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Summary 

Acute myeloid leukemia (AML) is a form of blood cancer characterized by impaired 

differentiation and accelerated proliferation due to (epi)genetic dysregulation of hematopoietic 

stem cells (HSC). The European LeukemiaNet (ELN) classifies AML into three subtypes: 

favorable, intermediate, and unfavorable. In-house, we found that ~1.4% of AML subtypes 

(including deletion 7q or translocation (7;12) AML) express motor neuron and transcription factor 

1 (MNX1), a homeobox transcription factor (TF) known to be expressed during endoderm 

differentiation, in motor neurons and in pancreatic cells, but generally not in hematopoietic stem 

and progenitor cells (HSCs). MNX1-expressing AML typically belongs to the adverse 

subcategories of AML. MNX1 drives leukemogenesis when overexpressed in human fetal HSCs, 

and these cells are transplanted into immunosuppressed mice. No therapeutic agent has been 

identified yet that directly targets MNX1 or reduces MNX1 expression. Therefore, finding a 

compound that either targets MNX1 or reduces MNX1 expression is essential for treating MNX1-

expressing AML cases. 

GDM-1 is the only AML cell line that expresses MNX1. In these cells, MNX1 is expressed when 

a hijacked enhancer from the AHI/MYB region (chromosome 6) is juxtaposed with the MNX1 

promoter (chromosome 7). In my thesis, I hypothesized that epigenetic modifications could disrupt 

the enhancer-promoter interaction that drives MNX1 expression. Thus, an epigenetic compound 

screen was performed, and compounds that affect GDM-1 cell viability were revealed. One 

compound that reduces MNX1 expression was identified. In particular, decitabine (DAC), a 

hypomethylating agent, emerged as a promising candidate from this screen. DAC treatment 

resulted in global hypomethylation and significant downregulation of MNX1 at both the RNA and 

protein levels. I found that a miRNA-dependent mechanism mediates MNX1 downregulation, 

while I could rule out two miRNA-independent mechanisms, e.g. DAC mediated changes in TAD 

structures in which MNX1 is embedded and the silencing via a long-noncoding RNA. miRNA-seq 

revealed that miR-200a-3p, predicted to bind to the MNX1 3'UTR, is upregulated upon DAC 

treatment. I validated DAC-mediated hypomethylation at the promoter region of this miRNA by 

local deep bisulfite sequencing and confirmed the interaction between miR-200a-3p and MNX1 

3'UTR by luciferase assay. DAC treatment in patient-derived xenografts (PDX) expressing MNX1 

resulted in the same phenotype, indicating the reduction of MNX1 levels through the same 

mechanism via upregulation of miR-200a-3p. 

Epigenetic therapies promise a reversible therapeutic strategy for cancer treatment. In summary, 

this work focused on epigenetic-based therapies for MNX1-expressing AML and filled the gaps in 

the literature regarding potential therapeutics for MNX1-expressing AML. DAC treatment 

reduced MNX1 via hypomethylation-mediated activation of miR-200a-3p, which targets the 

MNX1 3'UTR. Previous work showed the regulation of MNX1 by miR-200a and miR-141-3p in 

motor neurons and pancreatic insulin-producing cells. This work demonstrated the upregulation of 

miR-200a-3p in an AML cell line and PDX models and investigated the upregulation of miR-
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200a-3p upon DAC treatment in the context of AML. These results suggest the potential use of 

DAC or miR-200a-3p mimics against MNX1-expressing AML cases in a clinical setting. 
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Zusammenfassung 

Die akute myeloische Leukämie (AML) ist eine Form von Blutkrebs, die durch eine Blockade der 

Differenzierung und eine (epi)genetische Dysregulation der hämatopoetischen Stammzellen 

(HSC) charakterisiert ist. Das European LeukemiaNet (ELN) hat die AML in drei Subtypen 

eingeteilt: günstig, mittel und ungünstig. Wir haben intern festgestellt, dass ~1,4 % der AML-

Subtypen (z. B. Deletion 7q oder Translokation(7;12) AML) den Motorneuronen- und 

Transkriptionsfaktor 1 (MNX1) exprimieren; einen homeobox Transkriptionsfaktor (TF), der 

während der Endoderm-Differenzierung, in Motorneuronen und in Pankreaszellen exprimiert ist, 

im Allegemeinen aber nicht in hämatopoetischen Stamm- und Vorläuferzellen (HSC). MNX1-

exprimierende AML gehört typischerweise zu den ungünstigen Unterkategorien der AML. MNX1 

fördert die Leukämogenese, wenn es in menschlichen fötalen HSCs überexprimiert wird und diese 

Zellen in immunsupprimierte Mäuse transplantiert werden. Es gibt aktuell keinen therapeutischen 

Wirkstoff, der direkt auf MNX1 abzielt, oder die MNX1 Expression reduziert. Daher ist die Suche 

nach einem solchen Wirkstoff, der entweder auf MNX1 abzielt oder die MNX1-Expression 

reduziert, für AML Patient*innen mit MNX1-Expression von entscheidender Bedeutung. 

GDM-1 ist die einzige AML-Zelllinie, die MNX1 exprimiert. In diesen Zellen wird MNX1 

exprimiert, wenn ein ‚hijacked‘ Enhancer aus der AHI/MYB-Region (Chromosom 6) an den 

MNX1-Promotor (Chromosom 7) angekoppelt wird. In meiner Dissertation stellte ich die 

Hypothese auf, dass epigenetische Verbindungen die Enhancer-Promoter-Interaktion, die zur 

MNX1 Expression führt, stören könnten. Daher wurde ein epigenetisches Wirkstoffscreening 

durchgeführt und Verbindungen gefunden, die die Lebensfähigkeit von GDM-1 beeinträchtigen, 

sowie eine Verbindung, die die MNX1-Expression reduziert. Eine vielversprechender 

Wirkstoffkandidat ist Decitabin (DAC), eine Substanz, die die DNA Methylierung reduziert. Die 

Behandlung mit DAC führte zu einer globalen Hypomethylierung und einer signifikanten 

Herunterregulierung von MNX1 sowohl auf RNA- als auch auf Proteinebene. Ich fand heraus, dass 

ein miRNA-abhängiger Mechanismen die MNX1-Herunterregulation vermittelt, während ich zwei 

miRNA-unabhängige Mechanismen ausschließen konnte, z. B. DAC-vermittelte Veränderungen 

in den TAD-Strukturen, in die MNX1 eingebettet ist, und das Silencing durch eine lange nicht-

kodierende RNA. miRNA-Sequenzierung ergab, dass miR-200a-3p, die an die 3'UTR von MNX1 

binden soll, bei DAC-Behandlung hochreguliert wird. Ich validierte die DAC-vermittelte 

Hypomethylierung in der Promotorregion dieser miRNA durch lokale tiefe Bisulfit-Sequenzierung 

und bestätigte die Interaktion zwischen miR-200a-3p und MNX1 3'UTR durch einen Luziferase-

Assay. Die DAC-Behandlung in von Patienten stammenden Xenotransplantaten (PDX), die MNX1 

exprimieren, führte zum gleichen Phänotyp, d. h. zu einer Verringerung der MNX1-Spiegel durch 

Hochregulierung von miR-200a-3p.  

Epigenetische Therapien versprechen eine reversible Therapiestrategie für die Krebsbekämpfung. 

Zusammenfassend konzentrierte sich diese Arbeit auf epigenetische Therapien für MNX1-

exprimierende AML und konnte die Lücken in der Literatur in Bezug auf MNX1 als 
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therapeutisches Ziel füllen. Die DAC-Behandlung reduzierte MNX1 über eine durch 

Hypomethylierung vermittelte Aktivierung von miR-200a-3p, die an die 3'UTR von MNX1 bindet. 

Frühere Studien haben gezeigt, dass MNX1 in Motoneuronen und insulinproduzierenden Zellen 

der Bauchspeicheldrüse über miR-200a und miR-141-3p reguliert wird. In dieser Arbeit wurde die 

Hochregulierung von miR-200a-3p in einer AML-Zelllinie und in PDX-Modellen nachgewiesen 

und die Hochregulierung von miR-200a-3p bei DAC-Behandlung im AML-Kontext untersucht. 

Zusammengenommen deuten diese Ergebnisse auf das Potenzial des Einsatzes von DAC oder 

miR-200a-3p-Mimics gegen MNX1-exprimierende AML-Fälle in der Klinik hin. 
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1. Introduction 

1.1. Acute Myeloid Leukemia (AML) 

Acute myeloid leukemia is a blood cancer that results from genomic alterations (Yang et al., 2017), 

mutations (Kayser & Levis, 2023), and epigenetic changes (Wouters & Delwel, 2016) in 

hematopoietic stem and progenitor cells (HSPC) (Pelcovits & Niroula, 2020). All these alterations 

lead to abnormalities in the proliferation and differentiation of myeloid blast cells (Pollyea et al., 

2023). Transformed HSPCs accumulate mutations, chromosomal abnormalities, or epigenetic 

changes, leading to alterations in self-renewal and generation of leukemia stem cells (LSC). 

Additionally, the microenvironment in which LSCs (niche) reside can contribute to 

leukemogenesis via cytokine/chemokine signaling changes, aberrant immunosuppression, and cell 

adhesion (Wachter & Pikman, 2024).   

AML has an age-adjusted rate of 4.3 cases per 100,000 people in the United States (Shallis et al., 

2019). Many risk factors, such as exposure to chemotherapy or radiation, environmental factors 

like tobacco exposure, and, most importantly, having myelodysplastic syndrome (MDS), have 

been identified (Wachter & Pikman, 2024). Although AML can be seen in all ages, it is most 

frequently seen in patients who are older than 60 years of age. The main symptoms of the disease 

are shortness of breath, extreme fatigue, and frequent infections. If AML is left untreated, it leads 

to bone marrow failure and might be fatal within weeks of diagnosis (Khwaja et al., 2016). AML 

has poor outcomes among elderly patients. Only 2.4% of these patients who are unfit for stem cell 

transplantation survive, and they have, on average, 10 years of remission (Jonas & Pollyea, 2019). 

The Food and Drug Administration (FDA) approved the use of hypomethylating agents (HMA) 

plus venetoclax as a new standard of care for elderly or unfit patients for chemotherapy and 

allogeneic stem-cell transplantation (Abaza et al., 2024). Patients younger than 60 years old 

receive classic treatment regimens, for example, cytarabine-based chemotherapy and 

hypomethylating agents or allogeneic stem-cell transplantation, and 40% of them have around a 5-

year overall survival rate (OS) (Yang & Wang, 2018). HMA treatment led to complete remission 

(CR) or complete remission with incomplete count recovery for roughly 20% of the patients who 

achieved OS of less than 12 months (Jonas & Pollyea, 2019). Patients with CR often can get 

relapsed, and an OS rate of more than 5 years is rarely achieved (Yang & Wang, 2018). However, 

childhood AML or pediatric AML patients have survival rates of about around 70% with intensive 

therapy and care. These patients usually get intensive anthracycline- and cytarabine-based 

therapies for allogeneic stem cell transplantation (Creutzig et al., 2012)  

AML is usually diagnosed if the blast count is above 10% in the bone marrow or blood, along with 

common AML genetic abnormalities like fusions, translocations, and mutations. Flow cytometry 

is also used to identify cell surface and intracellular markers for AML. However, AML is a 

heterogeneous disease, so not all AML blasts express those markers (Dohner et al., 2022). Due to 

the heterogeneous phenotype of this disease and because of a stepwise acquisition of structural 
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variations, somatic mutations, disruption in the standard mechanism of self-renewal, and block in 

differentiation in hematopoietic cells, it is hard to choose potential therapeutics and predict the 

outcome of the disease (Desai et al., 2022).  

1.1.1. Genetic Mechanisms Driving AML 

Structural variations (SVs) in the genome, which include deletions, translocations, duplications, 

and inversions, can lead to cancer. Oncogenes are known to be activated upon an SV, particularly 

in hematopoietic malignancies, and can be inhibited via therapeutic agents (Dixon et al., 2018). 

Approximately 55% of AML patients carry one or more SVs, which the World Health 

Organization (WHO) describes as prognostic solid factors for AML (Lagunas-Rangel et al., 2017; 

Meyer & Levine, 2014). Some of the most common alterations are t(8;21), inv (16), t(15;17), 

trisomies (8 or 21), monosomal karyotypes (monosomy 5,5q, 7, 17), t(9;11), inv(3), and t(6;9) 

(Akhila Raj et al., 2022; Bullinger et al., 2017).  

AML with t(8;21) and t(16;21) results in an in-frame fusion between parts of RUNX1 and ETO. 

The fusion protein is an oncoprotein responsible for genomic instability and the block in myeloid 

differentiation (Kellaway et al., 2020). Patients with t(8;21) appear to have more frequent del(5q) 

(Yamamoto et al., 2015). Del(5q) or monosomy 5 is one of the most common unbalanced 

chromosomal abnormalities observed in AML or myelodysplastic syndrome (MDS) (Venugopal 

et al., 2021), a disorder characterized by risk of progression to AML and ineffective hematopoiesis 

(H. Li et al., 2022).  

Del(7q) or monosomy 7 is another common chromosomal abnormality observed in myeloid 

neoplasms (Inaba et al., 2018). Researchers investigated the presence of tumor suppressors in the 

deleted regions. CUX1, SAMD9/SAMD9L, EZH2, and MLL3 genes are among the most deleted 

genes and may behave as tumor suppressors in -7/del(7q) AML patients (Inaba et al., 2018). In a 

recent publication, Mori et al. proposed haploinsufficiency rather than loss of TS activity of these 

genes and novel genes such as KRIT1, RINT1, XRCC2, and NRF1 in -7/del(7q) patients (Mori et 

al., 2023). 

Another common translocation among pediatric AML patients younger than 2 years old involving 

chromosome 7 is t(7;12). Translocation happens between chromosome 7 (7q36.3), proximal to 

MNX1 (motor neuron and pancreas transcription factor 1) and chromosome 12 (12p13.2), on the 

5’ portion of ETV6 gene (Ragusa, Ciciro, et al., 2022). Patients have both MNX1 overexpression 

and deficient ETV6. Infant t(7;12) AML patients have poor clinical outcomes, and t(7;12) is 

classified as an adverse risk cytogenetic abnormality (Ragusa et al., 2023).  

The abovementioned abnormalities can occur alone or with other abnormalities, like in the case of 

complex karyotype AML (ckAML) (Mori et al., 2023). ckAML patients carry more than or equal 

to 3 cytogenetically visible SVs (excluding the recurring deletions or inversions or translocations 
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such as inv(3)/t(3;3), t(8;21)), and the majority have TP53 mutations (around 70% of ckAML) 

(Klever et al., 2023).  

In addition to SVs, mutational signatures are essential for driving AML. Most MDS patients 

develop AML via accumulating specific mutations (Ogawa, 2019). Mutations in chromatin 

regulators such as DNMT3A, EZH2, MLL, IDH1/2, TET2, CEBPA transcription factors ETV6, 

RUNX1, GATA2, RNA splicing such as SF3B1, genes involved in the regulation of pathways like 

KRAS, FLT3 and JAK2 and in the nucleophosmin NPM1 are known recurrent mutations in 

MDS/AML (Cook et al., 2022). Co-occurring mutations, such as the co-occurrence of NPM1 

mutations with FLT3, ITD or DNMT3A mutations, may influence the predictive value of a 

particular mutation in AML. Understanding the entire genomic landscape (e.g., mutations and 

SVs) of AML is essential for optimal personalized prognosis (DiNardo & Cortes, 2016).  

1.1.1.1. Cytogenetic Classification of AML 

The WHO and the International Consensus Classification (ICC) have subcategorized AML 

(Shimony et al., 2023). The ICC subdivided AML into AML with recurrent genetic abnormalities: 

AML not otherwise specified, AML with TP53 mutations, AML with MDS-related gene 

mutations, AML with MDS-related cytogenetic abnormalities, and AML with therapy-related 

myeloid neoplasms (Arber et al., 2022; Weinberg et al., 2023). Whereas in the 5th edition of the 

WHO classification, AML was divided into two groups, AML with defining genetic aberrations 

(such as AML with PML::RARA or RUNX1::RUNX1T1 fusions, MECOM or NPM1 or CEBPA 

rearrangements, etc.) and AML defined by differentiation (such as AML with minimal 

differentiation, maturation, and acute erythroid leukemia, etc.) (Chen et al., 2024; Khoury et al., 

2022). However, AML is classified into three subgroups based on European LeukemiaNet (ELN) 

risk stratification. AML with  t(8;21), inv(16) or t(16;16), NPM1 mutations without FLT3-ITD, 

CEBPA mutations are classified as favorable risk. AML with FLT-ITD mutations, with t(9;11), is 

classified as intermediate risk. Finally, AML with t(6;9), t(v;11) (v means chromosomes with 

translocation to chromosome 11), t(9;22), t(8;6), inv(3), t(3q26.2;v) (v means chromosomes with 

translocation to chromosome 3), monosomy 5 or del(5q), monosomy 7 or del(7q), monosomy of 

17 or abnormalities in 17p, complex karyotype, mutations in ASXL1, BCOR, EZH2, RUNX1, 

SF3B1, SRSF2, STAG2, U2AF1, ZRSR2 or TP53 are classified as unfavorable risk (Dohner et al., 

2022; Shimony et al., 2023).  

1.1.2. Epigenetic (Dys)regulations 

Genetic information is carried in the DNA, whereas epigenetics maintains the information beyond 

genomes (Tronick & Hunter, 2016). Waddington first described epigenetics in the epigenetic 

landscape as valleys where undifferentiated cells are on top and rolling downhill while altering 

their epigenomes and differentiating (Ferrell, 2012; Waddington, 1957). Epigenetic mechanisms 

include DNA methylation and histone post-translational modifications such as acetylation, 
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methylation, ubiquitinylation, and sumorylation. Altered epigenetic mechanisms are essential 

during development (Skvortsova et al., 2018), in aging (la Torre et al., 2023), heart diseases 

(Akerberg & Pu, 2020), neurodevelopmental disorders (Berson et al., 2018), stroke (Morris-

Blanco et al., 2022), and cancer (Herceg & Vaissiere, 2011).  

Regulatory elements such as enhancers, silencers, and promoter regions are essential in epigenetic 

regulation.  Promoters are the regions where RNA polymerase II is recruited and transcription is 

initiated with the help of TFs and cofactors (Thomas & Buecker, 2023). On the other hand, 

enhancers are several hundred base pair long DNA sequences that boost the level of transcription 

driven by promoters. Enhancers interact with promoters via short or long-distance interactions. On 

average, a promoter is regulated by 4-5 enhancers, whereas a single enhancer regulates 2 promoters 

(Mulet-Lazaro & Delwel, 2023) (Figure 1).  

 

Figure 1: The representation of the 3D genome.  

The architecture of the 3D genome is established in the chromosomal territories with two 

nucleosomal phases: A and B compartments. Whereas A compartments are euchromatin (open 

chromatin), B compartments include repressed regions with closed chromatin. TAD structures 

determine the chromatin looping, which drives enhancer and promoter interactions. Enhancers 

are regulatory elements of the genome, enriched in hypomethylation, H3K27ac, and H3K4me1 

signals. This figure is modified according to a figure in Szabo et al. (Szabo et al., 2019) and was 

created with Biorender. 
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1.1.2.1.1. DNA Methylation 

DNA methylation happens by adding a methyl group (-CH3) at the 5-position of a cytosine residue, 

creating 5-methylcytosine (5-mC). This addition usually occurs in the cytosines, followed by a 

guanine in CpG dinucleotides (Herceg & Vaissiere, 2011; Spruijt & Vermeulen, 2014). However, 

studies show that there are methylated cytosines without the CpG configuration (Jang et al., 2017). 

In addition to the cytosines, adenosines are methylated in the genome (Li et al., 2019).  

DNA methyltransferase enzymes are responsible for the establishment of DNA methylation. De 

novo DNA methyltransferases are DNMT3 family enzymes, and they are responsible for the 

addition of new methyl groups to the DNA. There are three known members of the family: 

DNMT3A, 3B, and 3L (Lu et al., 2024). In contrast to the DNMT3 family, DNMT1 maintains 

DNA methylation by copying the DNA methylation patterns from the parental strand to the 

daughter strand during DNA replication (Kikuchi et al., 2022). The last member of the DNMT 

family is DNMT2, which methylates tRNAs (Tuorto et al., 2012). DNA methylation follows these 

steps. Firstly, folates are converted to methyl-tetrahydrofolate (THF) via cofactors like vitamins 

B6 and B12, and then methyl-THF serves as an intermediate product for transforming 

homocysteine into methionine. Secondly, S-adenosylmethionine (SAM) is a universal methyl 

donor, and methionine is activated to SAM via methionine adenosyltransferase. The methyl group 

from SAM is added to a cytosine next to a guanine (CpG dinucleotide) to establish the DNA 

methylation pattern. Finally, converting SAM to S-adenosylhomocysteine (SAH) is essential 

during methylation, as SAH inhibits methylation (Fukumoto et al., 2022).  

DNA demethylation happens either through a lack of functional DNA methyltransferases and, 

therefore, dilution of 5mC during DNA replication (passive) or via the activity of the Ten Eleven 

Translocation (TET) protein family (active) (Wu & Zhang, 2017). TET1, TET2, and TET3 are 

responsible for DNA hypomethylation through the oxidation of 5-mC to 5-hydroxymethyl 

cytosine (5-hmC), 5-carboxyl cytosine (5-caC) or 5-formyl cytosine and dilution of 5-mC through 

DNA replication. Therefore, 5-hmC is usually used as a marker for TET activity studies 

(Rasmussen & Helin, 2016).  

The human genome has around 28 million CpGs, 60-80% of which are usually methylated (Smith 

& Meissner, 2013). Regions with a higher frequency of CpGs are called CpG islands (CGI), 

primarily located in the promoter regions of genes. Gardiner-Garden et al. described CGI as a 

region with at least 200 bp (usually around 1000 bp (Bird et al., 1985)) and more than 50% GCs 

(Gardiner-Garden & Frommer, 1987). Around 55-60% of genes contain CGIs in their promoters, 

but particularly housekeeping or developmental genes have CGIs in their promoters (Craig & 

Bickmore, 1994; Sarda et al., 2017). CpGs in the promoter or the first exon of the genes are 

generally unmethylated, and around 75% of annotated promoters have unmethylated CGI. 

Meanwhile, CGIs in the short and long interspersed retrotransposable elements (SINE, LINE) and 

long terminal repeats (LTR) regions are hypermethylated. The methylation of the remaining 

genome varies, and the effect of methylation on those regions, such as gene bodies, which include 
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many CGIs in the human genome, is debatable (Edwards et al., 2017). For example, gene body 

methylation upregulates the expression of genes in dividing cells, whereas it has the opposite effect 

in non-dividing or slowly dividing cells like neurons (Kikuchi et al., 2022). 

Since methylation prevents interaction with transcription factors (TFs), hypermethylation on the 

promoter region is associated with the silencing of genes (Roman-Gomez et al., 2004). However, 

distal or orphan CGIs in the intragenic and intergenic regions also play essential roles in gene 

expression regulation. For example, Pacchona et al. showed that those CGIs enhance the 

interaction of poised enhancers with the distally located regions (Pachano et al., 2021). As 

mentioned above, methylation of the CGIs prevents the binding of TFs such as ETS, Bzip, and the 

bHLH family of TFs. However, Yin et al. found that it facilitates binding some homeodomain TFs, 

such as POU and NFAT family of TFs, to the promoter or enhancer regions (Pachano et al., 2021). 

Kaluscha et al. deleted methyl-CpG-binding domain proteins (MBD) (Kaluscha et al., 2022), 

which are known to be recruited to the methylated CGIs and prevent the binding of TFs (Lewis et 

al., 1992). They showed the inhibition of TFs binding on the genic and repeat regions upon deletion 

and confirmed the presence of methylation-sensitive TFs (Kaluscha et al., 2022). Furthermore, 

methylation of CCCTC-binding factor (CTCF) binding regions rewires the chromatin structure 

(Monteagudo-Sanchez et al., 2024).  

Retrotransposons are grouped as either long terminal repeats (LTRs), long interspersed nuclear 

elements (LINEs), or short interspersed nuclear elements (SINEs) (Banuelos-Sanchez et al., 2019). 

There are over 1 million copies of LINE-1 in the human genome. The full length of LINE-1 is 

usually 7kbp, but most are found in the genome as truncated versions with a typical 3’ end. CGIs 

regulate the expression of LINE-1 on the internal promoter. Promoters of LINE-1 are silenced by 

both hypermethylation and recruitment of SETDB1, a H3K9 methyltransferase (Ardeljan et al., 

2017; Smith & Meissner, 2013).  

Bisulfite-converted DNA-based PCR products can be sequenced massively in parallel using NGS 

sequencing (e.g., Mi-seq), enabling the sequencing of DNA fragments and quantifying CpG 

methylation level resolution (Ravi et al., 2018). During bisulfite conversion, non-methylated 

cytosines are converted into uracils via reacting with sodium bisulfite, whereas methylated 

cytosine remains as cytosines. This allows for performing PCR afterward because, during the PCR, 

thymines replace uracils, and methylated cytosines remain as cytosines (Taryma-Lesniak et al., 

2022). During the sequencing, 4-color fluorescently labeled nucleotides are used to synthesize the 

new DNA fragments via reversible terminator sequencing method, generating around 7.5-8-5 Gb 

data with 50 million paired-end reads if paired-end 300 bp DNA fragment is used (Han et al., 

2024). Wang et al. used the MiSeq platform to assess methylation levels of promoter regions of 

genes involved in vitamin D metabolism (Wang et al., 2018). Another sequencing method is whole 

genome bisulfite sequencing (WGBS), allowing researchers to sequence CpG's entire genome. 

With tagmentation-based WGBS (T-WGBS), researchers can sequence precious samples with 

lower DNA concentrations (Wang et al., 2013; Weichenhan et al., 2018). However, WGBS or T-

WGBS are expensive and require technical expertise. Therefore, researchers use methylation 
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arrays such as Illumina HumanMethylationEPIC BeadChip, which covers 850,000 CpGs probes 

enriched in enhancer and promoter regions of genes, including miRNAs (Moran et al., 2016; 

Noguera-Castells et al., 2023) 

1.1.2.1.2. Histone Modifications 

Histone post-translational modifications (PTMs) happen on the histone proteins (H2A, H2B, H3, 

H4). These histone proteins form the central histone octamer wrapped around 200bp of DNA to 

create a nucleosome core. PTMs include acetylation, methylation, phosphorylation, SUMOylation, 

and ubiquitination and regulate chromatin structure and, therefore, gene expression (Millan-

Zambrano et al., 2022). Whereas H3K27ac (acetylation on the lysine residue at N-terminal position 

27 of histone 3) and H3K4me1 or H3K4me3 are associated with active transcription, H3K9me2/3 

or H3K27me3 are associated with silencing and heterochromatin formation (Zhang et al., 2021). 

