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ABSTRACT 

Acute myeloid leukaemia (AML) is a disease characterized by the clonal expansion 

of immature white blood cells, which show increased proliferation, self-renewal and 

a block of differentiation. Despite recent advances in therapy, AML still causes over 

half of all leukaemia related paediatric deaths, as cytogenetically defined subgroups 

with poor prognosis are still prevalent. Chromosomal translocations, which encode 

abnormal fusion proteins, are common in patients with AML, and the MLL (Mixed 

Lineage Leukaemia) locus is the most frequently rearranged in paediatric AML. 

Previous studies in our laboratory used global gene expression analysis in 

conditionally immortalized MLL-rearranged mouse myeloid cells to demonstrate that 

Reptin was positively regulated by MLL-fusion genes. Reptin (also known as 

RUVBL2 or Tip48), functions as part of multi-protein complexes involved in 

chromatin remodelling, DNA repair, regulation of transcription and 

ribonucleoprotein assembly. Further work in our laboratory found Reptin to be 

essential for sustaining the hyperproliferative state and clonogenic potential, as well 

as suppressing apoptosis, of human AML cells, both MLL-rearranged and non-MLL 

rearranged.   

 

The aim of this study was to investigate the transcriptional pathways 

regulated by Reptin in human AML and to establish the efficacy of targeting Reptin 

in vivo. By using an inducible shRNA model to deplete Reptin expression we 

demonstrate that Reptin is essential for leukaemic progression in vivo, as Reptin 

knockdown in established human leukaemias resulted in increased survival and the 
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cure of most xenotransplanted mice. Moreover, our analyses of global gene 

expression data in cells depleted for Reptin expression at different time points 

indicated that Reptin depletion is negatively correlated with the Leukaemic Stem Cell 

self-renewal signature. Furthermore, our gene expression results also indicated that 

Reptin modulates the expression signature of the transcription factors c-MYC and c-

MYB, master regulators of survival and self-renewal pathways in AML. 

Additionally, immunoprecipitation assays identified a novel interaction between 

endogenous Reptin and c-MYB, and ChIP assays showed decreased binding of c-

MYB and the epigenetic mark H3K27ac at the promoter region of the c-MYB target 

gene MPO after Reptin loss. Collectively, our data identify a new pathway 

modulated by Reptin and confirm that Reptin is a good therapeutic target for the 

treatment of AML. 

  



 

 

    6 

 

TABLE OF CONTENTS 

DECLARATION ........................................................................................................ 2 

ACKNOWLEDGEMENTS ....................................................................................... 3 

ABSTRACT ................................................................................................................ 4 

TABLE OF CONTENTS ........................................................................................... 6 

LIST OF FIGURES ................................................................................................. 10 

LIST OF TABLES ................................................................................................... 14 

ABBREVIATIONS .................................................................................................. 15 

 CHAPTER I – Introduction ............................................................................ 21 1

1.1 Haematopoiesis ............................................................................................... 21 

1.2 Childhood Acute Myeloid Leukaemia (AML) ............................................. 26 

1.3 Leukaemic Stem Cells (LSCs) ....................................................................... 31 

1.4 Molecular genetics in childhood AML .......................................................... 34 

1.5 MLL fusion proteins ....................................................................................... 37 

1.6 c-MYB in normal and aberrant haematopoiesis ......................................... 43 

1.7 c-MYC in normal and aberrant haematopoiesis ......................................... 50 

1.8 The ATPases Reptin (RUVBL2) and Pontin (RUVBL1) ............................ 58 

1.8.1 Reptin and Pontin structure .................................................................. 60 

1.8.2 Regulation of expression of Reptin and Pontin ................................... 65 



 

 

    7 

 

1.8.3 Reptin and Pontin function: chaperone-like activity in the assembly of 

several complexes .............................................................................................. 67 

1.8.4 Reptin and Pontin function: regulation of gene transcription .............. 70 

1.8.5 Reptin and Pontin in Cancer ................................................................ 76 

PROJECT AIM ........................................................................................................ 79 

 CHAPTER II – Materials and methods ......................................................... 80 2

2.1 Molecular Biology ........................................................................................... 80 

2.1.1 Bacterial Transformation ..................................................................... 80 

2.1.2 Plasmid DNA purification.................................................................... 80 

2.1.3 Restriction enzyme digests ................................................................... 81 

2.1.4 Gel extraction ....................................................................................... 82 

2.1.5 Ligation ................................................................................................ 82 

2.1.6 Polymerase chain reaction (PCR) ........................................................ 82 

2.1.7 DNA constructs .................................................................................... 83 

2.1.8 Western Blot analysis ........................................................................... 89 

2.1.9 RNA isolation, cDNA preparation and qRT-PCR ............................... 90 

2.1.10 Co-immunoprecipitation (Co-IP) assays .............................................. 91 

2.2 Cell Biology...................................................................................................... 93 

2.2.1 Cell lines and tissue culture methods ................................................... 93 

2.2.2 Lentiviral packaging cell line transfection ........................................... 94 

2.2.3 Lentiviral transduction of target cells .................................................. 94 



 

 

    8 

 

2.2.4 Flow Cytometry ................................................................................... 96 

2.2.5 Dead cell removal ................................................................................ 96 

2.2.6 Luciferase assay ................................................................................... 97 

2.3 RNA-sequencing ............................................................................................. 97 

2.3.1 RNA-seq Library preparation and Sequencing .................................... 97 

2.3.2 Gene set enrichment analysis (GSEA) ................................................. 98 

2.3.3 PANTHER analysis ............................................................................. 99 

2.4 Chromatin immunoprecipitation (ChIP) assays .......................................... 99 

2.5 Animal work .................................................................................................. 107 

 CHAPTER III – Investigating the consequences in vivo of conditional 3

Reptin loss on human AML .................................................................................. 108 

3.1 Introduction .................................................................................................. 108 

3.2 Results ............................................................................................................ 110 

3.2.1 Validating Reptin knockdown in inducible THP-1 clones ................. 110 

3.2.2 Characterising luciferase transduced inducible THP-1 clones........... 112 

3.2.3 Reptin depletion eliminates established leukaemia in vivo ................ 114 

3.3 Discussion ...................................................................................................... 118 

 CHAPTER IV – Studying the molecular function of Reptin in human acute 4

myeloid leukaemia .................................................................................................. 123 

4.1 Introduction .................................................................................................. 123 

4.2 Results ............................................................................................................ 125 



 

 

    9 

 

4.2.1 Examining the effect of Reptin depletion and depletion of Reptin-

interacting partners on c-MYC......................................................................... 125 

4.2.2 Reptin does not interact with c-MYC in AML cells .......................... 141 

4.2.3 Characterising the response of bulk THP-1 cells to Reptin loss ........ 145 

4.2.4 Global gene expression analysis following Reptin silencing ............. 154 

4.2.5 Reptin modulates the LSC, c-MYC and c-MYB signatures .............. 162 

4.3 Discussion ...................................................................................................... 172 

4.3.1 Reptin regulates c-MYC protein and transcript levels ....................... 172 

4.3.2 Negative enrichment of the LSC, c-MYC and c-MYB signatures after 

Reptin depletion ............................................................................................... 177 

 CHAPTER V – Investigating the role of Reptin on c-MYB function ....... 182 5

5.1 Introduction .................................................................................................. 182 

5.2 Results ............................................................................................................ 184 

