ptasinska et al., 2012). Gain- and loss-of-function studies have furthermore given 

insights into its relevance for cellular processes including proliferation, differentiation and cell 

survival. Heidenreich et al. have demonstrated a reduction in proliferation and colony formation, 

combined with restored myeloid differentiation in Kasumi-1 and SKNO-1 cells upon transient 

depletion of RUNX1-ETO (Heidenreich et al., 2003). In addition, Kasumi-1 cells reveal a block in cell 

cycle transition from the G1- to S-phase, accompanied by reduced apoptosis and the induction of 

cellular senescence in response to AML1-ETO RNAi (Martinez et al., 2004). In line with these findings, 

RUNX1-ETO has been reported to deregulate the expression of genes which are associated with 

proliferation and differentiation, such as Insulin-like growth factor-binding protein 7 (IGFBP7) and 

cathepsin G (CTSG), in Kasumi-1 cells and patient-derived AML blasts with t(8;21) (Dunne et al., 2006; 

Schoenherr et al., 2019). 

1.3 Endoplasmic reticulum stress and its impact on protein synthesis 

The endoplasmic reticulum (ER) presents a central location for the biosynthesis, modification and 

quality control of secretory and transmembrane proteins (Ellgaard et al., 1999; Gething and 

Sambrook, 1992; Helenius et al., 1992). The perturbation of these processes by various types of 

cellular stress, including hypoxia, nutrient starvation or the expression of aberrant proteins, 

eventually leads to the accumulation of unfolded proteins, a hallmark of ER stress. An adaptive 

response to ER stress conditions is initiated by the unfolded protein response (UPR) which is 

determined to the preservation of cell functions and survival (Gething and Sambrook, 1992; Ron and 

Walter, 2007). One of its central features is the reduction of the ER workload. The deceleration of 

global translation rates combined with increased capacity for protein folding and the degradation of 

aberrant proteins by ER-associated protein degradation (ERAD) or autophagy help to alleviate ER 

stress. In case of irreversible damage or persistent disruption of the ER homeostasis, the UPR induces 

cell death by activation of pro-apoptotic signaling pathways (Kaufman, 1999).  

1.3.1 Induction of the unfolded protein response 

The accumulation of un- or misfolded proteins within the ER lumen presents the ultimate trigger for 

UPR induction and is detected by the ER transmembrane proteins PKR-like ER kinase (PERK), inositol-

requiring enzyme 1 (IRE1) and activating transcription factor 6 (ATF6) (Harding et al., 1999; Haze et 

al., 1999; Tirasophon et al., 1998; Yoshida et al., 1998). Under physiological conditions the luminal 

domains of PERK, IRE1 and ATF6 are bound by the ER chaperone BiP, keeping them in an inactive 

state (Bertolotti et al., 2000; Shen et al., 2002) (Fig 3). Conditions of ER stress, however, promote the 

dissociation of BiP due to its affinity to hydrophobic stretches, presented by unfolded proteins (Flynn 

et al., 1991). The release of BiP is accompanied by conformational changes allowing PERK, IRE1 and 

ATF6 to initiate UPR signaling via their cytoplasmic domains.  
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Figure 3: Schematic representation of the ER transmembrane proteins PERK, IRE1 and ATF6  

The domain structure of PERK, IRE1 and ATF6 is depicted in their inactive state, when bound to BiP, under 
physiological conditions. The molecular orientation within the ER membrane is indicated by NH2 and COOH 
groups representing the N- and C-terminal regions of the proteins, respectively. 

The type I transmembrane proteins PERK and IRE1 are characterized by their C-terminal, cytoplasmic, 

kinase domains (Fig 3). Dissociation of BiP from their N-terminal, luminal, domains facilitates homo-

dimerization and kinase activation by trans-autophosphorylation (Bertolotti et al., 2000; Ma et al., 

2002; Shamu and Walter, 1996). Activated PERK directly phosphorylates the eukaryotic translation 

initiation factor 2 α subunit (eIF2α) at serine 51, initiating a pathway termed the integrated stress 

response (ISR). The ISR involves the attenuation of global translation in favor of the specific 

translation of mRNAs with relevance for ER homeostasis (Harding et al., 2003, 2000, 1999; Prostko et 

al., 1992). Notably, the phosphorylation of eIF2α may also be facilitated by other kinases such as 

GCN2, which is activated by uncharged tRNAs in the context of amino acid starvation (Dever et al., 

1992; Dong et al., 2000; Zhang et al., 2002), or PKR, which represents a sensor for dsRNA, attributed 

to viral infections (Levin et al., 1980; Nanduri et al., 2000; Ung et al., 2001; Zhang et al., 2001). The 

activating transcription factor 4 (ATF4) is one of the proteins which are preferentially translated 

under ER stress conditions and induces the expression of UPR genes including growth arrest and DNA 

damage-inducible protein 34 (GADD34) and C/EBP-homologous protein (CHOP) (Harding et al., 2000; 

Ma and Hendershot, 2003). GADD34 encodes a regulatory subunit of the protein phosphatase 1 

complex which promotes eIF2α dephosphorylation and, thus, the re-initiation of translation and 

cellular recovery from ER stress. The transcription factor CHOP contributes to the upregulation of 

GADD34 (Marciniak et al., 2004) but may also induce apoptosis-related genes if expressed at high 

levels (Friedman, 1996; McCullough et al., 2001; Puthalakath et al., 2007; Zinszner et al., 1998). 

Beyond the direct regulation of apoptotic genes, ATF4 and CHOP cooperatively promote cell death by 

a mechanism that includes forced protein synthesis under conditions of ER stress, resulting in 

oxidative stress and ATP depletion (Han et al., 2013). 

The activated kinase domain of IRE1 recruits TNF receptor-associated factor 2 (TRAF2) and eventually 

triggers pro-apoptotic JNK signaling (Urano et al., 2000). In addition to its kinase activity, IRE1 

comprises an endoribonuclease domain which is also activated upon the release of BiP (Sidrauski and 

Walter, 1997). The IRE1 RNase activity facilitates an unconventionally spliced variant of the XBP1 
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mRNA (referred to as sXBP1), resulting in an extended protein that includes a C-terminal 

transactivation domain (Calfon et al., 2002; Peschek et al., 2015; Yoshida et al., 2001). The 

transcription factor encoded by sXBP1 induces target genes which promote the recovery of ER 

functions such as protein disulfide-isomerase (PDI) and ER degradation-enhancing alpha-

mannosidase-like protein 1 (EDEM) (Lee et al., 2003; Yoshida et al., 2003) which are involved in 

protein folding and ERAD, respectively. Besides XBP1 splicing, IRE1 can also mediate RNA degradation 

by cytoplasmic exonucleases, a mechanism termed regulated IRE1-dependent RNA decay (RIDD) 

(Hollien and Weissman, 2006). 

The type II transmembrane protein ATF6 is composed of a C-terminal luminal domain that contains a 

Golgi localization signal (GLS) and an N-terminal cytoplasmic domain, presenting a basic leucine 

zipper motif (bZIP) (Fig 3). The GLS is unmasked upon BiP release and facilitates the transit of ATF6 to 

the Golgi compartment, where it is processed by the resident proteases S1P and S2P. The activated 

bZIP transcription factor ATF6p50 translocates to the nucleus where it binds to ER stress response 

elements (ERSE) (Shen et al., 2002; Ye et al., 2000; Yoshida et al., 2000, 1998) and activates the 

expression of genes which are involved in protein folding and ERAD, such as BiP and EDEM (Adachi et 

al., 2008; Haze et al., 1999). Other transcription factors participating in UPR induction, e.g. XBP1 and 

CHOP are also induced by ATF6 (Yoshida et al., 2000). 

1.3.2 Mechanisms of canonical and stress-dependent translation initiation 

Translation initiation is the rate-limiting step in protein biosynthesis and is tightly controlled to adapt 

to the changing requirements of cells under varying conditions (Sonenberg and Hinnebusch, 2009). 

Several kinds of cellular stress, including ER stress, lead to an induction of the integrated stress 

response (ISR) which entails the general decrease of cellular translation rates to save energy and to 

enable the restoration of ER homeostasis. Different mechanisms of alternative translation initiation 

are facilitated by the ISR to promote preferential translation of mRNA transcripts which are relevant 

for the cellular stress response (Harding et al., 2003; Young and Wek, 2016). 

The initiation of canonical, cap-dependent translation requires mRNA activation and binding by the 

43S preinitiation complex (PIC), followed by ribosomal scanning of the mRNA 5´UTR. Upon 

recognition of an initiation codon, usually AUG, the large ribosomal subunit is recruited and 

translation proceeds with elongation and termination, completed by recycling of the participating 

translation factors (Jackson et al., 2010; Sonenberg and Hinnebusch, 2009). Eukaryotic mRNAs are 

characterized by an N7-methylated guanosine which is linked to the first nucleotide of the mRNA by 

5´/5´triphosphate linkage (5´m7G). This modification protects the mRNA from degradation by 

5´->3´exonucleases and is essential for the recruitment of translation initiation factors (Furuichi et al., 

1977; Reddy et al., 1974; Shatkin, 1985, 1976; Shimotohno et al., 1977). mRNA activation as part of 

the canonical translation initiation involves recruitment of the eIF4F complex to the 5´m7G cap 

(Fig 4). This multiprotein complex is composed of the cap-binding protein eIF4E, the RNA helicase 

eIF4A and the scaffold protein eIF4G, which mediates their interaction (Pestova and Kolupaeva, 

2002; Pisarev et al., 2008; Siridechadilok et al., 2005; Valásek et al., 2003). The DEAD-box RNA 

helicase eIF4A is represented by two isoforms, eIF4A1 and eIF4A2, which display 91% amino acid 
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sequence similarity and are assumed to be functionally redundant (Nielsen and Trachsel, 1988; 

Parsyan et al., 2011). As part of the eIF4F complex or in cooperation with other initiation factors, like 

eIF4B or eIF4H, they implement the unwinding of mRNA secondary structures in the 5´UTR as a 

prerequisite for ribosomal attachment (Pause et al., 1994; Richter-Cook et al., 1998; Rogers et al., 

2001; Rozen et al., 1990). The cap-binding protein eIF4E presents an established target for the 

general restriction of protein synthesis in response to cellular stress, such as nutrient deprivation. 

The depletion of essential amino acids is sensed by the mTOR pathway, ultimately leading to the 

dephosphorylation of eIF4E-binding proteins (4E-BPs), which are then able to bind eIF4E (Lin et al., 

1994). This interaction sequesters eIF4E from the 5´m7G mRNA cap and impedes the cap-dependent 

initiation of translation (Haghighat et al., 1995; Hara et al., 1998; Laplante and Sabatini, 2012; 

Marcotrigiano et al., 1999).  

Assembly of the 43S PIC is achieved by binding of eIF1, eIF1A and eIF3 to the small ribosomal subunit 

and by subsequent recruitment of the ternary complex, which consists of eIF2, GTP and Met-tRNAiMet  

(Fig 4). While eIF1 and eIF1A are involved in start codon recognition, eIF3 facilitates 43S PIC 

recruitment to the mRNA as it binds to eIF4G, which is part of the cap-binding complex eIF4F 

(Jackson et al., 2010; Sonenberg and Hinnebusch, 2009). This complex is stabilized through 

circularization of the mRNA by interaction of eIF4G with the poly(A)-binding protein (PABP), which is 

in turn associated with the poly(A) tail in the mRNA 3´UTR (Bushell et al., 2001; Gallie, 1998).  

 

Figure 4: Schematic representation of translation initiation factors which are involved in canonical translation 

initiation 

This simplified model shows the translation initiation factors that participate in mRNA activation and assembly 
of the 43S PIC. m

7
G, 5´ N7-methylated guanosine cap; 4A, eIF4A; 4E, eIF4E; 4G, eIF4G; 1/1A, eIF1/1A; 2, eIF2; 

3, eIF3; Met, methionine; PABP, poly(A)-binding protein; 40S, small ribosomal subunit 

The 43S complex then starts scanning the 5´UTR until the recognition of an initiation codon, 

promoting hydrolysis of eIF2-bound GTP, the release of initiation factors and binding of the large 

ribosomal subunit (Jackson et al., 2010). Further initiation events require recycling of the 

participating initiation factors, including the recharge of eIF2 with GTP by the guanine nucleotide 

exchange factor (GEF) eIF2B. The α subunit of eIF2 is targeted by several kinases, e.g. PERK and 

GCN2, mediating the non-specific restriction of protein synthesis in response to cellular stress, such 

as ER stress or nutrient deprivation (Dever et al., 1992; Harding et al., 1999; Shi et al., 1998; Zhang et 

al., 2002). Phosphorylation of eIF2α at serine 51 presents a critical event in the ISR-mediated 
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regulation of translation initiation as it interferes with eIF2 recycling by sequestration and inhibition 

of eIF2B (Pathak et al., 1988; Rowlands et al., 1988). As a consequence, formation of the ternary 

complex and translation initiation are substantially reduced. 

The global reduction of protein synthesis, implied by the ISR, may be evaded by several mechanisms 

of alternative translation initiation. The transcription factor ATF4, which is involved in UPR induction, 

provides an example of preferential translation when global translation rates are impaired under 

conditions of ER stress. The 5´UTR of ATF4-encoding transcripts contains two short upstream open 

reading frames (uORFs), the second of which overlapping the ATF4 coding sequence (Vattem and 

Wek, 2004) (Fig 5). 

 

Figure 5: Schematic representation of translation initiation at the ATF4 mRNA under physiological and stress 

conditions 

Under physiological conditions cellular levels of ternary complex are high and translation of uORF1 is followed 
by immediate re-initiation at uORF2, precluding translation of the ATF4 CDS. Stress conditions are accompanied 
by lower ternary complex availability which causes delayed re-initiation after uORF1 translation and increases 
the possibility of translation initiation at the ATF4 ORF. CDS, coding sequence; uORF, upstream open reading 
frame; UTR, untranslated region. 

Under non-stressed conditions, translation of the ATF4 mRNA is initiated at uORF1. Following 

termination of uORF1, the small ribosomal subunit proceeds scanning of the ATF4 5´UTR and is able 

to quickly re-initiate translation at uORF2, due to the high abundance of ternary complexes. In this 

setting, protein synthesis of ATF4 is omitted as the overlapping uORF2 is out-of-frame with the ATF4 

coding sequence. Under conditions of cellular stress, the re-initiation after uORF1 translation is 

delayed as the ternary complex availability is limited. Recruitment of the ternary complex will be 

more likely to occur only after the small ribosomal subunits have passed the initiation codon of 

uORF2, enabling translation of the ATF4 coding sequence (Harding et al., 2000; Lu et al., 2004; 

Vattem and Wek, 2004). Other examples of preferential translation under stress conditions 
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controlled by uORFs include the UPR-related transcription factor CHOP and truncated isoforms of the 

bZIP transcription factor C/EBPα (Calkhoven et al., 2000; Jousse et al., 2001; Palam et al., 2011). 

Under cellular conditions that are characterized by impaired cap-dependent translation initiation, 

such as nutrient depletion, the translation of specific mRNAs may be sustained by complex 

structured mRNA elements, which are termed internal ribosome entry sites (IRES). IRES were first 

identified in Picornaviruses and enable the direct recruitment of ribosomal subunits to the mRNA 

(Jang et al., 1989, 1988; Pelletier and Sonenberg, 1988). IRES-dependent translation is controlled by 

specific IRES trans-acting factors (ITAFs) which mediate the recruitment of ribosomes or function as 

RNA chaperones to modulate and stabilize mRNA secondary structures (Evans et al., 2003; Mitchell 

et al., 2005, 2003; Pickering et al., 2004). Cap-independent translation initiated via IRES has been 

described for an increasing number of mRNAs, including BiP, eIF4G and RUNX1 (Johannes and 

Sarnow, 1998; Komar and Hatzoglou, 2011; Macejak and Sarnow, 1991; Pozner et al., 2000). 
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1.4 Aim of this study 

The implications of RUNX1-ETO for cellular processes, including proliferation, differentiation and cell 

survival have been studied extensively by transient siRNA-mediated silencing of the oncogenic fusion 

protein. The aim of this study was to further elucidate the consequences of stable RUNX1-ETO 

depletion regarding target gene expression and cellular phenotype in the t(8;21) positive cell lines 

Kasumi-1 and SKNO-1. 

As part of this thesis, the following objectives were pursued: 

 Establishment of stable RUNX1-ETO depletion in the t(8;21) positive cell lines Kasumi-1 and 

SKNO-1 by lentiviral shRNA transfer 

 Investigation of long-term effects of RUNX1-ETO silencing on cellular phenotype and target gene 

expression 

 Identification of novel RUNX1-ETO target genes in Kasumi-1 cells by SILAC/LC-MS and their 

attribution to biological processes, molecular functions and signaling pathways, based on GO 

annotation and KEGG pathway analysis 

 Functional analysis of candidate target genes with relevance for the RUNX1-ETO depletion 

phenotype 
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2 MATERIAL AND METHODS 

2.1 Material 

2.1.1 Equipment 

Biological Safety 
Cabinets 

HERAsafe Heraeus (Hanau, Germany) 

Cell counting Hemocytometer, Neubauer Karl Hecht (Sondheim, Germany) 

 TC20 Automated Cell Counter Bio-Rad (Hercules, CA, USA) 

Centrifuges Avanti J-E High Performance 
Centrifuge 

Beckman Coulter (Brea, CA, USA) 
 

 Biofuge 13/ Megafuge 1.0 R/ 
Multifuge 1 S-R/ Multifuge 3 S-R 

Heraeus (Hanau, Germany) 

 Centrifuge 5417R/ Centrifuge 
MiniSpin Plus 

Eppendorf (Hamburg, Germany) 

Electrophoresis Electrophoresis System Forschungswerkstatt MHH (Hannover, 
Germany) 

 XCell SureLock Electrophoresis Cell  Invitrogen (Carlsbad, CA, USA) 

 Trans-Blot Cell for Western blotting Bio-Rad (Hercules, CA, USA) 

Electroporation Electroporator EPI 2500 Fischer (Heidelberg, Germany) 

Flow Cytometry CytoFLEX Beckman Coulter (Brea, CA, USA) 

 FACSCalibur Becton Dickinson (Franklin Lakes, NJ, 
USA) 

Gel 
Documentation 

G:Box gel documentation system Syngene (Bangalore, India) 

UV-Transilluminator UVP (San Gabriel, CA, USA) 

Incubators CO2 incubator BBD 6220 Heraeus (Hanau, Germany) 

 Bacterial Shaker Thermoshake Gerhardt Analytical Systems 
(Königswinter, Germany) 

Microscopy Axiovert 25 inverted microscope Zeiss (Oberkochen, Germany) 

Microplate 
Reader 

Mithras LB 940 Berthold Technologies (Bad Wildbad, 
Germany) 

NanoDrop Photospectrometer ND-1000 Peqlab (Erlangen, Germany) 

PCR GeneAmp PCR System 9700 Applied Biosystems (Foster City, CA, 
USA)  StepOnePlus Real-Time PCR system 

Power Supplies Electrophoresis Power Supply E815 Consort (Turnhout, Belgium) 

 Electrophoresis Power Supply PS3002 Life Technologies (Carlsbad, CA, USA) 

Sequencing ABI Prism 310 Genetic Analyzer Applied Biosystems (Foster City, CA, 
USA) 

Thermomixer comfort Eppendorf (Hamburg, Germany) 

X-ray film 
processing 

Curix 60 AGFA (Mortsel, Belgium) 
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2.1.2 Consumables 

Amersham Hyperfilm ECL GE Healthcare (Chicago, IL, USA) 

Biosphere Filter Tip 20/100/200/1000 Sarstedt (Nümbrecht, Germany) 

Centrifuge Tubes, Conical Bottom (15 ml, 50 ml) Greiner Bio-One (Kremsmünster, Austria) 

BD Falcon Round-Bottom Tubes (5 ml) BD Bioscience (San Jose, CA, USA) 

Electroporation cuvettes, 4 mm Biozym (Hessisch Oldendorf, Germany) 

Filter Tips 0,5-10 µl Brand (Wertheim, Germany) 

Medical X-Ray Film Blue AGFA (Mortsel, Belgium) 

MicroAmp Fast Optical 96-well Reaction Plates   
for qRT-PCR 

Applied Biosystems (Foster City, CA, USA) 

MicroAmp Optical Adhesive Film Applied Biosystems (Foster City, CA, USA) 

Nitrocellulose membrane, 0.45 µm Thermo Fisher Scientific (Waltham, MA, USA) 

NucleoSEQ Columns Macherey-Nagel (Düren, Germany) 

NuPAGE Bis-Tris Gel Invitrogen (Carlsbad, CA, USA) 

Petri dishes Greiner Bio-One (Kremsmünster, Austria) 

Reaction tubes (0.2 ml) Eppendorf (Hamburg, Germany) 

Reaction tubes (1.5 ml, 2 ml) Sarstedt (Nümbrecht, Germany) 

Serological pipettes, disposable Sarstedt (Nümbrecht, Germany) 

Stericup 0.45 µM PVDF Millipore (Burlington, MA, USA) 

Tissue culture flasks (T-25, T-75) Greiner Bio-One (Kremsmünster, Austria) 

Tissue culture well plates                                    
(6-well, 12-well, 24-well, 96-well) 

Thermo Fisher Scientific (Waltham, MA, USA) 

Whatman Chromatography Paper GE Healthcare (Chicago, IL, USA) 

 

2.1.3 Chemicals 

ABT-199 Selleckchem (Houston, TX, USA) 

ABT-737 Selleckchem (Houston, TX, USA) 

Acetic acid J. T. Baker (Schwerte, Germany) 

Agarose Biozym (Hessisch Oldendorf, Germany) 

Bortezomib Selleckchem (Houston, TX, USA) 

BSA Serva (Heidelberg, Germany) 

Cathepsin G Inhibitor 1 ApexBio (Houston, TX, USA) 

Chloroform J. T. Baker (Schwerte, Germany) 

Chloroquine Sigma-Aldrich (St. Louis, MO, USA) 

Coomassie BrillantBlue Merck (Darmstadt, Germany) 

Cycloheximide Sigma-Aldrich (St. Louis, MO, USA) 

Dithiothreitol (DTT) Sigma-Aldrich (St. Louis, MO, USA) 

Doxorubicine Sigma-Aldrich (St. Louis, MO, USA) 

Ethanol, absolut Merck (Darmstadt, Germany) 

Ethidiumbromid Sigma-Aldrich (St. Louis, MO, USA) 

Ethylenediamine tetraacetic acid (EDTA) Serva (Heidelberg, Germany) 
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Ethylenglycol-bis(aminoethylether)-
N,N,N´,N´-tetra acetic acid (EGTA) 

Serva (Heidelberg, Germany) 

Glucose Merck (Darmstadt, Germany) 

Glycerin Merck (Darmstadt, Germany) 

Glycin Merck (Darmstadt, Germany) 

HEPES Sigma-Aldrich (St. Louis, MO, USA) 