Similarly, a typical enhancer region contains a gain of H3K27ac and H3K4me1 histone marks and 

p300 and Mediator complex, whereas an active promoter usually has reduced DNA methylation 

and gain of H3K4me3. H3K27me3 and H3K4me3 may be found in the poised enhancers or 

promoter regions. (Mulet-Lazaro & Delwel, 2023). Antibody-guided chromatin tagmentation 

(ACT-seq) can map the genome-wide histone modifications with low cell numbers and less 

background noise (Carter et al., 2020).  

1.1.2.1.3. 3-dimensional (3D) Genome and Topologically Associated Domains (TADs) 

Structures  

3D organization of the genome plays a vital role in the regulation of gene expression. 

Chromosomes are portioned in chromatin loop structures, topologically associating domains 

(TADs), and multi-megabase A and B compartments (da Costa-Nunes & Noordermeer, 2023; 

Mohanta et al., 2021). Enhancer-promoter contacts are determined by TADs, which generally are 

preserved in all human cell types. TADs create regulatory neighborhoods throughout the genome, 

which prevents the looping of enhancers and promoters in different TADs (Hnisz et al., 2016; 

Lupianez et al., 2015). However, Balasubramanian et al. observed that regulation of developmental 

genes in Drosophila embryos is pursued by intra and inter-TAD interactions, and genomic 

distances do not constrain the interaction between enhancers and promoters in different TAD 

structures (Balasubramanian et al., 2024).  

Genetic structural variations are known to create new TADs (Xu et al., 2022). Hi-C is one method 

for studying the 3D genome (Gulino et al., 2021), whereas 4C (chromosome conformation capture-

on-circular capture) is one for studying enhancer-promoter interactions (Miranda et al., 2022; 

Weichenhan et al., 2022).  

TAD structures are usually determined by the binding of the CTCF, which, together with the ring-

shaped cohesion complex, is responsible for genomic loops through loop extrusions. Knockout 

(KO) of CTCF is lethal in developing mice embryos (Monteagudo-Sanchez et al., 2024). In 
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contrast to bridging promoter-enhancer interactions, CTCF may isolate the contacts by acting as 

an insulator protein. The binding of CTCF is DNA methylation-sensitive. Whereas CTCF only 

binds to hypomethylated CpGs downstream of poly(A) sites, it also protects DNA from being 

methylated (Mujahed et al., 2020). 

1.1.3. Epigenetics of AML  

Epigenetic mechanisms drive cancer progression (Hanahan, 2022), regulate 

epigenetic/transcriptomic heterogeneity, and determine therapy responses (Hinohara et al., 2019). 

Therefore, insights into altered epigenetic mechanisms are essential in AML. 

DNA methylation plays an essential role in AML. For example, hypermethylation on the promoter 

region of tumor suppressor genes such as CDKN2B, APAF1, and E-cadherin (CDH1) leads to 

silencing of these genes in AML (Furukawa et al., 2005; Shimamoto et al., 2005). Yamato et al. 

investigated genome-wide DNA methylation changes in 64 pediatric AML patients. They 

observed that patients can be classified into four clusters based on the DNA methylation profile 

associated with genetic alterations. They also showed that patients with high and low MECOM 

levels exhibit DNA methylation differences. For example, they observed hypomethylation on the 

HOXB genes, such as MECOM and SCHIP1, in patients with high MECOM expression (Yamato 

et al., 2022). Koldobskiy et al. compared the methylation profile of AML patients with MLL 

rearrangements with normal myeloid controls and showed genome-wide hypomethylation and 

dysregulation in the methylation of bivalent promoters or enhancers in the MLL rearranged AML 

patients. Additionally, they showed that differentially regulated genes in MLL rearranged AML 

have significant methylation changes (Koldobskiy et al., 2020).  

DNA methylation profiles of AML patients can be used to predict the outcome of anti-cancer 

treatments. Achille et al. invested DNA methylation changes of the promoters of  6 genes ( 

CDKN2A, APAF1, CDH1, CDKN2B, RARB, and HIC1) during HMA treatment of AML patients. 

They found that global methylation changes are not associated with response to the treatment. 

However, early hypomethylation (3 days after the treatment) and  (7 days after the treatment)  on 

the CDKN2A promoter are associated with good prognosis, meaning patients with these DNA 

methylation changes during the therapy respond better to the treatment (Achille et al., 2016). 

Similarly, in a recent paper, the methylation pattern of GATA3 and WNT10A genes are found to 

play a role in response to hypomethylating agent treatment (Schmutz et al., 2023).  

Alterations in DNA methylation in cancer generally occur as hypomethylation in introns and 

repetitive regions like LINE and hypermethylation in the CpGs, usually located on the promoters 

(Schoofs & Muller-Tidow, 2011). Similarly, genome-wide DNA hypermethylation was observed 

in patients with MDS. The differentially methylated fragments were shown to be in or around CpG 

islands, playing an essential role in regulating transcription (Zhou et al., 2020). Genome-wide 

DNA methylation analysis in AML patients revealed three methylation-dependent subtypes of 

AML and different clinical outcomes within each subtype (Gao et al., 2020). In a different study, 
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unsupervised clustering of DNA methylation profiles of AML depicted different subtypes. Patients 

with IDH1 and IDH2 mutations had hypermethylation signatures, whereas patients with MLL 

rearrangements had hypomethylation signatures (Cancer Genome Atlas Research et al., 2013).  

In addition to the abnormal DNA methylation, alterations in the CTCF binding and, therefore, 

changes in the 3D genome architecture are often observed in AML (Xu et al., 2022). Mujahed et 

al. found aberrant CTCF occupancy in AML patients, particularly with TET2 mutations. They 

showed enrichment of CTCF binding to the binding sites of critical myeloid TFs (Mujahed et al., 

2020). Additionally, Luo et al. discovered that CTCF binds the site located between HOXA7 and 

HOXA9 genes in AML, leading to aberrant HOXA9-HOXA13 gene expression. When they 

disrupted this binding, they observed the spreading of H3K27me3 and impairment of enhancer-

promoter interactions, resulting in a reduction of HOXA genes, which are known to be putative 

oncogenes in AML (Luo et al., 2018). 

1.1.3.1. Recurrent Mutations in Epigenetic Enzymes in AML 

Around 50% of AML cases have normal karyotypes (nkAML). Targeted sequencing methods 

revealed recurrent mutations in genes essential for epigenetic mechanisms such as DNMT3a, 

TET2, IDH1, or IDH2 (isocitrate dehydrogenase) or transcription factors such as CEBPα but also 

FLT3, NPM1, and KIT in the patients with nkAML (Cancer Genome Atlas Research et al., 2013). 

Mutations in DNMT3A usually occur as missense mutations due to the substitution of arginine to 

histidine in the exon 23 at arginine 882 (Khrabrova et al., 2021). This mutation induces focal DNA 

hypomethylation at the defined subtypes of retrotransposons, leading to the formation of double-

stranded RNA (dsRNA) and the production of autonomous viral mimicry responses (Scheller et 

al., 2021). Mutations in TET2 are usually loss-of-function mutations or somatic depletions, leading 

to global hypermethylation and dysregulation of the transcriptome (Huang et al., 2020). The 

percentage of AML patients with TET2 abnormalities is around 15-20%, whereas in MDS patients, 

the rate increases to 30% (Delhommeau et al., 2009). Treatment with vitamin C induces DNA 

hypomethylation in vivo by mimicking TET2 restoration since vitamin C is the main co-factor of 

Fe+2 and α-KG-dependent dioxygenases, which are critical factors required for TET-mediated 

DNA hypomethylation. Restoration of TET2 prevents aberrant self-proliferation and 

leukemogenesis in vivo (Cimmino et al., 2017). MDS/AML patients with TET2 mutations are 

classified as better responders to DNA hypomethylating agent treatment (Bejar et al., 2014; 

Itzykson et al., 2011). Mutations at arginine 132 of IDH1 or arginine at 140/172 lead to oncogenic 

activation of IDH and generation of (R)-2-hydroxyglutarate ((R)-2HG) (Dang et al., 2009). (R)-

2HG inhibits TET2 and KDM5 demethylases (Gunn et al., 2023). 

1.1.4. Hematopoiesis and Alterations during Hematopoiesis 

in AML Leukemogenesis 
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Hematopoiesis is a fundamental process of self-renewal in which hematopoietic stem cells (HSCs) 

are renewed to produce blood and immune cells in the bone marrow (Hofer & Rodewald, 2018). 

HSCs are divided into two categories: long and short-term HSCs. Depending on the cytokines and 

intrinsic or extrinsic signals, short-term HSCs differentiate into hematopoietic progenitor cells, 

committed to be either a common lymphoid progenitor (CLP) or a common myeloid progenitor 

(CMP). Then, CMP cells differentiate into megakaryocyte-erythrocyte progenitor cells (MEP) and 

granulocyte-macrophage progenitor cells (GMP). CLP cells transform into B, T, and natural killer 

cells. On the other hand, GMP cells produce monocytes, granulocytes, and dendritic cells. 

Moreover, MEP cells form megakaryocytes and erythrocytes (Mann et al., 2022).  

Changes in the HSC environment are essential for AML progression. For example, knockout of 

the Lama4 gene increases AML induction in vivo, leading to impaired hematopoietic recovery 

after irradiation therapy (Cai et al., 2022). Similarly, dysregulation of the SETBP1 expression leads 

to the transformation of hematopoietic cells (Tanaka et al., 2023).  

Clonal hematopoiesis (CH) is a process in which clonally selected HSPCs expand by accumulating 

specific mutations or SVs. Those mutations can initiate transformation into hematologic 

malignancies or cardiovascular diseases (Desai et al., 2018). However, most individuals with 

clonal hematopoiesis of intermediate potential (CHIP) do not develop leukemia. Mutations in the 

epigenetic modifiers TET2, ASXL1, DNMT3A, RNA spliceosome components SF3B1, SRSF2, and 

DNA repair genes TP53 and PPM1D are seen in around 80% of CHIP patients (Marnell et al., 

2021). Scheller et al. found that CH or AML cells with DNMT3A mutations, one of the most 

frequently found mutations in CH and AML, are selectively responsive towards hypomethylating 

agent treatment and show viral mimicry responses upon the treatment (Scheller et al., 2021).  

1.1.5. Current Treatment Options for AML 

Since 2017, 12 new FDA-approved treatment opportunities for AML have been introduced into 

the clinics. Clinicians decide on the treatment based on the patient's fitness (age, physical fitness, 

medical history). Patients who are fit for intensive chemotherapy may get treatments following 

7+3 (anthracycline and cytarabine or CPX-351) or high doses of cytarabine induction regimens 

(Forsberg & Konopleva, 2024; Mohamed Jiffry et al., 2023). Cytarabine is a chemotherapeutic 

agent that inhibits DNA synthesis by being an analog of deoxycytidine (Shabashvili et al., 2022). 

Following intensive therapy or patients unfit for intensive treatment may get allogeneic 

hematopoietic stem cell transplantation (Allo-SCT) (Forsberg & Konopleva, 2024; Mohamed 

Jiffry et al., 2023). Patients with CD33+ AML get gemtuzumab ozogamicin, an anti-CD33 

monoclonal antibody coupled with a cytotoxic antibiotic (Kayser & Levis, 2022). In addition, with 

the advances in NGS techniques, patients may get targeted therapies such as FLT3 inhibitors 

(midostaurin) if they have FLT3 mutations. AML patients with IDH1 mutations (which is around 

33% of AML) have been administered with IDH1/2 inhibitors (ivosidenib, enasidenib), or novel 
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KMT2A (Menin) inhibitors have been investigated recently for patients with Menin 

rearrangements with NPM1 mutations (Mohamed Jiffry et al., 2023).  

1.1.5.1. Venetoclax Treatment  

Patients who are newly diagnosed with AML and not fit for intensive chemotherapy follow 

venetoclax (VEN) and hypomethylating agents (HMA) combination therapy (Short et al., 2024). 

VEN is a BCL-2 inhibitor, a protein involved in intrinsic or mitochondrial apoptosis pathways. 

BCL-2 binds to BAX or BAK proteins, which disrupt the mitochondrial membrane upon activation 

and enable the release of cytochrome C. This induces caspase activation, which damages cellular 

organelles and nuclear structures (Roberts, 2020). AML patients under the VIALE-A trial were 

administered VEN (400 mg/daily) and azacytidine (75mg/m2) from day 1 to day 7 in 28-day cycles. 

They showed better survival rates and the incidence of remission than patients administered with 

azacitidine only (DiNardo et al., 2020; Kayser & Levis, 2022). Recently, researchers developed 

MAC-Score (Mediators of apoptosis combinatorial score), which links the ratio of BCL-2, XL, 

and MCL1 protein in leukemic stem cells and predicts the initial response against VEN and HMA 

treatment (e.g., 5-azacytidine) (Waclawiczek et al., 2023).  

1.1.5.2. Decitabine Treatment 

Since its identification in 1970, Azacitidine has been extensively studied (Forsberg & Konopleva, 

2024). Azacitidine or 5-azacytidine (5AZA) or its deoxy derivative decitabine (5-aza-2’-

deoxycytidine, DAC) inhibits DNA methylation. While 5AZA is also involved in RNA 

methylation, DAC is only involved in DNA methylation. DAC is transported by HCNT1 or HENT 

nucleoside transporter and converted to its biologically active form DAC-dCTP via several 

pathways involving kinases. Later, cytosines are replaced by DAC-dCTP during the S phase. 

DNMT1 binds to DNA and forms a covalent bond with DAC, and since DAC has nitrogen in its 

carbon at position 5, it can not be methylated. Therefore, DAC treatment disrupts DNMT function, 

leading to hypomethylation (Seelan et al., 2018). DAC is administered to patients as 15 mg/m2 for 

8h during 3 3-day periods, and this regimen is repeated every 6 weeks or for 5 days in 20mg/m2 in 

28-day cycles (Stomper et al., 2021).  

5AZA or DAC has several effects against AML. First, HMA treatments induce the activation of 

differentiation-related genes and cause terminal differentiation of the leukemic cells (Hofer & 

Rodewald, 2018). Klobuch et al. found that combining HMA, all-trans retinoic acid (ATRA), and 

Pioglitazone (PGZ) triggers myeloid differentiation and inhibits cell growth (Klobuch et al., 2018). 

HMA treatments also decrease methylation on the promoter regions of tumor suppressor genes, 

which are known to be hypermethylated in cancer (Hackanson & Daskalakis, 2014). Furthermore, 

HMA treatment induces expression of cancer-testis antigen (CTA) genes such as the MAGEA 

family of genes, NY-ESO-1, TAG-2a/2b/2c. This induction represents antigens at sufficient levels 

to CD8+ T cells, leading to immune responses (Srivastava et al., 2016; Zhong et al., 2022). Finally, 

DAC treatment, especially in combination with HDAC inhibitors, activates human endogenous 
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retroviral elements, exclusively long terminal repeat (LTR) member LTR12C (Goyal et al., 2023) 

(Figure 2).  

 

Figure 2: Representation of leukemic transformation and potential therapies. 

HSPCs differentiate into lymphoid or myeloid progenitors, differentiating into NK, T, and B 

cells or monocytes, megakaryocytes, neutrophils, and red blood cells, respectively. However, 

SVs, inflammations in the stem cell niche, aberrant epigenetic changes, and mutations may drive 

AML. AML can be treated by eliminating leukemic stem cells with HMAs, venetoclax, or 

targeted therapies against the mutations. This figure is modified according to a figure in Nagel 

et al.  (Nagel, 2021), and was created using BioRender. 

1.2. Oncogenic Activation of MNX1 in AML  

Motor neuron and pancreas homeobox 1 (MNX1) is located on chromosome 7q36 and codes for a 

homeobox TF. MNX1 is expressed during pancreatic (Harrison et al., 1999) and motor neuronal 

development (Thaler et al., 1999). Whereas heterozygous loss of function mutations in MNX1 

cause Currarino syndrome, which is a rare hereditary sacral agenesis disorder (El Amrani et al., 

2024), homozygous recessive missense MNX1 mutations lead to permanent neonatal diabetes 

mellitus (Aly et al., 2023). CAT7, a lncRNA, recruits members of polycomb repressive complex 

1 to the promoter region of MNX1 and regulates the expression of MNX1 during neuronal 

differentiation (Ray et al., 2016).  
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MNX1 has oncogenic roles in several cancers, such as lung adenocarcinoma via regulation of 

CCDC34 expression (Wu et al., 2023), colorectal cancer (Li et al., 2023), and human epidermal 

growth factor receptor 2 (HER2)-positive breast cancer (Chi et al., 2023). Additionally, MNX1 is 

abnormally expressed in AML with t(7;12) in children under 2 years old or in del(7q) AML 

patients (Federico et al., 2019). Around 30% of infant AML patients have t(7;12) and show poor 

prognosis. The translocation involves breakpoints between exons 1 and 3 of ETV6 (chr12q13) and 

breakpoints at 7q36. Whereas all t(7;12) cases express MNX1, around 50% express ETV6::MNX1 

fusion, first identified by Beverloo et al. in 2001 (Ragusa et al., 2023). Espersen et al. showed co-

occurrence of t(7;12) with trisomy 19 (Espersen et al., 2018). T(7;12), created via CRISPR/Cas9 

editing in K562 and human CD34+ HSPCs, led to increased self-renewal with myeloid bias and 

block in the erythroid compartment during differentiation (Ragusa, Ciciro, et al., 2022). 

Additionally, when Nillson et al. generated induced pluripotent stem cells (iPSCs) with t(7;12) and 

differentiated these cells into HSPCs for modeling the disease, they observed alleviated 

proliferation and blocked myeloid and erythroid differentiation. They showed that whereas 

megakaryocyte genes are significantly decreased in the t(7;12) iPSCs-derived HSPCs, genes 

involved in myeloid pathways are upregulated considerably (Nilsson et al., 2022).  

MNX1 has 3 exons coding for a 403-amino-acid long protein (Gulino et al., 2021), whose function 

is still under investigation. Zhu et al. showed that MNX1 downregulates p21 and increases cervical 

carcinogenesis (Zhu et al., 2020). When Ingenhag et al. overexpressed MNX1 in human and murine 

cells, they showed that overexpression leads to the induction of the p53-p21 tumor suppressor 

network and premature senescence. Additionally, they found that MNX1-overexpressed murine 

HSPCs resulted in differentiation arrest and accumulation of megakaryocytic and erythropoietic 

progenitor cells (Ingenhag et al., 2019). Finally, Waraky et al. proved that MNX1 acts as an 

oncogene in AML as they observed induction of leukemogenesis, such as an increase in spleen 

size, infiltration of the liver with leukemia, severe anemia, and leukocytosis, in immune 

incompetent mice upon transplantation of fetal HSPCs expressing MNX1. They also showed 

increased H3K4me1/me2/me3 marks with a reduction in H3K27me3 upon expression of MNX1, 

suggesting that MNX1 might act as an epigenetic regulator. They found that treating MNX1-

expressing cells with sinefungin, a nucleoside analog of SAM, reversed the alterations observed 

after MNX1 expression (Waraky et al., 2024).  

1.3. Enhancer Hijacking Events in AML  

SVs such as deletions, translocations, or inversions can lead to hijacking of enhancers. Hijacked 

enhancers, which generally regulate the expression of a different gene, are responsible for aberrant 

gene expression in tumorigenesis (Zhang et al., 2024). The first example of enhancer hijacking is 

the relocation of IGH enhancer to MYC locus in Burkitt and B-cell lymphoma and multiple 

myeloma through t(8;14) (Banerji et al., 1983; Gillies et al., 1983; Hayday et al., 1984). 

Additionally, BCL11B activation in T-cell acute leukemia was found to be due to the hijacking of 

enhancers (Montefiori et al., 2021). Another particular example is an activation of the oncogene 
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EVI1 via hijacking of GATA2 in inv(3) and t(3;3) AML. For inv(3) and t(3;3), a selective 

requirement of MYB binding was found to be necessary (Smeenk et al., 2021), whereas for t(3;8), 

a de novo CTCF loop was found to be generated upon the translocation driving the oncogenic 

activation of EVI1 via MYC super-enhancer activity (Ottema et al., 2021).  

In t(7;12) AML, ETV6 enhancers are translocated to the proximity of MNX1. Due to this 

translocation, the MNX1 gene is activated. Deleting the juxtaposed ETV6 enhancers spanning a 

200kb region significantly reduced MNX1 expression (Weichenhan et al., 2024). In the GDM-1 

cell line, different enhancers are responsible for activating MNX1. Enhancers from the AHI1/MYB 

region are hijacked and responsible for creating new interactions with the MNX1 promoter, 

validated via 4C-seq and ACT-seq experiments. The translocated enhancers are found to be active 

enhancers via luciferase assays (Weichenhan et al., 2023). 

1.4. microRNAs 

Non-coding RNAs include microRNAs (miRNAs), long non-coding RNAs (lncRNAs), small 

interfering RNAs (siRNAs), or PIWI-interacting RNAs (piRNAs) (Skvortsova et al., 2018). 

microRNAs are short 18-26 nucleotides non-coding RNA structures that play an essential role in 

silencing genes. miRNAs are first synthesized as long primary miRNA hairpins (pri-miRNA) from 

generally intronic regions of the genome. The generation of miRNAs can be divided into canonical 

or noncanonical pathways. Most miRNAs are produced via canonical pathways. First,  the hairpin 

structure of the pri-miRNA is cleaved by the binding of Drosha, which is a 200 kDa RNase III 

protein, and two copies of DGCR8 (Svobodova et al., 2016). After this cleavage, precursor miRNA 

(pre-miRNA), around 55-70 nucleotide long, is released and exported to the cytoplasm via exportin 

5. In the cytoplasm, another RNase III, DICER, cleaves the terminal loop of pre-miRNA. The ends 

of miRNAs are determined by DICER and Drosha complexes, and miRNA isoforms may be 

generated via alternative cutting. If the alterations are on the 5’, then the resulting miRNA is called 

with 5p addition; if it is on the 3’, it is called 3p (Bofill-De Ros et al., 2022). After the cleavage by 

DICER, a miRNA duplex is generated and interacts with the Argonaute (AGO) complex. AGO 

complex removes the passenger strand of miRNA and leaves only the miRNA sequence, which 

has specificity against the mRNAs. The resulting mature miRNA, AGO, and RISC complexes are 

directed to mRNA. Whereas miRNA in the complex is responsible for binding the specific sites, 

the AGO complex recruits proteins essential for translational repression, deadenylation, and decay 

(Figure 3). Noncanonical miRNA generation can be via Drosha or DICER-independent, meaning 

instead of RNase III, other RNases such as RNaseZ are involved (Ha & Kim, 2014; Shang et al., 

2023).  

miRNAs can be regulated via post-translational mechanisms, which alter the generation of miRNA 

and the loading of miRNAs to the RNA via the RISC complex. For instance, LIN28A is a 

pluripotency factor, which binds to the transcripts of pre-let-7 miRNAs and recruits terminal uridyl 

transferases (TUT) that add uridyl and inhibit DICER processing of the let-7 family of miRNAs. 
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Let-7 binds and degrades LIN28 and MYC mRNAs. Additionally, many RNA binding proteins 

(RBPs) can inhibit or promote the generation of mature miRNA. For instance, heterogeneous 

nuclear ribonucleoprotein A1 (hnRNPA1) changes the structure of pri-miR18a and enables 

interaction with DROSHA. In contrast to miR18a, hnRNPA1 inhibits the generation of let-7a-1 

miRNAs (Treiber et al., 2019). Lastly, adenosine deaminases (ADARs) can catalyze the editing of 

the binding region of miRNA to the DROSHA or RNA methylation by BCDIN3D can interfere 

with the interaction of miRNAs with DICER via methylation (Ha & Kim, 2014). 

 

Figure 3: Generation of miRNAs. 

MiRNAs are first coded as pri-miRNAs, which are cleaved with DROSHA and DGRC8 

complexes and later exported from the nucleus to the cytoplasm. Later, pre-miRNAs are further 

cleaved with DICER and TRBP complexes. Finally, AGO forms mature miRNAs, and together 

with RISC and AGO complexes, miRNAs bind and degrade their target mRNAs. This figure 

was modified according to a figure in Peng et al. (Peng & Croce, 2016), and was created using 

Biorender. 

miRNAs usually function by binding to the 3’ untranslated regions (UTR) of the mRNAs. They 

have ‘seed’ regions on positions 2-7 of the 5’ end, responsible for strict Watson-Crick pairing 

between the mRNA and miRNA (Rani & Sengar, 2022). The miRNA and RISC complex 

(miRISC) recruits the GW182 family of proteins. GW182 acts as a scaffolding protein for 

complexes such as deadenylases to deadenylate the mRNA, leading to 5’-to-3’ mRNA decay 

through degradation. GW182 or RISC also recruits decapping complexes such as DDX6 to remove 
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the 5’ m7 G-cap structure. Then, the final step is the mRNA degradation by XPN1 via 5’-to-3’ 

exonucleolytic decay. (Iwakawa & Tomari, 2015). miRISC complex can compete with the eIF4E, 

the translation initiation factor. Another mechanism by which miRISC inhibits translation is by 

stimulating ribosomal dropoff or blocking the circularization of mRNAs. Finally, miRISC induces 

blocking of the association of 40S preinitiation complexes with 60S ribosomal subunits (Carthew 

& Sontheimer, 2009).   

Silencing via miRNAs can also be via the binding of miRNAs to the 5’ end or coding sequences 

(CDS) of mRNAs (Nemeth et al., 2024). Tay et al. published a paper in Nature showing that mir-

134, miR-470, and miR-296 bind to CDS regions of pluripotency factors and regulate embryonic 

stem cell differentiation (Tay et al., 2008). Although miRNAs silence the expression of genes, 

there are some instances where miRNAs may boost the translation. For example, let-7 miRNA 

family members promote the translation of mRNAs that they bind to during the cell cycle arrest. 

Additionally, other miRNAs are activating the genes through binding to CDS or 5’UTR (Nemeth 

et al., 2024).  

Although the characterization of the action of miRNAs on the target mRNA is complex, there are 

multiple prediction tools. TargetScan is one of them, which predicts the presence of 6mer, 7mer, 

and 8mer seed regions and uses 14 features, such as 3’ UTR target site abundance, ORF length, 3’ 

UTR length, number of offset-6 or 7 or 8mer sites in the ORF or 3’UTR, minimum distance of 

seed region of miRNAs to stop codon and polydenylation sites, structural accessibility of miRNAs 

to the seed regions etc (McGeary et al., 2019; Riffo-Campos et al., 2016). miRTarBase is another 

prediction tool that combines experimentally verified miRNA-target interactions (MTIs) and 

information on SNPs nearby or on the seed region of the miRNA together with the information 

from curated publications (Huang et al., 2022). Lastly, miRDB is another prediction tool that uses 

machine learning methods to predict miRNA targets and combine them with MTIs from high-

throughout NGS experiments (Chen & Wang, 2020).  