5.2.1 Validating the c-MYB negative enrichment after Reptin depletion .. 184 

5.2.2 Reptin interacts with c-MYB in AML cells ....................................... 201 

5.2.3 Reptin decreases the binding of c-MYB to the chromatin ................. 205 

5.3 Discussion ...................................................................................................... 209 

 CHAPTER VI – Conclusion .......................................................................... 218 6

 CHAPTER VII - References ......................................................................... 225 7

 APPENDIX ..................................................................................................... 248 8

 



 

 

    10 

 

LIST OF FIGURES 

Figure 1. Diagrams of the different models of haematopoiesis proposed.................. 25 

Figure 2. Schematic diagram of the MLL fusion oncoproteins. ................................ 43 

Figure 3. Schematic showing the c-MYB protein domains. ...................................... 49 

Figure 4. Schematic showing the functional domains of c-MYC. ............................. 57 

Figure 5. Reptin and Pontin regulate several cellular pathways. ............................... 59 

Figure 6. Structure and domains of Reptin and Pontin. ............................................. 63 

Figure 7. Model proposed to explain the interplay between Reptin, Pontin and 

chromatin.................................................................................................................... 64 

Figure 8. Lentiviral expression constructs used in this study. ................................... 84 

Figure 9. Lentiviral expression constructs used in this study to constitutively 

knockdown gene expression. ..................................................................................... 85 

Figure 10. Diagram of the pTRIPZ (PGK) inducible system used in this study. ...... 88 

Figure 11.  Standard curves of the primers used for ChIP assays. ........................... 105 

Figure 12. Melt curves from qPCR of GD21 and MPO. ......................................... 106 

Figure 13. Validation of Reptin depletion in THP-1 inducible clones. ................... 111 

Figure 14. Characterisation of luciferase transduced inducible clones. ................... 113 

Figure 15. Bioluminescence levels in all groups of mice at the start of the 

experiment. ............................................................................................................... 115 

Figure 16. Reptin depletion delays or abolishes leukaemia progression in vivo. ..... 116 

Figure 17. Inducible Reptin depletion leads to decreased c-MYC protein in a THP-1 

clone. ........................................................................................................................ 130 

Figure 18. Reptin knockdown leads to c-MYC and Miz-1 loss. .............................. 131 



 

 

    11 

 

Figure 19. Overexpression of a Dominant Negative (D/N) mutant of Reptin leads to 

apoptosis and c-MYC protein loss. .......................................................................... 133 

Figure 20. MTBP knockdown induces c-MYC protein degradation........................ 135 

Figure 21. Knockdown of EPC1 and EPC2 induces c-MYC loss in THP-1 cells. .. 137 

Figure 22. c-MYC transcript levels decrease after Reptin depletion. ...................... 139 

Figure 23. Western blot analysis showing 3xHA-tagged Reptin overexpression. ... 142 

Figure 24. 3xHA-Reptin interacts with Pontin in THP-1 cells. ............................... 143 

Figure 25. 3xHA-tagged Reptin does not interact with c-MYC .............................. 144 

Figure 26. Inducible knockdown of Reptin in a bulk population of THP-1 cells .... 148 

Figure 27. Time-course western blot analysis of Reptin protein. ............................ 150 

Figure 28. Characterisation of the experiments used for RNA-sequencing at time 

point Day 2. .............................................................................................................. 151 

Figure 29. Characterisation of the experiments used for RNA-sequencing at time 

point Day 4. .............................................................................................................. 152 

Figure 30. RNA express workflow. ......................................................................... 157 

Figure 31. Analysis of differential gene expression after Reptin depletion. ............ 158 

Figure 32. Reptin depletion leads to increased expression of CD82........................ 159 

Figure 33. hTERT expression decreases after Reptin knockdown. .......................... 160 

Figure 34. Gene Ontology and pathways analysis using PANTHER software. ...... 161 

Figure 35. GSEA plots show a negative correlation of the LSC signature after Reptin 

depletion. .................................................................................................................. 165 

Figure 36. GSEA plots show a negative correlation of the c-MYC signature after 

Reptin depletion. ...................................................................................................... 166 



 

 

    12 

 

Figure 37. Sequencing results show a decrease in c-MYC expression levels after 4 

days of Reptin depletion. .......................................................................................... 167 

Figure 38. GSEA plots show a negative correlation of the c-MYB signature after 

Reptin loss. ............................................................................................................... 168 

Figure 39. c-MYB transcript does not change after 4 days of Reptin depletion. ..... 169 

Figure 40. Validation of c-MYB target genes after c-MYB loss. ............................. 188 

Figure 41. Validation of c-MYB target genes after inducible Reptin depletion. ..... 189 

Figure 42. Reptin protein levels after 7 days of constitutive Reptin depletion. ....... 190 

Figure 43. Reptin and CD82 transcript levels after 7 days of constitutive Reptin 

depletion. .................................................................................................................. 191 

Figure 44. Measurement of virus titre prior to RNA-sequencing ............................ 192 

Figure 45. Upregulated and downregulated genes in common between two different 

RNA-seq experiments. ............................................................................................. 193 

Figure 46. hTERT and CD82 log2 fold change after 7 days of constitutive Reptin 

depletion. .................................................................................................................. 194 

Figure 47. c-MYB transcript levels do not change after 7 days of constitutive Reptin 

depletion. .................................................................................................................. 195 

Figure 48. GSEA plots of the c-MYB signature after 7 days of constitutive Reptin 

depletion. .................................................................................................................. 196 

Figure 49. Validation of selected c-MYB target genes by qRT-PCR after constitutive 

Reptin depletion. ...................................................................................................... 197 

Figure 50. Validation of selected c-MYB target genes by qRT-PCR after constitutive 

Reptin depletion with 2 additional shRNA sequences. ............................................ 198 

Figure 51. mRNA expression of c-MYB target genes after Pontin knockdown. .... 200 



 

 

    13 

 

Figure 52. 3xHA-Reptin interacts with endogenous c-MYB in AML cell lines. .... 202 

Figure 53. Endogenous Reptin protein interacts with endogenous c-MYB............. 203 

Figure 54. Endogenous Reptin immunoprecipitation in control and c-MYB depleted 

THP-1 cells. ............................................................................................................. 204 

Figure 55. c-MYB and Reptin protein levels after Reptin depletion in the samples 

used for ChIP assays. ............................................................................................... 207 

Figure 56. Reptin depletion results in decreased c-MYB and H3K27ac binding at the 

promoter region the MPO gene. ............................................................................... 208 

Figure 57. Proposed model of Reptin function in AML cells. ................................. 217 

 

  



 

 

    14 

 

LIST OF TABLES 

Table 1. The French–American-British (FAB) classification of human AML. ......... 29 

Table 2. Table showing the WHO classification of AML subtypes. ......................... 31 

Table 3. Cytogenetic abnormalities in adult vs childhood AML. .............................. 35 

Table 4. Most common mutations in AML. ............................................................... 36 

Table 5. PCR conditions used in this study................................................................ 83 

Table 6. List of pGIPZ shRNA sequences used in this study. ................................... 86 

Table 7. List of MISSION® pLKO.1 shRNA sequences used in this study. ............ 86 

Table 8. List of primary antibodies used for western blot analysis in this study. ...... 90 

Table 9. List of antibodies used in this study to perform immunoprecipitation assays.