Isopropanol J. T. Baker (Schwerte, Germany) 

Magnesium chloride Merck (Darmstadt, Germany) 

Methanol Merck (Darmstadt, Germany) 

Nonfat dry milk Merck (Darmstadt, Germany) 

Orange G Sigma-Aldrich (St. Louis, MO, USA) 

Ponceau S Sigma-Aldrich (St. Louis, MO, USA) 

Potassium chloride Merck (Darmstadt, Germany) 

Propidium iodide (PI) Serva (Heidelberg, Germany) 

Sodium chloride J. T. Baker (Schwerte, Germany) 

Sodium dodecylsulfate (SDS) Gibco (Waltham, MA, USA) 

Tris-HCl Merck (Darmstadt, Germany) 

Triton-X Merck (Darmstadt, Germany) 

Trypan blue Sigma-Aldrich (St. Louis, MO, USA) 

Tunicamycin Sigma-Aldrich (St. Louis, MO, USA) 

Tween-20 Sigma-Aldrich (St. Louis, MO, USA) 

Water, RNase free Merck (Darmstadt, Germany) 

Z-VAD-fmk Adooq Bioscience (Irvine, CA, USA) 

 

2.1.4 Complex reagents and kits 

40% Acrylamide/Bis Solution (19:1) Bio-Rad (Hercules, CA, USA) 

BigDye Terminator v1.1 Cycle Sequencing Kit Applied Biosystems (Foster City, CA, USA) 

Caspase-Glo 3/7 Assay Promega (Madison, WI, USA) 

CellTiter 96 AQueous One Solution Cell 
Proliferation Assay 

Promega (Madison, WI, USA) 

cOmplete Mini Protease Inhibitor Cocktail Roche (Basel, Switzerland) 

DC Protein-Assay Bio-Rad (Hercules, CA, USA) 

DNA Molecular Weight Marker V, VI Roche (Basel, Switzerland) 

Hi-Di Formamide Applied Biosystems (Foster City, CA, USA) 

Laemmli Sample Buffer (2x) Bio-Rad (Hercules, CA, USA) 

NuPage LDS Sample Buffer (4x) Invitrogen (Carlsbad, CA, USA) 

NuPage Sample Reducing Agent (10x) Invitrogen (Carlsbad, CA, USA) 

PeqGOLD Plasmid Miniprep Kit I Peqlab (Erlangen, Germany) 

Phenol/Chloroform/Isoamyl alcohol (25:24:1) Invitrogen (Carlsbad, CA, USA) 

Precision Plus Protein™ Dual Color Standard Bio-Rad (Hercules, CA, USA) 

Qiagen Plasmid Midi/Maxi Kit Qiagen (Hilden, Germany) 

QIAquick Gel Extraction Kit Qiagen (Hilden, Germany) 

QuickChange II XL Site-Direced Mutagenesis Kit Stratagene (San Diego, CA, USA) 
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Re-Blot Plus Solution (10x) mild and strong Invitrogen (Carlsbad, CA, USA) 

SYBR Green PCR Master Mix Applied Biosystems (Foster City, CA, USA) 

Taqman Universal PCR Master Mix, no UNG Applied Biosystems (Foster City, CA, USA) 

TOPO TA Cloning Kit Invitrogen (Carlsbad, CA, USA) 

TRIzol Life Technologies (Carlsbad, CA, USA) 

Western Lightning Plus-ECL Perkin Elmer (Waltham, MA, USA) 

 

2.1.5 Enzymes and buffers 

AmpliTaq DNA Polymerase (5 U/µl) Applied Biosystems (Foster City, CA, USA) 

BamHI-HF (20 U/µl) New England BioLabs (Ipswich, MA, USA) 

Bovine Alkaline Phosphatase (1 U/µl) Roche (Basel, Switzerland) 

dNTP Set (100 mM, each) Invitrogen (Carlsbad, CA, USA) 

DpnI (20 U/µl) New England BioLabs (Ipswich, MA, USA) 

EcoRI-HF (20 U/µl) New England BioLabs (Ipswich, MA, USA) 

GeneAmp 10x PCR Buffer I Applied Biosystems (Foster City, CA, USA) 

HincII (20 U/µl) New England BioLabs (Ipswich, MA, USA) 

HindIII (20 U/µl) New England BioLabs (Ipswich, MA, USA) 

M-MLV Reverse Transcriptase (200 U/µl) Invitrogen (Carlsbad, CA, USA) 

NEBuffer 1/2/3/4/CutSmart (10x) New England BioLabs (Ipswich, MA, USA) 

PstI (20 U/µl) New England BioLabs (Ipswich, MA, USA) 

Random Hexamer Primer, 100 µM (0.2 µg/µl) Thermo Fisher Scientific (Waltham, MA, USA) 

SmaI (20 U/µl) New England BioLabs (Ipswich, MA, USA) 

SnaBI (20 U/µl) New England BioLabs (Ipswich, MA, USA) 

T4 DNA Ligase (2,000 U/µl) New England BioLabs (Ipswich, MA, USA) 

T4 DNA Ligase Reaction Buffer (10x) New England BioLabs (Ipswich, MA, USA) 

XhoI (20 U/µl) New England BioLabs (Ipswich, MA, USA) 

 

2.1.6 Oligonucleotides 

Oligonucleotides were purchased from BioSpring GmbH (Frankfurt am Main, Germany), except the 

primers and probe for STAT5, which were obtained by MWG Biotech (Ebersberg, Germany). 

Oligonucleotides were solubilized in water to a concentration of 100 µM and stored at -20°C. Taqman 

Assays were purchased from Applied Biosystems (Foster City, CA, USA). 

PCR 

Primer Sequence 5´->3 

18S rRNA for AGA ACG AAA GTC GGA GGT TCG 

rev GGA CAT CTA AGG GCA TCA CAG 

ATF4 for GTT CTC CAG CGA CAA GGC TA 

 rev ATC CTC CTT GCT GTT GTT GG 
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BIP for TGT TCA ACC AAT TAT CAG CAA ACT C 

rev TTC TGC TGT ATC CTC TTC ACC AGT 

CHOP for AGA ACC AGG AAA CGG AAA CAG A 

rev TCT CCT TCA TGC GCT GCT TT 

CTSC for AGG AGG TTG TGT CTT GTA GCC 

rev AGT GCC TGT GTA GGG GAA GC 

CTSG for TCC TGG TGC GAG AAG ACT TTG 

rev GGT GTT TTC CCG TGT CTG GA 

CTSK for AGT GTG GTT CCT GTT GGG CTT T 

rev CGG TTC TTC TGC ACA TAT TGG AAG GC 

CTSL for GAC TCT GAG GAA TCC TAT CCA 

rev AAG GAC TCA TGA CCT GCA TCA A 

CTSS for GCC TGA TTC TGT GGA CTG G 

rev GAT GTA CTG GAA AGC CGT TGT 

ELANE for AAC GAC ATC GTG ATT CTC CAG  

rev GAT TAG CCC GTT GCA GAC CAA 

STAT3 for CAA TAC CAT TGA CCT GCC GAT 

rev GAC TCA AAC TGC CCT CCT G 

STAT5 for TGC CAT TGA CTT GGA CAA TCC 

rev AAA CCC ATA TTC CCC CAC C 

probe FAM-AGC TGC AGA AGA AGG CGG AGC A-TAMRA 

sXBP1 for TGC TGA GTC CGC AGC AGG TG 

rev GCT GGC AGG CTC TGG GGA AG 

 

Taqman Assays 

Target Assay number 

BCL2 Hs00608023_m1 

CEBPα Hs00269972_m1 

PU.1 Hs02786711_m1 

RUNX1 Hs01021970_m1 

β2M Hs99999907_m1 

 

Cloning  

Primer Sequence 5´->3 

HA for AAT TCT ACC CAT ACG ATG TTC CAG ATT ACG CTT AAG GAT CCA 

HA rev AGC TTG GAT CCT TAA GCG TAA TCT GGA ACA TCG TAT GGG TAG 

HA rev_BamHI GGA TCC TTA AGC GTA ATC TGG 

PU.1 CDS for_BamHI GGA TCC CCG GCT GGA TGT TAC AGG 

PU.1 E1 for_BamHI GTG TGG ATC CGG CCC TTC GAT AAA ATC AGG 

PU.1 rev GGG CGA GGG CTT AAT GCT ATG 

PU.1 rev_EcoRI ACA CGA ATT CGG CTC AGT GGG GCG GGT GG 
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Site-directed mutagenesis 

Primer Sequence 5´->3 

PU.1 Stop->Ala for GCC ACC CGC CCC ACG CAG CCG AAT TCT ACC 

rev GGT AGA ATT CGG CTG CGT GGG GCG GGT GGC 

PU.1-HA mut 
ATG1+2 

for CTC GGA GCC CGG CTG GAT ATT ACA GGC GTG CAA AAT AGA AGG 
GTT TCC CC 

rev GGG GAA ACC CTT CTA TTT TGC ACG CCT GTA ATA TCC AGC CGG 
GCT CCG AG 

PU.1-HA mut 
ATG3+4 

for TAC CGC CAC ATA GAG CTG GAG CAG ATA CAC GTC CTC GAT 

rev ATC GAG GAC GTG TAT CTG CTC CAG CTC TAT GTG GCG GTA 

PU.1-HA mut ATG5 for GTC CTC GAT ACC CCC ATA GTG CCA CCC C 

rev GGG GTG GCA CTA TGG GGG TAT CGA GGA C 

PU.1-HA mut ATG6 for CCT ACC TGC CCC GGA TAT GCC TCC AGT AC 

rev GTA CTG GAG GCA TAT CCG GGGC AGG TAG G 

PU.1-HA mut ATG7 for TCC GCA GCG GCG ACA TAA AGG ACA GCA TC 

rev GAT GCT GTC CTT TAT GTC GCC GCT GCG GA 

PU.1-HA mut 
aTIS1+2+3 

for AAA ATC AGG AAC TTG TCC TCG CCC TCC AAT GTC AAG GGA GGG 

rev CCC TCC CTT GAC ATT GGA GGG CGA GGA CAA GTT CCT GAT TTT 

PU.1-HA mut 
aTIS9+10 

for CTC CAG AGC GTC CAG CCC CCG CAG CTC CAG CAG CTC TAC 

rev GTA GAG CTG CTG GAG CTG CGG GGG CTG GAC GCT CTG GAG 

PU.1-HA mut aTIS11 for GCC ACA TGG AGC TCG AGC AGA TGC ACG 

rev CGT GCA TCT GCT CGA GCT CCA TGT GGC 

PU.1-HA mut aTIS11 
(mutATG3+4) 

for CCG CCA CAT AGA GCT CGA GCA GAT ACA CGT C 

rev GAC GTG TAT CTG CTC GAG CTC TAT GTG GCG G 

PU.1-HA mut aTIS12 for CTC GAT ACC CCC ATG GTC CCA CCC CAT C 

rev GAT GGG GTG GGA CCA TGG GGG TAT CGA G 

PU.1-HA mut aTIS12 
(mutATG5) 

for TCC TCG ATA CCC CCA TAG TCC CAC CCC ATC 

rev GAT GGG GTG GGA CTA TGG GGG TAT CGA GGA 

PU.1-HA mut aTIS13 for CAC CAG GTC TCC TAC CTC CCC CGG ATG 

rev CAT CCG GGG GAG GTA GGA GAC CTG GTG 

PU.1-HA mut aTIS13 
(mutATG6) 

for CAC CAG GTC TCC TAC CTC CCC CGG ATA 

rev TAT CCG GGG GAG GTA GGA GAC CTG GTG 

PU.1-HA mut aTIS14 for CTC CAG TAC CCA TCC CTC TCC CCA GCC 

rev GGC TGG GGA GAG GGA TGG GTA CTG GAG 

PU.1-HA mut 
aTIS15+16 

for AGA GCC CCC CAC TCG AGG TCT CTG ACG GC 

rev GCC GTC AGA GAC CTC GAG TGG GGG GCT CT 

PU.1-HA mut aTIS17 for GCG GAT GGC CTC GAG CCC GGG CC 

rev GGC CCG GGC TCG AGG CCA TCC GC 

PU.1-HA mut aTIS18 for GCC TGG GCT CCT CCC TGG GGA GA 

rev TCT CCC CAG GGA GGA GCC CAG GC 

PU.1-HA mut CTSG1 for CGC CAC ATG GAG CTG AAG CAG GCG CAC GTC CTC GAT AC 

rev GTA TCG AGG ACG TGC GCC TGC TTC AGC TCC ATG TGG CG 
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PU.1-HA mut CTSG2 for CCC CCA CTG GAG GGG ACT GAC GGC GAG GC 

rev GCC TCG CCG TCA GTC CCC TCC AGT GGG GG 

PU.1-HA mut CTSG3 for CCT GTA CCA GTT CGT GTT GCA GCT GCT CCG CAG CG 

rev CGC TGC GGA GCA GCT GCA ACA CGA ACT GGT ACA GG 

PU.1-HA mut CTSG4 for GAC AGC ATC TGG TGG CTG CAG AAG GAC AAG GGC ACC 

rev GGT GCC CTT GTC CTT CTG CAA CCA CCA GAT GCT GTC 

 

shRNA cloning 

Primer Sequence 5´->3 

shCTSG.533 for GAT CCC CGT GCA GAG GGA TAG GCA GTT TCA AGA GAA CTG CCT 
ATC CCT CTG CAC TTT TTT GGA AG 

 rev TCG ACT TCC AAA AAA GTG CAG AGG GAT AGG CAG TTC TCT TGA 
AAC TGC CTA TCC CTC TGC ACG GG 

shEIF4A2 for GAT CCC  CCA GTT GGA GAT TGA GTT CAT TCA AGA GAT GAA CTC 
AAT CTC CAA CTG TTT TTT GGA AG 

 rev TCG ACT TCC AAA AAA CAG TTG GAG ATT GAG TTC ATC TCT TGA 
ATG AAC TCA ATC TCC AAC TGG GG 

   

Sequencing 

Primer Sequence 5´->3 

H1 GCA TGT CGC TAT GTG TTC TGG GA 

M13 uni (-21) TGT AAA ACG ACG GCC AGT 

PU.1 E3 for_2 TCG CCG AGA ACA ACT TCA CGG 

PU.1 E4 rev GAT GGG TAC TGG AGG CAC AT 

PU.1 SP2 CCG TCT TGC CGT AGT TGC 

 

siRNA 

target Origin 

ELANE (siGENOME human ELANE (1991) 
siRNA, SMARTPool) 

Dharmacon (Lafayette, CO, USA) 

RUNX1-ETO Martinez et al., 2004 

  

2.1.7 Plasmids 

Plasmid Origin 

pBluescript II SK (pBS) Stratagene (San Diego, CA, USA) 

pBS-PU.1-HA Caroline Schoenherr (MHH) 

pCMV∆R8.91 Naldini et al., 1996 

pCR2.1 TOPO Invitrogen 

pHR`-SIN-cPPT-SEW (SEW) Demaison et al., 2002 
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pHR`-SIN-cPPT-SEW-gl4 (SEW-gl4) Michaela Scherr (MHH) 

pHR`-SIN-cPPT-SEW-shCTSG.533 (SEW-
shCTSG) 

Caroline Schoenherr, Iris Dallmann (MHH) 

pHR`-SIN-cPPT-SEW-shEIF4A2 (SEW-
shEIF4A2) 

Caroline Schoenherr, Iris Dallmann (MHH) 

pHR`-SIN-cPPT-SEW-shRE (SEW-shRE) Michaela Scherr (MHH) 

pHR`-SIN-cPPT-SEW-SnaBI Scherr et al., 2003 

pHR`-SIN-cPPT-SIEW (SIEW) Michaela Scherr (MHH) 

pHR`-SIN-cPPT-SR-gl4 (SR-gl4) Michaela Scherr (MHH) 

pHR`-SIN-cPPT-SR-shRE (SR-shRE) Michaela Scherr (MHH) 

pMD.G Naldini et al., 1996 

pSUPER Brummelkamp et al., 2002 

S-PU.1-HA-IEW Caroline Schoenherr 

S-PU.1-HA-IEW mut aTIS11+12+13 Caroline Schoenherr, Iris Dallmann (MHH) 

S-PU.1-HA-IEW mut aTIS15+16 Caroline Schoenherr, Iris Dallmann (MHH) 

S-PU.1-HA-IEW mut aTIS9+10 Caroline Schoenherr, Iris Dallmann (MHH) 

S-PU.1-HA-IEW mutATG1-5; 
aTIS9+10/15+16 

Caroline Schoenherr, Iris Dallmann (MHH) 

S-PU.1-HA-IEW mutATG1+2 Caroline Schoenherr, Iris Dallmann (MHH) 

S-PU.1-HA-IEW mutATG1+2; aTIS9+10 Caroline Schoenherr, Iris Dallmann (MHH) 

S-PU.1-HA-IEW mutATG1+2/aTIS1+2+3 Caroline Schoenherr, Iris Dallmann (MHH) 

S-PU.1-HA-IEW mutATG1+2+5 Caroline Schoenherr, Iris Dallmann (MHH) 

S-PU.1-HA-IEW mutATG3-5; aTIS9+10 Caroline Schoenherr, Iris Dallmann (MHH) 

S-PU.1-HA-IEW mutATG3-5; 
aTIS9+10/15+16 

Caroline Schoenherr, Iris Dallmann (MHH) 

S-PU.1-HA-IEW mutATG3-5; 
aTIS9+10/17+18 

Caroline Schoenherr, Iris Dallmann (MHH) 

S-PU.1-HA-IEW mutATG3-5/7;     
aTIS9+10/15-18 

Caroline Schoenherr, Iris Dallmann (MHH) 

S-PU.1-HA-IEW mutATG3-5/7; 
aTIS9+10/15+16 

Caroline Schoenherr, Iris Dallmann (MHH) 

S-PU.1-HA-IEW mutATG3-6; aTIS9+10/14 Caroline Schoenherr, Iris Dallmann (MHH) 

S-PU.1-HA-IEW mutATG3-7;     
aTIS9+10/14-18 

Caroline Schoenherr, Iris Dallmann (MHH) 

S-PU.1-HA-IEW mutATG3+4 Caroline Schoenherr, Iris Dallmann (MHH) 

S-PU.1-HA-IEW mutCTSG1 Caroline Schoenherr, Iris Dallmann (MHH) 

S-PU.1-HA-IEW mutCTSG2 Caroline Schoenherr, Iris Dallmann (MHH) 

S-PU.1-HA-IEW mutCTSG3 Caroline Schoenherr, Iris Dallmann (MHH) 

S-PU.1-HA-IEW mutCTSG4 Caroline Schoenherr, Iris Dallmann (MHH) 

S-PU.1-HA-IEW Δ5´UTR Caroline Schoenherr, Iris Dallmann (MHH) 
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2.1.8 Antibodies 

Antibodies were diluted in 3% nonfat dry milk/TBS if not indicated otherwise. 

Primary antibodies 

Antibody Supplier Dilution 

AML1 (RUNX1) Cell Signaling (#4334) 1:750  

ATF4 ProteinTech (10835-1-AP) 1:500  

BCL2 (6C8) BD Pharmingen (#551051) 1:500  

c/EBPα (EP708Y) Millipore (#04-1104) 1:500  

Cathepsin G ProteinTech (23840-1-AP) 1:500  

eIF2α Cell Signaling (#9722) 1:1000  

eIF4A-II (H-5) Santa Cruz Biotechnology (sc-137148) 1:2000  

ELANE (clone #950317) R&D Systems (MAB91671-SP) 1:500 

GAPDH (14C10) Cell Signaling (#2118) 1:5000  

GFP (FL) Santa Cruz Biotechnology (sc-8334) 1:2000  

HA-Tag (6E2) Cell Signaling (#2367) 1:500  

LC3A/B Cell Signaling (#4108) 1:1000  

PARP Cell Signaling (#9542) 1:1000 

Phospho-eIF2α (Ser51) Cell Signaling (#9721) 1:750 (5% BSA/TBS) 

PU.1 (T-21) Santa Cruz Biotechnology (sc-352) 1:250  

STAT3 Cell Signaling (#9132) 1:2000  

STAT5A (L-20) Santa Cruz Biotechnology (sc-1081) 1:2000  

Ubiquitin (FL-76) Santa Cruz Biotechnology (sc-9133) 1:1000  

 
Secondary antibodies 

Antibody Supplier Dilution 

donkey anti-mouse IgG-HRP Santa Cruz Biotechnology (sc-2314) 1:5000  

goat anti-rabbit IgG-HRP Cell Signaling (#7074) 1:3000  

mouse anti-hamster IgG-HRP 
(G70-204/G94-56) 

BD Pharmingen (#554012) 1:1000  

 

2.1.9 Cell lines 

Cell lines were obtained from the Leibniz Institute DSMZ (Braunschweig, Germany). 

HEK-293 ACC 305 embryonal kidney 

Kasumi-1 ACC 220 acute myeloid leukemia, t(8;21) 

SKNO-1 ACC 690 acute myeloid leukemia, t(8;21) 
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2.1.10 Cell culture media and reagents 

DMEM Gibco (Waltham, MA, USA) 

DMSO Merck (Darmstadt, Germany) 

DPBS Gibco (Waltham, MA, USA) 

FBS, dialyzed Silantes (Munich, Germany) 

FCS Sigma-Aldrich (St. Louis, MO, USA) 

GM-CSF Behringwerke AG (Marburg, Germany) 

HEPES  Gibco (Waltham, MA, USA) 

L- Glutamine Silantes (Munich, Germany) 

L-Arginine, 13C-labeled Silantes (Munich, Germany) 

L-Arginine, 13C15N-labeled Silantes (Munich, Germany) 

L-Arginine, unlabeled Silantes (Munich, Germany) 

L-Lysine, 13C15N-labeled Silantes (Munich, Germany) 

L-Lysine, 2H-labeled Silantes (Munich, Germany) 

L-Lysine, unlabeled Silantes (Munich, Germany) 

Penicillin/Streptomycin (100x) Gibco (Waltham, MA, USA) 

Poly-L-Lysine (0.01%) Sigma-Aldrich (St. Louis, MO, USA) 

RPMI-1640 Gibco (Waltham, MA, USA) 

SILAC RPMI without L-Lysine, 
L-Arginie and L-Glutamine 

Silantes (Munich, Germany) 

 

2.1.11 Bacterial culture media and reagents 

Ampicillin Sigma-Aldrich (St. Louis, MO, USA) 

LB Agar Invitrogen (Carlsbad, CA, USA) 

LB Broth Base Invitrogen (Carlsbad, CA, USA) 

Tryptone Sigma-Aldrich (St. Louis, MO, USA) 

X-Gal Promega (Madison, WI, USA) 

Yeast Extract Sigma-Aldrich (St. Louis, MO, USA) 
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2.2 Methods 

2.2.1 General protocols for cloning 

2.2.1.1 Oligonucleotide hybridization 

Oligonucleotides for cloning of shRNA constructs were solubilized in water to a concentration of 

100 µM and mixed according to the following protocol. 