1.4.1. Epigenetic Regulation of miRNA Expression 

In addition to the post-transcriptional regulations of miRNAs mentioned above, miRNA 

expression can also be regulated via epigenetic mechanisms. Hypomethylation on the promoter 

region of miRNA increases its expression. Some epigenetically regulated miRNAs can either 

directly act as oncomirs (oncogenic miRNAs) or indirectly by degrading tumor suppressors in 

leukemogenesis (Agirre et al., 2012). Lu et al. found that hypomethylation on the CpG-rich region 

of 200bp upstream of miR-21 upregulated its expression in 8 different cancer types (Lu et al., 

2020). In contrast, epigenetic silencing of miRNAs via hypermethylation can lead to cancer 

because there are miRNAs that downregulate oncogenes (Agirre et al., 2012). For instance, Cao et 

al. showed that DAC treatment alone or in combination with ATRA led to hypomethylation in the 

promoter region of miR-34a and activation of it and thereby reduction in MYCN expression 

because miR-34a binds and degrades MYCN mRNA (Cao et al., 2020). Epigenetic drugs that 
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induce re-expression of these epigenetically silenced miRNAs alone or combined with 

chemotherapy hold therapeutic potential in AML. 

1.4.2. Role of miRNAs in AML Progression 

Several studies show the importance of regulating miRNA expression in AML. For instance, 

epigenetic silencing of the miR-124a family via hypermethylation or by EVI1 led to 

the progression of AML. The same miRNA family binds to CEBPA and negatively regulates its 

expression, and loss of CEBPA leads to AML transformation via blocking the granulocyte 

differentiation (Agirre et al., 2012). Similarly, the silencing of miR-233 caused a blockage in 

differentiation in AML. miR-223 is expressed during myeloid lineage differentiation but not in 

AML. Competition between the binding of TFs on the promoter of miR-223 is vital for AML 

progression (Peng & Croce, 2016). Moreover, miRNAs can regulate the expression of tumor 

suppressor proteins in AML. miR-33 and miR-142-3p are known regulators of p53, which is a 

crucial tumor suppressor protein regulating cell division, senescence, DNA repair, and leading to 

apoptosis (Mann et al., 2022; Mao & Jiang, 2023). In contrast, miRNAs can behave as tumor 

suppressors by downregulating known oncogenes. For instance, mimics against miR-193b-3p are 

in the preclinical testing against AML as it is a tumor suppressor (Issa et al., 2023). Lastly, 

miRNAs can promote AML by regulating cytokines in the bone marrow niche. For example, miR-

155 regulates the expression of IL-3 in AML (Sadras et al., 2017).   

1.4.3. The miR-200 Family and The Role of miR-200a-3p in 

Cancer  

The miR-200 family includes 5 miRNAs (miR-200a, miR-200b, miR-200c, miR-141 and miR-

429). Whereas miR-200a, 200b, and 429 are located on chromosome 1 (chr1p36), miR-200c and 

miR-141 are located on chromosome 12 (chr12p13). miR-200a and miR-141 have a common seed 

sequence, ‘AACACUG’; the rest share a different seed sequence (Choi et al., 2020; Fontana et al., 

2021).  

miR-200 regulates epithelial-to-mesenchymal (EMT) transition by inhibiting master regulators 

like E-cadherin, ZEB1 and ZEB2. Overexpression of miR-200 inhibits the formation of distant 

metastasis of lung cancer (Choi et al., 2020; Pecot et al., 2013). Yu et al. found that miR-200a 

downregulates Yes-associated protein 1 (YAP1), leading to resistance to anoikis in breast cancer 

cells (Yu et al., 2013). Additionally, the miR-200 family is characterized as blood biomarkers for 

ovarian cancer diagnosis and prognosis (Choi et al., 2020). The miR-200 family plays a vital role 

in diabetes. Beta cell-specific expression of them leads to apoptosis and lethality in type 2 diabetic 

mice (Belgardt et al., 2015).  

miR-200a-3p is a member of the miR-200 family and is known to decrease the proliferation of 

renal cell carcinoma via the downregulation of E3 ubiquitin-protein ligase CBL protein (Ding et 
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al., 2018) or promote esophageal cancer via inhibition of collapsing response mediator protein 1 

(Zang et al., 2016). Li et al. showed that miR-200a-3p promotes gastric cancer tumorigenesis via 

binding and degrading DLC-1, a tumor suppressor gene (Z. Li et al., 2022). The expression of 

miR-200a, miR-200b, and miR-429 decreased in AML compared to healthy donors. Whereas miR-

200b and miR-429 expression are associated with complete remission, miR-200b expression can 

be used as a prognostic biomarker for the overall survival of early-diagnosed AML patients (J. D. 

Zhou et al., 2018). Whereas there is no study for the function of miR-200a-3p in leukemias, miR-

141-3p, which has the same seed sequence with miR-200a-3p but is expressed from different 

chromosomes, acts as a tumor suppressor in T-cell acute lymphoblastic leukemia by decreasing 

cell proliferation and promoting apoptosis (Klicka et al., 2022; Zhou et al., 2019). 

1.4.4. miRNAs and lncRNAs Regulating MNX1 Expression 

Three publications show alterations in MNX1 levels via miRs or lncRNAs. One of these 

publications showed that a long non-coding RNA (lncSHANK3) competes with miR-4530 to bind 

to MNX1 3’UTR in gastric cancer cells (Zhao et al., 2024). Another publication found that the 

expression of miR-200a and miR-141 is reciprocal with MNX1 expression in insulin-producing 

cells, as these miRNAs are the prominent regulatory miRNAs of MNX1. When these miRNAs 

were overexpressed, they observed significant downregulation of MNX1 and the pancreatic cell 

marker PDX1 (Mu et al., 2016). In another publication, the authors showed the binding of miR-

141-3p to MNX1 3’UTR and the reduction of MNX1 and increased inflammation response upon 

overexpression of miR-141-3p in necrotizing enterocolitis samples and IEC-6 cells (Chen et al., 

2020). All these miRNA-related publications and the fact that overexpression of miR-200 led to 

the induction of beta cell apoptosis, which is known to express MNX1, show the importance of 

miRNA in regulating MNX1 expression. 
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2. Hypotheses  and Aims 

AML with t(7;12)(q36;p13) are seen in infants under 2 years old and have a 3-year survival rate 

of 24%. MNX1 is highly expressed in all t(7;12) (Weichenhan et al., 2024). Furthermore, some 

del(7q) AML cases express MNX1 (Federico et al., 2019; Etienne Sollier et al., 2024). 

Overexpression of MNX1 in fetal HSPCs and transplantation to immune-deficient mice resulted 

in leukemogenesis with accumulation of damaged DNA and differentiation blockage (Waraky et 

al., 2024). Considering that MNX1 has oncogenic roles in AML and is highly expressed in subtypes 

of AML, defining a compound that demonstrates the ability to downregulate MNX1 and, therefore, 

inhibit the growth of MNX1-dependent AML cells is essential. However, no small molecules 

inhibit MNX1 expression. In this thesis, performing a high throughput epigenetic compound 

screening aimed to find an epigenetic compound that reduces MNX1 expression and provides a 

clinically meaningful therapeutic opportunity to target MNX1 in clinics against MNX1-expressing 

AML cases.  

Since MNX1 is activated via an enhancer-hijacking event in both pediatric and adult AML, I 

developed the following hypothesis: 

MNX1 expression, mediated by enhancer-hijacking events in AML, can be reduced by epigenetic 

compounds that disrupt the enhancer-hijacking event. 

Aim 1: To perform an epigenetic compound screen in GDM-1 cells to find drugs that reduce cell 

viability and MNX1 expression. 

Aim 2: To investigate the mechanisms behind DAC-treatment-induced reduction of MNX1. Here, 

I established several sub-hypotheses: 

Aim 2.1: To test whether DAC-mediated upregulation of CAT7, a previously described 

MNX1 targeting lncRNA known to recruit PRC1 complexes to the MNX1 promoter (Ray 

et al., 2016), could be induced by DAC treatment.  

Aim 2.2: To test the possible generation of demethylated CTCF boundaries and alteration 

of TAD boundaries upon global hypomethylation, which may help explain why MNX1 

expression is reduced upon DAC treatment.  

Aim 2.3: To test the proposed activation of MNX1-targeting miRNA(s) upon 

hypomethylation of their promoter, which could explain the observed reduction of MNX1. 

Aim 3: to develop and validate the phenotypes observed in AML cell lines using MNX1-expressing 

PDX models. 
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3. Materials and Methods 

3.1. Cell culture 

All the cell lines were authenticated with Multiplexion and checked for mycoplasma 

contamination on the dates specified in Supplementary Table 1. 

K562, OCIAML3, MOLM13, and HL60 cells were cultured in RPMI Medium 1640 + L-glutamine 

with 10% FCS and 1% Penicillin/streptomycin (P/S). GDM-1 cells were cultured in RPMI 

Medium 1640 + L-glutamine with 20% FCS and 1% Penicillin/streptomycin (P/S). All cell lines 

were subcultured at a 500.000 cells/ml density every second day. HEK293T cells were cultured in 

DMEM (1X) medium with 4.5 g/L D-glucose and L-glutamine without pyruvate and supplemented 

with 10% FCS and 1% P/S. After washing with DPBS without magnesium and calcium, HEK293T 

cells were trypsinized with Trypsin-EDTA (0.25%) with phenol red (Supplementary Table 2) and 

subcultured in a 1:10 ratio every three days.  

3.2. Epigenetic drug screening 

4 hours before the treatment, 35,000 GDM-1 cells in 90 µl of growth medium were seeded in 96-

well plates. The epigenetic compound library was obtained from Prof. Dr. Udo Oppermann’s lab, 

and the treatment protocol was as per Cottone et al. (Cottone et al., 2020). Each epigenetic 

compound in the library was diluted 1:100 using the growth medium. GDM-1 cells were treated 

with either vehicle control (DMSO) (Supplementary Table 14) or 10 µl of the diluted compounds 

(Supplementary Table 3).  5 days after the treatment, 20 µl of cell titer blue was added, and viability 

was measured. Signals from the treated wells and DMSO-treated cells were subtracted from the 

only medium with DMSO control. The treatment was performed in 3 technical replicates within 2 

biological replicates. 

3.3. Selection of the compounds from the screening and dose-

response curve (DRC) analysis 

A485, SGC-CBP30, GSK-J4, ACBI1, JQ1, MZ1, GSK591, GSKLSD1, and IBRD9 are the compounds that 

were chosen from the library screening and used in this thesis. Table 1 summarises the mechanism of action 

of each compound and its effects on diseases. 

These 10 different epigenetic compounds (Table 1) were selected based on their commercial 

availability, viability results, and suggestions from Prof. Dr. Udo Oppermann. For dose-response 

analysis, 35,000 GDM-1 cells were treated with varying concentrations of the compounds in 96-

well plates in 3 technical replicates within 3 biological replicates. 5 days after the treatment, 20 µl 

of cell titer blue was added, and viability was measured using the plate reader. Signals from the 
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treated wells and DMSO-treated cells were subtracted from the only medium with DMSO control. 

Calculation of IC50 was performed using the 4-parameter log-logistic model with the formula 

below in GraphPad Prism 10.1.2. IC80 concentrations were calculated using the formula below. 

 

Y=𝐵𝑜𝑡𝑡𝑜𝑚 + 
 (𝑇𝑜𝑝−𝐵𝑜𝑡𝑡𝑜𝑚)

(1+10((𝐿𝑜𝑔𝐼𝐶50−𝑋)∗𝐻𝑖𝑙𝑙𝑆𝑙𝑜𝑝𝑒)))
 

ICp= 𝐼𝐶50 𝑥 (
100

100−𝑝
− 1)

1

𝐻𝑖𝑙𝑙𝑠𝑙𝑜𝑝𝑒 

 

After calculating the IC80 concentrations, 350.000 GDM-1 cells/ml were seeded in a 6-well plate 

format treated with the epigenetic compounds selected (Supplementary Table 4) and pelleted for 

DNA, RNA, or protein isolation after washing with DPBS without magnesium and calcium.  

Table 1: The epigenetic compounds further used in the thesis and their targets and 

mechanisms of action as described in current literature. 

Compo

und 

name 

Function Mechanism of action Ordering details 

A485 

a catalytic inhibitor of 

p300-CBP (Lasko et 

al., 2017) 

• reduce the proliferation rate of 124 

different cancers, including 

hematological malignancies, 

prostate cancer, triple-negative 

breast cancer, and small cell lung 

cancer (SCLC) (Lasko et al., 2017) 

• reduce the expression of miR-34a-

5p, which plays an essential role in 

hepatic gluconeogenesis (Y. Wang 

et al., 2022) 

Merck, Catalog 

number: 

SML2192 

SGC-

CBP30 

an inhibitor of the 

bromodomain of 

HAT EP300 

(Hammitzsch et al., 

2015) 

• decreases H3K27ac and H3K9ac 

levels (X. Wang et al., 2022) 

• reduces the proliferation of 

multiple myeloma cells (Conery et 

al., 2016) 

• The combination of SGC-CBP30 

with cisplatin shows an increased 

Sigma Aldrich, 

Catalog 

number: 

SML1133-5MG 
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anticancer effect on chordoma 

samples, and this highlights the 

importance of the idea of a 

combination of epigenetic drugs 

with chemotherapeutic agents in 

clinics (Wen et al., 2024). 

GSK-J4 

an inhibitor of histone 

demethylase jumonji 

domain containing 

protein-3 (KDM6B) 

(JMJD3/Lysine 

demethylase 6B) or 

ubiquitously 

transcribed 

tetratricopeptide 

repeat, X 

chromosome 

(UTX/Lysine 

demethylase 6A) 

(KDM6A) enzymes 

(Cottone et al., 2020) 

• demethylases H3K27 di or tri-

methylation and GSK-J4 treatment, 

resulting in increased levels of 

H3K27me3 (Dalpatraj et al., 2023) 

• Another potent inhibitor of 

KDM6A/B led to the effective 

inhibition of H3K27 demethylases 

and specific reduction in the 

expression of Brachyury (Cottone 

et al., 2020), which is an oncogene 

important for chordoma (Sharifnia 

et al., 2019). Due to reduced 

Brachurh (TBXT) expression, 

chordoma viability decreased 

significantly upon the treatment 

(Cottone et al., 2020). 

 

Merck, Catalog 

number: 420205 

ACBI1 

proteolysis targeting 

chimeras (PROTACs) 

of the SWI/SNF 

complex subunits 

SMARCA4, 

SMARCA2, and 

PBRM1. SWI/SNF 

subunits are involved 

in ATP-dependent 

chromatin remodeling 

(Farnaby et al., 2019) 

• Xiao et al. showed that enhancer-

binding TF-addicted cancers are 

sensitive to SWI/SNF inhibition. 

They found that the treatment 

results in less binding of TF at the 

enhancer elements and reduced 

enhancer-driven oncogenic 

activities (Xiao et al., 2022) 

MedChemE

xpress, 

Catalog 

number: 

HY-128359 

JQ1 

a BET inhibitor via 

degradation of BRD4, 

which is a reader of 

H3K27ac (Loven et 

al., 2013) 

• reduce the activity of the super-

enhancer driving MYC oncogenic 

expression (Loven et al., 2013) 

Merck, 

Catalog 

number: 

SML1524 



 

24 

 

• overcomes the therapy resistance in 

AML and acute lymphocytic 

leukemia (ALL) cell lines (Bauer et 

al., 2024) 

MZ1 

a PROTAC of BET 

(Ma et al., 2022) 

• inhibits AML cell growth via 

induction of apoptosis in cell lines 

but also decreases proliferation of 

leukemic cells in vivo (Ma et al., 

2022).  

MedChemE

xpress, 

Catalog 

number: 

HY-107425 

GSK59

1 

a selective inhibitor of 

PRMT5, the protein 

arginine 

methyltransferases 

responsible for 

demethylating H4 or 

H3 and silencing 

transcription (Brown-

Burke et al., 2023; 

Brown et al., 2024) 

• anti-tumoral activity in MLL-

rearranged AML in vivo models 

(Kaushik et al., 2018). 

 

MedChemE

xpress, 

Catalog 

number: 

HY-100235 

GSKLS

D1 

an irreversible 

inhibitor of LSD1 that 

demethylates 

H3K4me1/2 and 

H3K9me1/2 (Cusan 

et al., 2018) 

• Treatment of MLL fusion AML 

mouse models with GSKLSD1 

resulted in high lethality and the 

induction of myeloid 

differentiation (Cusan et al., 2018). 

 

MedChemE

xpress, 

Catalog 

number: 

HY-

100546A 

I-BRD9 

a selective chemical 

probe against BRD9, 

a SWI/SNF ATPase 

complex subunit 

(Zhou et al., 2021) 

• reduces cell proliferation, 

ferroptosis induction, and apoptosis 

in AML (Zhou et al., 2021). 

 

Sigma 

Aldirch, 

Catalog 

number: 

SML1534 

Decitab

ine 

(DAC) 

A hypomethylating 

agent inhibiting 

DNMT1 (Pappalardi 

et al., 2021) 

• Low-dose decitabine treatment has 

been used in clinics against AML, 

which also synergistically worked 

with venetoclax (Briski et al., 

2023).  

Sigma 

Aldrich, 

Catalog 

number: 

A3656-

5MG 

3.4. Decitabine and MG132 treatment schedule 
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Unless otherwise stated, the following treatment schedule was used. 350.000 GDM-1 cells/ml or 

PDX cells were seeded in a 6-well plate format, and the next day, 500 nM Decitabine (DAC) was 

added to the media. The cells were collected, centrifuged, and resuspended in freshly prepared 

growth media containing 500 nM DAC for 5 days. After the treatment, the cells were pelleted for 

further experiments after washing with DPBS without magnesium and calcium. For proteasomal 

inhibition, 10 µM of MG-132 was used to treat the cells for 24 hours.  

3.5. shRNA-mediated knockdown of MNX1 

GDM-1 cells expressing shRNAs were obtained from Dr. Mariam Hakobyan at DKFZ. Upon 

Hydroxytamoxifen treatment, the Cre-ER system is activated, and the mCherry construct is 

silenced; BFP (blue fluorescence protein) is constitutively expressed, whereas GFP (green 

fluorescence protein) and shRNAs are upon 4-Hydroxytamoxifen (TAM) treatment. sh76 targets 

the second exon of MNX1 (chr7: 156799237-156799258), and sh82 also targets the second exon 

of MNX1 (chr7: 156799231-156799252), whereas GDM-1 expressing shScramble targets no 

human gene, was used as a control.  

Aliquots of 10 mg/ml 4-Hydroxytamoxifen were thawed at 37°C in a water bath and then at 56°C 

for 3 minutes. The aliquots were vortexed, and the procedure was repeated until the solution 

became clear. Meanwhile, 400.000 GDM-1 cells stably transduced with shScramble, sh76, and 

sh86 were washed with DPBS and then seeded in one of the 6-well plates by resuspending them 

in 2ml of growth media containing 1 µg/ml of 5-Hydroxytamoxifen. 48 hours after the treatment, 

cells were collected for sorting. Cells were washed twice with DPBS supplemented with 2%FCS 

and resuspended in 300 µl of DPBS with 2%FCS. Assistant-directed florescence-activated cell 

sorting for GFP and BFP-positive cells was performed at the DKFZ Flow Cytometry core facility 

with the help of a technical assistant. Following sorting, 200.000 cells were pelleted for protein 

isolation and 100.000 cells for RNA isolation. The rest of the cells were seeded in one well of 24-

well plates for recovery for cell viability assay. After one week of recovery, 35.000 sorted cells 

were seeded in one well of a 96-well plate. Cell viability was measured two days later using a Cell 

Titer Blue assay and a plate reader (Supplementary Table 16).  

3.6. RNA isolation, cDNA synthesis, and quantitative 

polymerase chain reaction (qPCR) 

RNA was isolated using an RNeasy Plus kit according to manufacturer instructions 

(Supplementary Table 6), including performing elimination with DNAse columns. RNA was 

eluted in 30 µl of RNAse-free water twice. Total RNA concentrations were measured using the 

Qubit RNA BR kit. 500 ng of RNA was diluted with water, so the total volume was 9 µl. Protocols 

for cDNA conversion and qPCR were adapted Goyal et al. (Goyal et al., 2023). For further DNAse 

treatment, 1 µl of 10x DNase buffer and 0.5 µl of DNase I were added. Next, the samples were 
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incubated at room temperature for 10 minutes. 1 µl of 12.5mM EDTA was added to each sample 

and incubated at 65°C for 10 minutes. 1 µl of 10mM dNTP mix and 1 µl of 200 ng/µl random 

hexamer were added to the samples and incubated at 65°C for 5 minutes. They were immediately 

put onto ice. 4 µl of 5x First Strand buffer, 1 µl of 0.1M DTT, 0.5 µl of Ribolock, 0.2 µl of 

Superscript III (200 Unit/ µl), and 0.8 µl of RNase-free water were added to each sample. Next, 

the samples were incubated at 25°C for 5 minutes, at 50°C for 60 minutes, and at 70°C for 15 

minutes. 80 µl of RNase-free water was added to each sample to reach 1:10 dilution.  

The 384-well format was used for qPCR. 1,1 µl of RNase-free water, 3,5 µl of 2X SYBR Green 

Master Mix (primaQuant) buffer, and 0,4 µl of 10µM forward and reverse primer mix listed in 

Supplementary Table 8 were added to 2 µl of 1:10 diluted cDNA. For each sample, 3 technical 

replicates were used, and the PCR setup described in Supplementary Table 9 was used to carry out 

the qPCR. Expression of GAPDH was used to normalize the expression of genes after calculating 

average 2-Δ(Ct).  

3.7. RNA-seq preparation and analysis 

RNA isolation was performed as described in section 3.6. The quality of the RNAs was assessed 

using an RNA Tapestation kit and a Tapestation machine according to the manufacturer’s 

instructions. Libraries of 13 samples were prepared in the DKFZ Next Generation Sequencing core 

facility, multiplexed, and sequenced using a NovaSeq 6K paired-end 100bp S1 machine.  

Katherine Kelly (DKFZ, Heidelberg) analyzed RNA-seq data. RNA-seq analysis was performed 

by preprocessing with the nf-core RNA-seq pipeline, which included unique molecular identifiers 

(UMI) barcode extraction with UMI tools, quality control with the fastqc tool and adapter, quality 

trimming with the TrimGalore tool, alignment using the hg19 reference genome, and 

quantification using Salmon/STAR. Differential gene expression upon DAC treatment was 

identified using the DESeq2 package in R version 4.1.0. Genes whose false discovery rate (FDR)-

adjusted p-value is less than 0.05 and whose absolute(log2(Fold Change)) is more than 1 were 

considered significant. 

3.8. LB medium, LB-Agar preparation, and transformation 

of vectors 

10g of agarose, 10g of bacterial peptone, 5g of yeast extract, and 5g of NaCl were used to prepare 

LB-medium, and for LB-agar medium, 13 g of agar was sterilized by autoclaving. 

The constructs listed in Table 4 (1ng/µl) were transformed to 20 µl of Stabl3 E.coli (kindly 

provided by Oliver Mücke) using electroporation with 1600V and 5ms setting, and 200 µl of LB 

medium without antibiotics was added. 70 µl of transformed bacteria were spread on LB-agar 

plates containing 100 µg/ml of Ampicillin. The next day, colonies were picked and inoculated in 
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5ml of LB-medium with 100 µg/ml of Ampicillin. Plasmids were extracted with 3ml of LB 

medium with inoculated bacteria using the mini-prep isolation kit. Later, the constructs were 

verified via sequencing by Microsynth. 1 ml of the rest of the LB medium with inoculated bacteria 

was mixed with 1 ml of 15% LB medium with glycerol to prepare glycerol stocks of each construct. 

The remaining 1 ml of the LB medium with inoculated bacteria was inoculated to 100 ml of LB 

medium with 100 µg/ml of Ampcilin. The next day, plasmids were extracted using a maxi-prep 

isolation kit. 

3.9. Agarose gel electrophoresis 

1xTBE buffer (Tris-borate-EDTA) (Supplementary Table 5) was prepared by diluting 10X stock 

with water. 1.2 grams of agarose was dissolved in 100 ml of 1xTBE buffer, and 4 µl of ethidium 

bromide was added. The solution was heated up in a microwave and, after cooling down, poured 

into a chamber. Next, 1.2% agarose gel was put inside 1XTBE solution with 4µl of ethidium 

bromide per 100 ml. 5 µl of either phage Lambda HindIII or DNA 100bp ladder were loaded to 

the corresponding combs of the gel. Next, plasmid DNAs or PCR products were mixed with Purple 

gel loading dye (6X) and were loaded to the combs. They were separated with 90 volts (V), and 

the duration of the separation was adjusted based on the size of the sample fragments and the 

percentage of agarose gel. Later, the sample fragments were visualized, and the pictures were 

saved using the UV machine (  Supplementary Table 16) under UV light. 

3.10. Lentivirus production and collection 

The lentiviral generation protocol was adopted by Mancarella et al. (Mancarella et al., 2024). 

800,000 HEK293T cells were seeded in one well of 6-well plates with 2 ml of growth medium. 

The next day, if the confluency of the cells reached 80%, the medium was refreshed with 1.5 ml 

of growth medium. 8.4 µl of TransIT-LT1 was added to 100 µl of RPMI Medium 1640 + L-

glutamine and incubated for 10 minutes at room temperature. In a separate Eppendorf tube, 1 µg 

of pRCDEMP-EF1-GFP-HA-MNX1, 667 ng of psPAX2, and 333 ng of pMD2.G (   

Supplementary Table 10) were added to 300 µl of RPMI Medium 1640 + L-glutamine and 

incubated for 10 minutes at room temperature. 8.4 µl of TransIT-LT1 was added to 100 µl of RPMI 

Medium 1640 + L-glutamine and incubated for 10 minutes at room temperature. In a separate tube, 

1 µg of pLVX-GFP, 667 ng of psPAX2, and 333 ng of pMD2.G were added to 300 µl of RPMI 

Medium 1640 + L-glutamine and incubated for 10 minutes at room temperature. Next, plasmid 

and TransIT-LT1 mixes were mixed and set for 30 minutes at room temperature. The cells were 

transferred to the S2 laboratory facility, and the mixture was added to HEK293T cells dropwise.  

The next day after the transfection, 1.5 ml of fresh growth medium was added. GFP percentage 

was checked, and the virus-containing medium was collected and filtered the following day using 

a 0.45 µm filter and stored at -800C in cryovials.  
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3.11. Transduction of GDM-1 cells  

The transduction protocol was adopted from Anna Riedel and Mariam Hakabyon’s protocol. Two 

times, 7x106 GDM-1 cells were seeded in 10 ml of growth medium in T75 flasks. One of the flasks 

will be used as a control during puromycin selection. 4 ml of lentiviruses and 5 µg/ml of polybrene 

were added on the other flask. The following day, cells were collected, centrifuged, washed with 

DPBS two times, and resuspended in 15 ml of growth medium. The next day, cells were collected, 

centrifuged, washed with DPBS two times, and resuspended in 15 ml of growth medium 

containing 1 µg/ml puromycin. The cells were transferred back to the S1 lab, and the GFP 

percentage was assessed under a fluorescence microscope. Puromycin selection was continued 

until 10% of the remaining control cells were left alive. 