 .................................................................................................................................... 93 

Table 10. List of antibodies used for ChIP assays in this study. .............................. 101 

Table 11. List of primer sequences used for ChIP assays. ....................................... 102 

Table 12. List of primer sequences tested for c-MYB ChIP assays......................... 104 

Table 13. Top 30 enriched genes for the c-MYB activated GSEA signature. .......... 170 

Table 14. List of the 100 most upregulated and downregulated genes after 4 days of 

inducible Reptin depletion........................................................................................ 248 

Table 15. List of the 100 most upregulated and downregulated genes after 7 days of 

constitutive Reptin depletion. ................................................................................... 253 

  



 

 

    15 

 

ABBREVIATIONS 

 

AAA+ ATPase belonging to the ATPase associated with various 

cellular activities 

AF10 ALL1 fused gene from chromosome 10 

AF4 ALL1 fused gene from chromosome 4 

AF6 ALL1 fused gene from chromosome 6 

AF9 ALL1 fused gene from chromosome 9 

AGM Aorta-Gonad-Mesonephros 

AKAP7 A-Kinase Anchoring Protein 7 

AML Acute Myeloid Leukaemia 

AMPr Ampicillin resistance gene 

ATM Ataxia-Telangiectasia Mutated 

ATR ATM- and Rad3-Related 

Bp Base pair 

bHLH-Zip Basic Helix-Loop-Helix Leucine Zipper 

BSA Bovine Serum Albumin 

cDNA Complementary deoxyribonucleic acid 

ChIP Chromatin immunoprecipitation 

ChIP-seq ChIP coupled to high-throughput sequencing analysis 

CLP Common Lymphoid Progenitor 

CMAP Broad Institute Connectivity Map database 

CMP Common Myeloid Progenitor 



 

 

    16 

 

c-MYB Avian myeloblastosis viral oncogene homologue 

c-MYC Avian myelocytomatosis viral oncogene homologue 

D/N Reptin Dominant Negative mutant of Reptin 

DAPI 4' 6-Diamidino-2-phenylindole 

DBD DNA Biding Domain 

DMEM Dulbecco’s Modified Eagle’s medium 

DNA Deoxyribonucleic acid 

dNTPs Deoxynucleotide triphosphate 

DSG Disuccinimidyl glutarate 

DOX Doxycycline 

DSS Disuccinimidyl suberate 

DTT Dithiothreitol 

DUSP4 Dual Specificity Phosphatase 4 

EDTA Ethylenediaminetetraacetic acid 

EGTA Ethylene Glycol Tetraacetic Acid 

ELL Eleven-nineteen Lysine-rich Leukaemia 

ENL Eleven Nineteen Leukaemia 

ES cells Embryonic Stem cells 

EV Empty Vector 

FCS Foetal Calf Serum 

FcγRII/III Fcγ receptor-II/III 

FDR False Discovery Rate 

GD21 Gene Desert region on chromosome 21 

GMP Granulocyte-Monocyte restricted Progenitors 



 

 

    17 

 

GSEA Gene Set Enrichment Analysis 

H3K4 Histone H3 lysine 4 

H3K27ac Acetylated Histone H3 lysine 27  

HAT Histone acetyltransferase 

HCC Hepatocellular Carcinoma 

HLH Helix-Loop-Helix 

HOX Homeobox 

HPC Haematopoietic Progenitor Cell 

HSCs Haematopoietic Stem Cells 

hTERT Human Telomerase Reverse Transcriptase 

IL-7Rα Interleukin-7 Receptor α chain 

IP Immunoprecipitation 

IRES Internal Ribosome Entry Site 

LB Luria Broth 

Lin Lineage-associated surface marker 

LMPP Lymphoid-Primed Multipotent Progenitor 

LSC Leukaemic Stem Cells 

LT-HSC Long-Term haematopoietic stem cells 

LTR Long Terminal Repeat 

LZ Leucine Zipper 

NaCl Sodium Chloride 

MAX MYC-Associated Factor X 

MEIS1 Myeloid Ecotropic viral Integration Site 1 

MEP Megakaryocyte-erythroid restricted progenitors  



 

 

    18 

 

MPP Multipotent Progenitors 

MLL Mixed Lineage Leukaemia 

MPO Myeloperoxidase 

NRD Negative Regulatory Domain 

NES Normalised Enrichment Score 

NK Natural Killer 

NOD/SCID Non-Obese Diabetic/Severe Combined Immunodeficiency 

NTC Non-Targeting Control 

PAFc polymerase-associated factor complex 

PANTHER Protein ANalysis THrough Evolutionary Relationships 

PBS Phosphate-Buffered Saline 

PCR Polymerase Chain Reaction 

PGK Phosphoglycerate Kinase Promoter 

PHD Plant Homeodomain 

PLD6 Phospholipase D Family Member 6 

P-TEFb Positive Transcription Elongation Factor b 

PVDF Polyvinylidenefluoride 

qPCR quantitative PCR 

qRT-PCR quantitative Real-Time PCR 

RCC Renal Cell Carcinoma 

RD1 Repression domain 1 

RD2 Repression domain 2 

RIPA Radio Immunoprecipitation Assay 

RNA Ribonucleic acid 



 

 

    19 

 

RNA-seq. RNA coupled to high-throughput sequencing analysis 

RNP Ribonucleoprotein 

Rpm Revolutions Per Minute 

RPMI Roswell Park Memorial Institute 

RRE Rev-Response Element 

RT Room Temperature 

rtTA3 Reverse Tet-transactivator 3 

SAMSN1 SAM Domain SH3 Domain And Nuclear Localization 

Signals 1 

SEC Super elongation complex 

SET Su(var)3-9, Enhancer-of-zeste and Trithorax 

SD Standard deviation 

SDS Sodium Dodecyl Sulphate 

SDS-PAGE SDS-polyacrylamide gel electrophoresis 

SEC Super Elongation Complex 

SFFV Spleen focus-forming virus 

shRNA Short-hairpin ribonucleic acid 

shSCR shScrambled 

shRep shReptin 

SNL-1 Nuclear localization signal 1 

SNL-2 Nuclear localization signal 2 

ST-HSC Short-Term Haematopoietic Stem Cell 

TAD Transactivation Domain 

TRE Tetracycline-Responsive promoter Element 



 

 

    20 

 

TRIS Tris(hydroxymethyl)aminomethane 

tRFP Turbo Red Fluorescent Protein 

WPRE Woodchuck hepatitis posttranscriptional regulatory element 

WNT Wingless-type 

Ψ Viral packaging signal 

 

  



 

 

    21 

 

 CHAPTER I – Introduction 1

 

1.1 Haematopoiesis 

Haematopoiesis refers to the process of blood cell formation occurring during 

embryonic development and adulthood to produce and replenish the blood system 

(Jagannathan-Bogdan and Zon, 2013). Development of the blood cells in mammals 

occurs in two different waves. The first one is called primitive haematopoiesis and its 

main function is to oxygenate the rapidly growing embryo. It begins in the yolk sac 

of the embryo and it then moves to an area surrounding the dorsal aorta - termed the 

aorta-gonad mesonephros (AGM) - and to the placenta. The largest expansion of 

embryo haematopoietic cells takes place in the foetal liver. The subsequent second 

wave is definitive haematopoiesis, and it occurs when cells colonise the spleen and 

thymus, and finally the bone marrow of the adult (Orkin and Zon, 2008). 