NEB buffer #3   [10x] 2 µl 
sense oligo  [100 µM] 5 µl 
antisense oligo  [100 µM] 5 µl 
ddH2O  8 µl 

  20 µl 
 

The reaction mix was placed in a water bath at 100°C and slowly cooled down to room temperature 

for about three hours.  

2.2.1.2 DNA ligation 

Ligation of DNA molecules was performed using T4 DNA Ligase. Linearized plasmid DNA was 

prepared by restriction digest with appropriate enzymes, mixed with insert DNA and incubated at 

room temperature or 16°C. Hybridized oligonucleotides were ligated to plasmid DNA, according to 

the following protocol. Other DNA inserts, generated by PCR or restriction digest, were mixed with 

plasmid DNA in a molar ration of 3:1. Incubation times varied from one hour to overnight. 

 ligation of 
hybridized oligos 

 ligation of other 
DNA inserts 

T4 DNA ligase buffer [10x] 2 µl  2 µl 
linearized plasmid DNA  1 µl  x µl 
DNA insert  1 µl  x µl 
T4 DNA ligase [2000 U/µl] 1 µl  1 µl 
ddH2O 15 µl  x µl 

 20 µl  20 µl 
 

2.2.1.3 Transformation of E. coli 

Plasmid DNA was expanded in E. coli XL1-Blue. Chemocompetent bacteria were thawed on ice and 

1-5 µl of the ligation mix were added to 100 µl E. coli XL1-Blue. Bacteria were kept on ice for 30 

minutes, exposed to heat shock at 42°C for 45 seconds and put back on ice, immediately. SOC 

medium (2% tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 20 mM glucose) 

was added to a final volume of 1 ml and bacteria were incubated at 37°C for 1 hour to allow 

expression of antibiotic resistance genes. The bacterial suspension was then concentrated to a 

volume of 200 µl by centrifugation at 5000 rpm for 3 minutes. Bacteria were plated on LB agar plates, 

which were supplemented with 100 µg/ml Ampicillin, and incubated overnight at 37°C for selection 
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of transformed bacteria. The next day, colonies were transferred to 3 ml LB-Ampicillin (100 µg/ml) 

and further expanded in a bacterial shaker at 37°C, overnight.  

For TOPO TA cloning including blue/white selection, the agar plates were supplemented with 40 µg 

X-gal and only white colonies were used for further analysis. 

2.2.1.4 Isolation of plasmid DNA 

Plasmid DNA was isolated at different scales, according to the manufacturer´s instructions, using the 

PeqGOLD Plasmid Miniprep or Qiagen Plasmid Midi/Maxi kit. 

2.2.1.5 DNA digestion by restriction enzymes 

Restriction enzymes for DNA digestion were purchased from New England BioLabs and applied 

according to the manufacturer´s protocol. Digestion of DNA was performed to generate linear DNA 

fragments with compatible sequences for ligation and to confirm appropriate integration of the DNA 

insert.  

Incubation times and temperatures were adjusted to the requirements of the respective enzymes. 

  control 
digest 

 preparative 
digest 

Restriction buffer  [10x] 2.5 µl  5 µl 
BSA  [100x] x µl  x µl 
Enzym I  [20 U/µl] 0.5 µl  1.5 µl 
Enzym II [20 U/µl] 0.5 µl  1.5 µl 
DNA  10 µl  5-10 µg 
ddH2O  x µl  x µl 

  25 µl  50 µl 
 

2.2.1.6 Agarose gel electrophoresis and isolation of DNA fragments 

Agarose gel electrophoresis was performed to confirm the efficacy of DNA digestion by visualization 

of the generated DNA fragments. Furthermore, it was used to separate DNA fragments, enabling 

their exclusive purification.  

DNA was mixed with 5x DNA loading dye Orange G and loaded to 1 or 1.5% agarose gels, depending 

on the size of the expected DNA fragments. The intercalating agent ethidium bromide was added to 

the gels (0.5 µg/ml final concentration) to allow visualization of DNA fragments by the use of an UV 

transilluminator. DNA fragments of interest were excised from the gel and isolated by using the 

Qiagen Gel Extraction Kit, according to the manufacturer´s protocol. 

2.2.1.7 DNA purification by phenol/chloroform/isoamly alcohol precipitation  

DNA fragments were purified by phenol/chloroform/isoamyl alcohol (PCI) precipitation if separation 

of different fragments by agarose gel electrophoresis was not required. 

DNA containing solutions were filled up with water to 100 µl, mixed with 100 µl PCI (25:24:1) by 

vortexing and centrifuged at 14000 rpm for five minutes. The aqueous phase, containing purified 
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DNA, was transferred to a clean tube. 10 µl sodium acetate (3M, pH 5.2) and 300 µl ethanol (96%) 

were added to 100 µl of DNA and the DNA was precipitated at -80°C for one hour. The solution was 

then centrifuged at 14000 rpm and 10°C for 30 minutes and the resulting DNA pellet was washed 

with 70% ethanol, followed by another centrifugation at 14000 rpm and 10°C for five minutes. The 

DNA pellet was air dried and resuspended in 20 µl ultrapure water. 

2.2.1.8 PCR 

The polymerase chain reaction (PCR) was performed to amplify specific DNA sequences, using the 

following master mix and thermal profile. The annealing temperature was adapted to the 

requirements of the respective primers. 

PCR master mix  thermal profile 

PCR buffer I  [10x] 5 µl     
DMSO   2.5 µl  95°C 10 min  

DNA   x µl  95°C 1 min 
35 x dNTP mix  [10 mM] 1 µl  58-64°C 1 min 

primer for  [10 µM] 1 µl  72°C 1 min 

primer rev [10 µM] 1 µl  72°C 10 min  
Taq Polymerase [5 U/µl] 1 µl     
ddH2O  x µl     

  50 µl     
 

PCR specificity was confirmed by agarose gel electrophoresis. 

2.2.1.9 TOPO TA cloning 

Cloning of PCR products was performed by the use of the TOPO TA Cloning Kit. The linearized TOPO 

TA vector pCR2.1 presents single 3´-T overhangs which can be easily ligated to PCR products as they 

receive single 3´-A overhangs by the terminale transferase activity of the Taq Polymerase. TOPO 

reactions were prepared according to the following protocol. 

PCR product 3 µl  
salt solution 1 µl  
ddH2O 1 µl  
pCR2.1 TOPO vector 1 µl  

 6 µl  
 

The reaction was incubated at room temperature for 5-15 minutes, put on ice and used for 

transformation of E. coli XL1-Blue. 
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2.2.1.10 Site-directed mutagenesis 

Site-directed mutagenesis was performed using the Quick Change II XL site directed mutagenesis kit, 

which allows the introduction of point mutations by PCR with primers that carry the intended 

mutations. Reactions were prepared according to the following protocol. 

 

PCR master mix  thermal profile 

PfuUltra HF buffer   [10x] 5 µl     
DNA [~100 ng] x µl  95°C 30 s  

dNTP mix  [10 mM] 1 µl  95°C 30 s 
18 x primer for  [10 µM] 1 µl  55°C 1 min 

primer rev [10 µM] 1 µl  68°C 12 min 

PfuUltra HF Polymerase [2.5 U/µl] 1 µl  68°C 5 min  
ddH2O  x µl     

  50 µl     
 

The PCR reaction was followed by incubation with the restriction endonuclease DpnI at 37°C for one 

hour. This step ensures degradation of the DNA template, which does not carry the required 

mutations, as DpnI cleaves only methylated target sequences. 1-3 µl of the reactions were used for 

transformation of E. coli XL1-Blue and transformants were screened by sequencing. 

2.2.2 DNA sequencing 

DNA sequencing was performed on an ABI Prism 310 Genetic Analyzer, using the Big Dye Terminator 

v1.1 Sequencing Kit. PCR reactions were run with appropriate primers by following the protocol 

below. 

PCR master mix  thermal profile 

5x Sequencing buffer  4 µl     
Big Dye Terminator v1.1 
Reaction Mix 

 3 µl  
95°C 30 s 

 

primer  1 µl  95°C 30 s 
25 x 

DNA  3 µl  60°C 4 min 

ddH2O  9 µl     

  20 µl     
 

PCR reactions were purified by using NucleoSEQ Columns, according to the manufacturer´s 

instructions. Samples were mixed with Hi-Di Formamide in a ratio of 1:1, for stabilization, and then 

transferred to the ABI Prism 310 Genetic Analyzer on 96-well reaction plates. 

2.2.3 Cloning of shRNA constructs 

The lentiviral transgene plasmids pHR`-SIN-cPPT-SEW-shCTSG.533 (SEW-shCTSG) and pHR`-SIN-cPPT-

SEW-shEIF4A2 (SEW-shEIF4A2) were cloned as described by Scherr et al., 2003. Briefly, shRNA-coding 

oligonucleotides were hybridized and subcloned to BglII/SalI digested pSUPER plasmid DNA, followed 

by transformation of chemocompetent E. coli XL1-Blue. Transformed bacteria were selected on LB 



2 MATERIAL AND METHODS 

42 

agar plates, which were supplemented with Ampicillin, and single clones were expanded overnight in 

liquid LB-Ampicillin. Plasmid DNA was isolated by using the Peqlab Mini Kit. The integration of 

shRNA-encoding oligonucleotides to pSUPER was confirmed by EcoRI/XhoI restriction digest and by 

sequencing using primer H1.  

To enable lentiviral shRNA transfer, the pSUPER-shRNA constructs were digested by SmaI/HincII and 

the resulting DNA fragments were separated on an agarose gel. The shRNA fragment was excised 

from the gel and purified by gel extraction with subsequent ethanol precipitation. The lentiviral 

plasmid pHR`-SIN-cPPT-SEW-SnaBI was digested by SnaBI and then dephosphorylated by incubation 

with 1 U bovine alkaline phosphatase at 37°C for 30 minutes. The SnaBI-digested plasmid DNA was 

purified by phenol/chloroform/isoamyl alcohol and ethanol precipitation, and used for blunt-end 

ligation with the shRNA fragment. E. coli XL1-Blue were transformed by the resulting constructs and 

transformants were screened for proper orientation of the shRNA insert by restriction digest with 

PstI. 

2.2.4 Cloning of the PU.1-HA fusion constructs 

The fusion gene PU.1-HA was constructed in pBluescript II SK and then cloned to the lentiviral vector 

pHR`-SIN-cPPT-SIEW (SIEW) to enable its stable expression in t(8;21) positive cell lines. 

Total RNA was extracted from Kasumi-1 cells and reverse transcribed to cDNA with a PU.1-specific 

primer (PU.1 rev). The PU.1 coding sequence and most of its 5´UTR were amplified by using the 

primers PU.1 E1 for_BamHI and PU.1 rev_EcoRI. The amplified sequence was subcloned to the 

pCR2.1 TOPO vector, excised with BamHI/EcoRI and cloned to the BamHI and EcoRI sites of 

pBluescript II SK. The HA-Tag was introduced by self-complementary DNA oligonucleotides (HA for + 

rev), which cover the sequence of HA-Tag with the addition of a stop-codon and overhang sequences 

from 5´EcoRI and 3´BamHI and HindIII restriction sites. Oligonucleotides were hybridized and 

subsequently cloned to the EcoRI and HindIII sites of pBuescript II SK downstream of the PU.1 open 

reading frame. The stop codon of the PU.1 open reading frame was converted to alanine by site-

directed mutagenesis to enable expression of the PU.1-HA fusion protein. The PU.1-HA sequence was 

validated by sequencing with primer M13 uni (-21). 

The lentiviral vector S-PU.1-HA-IEW was constructed by digestion of the pHR`-SIN-SIEW plasmid with 

BamHI, followed by gel purification. The PU.1-HA fusion was excised from the pBluescript II SK-

PU.1-HA plasmid by BamHI and ligated to the BamHI vector fragment, placing PU.1-HA downstream 

of the SFFV promoter. The appropriate orientation of the PU.1-HA insert, to allow its SFFV-

dependent transcription, was confirmed by EcoRI restriction digest and agarose gel electrophoresis.  

Deletion of the PU.1 5´UTR was achieved by amplification of the PU.1-HA fusion gene from 

pBluescript II SK-PU.1-HA with the DNA oligonucleotides PU.1 CDS for_BamHI and HA rev_BamHI, 

followed by ligation to the BamHI-digested SIEW vector. 

Start codon mutations were performed by site-directed mutagenesis and validated by sequencing. 
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2.2.5 Cell culture methods 

2.2.5.1 Cell lines and culture conditions 

Kasumi-1 and SKNO-1 cells were cultured in RPMI 1640, which contained 10% FCS and 

1% Penicillin/Streptomycin. SKNO-1 cells were supplemented with 10 ng/ml GM-CSF. HEK293 cells 

were used for the production of lentiviral particles and maintained in DMEM with 10% FCS and 

1% Penicillin/Streptomycin. 

All cell lines were cultured at 37°C in a humidified atmosphere containing 5% CO2. 

2.2.5.2 Electroporation 

Kasumi-1 cells were transiently transfected with ELANE-targeting siRNA by electroporation. The cells 

were washed in serum-free RPMI medium, resuspended in serum-free RPMI at a density of 1x107/ml 

and mixed with siRNA to a final concentration of 100 nM. The mixture was transferred to an 

electroporation cuvette and electroporation was performed at 330 V for 10 milliseconds in an 

EPI 2500 electroporation device. After an incubation period of 15 minutes at room temperature, the 

cells were seeded on 6-well plates in RPMI with 10% FCS at a density of 1x106/ml and placed in an 

incubator. On the following day, cell viability was assessed by counting with trypan blue exclusion. 

Dead cells were removed by centrifuging and viable cells were replated in fresh RPMI with 10% FCS. 

2.2.5.3 Lentivirus production 

Lentiviral particles were produced in HEK293 cells. The cells were cultured in poly-L-lysine coated T75 

flasks and transfected with plasmid DNA that encodes the transgene, lentiviral packaging and 

envelope genes, respectively. Delivery of the DNA was achieved by calcium phosphate co-

precipitation, according to the following protocol. 

transfection mix for one T75 flask  

transgene plasmid 40 µg  
pCMV∆R8.91 (envelope) 30 µg  
pMD.G (packaging) 20 µg  
CaCl2 [2 M] 122 µl  

ddH2O ad 2 ml  
   

The DNA/CaCl2 mixture was slowly added to 2 ml of sodium phosphate-containing HEPES buffered 

saline (2x HBS pH 7-7.1: 50 mM HEPES, 1.5 mM Na2HPO4, 280 mM NaCl pH 7.3), mixed by vortexing 

and incubated at room temperature for 15 minutes to allow the formation of DNA/CaPO4 

precipitates.  

Subsequently, the culture medium of the HEK293 cells was replaced by 4 ml of the transfection mix 

and 13 ml of DMEM, which was supplemented with Chloroquine (3.3 µM), and incubated at 37°C for 

five hours. The insoluble DNA/CaPO4 precipitates attach to the cell surface, allowing their 

internalization by endocytosis. The cells were then washed with PBS and cultured in DMEM (10% 

FCS, 1% Pen/Strep) for 24 hours. The culture medium was replaced by serum-free RPMI on the 

following day. After 24 hours, the supernatant of the cells was collected, centrifuged at 1200 rpm for 
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five minutes and passed through a Stericup 0.45 µM PVDF filter to remove any cells that may have 

detached from the flask. The medium was centrifuged overnight at 5000 rpm and 4°C to collect the 

lentiviral particles. The pellet was resuspended in RPMI with 2% FCS (50µl/T75 flask), aliquoted and 

frozen at -80°C.  

The optimal amount of lentivirus to be used for transduction experiments was determined by testing 

the functional titer of the harvested virus. Kasumi-1 and SKNO-1 cells were transduced with serial 

dilutions of each individual virus preparation and screened for EGFP/RFP reporter fluorescence by 

flow cytometry. Figure 6 shows a schematic representation of the lentiviral vectors which were used 

in this study. 

 

Figure 6: Schematic representation of lentiviral vectors, depicting essential regulatory elements, as well as 

reporter and transgene position  

The self-inactivating (SIN) vector pHR`-SIN-cPPT-SEW-shRNA is characterized by an SFFV promoter that drives 
expression of an eGFP reporter gene and the transgene, which is improved by the posttranscriptional 
regulatory element WPRE (SEW). pHR`-SIN-cPPT-SR-shRNA enables SFFV-dependent transgene expression 
together with an RFP reporter (SR). In pHR`-SIN-cPPT-SIEW (SFFV-IRES-eGFP-WPRE), an IRES is located between 
the transgene and the eGFP reporer, allowing bicistronic expression of both genes. LTR, long terminal repeat; 
cPPT, central polypurine tract; SFFV, spleen focus-forming virus; eGFP, enhanced green fluorescent protein; 
WPRE, woodchuck hepatitis virus posttranscriptional regulatory element; RFP, red fluorescent protein; IRES, 
internal ribosome entry site 

2.2.5.4 Lentiviral transduction 

Kasumi-1 or SKNO-1 cells were mixed with the appropriate amount of lentivirus and seeded to 96-

well plates at a density of 2x105 cells/200 µl culture medium/well, followed by centrifugation at 

2500 rpm and 32°C for 90 minutes. The cells were incubated overnight at 37°C and transferred to 

6-well plates or T25 flasks at a density of 2-5x105 cells/ml, on the next day. Transduction efficacy was 

determined by flow cytometry, based on the expression of the lentivirally encoded EGFP (enhanced 

green fluorescent protein) or RFP (red fluorescent protein) reporters on day 4 or 5 post transduction. 
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2.2.5.5 Viable cell counting by Trypan blue exclusion 

To determine the amount of viable cells, 12 µl of the cell suspension were mixed with 12 µl Trypan 

blue and transferred to a Neubauer hemocytometer. Live cells, not stained by Trypan blue, were 

counted and the amount of viable cells was calculated by the following formula. 

viable cells/ml = average cell count per large square x 104 x 2 

2.2.5.6 Colony formation assay 

The capacity of cells to form colonies was analyzed by seeding them to 96-well plates in a limiting 

dilution (one cell/200 µl culture medium/well) on day five after lentiviral transduction. The number 

of colonies was determined by counting nine days later. 

2.2.5.7 Flow cytometry 

Flow cytometry was used to analyze intracellular expression of the reporter genes EGFP and RFP to 

determine the lentiviral transduction efficacy of Kasumi-1 and SKNO-1 cells. 250 µl of cell suspension 

were transferred to 5 ml FACS tubes or 96-well plates and analyzed for fluorescence intensity on a 

FACSCalibur or CytoFLEX. 

Additionally, the viability of cells was evaluated based on their characteristic scatter profile FSC 

(forward scatter) versus SSC (side scatter), with FSC giving information about cell size and SSC 

reflecting the granularity of the cells.  

2.2.5.8 Determination of cell viability by PI staining 

Propidium iodide (PI) is a DNA intercalating agent with maximum fluorescence emission at 617 nm. PI 

is excluded by viable cells, but may easily pass the damaged membranes of non-viable cells.  

To identify damaged or dead cells, cell suspensions were mixed with PI staining solution (10 µg/ml) at 

a ratio of 1:1 and incubated at room temperature in the dark for a few minutes. The percentage of 

PI-positive (non-viable) cells was determined by measurement of PI fluorescence in the FL-2 channel 

of a FACSCalibur or CytoFLEX flow cytometer. 

2.2.5.9 Cell cycle analysis 

To determine the cell cycle distribution of Kasumi-1 and SKNO-1 cells the DNA content of fixed cells 

was measured by PI staining.  

Cells were fixed with 70% ethanol for 24 hours at -20°C and treated with 16.7 µg/ml PI and 20 µg/ml 

RNaseA in PBS for 30 minutes in the dark. PI fluorescence was measured by flow cytometry with a 

FACSCalibur. 

2.2.5.10 MTS-Assay 

The CellTiter 96 AQueous One Solution Cell Proliferation Assay was used to determine cell viability, 

based on the metabolic activity of the cells. The tetrazolium compound MTS serves as a substrate for 

this colorimetric assay and is converted to a formazan product by metabolically active cells, which 
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can be quantified by measurement of light absorbance at a wavelength of 490 nm. The assay was 

performed according to the manufacturer´s instructions. Briefly, the cells were seeded on 96-well 

plates in a density of 2x104 cells/well in culture medium. After 48 hours, the cells were incubated 

with MTS reagent at 37°C for four hours, followed by measurement of the absorbance at 490 nm on 

a 96-well plate reader. 

2.2.6 Preparation and analysis of RNA 

2.2.6.1 RNA isolation 

For RNA isolation, 1-2x106 cells were pelleted at 8000 rpm for 3 minutes and resuspended in 1 ml 

TRIzol reagent. Total RNA was extracted from TRIzol by following the manufacturer´s instructions, 

and RNA concentrations were determined using a NanoDrop Photospectrometer. The Purity of the 

isolated RNA was assessed based on the ratio of absorbance at 260 nm and 280 nm, with 

A260/280≈2 being considered as pure. 

2.2.6.2 cDNA synthesis 

Reverse transcription of total RNA to cDNA was performed using M-MLV reverse transcriptase and 

random hexamer or gene-specific primers. 1 µg RNA was mixed with RNase-free water to a volume 

of 11 µl, denatured at 65°C for 5 minutes and put on ice. The following reaction mix was prepared 

and incubated at 37°C for 1 hour. 

RNA [1 µg] 11 µl 
First strand buffer [5x] 4 µl 
DTT  [0.1 M] 2 µl 
primer  [100 µM] 1 µl 
dNTP mix [10 mM] 1 µl 
M-MLV RT [200 U/µl] 1 µl 

  20 µl 
 

The cDNA was diluted 1:10 in RNase-free water and frozen at -20°C. 

2.2.6.3 Quantitative real-time PCR 

Quantitative real-time PCR was performed using either Power SYBR Green PCR or Taqman Universal 

Master Mix.  

SYBR green  Taqman 

Master mix [2x] 22 µl  Master mix [2x] 22 µl 
Primer mix  

(for+rev) 
 
[2 µM] 

 

2.2 µl  Primer/probe mix 
Primer (for+rev) 

Probe 

 
[30 µM] 

[2µM] 

2.2 µl 

  24.2 µl    24.2 µl 
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The reaction mix was added to 19.8 µl of the 1:10 diluted cDNA and 20 µl, each, were pipetted on 

two wells of a 96-well reaction plate. The plates were sealed, centrifuged at 1200 rpm for one minute 

and reactions were run on an AB StepOnePlus Real-Time PCR system. 

The following thermal profiles were applied, depending on the master mix. 

SYBR green  Taqman 

    50°C 2 min  
95°C 10 min   95°C 10 min  

95°C 15 s 
40x 

 95°C 15 s 
40 x 

60°C 1 min  60°C 1 min 

Melting curve      
 

mRNA expression was normalized to 18S rRNA or β2M as a housekeeping control and relative 

expression levels are shown as 2-ΔΔCT compared to control cells.  