3.12. Generation of empty vector 

pRCDEMP-MNX1-GFP-HA plasmid was digested to remove MNX1 using EcoRI HF at 37°C 

using Cut Smart Buffer, and then 1 µl of BstBI was added and incubated at 65°C. The cut plasmid 

was run on a 0.8% gel. The 7.8 kb long band (meaning the digested plasmid part without MNX1) 

was cut out and purified from the gel. 2 µl of 100 µM oligo stock, 2 µl of 10X T4 ligase buffer 

with ATP, 14 µl of RNase-free water, 1 µl of T4 Polynucleotide kinase, 100 µM Forward or 

Reverse primer were mixed and incubated at 37°C for 1 hour and at 65°C for 20 minutes. 1 µl of 

forward primer mix, 1 µl of reverse primer mix, and 8 µl of RNase-free water were mixed and 

incubated at 95°C for 5 minutes and slowly cooled down for 30 minutes. The annealed primer mix 

was diluted in a ratio of 1:10. Next, 1 µl of annealed primers were ligated with 33 ng digested 

plasmid DNA, 1.5 µl of 10X T4 ligation buffer with ATP, 1.0 µl of T4 ligase and 10 µl of RNase-

free water. The mix was incubated at 25°C for 2 hours. 15 µl of ligation mix was mixed with 7.5 

µl of Ammonium Acetate (kindly provided by Marion Bähr), 1 µl of glycogen (kindly supplied by 

Marion Bähr), and 59 µl of 100% ethanol and incubated on ice for 15 minutes. The sample was 

centrifuged at maximum speed for 3 minutes, and the supernatant was removed. The pellet was 

washed once with 80% ethanol, dried for 10 minutes at room temperature, and dissolved in 5 µl of 

RNase-free water. 20 µl of Stabl3 electrocompetent bacteria were electroporated with 1 µl of the 

ligation mix under 1.6 kV for a 5 milliseconds setting, and 200 µl of LB medium without 

antibiotics was added. 70 µl of transformed bacteria were spread on LB-agar plates containing 100 

µg/ml of Ampicillin. The next day, colonies were picked and inoculated in 5ml of LB-medium 

with 100 µg/ml of Ampicillin. Plasmids were extracted with 3ml of LB medium with inoculated 

bacteria using the mini-prep isolation kit. Later, the constructs were verified via sequencing from 

Microsynth company, and digestion with restriction enzymes was followed by agarose gel 

electrophoresis. 1 ml of the rest of the LB medium with inoculated bacteria was mixed with 1 ml 

of 15% LB medium with glycerol to prepare glycerol stocks of each construct. The remaining 1 

ml of the LB medium with inoculated bacteria was inoculated to 100 ml of LB medium with 100 

µg/ml of Ampicillin. The next day, plasmids were extracted using a maxi-prep isolation kit. 
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3.13. miRNA isolation, cDNA synthesis, and qPCR 

500.000 cells were lysed with 700 µl of Qiazol buffer and incubated for 5 mins at room 

temperature. 140 µl of chloroform was added, mixed thoroughly for 15s, and incubated for 2 mins 

at room temperature. Next, the mix was centrifuged at 12000g at +4°C for 15 mins. Three phases 

can be distinguished by color and cloudiness. The upper phase was transferred into a collection 

tube, and 525 µl of 100% ethanol was added, mixed thoroughly, and transferred into RNeasy mini 

spin pink columns and centrifuged at 8000g at room temperature for 1 min. The columns were 

washed with RWT buffer (Catalog number: 1067933, Qiagen) and 500 µl of RPE buffer twice 

from the RNeasy kit. The miRNAs were eluted with 25 µl of RNase-free water. Total RNAs were 

quantified using a Qubit RNA BR kit. cDNAs were synthesized following the manufacturer’s 

protocol (miRCURY LNA RT kit, catalog number 339340, Qiagen) using 200 ng of total RNA. 

cDNAs were diluted in a 1:5 ratio with RNase-free water. qPCR reaction was performed according 

to the manufacturer’s protocol (miRCURY LNA SYBR Green PCR Kits, catalog number 339346, 

Qiagen), and the settings described in Supplementary Table 12 were used. The probes described 

in Supplementary Table 11 were dissolved in 220 µl of RNase-free water. For analysis, the 

expression of each miRNA was calculated with 2-ΔCt formulation and was normalized to 

SNORD44 or U6.  

3.14. Overexpression of miRNA mimics and antagomirs 

5 nmol of miRNA-381-3p, miRNA-410-3p, miRNA-200a-3p, and miRNA-NC mimics listed in 

Supplementary Table 12 were dissolved in 250 µl of RNase-free water by mixing thoroughly. 

Later, 20 µM miRNA mimics were aliquoted in PCR tubes for further experiments.  

5 nM, 10 nM, and 15 nM of miRNA mimics were nucleofected to 100,000 GDM-1 cells using the 

Neon transfection system using a 1500V 20ms 1pulse setting. Next, the cells were seeded in 24 

wells in 600 µl of growth media. 72h after the transfection, the cells were collected, counted, and 

nucleofected again with 5nM, 10nM, and 15nM of miRNA mimics. 72h after the second 

transfection, the cells were pelleted for qPCR and western blot analysis. 

100 nM of negative control or miR-200a-3p antagomirs were nucleofected to 100,000 GDM-1 

cells using the Neon transfection system using a 1500V 20ms 1pulse setting. Next, the cells were 

seeded in 6 wells. The next day, the cells were treated with DAC (500 nM). The media was 

refreshed with newly prepared DAC (500 nM) every day. 72h after the transfection, the cells were 

collected, counted, and nucleofected again with 100 nM of antagomirs and seeded in DAC-

containing media. 72h after the second transfection, the cells were pelleted for qPCR and western 

blot analysis.  

3.15. Luciferase assay 
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Dual-luciferase assays validate the interaction between miRNAs and their predicted target. In dual-

luciferase assays, the predicted targets are fused with the firefly luciferase (LUC) expression 

cassette, whereas the renilla LUC expression cassette serves as an internal control. In the end, LUC 

is measured via a luminometer, and the firefly LUC signal is expected to decrease upon 

degradation of the predicted target via miRNAs (Clement et al., 2015; Moyle et al., 2017). miRNA-

200a-3p and miRNA-NC (negative control) mimics were diluted 1:10 in RNase-free water to 

achieve a 2 µM concentration. 3.4 µl of DharmaFect transfection reagent was mixed with 336.6 µl 

of RPMI medium without FCS and incubated at room temperature for 10 minutes. Meanwhile, 5.1 

µl of 2 µM mimics were added to 164.9 µl RNase-free water for a 5nM concentration. 170 µl of 

DharmaFect mixture was added to each miRNA mimic, and the mixtures were incubated at room 

temperature for 30 minutes. Meanwhile, 630.000 HEK293T cells were pelleted and resuspended 

in 1 ml of growth medium. After the incubation, 170 ul of miRNA mimic-DharmaFect mix was 

distributed to one well of 12 wells, and 630.000 HEK293T cells were seeded on top.  

24 hours after miRNA transfection, 1100 ng of plasmids containing 3’UTR or mutated 3’UTR or 

pLVX-GFP were incubated for 30 minutes at room temperature with 2.2 ul of TransIT-LT1 

transfection reagent in a 100 µl of OPTIMEM media. Later, the mix was added to the cells 

dropwise.  

48 hours after plasmid transfection, the cells were trypsinized and counted. 80,000 cells were 

seeded after resuspending in 160 µl of growth media into 8 wells of the 384-well plate as 8 

technical replicates. Later, the cells were centrifuged at 300g for 5 minutes. 1 hour after seeding 

the cells, 20 µl of luciferase buffer was added and incubated at room temperature for 15 minutes. 

Firefly luciferase signals were measured following plate reader settings for Cell-Glo Dual 

luciferase by only changing the plate setup to 384-well opaque. Next, 20 µl of stop luciferase 

buffer was added and incubated at room temperature for 15 minutes. Renilla luciferase signals 

were measured. Renilla signals were divided into firefly signals and multiplied by 1000 for all the 

samples for calculation. 

3.16. miRNA-seq sample preparation and analysis 

miRNA was isolated following the protocol described in section 3.13. 5 µM cel-miR-65-5p and 

cel-miR-36-3p (Supplementary Table 12) were kindly provided by Dr. Birgitta Michels and used 

to spike in 1 µg total RNA. The library was prepared following the NEBNext Small RNA Library 

Prep Set for Illumina Kit. First of all, 3’ adaptor ligation was performed. And then, reverse 

transcription primers were hybridized. Next, 5’ adaptor sequences were ligated. After the reverse 

transcription step, index primers from the same kit were ligated. A PCR was performed with the 

following conditions: initial denaturation at 94°C for 30 seconds, 13 cycles of denaturation at 94°C 

for 15 seconds and at 62°C for 30 seconds and at 70°C for 15 seconds, and final extension at 70°C 

for 5 minutes. The PCR products were purified using Monarch PCR and a DNA cleanup kit by 

diluting the PCR products with binding buffer using a 7:1 ratio. After the elution in 27.5 µl of 
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RNase-free water, 32.5 µl of AMPure XP beads were added and incubated at room temperature 

for 5 minutes. The samples were placed on a magnetic stand, and after the solution was clear, the 

supernatant was removed. 92.5 µl of AMPure XP beads was added. The samples were placed on 

a magnetic stand, and after the solution was clear, the supernatant was removed. The beads were 

washed with 200 µl of 80% ethanol for 30 seconds and dried for 10 minutes at room temperature. 

Next, the fragments were eluted in 15 µl of RNase-free water. 1 µl of the eluted samples was used 

to measure concentration using a Qubit DNA HS kit, and 1 µl of some samples was used to check 

the size of the library prepared using a High Sensitivity D1000 tape station kit and 4150 tape 

station machine according to the sample’s instruction. Equal molar (44 fmol/µl) of library samples 

from the identical amplicons were pooled and sequenced on the NextSeq 550 single read 75 bp 

high throughput platform at the DKFZ Next Generation Sequencing core facility. 

Katherine Kelly (DKFZ, Heidelberg) analyzed miRNA-seq data. The sRNAmapper tool's bowtie 

aligner was used to align the reads to the hg38 human reference genome and to perform 3’ adapter 

trimming via the Heidelberg Unix Sequence Analysis Resources (HUSAR) GUI. The resulting 

bam files were used to index via the samtools. Next, using the Bedtools multicov tool, the 

sequences overlapping with miRbasev22.1 isomiR annotation were counted. miRNA primary 

transcripts, sequences transcripted from more than one genomic sequence, and lowly expressed 

sequences with less than 5 median raw read counts in all samples were filtered. Counts from 

miRNA-level and arm-level were used for differential expression analysis upon DAC treatment 

via DESeq2 in R version 4.1.0. miRNAs whose false discovery rate (FDR)-adjusted p-value is less 

than 0.05 and whose absolute(log2(Fold Change)) is more than 1 were considered significant. 

miRDB, TargetScan, and miRTarbase prediction tools retrieved miRNAs predicted to bind MNX1 

3’UTR. miRNAs predicted to bind MNX1 3’UTR by at least two prediction tools were considered 

to have a high probability of predicting. 

3.17. Protein isolation, quantification, and western blot 

Hot lysis buffer was prepared according to Supplementary Table 5. 1 µl of Benzonase (250 Units/ 

µl) was added to 1 ml of hot lysis buffer. A cell pellet containing 1 million frozen GDM-1 cells 

was resuspended in 20 µl of hot lysis buffer and incubated on ice for 20 minutes. Next, the samples 

were transferred into 8-well strips, incubated at 97°C for 10 minutes, and centrifuged at 4000 rpm 

for 5 minutes. Around 18 µl of the supernatants were transferred into new 8-well strips and used 

for quantification.  

For quantification, a plate-based bicinchoninic acid (BCA) assay was used. 1.5 µl of each protein 

sample was diluted to a final volume of 50 µl of RNase-free water. Dilutions containing 0, 2.5, 

5.0, 10, 15, and 20 grams of bovine serum albumin (BSA) were diluted in 50 µl of RNase-free 

water as standards. CuSO4 was added to BCA solutions in 1:50 dilution, and 200 µl of this mix 

was added to each protein or standard sample. Next, the plate was incubated at 32°C for 40 
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minutes. After the incubation, the absorbance of each protein and the standard sample was 

measured using a 562 nm wavelength in the plate reader. 

4 µl of 4xloading buffer, 0.4 µl of 1M DTT, and 0-30 µg of each protein sample were mixed, and 

water was added until the final volume was 16 µl. Next, protein samples were denatured for 10 

minutes at 95°C. Samples were loaded in 4-20% TGX gels with 15 combs (Supplementary Table 

15) and run with 80V for 60 minutes using around 1L of running buffer. 1X transfer buffer was 

used during the transfer buffer. Proteins were transferred using 4 layers of sponges and 2 layers of 

Whatman filter papers into a polyvinylidene difluoride membrane (PVDF) using 1X transfer buffer 

after the membrane was activated with 100% methanol for 30 seconds. The transfer took place 

with 200V for 2 hours in a cold room. After the transfer, the membrane with the proteins was 

blocked in 15 ml of blocking buffer with 1X TBST and 5% milk powder for 1 hour at room 

temperature. Primary antibodies (Supplementary Table 13) were diluted in a blocking buffer 

prepared with 1X TBST in 1:1000 dilution and then used to incubate the membrane overnight in 

a cold room. The next day, the membrane was washed 5 times with 1X TBST for 8 minutes and 

was incubated with a blocking buffer containing the secondary antibodies in 1:500 dilution. ECL 

buffer was prepared in a 1:1 ratio according to the manufacturer’s instructions. After the secondary 

antibody incubation, the membrane was washed 5 times with 1X TBST for 8 minutes. Then, it was 

incubated with 1.5 ml of ECL buffer and visualized with an Amersham Imager 680.  

The protein bands were quantified using Image Studio 5.2 software. The signals from protein 

bands incubated with a horseradish peroxidase-coupled antibody against β-actin (Supplementary 

Table 13) were used to normalize the signals from bands incubated with other antibodies. β-actin 

was used as a loading control. Signals from at least 3 biological replicates were used to quantify 

Western blots. 

3.18. Genomic DNA isolation and Infinium Methylation 

EPIC array 

According to the manufacturer's instructions, genomic DNAs (gDNAs) were isolated using a 

Qiagen Blood and Tissue Extraction kit. Elution was performed using RNase-free water. 1000 ng 

of gDNA was diluted with RNase-free water until 40 µl volume. The samples were sequenced 

using the Infinium Methylation EPIC array at the Genomics and Proteomics Core Facility of 

DKFZ. IDAT files were downloaded and preprocessed using the RnBeads package in R version 

4.1.0 (Muller et al., 2019). SNPs were removed, and normalization was performed using bmiq 

(Teschendorff et al., 2013) and SeSame subtraction methods (W. Zhou et al., 2018). Probes on the 

X and Y chromosomes were preserved, whereas cross-reactive probes were filtered. The remaining 

number of CpG probes was 702882. To identify methylation changes on the LINE1 elements, 

probes located in those regions were filtered and averaged for each replicate. To determine the 

methylation levels on the MNX1 gene, Katherine Kelly (DKFZ, Heidelberg) shared the list of 

CpGs on the MNX1 gene. I filtered the probes in those regions and averaged for each replicate. A 
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box plot was drawn, and a t-test was performed using the gglot2 package in R version 4.1.0. Figeno 

was used to show the genes and chromosomal location. 

3.19. Patient-derived xenografts (PDX) in vitro culture and 

DAC treatment 

10 million PDX cells were thawed in 5 ml of growth media (Supplementary Table 2), so there are 

2 million cells per ml. 2-3 days after thawing, 350.000 PDX cells/ml were seeded, and one day 

after that, the cells were treated with 500 nM of DAC for 5 days. At the end of the treatment, the 

cells were washed with 1X DPBS, pelleted, and frozen.  

3.20. Bisulfite treatment of genomic DNAs and local deep 

bisulfite sequencing via MiSeq 

Genomic DNAs (gDNAs) extracted from DAC or DMSO-treated GDM-1 cells were treated with 

bisulfite using an EZ DNA methylation kit per manufacturer instructions, including removing 

excess M-wash buffer via empty centrifugation. The samples were eluted using 40 µl of RNase-

free water, and the first PCR was performed. 0.7 µl of 10X Taq polymerase buffer, 0.056 µl of 10 

mM dNTP, 0.056 µl of Hot Start Taq Polymerase, 1 µl of 1 µM reverse and forward primer mix, 

3.7 µl of H2O (Supplementary Table 7) and 1.5 µl of each gDNA samples were mixed. The samples 

were incubated at 94°C for 15 minutes, in 45 cycles at 95°C for 30 seconds, at 62°C, at 72°C for 

60 seconds, and lastly at 72°C for 5 minutes. The concentrations of the PCR products were 

measured with a Qubit DNA HS kit, and samples were run in agarose gel electrophoresis after 1:4 

dilution with RNase-free water. Next, a second PCR with index primers was performed. gDNAs 

were diluted with RNase-free water to reach 0.5 ng/µl and mixed with 12.5 µl of 2X Kappa 2G 

Robust Hotstart Readymix, 0.75 µl of 10 µM Tn5mCP1n (Forward primer), 0.75 µl of 10 µM 

Tn5mCP1n (either index 6, 8, 10, 16, 19, 20 primers), 0.25 µl of 10X SYBR green and 9.75 µl of 

RNase-free water and put into a 96-well plate. Later, the samples were incubated at 95°C for 3 

minutes and 8 cycles at 95°C for 20 seconds, 62°C for 15 seconds, 72°C for 30 seconds, and finally 

at 72°C for 10 seconds. Later, the samples were collected from the wells and purified with AMPure 

beads. 330 µl of 10X Ampute buffer (10 µl per sample) was mixed with 825 µl of AMPure beads 

(25 µl per sample). 35 µl of bead mix was added to each sample (25 µl) in a 1:1,4 ratio, mixed 

thoroughly, and incubated at room temperature for 10 minutes. Next, the samples were put onto 

magnetic rocks, and the supernatant was removed after 3-5 minutes. The samples were rinsed with 

100 µl of 80% ethanol 5 times. The lids of the samples were left open and incubated at room 

temperature for 10 minutes to remove all the ethanol altogether. The PCR products attached to the 

beads were eluted using 12 µl of EB buffer. 1 µl of the eluted samples was used to measure 

concentration using a Qubit DNA HS kit, and 1 µl of some samples was used to check the size of 

the library prepared using a High Sensitivity D1000 tape station kit and machine according to the 

sample’s instruction. Equal molar (50 fmol/µl) of library samples from the different amplicons 
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were pooled and sequenced on the MiSeq Nano V2 (4-color) platform at the DKFZ Next 

Generation Sequencing core facility.  

MiSeq samples were analyzed using tabsat (Pabinger et al., 2016). Raw data was aligned using 

reference genome hg19 with the Bismark tool (Krueger & Andrews, 2011). The number of 

methylated and unmethylated cytosines from each amplicon was identified. The methylation 

frequencies of each amplicon for each of the CpGs were visualized using Figeno (E. Sollier et al., 

2024).  

3.21. CTCF Antibody-guided chromatin tagmentation 

followed by sequencing (ACT-seq) sample preparation and 

analysis 

The CTCF ACT-seq protocol was adopted from Dieter Weichenhan’s protocol (Mulet-Lazaro et 

al., 2021; Weichenhan et al., 2023). 3 biological replicates of DAC or DMSO-treated samples were 

used (n=6). 4.5 µl of 2X CB buffer (kindly provided by Marion Bähr, DKFZ), 2.5 µl of pA-

Tn5ase.2.3, 0.6 µl of 50 μM Tn5ME-A+B load adaptor mix, and 1.4 µl of H2O were mixed to 

prepare pA-Tn5 transposome mix for each sample (OMC mix). OMC mix was prepared for 12 

CTCF and 6 IgG ACT-seq samples and incubated at room temperature for 10 minutes. For IgG, 

4.8 µl of 1XCB buffer, 9.6 µl of 1:10 diluted IgG antibody (1 mg/ml), and 6 µl of OMC mix were 

mixed and incubated at room temperature for 30 minutes. For CTCF, 9.6 µl of 1XCB buffer, 19.2 

µl of anti-CCF antibody, and 12 µl of OMC mix were mixed and incubated at room temperature 

for 30 minutes. After that, 250.000 GDM-1 cells were pelleted, resuspended in 100 µl of ice-cold 

1XCB buffer, and incubated on ice for 10 minutes. Next, the samples were centrifuged at 1000g 

for 5 minutes at 4°C. The supernatant was removed, and the pellet was resuspended in 50 µl of 

PBS and 3.1 µl of 1.6% Formaldehyde (prepared by adding 9 µl of formaldehyde to 81 µl of 

DPBS) (Supplementary Table 14) and incubated at room temperature for 2 minutes. 

Permeabilization was stopped by adding 1.5 µl of 2.5 M glycine. After the centrifugation, the pellet 

was washed with 100 µl of 1XCB buffer and resuspended in 100 µl of 1XCB buffer. 

Permeabilization was assessed by mixing 5 µl of permeabilized cells with 5 µl of trypan blue. 

After that, 30 µl of 1XCB buffer was added to the permeabilized cells. 3.2 µl of IgG pA-TnpOme 

ab mix and 6.5 µl of CTCF pA-TnpOme ab mix were added into the Eppendorf tubes. For IgG 

samples, 25 µl of permeabilized cells were mixed with 25 µl of 1XCB buffer and were added to 

the tubes containing IgG pA-TnpOme ab mix. For CTCF samples, 100 µl of permeabilized cells 

were added to the tubes containing the CTCF pA-TnpOme ab mix. The samples were incubated at 

room temperature for 1 hour. To remove excess transposomes, the samples were washed once with 

350 µl of wash buffer (kindly provided by Marion Bähr, DKFZ). After the centrifugation at 600g 

for 5 minutes at room temperature, the supernatant was removed. Next, the samples were 

resuspended in 350 µl of wash buffer, rotated for 5 minutes at room temperature, and centrifuged 

at 600g for 5 minutes at room temperature. These steps were repeated 3 times. Next, the samples 
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were resuspended in 1XCB buffer until their volumes were 100 µl. 1 µl of 1M MgCl2 was added 

and incubated at 37°C for 30 minutes. Then, 4 µl of 0.5 M EDTA (pH 8.2), 2 µl of 10% SDS, and 

1 µl of proteinase K were added and incubated at 55°C for 30 minutes. After that, 550 µl of PB 

buffer from the MinElute kit was added, and the samples were transferred to columns and 

centrifuged at 12000rpm for 1 minute. Next, they were washed with 730 µl of PE buffer and 

centrifuged at 12000rpm for 1 minute. After empty centrifugation at 13000rpm for 3 minutes, they 

were eluted in 24 µl of elution buffer (EB), which is pre-heated at 65°C.  

3.22. CTCF ACT-seq library PCR and purification of CTCF 

ACT-seq library 

The library PCR reaction was performed under real-time conditions, with an addition of 25 µl of 

High Fidelity NEB buffer, 2.5 µl of 10 µM Tn5mCP1n (Forward primer), 2.5 µl of 10 µM 

Tn5mCP1n index primers (Supplementary Table 8) and 0.5 µl of 100X SYBR. The samples were 

incubated at 72°C for 5 minutes for gap repair, 98°C for 30 seconds for initial melting, and cycles 

of 98°C for 10 seconds, 63°C for 10 seconds, and 72°C for 10 seconds. Cycling was stopped when 

the difference between the initial and final fluorescence units was 1-2 for CTCF samples (around 

21 cycles) and 5 for IgG (around 12 cycles) samples. 

The samples were purified using AMPure beads, diluted 1:1 in AMPure buffer (kindly provided 

by Marion Bähr, DKFZ) (2.5 M NaCl and 20% PEG 8000). 70 µl of bead mix was added to each 

sample (50 µl) in a 1:1.4 ratio, mixed thoroughly, and incubated at room temperature for 10 

minutes. Next, the samples were put onto magnetic rocks, and the supernatant was removed after 

3-5 minutes. The samples were rinsed with 100 µl of 80% ethanol 5 times. The lids of the samples 

were left open and incubated at room temperature for 10 minutes to remove all the ethanol 

altogether. The fragments attached to the beads were eluted using 12 µl of EB buffer. 1 µl of the 

eluted samples was used to measure concentration using a Qubit DNA HS kit, and 1 µl of some 

samples was used to check the size of the library prepared using a High Sensitivity D1000 

tapestation kit and 4150 tapestation machine according to the sample’s instruction. Equal molar 

(16 fmol/µl) of library samples from the identical amplicons were pooled and sequenced on the 

NextSeq 550 paired-end read 75 bp high throughput platform at the DKFZ Next Generation 

Sequencing core facility. 

3.23. Bioinformatics analysis of CTCF ACT-seq 

Analysis of the CTCF ACT-seq data was performed by Dieter Weichenhan (Cancer Epigenomics 

division, DKFZ) as per (Weichenhan et al., 2023). In summary, Adapter and quality were 

performed via TrimGalore v. 0.4.4 together with Cutadapt v. 1.14 using the non-default parameters 

“--paired”, “--nextera”, “--length_1 35”, and “--length_2 35”. Trimmed reads were mapped against 

the GRCh37/hg19 reference genome using Bowtie2 v. 2.2.6 with the “--very-sensitive” flag and a 

maximum insertion length of 2500 bp (Langmead & Salzberg, 2012). SAMtools merge v. 1.5 was 
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used to merge Aligned reads belonging to the same lane-multiplexed library. Mismatched 

mappings and alignments with a Phred score of less than 20 were filtered via the SAMtools view. 

Additionally, Alignments with fragment sizes below 38 bp were removed. The ends of the reads 

were adjusted to represent the center of the transposition event. Common Workflow Language v. 

1.0 implemented fully containerized workflows. During Peak Calling, from MACS v.2.2.6, IgG 

control was substracted for input subtraction, and a wrapper script called “callpeaks” provided by 

Encode was also used. 

‘call peaks-derived bed files were used for differential analysis to find the CTCF peaks between 

the breakpoint in chr6 and the AHI1 region (chr6:135505080-135644755). For downstream 

analysis, HOMER motif analysis was used using the default parameters to find the motifs binding 

to the area of interest. Figeno was used to show the results and the genes and chromosomal 

location. 

3.24. 4C-seq library preparation 

The first batch of 4C experiments was carried out by Elena Everatt (DFKZ, Heidelberg) using one 

replicate of DAC, DMSO-treated, and untreated GDM-1 samples. The second batch of 4C 

experiments, using 3 replicates of DAC or DMSO-treated GDM-1 samples, was performed by 

Marion Bähr (DKFZ, Heidelberg). In both batches, cells were resuspended in 3ml of DPBS 

without magnesium and calcium and centrifuged at 600g for 5 minutes at +4°C. The supernatant 

was removed, dissolved in 5 ml DPBS without magnesium and calcium with 10%FCS, and shaken 

for 10 minutes at room temperature. Next, 1.42 ml of 1M ice-cold glycine was added, and the 

samples were incubated on ice and centrifuged at 600g for 12 minutes at +4°C. After removing 

the supernatant, they were resuspended and incubated in 1 ml of 4C lysis buffer for 5 minutes at 

room temperature, followed by shaking for 30 minutes at 65°C at 650rpm. The lysis was checked 

under a light microscope and stopped after 20 minutes of incubation at 65°C. Samples were 

centrifuged at 1000g at +4°C and washed with 400 µl of DPBS without magnesium and calcium. 

The pellets were dissolved in 440 µl of H2O and 60 µl of NEB3.1 buffer and incubated at 55°C. 