Haematopoiesis is generally conserved in vertebrates. Therefore, in order to better 

understand the process of blood formation in humans, it has been well studied using 

mouse models, although some differences have been described between mouse and 

human haematopoiesis (Iwasaki and Akashi, 2007a). The use of functional 

repopulation assays of human xenotransplantations has also helped to better 

understand blood formation in humans (Doulatov et al., 2012).  

 

Haematopoiesis is a hierarchical process, whereby the haematopoietic stem 

cells (HSCs) present in the bone marrow, a rare population of cells which can self-

renew, give rise to progenitor cells and then to committed precursors of two distinct 
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lineages: the myeloid and the lymphoid lineages (Orkin, 2000). The lymphoid 

lineage comprises T, B, and natural killer (NK) cells, while the myeloid lineage 

consists of granulocytes (neutrophils, eosinophils and basophils), 

monocytes/macrophages, erythrocytes, megakaryocytes and mast cells. Dendritic 

cells can develop from either the lymphoid or myeloid lineage (Iwasaki and Akashi, 

2007b).  

 

The myeloid lineage was proposed to be generated from Common Myeloid 

Progenitor cells (CMPs) deriving from short-term hematopoietic stem cells (ST-

HSC) with limited self-renewal potential. In turn, these ST-HSCs derive from long-

term hematopoietic stem cells (LT-HSC) which can undergo extensive self-renewal. 

In mice, HSCs form part of what is known as the LSK population, as they do not 

express lineage-associated-surface markers (Lin), but they do express stem cell 

antigen-1 (Sca-1) and c-Kit (Iwasaki and Akashi, 2007a). LT-HSCs in the LSK 

fraction of mouse bone marrow do not express the surface marker CD34 (CD34
-
) 

(Osawa et al., 1996), but they do express CD38 (CD38
+
) (Randall et al., 1996) and 

low levels of Thy1.1 markers (Thy.1.1
lo

) (Morrison and Weissman, 1994). In 

humans, however, the majority of LT-HSCs reside in the Lin
–
 CD34

+
 CD38

-
 Thy1

+
 

CD45RA
–
 compartment (Doulatov et al., 2012), although a rare more primitive 

population of HSCs that do not express CD34 (Lin
–
 CD34

–
 CD38

– 
CD93

hi
) has also 

been described (Anjos-Afonso et al., 2013). While CMPs also express high levels of 

CD34, they express low levels of the IL-7Rα, in contrast to the Common Lymphoid 

Progenitors (CLP), which generate the lymphoid lineage. As CMP cells differentiate, 

this fraction can be further divided on the basis of the FcƔ Receptor II/III expression 
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(an important marker for myelomonocytic cells) into three distinct myeloid-

progenitor subsets: FcƔRII/III
lo

CD34
+
 CMPs, FcƔRII/III

lo
CD34

-
 megakaryocyte-

erythrocyte progenitors (MEPs), and FcƔRII/III
hi

CD34
+ 

granulocyte-monocyte 

restricted progenitors (GMPs) (Akashi et al., 2000) (Iwasaki and Akashi, 2007b). 

While the CMPs can generate all types of myeloid colonies, the GMPs can only 

generate granulocytes/macrophages and the MEPs can only generate megakaryocyte 

and erythrocyte lineage cells (Iwasaki and Akashi, 2007b). In contrast, CLP cells 

give rise to B and T cell progenitors (Pro-B and Pro-T) that differentiate to T 

lymphocytes, B lymphocytes and NK cells. This is the classical model of 

haematopoiesis. However, this hierarchy has been challenged in the past few years. 

Using murine models of haematopoiesis, Adolfsson and colleagues identified a 

population of pluripotent HSC that lost their megakaryocyte-erythrocyte potential but 

retained the potential to develop into lymphoid primed multipotent progenitors 

(LMPP) that, upon loss of granulocyte-macrophage potential, generated CLPs 

(Adolfsson et al., 2001) (Adolfsson et al., 2005). This model has been termed the 

alternative model of haematopoiesis. There is a third one named the composite 

model, which combines the previous two models described. However, Yamamoto et 

al. recently described a new model called the myeloid bypass model. In this model, a 

self-renewing myeloid-restricted population of progenitor cells (MyRPs), located in 

the phenotypically defined HSC compartment, is lineage committed to 

megakaryocytes (MkRPs), megakaryocyte-erythroid (MERPs) or common myeloid 

(CMRPs) cells. These data suggested that HSCs can differentiate into myeloid 

lineage-restricted progenitors without passing through a multipotent progenitor 

(MPP) state (Yamamoto et al., 2013). Figure 1 shows diagrams of all the different 
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models. Collectively, all of these studies suggest that the relationship between 

differentiation and lineage commitment during haematopoiesis may be more 

complex than at first envisaged. 
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Figure 1. Diagrams of the different models of haematopoiesis proposed. 

(A) In the classical model of haematopoiesis, long term HSCs (LT-HSCs) self-renew 

to maintain the HSC pool but also differentiate to short term HSCs (SH-HSCs) which 

have limited self-renewal capacity. They can differentiate into common myeloid 

progenitors (CMP) or common lymphoid progenitors (GMP). CMPs give rise to 

megakaryocyte-erythrocyte restricted progenitors (MEP) and granulocyte-
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macrophage restricted progenitors (GMP), which differentiate to mature myeloid 

lineage cell types. The CLP population gives rise to B and T cell progenitors (Pro-B 

and Pro-T), which mature to B and T lymphocytes, and NK cells. (B) The alternative 

model of haematopoiesis suggests a less lineage-restricted process and introduces a 

lymphoid-primed multipotent progenitor (LMPP) population. (C) In the composite 

model, CMPs and LMPPs coexist and are both capable of generating GMPs. (D) The 

myeloid bypass model proposes that the HSC compartment also contains a myeloid-

restricted population of progenitor cells (MyRPs), which comprises the 

megakaryocyte (MkRPs), megakaryocyte-erythroid (MERPs) or common myeloid 

(CMRPs) progenitor cells. Adapted from (Iwasaki and Akashi, 2007b) and 

(Yamamoto et al., 2013). 

 

1.2 Childhood Acute Myeloid Leukaemia (AML) 

Acute myeloid leukaemia (AML) is a clonal neoplastic disorder that arises when the 

HSCs or progenitor cells lose the capacity to differentiate into mature myeloid cells. 

They produce abnormal white blood cells (blasts) instead, that rapidly build up in the 

bone marrow, hindering the production of normal blood cells. This results in 

hematopoietic insufficiency that leads to haemorrhage, fatigue, infections and fever 

(Lowenberg et al., 1999) (Zeisig et al., 2012).  

 

AML affects nearly 3000 people in the UK every year and its incidence 

increases progressively with age (CRUK, 2014) (Lowenberg et al., 1999). In 

children, leukaemia is the most common cancer type and, although AML accounts 
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for less than 20% of all the childhood leukaemias, it still causes over half of all 

leukaemia related paediatric deaths (Faulk et al., 2014). Due to treatment 

intensification, selective use of HSC transplantation, better supportive care and 

improved risk stratification, paediatric AML survival rates have increased from less 

than 20% in the 1970s to around 55% nowadays. However, cure rates for some 

cytogenetic subgroups still remain very low (Rubnitz and Inaba, 2012).  