2.2.7 Analysis of proteins 

2.2.7.1 Preparation of whole-cell lysates 

Whole-cell lysates were prepared with high-salt lysis buffer (20 mM HEPES, pH 7.5, 0.4 M NaCl; 1 mM 

EDTA, 1 mM EGTA, 1 mM DTT), which was supplemented with cOmplete Mini Protease Inhibitor 

Cocktail. The cells were washed with ice cold PBS and pelleted by centrifugation at 8000 rpm for 3 

minutes. Cell pellets were resuspended in lysis buffer (50 µl/1x106 cells), vortexed and incubated on 

ice for 10 minutes. Subsequently, the lysates were mixed with 2x NuPage loading buffer (50 µl 4x 

NuPAGE LDS Sample Buffer, 20 µl 10x NuPAGE Sample Reducing Agent, 30 µl water) in a ratio of 1:1, 

sonicated twice for 20 seconds at 30% amplitude and boiled for five minutes. Alternatively, cells 

were pelleted and immediately boiled in 2x SDS Laemmli Sample Buffer for five minutes. Prior to 

boiling, cell lysates were kept on ice at all times. 

The protein concentration of cell lysates was determined using DC Protein Assay, as required. Lysates 

were handled according to the manufacturer´s protocol prior to addition of NuPage LDS Sample 

Buffer and protein concentration was measured in a microplate reader. 

2.2.7.2 SDS-PAGE and Western Blot 

SDS-PAGE was performed by using the NuPAGE Electrophoresis System. Cell lysates were prepared as 

described above and separated on NuPAGE Novex Bis-Tris gels (4-12%) in NuPAGE MES SDS Running 

Buffer. The gels were run at 100-120 V for about two hours, depending on the size of the protein of 

interest. The separated proteins were transferred to a nitrocellulose membrane at 800 mA for two 

hours. Successful transfer and equal loading of cellular proteins was verified by ponceau staining 

(6mM ponceau S in 1% acetic acid) for 30 seconds, followed by several rinses with desalted water. 

Membranes were blocked in 3% non-fat dry milk for one hour and incubated with primary antibodies 

at 4°C overnight, followed by incubation with HRP-conjugated secondary antibodies at room 

temperature for one hour. Antibody incubations were followed by three washes with TBS for ten 
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minutes, each. Proteins were visualized on Amersham HyperfilmTM ECL by chemiluminescence, using 

Western Lightning Plus-ECL. 

2.2.8 Stable isotope labeling by amino acids in cell culture (SILAC)/Liquid 

chromatography (LC)-mass spectrometry (MS) 

SILAC describes the metabolic incorporation of essential amino acids, which are labeled with non-

radioactive isotopes of carbon (C), nitrogen (N) or hydrogen (H), to cellular proteins. Three different 

labeling conditions were applied to obtain light, medium and heavy labeled cells and their exact 

isotope composition is summarized in Table 1.  

 light medium heavy 

Arginine 
unlabeled (12C, 14N, 1H) 

13C6-arginine (Arg6)  15N4
13C6-arginine (Arg10)  

Lysine 2H4-lysine (Lys4)  15N2
13C6-lysine (Lys8)  

Table 1: Isotope composition of light-, medium- and heavy-labeled amino acids 

 

The cells were cultured in RPMI lacking glutamine and the essential amino acids arginine and lysine 

to exclude the incorporation of unlabeled amino acids. Glutamine, as well as unlabeled or labeled 

arginine and lysine, were supplemented as required for the respective labeling conditions. As the 

labeled amino acids are distinguished by molecular mass, proteins derived from differentially labeled 

cells are easily discriminated and sample preparation, as well as LC-MS, can be performed at one go. 

The combined analysis of proteins which are attributed to different experimental conditions 

enhances the reproducibility and accuracy of the LC-MS quantification. The incorporation rate of the 

medium and heavy amino acids was determined by LC-MS after 5-10 cell doublings and was required 

to exceed 95% before the experiments were started. 

2.2.9 Sample preparation and LC-MS 

Whole-cell lysates were prepared in RIPA buffer, supplemented with complete Protease Inhibitor 

Cocktail, and sonicated twice for 20 seconds at 30% amplitude. Protein concentration was 

determined by DC-Assay and 50 μg protein per sample were boiled for five minutes in 2x NuPage LDS 

sample buffer. Proteins were alkylated by acrylamide and separated by SDS-PAGE, followed by 

Coomassie staining. Further handling of the gels, as well as LC-MS and subsequent RAW data 

processing, has been kindly provided by the group of Andreas Pich (Department of Toxicology, 

Research Core Unit Proteomics, Hannover Medical School, Hannover, Germany) and was performed 

as described by Jochim et al., 2011.  

2.2.10 Transmission electron microscopy 

Transmission electron microscopy was performed by the group of Jan Hegermann (Department of 

Functional and Applied Anatomy, Research Core Unit Electron Microscopy, Hannover Medical School, 

Hannover, Germany). Preparation and imaging were done as described by Dawodu et al., 2018. 
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3 RESULTS 

3.1 Stable silencing of RUNX1-ETO in t(8;21) positive cell lines 

3.1.1 Cellular phenotype  

Stable knockdown of RUNX1-ETO was achieved by lentiviral transduction of the t(8;21) positive cell 

lines Kasumi-1 and SKNO-1 with RUNX1-ETO specific (shRE) or non-targeting control shRNA (gl4). 

RUNX1-ETO-silenced and control cells were monitored for up to 15 days regarding phenotypic 

changes in proliferation, clonal expansion, cell cycle distribution and cell survival. Transduction 

efficacy was determined by flow cytometry, based on expression of the GFP reporter gene, and 

consistently reached >96% (Fig 7A). Stable RUNX1-ETO depletion was verified by Western Blot 

(Fig 7B). 

 

Figure 7: Lentiviral transfer of RUNX1-ETO-specific shRNA in Kasumi-1 and SKNO-1 cells 

A) Lentiviral transduction efficacy was determined by flow cytometry, based on GFP fluorescence. Data 
represent the mean percentage of GFP positive cells (+/- SD). B) Whole-cell lystates were prepared in high-salt 
lysis buffer and stable knockdown of RUNX1-ETO was verified by Western Blot at the indicated time points post 
transduction (Kasumi-1 n=4, SKNO-1 n=3). 

Phenotypic analysis of Kasumi-1/shRE and SKNO-1/shRE showed a reduction in cell expansion by 60% 

and 30%, respectively, as compared to control cells (Fig 8A). The clonal expansion of cells that were 

grown in a limiting dilution was also decreased in RUNX1-ETO-silenced versus control cells 

(Kasumi-1/shRE 60%, SKNO-1/shRE 50%, Fig 8B).  
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Figure 8: Cell expansion and colony formation of RUNX1-ETO-silenced Kasumi-1 and SKNO-1 cells 

A) Cell expansion of RUNX1-ETO-silenced (shRE) and control (gl4) cells was analyzed by counting with trypan 
blue exclusion at the indicated time points. Data are shown as mean (+/- SD) of relative cell numbers, as 
compared to control cells on day 15 after lentiviral transduction. B) Colony formation was evaluated by 
counting of the colonies, grown from cells plated in limiting dilution (Kasumi-1 n=4, SKNO-1 n=3). Statistical 
significance was calculated by two-way ANOVA (A) or two-sided Student´s t-test (B). *p<0.05, **p<0.01, 
***p<0.001  

Cell cycle analysis showed an increased G0/G1 fraction, accompanied by a reduction of S-phase in 

Kasumi-1/shRE compared to Kasumi-1/gl4, and revealed a partial G0/G1 arrest which was not 

observed in SKNO-1/shRE. Both cell lines showed a smaller SubG1 fraction in shRE-transduced over 

gl4-control cells (Fig 9A) and this finding was supported by a reduced percentage of apoptotic 

Kasumi-1/shRE (30%) and SKNO-1/shRE (25%) cells in comparison to control cells, as observed by PI 

staining (Fig 9B).  

 

Figure 9: Impact of RUNX1-ETO depletion on Kasumi-1 and SKNO-1 cell cycle distribution and viability 

A) Cell cycle distribution was determined by flow cytometry, based on DNA content of PI-stained cells, on day 
12 after RUNX1-ETO knockdown. Data are shown as mean percentage (+/- SD) of cells in each fraction 
(Kasumi-1 n=4, SKNO-1 n=3). B) Apoptotic cells are represented as percentage (mean +/- SD) of PI-positive cells, 
as detected by flow cytometry on day 12 after RUNX1-ETO depletion. Statistical analysis was performed by 
two-sided student´s t-test. *p<0.05, ***p<0.001 

To determine if the increased viability of RUNX1-ETO-depleted Kasumi-1 cells was accompanied by a 

lower sensitivity to apoptosis-inducing agents, the cells were treated with the anthracycline 

Doxorubicin or the BH3 mimetic ABT-737. Kasumi-1/shRE and control cells responded equally to both 

drugs, as measured by MTS assay or PI staining, disconfirming a negative impact of RUNX1-ETO 

silencing on the induction of anthracycline-dependent or mitochondrial apoptosis (Fig 10). 
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Figure 10: Impact of RUNX1-ETO depletion in Kasumi-1 cells on their response to chemotherapeutic agents 

A) Kasumi-1/shRE and control cells were treated with the indicated concentrations of ABT-737 on day nine 
following RUNX1-ETO depletion. Cell viability was determined by MTS Assay, 48 hours later, and data show the 
mean percentage of viable cells (+/- SD, n=3) B) Kasumi-1/shRE and control cells were treated with Doxorubicin 
on day 11 after RUNX1-ETO knockdown and drug response was evaluated by PI staining, after 48 hours. PI 
negative cells are presented as mean percentage of viable cells (+/- SD, n=3). Statistical analysis by two-way 
ANOVA rejected any significant variance between the drug response of Kasumi-1/shRE and control cells. This 
Figure was reprinted from Schoenherr et al., 2019 (https://doi.org/10.1371/journal.pone.0225977), licensed 
under CC BY 4.0. 

3.1.2 Kinetics of target gene and protein expression in RUNX1-ETO-

silenced Kasumi-1 and SKNO-1 cells 

The consequences of stable RUNX1-ETO knockdown on the expression of established RUNX1-ETO 

targets and non-targets have been analyzed by qRT-PCR and Western Blot. RNA samples and whole-

cell lysates were collected from Kasumi-1/shRE and control cells (gl4) for up to 15 days following 

lentiviral transduction. qRT-PCR analysis showed a stable induction of the RUNX1-ETO target genes 

CEBPA, SPI1 (encoding the transcription factor PU.1) and BCL2 in Kasumi-1 and SKNO-1 cells, as 

expected (Fig 11). In Kasumi-1, but not in SKNO-1 cells, downregulation of RUNX1, STAT3 and STAT5 

was observed on day 15 after the transfer of RUNX1-ETO-specific shRNA. 

 

Figure 11: RUNX1-ETO-dependent mRNA expression in t(8;21) positive cell lines 

Relative mRNA expression was measured by qRT-PCR at days 5 and 15 post lentiviral transduction of RUNX1-
ETO-specific or control shRNA. Data are shown as mean 2

-ΔΔCT 
+/- SD (n=3) and statistical analysis was 

performed by two-sided student´s t-test. *p<0.05, **p<0.01, ***p<0.001 

Western Blot analysis of RUNX1-ETO-depleted and control cells confirmed upregulation of BCL2, 

C/EBPα and PU.1 on day 5 post transduction (Fig 12). In Kasumi-1 cells, however, the initial increase 

https://creativecommons.org/licenses/by/4.0/legalcode
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of protein expression was followed by a remarkable reduction of RUNX1, C/EBPα, PU.1, STAT3, 

STAT5A and GAPDH, and to a lesser extent BCL2, protein levels. In addition, a strong induction of a 

lower molecular weight isoform of PU.1 (referred to as p22) was observed in parallel to the 

decreased expression of the wild-type PU.1 protein. In SKNO-1 cells, protein expression data were 

consistent with the results of the qRT-PCR analysis, except from a mild decrease of RUNX1, STAT3 

and STAT5A protein levels starting on day 12 post transduction. A weak induction of the PU.1 p22 

isoform was also detected in SKNO-1 cells, although it was not accompanied by the loss of wild-type 

PU.1 expression, in contrast to Kasumi-1 cells. The discrepancy between the results of RNA and 

protein expression data, especially in Kasumi-1 cells, was subject to further investigation and will be 

elucidated in chapters 3.2 to 3.4. 

 

Figure 12: Kinetics of RUNX1-ETO-dependent protein expression in Kasumi-1 and SKNO-1 cells 

Whole-cell lysates of RUNX1-ETO-depleted and control cells were prepared in high-salt lysis buffer at the 
indicated time points and analyzed for protein expression by Western Blot. Data are representative for four 
(Kasumi-1) and three (SKNO-1) independent experiments. Dashed line indicates separate membranes. Parts of 
this Figure were adapted from Schoenherr et al., 2019 (https://doi.org/10.1371/journal.pone.0225977), 
licensed under CC BY 4.0. 

https://creativecommons.org/licenses/by/4.0/legalcode
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3.1.3 Endoplasmic reticulum (ER) stress as a consequence of stable 

RUNX1-ETO depletion in Kasumi-1 cells 

To identify possible changes of cellular structures in Kasumi-1 cells as a consequence of long-term 

RUNX1-ETO depletion, Kasumi-1/shRE and control cells (gl4) were visualized by transmission electron 

microscopy (TEM). As shown in Figure 13, RUNX1-ETO-silenced Kasumi-1 cells display ER structures 

that were remarkably enlarged, compared to the flat and evenly formed ER cisternae in control cells. 

No other discernable changes in cell morphology, including the Golgi apparatus, mitochondria, 

nuclei, cell size or other cellular components, were detected. ER dilation is a recognized indicator of 

ER stress, resulting from the accumulation of unfolded or misfolded proteins in the ER (Akiyama et 

al., 2009; Riggs et al., 2005; Wang et al., 1999). 

 

Figure 13: Transmission electron microscopy of RUNX1-ETO-depleted and control Kasumi-1 cells 

Kasumi-1/shRE and control cells (gl4) were fixed on day 17 after lentiviral shRNA transfer and TEM was 
performed by the group of Jan Hegermann (Department of Functional and Applied Anatomy, Research Core 
Unit Electron Microscopy, MHH). Images are representative for three independent experiments. Profiles of ER 
cisternae are indicated by arrows. N, nucleus; G, Golgi; M, mitochondria. Scale bar = 1 µM. This Figure was 
reprinted from Schoenherr et al., 2019 (https://doi.org/10.1371/journal.pone.0225977), licensed under CC BY 
4.0. 

The stress response, initiated by RUNX1-ETO depletion in Kasumi-1 cells, was further characterized 

regarding the expression of genes that are involved in the unfolded protein response (UPR). RNA and 

whole-cell lysates were collected from Kasumi-1/shRE and control (gl4) cells on days 5 to 15 and 

analyzed by qRT-PCR and Western Blot. 

First, phosphorylation levels of the eukaryotic translation initiation factor 2 alpha subunit (eIF2α) 
were determined by Western Blot, as they represent one of the first sensors for ER stress. However, 

phosphorylation and expression levels of eIF2α were not affected in Kasumi-1/shRE compared to 

control cells (Fig 14A). In addition, the impact of RUNX1-ETO silencing on mRNA expression of the 

UPR genes encoding for activating transcription factor 4 (ATF4), binding immunoglobulin protein 

(BiP), C/EBP-homologous protein (CHOP) and spliced isoform of X-box-binding protein 1 (sXBP1) was 

evaluated by qRT-PCR (Fig 14B). A weak suppression of ATF4 in response to RUNX1-ETO knockdown 

was measured by qRT-PCR and ATF4 was hardly detectable in Kasumi-1 cells on protein level. 

https://creativecommons.org/licenses/by/4.0/legalcode
https://creativecommons.org/licenses/by/4.0/legalcode
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Expression of sXBP1 was slightly induced on day 14 after lentiviral transduction, while there was no 

discernable regulation of BIP and CHOP.  

As a positive control for UPR induction, Kasumi-1 cells were treated with tunicamycin, which is an 

inhibitor of glycoprotein biosynthesis (Heifetz et al., 1979) and commonly used in studies concerning 

ER stress. Tunicamycin treatment [5 µg/ml] for two and six hours resulted in enhanced 

phosphorylation of eIF2α, which was revoked after 24 hours while protein expression of ATF4 was 

clearly upregulated at all time points (Fig 14C). ATF4 protein levels are represented by protein bands 

of different molecular weight that are attributable to the distinct phosphorylation stages of ATF4. 

Cytotoxic effects of tunicamycin treatment on Kasumi-1 cells were determined by PI staining and the 

fraction of apoptotic cells amounted to 27% after 24 hours of treatment (Fig 14C). Measurement of 

UPR-related gene expression displayed a significant induction of sXBP1 after two and six hours, but 

only slight changes in the expression of BIP and CHOP, with big variations between the single 

experiments (Fig 14D). ATF4 mRNA expression was not regulated in this experimental setting. 

 

Figure 14: Impact of stable RUNX1-ETO depletion and tunicamycin treatment on UPR induction in Kasumi-1 cells  

Western Blot analysis of RUNX1-ETO-silenced (A) and tunicamycin-treated (C) Kasumi-1 cells for 
phosphorylation/expression of UPR proteins. Whole-cell lysates were prepared in boiling SDS sample buffer. 
The percentage of PI+ cells upon tunicamycin treatment was determined by flow cytometry and is depicted 
below the Western Blot. Data are representative for three independent experiments. Relative mRNA 
expression of UPR genes was determined in Kasumi-1 cells after RUNX1-ETO knockdown (B) and tunicamycin 
treatment (D) by qRT-PCR. Data are shown as mean 2

-ΔΔCT  
(+/- SD, n=3). Statistical significance was calculated 

by two-sided student´s t-test. *p<0.05, ***p<0.001 



3 RESULTS 

 55 

In summary, Kasumi-1 cells show clear signs of ER stress in terms of ER dilation as a result of long-

term RUNX1-ETO depletion. However, the evaluation of UPR induction was inconclusive and remains 

to be clarified.  

3.1.4 SILAC/LC-MS analysis of RUNX1-ETO-dependent protein expression 

in Kasumi-1 cells 

The RUNX1-ETO-dependent regulation of the Kasumi-1 proteome was analyzed by stable isotope 

labeling with amino acids in cell culture (SILAC)-based liquid chromatography (LC)-mass spectrometry 

(MS). Kasumi-1 cells were labeled with amino acids that present light (Lys0, Arg0), medium (Lys4, 

Arg6) and heavy (Lys8, Arg10) isotopes and, after exceeding an incorporation rate of 95%, RUNX1-

ETO-specific (shRE) or control (gl4) shRNA was introduced by lentiviral gene transfer. The lentiviral 

transduction was performed in three independent experiments, ensuring that each labeling 

condition was represented by RUNX1-ETO-depleted as well as by control cells (Table 2). 

 

Table 2: Labeling scheme of gl4- and shRE-transduced Kasumi-1 cells 

Labeling conditions reflect cell culture media, containg natural lysine and arginine (Lys0, Arg0; light), or 
medium (Lys4, Arg6), respectively heavy (Lys8, Arg10) labeled amino acids.  

The efficacy of lentiviral shRNA transfer was evaluated by flow cytometry based on GFP reporter 

fluorescence on day 5 after transduction and reached >96%. RUNX1-ETO depletion was confirmed by 

Western Blot (Fig 15). 

 

Figure 15: Validation of lentiviral transduction and RUNX1-ETO knockdown in Kasumi-1 cells 

A) Lentiviral transduction efficacy of light-, medium- and heavy-labeled Kasumi-1 cells is presented as the 
percentage of GFP+ cells. B) Whole-cell lysates were prepared in high-salt lysis buffer on day five post 
transduction and stable knockdown of RUNX1-ETO was verified by Western Blot. 

LC-MS analysis was performed by the group of Prof. Andreas Pich (Institute of Toxicology; Research 

Core Unit Proteomics, MHH). A total of 2152 proteins were identified, including 15 up- and three 

downregulated proteins when classified by high stringency criteria (mean >1.4 or <0.7 and p<0.05). 

Because of the low amount of identified proteins, criteria for the classification as regulated protein 

were lowered and proteins with mean expression >1.3 or <0.8 and p<0.1 were included for further 

analysis (Table 3). The complete list of regulated proteins is appended as supplemental data (Tables 

S1+S2). 
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Table 3: Summary of SILAC/LC-MS analysis in RUNX1-ETO-silenced versus control Kasumi-1 cells 

Proteins were classified as up- or downregulated by high and low stringency criteria. High stringency: mean 
>1.4 or <0.7 and p<0.05. Low stringency: mean >1.3 or <0.8 and p<0.1. 

Regulated proteins were matched to Gene Ontology (GO) terms and corresponding signaling 

pathways, using the “Database for Annotation, Visualization and Integrated Discovery“ (DAVID, 
Version 6.8; Huang et al., 2009a, 2009b), and analyzed for enrichment or depletion of proteins with 

relevance for certain biological processes, molecular functions or signaling pathways. The enrichment 

analysis of the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway annotation is displayed in 

Figure 16 and the complete list of annotated GO terms and pathways is shown in supplementary 

Tables S3-S6 (Kanehisa, 2019; Kanehisa et al., 2019; Kanehisa and Goto, 2000). 

 

Figure 16: Enriched signaling pathways in the dataset of proteins which are regulated by RUNX1-ETO depletion 

in Kasumi-1 cells 

Up (A)- and downregulated (B) proteins were annotated to KEGG pathways by DAVID (Version 6.8). Charts 
display enriched pathways (p<0.05), showing the percentage of proteins from the dataset of regulated proteins 
which were annotated to the respective pathways. Fold enrichment of the pathways was determined by 
comparison of the regulated proteins to a default reference set that is provided by DAVID. 

Regarding the data set of proteins that were upregulated by RUNX1-ETO depletion in Kasumi-1 cells, 

15 proteins could be annotated to KEGG signaling pathways. Four of those proteins were found to be 

associated with lysosomal functions, representing a 15.2 fold enrichment (p=0.0017) of lysosome-

associated proteins within our data set. The granule-derived serine protease cathepsin G was one of 

the proteins in this annotation group and was also assigned to the KEGG pathway terms Amoebiasis 

and Systemic lupus erythematosus, which are enriched by 19.4 (p=0.019) and 10.3 fold (p=0.029), 

respectively (Fig 16). Considering the proteins that were downregulated by RUNX1-ETO depletion, 22 

proteins could be annotated to KEGG signaling pathways and nine of them were assigned to 
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metabolic pathways (2.3 fold enrichment, p=0.022). Three, respectively two, proteins were assigned 

to pathways that are relevant for the metabolism (19.5 fold enrichment, p=0.0092) and biosynthesis 

(48.1 fold enrichment, p=0.039) of fatty acids. 