After the addition of 7.5 µl of 20%SDS, the temperature was increased to 60°C and the samples 

were incubated at 60°C for 3 minutes, followed by shaking at 37°C for 55 minutes at 750rpm. 

Next, 75 µl of 20% Triton X-100 was added, and the samples were incubated at 37°C for 1 hour. 

10 µl of BgIII enzyme (100U) was added and incubated with 7 µl of spike-in control overnight at 

37°C, which is around 80 ng of BACe3.6 vector (a kind gift from Dieter Weichenhan). 10 µl of 

BgIII enzyme (100U) was added and incubated with 7 µl of spike-in control for 2.5 hours at 37°C. 

Next, 3 µl of Proteinase-K was added to the samples, and they were shaken for 45 minutes at 65°C 

at 750 rpm. Next, 1.2% agarose gel was run to check the digestion. After that,  550 µl of the 

restriction enzyme digested samples were mixed with 5.7 ml of H2O, 700 µl of 10X ligase buffer, 

and 15 µl T4 ligase enzyme (400.000U/ml) and incubated overnight at room temperature. 1 µl of 

EcoRI cut BlueScript construct, which has around 100 ng vector per µl, was added to the 50 µl 

samples. Later, the samples were incubated with 3 µl of Proteinase-K for 45 minutes at 65°C and 
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run in an agarose gel. In a water bath, 20 µl of Proteinase K was added to the samples and incubated 

for 2.5 hours at 65°C for decross-linking. Later, the samples were cool-downed at room 

temperature for 10 minutes, and 5 µl of RNase A was added and incubated at 37°C for 30 minutes 

in a water bath. 770 µl of 3M sodium acetate pH 5.2 and 7.5 ml of 

Isoamylalcohol/Phenol/Chloroform with 0.1% 8-Hydroxychinolin were added. Then, the samples 

were centrifuged at 6000 rpm for 10 minutes at room temperature. The supernatant was taken, and 

2 µl of glycogen was added with 20 ml of 100% EtOH and incubated on ice for 15 minutes. Later, 

the samples were centrifuged for 10 minutes at 10°C with 10.000 rpm. The supernatant was 

removed, and the pellet was dissolved in 3 ml of 80% EtOH and air-dried for 20 minutes at room 

temperature after the removal of EtOH. The pellet was dissolved in 200 µl of H2O. The 

concentration of DNA was measured with a Qubit HS kit and Qubit 2.0 fluorometer. 200 µl of the 

samples (all of the volume) was digested with the addition of 25 µl of 10X CutSmart buffer, 5 µl 

of NIaIII enzyme, and 20 µl of H2O. 6 µl of the mix was mixed with 1 µl of BlueScript vector, 

and all samples were incubated overnight at 37°C. Digestion was stopped via incubation at 65°C 

for 20 minutes. Next, 150 µl of 10X ligation buffer and 7.5 µl of T4 ligase were added to the 

samples, and the volumes were completed until 1.5 ml with H2O. To 10 µl of the samples, 0.5 µl 

of EcoRI digested blue script construct (whose concentration is around 50ng per µl) was added 

and run in an agarose gel. Later, 1 µl of glycogen and 168 µl of 3M sodium acetate were added, 

and the mix was distributed to 3 Eppendorf tubes in equal amounts (around 556 µl). To each 556 

µl, 1.4 ml of 100% EtOH was added, incubated on ice for 30 minutes, and centrifuged for 15 

minutes at 10°C with maximum speed. After washing the pellet with 150 µl of 80% EtOH, 

removing the EtOH, and airdrying for 10 minutes, three aliquots were pooled in 75 µl of H2O. The 

first PCR was performed using 32.5 µl of H2O, 10 µl of 5X buffer, 1.0 µl of 10mM dNTP, 2.5 µl 

of either MNX1 or MYB viewpoint primers (listed in Supplementary Table 8), 0.5 µl of Q5 DNA 

polymerase and 10 µl of GC enhancer. The PCR conditions in Supplementary Table 18 were used. 

Bead purification using HighPrep beads was performed using a 1:5 (60 µl of beads: 40 µl of PCR 

product) ratio. Next, library PCR was carried out using index primers listed in Supplementary 

Table 8. For the PCR, 12.5 µl of 2xKapa buffer, 0.75 µl of forward universal index and reverse 

index primers with 8, 9, 10, 11, 17, 18, 13, 14, 15, 16, 19, 20, 2.0 µl of SYBR green and 1 µl of 

DNA were mixed. After the PCR, the products were purified using a 1.4:1 ratio and were eluted 

in 14 µl of elution buffer. The concentrations were measured using a Qubit HS kit, and the quality 

of the libraries was assessed using a High Sensitivity D1000 tape station kit and a 4150 tape station 

machine according to the sample’s instructions. Equal molar (25 fmol/µl) of library samples from 

the identical amplicons were pooled and sequenced on the NextSeq 550 paired-end read 75 bp 

high throughput platform at the DKFZ Next Generation Sequencing core facility. 

3.25. 4C-seq analysis 
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Read files with BgIII or NIaIII restriction enzyme sequences were analyzed using the Pipe4C 

pipeline (Krijger et al., 2020). The generated bigwig files were used to visualize the interaction via 

Figeno (E. Sollier et al., 2024). 

3.26. Statistical Analysis 

GraphPad Prism Software (Supplementary Table 17) was used to draw the graphs and calculate p 

values. Unless otherwise stated, all replicates represented in the graphs of this thesis are biological 

replicates. Unless otherwise noted, a one-tailed paired t-test was used to analyze the data in this 

thesis from at least 3 different biological replicates, and a p-value of 0.05 was considered 

significant according to the test results (*p-value ≤  0.05, ** p-value ≤  0.01, *** p-value ≤  0.001). 

While means are used in the bar graphs, each dot representing the mean of 3 technical replicates 

from one biological replicate, error bars represent ± standard deviation (s.d.). 
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4. Results 

4.1. Chapter 1: Epigenetic compound screening in GDM-1 

4.1.1. Knockdown of MNX1 

Premature senescence was observed upon overexpression of potent oncogenes like BRAF, RAS, 

MEK, and RAF (Michaloglou et al., 2005; Serrano et al., 1997; Zhu et al., 1998). In previous 

studies, MNX1 was demonstrated to be an oncogene in AML (Waraky et al., 2024), and 

overexpression of MNX1 was found to induce a DNA damage response and premature senescence 

in HSPCs (Ingenhag et al., 2019). Therefore, I hypothesized that the downregulation of MNX1 

would reduce the cell viability of GDM-1, the only AML cell line with MNX1 expression (Nagel 

et al., 2005). 

To demonstrate this, I used GDM-1 cells transduced with negative control shRNA (shRenilla) or 

shRNAs targeting different exons of MNX1 (sh76 and sh82). A blue fluorescent protein (BFP), 

shRNAs, and green fluorescent protein (GFP) were surrounded by loxN sites, which flip the 

sequences via Cre activation. Upon 4-Hydroxytamoxifen (TAM)-mediated Cre activation, the BFP 

signal should disappear, and GFP and shRNA expression should be induced (Figure 4A). I treated 

the cells with TAM for 48 hours and prepared them for fluorescence-activated cell sorting (FACS). 

I observed that there are still BFP-positive (BFP+) cells after TAM induction, so I sorted BFP(+) 

and GFP (+) GDM-1 cells (Figure 4B). Western blot analysis using the proteins isolated from the 

sorted cells revealed a statistically significant downregulation of MNX1 protein levels (Figure 4C) 

(p-value = 0.0062 for sh76 and p-value <0.0001 for sh82). The knockdown of MNX1 resulted in 

statistically significant reduced viability of GDM-1 (p-value = 0.0021 for sh76 and p-value = 

0.0135 for sh82) (Figure 4D). 
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Figure 4: Effects of MNX1 knockdown in GDM-1. 

A. Representation of the vectors used to knockdown MNX1. B. FACS sorted GFP and BFP 

positive GDM-1 cells after 48 hours of TAM induction, shown in the black squares. The graphs 

on the left show the signals before TAM induction, and those on the right show the signals after 

TAM induction. C. A representative image of a Western blot analysis was performed on the 

sorted cells in Figure 1B. The bottom bar graph shows the quantification of knockdown in the 

sorted cells. D. Cell viability after 168 hours of TAM induction was measured and normalized 

to shScramble. A one-tailed t-test was used to analyze the data, and a p-value less than or equal 

to 0.05 was considered significant according to the test results. (* p-value ≤ 0.05, **p-value ≤ 

0.01, *** p-value ≤ 0.001). 

From these experiments, I concluded that the viability of GDM-1 depends on MNX1 expression. 

The next step was to treat GDM-1 cells with epigenetic compounds and measure cell viability. The 

hypothesis was that the compound that induces cell death could achieve this via downregulation 

of MNX1. 

4.1.2. Epigenetic compound screening and dose-response 

curves of the selected compounds 

Hijacked enhancers from the AHI1/MYB region drive the expression of MNX1 in GDM-1 

(Weichenhan et al., 2023). Treatment with sinefungin, a SAM inhibitor, an epigenetic compound, 
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prevented MNX1-driven AML leukemogenesis (Waraky et al., 2024). These findings highlighted 

the fact that epigenetic mechanisms might regulate MNX1 expression. Therefore, it was 

hypothesized that MNX1 expression might be downregulated using the treatment of GDM-1 with 

epigenetic compounds. 

To investigate this, I performed an epigenetic compound screening using a library of 174 different 

epigenetic compounds in the GDM-1 cell line (Supplementary Table 3). I used signals from media-

only wells as negative controls and those from DMSO-treated wells for normalization. I identified 

the top 50 epigenetic compounds that decreased cell viability by more than 33% (Figure 5A).  I 

selected 10 of these compounds for further analysis based on the viability results, commercial 

availability, and different mechanisms of action. Using a non-linear fitting formula (3.3 Selection 

of the compounds from the screening and dose-response curve (DRC) analysis) in GDM-1 (Figure 

5B), I calculated the IC50 and IC80 concentrations of these 10 epigenetic compounds.  

I showed that the cells seem resistant to higher concentrations than the IC50 of GSK591 and GSK-

LSD1. The IC50 concentration for both compounds is 1.5 µM (Figure 5B). I observed that the IC50 

concentrations of DAC and ACBI-1 are lower than those of the other compounds (Figure 5B).  

I concluded that epigenetic compound screening revealed valuable hits. Those hits can be further 

studied to assess the effect on MNX1 expression. Therefore, I treated GDM-1 cells with IC80 

concentrations of those compounds for 48 hours and then evaluated MNX1 expression via qPCR 

(Figure 6C, Supplementary Table 4).  
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Figure 5: Epigenetic compound screening and dose-response curves of the 10 epigenetic 

compounds. 

A. Bar graph shows the mean cell viability of the samples treated with the top 50 compounds. 

The results were normalized to DMSO control and showed as a single point. Green bars indicate 

the compounds selected for further analysis, and checkered bars indicate the treatments with 

HMAs (n=6, 2 biological replicates with three technical replicates in each). Numbers 1-50 

represent the compounds in the list (Supplementary Table 3). B. The A485, MZ-1, ACBI-1, 

GSK591, GSK-J4, GSK-LSD1, IBRD9, JQ1, SGC-CBP30, DAC dose-response curves (DRCs). 

Numbers next to the compound's name represent their positions in the viability result. 

4.1.3. Expression of MNX1 upon the treatment of selected 

compounds 

The questions left from the previous findings are whether MNX1 expression influences the 

treatment response against these compounds and whether the treatments with 10 epigenetic 

compounds change MNX1 expression. Therefore, I treated GDM-1 cells mainly with IC80 

concentrations of 10 epigenetic compounds (Supplementary Table 4) except for GSK-LSD1 and 

GSK-591. The cells seem resistant to higher concentrations than the IC50 of GSK591 and GSK-

LSD1, so the IC50 concentration was used.  

Upon the treatment with 9 epigenetic compounds, the viabilities of three MNX1(-) cell lines, 

HL60, OCIAML3, and MOLM13, which do not express MNX1, revealed that MOLM13 is 

sensitive to all epigenetic compound treatments. In contrast, the viability of HL60 was less affected 

than that of GDM-1 except for MZ-1 treatment (Figure 6A). The data indicated nearly half as much 

cell death in the MNX1(-) cell lines as in GDM-1 following DAC treatment (Figure 6B). This led 

me to speculate that DAC might affect MNX1 expression. 

I examined by qRT-PCR the effect of 10 compounds on MNX1 expression in GDM-1 

(Supplementary Table 4, Figure 6C). Only DAC treatment resulted in a statistically significant 

reduction (p-value = 0.0308) (Figure 6C, D). The drug that resulted in the second most robust 

reduction of MNX1 expression was the BET inhibitor JQ1; however, this effect was not statistically 

significant (p-value = 0.3811), even with an increased number of replicates (i.e., in 6 biological 

replicates) (p-value = 0.1218) (Figure 6E). 
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Figure 6: Treatments with 10 selected epigenetic compounds. 

A. Mean viability results of MNX1 (-) AML cell lines treated with epigenetic compounds except 

for DAC using the concentrations listed in Supplementary Table 4. The dashed line represents 

the viability results obtained from GDM-1 treatments. B. The DAC dose-response curve of 

GDM-1, HL60, MOLM13, and OCIAML3. C. Mean of MNX1 mRNA expression levels of 

GDM-1 upon the treatment with the 10 epigenetic compounds. D. Mean of MNX1 mRNA 

expression levels of GDM-1 upon the treatment with DAC.  E. Mean of MNX1 mRNA 

expression levels of GDM-1 upon the treatment with JQ1 on the two graphs with different 

biological replicate numbers.  

A two-tailed t-test was used to analyze the data in Figures 6C, D, and E, and a p-value less than 

or equal to 0.05 was considered significant according to the test results. (* p-value ≤ 0.05, **p-

value ≤ 0.01, *** p-value ≤ 0.001). 

In summary, DAC is the only compound that induced a sharp decrease in GDM-1 cell viability, 

which the downregulation of MNX1 RNA could explain. However, further validations were needed 

to prove that the DAC treatment worked. 

4.2. Chapter 2: Effect of DAC treatment in GDM-1 cells  

4.2.1. Hypomethylation upon DAC treatment 
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It is estimated that around 25% of DNA hypermethylation in the human genome happens in LINE-

1 elements, which comprise around 17% of the human genome (Ewing et al., 2020; Yang et al., 

2004). Therefore, analysis of LINE-1 methylation levels is commonly used to indicate global DNA 

methylation levels (Baba et al., 2018; Yang et al., 2004). I assessed the effect of DAC treatment 

by examining the methylation of LINE-1 elements using the Infinium Methylation EPIC array 

(Moran et al., 2016; Noguera-Castells et al., 2023). Upon treatment, the array showed a statistically 

significant hypomethylation of LINE-1 elements (p-value = 0.0005), confirming that DAC 

treatment results in the expected genome-wide hypomethylation (Figure 7A). RNA-seq data 

revealed upregulation of the genes previously described to be upregulated upon hypomethylating 

agent (HMA) treatment in the NCI-H1299 cell line  (Goyal et al., 2023). Those genes were 

enriched among upregulated genes upon 120h long DAC treatment (Figure 7B). EPIC array 

analysis also showed that the MNX1 3’UTR regions (chr7: 156801419–156803578) and the rest of 

the MNX1 region (chr7: 156797257–156801700) became hypomethylated upon DAC treatment 

(Figure 7C, D). 
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Figure 7: Methylation changes upon DAC treatment. 

A. Mean methylation levels of each CpG overlapping with LINE-1 regions. B. Gene set 

enrichment analysis of GDM-1 RNA-seq data using the genes known to be upregulated upon 

HMA treatment in the NCI-H1299 cell line (Goyal et al., 2023). C. Heatmap showing the 

methylation difference between DAC and DMSO treated samples on the promoter region and 

around the 3’UTR of MNX1. D. Heatmap showing the methylation difference between DAC 

and DMSO treated samples on the promoter region and around the gene body region of MNX1. 

Each row represents the mean methylation of each CpG from one biological replicate. Light 

blue and green columns show the mean methylation of each CpG after 120 hours of either DAC 

or DMSO treatment. A one-tailed t-test was used to analyze the data in Figure 7A, and a p-value 

less than or equal to 0.05 was considered significant according to the test results. (* p-value ≤ 

0.05, **p-value ≤ 0.01, *** p-value ≤ 0.001). 

I concluded that DAC treatment led to genome-wide hypomethylation, as expected.  

4.2.2. Effect of DAC treatment on MNX1 RNA and protein 

expression 

Inhibition of BRD/BET complexes has been shown to disrupt the hijacked enhancer-promoter 

interactions generated upon t(8;12), which drives the A2M gene expression in gliomas (Wang et 

al., 2021). Furthermore, HMA treatment or triple knockdown of DNMT3A, 3B, and DNMT1 

weakened AML-specific loops, altering 3D genome organization and changing the expression of 

AML-specific genes  (Xu et al., 2022). By demonstrating the effects of epigenetic inhibitors on 

enhancer-promoter interactions and 3D genome organization, these studies highlight the potential 

utility of epigenetic compounds in cancer therapy. 

Enhancers from the AHI/MYB region juxtaposed to the MNX1 promoter drive MNX1 expression 

in GDM-1. To study the effect of DAC treatment on the expression of MNX1, I isolated RNAs 

from 120-hour DAC or DMSO-treated GDM-1 cells. The DKFZ NGS core facility performed the 

library preparation and sequencing. As expected, I observed a significant downregulation of MNX1 

upon DAC treatment (Figure 8A). Upon DAC treatment, cancer-testis antigens (CTAs) are known 

to be activated (Srivastava et al., 2016; Zhong et al., 2022). RNA-seq analysis on DAC-treated 

GDM-1 cells showed that CTAs such as MAEL, MAGEB2, PAGE2B, MAGEA3, MAGEB1, and 

FMR1NB are activated upon DAC treatment, as expected (Figure 8A). I observed significant 

downregulation of MNX1 expression after as early as 48 hours of treatment (p-value = 0.0096) 

(Figure 8B).  

MNX1-AS1 is a lncRNA, an antisense RNA to MNX1, but its expression is known to be positively 

correlated with MNX1 expression (Li et al., 2020). Although its expression is lower than that of 

MNX1 in GDM-1, I found that MNX1-AS1 expression is also reduced upon DAC treatment (p-
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value = 0.0056 for 48 h treatment and p-value = 0.0151 for 120 h treatment) (Figure 8C). I could 

not detect any MNX1-AS2 and MNX1 variant 2 (MNX1V2) expression via qPCR (Figure not 

shown). However, RNA-seq analysis showed increased expression of MNX1V2 after 48h treatment 

(p-value = 0.0085), no change after 120h treatment (p-value = 0.4642), and only very low 

expression of MNX1-AS2 (transcript per million [TPM] is less than 10 for DMSO and DAC treated 

samples) (Figure 8D). Upon DAC treatment, the reduction in MNX1 RNA levels was accompanied 

by a statistically significant decrease in MNX1 protein levels (Figure 8E). 

  

 

Figure 8: Changes in transcriptomics upon DAC treatment.  
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A. Volcano plot showing the differentially expressed genes during DAC treatment. Red dots 

represent the expression of genes whose FDR-adjusted p-value is less than 0.05 and whose 

absolute(log2(Fold change)) is more than 1.  B. Bar graph shows MNX1 TPM from 48 or 120 

hours of DAC vs. DMSO-treated samples. C. Bar graph shows MNX1-AS1 TPM from 48 or 120 

hours of DAC vs. DMSO-treated samples. D. Bar graphs show MNX1-V2 TPM (on the left) and 

MNX1-AS2 (on the right) from 48 or 120 hours of DAC vs. DMSO-treated samples. E. A 

representative image of a Western blot analysis was performed on 120 h DAC vs DMSO-treated 

GDM-1 cells. The bar plot on the right shows the quantification of the treatments in 3 biological 

replicates. A one-tailed t-test was used to analyze the data, and a p-value less than or equal to 

0.05 was considered significant according to the test results. (* p-value ≤ 0.05, **p-value ≤ 0.01, 

*** p-value ≤ 0.001). 

All these results validated that DAC treatment resulted in significant downregulation of MNX1. 

The question remains: What are the mechanisms behind DAC-mediated MNX1 downregulation? 

4.3. Chapter 3: Possible miRNA-independent mechanisms 

downregulating MNX1 upon DAC treatment  

DAC treatment reduced MNX1 protein expression in GDM-1 by more than 70%. A number of 

hypotheses were put forward to elucidate the mechanisms underlying this reduction. The first 

hypothesis suggests that by modifying topologically associating domains (TADs), DAC treatment 

may alter TADs by demethylating not-accessible CTCF sites and disrupting the enhancer-promoter 

interaction, thereby reducing oncogenic MNX1 overexpression. The second hypothesis posits that 

CAT7 and PRC1 recruitment to the MNX1 promoter region could explain MNX1 downregulation. 

The third hypothesis proposes that epigenetically silenced miRNAs predicted to target MNX1 RNA 

may be upregulated by DAC treatment. 
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4.3.1. Hypothesis 1: By altering TADs, DAC treatment may 

disrupt the enhancer-promoter interaction, enabling 

oncogenic MNX1 overexpression. 

Hypomethylation, for example, upon 5-AZA treatment, affected the CTCF-binding pattern in 

AML (Mujahed et al., 2020). Additionally, inhibition of DNA methylation increased the 

expression of genes regulated by CTCF (Damaschke et al., 2020). These studies highlight the 

interplay between DNA methylation and CTCF binding. This led us to hypothesize that DAC 

treatment may alter TADs by demethylation of previously blocked CTCF binding sites, disrupting 

the enhancer-promoter interaction driving MNX1 expression (Figure 9). 

To test this, I performed CTCF antibody-guided chromatin tagmentation (ACT-seq) and submitted 

the library for sequencing to the DKFZ NGS core facility. CTCF ACT-seq data uncovered a higher 

number of CTCF peaks genome-wide after DAC treatment; however, their peak intensities were 

lower than those in DMSO-treated samples. 

 

 

 

Figure 9: The illustration of the first hypothesis tested. 

Translocation (6;7) leads to a TAD structure with CTCF boundaries on the MNX1 promoter and 

another TAD in the translocated part of chromosome 6. However, this TAD structure might be 

disrupted after DAC treatment upon demethylation-mediated accessible CTCF boundaries.  
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Table 2: The two highest-ranked known results of HOMER motif enrichment.  

The first column represents the known motif, the second shows the motif’s name, and the rest 

shows the p-values of replicates. 

Motif Motif’s name 

DMSO 

replica

te 1 (p-

value) 

DAC 

replica

te 1 (p-

value) 

DMSO 

replica

te 2 (p-

value) 

DAC 

replica

te 2 (p-

value) 

 
CTCF(Zf)/CD4+-

CTCF-ChIP-

seq(Barski_et_al.)/H

omer 

1e-288 1e-218 1e-194 1e-546 

 
BORIS(Zf)/K562-

CTCFL-ChIP-

Seq(GSE32465)/Ho

mer 

1e-204 1e-149 1e-148 1e-371 

 

The motif enrichments were analyzed using HOMER software from 2 biological replicates of DAC 

and DMSO-treated ACT-seq results (Table 2). These HOMER analysis results confirmed that the 

CTCF peaks indicate the enrichment for CTCF binding.  

Consistent with previous in-house CTCF ACT-seq results, an expected CTCF peak appeared on 

the promoter region of MNX1 in all replicates of DAC and DMSO-treated samples, proving that 

CTCF ACT-seq worked (Figure 10A). After differential peak calling, 5 CTCF peaks appeared in 

all DAC samples between the breakpoint of t(6;7) and the putative AHI1/MYB enhancers, which 

drive MNX1 expression. However, no CTCF motif enrichment was found overlapping with these 

peaks using HOMER software (Figure 10B). 
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Figure 10: Representation of CTCF ACT-seq results. 

A. Each lane represents the second replicate of CTCF ACT-seq peaks on the MNX1 gene. B. 

The graph at the top depicts HSPCs HiC data (Weichenhan et al., 2024). Arrows demonstrate a 

possible TAD structure, including the AHI/MYB enhancers and MNX1 promoter, responsible for 

MNX1 expression in GDM-1. Below, each lane represents the second replicate of CTCF ACT-

seq peaks around the MNX1 gene and AHI/MYB region. BP depicts the breakpoint of t(6;7).  

TAD structures are highly conserved among mammalian species and allow enhancer-promoter 

interactions within the same TAD structure (Okhovat et al., 2023). Thus, disrupting the TAD 

structure could break the enhancer-promoter interaction responsible for MNX1 expression. To 

investigate this, I  first used the Hi-C dataset of ChiPSC22 (induced pluripotent stem cells) 

differentiated to HSPCs (Weichenhan et al., 2024) to assess the TAD structures driving MNX1 

expression (Figure 10B). The findings from all DAC-treated replicates revealed that 5 potential 

CTCF binding sites became accessible upon DAC. The appearance of those newly accessible 

CTCF peaks may suggest the formation of new TAD boundaries for de novo TAD structures. This 

could potentially lead to excluding the AHI/MYB enhancer(s) or MNX1 promoter from the TAD 

structure. To test whether the interaction between AHI1/MYB enhancer(s) and MNX1 promoter is 

preserved upon DAC treatment, 4C-seq experiments using 1 biological replicate of DAC, DMSO-

treated, and untreated GDM-1 samples were performed. 

Previously, we showed an interaction between the MYB/AHI1 region and MNX1 promoter when 

we used the MNX1 region as a viewpoint  (Paper_WT in Figure 11) (Weichenhan et al., 2023). 

The findings from 4C-seq revealed that the interactions between the MNX1 promoter and 
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MYB/AHI1 region were preserved in DAC, DMSO-treated, and untreated (WT) samples, which 

are represented as green peaks when the MNX1 promoter is used as a viewpoint. This suggests that 

DAC does not interfere with the interaction of MNX1 promoter and enhancers from the AHI1/MYB 

region (Figure 11). Next, the 4C-seq experiment using 3 further biological replicates of DAC and 

DMSO-treated GDM-1 samples was performed to consolidate the data of one biological replicate. 

The new 4C-seq data identified that when the MNX1 promoter is used as a viewpoint, only DMSO 

replicate number 1 showed an interaction with the AHI1/MYB region. Unfortunately, this 4C-seq 

experiment uncovered only a few reads (Figure 11). The number of reads and whole genomic 

interactions from this second 4C-seq experiment did not show interactions with regions other than 

the viewpoint (Supplementary Table 19).  

 

Figure 11: Representation of 4C-seq results when MNX1 viewpoint is used. 

Sequencing reads from the AHI1/MYB region when the MNX1 viewpoint was used. Each blue 

line represents the sequencing reads from the second 4C-seq experiment using DAC or DMSO-

treated replicates, whereas each green line represents the previously prepared samples. BP 

depicts the breakpoint of t(6;7).  

Based on CTCF ACT-seq and 4C-seq data from the first biological replicate, I rejected the 

hypothesis that DAC treatment may disrupt the enhancer-promoter interaction driving MNX1 

expression via demethylating not-accessible CTCF sites. 