 

AML is a heterogeneous disease that consists of different morphological and 

biological subtypes (Downing and Shannon, 2002). The primary diagnosis consists 

of the identification of leukaemic myeloblasts by examining their morphology, as the 

blasts have a round and irregular nuclei, distinct nucleoli and a small cytoplasm 

(Lowenberg et al., 1999). To correctly categorize the type of AML, different 

classification systems have been proposed. Decades ago the French–American–

British (FAB) group developed a classification system which divides AML in 9 

subtypes based on the morphologic appearance of the blasts and their cytochemical 

characteristics (Table 1) (Lowenberg et al., 1999). Later on, the World Health 

Organisation (WHO) developed another classification system that takes into account 

genetic, immunophenotypic, biological, and clinical features (Table 2). For cases that 

do not fulfil the WHO criteria for classification, the FAB classification is used under 

the “AML, not otherwise specified (NOS)” category (Walter et al., 2013). 

 

AML therapy is divided into two stages. The first one is aimed at getting 

complete remission of the leukaemic blasts (less than 5%), which is the only 

response that extends survival. This stage consists of intensive induction with 7 days 



 

 

    28 

 

of cytarabine plus 3 days of an anthracycline (“7 + 3”). This is followed by post 

remission therapy, which consists of consolidation chemotherapy to kill any 

remaining leukaemic cells, and/or hematopoietic cell transplant (HCT) in poor-risk 

patients (Estey and Dohner, 2006) (Saygin and Carraway, 2017). Although the “7+3” 

is still the standard of care, in the recent years new driver mutations have been 

identified and novel therapies have been investigated, including novel 

chemotherapeutic agents, but also new more specific treatments such as epigenetic 

modifiers and immunomodulators (Saygin and Carraway, 2017). 
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Table 1. The French–American-British (FAB) classification of human AML. 

Table adapted from (Lowenberg et al., 1999). 

  

FAB 

TYPE 

NAME 

ASSOCIATED 

TRANSLOCATION, GENE 

M0 Undifferentiated AML inv(3q26), EVI1 

M1 

Myeloblastic leukaemia with 

minimal maturation 

- 

M2 

Myeloblastic leukaemia 

with maturation 

t(8;21), AML1-ETO 

M3 Promyelocytic leukaemia t(15;17), PML-RARα 

M4 Myelomonocytic leukaemia 11q23, MLL 

M4eos 

Myelomonocytic leukaemia 

with eosinophilia 

inv(16), CBFβ-MYH11 

M5 Monocytic leukaemia 11q23, MLL 

M6 Erythroid leukaemias - 

M7 Megakaryoblastic leukaemia Unknown 
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NAME DESCRIPTION 

AML with recurrent 

genetic abnormalities 

 AML with translocations between Chr 8 and 21 

t(8;21); (AML1-ETO)/(RUNX1-RUNX1T1) 

 AML with inversions in Chr 16, inv(16); 

(CBFβ-MYH11) 

 AML with translocations between Chr 15 and 

17 t(15;17); (PML-RARα) 

 AML with t(9;11)(p22;q23); (MLLT3-MLL) 

 AML with t(6;9)(p23;q34); (DEK-NUP214) 

 AML with inv(3)(q21;q26.2) or 

t(3;3)(q21;q26.2); (RPN1-ENVI1) 

 AML megakaryoblastic with t(1;22)(p13;q13); 

(RBM15-MKL1) 

 AML with mutated NPM1 

 AML with biallelic mutations of CEBPA 

 Provisional entity: AML with BCR-ABL1 

 Provisional entity: AML with mutated RUNX1 

AML with 

myelodysplasia-related 

changes 

 Patients who have had a prior myelodysplastic 

syndrome (MDS) or myeloproliferative disease 

(MPD) that transforms into AML 

AML and MDS, 

therapy-related 

 Patients who have had prior chemotherapy 

and/or radiation and subsequently develop 

AML or MDS 
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 Leukaemias may be characterised by specific 

chromosomal abnormalities 

 

AML not otherwise 

specified (“NOS”) 

 Subtypes of AML that do not fall into the 

above categories 

Myeloid Sarcoma 

 Myeloid sarcoma remains as a unique clinical 

presentation of any subtype of AML. 

Myeloid proliferations 

related to 

Down syndrome 

 Transient abnormal myelopoiesis AML 

associated with Down syndrome 

 

Table 2. Table showing the WHO classification of AML subtypes.  

Table adapted from (Vardiman et al., 2009), (Gruber, 2012) and (Arber et al., 2016). 

 

1.3 Leukaemic Stem Cells (LSCs) 

AML is a clonal disorder that has been proposed to be initiated from a rare 

Leukaemic Stem Cell (LSC) population, following a hierarchy similar to the one 

occurring in normal haematopoiesis. LSCs are cells with indefinite self-renewal 

potential that drive the formation of the leukaemia and sustain the disease by 

activating an abnormal differentiation programme. It is this aberrant differentiation 

programme that leads to the production of the leukaemic blasts (Bonnet, 2005) 

(Huntly and Gilliland, 2005).  



 

 

    32 

 

LSCs were initially termed SCID-leukaemia initiating cells (SL-IC) and 

were shown to express similar markers to HSCs, as only CD34
+
/CD38

-
 cells (and not 

the more differentiated counterparts CD34
+
/CD38

+
) were found to be capable of 

transplanting leukaemia in NOD/SCID mice and giving rise to AML in secondary 

recipients (Bonnet and Dick, 1997) (Blair et al., 1998) (Lapidot et al., 1994). 

However, further work with more immune deficient mouse strains proved LSC 

activity in the more mature CD34
+
/CD38

+
 fraction of some AML samples, although 

limiting dilution experiments showed that the frequency of LSCs in this population 

was lower than in the CD34
+ 

CD38
-
  population (Taussig et al., 2008) (Horton and 

Huntly, 2012). In line with this, a more recent study sorted AML cells from patients 

according to their CD34/CD38 expression and found that the LSCs in all 4 sorted 

combinations showed leukaemia-initiating potential. However, in agreement with 

earlier studies, the majority of LSCs were found in the CD34
+
/CD38

-
 fraction (Ng et 

al., 2016). Remarkably, Terwijn and colleagues found that the frequency of 

CD34
+
/CD38

-
 neoplastic cells had an important prognostic impact, as higher 

percentages of these cells after treatment correlated with shorter patient survival 

(Terwijn et al., 2014). Collectively, all these studies suggest that LSCs might exist in 

all CD34/CD38 populations, although the CD34
+
/CD38

-
 fraction might be the most 

therapeutically relevant. 

  

In addition to CD34 and CD38, LSCs have also been shown to express other 

more specific surface markers, including some myeloid antigens such as CD33 or 

CD123, and novel markers such as CLL-1, CD96 or TIM3, among others (Horton 

and Huntly, 2012). However, not all the LSC markers were found to be expressed to 
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the same extent in different AML samples (Hanekamp et al., 2017). In order to 

further characterise the LSCs, several gene expression experiments have been 

performed using mouse LSCs models. Somerville et al. used a mouse model that 

recapitulates human MLL-driven AML and, surprisingly, they found that the LSCs in 

the model have a genetic signature more similar to embryonic stem cells than to adult 

HSCs. Moreover, LSCs in this particular model were also found to be metabolically 

active cycling cells, rather than quiescent (Somervaille et al., 2009). In a different 

study, LSCs were isolated from leukaemias initiated by MLL-AF9 transduced 

committed GMPs and were found to have a similar gene expression signature than 

normal GMPs, but with the extra expression of a subset of genes important for self-

renewal normally highly expressed in HSCs (Krivtsov et al., 2006). Interestingly, 

this self-renewal signature was observed by Kvinlaug and colleagues in pre-

leukaemic and leukaemic stem cells of acute myeloid leukaemias initiated by a 

diverse number of oncogenes, indicating that a common signature in LSCs is 

expressed independently of the driving mutation (Kvinlaug et al., 2011). The Hoxa9, 

Meis1, c-Myb and Cbx5 genes were found to be important contributors of this self-

renewal signature (Kvinlaug et al., 2011) (Somervaille et al., 2009).  