3.1.5 Conclusions  

The implications of stable RUNX1-ETO silencing for t(8;21) positive cell lines were investigated in 

terms of cellular phenotype as well as RNA and protein expression. Evaluation of the cellular 

phenotype revealed reduced proliferation and colony formation of Kasumi-1 and SKNO-1 cells in 

response to RUNX1-ETO depletion. Both cell lines showed decreased amounts of cells in the SubG1 

phase and this observation was supported by a smaller fraction of PI-positive cells in RUNX1-ETO-

silenced Kasumi-1 cells. Furthermore, Kasumi-1 cells displayed a partial G0/G1 arrest, as determined 

by cell cycle analysis. Altogether, these results confirmed existing data on transient RUNX1-ETO RNAi 

in t(8;21) positive cell lines. Besides, RUNX1-ETO silencing in Kasumi-1 cells was accompanied by ER 

dilation, which is a common indicator of ER stress. Long-term depletion of RUNX1-ETO revealed an 

unexpected discrepancy between RNA and protein expression, as RUNX1-ETO targets were strongly 

decreased at later time points post transduction, while RNA levels remained stable. This 

phenomenon was intended to be clarified in the following chapters.  
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3.2 Impact of stable RUNX1-ETO depletion on protein biosynthesis in 

Kasumi-1 cells 

Transmission electron microscopy of RUNX1-ETO-silenced Kasumi-1 cells revealed remarkable ER 

dilation, which is a common indicator of ER stress. The cellular stress response, known as UPR, 

involves a global deceleration of protein synthesis but can also trigger the translation of alternative 

open reading frames (ORFs), which is driven by divergent translation initiation sites (TIS). SILAC/LC-

MS analysis in Kasumi-1/gl4 and shRE cells did not show enrichment for processes that are associated 

with stress response or protein biosynthesis among the group of regulated proteins. However, 

protein expression of the eukaryotic translation initiation factor 4A2 (eIF4A2) was significantly 

reduced in RUNX1-ETO-depleted versus control cells (mean 0.76, p=0.004; Table S2). Decreased 

protein levels in Kasumi-1/shRE cells might be the outcome of eIF4A2 downregulation, presenting a 

potential mechanism to mediate a translation halt in response to ER stress induced by RUNX1-ETO 

depletion. Consequently, the impact of stable eIF4A2 knockdown on cellular phenotype and protein 

expression patterns was evaluated in RUNX1-ETO-silenced and control Kasumi-1 cells. 

Additionally, we thought to clarify if the PU.1 isoform p22, which is induced by long-term RUNX1-ETO 

RNAi, is a product of alternative translation as a consequence of ER stress in Kasumi-1/shRE cells. 

Potential alternative TIS were identified in the PU.1 mRNA sequence, in addition to the canonical 

PU.1 ORF. A lentiviral expression plasmid encoding HA-tagged PU.1 was constructed and selected TIS 

were eliminated by site-directed mutagenesis. Expression patterns of the PU.1-HA constructs were 

analyzed by Western Blot in RUNX1-ETO-silenced and control cells. 

3.2.1 Phenotypic characterization of eIF4A2 depletion in Kasumi-1 cells 

For stable silencing of eIF4A2 expression, Kasumi-1 cells were transduced with lentiviral constructs 

coding for eIF4A2-specific and control (gl4) shRNA. Transduction efficacy was determined by flow 

cytometry based on GFP fluorescence and reached on average >96% (Fig 17A). Western Blot analysis 

confirmed the reduction of eIF4A2 protein levels on day five after lentiviral shRNA transfer (Fig 17B).  

 

Figure 17: Validation of lentiviral transduction and stable knockdown of eIF4A2 in Kasumi-1 cells 

Kasumi-1 cells were transduced with eIF4A2-specific or control (gl4) shRNA. A) Transduction efficacy as 
determined by GFP fluorescence (n=5). B) Whole-cell lysates were prepared in high-salt lysis buffer and eIF4A2 
reduction was examined by Western Blot on day five post transduction (n=5). 
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Kasumi-1/shEIF4A2 and control cells were monitored for cellular phenotype but did not reveal any 

significant alterations regarding cell expansion, colony formation, cell cycle distribution or cell 

viability (Fig 18).  

 

Figure 18: Cellular phenotype of stable eIF4A2 depletion in Kasumi-1 cells 

A) Cell expansion of eIF4A2-silenced (shEIF4A2) and control (gl4) cells was analyzed by counting with trypan 
blue exclusion, at the indicated time points (n=5). Data are shown as mean (+/- SD) of relative cell numbers, as 
compared to control cells on day 15 after lentiviral transduction. B) Clonal expansion was determined by 
counting of the colonies which originated from cells that were plated in limiting dilution and each data point 
represents the absolute number of colonies from one of three independent experiments. C) Cell cycle 
distribution was measured by flow cytometry, based on DNA content of PI-stained cells, on day 12 after eIF4A2 
knockdown. Data are shown as mean percentage (+/- SD) of cells in each fraction (n=3). D) Apoptotic cells are 
represented as percentage (mean +/- SD) of PI-positive cells, as detected by flow cytometry on day 12 following 
eIF4A2 depletion (n=3). Statistical analysis was performed by two-way ANOVA (A) or two-sided student´s t-test 
(B-D) and did not reveal any statistically significant difference with p<0.05. 

To investigate if the downregulation of eIF4A2 contributes to the induction of ER stress and the 

reduction of protein levels in RUNX1-ETO-depleted Kasumi-1 cells, eIF4A2-dependent protein 

expression was analyzed in Kasumi-1 cells (Fig 19). In comparison to control cells, eIF4A2-silenced 

Kasumi-1 cells were unaffected in terms of eIF2α phosphorylation and protein expression of eIF2α 

and ATF4. Expression of PU.1 was slightly decreased on days 12 and 15, in parallel to a weak 

induction of PU.1 p22 in Kasumi-1/shEIF4A2 on day 15 post transduction. A small reduction of 

STAT5A levels was observed in Kasumi-1/shEIF4A2 versus gl4 on days 5, 8 and 12 following 

transduction. 
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Figure 19: eIF4A2-dependent protein expression in Kasumi-1 cells 

The expression of ER stress-related and RUNX1-ETO-dependent proteins was analyzed in eIF4A2-depleted and 
control (gl4) Kasumi-1 cells by Western Blot. GAPDH expression was determined as housekeeping control. 
Whole-cell lysates were prepared in high-salt lysis buffer at the indicated time points post transduction. The 
Western Blot represents one of three independent experiments. 

3.2.2 RUNX1-ETO-dependent utilization of translation initiation sites 

within the PU.1-HA mRNA sequence 

3.2.2.1 The PU.1 mRNA sequence features multiple open reading frames 

To investigate, if the PU.1 isoform p22 observed in Kasumi-1 and SKNO-1 cells might present an 

alternative translation product, the PU.1 mRNA sequence (transcript variant 1 NM_001080547.1) 

was searched for potential open reading frames (ORFs) in addition to the canonical PU.1 coding 

sequence (CDS) (Fig 20). An ORF is defined as the region of a nucleotide sequence that can be 

translated to a protein sequence and is flanked by a start (usually ATG) and a stop codon (TAA, TGA 

or TAG) and, accordingly, translation of ORF1 is initiated at ATG1. Downstream of ATG1, at which 

translation of the canonical PU.1 protein is initiated, the PU.1 mRNA sequence presents eight 

additional in-frame ATG codons (ATG2-9), which represent potential translation initiation sites for 

shortened PU.1 isoforms. The putative proteins were evaluated in terms of molecular                  

weight and probability of translation, using the NetStart Prediction Server 

(http://www.cbs.dtu.dk/services/NetStart/; Pedersen and Nielsen, 1997) which calculates a score 

between 0.0 and 1.0 with values >0.5 reflecting presumable translation initiation sites. The calculated 

molecular weight of the putative ORF3 and ORF4 translation products amounts to approximately 

20 kDa, suggesting them as promising candidates for the PU.1 p22 isoform that was observed by 
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Western Blot. In addition to the ORFs within the PU.1 CDS, an upstream open reading frame (uORF), 

out of frame to the PU.1 CDS, was identified in the PU.1 5´UTR and uORFs have been linked to ER 

stress-dependent regulation of protein translation. 

 

Figure 20: Open reading frames within the PU.1 mRNA sequence. 

PU.1 transcript variant 1 (NM_001080547.1) consists of five exons (E1-5) and includes nine open reading 
frames (orf1-9) within reading frame 2 (green). The canonical coding sequence (CDS) for PU.1 is represented by 
orf1. An additional upstream open reading frame (uORF), located in the 5´UTR of the PU.1 transcript, is 
provided by reading frame 1 (yellow). Numbers in parentheses indicate the position of the respective ORF 
within the PU.1 mRNA sequence. The molecular weight of the putative proteins and probability of translation 
initiation at ATG1-9 are depicted next to the respective ORFs.   

3.2.2.2 Ectopic expression of PU.1-HA fusion constructs in Kasumi-1 cells 

The relevance of the ORFs that were identified within the PU.1 mRNA sequence was assessed by 

ectopic expression of PU.1-HA fusion constructs in Kasumi-1 cells. A schematic representation of the 

PU.1-HA fusion construct is shown in Figure 21. Selected translation initiation sites (TIS) were 

eliminated by site-directed mutagenesis and PU.1-HA expression patterns were determined in 

RUNX1-ETO-silenced and control cells by Western Blot. 

 

Figure 21: Schematic representation of the PU.1-HA fusion construct. 

The PU.1-HA fusion construct contains the almost entire 5´UTR, featuring uORF1, as well as the complete 
coding sequence of the PU.1 mRNA and the nucleotide sequence encoding an HA tag. The position of ATG 
codons within the PU.1 CDS is indicated by green numbers. 

Kasumi-1 cells were transduced with lentiviral vectors encoding RUNX1-ETO-specific (SR-shRE) or 

control (SR-gl4) shRNA. Ten days later, the PU.1-HA constructs (S-PU.1-HA-IEW) or control plasmid 

(SIEW) were overexpressed in Kasumi-1/shRE and control cells (gl4) by lentiviral gene transfer and 

the transduction efficacy was determined by flow cytometry, based on the expression of the RFP (SR) 
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and GFP (SIEW) reporter genes. Whole-cell lysates were prepared on day 4 following ectopic 

expression of the PU.1-HA fusion genes (day 14 after RUNX1-ETO knockdown). The expression 

patterns of PU.1-HA constructs with eliminated ATG translation initiation sites were analyzed by 

Western Blot and compared to PU.1-HA wild-type (wt) expression.  

In a first experiment, the translation initiation site for the canonical PU.1 protein, represented by 

ATG1, was eliminated to provide proof of principle for the study of alternative translation products 

derived from PU.1-HA fusion constructs. Because of the proximity of ATG1 and ATG2, concomitant 

elimination of both sites was performed by site-directed mutagenesis (Fig 22A). Western Blot 

analysis of PU.1-HA wt expression in Kasumi-1 cells showed decreased levels of PU.1 and PU.1-HA in 

RUNX1-ETO-silenced compared to control cells, accompanied by induction of PU.1 p22 (Fig 22B). An 

intermediate protein of approximately 25 kDa (p25), which was also diminished in Kasumi-1/shRE, 

was detected using HA- and PU.1-specific antibodies. Ectopic expression of PU.1-HA mutATG1+2 

demonstrated an almost complete absence of the full-length PU.1-HA protein, while PU.1 p22 levels 

were not affected. Interestingly, the elimination of ATG1+2 resulted in increased expression of p25 

from the respective PU.1-HA construct. In addition, a higher molecular weight protein of about 40 

kDa (p40) was observed in this context.  

The most obvious candidates for the presumable translation of PU.1 p22 are represented by ORFs 3 

and 4 (Fig 20). To evaluate the possibility of translation initiation at ATG3 and 4, both sites were 

eliminated within the PU.1-HA sequence. However, Western Blot analysis disconfirmed any impact of 

these mutations on the expression of PU.1 p22 or p25 (Fig 22B). GAPDH expression was examined as 

a loading control and was slightly reduced in RUNX1-ETO-depleted versus control Kasumi-1 cells. 

Detection of the SIEW/PU.1-HA-encoded GFP reporter implied comparable expression levels of the 

lentiviral control plasmid SIEW and the different PU.1-HA constructs. Lentiviral transduction efficacy 

was determined on day 14 following RUNX1-ETO knockdown (day 4 after ectopic expression of 

SIEW/PU.1-HA) and verified concurrent expression of the RFP and GFP reporter genes in at least 74% 

of Kasumi-1 cells (Fig 22C). Besides, flow cytometry revealed a discernable decrease of cell viability in 

PU.1-HA-expressing cells, as determined by FSC/SSC profiles. 

Elimination of translation initiation sites ATG5-7 by site-directed mutagenesis did also not interfere 

with the protein expression pattern observed upon expression of the PU.1-HA wt construct (data not 

shown). 
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Figure 22: Ectopic expression of PU.1-HA constructs in Kasumi-1 cells 

A) Schematic representation of the different PU.1-HA constructs. Positions of the ATG translation initiation 
sites are indicated by green numbers and mutated ATG codons are highlighted in red. B) Western Blot analysis 
of PU.1-HA expression patterns in RUNX1-ETO-silenced and control Kasumi-1 cells. Whole-cell lysates were 
prepared in high-salt lysis buffer. *denotes unspecific bands. C) Transduction efficacy and cell viability were 
assessed by flow cytometry on day 14/day 4 following lentiviral transduction. Data represent one of three 
independent experiments.  

The PU.1 5´UTR features three potential non-ATG start codons, namely CTG and GTG (referred to as 

aTIS1/2/3), which are in frame with the PU.1 CDS and might account for the translation of the 

putative PU.1 isoform p40 that was observed in Figure 22B. To investigate, if PU.1 p40 originates 

from alternative translation initiation at one of these sites, aTIS1, 2 and 3 were eliminated by site-

directed mutagenesis and PU.1-HA protein expression was analyzed by Western Blot. In addition, 

aTIS1, 2 and 3 were removed by deletion of the entire 5´UTR (Δ5´UTR) of the PU.1-HA construct 

(Fig 23A). This deletion also involves the uORF within the PU.1 5´UTR and was supposed to reveal any 

possible impact of the uORF on start codon usage. As observed before, ectopic expression of PU.1-HA 

mutATG1+2 revealed reduced levels of full-length PU.1-HA, while expression of p25 and p40 was 

enhanced (Fig 23B). Elimination of aTIS1, 2 and 3 completely abolished expression of p40, 

substantiating the possibility of alternative start codon usage within the sequence of the PU.1-HA 

construct. In Kasumi-1 cells expressing the PU.1-HA construct Δ5´UTR, PU.1 p40 was also not 
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detected. Besides, the absence of the uORF did not affect the induction of PU.1 p22 in 

Kasumi-1/shRE compared to control (gl4) cells. GAPDH expression was monitored as a loading 

control and comparable GFP expression demonstrates similar expression of the SIEW control plasmid 

and the PU.1-HA constructs. The efficacy of lentiviral transduction was determined by flow cytometry 

and shows concurrent expression of the RFP and GFP reporter genes in 67-90% of Kasumi-1 cells 

(Fig 23C).  

 

Figure 23: Ectopic expression of PU.1-HA constructs in Kasumi-1 cells 

A) Schematic representation of the different PU.1-HA constructs. Positions of the ATG translation initiation 
sites are labeled by green and alternative start codons by blue numbers. Start codon mutations are indicated 
by red numbers. B) Western Blot analysis of PU.1-HA expression patterns in RUNX1-ETO-silenced and control 
Kasumi-1 cells. Whole-cell lysates were prepared in high-salt lysis buffer. *denotes unspecific bands. C) 
Transduction efficacy and cell viability were assessed by flow cytometry on day 14/day 4 following lentiviral 
transduction. Data represent one of three independent experiments.  
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Besides the CTG/GTG start codons in the PU.1 5´UTR, numerous alternative TIS (aTIS) are present 

within and in-frame with the CDS of PU.1 (Fig 24A). As reported by Wegrzyn et al., 2008, unique 

consensus features are characteristic for aTIS which are highly conserved at positions -7 and -6, while 

conservation at -3 and +4 is consistent with the traditional Kozak sequence of ATG initiation sites 

(Fig 24B) (Kozak, 1986). Based on start codon context and molecular weight calculation of the 

putative protein products, ten aTIS within the PU.1 sequence were chosen for further evaluation. 

Start codon elimination by site-directed mutagenesis, however, had no impact on the expression 

levels of full-length PU.1-HA, as well as on the putative PU.1 isoforms p25 and p22 (data not shown).  

 

Figure 24: aTIS-related ORFs within the PU.1 mRNA sequence. 

A) The PU.1 mRNA sequence (NM_001080547.1) presents multiple ORFs which might be initiated by alternative 
start codons and ORFs10-19 are depicted in blue. Numbers in parentheses indicate the position of the 
respective ORF within the PU.1 mRNA sequence. The molecular weight of the putative proteins and positions -7 
to +4, surrounding the potential aTIS are depicted next to the respective ORFs. The non-ATG TIS are highlighted 
in blue and the first nucleotide of the start codons represents position +1. B) Sequence logo illustrating 
conserved nucleotides in positions -10 to +10 surrounding alternative start codons. Fig 24B was adapted by 
permission from Springer Nature: Springer Nature, BMC Bioinformatics, Bioinformatic analyses of mammalian 
5´-UTR sequence properties of mRNAs predicts alternative translation initiation sites, Jill L Wegrzyn et al., 
Copyright ©2008, Springer Nature (https://doi.org/10.1186/1471-2105-9-232).  
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3.2.3 Conclusions 

Reduced levels of cellular proteins in parallel to stable mRNA levels were observed in Kasumi-1 cells 

upon stable silencing of RUNX1-ETO. LC-MS analysis revealed downregulation of eIF4A2 which might 

be able to mediate a global reduction in protein biosynthesis. However, stable depletion of eIF4A2 in 

Kasumi-1 cells did not entail reduced expression of cellular proteins or any changes in cellular 

phenotype. Furthermore, RUNX1-ETO-silenced Kasumi-1 cells were shown to experience ER stress, 

which can lead to decreased translation rates and also facilitate alternative translation products. The 

PU.1 p22 isoform, observed in response to RUNX1-ETO knockdown, was considered as such a 

product of alternative start codon usage but a mutagenesis study using PU.1-HA fusion constructs 

failed to substantiate this hypothesis. As a consequence, the degradation of cellular proteins in 

RUNX1-ETO-depleted cells was taken into consideration.  
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3.3 Protein degradation induced by stable RUNX1-ETO depletion in 

t(8;21) positive cell lines 

3.3.1 Proteasomal and lysosomal degradation 

The previous experiments were not able to confirm the hypothesis that reduced protein levels and 

expression of PU.1 p22 in RUNX1-ETO-silenced cells result from ER stress-dependent effects on 

protein biosynthesis. The high abundance of PU.1 p22 in parallel to decreased expression of wild-

type PU.1 might also suggest proteolytic cleavage of PU.1, why the degradation of cellular proteins 

upon stable RUNX1-ETO RNAi in Kasumi-1 and SKNO-1 cells was considered.  

To analyze the induction of protein degradation pathways in RUNX1-ETO-silenced cells, 

Kasumi-1/shRE and control (gl4) cells were treated with specific inhibitors for proteasomal 

(Bortezomib) and lysosomal (Chloroquine) degradation. Whole-cell lysates were prepared on day 14 

following lentiviral transduction and cellular protein expression patterns were examined by Western 

Blot. As observed before, RUNX1-ETO depletion in Kasumi-1 cells resulted in decreased protein levels 

of RUNX1, PU.1, STAT3, STAT5A and GAPDH, combined with the induction of PU.1 p22 (Fig 25A+B).  

 

Figure 25: Inhibition of proteasomal and lysosomal degradation in Kasumi-1 cells 

Kasumi-1/shRE and control cells were treated with the indicated concentrations of Bortezomib (A) or 
Chloroquine (B). Whole-cell lysates were prepared in high-salt lysis buffer and protein expression was analyzed 
by Western Blot. Proteasomal and lysosomal inhibition was confirmed by accumulation of ubiquitinylated 
proteins and processing of the autophagy marker LC3A/B, respectively. Cytotoxicity of Bortezomib and 
Chloroquine was evaluated by PI staining and the percentage of PI-positive cells is shown below the Western 
Blots. Data are representative for three independent experiments. Parts of this Figure were adapted from 
Schoenherr et al., 2019 (https://doi.org/10.1371/journal.pone.0225977), licensed under CC BY 4.0. 

Bortezomib treatment efficiently reduced the proteasomal degradation of cellular proteins at a 

concentration of 10 nM, as demonstrated by the accumulation of ubiquitinylated proteins (Fig 25A). 

Chloroquine-mediated inhibition of lysosomal protein degradation was verified by processing of the 

https://creativecommons.org/licenses/by/4.0/legalcode
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autophagy marker microtubule-associated proteins 1A/1B light chain 3B (LC3A/B) and was achieved 

at concentrations of 5 and 10 µM (Fig 25B). The decreased protein levels in RUNX1-ETO-depleted 

versus control cells, however, could not be restored by the inhibition of proteasomal and lysosomal 

degradation pathways. Cytotoxic effects of Bortezomib and Chloroquine on Kasumi-1 cells were mild 

and predominantly observed after 24 hours of treatment, as shown by PI staining (Fig 25A+B). 

3.3.2 Caspase-mediated cleavage of cellular proteins  

Caspases are aspartate-specific cysteine proteases which are usually involved in the regulation of 

programmed cell death and inflammation. Although not directly involved in these processes, PU.1 

has been described to be targeted for site-specific cleavage by caspase 3 (Zhao et al., 2009). 

To evaluate the possibility of caspase-dependent cleavage of cellular proteins in Kasumi-1 cells, 

Kasumi-1/shRE and control cells (gl4) were treated with the pan-caspase inhibitor Z-VAD-FMK at 

concentrations of 50 µM for 24 hours. Cycloheximide (CHX) was concurrently added to a final 

concentration of 100 µM, preventing the reconstitution of protein levels, to improve the visualization 

of presumable protein degradation. DMSO served as vehicle control for Z-VAD-FMK. Whole-cell 

lysates, prepared on day 15 following lentiviral transduction, were analyzed for protein expression by 

Western Blot and revealed reduced protein levels for RUNX1 and PU.1 in parallel to massive 

induction of PU.1 p22 in RUNX1-ETO-depleted Kasumi-1 cells (Fig 26A). GAPDH expression was 

evaluated as a loading control and was not affected in this experiment. In Kasumi-1/gl4 cells, protein 

levels for RUNX1-ETO, RUNX1, PU.1 and p22 were slightly reduced upon CHX treatment, which was 

also observed in Kasumi-1/shRE cells for RUNX1 and PU.1 p22. The addition of the caspase inhibitor 

Z-VAD-FMK had no discernable impact on the reduction of protein levels or the occurrence of PU.1 

p22 in RUNX1-ETO-silenced Kasumi-1 cells.  

 

Figure 26: Caspase-dependent protein cleavage in Kasumi-1 cells. 