 



 

53 

4.3.2. Hypothesis 2: CAT7 and PRC1 recruitment to the 

MNX1 promoter region could explain the observed MNX1 

downregulation. 

The second hypothesis was that the downregulation of MNX1 may be explained by the recruitment 

of CAT7 and PRC1 to the MNX1 promoter region.  

 

Figure 12: The illustration of the second hypothesis tested. 

DAC treatment might upregulate CAT7, and upregulated CAT7 can be recruited to the MNX1 

promoter, enabling recruitment of the PRC1 complex, which is responsible for forming the 

compacted chromatin. 

PRCs are responsible for compacting the genome and repressing transcription and are regulated 

by lncRNAs in several ways (Trotman et al., 2021). One mechanism, described in the case of 

CAT7 lncRNA, is the recruitment of PRC1 to the promoter region of MNX1. In this scenario, 

MNX1 expression in neurons was increased upon knockdown of CAT7 lncRNA, which recruits 

the PRC1 complex to the promoter region of MNX1 (Ray et al., 2016). Therefore, to test the 

hypothesis that DAC treatment of GDM-1 may activate CAT7, thus enabling the recruitment of 

PRC1 to the MNX1 promoter and silencing the gene (Figure 12), I assessed the expression of CAT7 

upon DAC treatment.  

CAT7 is located on chromosome 7 between 156,309,438 and 156,310,990 (Ray et al., 2016). I 

analyzed transcription levels in this region using our previously generated RNA-seq data, which 

revealed that CAT7 is not expressed either in DAC-treated (48h or 120h) or DMSO-treated (48h 

or 120h) conditions (Figure not shown). For confirmation, I assessed the CAT7 expression via 

qPCR. However, I obtained no Ct values, so I could not detect any CAT7 expression via qPCR. I 

validated via Sanger sequencing that the qPCR primers are specifically amplifying the CAT7 

region (Supplementary Figure 1).  

RNA-seq, qPCR, and sequencing data showed that CAT7 is not expressed in DMSO or DAC-

treated GDM-1 cells, so this hypothesis was also rejected.  



 

54 

4.4. Chapter 4: miRNA-dependent mechanisms behind 

MNX1 downregulation upon DAC treatment  

DAC treatment is known to result in the upregulation of miRNAs, including some tumor-

suppressor miRNAs (Tanaka et al., 2011), which can lead to reduced expression of oncogenes 

(Cao et al., 2020). MiRNAs can also regulate MNX1, an oncogene in AML (Waraky et al., 2024); 

for example, miR-200a and miR-141-3p bind to MNX1 RNA, resulting in its degradation (Chen et 

al., 2020; Mu et al., 2016). This background led us to hypothesize that epigenetically silenced 

miRNA(s), upregulated upon DAC treatment, may target MNX1 (Figure 13).  

 

Figure 13: The illustration of the third hypothesis tested. 

DAC treatment might hypomethylate the promoter region of miRNA(s), which binds to MNX1 

3’UTR and results in degradation. This might reduce MNX1 expression and the viability of 

MNX1-dependent cells. 

4.4.1. miRNA-seq results 

qPCR, microarrays, and NGS are the three most common techniques for miRNA profiling. 

Although microarrays cover the most commonly known miRNAs, NGS-based techniques such as 

small RNA-seq allow the identification of novel miRNAs, their isomiRs, and genome-wide 

miRNA profiling (Benesova et al., 2021).  

I performed a miRNA-seq and submitted the library to the NGS core facility (DKFZ, Heidelberg). 

MiRNA-seq revealed significant upregulation of 6 miRNAs predicted to target the MNX1 3’UTR 



 

55 

in at least two tested miRNA prediction tools, TargetScan, miRDB, and miRTarBase (Figure 14A). 

These miRNAs are miR-381-3p, miR-338-3p, miR-410-3p, miR-200a-3p, miR-141-39, and miR-

3180-5p. Of these, I selected miRNAs that were not expressed in DMSO-treated but expressed in 

DAC-treated conditions for further analysis (Table 3).  

qPCR data confirmed the upregulation of miR-381-3p, miR-410-3p, and miR-200a-3p. I could 

detect the expression of miR-3180-5p, but it is unchanged upon DAC treatment (Figure 14B, Table 

3). Upon overexpressing miR-200a-3p individually (5 nM) or all three miRNAs in a mix (1.67 nM 

of each), Western blot analysis showed a statistically significant reduction in MNX1 protein levels 

(p-value = 0.0061) (Figure 14C). When I increased the concentration of miR-200a-3p mimic to 

10nM, I observed that MNX1 protein levels were reduced by more than 70 percent, similar to that 

was observed upon DAC treatment (Figure 14D) (p-value = 0.0091). 

Table 3: The list of miRNAs predicted to target MNX1 3’UTR and get upregulated upon 

DAC treatment. 

miRNA DMSO expression In vitro validation p-value 

miR-381-3p Not expressed Validated 0.0095 

miR-410-3p Not expressed Validated 0.0276 

miR-200a-3p Not expressed Validated 0.0350 

miR-3180-5p Not expressed Not validated 0.2614 

miR-338-3p Expressed   

miR-141-3p Expressed   
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Figure 14: Changes in miRNA transcriptomics upon DAC treatment. 

A. Volcano plot shows the differentially expressed miRNAs during DAC treatment. Red dots 

represent the expression of miRNAs whose FDR-adjusted p-value is less than 0.05 and whose 

absolute(log2(Fold Change)) is more than 1.  B. Bar plot shows the mean expression of 4 

miRNAs using the same samples submitted for miRNA-seq. C. A representative image of a 

Western blot analysis performed on either individual (5 nM) or a mixture of miRNAs (1.6 nM 

of each) overexpressed GDM-1 cells. The red squares emphasize MNX1 and β-actin protein 

levels in miRNA negative control (miR-NC) and miR-200a-3p overexpressed samples. The bar 

plot on the right shows the quantification of the treatments in 3 biological replicates. D. A 

representative image of a Western blot analysis performed on 10 nM miRNA-NC or miR-200a-

3p overexpressed GDM-1 cells. The bar plot on the right shows the quantification of the 

treatments in 3 biological replicates. A one-tailed t-test was used to analyze the data, and a p-

value less than or equal to 0.05 was considered significant according to the test results. (* p-

value ≤ 0.05, **p-value ≤ 0.01, *** p-value ≤ 0.001). 

Luciferase assay data revealed a statistically significant signal reduction in the HEK293T cells, 

transfected with the MNX1 3’UTR LUC cassette and miR-200a-3p mimic, as compared to those 

transfected with miR-NC mimic (a miRNA mimic targeting none of the miRNAs, miRNA 

negative controls) (p-value = 0.0075). In samples transfected with a MNX1 3’UTR LUC cassette 

containing mutations in the binding site of miR-200a-3p, there was no reduction in the luciferase 

signals (Figure 15B).  
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Figure 15: Elucidation of miR-200a-3p-dependent MNX1 reduction. 
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A. Representation of the miR-200a-3p sequence and where it may bind on the MNX1 3’UTR (on 

the top). B. Bar plot shows the mean luciferase signals from four biological replicates. NC 

represents the samples where the miRNA negative control is overexpressed, and 200a-3p 

represents the samples where miR-200a-3p is overexpressed via miR-200a-3p mimic. C. Figure 

shows the Mi-Seq result on the CpG island (chr1: 1096414-1124603) of TSS of miR-200a-3p. 

Methylation frequency was measured before (blue dots) and after the DAC treatment (green 

dots), as shown below. D. Bar plot shows the mean expression of 4 genes that are known targets 

of miR-200a-3p and were found to be downregulated by DAC in our RNA-Seq analysis. The 2 

biological replicates of DMSO and NC (miRNA negative control inhibitor), DMSO and miR-

200a-3p antagomir, DAC and NC, and DAC and miR-200a-3p antagomir treated samples were 

used. A two-tailed t-test was used to analyze the data in Figure 16B, and a p-value less than or 

equal to 0.05 was considered significant according to the test results. (* p-value ≤ 0.05, **p-

value ≤ 0.01, *** p-value ≤ 0.001). 

The transcription start site (TSS) of miR-200a-3p is around 2kbp upstream of miR-200b, miR-

200a, and miR-429 and contains a CpG island (Wiklund et al., 2011). DNMT1 and EZH2 bind 

and downregulate the expression of the miR-200 family (Ning et al., 2015). Additionally, the 

binding of DNMT3A and MYC to the TSS downregulated the expression of miR-200b in Triple 

Negative Breast Cancer cells (Pang et al., 2018). Previous studies also found that HDAC4 regulates 

the TSS of the miR-200 family, and overexpression of HDAC4 leads to downregulation of miR-

200b, induction of epithelial to mesenchymal transition (EMT), and resistance against anti-cancer 

drugs in lung cancer (Chen et al., 2014). Therefore, I analyzed the CpG island methylation on the 

miR-200a-3p TSS by local deep bisulfite sequencing via MiSeq. MiSeq results revealed a 

statistically significant hypomethylation in 4 out of 5 amplicons on the CpG island upon DAC 

treatment (Figure 15C, Supplementary Figure 2).  I also found in the miRNA-seq results that the 

expression of miR-200b and miR-429, which share the same promoter with miR-200a, are 

significantly increased upon DAC treatment (Figure not shown). 

MiRNA antagomirs can efficiently eliminate miRNA function. These 21-23 nucleotide-long 

modified antisense single-stranded oligonucleotides bind specifically to their target miRNAs 

(Mattes et al., 2007). The findings from the qPCR revealed a marginal increase upon miR-200a-

3p antagomir treatment in both MNX1 RNA levels and other predicted targets of miR-200a-3p, 

which were downregulated upon DAC treatment (Figure 15D). However, this experiment should 

be repeated with more replicates, and protein levels should be assessed in each replicate. 

These results showed that DAC treatment leads to hypomethylation of the promoter region of miR-

200a-3p, which binds to MNX1 3’UTR and downregulates MNX1 levels. However, analysis of the 

expression changes of MNX1 without 3’UTR upon DAC treatment would further prove the effect 

of miR-200a-3p on MNX1 regulation. Furthermore, ectopic expression of MNX1 without 3’UTR 

might rescue the DAC-induced GDM-1 cell death. 
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4.4.2. Overexpression of MNX1 without 3’UTR 

I overexpressed the MNX1 ORF fused with GFP and HA tags (MNX1-ORF) in a lentiviral 

expression vector under the EF1alpha promoter. I also generated an empty vector (EV) by 

removing the MNX1 ORF with EcoRI and BstBI restriction enzymes and ligating the ends of the 

vector (Figure not shown). I generated lentiviruses using EV and MNX1-ORF. I observed that 

during lentivirus generation of MNX1-ORF, HEK293T cells express GFP in their nuclei, meaning 

that the construct was able to express the fusion MNX1-GFP-HA TF, which is, as expected, located 

in the nuclei (Figure 16A). After the lentiviral transduction of GDM-1, I sorted GFP+ cells. Only 

1% of the entire cell population of both EV and MNX1-ORF overexpressing GDM-1 cells were 

GFP+ (Figure 16B). Sorted MNX1-ORF or EV overexpressing GDM-1 cells were expanded and 

treated with DAC (Figure 17A). 

 

Figure 16: Generation of GDM-1 cells stably expressing MNX1-ORF fused with GFP and 

HA or EV with GFP and HA. 

A. A picture of HEK293T cells during the production of lentiviruses. B. FACS  images of GDM-

1 cells infected with vMNX1-ORF. Single live cells were discriminated by FSC/SSC (first two 

graphs), and the GFP+ cells were sorted (the last graph). 

I could discriminate the expression of exogenous MNX1 (MNX1-ORF) from endogenous MNX1 

in GDM-1-MNX1 samples because the cDNA sequence of MNX1-ORF was codon optimized 

upon cloning and, hence, had a different sequence. qPCR analysis revealed no significant 

downregulation of exogenous MNX1 (MNX1-ORF) levels in GDM-1-MNX1 samples treated 

with DAC (Figure 17B) (p-value = 0.1563). Besides, Western blot data uncovered a statistically 

significant difference in endogenous MNX1 protein levels in the GDM-1-EV upon DAC treatment 

compared to the exogenous MNX1-ORF protein levels upon DAC treatment (Figure 17C) (p-value 

= 0.0083). Next, to determine if MNX1 overexpression could rescue the DAC-mediated increased 

cell death, I measured the viabilities of GDM-1-MNX1 and GDM-1-EV after the treatment with 

DAC. However, cell viability data revealed only a marginal recovery in the viability of GDM-1-

MNX1 compared to GDM-1-EV (Figure 17D). 
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Figure 17: Changes in the expression of MNX1-ORF without 3’UTR upon DAC treatment. 

A. Representation of the treatment of GDM-1-MNX1 and GDM-1-EV. B. Bar plot shows the 

mean expression of exogenous (on the left) and endogenous MNX1 (on the right) in GDM-1-

MNX1 samples treated with DMSO or DAC. C. A representative image of a Western blot 

analysis performed on the treated cells in Figure A. The bar graph on the right shows the 

quantification of exogenous MNX1 in GDM-MNX1 and endogenous MNX1 levels in GDM-1-

EV after DAC treatment. D. DAC dose-response curve of GDM-1-EV and GDM-1-MNX1. A 

one-tailed t-test was used to analyze the data in Figure 18B, and a p-value less than or equal to 

0.05 was considered significant according to the test results. (* p-value ≤ 0.05, **p-value ≤ 0.01, 

*** p-value ≤ 0.001). A one-tailed unpaired t-test was used to analyze the data in Figure 18C, 

and a p-value less than or equal to 0.05 was considered significant according to the test results. 

(* p-value ≤ 0.05, **p-value ≤ 0.01, *** p-value ≤ 0.001). 

After DAC treatment, Western blot analysis indicated a 20% reduction in the exogenous MNX1 

protein levels in GDM-1-MNX1 cells (Figure 18A) (p-value = 0.0234). I considered the hypothesis 

that DAC may increase the induction of ubiquitinylation of this exogenous MNX1 protein.  

Ubiquitin-tagged proteins undergo proteasomal degradation (Popovic et al., 2014; Sheng et al., 

2024). Proteasomal inhibitors, such as MG132 (Sun et al., 2024), prevent ubiquitin-mediated 

protein degradation (Deng et al., 2020). Therefore, I treated GDM-1-MNX1 cells with MG-132 

during DAC treatment to assess the changes in MNX1-ORF expression upon inhibition of the 

proteasomal process. Western blot data from Marion Bähr (DKFZ, Heidelberg) identified no 

upregulation of the MNX1-ORF levels upon MG-132 treatment (Figure 18B). However, I could 
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not prove that the MG132 treatment worked because the Western blot analysis showed no 

increased smear-like band pattern upon MG132 treatment in the MG132 treated samples (Figure 

18C). Therefore, the MG-132 treatment and Western blot analysis should be repeated with more 

replicates and proper loading. 

 

Figure 18: Changes in the levels of MNX1-ORF without 3’UTR upon proteasomal 

inhibition. 

A. The bar plot shows the mean exogenous MNX1 expression levels of GDM-1-MNX1 during 

the treatment with DAC treatment. B. Representative image of a Western blot analysis using an 

antibody against MNX1 was performed on the MG132-treated cells. C. Representative image 

of a Western blot analysis using an antibody against ubiquitin was performed on the MG132-

treated cells. A one-tailed t-test was used to analyze the data, and a p-value less than or equal to 

0.05 was considered significant according to the test results. (* p-value ≤ 0.05, **p-value ≤ 0.01, 

*** p-value ≤ 0.001). 

These results showed that DAC treatment reduces both exogenous and endogenous MNX1 levels. 

Further analysis should be carried out to investigate the reasons behind DAC-induced 

downregulation of exogenous MNX1 levels. 

I concluded that DAC treatment causes hypomethylation of the miR-200a-3p promoter, which 

subsequently binds to the MNX1 3’UTR and decreases the MNX1 expression level in GDM-1. The 

next step is to validate these in other MNX1-expressing models.  

4.4.3. Validation experiments with PDX samples 

PDX models are generated by implanting tumor tissues from patients into humanized or 

immunocompromised mice. These models recapitulate the characteristics of human tumors better 

than cell lines; for example, they allow for more meaningful studies of intratumor heterogeneity 

and compound screening in vivo (Liu et al., 2023). Therefore, I decided to use AML PDX models 

expressing MNX1 to assess whether I could recapitulate the phenotypes I observed in GDM-1 
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cells. Two PDX models, PDX491 and PDX661, were generated by Binje Vick (Helmholtz 

Zentrum Munich, Germany) from an MNX1 expressing del(7q) patient at first and second relapse.   

 

Figure 19: Changes in PDX samples upon DAC treatment. 

A. Bar plot shows the mean of MNX1 expression levels in PDX samples (491 and 661) upon the 

treatment with DAC. B. A representative image of a Western blot analysis using an antibody 

against MNX1, which was performed on the DAC-treated cells from PDX samples. PDX640, a 

PDX sample that does not express MNX1, is a negative control. The bar plot on the right shows 

the quantification of the treatments in 3 biological replicates. C. Bar plot shows the mean of 

miR-200a-3p expression levels of PDX samples (491 and 661) upon the treatment with DAC. 

A one-tailed t-test was used to analyze the data, and a p-value less than or equal to 0.05 was 

considered significant according to the test results. (* p-value ≤ 0.05, **p-value ≤ 0.01, *** p-

value ≤ 0.001). 

In vitro DAC treatment of PDX samples showed a statistically significant reduction of MNX1 RNA 

levels (Figure 19A) (p-value = 0.0110) and around 70 percent reduction in protein levels (Figure 

19B) (p-value < 0.0001). This reduction may be induced by miR-200a-3p-mediated degradation 

of MNX1, as I observed a statistically significant upregulation of miR-200a-3p upon DAC 

treatment (Figure 19C) (p-value = 0.0467). Binje Vick (Helmholtz Zentrum Munich, Germany) 

shared her results on the in vivo treatment of the PDX491 sample with 5-AZA. She observed that 

the tumor burden continued to decrease, even after stopping the treatment with 5-AZA, compared 

to the results of another PDX sample, PDX372, generated from a ck-AML patient that does not 

express MNX1 (Figure not shown). 
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5. Discussion 

5.1. Epigenetic compound screening in GDM-1 

The effect of sinefungin, a SAM and methylation inhibitor, has previously been investigated in an 

AML mouse model retrovirally overexpressing MNX1. While this treatment prevented the 

expression of target genes, it did not result in MNX1 downregulation (Waraky et al., 2024). A 

recent study highlighted the importance of finding a candidate compound to target MNX1 

therapeutically in t(7;12) AML cases (Ragusa et al., 2023). To date, no such strategy exists. 

In a recent review, Lazaro and Delwel discussed the importance of targeting oncogenic enhancers 

as a potential therapeutic strategy in leukemia. They mentioned that one option could be to screen 

epigenetic compounds to reduce super-enhancer activity in AML (Mulet-Lazaro & Delwel, 2024). 

Additionally, researchers used epigenetic compound libraries and found that a broad spectrum of 

inhibitors of HDACs, KDMs, and DNMTs were among the top candidates when they measured 

the viabilities of chordoma or IDH1-mutant glioma cell lines (Cottone et al., 2020; Kayabolen et 

al., 2022). Therefore, in this thesis, I decided to screen epigenetic compounds that may lead to the 

downregulation of MNX1, a known oncogene in AML (Waraky et al., 2024), and a putative cancer 

biomarker (Ragusa, Tosi, et al., 2022). I used GDM-1 as a cell line model for this screening and 

downstream experiments. This cell line was chosen because it is the only AML cell line with 

MNX1 expression (Nagel et al., 2005; Weichenhan et al., 2023). I also utilized various non-MNX1-

expressing AML cell lines and PDX models expressing MNX1 throughout this project to test 

whether my findings were unique to MNX1-expressing cells. 

I first used shRNA-mediated knockdown constructs to knockdown MNX1 in GDM-1 and observed 

a statistically significant reduction in GDM-1 viability upon MNX1 knockdown (Figure 4D). 

Mariam Hakobyan (DKFZ, Heidelberg) also found in her master’s project that shRNA-mediated 

knockdown affects the growth kinetics of GDM-1. Both findings match and show the importance 

of MNX1 in both growth kinetics and viability. Further research is necessary to investigate the 

effect of MNX1 downregulation on the viability of MNX1-expressing t(7;12) or del(7q) or ck 

iPSCs-derived HSPCs or AML patient samples or in vivo models. 

I hypothesized that MNX1 overexpression may drive AML, and epigenetic compound(s) might 

regulate MNX1 expression and affect viability. My comprehensive epigenetic compound screening 

revealed a significant reduction in the viability of GDM-1 upon DAC treatment as compared to 

the other MNX1(-) cell lines (Figure 6B). Extensive analyses showed that DAC was the only 

substance among those tested which reduced MNX1 expression. JQ1 treatment led to a marginal 

but not significant reduction of MNX1 expression. JQ1 is known to reduce super-enhancer activity 

via loss of BRD4 (Loven et al., 2013). Inhibition of BRD4 was previously shown to disrupt 

enhancer-promoter interactions (Wang et al., 2021). Therefore, JQ1 might affect the enhancer-
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promoter interaction driving MNX1 expression in GDM-1 (Weichenhan et al., 2023), though only 

marginally. 

5.2. Effect of DAC treatment in GDM-1 cells 

Using Infinium Methylation EPIC array data before and after DAC treatment, I confirmed that the 

treatment leads to global hypomethylation, as expected due to DNMT inhibition. Upon DAC 

treatment, I observed hypomethylation in the MNX1 3’UTR, promoter, and gene body region 

(Figure 7). The decrease in methylation may be due to hypomethylation of the WT allele. One 

study shows that MNX1 is expressed on the WT allele but not on the translocated allele (Federico 

et al., 2017). However, in-house, Etienne Sollier showed, using nanopore sequencing, that the 

promoter region of the translocated allele is hypomethylated in GDM-1 (Figure not shown). In 

contrast, the same area is hypermethylated on the WT allele, which suggests that the translocated 

allele is responsible for the expression. Therefore, I concluded that if the observed semi-

hypomethylation upon DAC treatment is due to hypomethylation of the WT allele, it should not 

affect the expression of MNX1 as the WT allele is not responsible for the expression. 

My thesis revealed a statistically significant downregulation of MNX1 RNA and protein levels 

upon global hypomethylation with DAC treatment in GDM-1. Sinefungin (SAM inhibitor) 

treatment reduced the expression of MNX1 target genes. However, the authors did not observe a 

reduction in MNX1 RNA expression (Waraky et al., 2024). Upon DAC treatment, I revealed a 

statistically significant downregulation of MNX1 RNA and protein levels (Figure 8). Although 

Waraky et al. contradicted our findings, there could be several reasons why they did not observe a 

reduction in MNX1 RNA expression. A notable difference in their experiments is that they used 

retroviral overexpression of MNX1 in vivo. Their sequence lacks the 3’UTR region of MNX1, so 

miRNA-dependent inhibition of MNX1 may not be possible. The Infinium Methylation EPIC 

array of Mahmood et al. revealed that sinefungin treatment led to more DNA hypermethylation 

than hypomethylation. Mahmood et al. combined sinefungin with DAC and observed more 

hypomethylation in the vicinity of promoter regions but more hypermethylation in the intergenic 

region (Mahmood et al., 2020). Therefore, sinefungin treatment might also not result in 

hypomethylation of the promoter region of miR-200a-3p. 

5.3. miRNA-independent mechanisms behind MNX1 

downregulation upon DAC treatment 

DAC treatment leads to passive global hypomethylation and restoration of genes whose promoters 

are silenced via hypermethylation (Si et al., 2010). However, I observed a statistically significant 

reduction in MNX1 gene expression upon DAC treatment. To explain one of the possible 

mechanisms behind this reduction, CTCF ACT-seq was performed. I found five demethylation-

mediated accessible CTCF peaks in DAC-treated samples but could not find enrichment of a CTCF 
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motif in these regions. There is, however, the possibility that CTCF may be recruited to these 

regions by other TFs or chromatin remodelers. For example, Wagner et al. showed recruitment of 

CTCF to the low-affinity SIRT1 promoter upon oxidative stress-mediated posttranslational 

modification of CTCF (Wagner et al., 2024). Interaction between the MNX1 promoter and the 

enhancer(s) in or close to the juxtaposed AHI1/MYB region drives the expression of MNX1 in 

GDM-1 (Weichenhan et al., 2023). Observations from CTCF ACT-seq suggest that the TAD 

structure encapsulating the enhancer-promoter interaction, driving MNX1 expression, may be 

disrupted. To check if the enhancer-promoter interaction is preserved after DAC treatment, 4C-

seq experiments were performed. Interactions between the AHI1/MYB region and MNX1 appeared 

to be maintained after DAC treatment. Therefore, this hypothesis was rejected. However, 

performing a Hi-C sequencing is recommended as a future outlook to assess if the TAD structures 

before and after DAC treatment are preserved, focusing on the TAD encapsulating the enhancer-

MNX1 promoter interaction. 

To test the hypothesis that the expression of CAT7, a lncRNA known to regulate MNX1 expression 

(Ray et al., 2016), is increased upon DAC treatment and that CAT7 recruits PRC1 complexes to 

the MNX1 promoter, I assessed the expression of CAT7 in our RNA-seq and performed a qPCR 

assay to determine the expression of CAT7. I found that CAT7 was not expressed in this system, 

neither under treated nor under untreated conditions. It may be that the promoter of CAT7 does not 

get hypomethylated upon DAC treatment or that the other epigenetic mechanisms are required for 

CAT7 activation, which may not be present in hematopoietic cells. I could have checked the 

promoter methylation of CAT7 using the Infinium Methylation EPIC array data I generated. 

However, the authors did not share the promoter information for this lncRNA that they discovered 

and annotated (Ray et al., 2016). I rejected the hypothesis since I did not detect any expression in 

treated or untreated conditions. If CAT7 is not expressed, I expect the PRC1 complex may not be 

recruited or may still be recruited via other mechanisms. Therefore, as an outlook, one should 

check PRC1 and H3K27me3 levels on the MNX1 promoter upon DAC treatment via ChIP-qPCR, 

which is a method to quantify the enrichment of immunoprecipitated DNA fragments that are 

bound by the protein of interest (Kim & Dekker, 2018). 

5.4. miRNA-dependent mechanisms behind MNX1 

downregulation upon DAC treatment 

The activation of epigenetically silenced miRNAs via epigenetic regulations has been studied in 

multiple cancer types and may have therapeutic potential (Baer et al., 2013; Fabbri et al., 2013). 

For instance, activation of miR-135a-5p via DAC treatment increased apoptosis of HL-60 via 

activation of LINC00599 and downregulation of Bcl-2 (Du et al., 2023). As another example, upon 

DAC treatment, miRNA-345 got upregulated, resulting in the degradation of viral oncogenes like 

E6 and E7 in high-risk human papillomavirus-associated cancers (Stich et al., 2017). This 

background led me to hypothesize that epigenetically silenced miRNA(s) targeting MNX1 could 
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be reactivated upon DAC treatment. Using the miRNA-seq, I revealed the upregulation of six 

miRNAs (miR-381-3p, miR-410-3p, miR-200a-3p, miR-3180-5p, miR-338-3p, and miR-141-3p) 

that are predicted to bind MNX1 3’UTR. Since MNX1 is highly expressed in GDM-1 cells (D. 