 

Several studies have found an association between LSC number and 

prognosis in AML patients, as a higher frequency of LSCs was found to correlate 

with a poorer clinical outcome (Majeti et al., 2009) (Eppert et al., 2011) (de Jonge et 

al., 2011). However, LSC may be more difficult to target with conventional 

chemotherapy, due to differences in their properties to bulk AML blasts, and they 

may therefore be the cause of many disease relapses (Costello et al., 2000) (Pollyea 
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et al., 2014).  Thus, the identification of the clinical significance of LSCs and the 

hierarchy in AML suggests that more specific therapies are needed that target the 

therapy-resistant LSC population rather than the bulk of the leukaemia (Horton and 

Huntly, 2012) (Hanekamp et al., 2017). 

 

1.4 Molecular genetics in childhood AML 

Molecular genetic alterations and cytogenetic abnormalities, leading to fusion genes, 

are very common in AML. Characterisation of all the genetic aberrations in AML 

has led to the conclusion that many of the genes affected also have a role in normal 

haematopoiesis and are involved in the aberrant proliferation, differentiation and 

apoptosis of blood cell precursors during AML (Mrozek et al., 2004). Interestingly, 

the frequency of these aberrations in adult and childhood AML is different. For 

example, while 45% of adult AML cases present a normal karyotype, only 20% of 

childhood AML cases are cytogenetically normal. In contrast, some cytogenetic 

abnormalities are much more common in paediatric AML. Translocations of the 

mixed lineage leukaemia (MLL) gene, for instance, are much more frequent in 

childhood and infant AML than in adult AML (Zeisig et al., 2012) (Pui et al., 1995). 

Table 3 shows a comparison of the different cytogenetic abnormalities affecting adult 

and childhood leukaemias. Although chromosomal translocations are very common 

in AML, they are believed to be important initiating drivers necessary to maintain the 

leukaemic phenotype but insufficient to induce a full leukaemic phenotype on their 

own. Thus, other genetic and epigenetic alterations are found alongside cytogenetic 

abnormalities in many cases (Gruber, 2012). However, the number of mutations or 
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genetic lesions (e.g. deletions) found in paediatric AML is normally much lower than 

in other types of childhood leukaemias or than in other tumour types in adults 

(Radtke et al., 2009). Table 4 shows the most common mutated genes in AML. 

 

CYTOGENETIC 

ABERRATION 

ADULT 

AML 

CHILDHOOD  

AML 

Normal karyotype 41% 20% 

t(15:17); (PML/ RARα) 13% 10% 

t(8:21); (AML1-ETO) 7% 10% 

inv(16); (CBFβ-MYH11) 5% 5% 

11q23; (MLL fusions) 4% 10% 

Others 12% 28% 

Trisomy chromosome 21 3% 5% 

Monosomy chromosome 7 5% 4% 

Trisomy chromosome 8 10% 8% 

   

 

Table 3. Cytogenetic abnormalities in adult vs childhood AML.  

Table showing a comparison of the most common cytogenetic abnormalities in adult 

and in children. Adapted from (Zeisig et al., 2012) and (Grimwade et al., 2010).  
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GENE MUTATIONS IDENTIFIED ADVANTAGE 

FLT3 

Internal tandem duplication 

Tyrosine kinase domain 

Proliferative 

cKIT Activating mutations Proliferative 

RAS Activating mutations Proliferative 

PTPN11 Activating mutations Proliferative 

JAK2 Activating kinase mutations Proliferative 

JAK3 Activating kinase mutations Proliferative 

MPL Activating cytokine receptor mutation Proliferative 

AML1 t(8;21), point mutations Differentiation arrest 

CEBPA Truncated protein, DNA-binding site Differentiation arrest 

WT1 Insertions, deletions, point mutations Differentiation arrest 

GATA1 Truncated protein (GATA1s) 

Differentiation arrest 

Proliferation advantage 

in foetal progenitors 

NPM1 

Translocations, deletions, point 

mutations 

Survival 

TP53 Deletions, inactivating mutations Survival 

 

Table 4. Most common mutations in AML.  

Table showing the genes that are frequently mutated in AML and the type of 

mutation normally found. The table also shows the advantage that the mutation 

confers to the leukaemic cells. Adapted from (Gruber, 2012). 
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1.5 MLL fusion proteins 

Between 35% and 50% of infant AML cases are caused by chromosomal 

rearrangements involving the MLL gene. Older children and adults also present these 

translocations, which account for the 10% of all AML cases (Muntean and Hess, 

2012). These chromosomal translocations generate new oncogenic fusion proteins 

that initiate the leukaemic process, and the resulting leukaemias are generally very 

aggressive and with poor prognosis (Krivtsov and Armstrong, 2007) (Slany, 2009). 

Besides chromosomal translocations, partial tandem duplications (PTD) and 

amplification of the MLL have also been described in acute leukaemias (Muntean 

and Hess, 2012) . 

 

The MLL gene is located at chromosome band 11q23 and encodes a 

transcription factor with homology to the product of the Drosophila melanogaster 

trithorax gene (Zeleznik-Le et al., 1994). It belongs to the trithorax group of proteins 

(trxG), which activate gene transcription and antagonize the function of the 

Polycomb (PcG) group proteins (Muntean and Hess, 2012). The normal function of 

MLL in early haematopoietic progenitors is to modify the chromatin to activate gene 

transcription (Muntean and Hess, 2012). Chromatin is composed of DNA wrapped 

around an octamer of proteins called histones, which include H2A, H2B, H3 and H4 

or some variants. The N-terminal domain of the histones can be modified by post-

translational modifications to regulate gene expression (Eissenberg and Shilatifard, 

2010). MLL proteins methylate histone 3 lysine 4 (H3K4) residues to positively 

regulate and maintain the expression of several genes, including the homeobox 
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(HOX) genes, to stimulate the growth of progenitor cells (Muntean and Hess, 2012). 

The expression of these genes is later on downregulated when terminal 

differentiation is induced in normal haematopoiesis (Pineault et al., 2002). In MLL 

rearranged leukaemias, the translocations also regulate the expression of the Hoxa 

genes, but the normal repression of their transcription does not happen (Horton et al., 

2005). The constant expression of these genes, together with the upregulated 

expression of other genes, induces leukaemogenesis (Hess, 2004).  

 

The MLL gene encodes a very large protein which is cleaved by an aspartase 

protease (TASPASE1) into two fragments: a larger 320kDa N-terminal fragment 

(MLL
N
) and a smaller 180kDa fragment, the C-terminal MLL (MLL

C
) (Hsieh et al., 

2003a) (Hsieh et al., 2003b). Both fragments are components of a large 

macromolecular complex which includes other partner proteins important for 

efficient gene transcription. In particular, in the MLL
C
 fragment there is a 

transcriptional activation domain which interacts with at least 4 proteins (MOF, 

WDR5, RBBP5 and ASH2L) which modify the chromatin to prepare it for efficient 

transcription (Slany, 2009). Moreover, at the C-terminus of the MLL
C
 fragment there 

is also a domain responsible for its function in methylating H3K4, named the SET 

domain (Milne et al., 2002). The MLL
N
 fragment, in contrast, contains domains for 

its nuclear localisation (SNL-1 and SNL-2), transcriptional repression (RD1 and 

RD2), and for DNA binding (AT-hook motifs and a cysteine-rich CXXC domain). 