A) Kasumi-1/gl4 and shRE were treated with DMSO, CHX [100µM] and Z-VAD-FMK [50 µM] for 24 hours. 
Whole-cell lysates were prepared in high-salt lysis buffer and analyzed by Western Blot. The inhibitory effect of 
Z-VAD-FMK on cellular caspase activity was verified by bioluminescence-based caspase assay (B) and inhibition 
of TNFα [40 ng/ml] and ABT-737 [100 nM]-induced PARP cleavage (C). 
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The efficacy of caspase inhibition by Z-VAD-FMK was examined by bioluminescence-based 

measurement of cellular caspase avtivity in RUNX1-ETO-depleted and control cells (Fig 26B). 

Furthermore, the Z-VAD-FMK-dependent inhibition of PARP cleavage was demonstrated by Western 

Blot. Kasumi-1 cells were pre-treated with Z-VAD-FMK for one hour, followed by TNFα- or ABT-737-

mediated induction of apoptosis for 20 hours (Fig 26C). Whole-cell lysates were analyzed by Western 

Blot and showed PARP cleavage as a result of TNFα- or ABT-737- induced cell death and concomitant 

caspase activation, which was inhibited in the presence of Z-VAD-FMK. 

3.3.3 The contribution of Cathepsin G to protein degradation and cellular 

phenotype of RUNX1-ETO depletion in t(8;21) positive cell lines 

The neutrophil serine protease cathepsin G (CTSG) is a known target of RUNX1-ETO repression, but 

the impact of released CTSG expression on t(8;21) positive cell lines has not been addressed, yet. 

SILAC/LC-MS analysis in Kasumi-1 cells revealed a strong induction of CTSG in response to stable 

RUNX1-ETO depletion (mean 4.76, p=0.007; Table S1), which was confirmed by qRT-PCR and Western 

Blot (Fig 27A+B). The multiple bands detected by the CTSG-specific antibody (Fig 27B) might present 

intermediates of proteolytic activation, as CTSG is synthesized as an inactive zymogen that requires 

processing to acquire full maturity (Salvesen 1991). According to its robust expression, CTSG presents 

an obvious candidate for the cleavage of cellular proteins in RUNX1-ETO-silenced Kasumi-1 cells.  

 

Figure 27: RUNX1-ETO-dependent CTSG expression. 

RUNX1-ETO-dependent RNA and protein expression of CTSG was analyzed in Kasumi-1 cells on day five, 
respectively at the indicated time points, after lentiviral shRNA transfer. A) qRT-PCR data are represented as 
mean 2

-ΔΔCT 
+/- (SD, n=3). B) Whole-cell lysates were prepared in high-salt lysis buffer and analyzed by Western 

Blot. Statistical significance was calculated by two-sided student´s t-test. ***p<0.001 

The myeloid transcription factor PU.1 is one of the proteins that is presumably degraded upon stable 

depletion of RUNX1-ETO in Kasumi-1 and SKNO-1 cells. The initial induction of PU.1 in RUNX1-ETO-

silenced cell lines is followed by a marked reduction of PU.1 protein levels, paralleled by increasing 

amounts of the lower molecular weight isoform PU.1 p22, which represents a potential cleavage 

product of PU.1 (Fig 12). Consequently, PU.1 was used exemplarily to study CTSG-dependent protein 

degradation in RUNX1-ETO-silenced Kasumi-1 cells. 

Computational analysis using the PROSPER Protease specificity prediction server (Song et al., 2012) 

revealed several putative CTSG cleavage sites within the PU.1 amino acid sequence, four of which 

(CTSG 1-4) are potentially relevant for the generation of PU.1 p22. A schematic representation of the 
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PU.1 protein, highlighting the CTSG cleavage sites of interest and the surrounding amino acids, is 

depicted in Figure 28. The position of the amino acids N-terminal of the cleavage sites and molecular 

weight calculations for the predicted fragments are included on the right. 

 

Figure 28: Schematic representation of the CTSG cleavage site prediction for PU.1. 

Predicted CTSG cleavage sites with potential relevance for PU.1 p22 are indicated by red lines. Amino acids 
surrounding the predicted cleavage sites are displayed in one letter code. CTSG1-4, cathepsin G cleavage site 
1-4. 

The PU.1-HA fusion construct, described in chapter 3.2.2.2, was employed for the investigation of 

CTSG-dependent cleavage of PU.1, and the selected CTSG cleavage sites 1-4 were eliminated by site-

directed mutagenesis. The cleavage site specificity matrix provided by the Peptidase Database 

MEROPS (https://www.ebi.ac.uk/merops/index.shtml; Rawlings et al., 2018) was consulted to 

determine the optimal amino acid substitutions for the perturbation of potential cleavage site 

recognition by CTSG. A detailed outline of the implemented nucleotide and amino acid substitutions 

is available in Table S7.  

Kasumi-1 cells were transduced with lentiviral vectors encoding RUNX1-ETO-specific (SR-shRE) or 

control (SR-gl4) shRNA. Ten days later, the PU.1-HA constructs (S-PU.1-HA-IEW) or control plasmid 

(SIEW) were overexpressed in Kasumi-1/shRE and control cells (gl4) by lentiviral gene transfer and 

the transduction efficacy was determined by flow cytometry, based on the expression of the RFP (SR) 

and GFP (SIEW) reporter genes. Whole-cell lysates were prepared on day 14 following RUNX1-ETO 

depletion and the expression patterns of PU.1-HA constructs with CTSG cleavage site mutations were 

analyzed by Western Blot in comparison to PU.1-HA wild-type (wt) expression (Fig 29). GAPDH 

expression was examined as a loading control and found to be reduced in response to RUNX1-ETO 

knockdown, as observed before. Detection of the GFP reporter indicates comparable expression 

levels of the different PU.1-HA constructs, however, PU.1-HA mutCTSG4 is expressed at much lower 

levels compared to the other PU.1-HA constructs, as seen by HA-tag detection. All of the PU.1-HA 

constructs, irrespective of the CTSG cleavage site mutations, yielded reduced protein levels in 

RUNX1-ETO-silenced compared to control cells, while the PU.1 isoform p22 was not affected. An 

additional PU.1 isoform of approximately 25 kDa (p25) was observed by detection of PU.1 and PU.1-

HA with PU.1- and HA-specific antibodies, without any impact of the CTSG cleavage site mutations.  

Yet, CTSG may target other cleavage sites within the PU.1 amino acid sequence. Also, the mutations 

that were introduced to the presumable cleavage sites might have been insufficient to fully eliminate 

their recognition by CTSG. 
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Figure 29: Ectopic expression of PU.1-HA constructs with CTSG cleavage site mutations in Kasumi-1 cells 

A) Schematic representation of the PU.1-HA construct with highlighted positions of the CTSG cleavage site 
mutations (CTSG1-4). B) Western Blot analysis of PU.1-HA expression in RUNX1-ETO-depleted and control cells. 
Whole-cell lysates were prepared in high-salt lysis buffer. C) Transduction efficacy and cell viability were 
assessed by flow cytometry on day 14/day 4 following lentiviral transduction. Data are representative for three 
independent experiments.  

In addition to the PU.1-HA mutagenesis approach, the general impact of CTSG activity on cellular 

protein levels in Kasumi-1 cells was investigated using a selective non-peptide inhibitor of CTSG 

(CTSG inhibitor 1; CTSGi1). Kasumi-1 cells were silenced for RUNX1-ETO expression and whole-cell 

lysates were prepared, following 24 hours of treatment with CTSGi1, on day 10 after lentiviral shRNA 

transfer. Lentiviral transduction efficacy was determined by flow cytometry based on GFP 

fluorescence and amounted to >98% for RUNX1-ETO-specific and control shRNA. As shown by 
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Western Blot (Fig 30), protein levels of RUNX1, PU.1, STAT5A and GAPDH were decreased in 

Kasumi-1/shRE compared to control cells (gl4) and could not be restored by chemical inhibition of 

CTSG. Also, the induction of PU.1 p22 was not affected by CTSGi1. PI staining did not reveal any 

cytotoxic effects of CTSGi1 on Kasumi-1 cells. 

 

Figure 30: CTSG-dependent cleavage of cellular proteins in RUNX1-ETO-depleted Kasumi-1 cells 

The impact of CTSG inhibition in Kasumi-1/shRE and control cells on protein expression was determined by 
Western Blot on day 10 after lentiviral shRNA transfer and after 24 hours of treatment with the indicated 
concentrations of CTSGi1. Whole-cell lysates were prepared in high-salt lysis buffer. Cytotoxic effects of the 
inhibitor were monitored by PI staining.  

Chemical inhibition of CTSG was complemented by stable CTSG RNAi, to conclude about its relevance 

for the presumable protein degradation in RUNX1-ETO-depleted t(8;21) positive cell lines. CTSG 

expression in Kasumi-1 and SKNO-1 cells was silenced by lentiviral shRNA transfer (SEW-gl4/SEW-

shCTSG), followed by stable RUNX1-ETO knockdown (SR-gl4/SR-shRE), and the transduction efficacy 

was determined by flow cytometry, based on expression of the GFP (SEW) and RFP (SR) reporter 

genes (Fig 31). The cellular phenotype of RUNX1-ETO and/or CTSG-silenced cells was monitored in 

terms of proliferation, cell cycle distribution and viability (Fig 32).  

 

Figure 31: Lentiviral transduction efficacy of CTSG- and RUNX1-ETO-specific shRNA in Kasumi-1 and SKNO-1 cells 

Transduction efficacy was determined by flow cytometry on day 14 following CTSG, and day 12 following 
RUNX1-ETO knockdown, respectively. The table presents the mean percentage of GFP and/or RFP positive cells 
(+/- SD, n=3). 
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Figure 32: Cellular phenotype of RUNX1-ETO- and CTSG depletion in Kasumi-1 and SKNO-1 cells 

CTSG expression was silenced by lentiviral shRNA transfer, followed by lentiviral transduction with RUNX1-ETO-
targeting shRNA, two days later. A) Trypan blue negative cells were counted at the indicated time points, 
following lentiviral transduction with CTSG-specific shRNA. Data are presented as mean cell numbers (+/- SD, 
n=3), relative to control (gl4/gl4) on day 16/day 14. B) Cell viability was assessed by flow cytometry based on 
FSC/SSC profiles on day 13/day 11. Data are represented as mean percentage (+/- SD, n=3) of viable cells 
relative to control (gl4/gl4). C) Cell cycle analysis was performed by flow cytometry, based on DNA content of 
PI-stained cells, on day 13, following lentiviral transduction with CTSG-specific shRNA and data are shown as 
mean (+/- SD, n=3). Statistical analysis was performed by two-way ANOVA (A) or two-sided student´s t-test 
(B+C).*p<0.05, **p>0.01, ***p<0.001 
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As observed before, cell expansion of RUNX1-ETO-silenced (gl4/shRE) Kasumi-1 and SKNO-1 cells was 

significantly reduced, compared to control cells (gl4/gl4) (Fig 32A). Stable knockdown of CTSG in 

Kasumi-1 and SKNO-1 cells (shCTSG/gl4) resulted in massive cell death, which was unaffected by 

subsequent depletion of RUNX1-ETO (shCTSG/shRE). The viability of the cells was also assessed by 

flow cytometry, based on their scatter profile, and confirmed cell death as a consequence of CTSG 

depletion (Fig 32B). Notably, a significant reduction in cell viability was observed for RUNX1-ETO-

silenced (gl4/shRE) compared to control (gl4/gl4) Kasumi-1 cells, which was opposed to the increased 

viability of Kasumi-1/shRE versus Kasumi-1/gl4 cells that had been demonstrated before, in single 

transduction experiments (Fig 9). Cell cycle analysis revealed an increased SubG1-fraction, at the 

expense of all other fractions, for CTSG-silenced Kasumi-1 and SKNO-1 cells, irrespective of their 

RUNX1-ETO expression status (Fig 32C). In this experimental setting, RUNX1-ETO depletion alone 

(gl4/shRE) had no impact on the number of cells in the SubG1 phase, while in Kasumi-1 cells, an 

increase in the G0/G1-fraction and decreased S- and G2-fractions were observed versus control cells 

(gl4/gl4). 

  



3 RESULTS 

 75 

In addition, whole-cell lysates were collected from the CTSG- and/or RUNX1-ETO-silenced Kasumi-1 

and SKNO-1 cells on day 14 following CTSG depletion and analyzed for protein expression by Western 

Blot (Fig 33). Kasumi-1/shRE cells revealed reduced levels of RUNX1, PU.1, STAT5A and GAPDH in 

parallel to increased detection of PU.1 p22, compared to control cells (gl4) (Fig 33A). CTSG expression 

was induced in response to RUNX1-ETO depletion but completely silenced in the presence of CTSG-

specific shRNA. Furthermore, protein levels of RUNX1, PU.1, STAT5A and GAPDH were partly retained 

in Kasumi-1 cells, which had been silenced for CTSG expression prior to RUNX1-ETO depletion. In 

SKNO-1, the reduction of protein levels in RUNX1-ETO-silenced cells was not as prominent as 

observed in Kasumi-1 cells but still discernable for RUNX1, PU.1 and STAT5A (Fig 33B). Also, PU.1 p22 

was induced in SKNO-1/shRE versus control cells, while protein levels remained stable upon 

combined silencing of CTSG and RUNX1-ETO. The neutralizing effect of CTSG depletion on the 

reduction of protein levels substantiates the hypothesis of protein degradation in response to stable 

RUNX1-ETO silencing.  

 

Figure 33: Impact of stable CTSG depletion on RUNX1-ETO-dependent protein expression. 

Protein levels of CTSG- and/or RUNX1-ETO-silenced Kasumi-1 (A) and SKNO-1 (B) cells were analyzed by 
Western Blot. The data are representative for three (A), respectively two (B) independent experiments. Parts of 
this Figure were adapted from Schoenherr et al., 2019 (https://doi.org/10.1371/journal.pone.0225977), 
licensed under CC BY 4.0. 

3.3.4 Cell lysis-dependent cleavage of cellular proteins in RUNX1-ETO-

depleted Kasumi-1 cells 

Chemical inhibition of CTSG and the elimination of presumable cleavage sites for CTSG in a PU.1-HA 

fusion protein were not able to rescue protein expression or to prevent the generation of the PU.1 

p22 isoform in RUNX1-ETO-silenced Kasumi-1 cells. Stable depletion of CTSG in Kasumi-1 and SKNO-1 

cells, however, clearly demonstrated CTSG-dependent protein degradation upon RUNX1-ETO RNAi in 

these cell lines. The divergent outcomes of different experimental settings question the relevance of 

https://creativecommons.org/licenses/by/4.0/legalcode
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CTSG-mediated cleavage in intact cells. Consequently, we evaluated possible effects of the cell lysis 

procedure on protein expression in response to long-term RUNX1-ETO depletion.  

Kasumi-1 cells were silenced for RUNX1-ETO expression by lentiviral shRNA transfer with lentiviral 

transduction efficacies amounting to >96%, as determined by flow cytometry, based on GFP reporter 

fluorescence. Whole-cell lysates were collected on day 12 after transduction, by application of 

alternative cell lysis protocols, and the resulting lysates were analyzed for protein expression 

patterns by Western Blot (Fig 34).  

 

Figure 34: Cell-lysis dependent protein degradation in RUNX1-ETO-silenced Kasumi-1 cells. 

Whole-cell lysates of RUNX1-ETO-silenced (shRE) and control (gl4) cells were prepared using high-salt or RIPA 
lysis buffer, supplemented with protease inhibitor cocktail, on day 14 post transduction. Alternatively, cells 
were lysed by boiling in SDS sample buffer (Laemmli). Cell lysates were analyzed for RUNX1-ETO-dependent 
protein expression by Western Blot. Data are representative for three independent experiments. This Figure 
was adapted from Schoenherr et al., 2019 (https://doi.org/10.1371/journal.pone.0225977), licensed under CC 
BY 4.0. 

Western Blot analysis of high-salt and RIPA lysates showed the recurring pattern of protein 

degradation, which is represented by reduced levels of RUNX1, PU.1, STAT5A and GAPDH, and by 

induction of PU.1 p22 in Kasumi-1/shRE versus control cells (Fig 34). Protein degradation was even 

more pronounced in RIPA lysates, which were characterized by reduced levels of BCL2, accompanied 

by the occurrence of a presumable degradation product. In contrast, cells which were lysed in boiling 

SDS sample buffer presented stable protein levels of BCL2, PU.1, STAT3, STAT5A and GAPDH in 

response to long-term RUNX1-ETO depletion. PU.1 p22 induction was not detected under this 

condition. 

Preparation of whole-cell lysates with boiling SDS sample buffer was able to fully rescue protein 

expression in RUNX1-ETO-depleted Kasumi-1 cells. CTSG knockdown, however, could only partially 

eradicate protein degradation, implying that proteases other than CTSG must be involved in the 

degradation of cellular proteins in response to stable RUNX1-ETO RNAi. The contribution of other 

proteases was elucidated on a proteome-wide scale by LC-MS-based peptide analysis. 

https://creativecommons.org/licenses/by/4.0/legalcode
https://creativecommons.org/licenses/by/4.0/legalcode


3 RESULTS 

 77 

3.3.5 Conclusions 

Mutational studies using PU.1-HA fusion constructs did not provide evidence for RUNX1-ETO-

dependent effects on protein synthesis in Kasumi-1 cells. Besides, no indications were found for the 

degradation of cellular proteins, whether by application of specific inhibitors of proteasomal or 

lysosomal degradation or by chemical inhibition of the proteolytic activity of caspases and CTSG. 

Elimination of putative CTSG cleavage sites within a PU.1-HA fusion construct also failed to validate 

CTSG-dependent cleavage of PU.1 in response to RUNX1-ETO depletion. However, shRNA-mediated 

knockdown of CTSG was able to partially restore protein levels in RUNX1-ETO-silenced Kasumi-1 and 

SKNO-1 cells. Notably, the degradation of cellular proteins was apparent only under certain cell lysis 

conditions, as protein levels were stable in SDS-lysates.  

The following chapter depicts the incidence of proteolytic cleavage in RUNX1-ETO-depleted Kasumi-1 

cells on a proteome-wide scale. MS-based peptide analysis was employed for the mapping of 

protease cleavage sites and the identification of executing proteases.   
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3.4 Identification of proteases involved in protein degradation upon 

stable RUNX1-ETO depletion 

3.4.1 Mapping of protease cleavage patterns by LC-MS-based peptide 

analysis 

CTSG depletion was shown to partially prevent the degradation of cellular proteins in response to 

long-term RUNX1-ETO depletion in Kasumi-1 and SKNO-1 cells. To identify other proteases which are 

potentially involved in this process, an LC-MS-based approach, described by Gupta et al., 2010, was 

employed to map protease cleavage sites in RUNX1-ETO-silenced Kasumi-1 cells on a proteome-wide 

scale.  

Kasumi-1 cells were silenced for RUNX1-ETO expression by lentiviral shRNA transfer with 

transduction efficacies >92%, as determined by flow cytometry, based on expression of the GFP 

reporter. Whole-cell lysates were prepared in RIPA buffer, supplemented with protease inhibitor 

cocktail, on day 12 following transduction. RUNX1-ETO knockdown was confirmed by Western Blot, 

which also showed decreased protein levels for RUNX1 (Fig 35A). This pattern of protein degradation 

was also reflected by SDS-PAGE with subsequent coomassie staining (Fig 35B).  

 

Figure 35: Protein degradation upon long-term RUNX1-ETO depletion in Kasumi-1 cells 

Whole-cell lysates of Kasumi-1/shRE and control (gl4) cells were prepared in RIPA buffer on day 12 following 
transduction. A) RUNX1-ETO knockdown was confirmed by Western Blot. B) Coomassie-stained SDS gel 
illustrating global degradation of cellular proteins in Kasumi-1/shRE cells. Parts of this Figure were reprinted 
from Schoenherr et al., 2019 (https://doi.org/10.1371/journal.pone.0225977), licensed under CC BY 4.0. 

The coomassie gel was processed for LC-MS-based peptide analysis, which was performed by the 

group of Prof. Andreas Pich (Institute of Toxicology; Research Core Unit Proteomics, MHH). 

  

https://creativecommons.org/licenses/by/4.0/legalcode
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First, the identified peptides were categorized with reference to tryptic or non-tryptic origin. 

Peptides with lysine (K) or arginine (R) at position P1 of their N- and C-terminal ends were considered 

tryptic and ascribed to trypsin digestion as part of the procedure for MS sample preparation (Fig 36). 

Peptides with at least one end being not K or R, and the other end being not the first or the last 

amino acid of the protein, qualified as non-tryptic peptides, resulting from endogenous proteolytic 

activity or cell lysis-dependent proteolysis mediated by proteases other than trypsin. Peptides with 

methionine 1 (M1) in position P1 of their N-terminal cleavage window were supposed to be 

generated by N-terminal methionine excision and also categorized as tryptic if the amino acid in P1 at 

the C-terminal end was K or R. Based on this approach, 17,490 peptides were identified in total, with 

3370 and 5767 peptides being unique to RUNX1-ETO-silenced and control cells, respectively. 31.5 % 

of the peptides from Kasumi-1/shRE, but only 7.4 % of the peptides from Kasumi-1/gl4 were 

identified to be of non-tryptic origin, reflecting a more than 4-fold increase of proteolytic activity 

upon RUNX1-ETO depletion in Kasumi-1 cells. The full data set of peptides that were                

identified in RUNX1-ETO-silenced and control Kasumi-1 cells is available at 

https://figshare.com/s/6e83f3d101e389707b4e. 

 

Figure 36: Schematic representation of peptide classification  

Amino acids in position P1 are highlighted in gray. The site of proteolytic cleavage is indicated by dashed lines. 
Red bar represents the C-terminal end of the protein. K, lysine; R, arginine; M1, methionine 1, representing the 
very N-terminal end of the protein; X, any amino acid not K or R. 

Next, the peptides derived from Kasumi-1/shRE and control cells (gl4) were compared regarding the 

composition of amino acids in positions P4-P1 and P4´- P1´, surrounding each side of proteolytic 

cleavage. An IceLogo (Colaert et al., 2009) was created to identify conserved sequence patterns and 

to draw conclusions about the proteases that are responsible for the cleavage of cellular proteins in 

RUNX1-ETO-depleted Kasumi-1 cells (Fig 37). 
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Figure 37: IceLogo of cleavage sites in peptides from Kasumi-1/shRE and control cells 

The IceLogo shows amino acids which are over- or under-represented at sites of proteolytic cleavage in 
Kasumi-1/shRE compared to Kasumi-1/gl4 peptides. P4-P1 and P1´-P4´represent the position of amino acids 
relative to the cleavage site which is located between P1 and P1´, as indicated by the red line. Red, acidic; blue, 
basic; yellow, nonpolar hydrophobic; green, polar neutral amino acids. This Figure was reprinted from 
Schoenherr et al., 2019 (https://doi.org/10.1371/journal.pone.0225977), licensed under CC BY 4.0. 