Weichenhan et al., 2023) (Figure 8), we considered it unlikely that a miRNA targeting MNX1 

would be expressed at low baseline levels in DMSO-treated conditions. Therefore, of these six 

miRNAs, I decided to focus further experiments on those activated upon DAC treatment. One of 

those is miR-200a-3p, which Mu et al. showed to reduce MNX1 expression upon overexpression 

(Mu et al., 2016).  

Song et al. found that the TET family of methylases regulates the expression of miR-200a via 

demethylation inhibition on the promoter region, leading to EMT (Song et al., 2013). Another 

observation is the TET-dependent downregulation of miR-200s, miR-429, and miR-141 

expressions during somatic cell reprogramming (Hu et al., 2014). These studies have described 

the critical role of DNA methylation in regulating miR-200 family members. In my thesis, I 

identified a significant and novel finding: DAC treatment activated miR-200a-3p, downregulating 

MNX1. This previously unknown mechanism has potential implications for AML therapy because 

of the specific regulation of MNX1 by miR-200a-3p upon DAC treatment. 

I observed a statistically significant downregulation of MNX1 protein levels upon miR-200a-3p 

overexpression at 5nM and 10nM concentrations. I confirmed the interaction with MNX1 3’UTR 

and miR-200a-3p via luciferase assay. Upon DAC treatment, I also validated the hypomethylation 

on the promoter region of miR-200a-3p. I assessed the expression of the genes targeted by miR-

200a-3p and downregulated upon DAC treatment: ACOT7, IPO5, TFRC, MNX1 after miR-200a-

3p antagomir treatment. I observed a marginal increase in these genes upon miR-200a-3p 

antagomir transfection and DAC treatment (Figure 15D). This suggests that the inhibition of miR-

200a-3p rescues the DAC-mediated MNX1-downregulation. However, further research should 

include optimizing the concentration of antagomir or stable inducible overexpression of the 

antagomir lentivirally. Another possibility is to knock out miR-200a-3p or siRNA-mediated 

knockdown of DICER, DROSHA, and AGO complexes.   

Taken together, I provided experimental evidence that activation of miR-200a-3p upon 

demethylation of its promoter after DAC treatment is the mechanism behind DAC-mediated 

MNX1 downregulation in GDM-1. 

5.5. Overexpression of MNX1 without 3’UTR 

Cottone et al. showed that treating chordoma cell lines and patient samples with the KDM6A/6 B 

inhibitor KDOBA67 reduced the expression of the oncogene TBXT and induced cell death. They 

overexpressed TBXT-HA under a strong promoter and observed that the exogenous TBXT-HA is 

not sensitive to KDOBA67 treatment, and overexpression rescued the treatment-associated cell 

death (Cottone et al., 2020). In line with this, I designed a lentivirus construct with MNX1 ORF 

fused with GFP and HA. I used the T2A self-cleavage sequence (Wang et al., 2015) to cleave 
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puromycin from the fusion protein, which enabled a possibility of puromycin-dependent selection 

as well. A critical feature of this construct is that exogenous MNX1 lacks 3’UTR; therefore, there 

is no possibility of miRNA-mediated degradation. miRNAs can bind to 5’UTR or ORF as well 

(Oliveto et al., 2017). However, using miRNA-seq, we revealed no significant upregulation of 

miRNAs upon DAC treatment, which are predicted to bind MNX1 5’UTR or ORF (Figure not 

shown). 

I could not rescue the DAC-induced cell death upon MNX-ORF overexpression (Figure 17D). The 

reason could be that the exogenous MNX1-GFP-HA is still fused with the puromycin-resistance 

gene. Self-cleavage efficiency could be too low, and most cells express the fusion protein with 

puromycin. Therefore, there is a possibility that the MNX1-ORF-GFP-HA-puromycin fusion 

protein cannot function as a TF anymore because of its size. This might explain why GDM-1-

MNX1 behaves similarly to GDM-1-EV in the DAC treatment. TFs are usually around 50 kDa in 

size, and large TFs can not enter through the chromatin domains on the target sites. Hence, the size 

of TFs is a major determinant of their function and binding capacity (Maeshima et al., 2015). 

Western blot analysis showed that the levels of exogenous MNX1 protein get downregulated 

marginally. The codon-optimized exogenous sequence does not have a miR-200a-3p binding site 

or 3’UTR and 5’UTR, eliminating the possibility of miR-200a-3p-mediated degradation. Given 

that I did not observe a downregulation in mRNA levels but rather in the exogenous protein levels, 

I hypothesized that DAC treatment might increase the ubiquitin-mediated degradation of 

exogenous MNX1. I treated the cells with a ubiquitin inhibitor, MG-132, during DAC treatment. 

I observed no change in MNX1 or ubiquitination levels. If MNX1 was degraded, an increase in its 

ubiquitinylation would be expected upon DAC treatment, which was not the case (Figure 18C).  

To summarize, the main limitation of this thesis is the conflicting results observed after 

overexpression of MNX1 without 3’UTR. I observed a marginal but significant downregulation 

that miRNA-dependent mechanisms can not explain. MG-132 treatment and Western blot analyses 

should be repeated to elucidate the mechanism behind the reduction of exogenous MNX1 without 

3’UTR upon DAC treatment. Additionally, overexpression of MNX1 without 3’UTR did not 

rescue the viability of GDM-1 after DAC treatment, possibly because the exogenous MNX1 

protein might not function like the endogenous one. Further experiments overexpressing MNX1 

without 3’UTR with small tags are recommended.  

Validation of phenotypes observed in cell lines using other models is essential. Therefore, I 

checked if the same effects occurred in PDX models as in cell lines. I revealed that the phenotypes 

observed in GDM-1, which are reduction in MNX1 expression (both mRNA and protein) and 

upregulation of miR-200a-3p upon DAC treatment, can be recapitulated in PDX models with 

MNX1 expression, PDX491, and PDX661. Furthermore, when Binje Wick (Helmholtz Zentrum 

Munich, Germany) observed a continuous tumor burden in PDX491 (MNX1+) after she stopped 

5-AZA treatment compared to the spectrum of PDX372 (MNX1-), this could be due to the 

reduction of MNX1 expression during 5-AZA and impaired recovery from this after 5-AZA 
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treatment stopped. Further research is necessary to explore the development of leukemogenesis 

and changes in MNX1 levels using the same PDX samples in vivo.  

This thesis revealed the mechanism underlying the downregulation of MNX1 RNA and protein 

levels in GDM-1 and PDX models. Additionally, my study uncovered the vital role of MNX1 in 

the viability of GDM-1. Considering the downregulation of MNX1 upon DAC treatment, DAC 

might be used in clinics against MNX1-expressing AML. However, AML patients treated with 

DAC develop resistance (Simonicova et al., 2022). Combinatorial therapies with DAC might be a 

possible way to overcome this. Further research on the identification of an epigenetic compound 

that has a synergism with DAC is warranted. One possibility is to screen the same epigenetic 

compounds used in the thesis on the DAC-treated MNX1-expressing AML cells. 
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6. Conclusion and Outlook 

The main remark of this thesis is that an epigenetically silenced miRNA, miRNA-200a-3p, gets 

upregulated upon DAC treatment and downregulates MNX1. However, there could be other 

mechanisms that could explain DAC-mediated MNX1 downregulation. For example, the changes 

in the methylation of the MNX1 gene might play a role in regulating MNX1 expression. Upon 

DAC treatment, hypomethylation of the gene body of MNX1 should be investigated via long-read 

sequencing. Also, its effect on the MNX1 expression should be assessed. Lentivirally expression 

of CRISPR-dCAS9 coupled with a TET enzyme targeting the MNX1 gene body would phenocopy 

the hypomethylation observed upon DAC treatment. Later, a comparison of the MNX1 expression 

in the conditions with and without CRISPR-dCAS9 would reveal whether this hypothesis should 

be rejected.  

Peptidomimetic inhibitor of MYB (MYBmim) treatment led to decreased recruitment of MYB to 

hijacked BCL2 enhancer, which is responsible for EVI1 expression in inv(3) and t(3;3) AML cases. 

This led to downregulation of EVI1 expression and induction of differentiation (Smeenk et al., 

2021). To downregulate MNX1 expression, future studies could focus on developing 

peptidomimetic inhibitors against either MNX1 itself or the TFs regulating MNX1 expression. 

MYB regulates its expression (Nicolaides et al., 1991). It may also be worthwhile to attempt 

MYBmim in GDM-1, given that the hijacked enhancers responsible for driving MNX1 expression 

are located within the AHI1/MYB region. 

MiRNA mimics or antagomirs have been used as therapeutic agents against several cancers 

(Seyhan, 2024). However, the challenges of miRNA mimic therapeutics are the possibility of 

degradation by RNases during delivery, and the instability of those miRNA mimic therapeutics. 

To overcome these, studies on advancing miRNA chemistry via changing the miRNA backbone 

to resist RNases (via methylation, addition of phosphorothioate members, or use of nucleotide 

analog locked nucleic acid [LNA]) or lipid nanoparticle-based delivery approaches have enabled 

mimics to move into clinical trials (Rupaimoole & Slack, 2017). Therefore, considering the results 

in this thesis, advancing miR-200a-3p mimic chemistry and covering it with lipid nanoparticles 

are recommended. This mimic can be combined with DAC against MNX1-expressing AML in 

clinics.  
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7. Supplementary Figures and Tables 

7.1. Supplementary figures 

 

Supplementary Figure 1: CAT7 qPCR results. 

Snapgene view of the sequencing result of CAT7 qPCR product with the qPCR primer I 

designed (upper panel) and the sequence that the CAT7 qPCR should amplify (lower panel). 

The blue-highlighted region shows the sequence amplified after the qPCR.  

 

 

Supplementary Figure 2: Methylation frequencies of each CpG on the amplicons 

represented in Figure 15. 
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A two-tailed paired t-test was used, and a p-value less than or equal to 0.05 was considered 

significant according to the test results. (* p-value ≤ 0.05, **p-value ≤ 0.01, *** p-value ≤ 

0.001). 

7.2. Supplementary tables 

Supplementary Table 1:Authentication of cell lines 

Cell lines Cell line number Authentification date 

K562 CVCL_0004 12.07.2023 

OCIAML3 CVCL_1844 14.12.2023 

MOLM13 CVCL_2119 14.12.2023 

HL60 CVCL_0002 14.12.2023 

GDM-1 CVCL_1230 07.03.2023 

HEK293T CVCL_0063 16.11.2023 
 

 

Supplementary Table 2: Cell culture media/reagents 

Reagents/Media Ordering details 

RPMI Medium 1640 + L-glutamine  Thermo Fischer, Catalog number: 21875-

034 

Fetal Bovine Serum Superior, Thermo Fischer, Catalog number: 

S0615 

Penicillin/Streptomycin 10.000units, Sigma, Catalog number: 

P0781-100ml 

Trypsin-EDTA (0.25%) with  phenol red  1X, Thermo Fischer, Catalog number: 

252000-56 

DPBS without magnesium and calcium  1X, Thermo Fischer, Catalog number: 

14190-094 

DMEM (1X) +4.5 g/L  D-glucose, L-

glutamine (-) pyruvate 

Thermo Fischer, Catalog number:41965-

039 
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OPTIMEM (+HEPES, +2.4 g/L sodium 

bicarbonate, + L-glutamine) 

Thermo Fischer, Catalog number: 2407807 

PDX Media (kindly provided by Binje Vick) 

StemPro-34 and nutrient supplement 

medium 

Thermo Fischer, Catalog number:10639011 

100X Pen/Strep (10,000 U/ml)  Gibco, Catalog number:15140-100 

1000X Gentamicin  (50 mg/ml)  Lonza, Catalog number: 17518L 

100X L-Glutamine (200mM)  Gibco, Catalog number:25030-024 

rhFLT3L (Stock: 100μg/ml PBS + (at least) 

0.1%BSA) 

R&D Systems, Catalog number:308-FKN-

100 

rhSCF (Stock: 50μg/ml water) Peprotech, Catalog number:300-07-100 

rhTPO (Stock: 50μg/ml water)  Peprotech, Catalog number:300-18-100 

rhIL3 (Stock: 50μg/ml water)  Peprotech, Catalog number:200-03-100 

 

Supplementary Table 3: Epigenetic compounds in the library. 

Compounds Functions 
Compounds are shown 

in the Figure 5A. 
Numbers 

(+)-JQ1 

Bromodomains - BRD2, BRD3, 

BRD4, BRDT (BET) XZL-1 1 

(-)-JQ1 (inactive) 

Bromodomains - Negative 

control Mocetinostat 2 

PFI-1 

Bromodomains - BRD2, BRD3, 

BRD4, BRDT (BET) J556-63R 3 

I-BET Bromodomains - BRD2/3/4 Romidepsin 4 

Bromosporine 

Bromodomains - pan-

Bromodomain PCI-24781 5 

CBP/BRD4 (0383) Bromodomains - CBP, BRD4(1) KDOBA67 6 

SGC-CBP30 

Bromodomains - CREBBP, 

EP300  SAHA 7 

I-CBP112 

Bromodomains - CREBBP, 

EP300 GSK J4 8 

RVX-208 

Bromodomains - BRD2, BRD3, 

BRD4, BRDT (BET, BD2) GSK484 9 
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SMARCA 

Bromodomains - SMARCA, 

PB1 RGFP966 10 

PB1/SMARCA 

Bromodomains - SMARCA, 

PB1 SGC-CBP30 11 

 PFI-3 

Bromodomains - SMARCA2/4, 

PB1(5) MZ1 12 

GSK2801 

Bromodomains - BAZ2A, 

BAZ2B ACBI1 13 

PFI-4 Bromodomains - BRPF1B Chaetocin 14 

TRIM24/BRPF Bromodomains - TRIM24/BRPF CHR-6494 15 

OF-1 Bromodomains - pan-BRPF A-485 16 

Belinostat HDAC - hydroxamic acids 5-Azadeoxycitidine 17 

CXD101  HDAC - Rocilinostat 18 

Valproic acid 

HDAC - aliphatic acid 

compounds NVS-CECR2-C 19 

Entinostat HDAC - ortho-amino anilides 5-Azacitidine 20 

SAHA HDAC - hydroxamic acids IOX1 21 

Trichostatin A 

HDAC - hydroxamic acids - 

Class I & II AZD5153 22 

SRT1720 

HDAC - SIRT1 (indirect?) 

activator GSK959 23 

EX 527 HDAC - SIRT1 I-BET 24 

CI-994 HDAC - 1,2,3,(8) I-BRD9 25 

CPI-360 

Histone methyltransferase - 

EZH2 and EZH1 Tranylcypromine 26 

UNC0638 

Histone methyltransferase - G9a, 

GLP  MAZ1392 27 

UNC0642 

Histone methyltransferase - G9a, 

GLP Entinostat 28 

A-366  

Histone methyltransferase - G9a, 

GLP  J556-143 29 

Chaetocin 

Histone methyltransferase - 

SUV39H1 GSK2879552 30 

PFI-2 

Histone methyltransferase - 

SETD7 GSK9311 31 

SGC0946 

Histone methyltransferase - 

DOT1L GSK591 32 

GSK343 

Histone methyltransferase - 

EZH2 MS003 33 
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UNC1999 

Histone methyltransferase - 

EZH2 Valproic acid 34 

LLY-507 

Histone methyltransferase - 

SMYD2  ZXH-3-26 35 

Tranylcypromine Lysine demethylases - LSD1 Belinostat 36 

GSK-LSD1 

(irreversible) Lysine demethylases - LSD1 GSK-LSD1 (rev.) 37 

GSK690 Lysine demethylases - LSD1 GSK-LSD1 (irrev.) 38 

GSK J4 

Lysine demethylases - JMJD3, 

UTX, JARID1B (+)-JQ1 39 

GSK J5 (inactive) 

Lysine demethylases - Negative 

control 5-Iodotubercidin 40 

IOX1 (5-carboxy-

8HQ) Lysine demethylases - pan-2-OG ML324 41 

Methylstat (Ester) Histone demethylase Tubastatin A HCl 42 

(E)-JIB-04 Histone demethylase - Pan JmjC J556-42R 43 

ML324 Histone demethylase - JMJD2E ACY-957 44 

IOX2 

Prolyl-Hydroxylases - PHD2 

(EGLN1)  KDM5-C70 45 

OICR-9429 Methyl Lysine Binder? - WDR5 GSK J5 (- cntrl) 46 

UNC1215 

Methyl Lysine Binder - 

L3MBTL3 PB1/SMARCA 47 

5-Azacitidine 

DNA methyltransferase 

(DNMT) -  VZ185 48 

5-Azadeoxycitidine 

DNA methyltransferase 

(DNMT) - DNMT1/3 SGC-iMLLT 49 

Olaparib 

Poly ADP ribose polymerase 

(PARP) NVS-MLLT-1 50 

Rucaparib 

Poly ADP ribose polymerase 

(PARP)     

K00135 

Kinase inhibitor - ATP 

competitive - PIM     

5-Iodotubercidin 

Kinase inhibitor - ATP mimetic - 

Haspin     

C646 

Histone acetyltransferase (HAT) 

p300/CBP     

DUAL1946      

GSK484 

Peptidyl arginine deiminase 

(PAD4)     

KDOBA67 Histone demethylase     
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BAZ2-ICR 

Bromodomains - BAZ2A, 

BAZ2B     

NI-57 Bromodomains - pan-BRPF     

LP99 Bromodomains - BRD9, BRD7     

SGC707 

Arginine methyltransferase - 

PRMT3     

RGFP966 HDAC - HDAC3     

PCI-34051 HDAC - HDAC8     

Rocilinostat HDAC - HDAC6     

Tubastatin A HCl HDAC - HDAC6     

KDOAM-25a Lysine demethylases - JARID     

KDM5-C70 Histone demethylase - JARID1     

MAZ1805      

MAZ1392      

BI-9564  Bromodomains - BRD9, BRD7     

NVS-CECR2-1 Bromodomains - CECR2     

GSK106 

Peptidyl arginine deiminase 

(PAD4)     

J556-42R 

Arginine methyltransferase - 

PRMT5     

J556-63R 

Arginine methyltransferase - 

PRMT5     

J556-70R 

Arginine methyltransferase - 

PRMT5     

A-196 

Histone methyltransferase - 

SUV420H1/H2      

BAY-598 

Histone methyltransferase - 

SMYD2      

J556-143 

Arginine methyltransferase - 

PRMT5     

MS049 Arginine methyltransferase     

MS023 

Arginine methyltransferase - 

Type I PRMTs     

MS003 

Arginine methyltransferase - 

negative control     

SGI-1776 Kinase inhibitor - Haspin     

CHR-6494 Kinase inhibitor - Haspin     

CPI-169 

Histone methyltransferase - 

EZH2, EZH1     
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UNC2400 

Histone methyltransferase - 

EZH2     

GSK864 Dehydrogenase     

GSK8814  Bromodomains - ATAD2     

GSK8815 Bromodomains - ATAD2     

GSK959  Bromodomains - BRPF1     

NVS-CECR2-C Bromodomains - CECR2     

BAY-299 Bromodomains - BRD1, TAF1     

PCI-24781 HDAC -     

Romidepsin HDAC -     

Mocetinostat HDAC -     

Santacruzamate HDAC 2     

KDOAM32  Lysine demethylases - JARID     

MS409N 

Arginine methyltransferase - 

PRMT4, PRMT6 inactive 

control     

TP-064  

Arginine methyltransferase - 

PRMT4     

TP-064N 

Arginine methyltransferase - 

PRMT4     

A-395 Methyl Lysine Binder - EED     

A-395N Methyl Lysine Binder - EED     

I-BRD9 Bromodomains - BRD9     

TP-472 Bromodomains - BRD9     

TP-472N Bromodomains - BRD9     

KDOPZ-32a Lysine demethylases - KDM5     

KDOOA012000 Lysine demethylases KDM2     

AMI-1 

Arginine methyltransferase - 

PRMT     

TMP269 HDAC -4, 5, 7 &9     

AGK2 HDAC - SIRT2     

GSK6853 Bromodomains - BRPF1/2/3     

GSK9311 Bromodomains - BRPF1/2/3     

LLY-283 

Arginine methyltransferase - 

PRMT5     

TMP195 HDAC -4,5,7,9     

GSK2879552 Lysine demethylases - LSD1     

VinSpinIn 

Methyl Lysine Binder/tudor 

domain -Spin1     
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A-485 

Histone acetyltransferase (HAT) 

p300/CBP     

A-486 

Histone acetyltransferase (HAT) 

p300/CBP     

GSK4027 Bromodomains - PCAF, GCN5     

GSK4028 Bromodomains - PCAF, GCN5     

L-Moses Bromodomains - PCAF, GCN5     

D-Moses Bromodomains - PCAF, GCN5     

PFI-5 

Histone methyltransferase - 

SMYD2      

YX39-31b 

Methyl Lysine Binder/tudor 

domain -Spin1     

VinSpinIC 
Methyl Lysine Binder/tudor 

domain -Spin1     

RTS-V5 protesome and HDAC     

dBRD9 Bromodomains - BRD9     

BI-7273 

Bromodomains - BRD9/7 (IC50 

19/117nM)     

CPI-621 Lysine demethylases - KDM5     

UNC6934 NSD2-PWWP1     

UNC7145 NSD2-PWWP1 neg ctrl     

BI9321 NSD3 (PWWP1)     

BI9466 NSD3 (PWWP1) -ve ctrl     

ACY-957 HDAC1/2     

ACY-738 HDAC6     

Ski73 PRMT4 (CARM1)     

SGC6870 PRMT6     

SGC6870N PRMT6 neg ctrl     

BI9564 BRD9     

BI6354 BRD9 -ve     

MZ1 BET Protac     

cisMZ1 BET Protac -ve     

NVS-BPTF-C BPTF- control     

NVS-BPTF-1 BPTF     

MOZ-IN-3 

lsine acetyltransferase 

KAT6A/MOZ     

PFI-5NC 

Histone methyltransferase - 

SMYD2 -ve ctrl     

TP422  (neg ctrl)     
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TP238 CECR2, BPTF (FALZ)     

UNC3866 CBX7/CBX4     

UNC4219 CBX7/CBX4 neg ctrl     

BAY6035 SMYD3     

ZXH 3-26 BRD4 degrader     

WM-1119 

lsine acetyltransferase 

KAT6A/MOZ     

ACBI1 

Bromodomain SMARCA2/4 

PROTAC     

cisACBI1 (neg ctrl) 

Bromodomain SMARCA2/4 

PROTAC     

AZD5153 BRD2/4     

BI1347 Kinase CDK8     

BI1374 (neg ctrl) Kinase CDK8 neg control     

XZL-1 KDM1     

CPTH2 HAT inhib,GCN5, KAT3B     

dTRIM24 Trim24     

GSK591 PRMT5     

IACS9571 Trim24     

MRK-740-NC PRDM9 neg control     

NVS-MLLT-1 MLLT1     

SGC3027  PRMT7     

SGC3027N PRMT7     

Tazemetostat 

(EPZ-6438) EZH2     

TTK21 HAT activator     

VZ185 

Bromodomain BRD7, BRD9 

PROTAC     

cis VZ185 (neg 

ctrl) 

Bromodomain BRD7, BRD9 

PROTAC     

YX116-56B SPIN1     

YX49-92B SPIN1     

YX85-35 SPIN1     

SGC-iMLLT MLLT1     
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Supplementary Table 4: The IC80 concentrations of the epigenetic compounds tested. 