Next to the CXXC domain there are 4 plant homeodomain (PHD) fingers, important 

for protein-protein interactions, and a bromodomain, which mediates the binding to 

acetylated histones (Winters and Bernt, 2017). Importantly, the MLL
N
 fragment 
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interacts with two proteins (Menin and LEDGF), which tether the MLL complex to 

chromatin, and this interaction has been found to be maintained during 

leukaemogenesis (Caslini et al., 2007) (Yokoyama and Cleary, 2008). Another key 

interaction maintained during leukaemogenesis that directs MLL to the target loci is 

with the polymerase-associated factor complex (PAFc). PAFc is a transcriptional 

activation complex that mono ubiquitylates lysine 20 of histone H2B, which is 

necessary for the histone methylation function of the MLL complex (Muntean and 

Hess, 2012).  

 

In leukaemias, the MLL fusion oncogenes resulting from chromosomal 

translocations always include a 5’ fragment of the MLL gene, encoding part of the N-

terminal moiety, fused to a variable number of exons from a fusion partner gene. 

Thus, the MLL fusion proteins retain the Menin binding domain, the AT-hooks, the 

nuclear localisation domains and the repression domains, including the one necessary 

to bind PAFc. However, they do not retain the PHD fingers, the transcriptional 

activation domain or the SET domain (Figure 2) (Winters and Bernt, 2017). Over 60 

different MLL fusion partner genes, capable of transforming the truncated MLL into 

a potent transcriptional activator, have been described (Zeisig et al., 2012). 

Nonetheless, there are six that account for more than two-thirds of all MLL 

rearranged leukaemias. These are the t(4;11) (MLL-AF4), t(9;11) (MLL-AF9), 

t(11;19) (MLL-ENL), t(10;11) (MLL-AF10), t(11;19) (MLL-ELL) and t(6;11) (MLL-

AF6), which encode nuclear proteins able to bind DNA and modify gene 

transcription (Slany, 2005) (Meyer et al., 2013) (Krivtsov and Armstrong, 2007). Of 

those, AF9 is the most common MLL fusion partner found in paediatric AML, 



 

 

    40 

 

followed by AF10 (Harrison et al., 2010) (Gruber, 2012). Although these MLL 

partners show little sequence similarity, AF4, AF9, ENL, AF10 and ELL were all 

found to participate in transcriptional elongation by forming part of a large 

macromolecular complex, named the super elongation complex (SEC). The SEC also 

includes other known transcription elongation factors, such as P-TEFb, which 

phosphorylates the C-terminal domain of the RNA Pol II (Smith et al., 2011). 

Interestingly, the 5’part of MLL that is retained in the leukaemic chimeras does not 

contain the region encoding the methyltransferase activity of the protein, suggesting 

that the function of the MLL moiety in the fusion proteins is to recruit MLL-fusions 

to target loci, via interaction with proteins such as Menin and LEDGF (Lin et al., 

2010). Other interacting proteins found to be important for MLL fusion-induced 

leukaemogenesis are the bromodomain-containing proteins BRD3 and BRD4, which 

bind acetyl-lysine residues; the histone methyltransferase DOT1L, which methylates 

H3K79; and the Polycomb PRC1 complex component CBX8, important for gene 

repression (de Boer et al., 2013) (Winters and Bernt, 2017). Figure 2 shows a 

simplified schematic representation of the MLL fusion oncoproteins. 

 

Several studies have shown that MLL fusion proteins induce both 

lymphoblastic and myeloid leukaemic transformation by maintaining upregulated 

expression of A-cluster Hox genes, particularly HoxA7, HoxA9, and the Hox co-

factor Meis1 (Muntean and Hess, 2012). Gene expression profile experiments 

showed the upregulation of HOXA genes expression in MLL-rearranged leukaemias 

(Armstrong et al., 2002) (Yeoh et al., 2002) (Ferrando et al., 2003). At the same 

time, it was shown that HoxA7 and HoxA9 are required to immortalise myeloid 
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progenitors in vitro with the MLL fusion proteins. Moreover, HoxA9 was found to be 

required to induce MLL-leukaemogenesis in vivo, as Hoxa9 null murine bone 

marrow cells transduced with the MLL-ENL fusion did not induce leukaemia in 

recipient mice (Ayton and Cleary, 2003). Using an inducible model of MLL-fusion 

leukaemia, Zeisig and colleagues also showed increased expression of HoxA genes in 

transformed cells. Furthermore, overexpression of HoxA9 with Meis1 induced 

differentiation block and continuous proliferation in cells that had lost expression of 

the MLL-fusion protein (Zeisig et al., 2004). Similarly, a study from our group used 

an inducible model of MLL induced leukaemia in primary murine progenitor cells to 

show that the loss of the MLL-ENL fusion protein leads to decreased expression of 

Hox genes (Horton et al., 2005). Interestingly, LSCs in a mouse model of MLL-AF9 

induced leukaemia were also found to express high levels of Hox genes (Somervaille 

and Cleary, 2006) and Meis1 was found to be an essential regulator of LSCs in a 

model of MLL induced leukaemia (Wong et al., 2007). In addition to this, 

suppression of HOXA9 in MLL-rearranged cell lines led to apoptosis and a reduced 

number of colonies in colony forming assays (Faber et al., 2009). However, in a 

different study depletion of HoxA9 and Meis1 expression in murine MLL-rearranged 

AML cells did not affect proliferation of the cells in competitive proliferation assays. 

This result suggested that HoxA9 and Meis1 might be less important for MLL-

rearranged leukaemias than initially thought (Zuber et al., 2011). Interestingly, in 

that study the authors also found that MLL-AF9 contributes to leukaemia 

maintenance by enforcing a genetic signature similar to the transcription factor c-

MYB. Moreover, MLL-AF9 was found to directly regulate c-Myb transcription by 

binding to its promoter. Other genes found to be directly regulated by the MLL-AF9 
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fusion included Meis1, Irx5, FoxP1 and c-Myc among others (Zuber et al., 2011). 

Thus, besides deregulated Hoxa gene expression, other target genes regulated by the 

MLL fusion proteins appear to be important for AML progression. A different study 

found that c-Myb, Hmgb3 and Cbx5 genes were sufficient for immortalisation of 

myeloid progenitors in the absence of Hoxa gene upregulation (Somervaille et al., 

2009). Further studies found that the transcription factor c-MYB regulates essential 

genes for survival of MLL-induced acute myeloid leukaemias. For example, in two 

independent studies, our group found that the c-MYB induced genes Frat1/2 and 

Reptin are also essential for MLL-fusion induced oncogenicity and survival (Walf-

Vorderwulbecke et al., 2012) (Osaki et al., 2013). In this thesis, we have further 

investigated one of those targets, the ATPase Reptin, using an MLL-AF9 expressing 

AML paediatric cell line as a model. Our investigations have shown the important 

role of Reptin in regulating the function of two key proteins in AML, the 

transcription factors c-MYC and c-MYB. 
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Figure 2. Schematic diagram of the MLL fusion oncoproteins. 