The IceLogo reveals a marked enrichment of the hydrophobic amino acids valine (V), isoleucine (I) 

and threonine (T) in position P1, which denotes the amino acid right before the cleavage site. The 

positions P1´- P3´, downstream of the cleavage site, are characterized by a noticeable over-

representation of the acidic amino acids glutamate (E) and aspartate (D). The Peptidase Database 

Merops (http://www.ebi.ac.uk/merops/) (Rawlings et al., 2018) and existing literature about 

established protease cleavage patterns were consulted to draw conclusions from the proteolytic 

signature in RUNX1-ETO-silenced Kasumi-1 cells to executing proteases. 

Substrate specificity profiling has revealed a prominent enrichment of isoleucine (I), valine (V) and 

threonine (T) at position P1 of proteins that were cleaved by neutrophil elastase (ELANE) 

(O’Donoghue et al., 2013), and this signature matches the cleavage pattern in our dataset. Moreover, 

the proteolytic signature of Kasumi-1/shRE cells overlaps with the substrate specificity of cathepsins 

K, L and S (CTSK/L/S), as an over-representation of glutamate (E) and aspartate (D) has been reported 

at positions P1´-P4´ of cleavage sites which are targeted by these proteases (Vizovišek et al., 2015). 

According to O´Donoghue and colleagues, CTSG has a preference for the aromatic amino acids 

phenylalanine (F) and tyrosine (Y) at position P1 of its substrates (O’Donoghue et al., 2013). 

Interestingly, this cleavage pattern does not match the proteolytic signature in Kasumi-1/shRE cells, 

although the contribution of CTSG to protein degradation in RUNX1-ETO-depleted Kasumi-1 cells was 

clearly demonstrated (Fig 33).  

3.4.2 RUNX1-ETO-dependent expression of candidate proteases in 

Kasumi-1 

The overlaps between ELANE- and CTSK/L/S-derived cleavage patterns and the proteolytic signature 

in Kasumi-1/shRE cells suggest increased expression or proteolytic activity of ELANE and CTSK/L/S 

upon RUNX1-ETO depletion in Kasumi-1. Consequently, RUNX1-ETO-dependent gene expression of 

ELANE and CTSK/L/S was analyzed by qRT-PCR. Cathepsin C (CTSC, Dipeptidyl-Peptidase I) was 

included in the study as it is a common activator of CTSG and ELANE (Adkison et al., 2002).  

https://creativecommons.org/licenses/by/4.0/legalcode
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CTSC and CTSS mRNA levels were unaffected by depletion of RUNX1-ETO in Kasumi-1 cells, while 

CTSK and CTSL were only slightly and transiently induced (Fig 38A). In contrast, a robust and 

sustained induction of CTSG expression was measured in RUNX1-ETO-silenced Kasumi-1 cells 

throughout the time course. ELANE expression was unchanged on day 5 but significantly induced on 

days 8 and 12 after RUNX1-ETO knockdown. The upregulation of CTSG and ELANE in response to 

RUNX1-ETO depletion in Kasumi-1 cells was confirmed by Western Blot (Fig 38B). As already implied 

by the qRT-PCR data, CTSG expression is induced as early as on day 5 after lentiviral shRNA transfer, 

while ELANE expression is less prominent and not discernable until day 8 following RUNX1-ETO 

depletion. CTSG is presented by multiple bands, potentially reflecting intermediates of enzymatic 

processing, which is required for CTSG activation. However, the upper band that was detected by a 

CTSG-specific antibody might as well be unspecific, as it was not affected by shRNA-mediated 

knockdown of CTSG (Fig 33). 

 

Figure 38: RUNX1-ETO-dependent expression of granule-derived and lysosomal proteases in Kasumi-1 cells 

A) Relative mRNA expression was determined by qRT-PCR on days 5, 8 and 12 following lentiviral transduction 
with RUNX1-ETO-specific or control shRNA. Data are presented as mean 2

-ΔΔCT 
(+/- SD, n=3). B) Whole-cell 

lysates were prepared in high-salt lysis buffer analyzed for protein expression of CTSG and ELANE at the 
indicated time points. Statistical significance was calculated by two-sided student´s t-test. *p<0.05, **p<0.01 
***p<0.001 

3.4.3 ELANE-dependent protein degradation in RUNX1-ETO-silenced 

Kasumi-1 cells 

The proteolytic signature of peptides in RUNX1-ETO-silenced Kasumi-1 cells and the analysis of 

RUNX1-ETO-dependent expression of granular proteases suggest ELANE as the most promising 

candidate for the cell lysis-dependent cleavage of cellular proteins in Kasumi-1 cells. To validate this 

conclusion, ELANE expression was silenced in RUNX1-ETO-depleted and control (gl4) Kasumi-1 cells, 

and protein levels were analyzed by Western Blot. 
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RUNX1-ETO knockdown was achieved by lentiviral shRNA transfer and transduction efficacy 

amounted to >92%, as determined by flow cytometry on day 8 post transduction. Kasumi-1/shRE and 

gl4 cells were repeatedly electroporated with ELANE-specific or control siRNA on days 5 and 8, and 

whole-cell lysates were prepared on day 11 following lentiviral transduction. Western Blot analysis 

showed upregulation of ELANE, which was accompanied by reduced protein levels of RUNX1, STAT5A 

and PU.1 and induction of PU.1 p22 in RUNX1-ETO-silenced cells. RNAi-mediated knockdown of 

ELANE, however, almost completely restored protein levels in Kasumi-1/shRE cells, while PU.1 p22 

was clearly reduced (Fig 39). 

 

Figure 39: Impact of ELANE depletion on RUNX1-ETO-dependent protein expression 

Kasumi-1 cells were silenced for RUNX1-ETO expression by lentiviral shRNA transfer, followed by repeated 
electroporation with ELANE-specific or control siRNA. Whole-cell lysates were prepared in high-salt lysis buffer 
on day 11 after lentiviral transduction. Protein expression patterns in RUNX1-ETO/ELANE-silenced and control 
cells were analyzed by Western Blot. The data represent one of three independent experiments. This Figure 
was adapted from Schoenherr et al., 2019 (https://doi.org/10.1371/journal.pone.0225977), licensed under CC 
BY 4.0. 

3.4.4 Conclusions 

MS-based peptide analysis in Kasumi-1 cells revealed a more than 4-fold increase in proteome-wide 

proteolytic activity in RUNX1-ETO-silenced versus control cells. The N-and C-terminal cleavage 

windows of Kasumi-1-derived peptides were analyzed in terms of amino acid distribution and 

integrated into an IceLogo. The resultant conserved sequence pattern indicates proteolytic activity of 

ELANE, as well as CTSK/L/S at the sites of proteolytic cleavage. siRNA-mediated knockdown of ELANE 

in Kasumi-1 cells largely prevented the degradation of cellular proteins upon RUNX1-ETO depletion 

and validated the proteolytic signature that was derived from the MS-based peptide analysis.  
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4 DISCUSSION 
This thesis aimed at the analysis of sustained RUNX1-ETO depletion in t(8;21) positive cell lines and 

the identification of novel RUNX1-ETO target genes by SILAC/LC-MS analysis. Long-term effects of 

RUNX1-ETO silencing were investigated in this study and involve signs of ER stress, as indicated by 

dilated ER structures and a massive reduction of cellular protein levels, contradictory to stable mRNA 

expression of RUNX1-ETO target genes. 

The RUNX1-ETO targets identified by SILAC/LC-MS include the known RUNX1-ETO target cathepsin G 

(CTSG) and the eukaryotic translation initiation factor 4A2 (eIF4A2). However, functional analysis of 

these proteins did not reveal any contribution to the phenotype of stable RUNX1-ETO depletion in 

Kasumi-1 cells. 

The inconsistency of RUNX1-ETO target gene expression on mRNA and protein level was attributed to 

protein degradation, which is mediated by the neutrophil serine proteases CTSG and neutrophil 

elastase (ELANE). CTSG and eventually ELANE are induced in response to RUNX1-ETO knockdown, but 

notably, their proteolytic activity is released only during cell lysis. Enhanced proteolytic activity of 

ELANE in RUNX1-ETO-silenced Kasumi-1 cells was demonstrated on a proteome-wide scale by 

peptide-based LC-MS analysis and the consultation of established protease cleavage patterns. 

Altogether, the significance of this study emerges primarily from the possibility of false interpretation 

of protein expression data under conditions promoting the activity of granule-derived proteases. 

However, it is still conceivable that increased expression and activity of granule proteases in 

response to RUNX1-ETO silencing affect the cells and their environment in vivo. In fact, neutrophil 

serine proteases are involved in various functions, such as tissue remodeling during inflammation 

and proteolytic processing of cytokines and their receptors (Burster et al., 2010; Kettritz, 2016). 

4.1 Cellular phenotype of stable RUNX1-ETO depletion 

The cellular phenotype of stable RUNX1-ETO silencing is shaped by an inhibitory effect, including 

reduced cell expansion, colony formation and partial G0/G1 arrest, in agreement with previous 

studies which used a transient siRNA approach (Heidenreich et al., 2003; Martinez et al., 2004). In 

addition, RUNX1-ETO-silenced cells display increased viability, which has also been reported before 

(Martinez et al., 2004). Notably, the RUNX1-ETO-dependent effects on cellular phenotype are much 

more pronounced in Kasumi-1 than in SKNO-1 cells. This might be a result of growth factor signaling, 

as SKNO-1, but not Kasumi-1, cells are cultured in the presence of GM-CSF. 

The impact of sustained RUNX1-ETO depletion on the viability of Kasumi-1 and SKNO-1 cells suggests 

interference with apoptotic processes. Indeed, enhanced expression of the survival-promoting 

apoptosis regulator BCL2 was observed in response to RUNX1-ETO knockdown in this study, 

supporting previous investigations of BCL2 as a target of RUNX1-ETO (Burel et al., 2001; Lu et al., 

2006; Zhuang et al., 2013). Ectopic expression of RUNX1-ETO in U937 cells has been associated with 

enhanced expression and stability of the pro-apoptotic protein BAK, as well as increased 

susceptibility for apoptosis (Lu et al., 2006), which is in line with superior viability of RUNX1-ETO-
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silenced versus control cells that was observed in this study. The actual significance of RUNX1-ETO 

for the cells´ susceptibility to apoptotic cell death requires further evaluation, as comparable 

sensitivity to apoptosis-initiating events has been demonstrated for the t(8;21) positive cell lines 

Kasumi-1 and SKNO-1 and t(8;21) negative AML cell lines, including HL-60 and U937 (Lu et al., 2006). 

In this study, the response of Kasumi-1 cells to apoptosis-inducing agents was not affected by 

RUNX1-ETO silencing, supporting the findings of Lu et al. and rejecting a general perturbation of 

apoptotic processes. Based on the general understanding of leukemia development, it seems 

inconsistent to imply that expression of the oncogenic fusion protein RUNX1-ETO enhances the 

susceptibility to apoptosis. The two-hit model of leukemogenesis (Gilliland and Griffin, 2002; Kelly 

and Gilliland, 2002) suggests, however, that at least two classes of mutational events are required for 

leukemia induction and, in line with this, the mere expression of RUNX1-ETO was shown to be 

insufficient for the onset of leukemia in t(8;21) positive mouse models (Rhoades et al., 2000; Yuan et 

al., 2001). Accordingly, t(8;21) represents a typical class II mutation, as the expression of RUNX1-ETO 

was shown to interfere with cellular differentiation programs, and requires the contribution of class I 

mutations promoting cell survival and proliferation. In case of the t(8;21) positive cell lines Kasumi-1 

and SKNO-1, enhanced survival and proliferation are conferred by an activating mutation of the 

receptor tyrosine kinase c-Kit which might be able to restrict the presumably pro-apoptotic effects of 

RUNX1-ETO expression (Becker et al., 2008; Beghini et al., 2002). 

4.2 ER stress in RUNX1-ETO-silenced Kasumi-1 cells 

ER stress and the associated UPR induction involve the upregulation of genes which direct the 

restoration of ER homeostasis, such as sXBP1, BIP and CHOP. Additionally, the integrated stress 

response, mediated by eIF2α phosphorylation, facilitates a deceleration of the overall translation 

rate, while mRNAs encoding proteins with significance for the cellular stress response, e.g. ATF4, are 

preferentially translated. UPR induction has been frequently reported in AML patients and was also 

linked to the expression of the oncogenic fusion proteins PML-RARα and BCR-ABL in leukemia cell 

lines (Khan et al., 2004; Schardt et al., 2009; Tanimura et al., 2009). More recently, the activation of 

UPR-related pathways has been correlated to JUN overexpression, which is recurrently observed in 

AML patients, including t(8;21) positive AML (Elsässer et al., 2003; Rangatia et al., 2003; Zhou et al., 

2017). Furthermore, a direct contribution of UPR-associated genes, such as Calreticulin and PDI, to 

the disruption of myeloid differentiation has been demonstrated, as they are both able to bind 

CEBPA mRNA thereby inhibiting its translation (Haefliger et al., 2011; Schardt et al., 2010). 

In this study, transmission electron microscopy (TEM) of RUNX1-ETO-silenced Kasumi-1 cells revealed 

remarkably dilated ER structures, which are widely recognized as a sign of ER stress (Akiyama et al., 

2009; Riggs et al., 2005). Consequently, we expected to find further indications of a cellular stress 

response upon sustained RUNX1-ETO depletion, but UPR induction could not be clearly 

demonstrated in this context. The phosphorylation levels of eIF2α and protein levels of ATF4, as well 
as mRNA expression of BIP and CHOP, were not affected by RUNX1-ETO knockdown in Kasumi-1 

cells, while ATF4 mRNA levels were reduced and expression of sXBP1 was slightly increased. 

Tunicamycin-treated Kasumi-1 cells were used as a positive control for UPR induction and displayed 
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elevated levels of eIF2α phosphorylation after two and six hours of treatment. After 24 hours, eIF2α 

phosphorylation was no longer detectable, while ATF4 protein levels were maintained. BIP and CHOP 

mRNAs were divergently regulated in tunicamycin-treated Kasumi-1 cells, and the underlying qRT-

PCR data do not allow any conclusions regarding the regulation of CHOP, whereas a slight induction 

of BIP is implied. 

The absence of ATF4 induction on protein level in RUNX1-ETO-silenced Kasumi-1 cells is supported by 

the observed decrease of ATF4 mRNA expression. Transcriptional downregulation of ATF4 in the 

context of cellular stress has been reported before in a study demonstrating reduced expression of 

ATF4 in parallel to eIF2α phosphorylation upon UV irradiation in MEF cells (Dey et al., 2010). The 

authors postulated that transcriptional, in addition to translational regulation of ATF4, allows a 

selective response to different types of environmental stress, ensuring cell survival during stress 

response. Accordingly, the downregulation of ATF4 in RUNX1-ETO-depleted Kasumi-1 cells might 

present a mechanism to mitigate UPR induction and the possibility of concomitant cell death. Indeed, 

the pronounced ER dilation in RUNX1-ETO-silenced Kasumi-1 cells was accompanied by an increase 

of cell viability. The mild induction of sXBP1 mRNA expression upon sustained RUNX1-ETO depletion 

might also contribute to this observation, as sXBP1 induction is mostly associated with the expression 

of UPR genes which are crucial for cell survival and the recovery of ER functions, such as PDI and 

EDEM (Lee et al., 2003; Yoshida et al., 2003). In contrast, the UPR-related transcription factors ATF4 

and CHOP are predominantly linked to ER stress-induced cell death (Han et al., 2013; McCullough et 

al., 2001; Puthalakath et al., 2007).  

Leukemia-related ER dilation was described in acute promyelocytic leukemia (APL) cell lines and 

primary blasts upon retinoic acid (RA)-induced granulocytic differentiation, presumably due to 

enhanced expression of secretory proteins accompanied by increased folding demands (Masciarelli 

et al., 2018). As RUNX1-ETO depletion promotes myeloid differentiation in Kasumi-1 and SKNO-1 

cells (Heidenreich et al., 2003), the ER dilation observed in this study might as well present a side 

effect of myeloid differentiation rather than an indication of cellular stress. This assumption is 

supported by the fact that UPR induction could not be demonstrated conclusively in RUNX1-ETO-

silenced Kasumi-1 cells. Masciarelli et al. also reported increased sensitivity of RA-treated APL cells to 

sublethal doses of the ER stress-inducing agents tunicamycin and thapsigargin, suggesting ER stress-

related pathways as promising targets for the treatment of AML (Masciarelli et al., 2018). Indeed, the 

activation of UPR-related pathways in AML patients has been linked to a favorable course of disease 

(Schardt et al., 2009) and the proteasome inhibitor Bortezomib, which is also an inducer of ER stress, 

was shown to selectively induce UPR-mediated apoptosis in multiple myeloma cells (Obeng et al., 

2006). By analogy with RA-treated APL, the targeting of RUNX1-ETO combined with UPR induction 

might present an interesting candidate for novel treatment strategies concerning t(8;21) positive 

AML. 

The results of this study have been subject to several limitations. In tunicamycin-treated Kasumi-1 

cells, eIF2α phosphorylation was only transiently enhanced and the right time point to capture a 

rather short-lived increase of eIF2α phosphorylation might just have been missed during the 

investigation of UPR induction in response to RUNX1-ETO depletion. Additionally, this study revealed 
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that long-term RUNX1-ETO silencing is attended by increased proteolytic activity under cell lysis 

conditions, and Western Blot data might not represent the real expression status of a certain protein 

in intact cells. However, the cell lysates which were analyzed for eIF2α phosphorylation and ATF4 

expression had been prepared in SDS sample buffer, and proteolytic activity should be incidental 

under this condition. The qRT-PCR data concerning RUNX1-ETO-dependent expression of UPR genes 

did not display any statistical significance, due to big variations between single experiments, and 

require further validation to draw decided conclusions on the UPR induction in Kasumi-1 cells. In 

addition, the impact of RUNX1-ETO depletion on ER structures and UPR induction was analyzed in 

Kasumi-1 cells, only. The investigation of other t(8;21) positive, and also of t(8;21) negative, AML cells 

could give further insights into the implications of RUNX1-ETO for the cellular response to ER stress. 

4.3 Reduced protein levels upon long-term RUNX1-ETO depletion: 

decreased translation or protein degradation? 

The kinetics of RUNX1-ETO-dependent mRNA and protein expression upon sustained RUNX1-ETO 

depletion in Kasumi-1 and SKNO-1 cells yielded contradictory results. Enhanced mRNA expression of 

RUNX1-ETO target genes was accompanied by a massive reduction of protein levels in Kasumi-1 cells 

and, in case of PU.1, by the expression of a lower molecular weight isoform (PU.1 p22). In SKNO-1 

cells, there was no discernable decrease of RUNX1-ETO targets on protein level, while PU.1 p22 was 

still observed. However, protein expression of the non-targets STAT3, STAT5A and RUNX1 was 

decreased in response to long-term RUNX1-ETO silencing, in spite of stable mRNA levels. 

As part of the present thesis, this inconsistency was investigated, taking into account a possible 

deceleration of protein translation and the degradation of cellular proteins. SILAC/LC-MS was 

performed to identify novel RUNX1-ETO targets which might be linked to the reduction of protein 

levels in RUNX1-ETO-silenced t(8;21) positive cell lines. In support of the hypothesis that sustained 

RUNX1-ETO depletion entails a reduction of the translation rate in Kasumi-1 cells, conceivably as a 

consequence of ER stress, the translation initiation factor eIF4A2 was downregulated in response to 

stable RUNX1-ETO knockdown. On the other hand, SILAC/LC-MS analysis revealed a massive 

upregulation of the neutrophil serine protease CTSG, presenting an obvious candidate for the 

degradation of cellular proteins. 

4.3.1 Impact of RUNX1-ETO silencing on protein biosynthesis 

The translation initiation factor eIF4A2 plays an important role during translation initiation, the rate-

limiting step in protein biosynthesis, and thus might be able to mediate RUNX1-ETO-dependent 

effects on translation. Yet, stable depletion of eIF4A2 in Kasumi-1 cells was not attended by a general 

reduction of protein levels, although PU.1 expression was slightly decreased. In addition, the cellular 

phenotype of eIF4A2 silencing did not resemble the phenotype of RUNX1-ETO depletion, as cell 

expansion, clonal growth and viability were not affected. Previous reports implied functional 

redundancy of the two eIF4A isoforms, eIF4A1 and eIF4A2, suggesting that eIF4A2 silencing might 

have been compensated by the activity of eIF4A1, in this study (Nielsen and Trachsel, 1988; Yoder-

Hill et al., 1993). Simultaneous knockdown of eIF4A1 and eIF4A2, as well as the analysis of 
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RUNX1-ETO-mediated regulation of eIF4A1 expression, might help to elucidate the contribution of 

eIF4A1/eIF4A2 to the phenotype of RUNX1-ETO depletion. More recently, however, distinct 

functions have been demonstrated for eIF4A1 and eIF4A2. Reduced translation and decreased 

proliferation and cell viability were observed in response to eIF4A1, but not eIF4A2, knockdown 

(Galicia-Vázquez et al., 2012) in HeLa cells, which is in line with the results of this thesis and allows 

the conclusion that the phenotype of RUNX1-ETO depletion is not mediated by downregulation of 

eIF4A2. 

ER stress-dependent effects on protein biosynthesis are not limited to a global halt of translation but 

may also direct start codon usage to promote the translation of open reading frames which are 

essential to the cellular stress response. Selective start codon usage has also been demonstrated 

beyond the context of ER stress, as in case of the myeloid transcription factor C/EBPα. Several 

isoforms of C/EBPα have been discussed as alternative translation products, including an 

N-terminally extended and a truncated isoform (p30). Translation of the full-length protein C/EBPα 
p42 has been shown to be repressed in favor of the truncated p30 isoform, in a uORF-dependent 

manner requiring eIF2α phosphorylation (Calkhoven et al., 2000; Lin et al., 1993; Lincoln et al., 1998). 

Moreover, C/EBPα p30 translation can be facilitated by N-terminal mutations of the CEBPA gene, 

which are frequently observed in AML (Pabst et al., 2001), and C/EBPα p30 has been shown to exert 

dominant negative functions interfering with granulocytic differentiation in human CD34+ and 

leukemia cells (Pabst et al., 2001; Schwieger et al., 2004). 

The PU.1 isoform p22, observed in this study, has first been ascribed to alternative start codon usage 

as a consequence of ER stress, triggered by RUNX1-ETO depletion. Due to the absence of the 

N-terminal transactivation domain, the putative isoform PU.1 p22 might represent a protein with 

dominant negative functions, by analogy to C/EBPα p30. However, elimination of downstream ATGs 

within the ORF of a PU.1-HA fusion construct had no impact on the expression of truncated PU.1 

proteins, suggesting that they are generated by proteolytic cleavage rather than by alternative 

translation. In fact, the existence of C/EBPα p30 in vivo has also been questioned, as Lincoln and 

colleagues reported its detection under certain cell lysis conditions, only (Lincoln et al., 1998). 