Compounds 

Concentrations used 

(µM) 

A485 0.9 

ACBI1 0.1 

JQ1 1.4 

GSKJ4 7 

SGCCBP30 5 

GSKLSD1 1.5 

GSK591 1.5 

MZ1 1 

IBRD9 8.5 

DAC 2.3 
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Supplementary Table 5: Buffers 

Western blot buffers 

 

Name Ingredients Purpose 

Tris/Glycine/SDS 

(TGS) Buffer (1X)  

100 ml of 10X TGS buffer (Biorad, 

Catalog number:1610772) + 900 ml 

of Distilled water 

Running buffer  

Blocking buffer (1X) 40 ml of 1XTBS-T + 2 grams of Milk 

Powder (ROTH, Catalog number: 

T145.2) 

Blocking buffer 

10xTBS buffer 80 grams of NaCl (Sigma, Catalog 

number: 30620), 24.4 grams of Tris-

Cl (Sigma, Catalog number: T1503-

1kg), 1L of Distilled water, and 

adjusted pH to 7.6 

Washing buffer(10X) 

1X TBS-T buffer 100 ml of 10XTBS buffer, 900 ml of 

Distilled water, and 1 ml of Tween-20 

(Sigma, Catalog number: 

SZBF3300V) 

Washing buffer 

Transfer buffer (10X) 30,3 grams of Tris-Cl (Sigma, 

Catalog number: T1503-1kg), 144 

grams of Glycine (Sigma, Catalog 

number: 33226-1 kg), 1L of RNase-

free water 

Transfer buffer(10X) 

Transfer buffer (1X) 100 ml of 10X Transfer buffer, 200 

ml Methanol (Sigma, Catalog 

number: 32213-2.5L-M), and 700 ml 

of Distilled water 

Transfer buffer 

Agarose gel electrophoresis buffer 

 

10xTris- borate-EDTA (TBE) buffer Roth, Catalog number: 13061.2 

ACT-seq buffers 

Wash buffer 50 mM Tris, pH 8.0 (500 µl of 1 M Tris, pH 7.5) (Sigma, Catalog 

number: T1503-1kg), 
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 150 mM NaCl (375 µl of 4 M NaCl) (Sigma, Catalog number: 30620) 

 0.05% Triton X-100 (50 µl of 10% Triton X-100) (Sigma, Catalog 

number:114H0521) 

 9.075 ml H2O 

2X DMC buffer  100 mM Tris, pH 8.0 (1 ml of 1 M Tris, pH 7.5)  

 0.3 M NaCl (0.75 ml of 4 M NaCl) 

 0.1% of Triton X-100 (100 µl of 10% Triton X-100) (Sigma, Catalog 

number: 114H0521) 

 25% of glycerol (2.5 ml of 100%glycerol) (Sigma, Catalog number: 

15523-1L-R) 

 5.65 ml H2O (Ultrapure RNase-free water, Invitrogen, Catalog number: 

10977-035) 

4C-seq buffers 

Ingredient Final Concentration 

500 µl of 1M TRIS pH 7.5 (Sigma, Catalog number: T1503-1kg) 50 mM  

300 µl of 5M NaCl (Sigma, Catalog number: 30620) 150 mM 

100 µl of 0.5M EDTA (Thermo Fischer, Catalog number: 00490837) 5 mM  

500 µl of 10% NP-40 (Thermo Scientific, Catalog number: J60766-

AP) 

0.5%  

500 µl of 20% Triton X-100 (Sigma, Catalog number: 114H0521) 1% 

100 µl of 100X Protesosome inhibitor (Roche, Catalog number: 

04693159001) 

1X 

8000 µl of H2O  
 

HOT lysis buffer 

Tris/ HCL pH 6.8 

2.5 ml of 0.5 M (end concentration is 0.0625 

M) 

Sigma, Catalog 

number: T1503-1kg) 

SDS 4 ml of 10% (end concentration is 2%) 

ROTH, Catalog 

number: 0183.1 
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Glycerol 2 ml of 100% (end concentration is 10%) 

Sigma, Catalog 

number: 15523-1L-R 

DTT 20 µl of 1 M (end concentration is 1mM) 

Gerbu, Catalog 

number: 1008 

Protease inhibitor  1 tablet 

Roche, Catalog 

number: 04693159001 

Sodium 

Orthovanadate 

100 µl of 200 mM (end concentration is 

1mM) 

Sigma, Catalog 

number: 6508 

Sodium fluoride 

200 µl of 500 mM (end concentration is 

5mM) 

Sigma, Catalog 

number: 7920 

PhosStop 

2 tablets Roche, Catalog 

number: 

040906837001 

H2O 

Up to 20 ml (Ultrapure Distilled 

water, Invitrogen, 

Catalog number: 

10977-035) 
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Supplementary Table 6: Kits 
 

DNA isolation  DNeasy blood and tissue kit, Qiagen, Catalog 

number: 69506 

RNA isolation RNeasy plus mini kit, Qiagen, Catalog 

number: 74134 

MiRNA isolation RNeasy plus mini kit and RWT buffer 

(Qiagen, Catalog number: 1067933) 

Qubit dsDNA HS kit Invitrogen, Catalog number: Q32854 

Qubit dsDNA BR kit Invitrogen, Catalog number: Q32853 

Qubit RNA HS kit Invitrogen, Catalog number: Q32855 

Qubit RNA BR kit Invitrogen, Catalog number: Q10211 

miRNA cDNA kit miRCURY LNA RT kit, Qiagen, Catalog 

number: 339340 

miRNA qPCR kit miRCURY LNA SYBR Green PCR Kits, 

Qiagen, Catalog number: 339346 

Plasmid isolation kit Nucleospin plasmid transfection grade, MN, 

Catalog number: 740490.250 

HiPure plasmid maxi prep isolation kit Purelink, Catalog number: K210007 

Neon Electroporaiton (10µl kit) Invitrogen, Catalog number: MPK1096B 

EZ DNA methylation kit Zymo Research, Catalog number: D5002 

Tapestation Highsensitivy DNA D1000 Agilent Technologies, Catalog number: 

5067-5603, Lot number: 0006745365 

Tapestation RNA Agilent Technologies, Catalog number: 

5067-5576, Lot number: 0202692145 

NEBNext Small RNA Library Prep Set for 

Illumina Kit 

NEB, catalog number: E7300S 

Monarch PCR and DNA cleanup kit NEB, catalog number: T1030S 

MinElute kit Qiagen, Catalog number: 28006 
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Supplementary Table 7: PCR reagents 
 

Reagent Ordering details 

dNTP mix Thermo Fischer, Catalog number: 0192 

GC enhancer Biolabs, Catalog number: B9028A 

Q5 high-fidelity polymerase Biolabs, Catalog number: M0491S 

Water  Ultrapure Distilled water, Invitrogen, Catalog 

number: 10977-035 

Q5 Reaction buffer Biolabs, Catalog number: B9027S 

25 mM MgCl2 Qiagen, Catalog number: 1005482 

10X PCR buffer Qiagen, Catalog number: 1005479 

Hotstart Taq Polymerase-5 units/µl Qiagen, Catalog number: 1007837 
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Supplementary Table 8: Primers 

qPCR, cloning, and local deep bisulfite sequencing Miseq primers 

Target 

gene 

Forward 

Sequence 

Reverse 

Sequence 

Purpose Hg19 coordinates 

MNX1-

variant1 

GCCTAAGATG

CCCGACTTC 

GGTACTTGT

TGAGCTTGA

ACTGG 

qPCR Chr7: 156802358-

156802376 (forward) 

Chr7: 156799229-

156799251 (reverse) 

GAPDH GCCCAATACG

ACCAAATCC 

AGCCACATC

GCTCAGACA

C 

 

qPCR Chr6: 6643913-

6643933(forward) 

Chr6: 6643979-

6643997(reverse) 

LTR12C TCACTCTTTGG

GTCCACACT  

TGGAGTTGT

TCGTTCCTC

CC 

qPCR Multiple LTR12c  

MAGEA3 TCCTGTGATCT

TCAGCAAAGC

TT 

 

GGGTCCACT

TCCATCAGC

TC 

 

qPCR ChrX:151935655-

151935675(forward) 

ChrX: 151935706- 

151935726 (reverse) 

NYESO1 TGCAGACCAC

CGCCAACT 

 

TCCACATCA

ACAGGGAA

AGCT 

 

qPCR chrX:153814797-

153814817 (forward) 

ChrX: 153814844-

153814864 (reverse) 

MNX1 

exogenous 

CTGCGCGACC

TGAGAGATAG 

 

GTTGCTGTA

GGGGAAGT

GGT 

 

qPCR - 

CAT7_1  CTGCATCAGG

GAGGCTATGT 

 

TCATGACAG

CCTCCTTCA

CA 

 

qPCR Chr7:156309784-

156309804 (forward) 

Chr7:156309854-

156309874 (reverse 1) 
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Chr7: 156310013-

156310033 (reverse2) 

 

CAT7_2 CAAGCACACC

TCTGACGGAT 

 

GCCATTGTG

AATAGCACC

GC 

 

qPCR Chr7: 156310865-

156310885 (forward) 

Chr7: 156310945-

156310965 (reverse) 

MNX1-

AS1 

CCAAAGCTCT

GCAGGTCGAA 

 

GCTGCAGCA

TTCTGGGAA

AAG 

 

qPCR Chr7: 156803948-

156803967 (forward) 

Chr7: 156808652-

156808672 (reverse) 

MNX1-

variant2 

TCCCCAGGAG

GTTCGACT 

GGGGGACT

CTCAACAGT

AGGT 

qPCR Chr7: 156799307- 

156799325 (forward) 

Chr7: 156801722-

156801743(reverse) 

MNX1-

AS2 

CAGCGCTAGA

TGCCTCAGAC 

 

TGGGTCAAT

CCACTGCTA

CC 

 

qPCR Chr7:156799075-

156799095 (forward)  

Chr7: 156799639-

156799659 (reverse) 

TFRC 

(CD17) 

ATCGGTTGGTG

CCACTGAATGG 

 

ACAACAGTG

GGCTGGCAG

AAAC 

 

qPCR Chr3: 195789731-

195789752 (forward) 

Chr3: 195787080- 

195787101 (reverse) 

IPO5 GTGGAGTACAC

CGAACAGGTTG 

 

TACTCAGGA

CCACGGACT

CTTG 

 

qPCR Chr13: 98664533- 

98664554 (forward) 

Chr13: 98666344- 

98666365 (reverse) 

ACOT7 CTACACCTCCA

AGCACTCTGTG 

 

CCTTGTCCAC

ATTCTTCAGC

GAC 

 

qPCR Chr1: 6399533- 6399554 

(forward) 

Chr1: 6393560- 6393582 

(reverse) 
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Empty 

vector 

cloning 

forward 

and 

reverse 

AATTCGGCTC

CGGG 

 

CGAACCCG

GAGCCG 

 

Cloning - 

Miseq 

Primer- 

Amplicon 

1 

TCGTCGGCAG

CGTCAGATGT

GTATAAGAGA

CAGGGGGAGG

TAGAGGTGGA

GAG 

 

GTCTCGTGG

GCTCGGAG

ATGTGTATA

AGAGACAG

ACAAATATA

TCCCCTAAA

CTCCC 

 

Miseq chr1:1097927-1097947 

(forward) 

chr1:1098139-1098161 

(reverse) 

 

Miseq 

Primer-

Amplicon 

2 

TCGTCGGCAG

CGTCAGATGT

GTATAAGAGA

CAGYGTAGGT

GATAGATGGG

TTG 

 

GTCTCGTGG

GCTCGGAG

ATGTGTATA

AGAGACAG

RTAAATCCA

AAATAACTC

CACAC 

 

Miseq chr1:1098736-1098755 

(forward) 

chr1:1098851-1098893 

(reverse) 

Miseq 

Primer-

Amplicon 

3 

TCGTCGGCAG

CGTCAGATGT

GTATAAGAGA

CAGTAGGTAT

GGGGTGTTTTT

AG 

 

GTCTCGTGG

GCTCGGAG

ATGTGTATA

AGAGACAG

CRACCTCTA

ACCAAAAA

ATAC 

 

Miseq chr1:1098933-1098953 

(forward) 

chr1:1099188-1099208 

(reverse) 

Miseq 

Primer-

Amplicon 

4 

TCGTCGGCAG

CGTCAGATGT

GTATAAGAGA

CAGTGGGAAT

TGATTGATTAT

GGTG 

GTCTCGTGG

GCTCGGAG

ATGTGTATA

AGAGACAG

CCAACCATA

Miseq chr1:1099486-1099508 

(forward) 

 chr1:1099684-1099707 

(reverse) 
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 CTTTTAAAC

ATTTC 

 

Miseq 

Primer-

Amplicon 

5 

TCGTCGGCAG

CGTCAGATGT

GTATAAGAGA

CAGYGTAGAG

GGAAGAATTT

GAGTG 

 

GTCTCGTGG

GCTCGGAG

ATGTGTATA

AGAGACAG

CCRAATCCC

ACCTACACA

AAC 

 

Miseq chr1:1100038-1100060 

(forward) 

chr1:1100258-1100277 

(reverse) 

4C-seq primers 

MNX1 

exon2-

intron2 

BgIII_4CMNX1F2 TCGTCGGCAGCGTCAGATGTGTATAAG

AGACAGTCGGGTTAATCATTAGATCT 

Chr7:156802073-156802091 

NIaIII_4CMNX1R1 GTCTCGTGGGCTCGGAGATGTGTATAA

GAGACAGCTGCCTGTAATTTGCGCTAA

T 

Chr7:156800248-156800266 

MYB 

intron4-

intron5 

BgIII_4CMYBR1 GTCTCGTGGGCTCGGAGATGTGTATAA

GAGACAGTCATTCTTCAGCGCCACAAG

ATCT 

Chr6:135511182-135511205 

NIaIII_4CMYBF1 TCGTCGGCAGCGTCAGATCTCTATAAG

AGACAGTCAGCTACCATTTTCCTGATA

ACC 

Chr6:135511885-135511908 

 

Index primers 

10 µM Tn5mCP1n (Forward primer) AATGATACGGCGAC

CACCGAGATCTACA

CTCGTCGGCAGCGTC 

Miseq primers Index 

primers 

10 µM Tn5mCP1n- (reverse index 

primer 6) 

 

CAAGCAGAAGACGG

CATACGAGATCATGT

CTCAGTCTCGTGGGC

TCGG 

Miseq primers Index 

primers 

10 µM Tn5mCP1n- (reverse index 

primer 8) 

 

CAAGCAGAAGACGG

CATACGAGATGTATC

AGTCGTCTCGTGGGC

TCGG 

Miseq primers Index 

primers 
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10 µM Tn5mCP1n- (reverse index 

primer 10) 

 

CAAGCAGAAGACGG

CATACGAGATCTAGT

ACGGTCTCGTGGGCT

CGG 

 

Miseq primers Index 

primers 

10 µM Tn5mCP1n- (reverse index 

primer 16) 

 

CAAGCAGAAGACGG

CATACGAGATCCTCT

CTGGTCTCGTGGGCT

CGG 

Miseq primers Index 

primers 

10 µM Tn5mCP1n- (reverse index 

primer 19) 

 

CAAGCAGAAGACGG

CATACGAGATTGCCT

CTTGTCTCGTGGGCT

CGG 

Miseq primers Index 

primers 

10 µM Tn5mCP1n- (reverse index 

primer 20) 

 

CAAGCAGAAGACGG

CATACGAGATTCCTC

TACGTCTCGTGGGCT

CGG 

 

Miseq primers Index 

primers 

10 µM Tn5mCP1n- (reverse index 

primer 9) 

CAAGCAGAAGACGG

CATACGAGATTCGCC

TTAGTCTCGTGGGCT

CGG 

 

CTCF ACT-seq index 

primer 

10 µM Tn5mCP1n- (reverse index 

primer 10) 

CAAGCAGAAGACGG

CATACGAGATCTAGT

ACGGTCTCGTGGGCT

CGG 

CTCF ACT-seq index 

primer 

10 µM Tn5mCP1n- (reverse index 

primer 11) 

CAAGCAGAAGACGG

CATACGAGATTTCTG

CCTGTCTCGTGGGCT

CGG 

CTCF ACT-seq index 

primer 
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10 µM Tn5mCP1n- (reverse index 

primer 12) 

CAAGCAGAAGACGG

CATACGAGATGCTC

AGGAGTCTCGTGGG

CTCGG 

  

CTCF ACT-seq index 

primer 

10 µM Tn5mCP1n- (reverse index 

primer 13) 

CAAGCAGAAGACGG

CATACGAGATAGGA

GTCCGTCTCGTGGGC

TCGG 

CTCF ACT-seq index 

primer 

10 µM Tn5mCP1n- (reverse index 

primer 14) 

CAAGCAGAAGACGG

CATACGAGATCATG

CCTAGTCTCGTGGGC

TCGG 

CTCF ACT-seq index 

primer 

10 µM Tn5mCP1n- (reverse index 

primer 15) 

CAAGCAGAAGACGG

CATACGAGATGTAG

AGAGGTCTCGTGGG

CTCGG 

IgG ACT-seq index 

primer 

10 µM Tn5mCP1n- (reverse index 

primer 16) 

CAAGCAGAAGACGG

CATACGAGATCCTCT

CTGGTCTCGTGGGCT

CGG 

IgG ACT-seq index 

primer 

10 µM Tn5mCP1n- (reverse index 

primer 17) 

CAAGCAGAAGACGG

CATACGAGATAGCG

TAGCGTCTCGTGGGC

TCGG 

  

IgG ACT-seq index 

primer 

10 µM Tn5mCP1n- (reverse index 

primer 18) 

CAAGCAGAAGACGG

CATACGAGATCAGC

CTCGGTCTCGTGGGC

TCGG 

IgG ACT-seq index 

primer 

10 µM Tn5mCP1n- (reverse index 

primer 19) 

CAAGCAGAAGACGG

CATACGAGATTGCCT

CTTGTCTCGTGGGCT

CGG 

IgG ACT-seq index 

primer 
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10 µM Tn5mCP1n- (reverse index 

primer 20) 

CAAGCAGAAGACGG

CATACGAGATTCCTC

TACGTCTCGTGGGCT

CGG 

IgG ACT-seq index 

primer 
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   Supplementary Table 9: qPCR conditions 
 

Temperature (°C) Time per cycle Number of cycles 

95 3 min 1 cycle 

95 15 sec   

40 cycles 55 20  sec  

72 15-sec read    

 Melting curve temperature (°C) Melting curve time Melting curve cycle number 

95 5 sec 1 cycle  

  

  

60 1 sec 

97 continuous 

   Supplementary Table 10: Constructs used in the thesis. 
 

pRCDEMP-EF1-GFP-HA-MNX1 Biocat, Germany 

pRCDEMP-EF1-GFP-HA-EV Generated via cloning 

psiCheck2.0 Biocat, Germany 

psiCHECK2.0-MNX13UTR Biocat, Germany 

psiCHECK2.0-mutMNX13UTR Biocat, Germany 

psPAX2 Plasmidfactory, Germany 

pMD2.G Plasmidfactory, Germany 

BACe3.6 Kindly provided by Dieter Weichenhan 

(DKFZ, Heidelberg) 

EcoRI cut BlueScriptII Kindly provided by Dieter Weichenhan 

(DKFZ, Heidelberg) 

pLVX-GFP-HA • Bought originally from Biocat, kindly 

provided by Dr. Ali Bakr, and used in 

publication PMID:34718742 
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Supplementary Table 11: miRNA qPCR probes 
 

qPCR probes Ordering details 

miR-200a-3p GeneGlobeID:YP00204707 

miR-3180-5p GeneGlobeID:YP02113327 

miR-381-3p GeneGlobeID:YP00205887 

miR-410-3p GeneGlobeID:YP00204042 

U6 snRNA (v2) GeneGlobeID:YP02119464 

SNORD44 GeneGlobeID:YP00203902 

Let-7b-3p GeneGlobeID:YP00205653 

Supplementary Table 12: miRNA mimics and qPCR conditions 

Mimic Ordering information 

Cel-miR-65-3p Thermo Fischer, cat.no. MC22305 

Cel-miR-36-3p Thermo Fischer, cat.no. MC10861 

Hsa-miR-381-3p Qiagen, cat.no. MSY0000736 

Hsa-miR-410-3p Qiagen, cat.no. MSY0002171 

Hsa-miR-200a-3p Qiagen, cat.no. MSY0000682 

AllStars Negative Control siRNA (5nmol) Qiagen, cat.no. SI03650318 

miRNA qPCR settings  

Step Time Temperature 

Heat inactivation 2 mins 95°C 

Denaturation 10 secs 95°C 

Annealing/Extension 60 secs 56°C 

Number of cycles 45  

Melting curve analysis  Between 60°C and 95°C 
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Supplementary Table 13: Antibodies 
 

Antibodies Ordering details Purpose 

Anti-MNX1 Bethyl, Catalog number: 

A303-184A 

Western blot 

Anti-B-actin Santa-Cruz, Catalog number: 

47778 

Western blot 

Anti-CTCF Cell signaling, Catalog 

number:28995 

ACT-seq 

Anti-IgG Merck, Catalog number: PP64 ACT-seq 

Anti-HA  Sigma Aldrich, Catalog 

number: H6908 

Western blot 

Anti-GFP Cell Signalling, Catalog 

number: 2956 

Western blot 

Anti-mouse IgG, HRP-linked 

secondary antibody 

Cell Signalling, Catalog 

number: 7076P2 

Western blot 

Anti-rabbit  Cell Signalling, Catalog 

number: 7074 

Western blot 
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Supplementary Table 14: Reagents used. 

Reagent Ordering information 

2X Kapa 2G Robust HotStart 

ReadyMix 

Kapa Biosystems, Catalog number: KK5702 

2X SYBR Green buffer (primaquant) Steinbrenner, Catalog number: SL-9902 

4-Hydroxytamoxifen Sigma, Catalog number: 508225 

4X loading buffer (Protein) Biorad, Catalog number: 1610474 

5X- First strand buffer (cDNA) Thermo Fischer, Catalog number: 902321 

10X AMpute buffer Kindly provided by Marion Bähr and Dr. Dieter 

Weichenhan 

10X Ampute beads Beckman Coulter, Catalog number: A63881 

10X Cut smart buffer NEB, Catalog number: B7200S 

10X T4 ligase buffer with 10 mM 

ATP 

Biolabs, Catalog number: B02025 

100 µM Oligo stock (cloning) (NEB, Catalog number: N0440S) 

Agarose  Boizym LE Agarose, Catalog number: 840004 

Ampcilin-Soduim Salt Merck, A918-56 

AMPure XP beads Beckman coulter, catalog number: A63880 

Bacillol HARTMANN, Reference number:973380-1000mL 

Bacterial Peptone (Trypton/Pepton) ROTH, Catalog number:6681.2 

Betamercaptoethanol  PanReac, Applichem, Catalog number: A1108,0100 

Benzoase 250 units/µl ChemCruz, Catalog number: sc-202391 

BgIII NEB, Catalog number: R0143S 

Bichinchoninic Acid solution (BCA) Sigma, Catalog number: B9643-1L 

BSA (Bovine serum albumin) -

protein standard 

Sigma, Catalog number: P0914-10Amp, Cas no: 

9048-46-8 

BstBI restriction enzyme Biolabs, Catalog number: R0519S 

Cell Titer Blue Promega, Catalog number: 68081 

Chloroform  Analar Normapur, Catalog number: UN1888, Batch: 

09F100512 
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Cocktail Phosphatase inhibitor 

PhosphoSTOP 

Roche, Catalog number: 04096837001 

Copper(II) Sulfate Solution Sigma, Catalog number: C2284-25mL 

DharmaFect transfection reagent Dharmacon, Catalog number: T-2001-03 

Dimethylsulfoxide (DMSO) ROTH, Catalog number: 47204 

DNA 100bp ladder Invitrogen, Catalog number: 15628-050 

DNAse buffer (10X) with MgCl2 

(cDNA) 

Thermo Fischer, Catalog number: B43 

DNAse (1000U) (cDNA) Thermo Fischer, Catalog number: EN0521 

dNTP (cDNA) Thermo Fischer, Catalog number: 0192 

DTT (protein isolation) Gerbu, Catalog number: 1008 

DTT (0.1M) (cDNA) Invitrogen, Catalog number: Y00147 

NovEV ECL HRP 

Chemiluminescent Substrate 

Reagent Kit 

Invitrogen, Catalog number: WP20005 

EcoRI HF restriction enzyme NEB, Catalog number: R3101S 

EDTA (cDNA) Thermo Fischer, Catalog number: 00490837 

Ethyl alcohol Sigma, Catalog number: 32205-2.5L-M 

EtBr (Ethidium bromide) Sigma, Catalog number: E-1510 

Formaldehyde Thermo Fischer, Catalog number: REF28906 

Glycerol Sigma, Catalog number: 15523-1L-R 

Glycine Sigma, Catalog number: 33226-1KG 

Glycogen Sigma, Catalog number: 501785294 

HCl (Hydrochloric acid) (37%) Fischer Scientific, Catalog number: AC450560050 

High-fidelity NEB 2X PCR buffer 

(ACT-seq) 

Biolabs, Catalog number: M05415 

High-prep PCR beads MagBio, Catalog number: AC60001E 

Isopropyl alcohol Honeywell, Catalog number: 33539-2.5L 
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Lambda HindIII ROTH, Catalog number: X910.1 

LB-Agar BD, Reference number: 214010 

Methanol Sigma, Catalog number: 32213-2.5L-M 

MG132 MedChemExpress, Catalog number: HY-13259 

NaCl (Sodium Chloride) Sigma, Catalog number:71380-1KG-M 

NEB3.1 buffer NEB, Catalog number: B7203 

NH4.acetate Serva, Catalog number: 39750 

NIaIII NEB, Catalog number: R0125S 

Phenol/Chloroform/Hydroxychirolin Roth, Catalog number: A156.1 

Proteinase K Sigma, Catalog number: P-2308 

Puromycin Merck, Catalog number: P8833 

Polybrene Santa Cruz, Catalog number: sc-134220 

Purple gel loading dye (6X) Biolabs, Catalog number: B7024S 

Qiazol Qiagen, Catalog number: 5480397 

Random hexamer (200ng/µl) 

(cDNA) 

Thermo Fischer, Catalog number: 48190011 

Ribolock RNase inhibitor Invitrogen, Catalog number: E00381 

RNaseA Qiagen, Catalog number: 19101 

PCR Buffer (10X) Qiagen, Catalog number: 1005479 

T4 Polynucleotide kinase NEB, Catalog number: M0201S 

T4 ligase Biolabs, Catalog number: M0202L 

T4 10X ligase buffer with 10 mm 

ATP 

Biolabs, Catalog number: B02025 

Tween-20  Sigma, Catalog number: P7949-100ml 

TransIT-LT1  Mirus, Product number: MIR 2300 

Triton X Sigma, Catalog number:114H0521 

Trypan Blue stain 0.4% Invitrogen, Reference number: T10282 

SDS (Sodium dodecyl sulfate)  ROTH, Catalog number: 0183.1 
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Stabl3 competent cells  C737303, Thermo Fischer, and the cells were 

transformed to electrocompetent in-house by Oliver 

Mücke 

SuperScript III reverse transcriptase Invitrogen, Catalog number: 56575 

Water (Ultrapure DNase and RNase 

free) 

Invitrogen, Catalog number: 10977-035 

Yeast extract  BB, Reference number: 212750 
 

Supplementary Table 15: Consumables 
 

Consumable Ordering information 

Combtips advanced (0.2 ml,1 ml,5 ml,10 ml) Eppendorf, Catalog number: 0030089642 

DNA low bind tubes (1.5 ml, 2.0 ml) Sarstedt, Catalog number: 72.706.700 

Microtube (1.5 ml, 2.0 ml) Sarstedt, Catalog number: 72.695.400 

Parafilm BEMIS, Catalog number: PM-996 

PCR tubes-8er strips Biozym, Catalog number: 23045 

Plates CellStar, Catalog number: 655180 

Protein gels 4-20% TGX Merck, Catalog number: PCG2016 

Small (S) gloves Starlab, Catalog number: SG-C-S 

  Supplementary Table 16: Machines used. 

The first column shows the machines' names, and the second shows the brand and the purpose 

of using that machine. 

Tapestation 4150 Agilent, quality control  

Transilluminator Amersham Imager 680, Western blot imaging 

UV gel electrophoresis machine Biorad, gel imaging 

Nucleocounter NC250 Chemometec, cell counting 

Shaker TH30 Edmund Bühler, bacterial shaker 

Centrifuge 5424R Eppendorf, centrifugation 



 

99 

 

Mastercycler ProS Eppendorf, PCR 

Thermomixer 1.5, 2.0 ml Eppendorf, thermomixer 

Multiporator Eppondorf, electroporation  

Duomax Shaker 1030 Heidolph, shaking 

Sharp microwave Inverter, microwave 

Countess automatic cell counter Invitrogen, cell counting 

Qubit 2.0 fluorometer Invitrogen, measuring DNA/RNA 

concentrations 

SpectraMax iD3 plate reader Molecular Devices, plate reader 

Nanodrop Spectrometer Reqlab, measuring DNA/RNA 

concentrations 

Lightcycler 480 II Roche, qPCR 

Spanner Sprout, spinning down 

pH50 Benchmeter Violab, pH meter 

Vortexgenie 2 Vortexgenie2, Vortexing 
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Supplementary Table 17: Softwares used. 
 

Adobe Illustrator 2024 

SnapGene 7.0.1 

Imagestudio 5.2.0 

R studio 4.4.0 

Graphpad 10.0 

Spectramay iD3 Soft max 7.0 

Supplementary Table 18: 4C-seq experiment PCR conditions. 

Temperature Conditions/Time 

98°C hold 

98°C 30 seconds 

98°C 15 seconds 

54-49°C 20 seconds 

72°C 120 seconds 

98°C 15 seconds 

49°C 20 seconds 

72°C 120 seconds 

72°C 3 minutes 

10°C hold 
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Supplementary Table 19: The names and the number of the reads obtained after the 

second 4C-seq. 

vpname nReads 

40526MN_GDM-

1_DMSO_rep1 1202926 

40526MN_GDM-

1_DAC_rep1 1079128 

40526MN_GDM-

1_DMSO_rep2 1498007 

40526MN_GDM-

1_DAC_rep2 1785456 

40526MN_GDM-

1_DMSO_rep3 1595207 

40526MN_GDM-

1_DAC_rep3 1246431 

40526MY_GDM-

1_DMSO_rep1 130128 

40526MY_GDM-

1_DAC_rep1 154713 

40526MY_GDM-

1_DMSO_rep2 203978 

40526MY_GDM-

1_DAC_rep2 652853 

40526MY_GDM-

1_DMSO_rep3 149404 

40526MY_GDM-

1_DAC_rep3 53849 
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