Nevertheless, site-directed mutagenesis of potential PU.1-HA translation initiation sites revealed an 

N-terminally extended isoform (p40) originating from translation initiation at one of three non-ATG 

start codons (aTIS1/2/3), which were identified in the PU.1 5´UTR. Translation of this isoform was 

clearly enhanced upon elimination of the canonical translation initiation site (mutATG1+2), but also 

visible in cells expressing the wild-type PU.1-HA construct. PU.1 p40 was also observed in Kasumi-1 

cells that were transduced with the control plasmid SIEW, instead of PU.1-HA, demonstrating its 

endogenous expression. However, PU.1 p40 levels were extremely low in Kasumi-1/SIEW cells and 

further experiments are needed to address its biological relevance. Another truncated isoform of 

PU.1, named p25, was observed in Kasumi-1 cells and, as with p40, its expression was enhanced 

upon elimination of ATG1+2. Although p25 expression could not be linked to translation initiation at 

any of the potential ATG and non-ATG start codons, it seems unlikely to be a degradation product of 

PU.1 as full-length PU.1 is absent upon mutation of ATG1+2 and not available for proteolytic 

cleavage. 
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The mutational study using PU.1-HA fusion constructs was impaired by a strong detrimental effect of 

ectopic PU.1 expression on the viability of Kasumi-1 cells. In addition, the investigation of PU.1-HA 

expression in RUNX1-ETO-silenced cells required two courses of lentiviral transduction, aiming for 

uniform cell populations expressing two different lentiviral vectors. However, the resulting cell 

populations were rather heterogeneous, and the fraction of cells expressing both lentiviral constructs 

was as small as 67%, compromising the interpretation of the resulting Western Blot data. This 

limitation might be evaded by cell sorting to obtain pure populations, but this approach requires high 

cell numbers as input, which are hard to accomplish due to the lethality of PU.1-HA overexpression. 

Nevertheless, this study allows the conclusion that sustained depletion of RUNX1-ETO in Kasumi-1 

cells does not affect start codon usage within the PU.1 ORF and that PU.1 p22 is not an alternative 

translation product of PU.1. 

4.3.2 Impact of RUNX1-ETO silencing on protein degradation 

Based on the analysis of ectopic PU.1-HA expression, RUNX1-ETO silencing was disconfirmed to 

influence protein synthesis in Kasumi-1 cells. Instead, the degradation of cellular proteins was 

considered accountable for reduced protein levels in RUNX1-ETO-silenced cells. To substantiate this 

hypothesis, proteasomal and lysosomal degradation pathways were targeted by specific inhibitors 

which, however, failed to rescue protein levels in RUNX1-ETO-depleted Kasumi-1 cells. Caspase-3-

mediated cleavage was described for PU.1 (Zhao et al., 2009), but caspase inhibition had no impact 

on decreased PU.1 protein levels or the generation of PU.1 p22 in response to RUNX1-ETO 

knockdown. In fact, enhanced caspase activity would be unexpected and contradictory to the 

observation of increased viability in RUNX1-ETO-depleted compared to control cells. 

The neutrophil serine protease CTSG is strongly induced by RUNX1-ETO depletion, suggesting that 

the reduction of cellular protein levels in RUNX1-ETO-silenced cells is a result of proteolytic cleavage. 

Indeed, shRNA-mediated depletion, but not chemical inhibition, of CTSG was able to partially rescue 

protein levels in RUNX1-ETO-silenced Kasumi-1 and SKNO-1 cells. Under physiological conditions, 

CTSG is predominantly expressed during the promyelocyte stage of neutrophils. Together with other 

neutrophil granule proteases, including neutrophil elastase (ELANE) and myeloperoxidase, as well as 

aspartic and cysteine cathepsins, CTSG is stored in lysosome-related neutrophil primary granules 

(Benarafa and Simon, 2017). The activity of granule-derived proteases is tightly regulated by 

compartmentalization and endogenous inhibitors of the serpin family, raising the question, how 

increased expression of CTSG translates into the global breakdown of cellular proteins. The 

cytoplasmic release of cathepsins was demonstrated by CTSG- and CTSD-mediated induction of 

apoptosis in neutrophils (Conus et al., 2012, 2008; Zhou and Salvesen, 1997), but this observation is 

contradictory to the possibility of cytoplasmic CTSG activity in RUNX1-ETO-silenced t(8;21) positive 

cell lines, as RUNX1-ETO depletion is attended by increased cell viability. Nevertheless, alternative 

localization of cathepsins does not necessarily have to be associated with apoptosis. Nuclear and 

cytoplasmic localization of a truncated CTSL isoform has been linked to cellular functions, including 

differentiation and cell cycle progression (Alcalay et al., 2008; Duncan et al., 2008; Goulet et al., 
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2004), albeit the in vivo relevance of extralysosomal CTSL has been questioned by more recent 

reports (Tholen et al., 2014). 

CTSG-mediated proteolytic cleavage has been demonstrated for nuclear and cytoplasmic proteins, 

such as RUNX1-ETO and STAT5 (Jin et al., 2013; Schuster et al., 2007). Jin et al. reported the 

degradation of RUNX1-ETO by CTSG in vitro and in vivo, which might present a cellular mechanism to 

eliminate aberrant proteins. Moreover, the authors postulated that this intracellular surveillance 

system might be evaded by RUNX1-ETO-dependent repression of CTSG in t(8;21) positive leukemia 

cells (Jin et al., 2013). In addition, CTSG was shown to cleave STAT5A and STAT5B, generating the 

C-terminally truncated isoform STAT5γ, which has been ascribed to cellular functions, such as 

apoptosis and myeloid differentiation (Azam et al., 1997; Meyer et al., 1998; Schuster et al., 2007). 

Although STAT5A protein levels were clearly reduced in RUNX1-ETO silenced cells and this reduction 

was shown to be dependent on CTSG expression, the STAT5γ isoform was not detected in this study. 

However, this can be explained by antibody sensitivity as the antibody used in this study was raised 

against the C-terminal portion of STAT5A, and STAT5γ is generated by C-terminal truncation.  

Truncated protein isoforms have also been described for other proteins, including STAT3 and 

C/EBPα, and were assumed to implement distinct cellular functions (Chakraborty and Tweardy, 1998; 

Kato et al., 2004; Lin et al., 1993; Pabst et al., 2001; Schwieger et al., 2004; Xia et al., 2001). Yet, most 

of them have been challenged regarding their biological significance. Kato et al. discovered that the 

truncated isoform STAT3γ is generated by ELANE in a cell lysis-dependent manner, and Schuster et al. 

conclusively demonstrated that limited proteolysis of STAT5 by CTSG does not occur in vivo, but is an 

artifact of cell lysis (Kato et al., 2004; Schuster et al., 2007).  

The above-mentioned observations suggest the proteolytic cleavage of proteins in RUNX1-ETO-

silenced cells, which is triggered by the combination of enhanced CTSG expression and cell lysis 

conditions. Accordingly, the putative PU.1 isoform p22 is most likely generated by limited proteolysis. 

These assumptions are supported by the mitigation of proteolysis in CTSG-silenced Kasumi-1 and 

SKNO-1 cells, but also by the finding that protein levels are stable in cell lysates which were prepared 

in boiling SDS sample buffer. In addition, the dependence of protein degradation on cell lysis 

conditions explains why the application of a chemical CTSG inhibitor in cell culture failed to preserve 

protein levels in RUNX1-ETO-silenced cells. In contrast to cell lysis with boiling SDS sample buffer, the 

depletion of CTSG was unable to fully prevent protein degradation as a result of RUNX1-ETO 

knockdown. Additionally, the generation of PU.1 p22 was not affected by CTSG silencing, suggesting 

the contribution of other proteases besides CTSG.  

Although the involvement of CTSG in the cleavage of PU.1 has been clearly demonstrated, the 

elimination of potential CTSG cleavage sites did not prevent the cleavage of a PU.1-HA fusion protein. 

However, the amino acid sequences which are cleaved by CTSG are less conserved than the 

sequences targeted by other proteases, such as those of the caspase family, complicating the 

elimination of CTSG cleavage sites. Thus, the cleavage site mutations within the PU.1-HA sequence 

were implemented by trial-and-error, based on the cleavage site specificity matrix provided by the 

Peptidase Database Merops (http://www.ebi.ac.uk/merops/) (Rawlings et al., 2018), and it is 
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conceivable that they were not suitable for the perturbation of cleavage site recognition by CTSG. In 

addition, CTSG might not be the only protease involved in the proteolysis of PU.1, as the depletion of 

CTSG only partially rescued PU.1 protein levels in RUNX1-ETO-silenced Kasumi-1 cells and did not 

affect the induction of PU.1 p22. 

4.4 Identification of protease cleavage sites by peptide-based LC-MS 

analysis 

The incidence of proteolytic cleavage in Kasumi-1 cells was investigated on a proteome-wide scale by 

peptide-based LC-MS analysis. Based on the approach described by Gupta et al., 2010, we clearly 

demonstrated a massive increase of proteolysis in RUNX1-ETO-silenced compared to control cells. 

The protease cleavage pattern, established by an IceLogo depicting conserved amino acids at the 

sites of proteolytic cleavage, indicates the contribution of the granule-derived serine protease ELANE 

and/or the cysteine cathepsins CTSK, CTSL and CTSS. Indeed, siRNA-mediated depletion of ELANE in 

RUNX1-ETO-silenced and control Kasumi-1 cells confirmed its impact on protein degradation under 

cell lysis conditions. In line with this, mRNA expression of ELANE was induced by sustained 

RUNX1-ETO depletion, explaining the massive increase of proteolytic cleavage in this context. 

Notably, the impact of ELANE depletion on protein levels in Kasumi-1 cells was much more distinct 

compared to the depletion of CTSG and, other than CTSG, ELANE knockdown partially prevented the 

generation of PU.1 p22. The significance of ELANE for the reduction of protein levels in RUNX1-ETO-

silenced Kasumi-1 cells is also emphasized as the induction of ELANE expression, starting on day 8 

after RUNX1-ETO knockdown, is concomitant with enhanced proteolytic activity. In contrast, CTSG 

expression is already intensively increased on day 5 following RUNX1-ETO depletion, when the 

degradation of proteins is not apparent, yet. The late induction of ELANE in response to RUNX1-ETO 

depletion suggests an indirect effect, rather than direct regulation of ELANE by RUNX1-ETO, and 

Lausen et al. reported that ELANE is not directly targeted by RUNX1-ETO (Lausen et al., 2006). 

Instead, ELANE was shown to be induced by C/EBPα and PU.1, which are repressed by RUNX1-ETO 

and released upon RUNX1-ETO depletion (Nuchprayoon et al., 1999; Oelgeschläger et al., 1996; Pabst 

et al., 2001; Vangala et al., 2003).  

A possible involvement of CTSK, CTSL and CTSS in the cell lysis-dependent degradation of proteins in 

RUNX1-ETO-silenced Kasumi-1 cells was not further investigated, as their mRNA expression was not 

considerably regulated in response to RUNX1-ETO depletion. However, the activity of lysosomal and 

granule-derived proteases is not exclusively regulated by gene expression, but also relies on 

zymogene processing and the activity of endogenous protease inhibitors, such as Serpin B1, B3 and 

B13, which are involved in the regulation of ELANE, CTSG, CTSK, CTSL and CTSS (Cooley et al., 2001; 

Jayakumar et al., 2003; Remold-O’Donnell et al., 1989; Schick et al., 1998). Thus, it is conceivable that 

RUNX1-ETO depletion might affect proteolytic activity in Kasumi-1 cells, even in the absence of 

RUNX1-ETO-dependent gene regulation of the respective proteases. To fully elucidate which 

proteases are activated by RUNX1-ETO silencing in Kasumi-1 cells, the specific measurement of 

proteolytic activity will be required, e.g. by colorimetric or fluorescence-based assays detecting the 

cleavage of synthetic and highly specific substrates. 
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Surprisingly, the proteolytic signature of peptides derived from RUNX1-ETO-silenced Kasumi-1 cells 

did not match an established CTSG cleavage pattern (O’Donoghue et al., 2013), although shRNA-

mediated knockdown of CTSG conclusively revealed the involvement of CTSG in the degradation of 

cellular proteins in Kasumi-1/shRE cells. This might be explained by limited sensitivity of the LC-MS 

approach. CTSG was shown to have a preference for aromatic amino acids, but also for the positively 

charged amino acids lysine and arginine, at position P1 of its substrates (O’Donoghue et al., 2013; 

Wysocka et al., 2007). As lysine and arginine at P1 of cleaved peptides are also indicative of trypsin 

cleavage, peptides derived by CTSG-mediated proteolysis might have been mistakenly allocated to 

the group of tryptic peptides which were not included in the proteolytic signature. However, it is also 

possible that CTSG itself is negligible as effector protease in the context of RUNX1-ETO RNAi, but is 

somehow involved in the activation of other proteases. Granule-derived and lysosomal proteases are 

synthesized as inactive zymogens that require proteolytic processing to attain full activity, which is 

ensured by a complex network of activation cascades (Korkmaz et al., 2010; Turk et al., 2012). CTSL, 

for example, is activated by CTSD, which is in turn processed by CTSB, and activation of CTSB is 

facilitated by CTSG and ELANE, among others (Dalet-Fumeron et al., 1993; Laurent-Matha et al., 

2006). After all, it is at least conceivable that enhanced expression of CTSG and ELANE promotes the 

activation of other proteases. 
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5 APPENDIX 

5.1 Supplemental data 

 

Table S1: Proteins that are upregulated by RUNX1-ETO knockdown in Kasumi-1 cells  

RUNX1-ETO-dependent protein expression in Kasumi-1 cells, as determined by SILAC/LC-MS on day 5 following 
lentiviral transduction. 
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Table S2: Proteins that are downregulated by RUNX1-ETO knockdown in Kasumi-1 cells  

RUNX1-ETO-dependent protein expression in Kasumi-1 cells, as determined by SILAC/LC-MS on day 5 following 
lentiviral transduction. 
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Table S3: GO annotation biological process of proteins that are upregulated by RUNX1-ETO depletion in 

Kasumi-1 cells 

The table lists GO terms which are represented by the group of upregulated proteins and enriched by more 
than 3-fold with p<0.05. The absolute numbers and percentages of proteins within the group of upregulated 
proteins that are matched to a certain GO term are shown. 
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Table S4: GO annotation biological process of proteins that are downregulated by RUNX1-ETO depletion in 

Kasumi-1 cells 

The table lists GO terms which are represented by the group of downregulated proteins and enriched by more 
than 3-fold with p<0.05. The absolute numbers and percentages of proteins within the group of downregulated 
proteins that are matched to a certain GO term are shown. 
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Table S5: GO annotation molecular function of proteins that are upregulated by RUNX1-ETO depletion in 

Kasumi-1 cells 

The table lists GO terms which are represented by the group of upregulated proteins and enriched by more 
than 3-fold with p<0.05. The absolute numbers and percentages of proteins within the group of upregulated 
proteins that are matched to a certain GO term are shown. 

 

Table S6: GO annotation molecular function of proteins that are downregulated by RUNX1-ETO depletion in 

Kasumi-1 cells 

The table lists GO terms which are represented by the group of downregulated proteins and enriched by more 
than 3-fold with p<0.05. The absolute numbers and percentages of proteins within the group of downregulated 
proteins that are matched to a certain GO term are shown. 
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Table S7: CTSG cleavage site mutations within PU.1-HA constructs 

The table shows the nucleotide sequence and corresponding amino acids in positions P4-P1 and 
P1´-P4´surrounding the presumable CTSG cleavage sites in PU.1. Nucleotide and amino acid substitutions are 
highlighted in red. The dashed line indicates the actual site of cleavage which is located between position P1 
and P1´. 
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5.2 ABBREVIATIONS 
4E-BP   eIF4-binding protein 
AML   Acute myeloid leukemia 
AP-1   Activator protein 1; JUN 
APL   Acute promyelocytic leukemia 
ATF4/6   Activating transcription factor 4/6 
BCL2   Apoptosis regulator BCL2, B-cell lymphoma 2 
BiP   Binding-immunoglobulin protein 
BMI-1   Polycomb complex protein BMI-1 
BSA   Bovine serum albumin 
bZIP   basic leucine zipper 
c-KIT   Cellular KIT; SCFR, stem cell factor receptor 
CBFA2   Core-binding factor subunit alpha 2  
CBFB-MYH11  Core-binding factor subunit beta-myosin heavy chain 11 
CCND2   G1/S-specific cyclin-D2 
CDKN2A   Cyclin-dependent kinase inhibitor 2A 
CDS   Coding sequence 
CEBPα   CCAAT/enhancer-binding protein alpha 
CHOP   C/EBP homologous protein 
CHX   Cycloheximide 
CLP   Common lymphoid progenitor 
CMP   Common myeloid progenitor 
cPPT   Central polypurine tract 
CTSC/G/K/L/S  Cathepsin C/G/K/L/S 
CTSGi1   Cathepsin G inhibitor 1 
CXCR4   C-X-C chemokine receptor type 4 
DAVID   Database for Annotation, Visualization and Integrated Discovery 
DC   Dendritic cell 
DMEM   Dulbecco´s modified eagle medium 
DMSO   Dimethyl sulfoxide 
DNMT3A  DNA (cytosine-5)-methyltransferase 3A 
dNTPs   Deoxynucleotide triphosphates 
DTT   Dithiothreitol 
ECL   Enhanced chemiluminescence  
EDTA   Ethylenediamine tetraacetic acid 
eGFP   Enhanced green fluorescent protein 
EGR-2   Early growth response protein 2 
EGTA   Ethylene glycol tetraacetic acid 
eIF2α   Eukaryotic translation initiation factor 2 subunit alpha 
eIF4A2   Eukaryotic initiation factor 4A-2 
ELANE   Elastase, neutrophil expressed; ELA2 
ER   Endoplasmic reticulum 
ERAD   ER-associated degradation 
ERK   Extracellular signal-regulated kinase 
ERSE   ER stress response element 
ETO   Eight twenty one protein 
ETS   E26 transformation-specific transcription factor 
FAB   French-American-British classification  
FCS   Fetal calf serum 
FLT3   Fms-like tyrosine kinase 3 
FLT3-ITD  FLT3 internal tandem duplication 
FLT3-TKD  FLT3 tyrosine kinase domain mutation 
FOS   Proto-oncogene c-FOS, AP-1 transcription factor subunit 
FSC/SSC   Forward scatter/side scatter 
G-CSF-R   Granulocyte colony-stimulating factor receptor; CSF3R 
GADD34   Growth arrest and DNA damage-inducible 34 
GAPDH   Glyceraldehyde-3-phosphat dehydrogenase 
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GATA-1   GATA-binding protein 1 
GCN2   General control non-derepressible protein 2 
GFI-1   Growth factor independent protein 1 
GFP   Green fluorescent protein 
GLS   Golgi localization signal 
GM-CSF   Granulocyte-macrophage colony-stimulating factor; CSF2 
GMP   Granulocyte/macrophage progenitor 
GO   Gene Ontology 
GTP   Guanosine triphosphate 
HA-tag   Hemagglutinin-tag 
HAT   Histone acetyltransferase 
HDAC   Histone deacetylase 
HEPES   4-(2-hydroxyethyl)-1-piperazineethaneesulfonic acid 
HPC   Hematologic progenitor cell 
HRP   Horseradish peroxidase 
HSC   Hematopoietic stem cell 
HSPC   Hematopoietic stem and progenitor cells 
ID1   Inhibitor of DNA binding 1 
IDH1/2   Isocitrate dehydrogenase 1/2 
IGFBP7   Insulin-like growth factor-binding protein 7 
IRE1   Inositol-requiring 1 
IRES   Internal ribosome entry site 
ITAF   IRES trans-acting factor 
JNK   c-Jun N-terminal kinase 
kDa   Kilodaltons 
KEGG   Kyoto Encyclopedia of Genes and Genomes 
LC-MS   Liquid chromatography-mass spectrometry 
LC3A/B   Microtubule-associated proteins 1A/1B light chain 3A/B 
LMPP   Lymphoid-primed multipotent progenitor 
LT-HSC   Long-term HSC 
LTR   Long terminal repeat 
M-MLV    Moloney Murine Leukemia Virus 
M-CSF(-R)  Macrophage colony-stimulating factor (receptor); CSF-1 
MDR1   Multidrug resistance protein 1; ATP-dependent translocase ABCB1 
MEP   Megakaryocyte/erythrocyte progenitor 
Met-tRNAi

Met  
Initiator tRNA, methionine loaded 

MPP   Multipotent progenitor 
mSIN3A   Mammalian switch-independent 3A; HDAC complex subunit SIN3A 
mTOR   Mammalian target of rapamycin 
N-CoR1   Nuclear receptor corepressor 1 
NAB-2   NGFI-A-binding protein 2 
NHR   Nervy homology region 
NK   Natural killer cell 
NPM1   Nucleophosmin 
ORF; uORF  Open reading frame; upstream ORF 
PABP   Poly(A)-binding protein 
PAGE   Polyacrylamide gel electrophoresis 
PARP   Poly [ADP ribose] polymerase 1 
PBS   Phosphate-buffered saline 
PCR   Polymerase chain reaction 
PERK   PRKR-like endoplasmic reticulum kinase 
PI   Propidium iodide 
PIC   preinitiation complex 
PKR   Interferon-inducible RNA-dependent protein kinase 
PML-RARA  Promyelocytic leukemia-retinoic acid receptor alpha 
PRMT   Protein arginine N-methyltransferase 
PU.1   PU-box 1 transcrption factor; SPI1 
qRT-PCR   Quantitative real-time PCR 
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RAS   Rat sarcoma proto-oncogene 
RE   RUNX1-ETO 
RFP   Red fluorescent protein 
RHD   Runt homology domain 
RIDD   Regulated IRE1-dependent RNA decay 
RNAi   RNA interference 
RPMI   Roswell Park Memorial Institute medium 
RT   Reverse transcriptase 
RUNX1   Runt-related transcription factor 1 
SD   Standard deviation 
SDS   Sodium dodecyl sulfate 
SFFV   Spleen focus forming virus  
shRNA   Short hairpin RNA 
SILAC   Stable isotope labeling by amino acids in cell culture 
SIN   Self-inactivating 
siRNA   Small interfering RNA 
SMRT   Silencing mediator of retinoic acid and thyroid hormone receptor; N-CoR2 
SPI1   SFFV proviral integration oncogene 1 
ST-HSC   Short-term HSC 
STAT3/5   Signal transducer and activator of transcription 3/5 
sXBP1   Spliced isoform of X-box-binding protein 1 
TAD   Transactivation domain 
TBS   Tris-buffered saline 
TC   Ternary complex 
TEM   Transmission electron microscopy 
TIS; aTIS   Translation initiation site; alternative TIS 
TLE1   Transducin-like enhancer protein 1 
TNFα   Tumor necrosis factor alpha 
TP53   Tumor suppressor p53 
TRAF2   TNF receptor-associated factor 2 
UPR   Unfolded protein response 
UTR   Untranslated region 
WHO   World Health Organization 
WPRE   Woodchuck hepatitis virus posttranscriptional regulatory element 
wt   Wild-type 
β2M   Beta-2-microglobulin 
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