The MLL fusion proteins are formed by the fusion of part of the N-terminal domain 

of the MLL and a fusion partner protein, such as AF9. Several other chromatin 

modifying proteins form a complex with the MLL fusion to aberrantly activate gene 

expression. MBD, Menin (MEN1) binding domain; AT, AT hooks; SNL, Speckled 

nuclear localisation domains; RD, Repression domains. Adapted from (Winters and 

Bernt, 2017). 

 

1.6 c-MYB in normal and aberrant haematopoiesis 

c-MYB, a downstream transcriptional target of the MLL-fusion oncoproteins, is a 

transcription factor with a central role in the regulation of normal haematopoiesis and 

in leukaemogenesis. It is the cellular homolog of v-MYB, which was initially 

described as an oncogene causing leukaemia in chickens (Moscovici et al., 1975) 

(Pattabiraman and Gonda, 2013). It forms part of a family of transcription factors 

together with A-MYB (MYBL1) and B-MYB (MYBL2) (Uttarkar et al., 2017). As 

transcription factors, MYB proteins bind DNA sequences to regulate gene expression 

through a highly conserved N-terminal DNA biding domain (DBD). The specific 
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motif recognised by these proteins, known as MYB binding site (MBS), has been 

described as t/cAACt/gG (Biedenkapp et al., 1988) (Ramsay and Gonda, 2008). The 

c-MYB protein also has a transactivation domain (TAD) in the centre of the protein, 

and a negative regulatory domain (NRD) in the C-terminal region (Figure 3) 

(Uttarkar et al., 2017). 

 

Several proteins have been reported to interact with different c-MYB 

domains to modulate its activity. The histone acetyltransferases (HATs) CREB-

binding protein (CBP)/p300 bind the TAD of c-MYB and play a central role in 

regulating c-MYB function. They act as co-activators by modifying the chromatin, 

acetylating c-MYB and by bridging c-MYB with the transcription machinery (Greig 

et al., 2008). In contrast, the histone acetyltransferase TIP60 was found to interact 

with the TAD of c-MYB but negatively modulate its function (Zhao et al., 2012). 

Moreover, c-MYB has been found to co-operate or compete with other transcription 

factors. For instance, the transcription factors C/EBPα and PU.1, which are important 

for myeloid lineage commitment, were found to co-operate with c-MYB to activate 

the expression of the murine neutrophil elastase (NE) gene in immature murine 

myeloid cells (Oelgeschlager et al., 1996). In a different example, c-MYB was found 

to compete with the transcription factor GATA-1 (which drives erythropoiesis) for 

the binding to CBP, thus inhibiting GATA-1 transcriptional activity (Takahashi et 

al., 2000). 

 

c-MYB is highly expressed in immature hematopoietic cells and it has been 

found to control hematopoietic cell proliferation, differentiation and survival (Zhou 
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and Ness, 2011). Early work from the 1980s in murine and human cells already 

suggested a function of c-MYB in haematopoiesis, since higher expression of c-MYB 

was found in immature haematopoietic cells and in leukaemic cells. Besides, c-MYB 

expression was found to decrease upon differentiation into the different lineages 

(Westin et al., 1982) (Sheiness and Gardinier, 1984) (Gonda and Metcalf, 1984). 

Consistent with this, exogenous c-MYB overexpression was found to block 

differentiation of murine erythroid and myeloid cell lines (Clarke et al., 1988) 

(Yanagisawa et al., 1991). Another study exposed normal human progenitor cells to 

c-MYB antisense oligodeoxynucleotides to deplete its expression, and found a 

significant reduction in the size and number of colonies formed (Gewirtz and 

Calabretta, 1988). Later on, c-Myb was modified in mouse embryonic stem cells by 

homologous recombination to include translational stop codons. Homozygous 

mutations were found to be lethal and analysis of the embryos identified severe 

anaemia due to failed erythropoiesis in the foetal liver (Mucenski et al., 1991). c-

Myb expression was found to be required for the proper maturation of both myeloid 

and lymphoid lineages, except for megakaryocytes, indicating that functional c-Myb 

is required for normal haematopoiesis in vivo. Even though HSCs were found in the 

foetal liver of homozygous c-Myb mutant mice, they failed to expand. This suggested 

that definitive haematopoiesis can be initiated in the absence of c-Myb, but that 

subsequent expansion is blocked (Sumner et al., 2000) (Clarke et al., 2000). In 

agreement with this, c-Myb reduction to 5-10% of normal levels in murine bone 

marrow resulted in normal generation of haematopoietic progenitors but subsequent 

differentiation was found to be impaired. However, sufficient haematopoietic 

differentiation occurred to allow embryos to be born and reach adulthood 
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(Emambokus et al., 2003). Other groups used mouse models with point mutations in 

c-Myb that resulted in decreased c-Myb activity or expression. Surprisingly, the 

results of these studies showed an increase in the number of haematopoietic 

progenitors and normal levels of mature myeloid cells (Carpinelli et al., 2004) 

(Sandberg et al., 2005) (Metcalf et al., 2005) (Greig et al., 2008). However, these 

models had some limitations. Thus, later on c-Myb was conditionally depleted in 

murine bone marrow. In this new model, in contrast to previous results, c-Myb 

depletion resulted in a reduced number of HSCs, abolishment of self-renewal and 

impaired development of the distinct haematopoietic lineages. Therefore, this model 

suggested an essential role of c-Myb in the maintenance of HSCs and in adult 

haematopoiesis (Lieu and Reddy, 2009). 

  

Aberrant c-MYB expression has been linked to haematopoietic malignancies 

in mice and humans. Several studies have shown increased c-MYB expression levels 

in myeloid and lymphoid leukaemias (Westin et al., 1982). However, dysregulation 

of c-MYB expression is normally indirect, as few direct genomic alterations have 

been described. In T-cell leukaemia, c-MYB translocations and duplications that 

contribute to the transformed phenotype have been found (Lahortiga et al., 2007) 

(Clappier et al., 2007) (O'Neil et al., 2007). Moreover, Mansour et al. also described 

mutations that introduce new c-MYB binding sites in non-coding genomic regions, 

which generate a super enhancer that activates the TAL1 oncogene in T-

lymphoblastic leukaemia (Mansour et al., 2014). In AML, these genomic aberrations 

are less frequent but some studies also described a gain of the c-MYB locus in a rare 

type of AML (Murati et al., 2009), and an uncommon c-MYB-GATA-1 fusion 
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oncogene (Belloni et al., 2011) (Quelen et al., 2011). Together, these finding support 

the idea that c-MYB expression is important for leukaemia initiation.  

 

Indirect c-MYB upregulation is more common than genomic alterations in 

leukaemias and elevated c-MYB expression has been shown to be essential for 

disease maintenance. Numerous studies have provided additional evidence for the 

leukaemogenic potential of c-MYB by using in vitro cell systems. Enforced c-Myb 

expression was found to block differentiation of murine erythroleukaemia and 

myeloblastic leukaemia cell lines (Clarke et al., 1988) (Selvakumaran et al., 1992). 

Moreover, exposure of different human AML cell lines to a synthetic antisense 

oligomer complementary to c-MYB mRNA resulted in a marked reduction in cell 

proliferation. Interestingly, the most differentiated cell lines were the most affected 

(Anfossi et al., 1989) (Gonda et al., 1989). Another study also used antisense 

oligonucleotides to inhibit c-MYB in normal haematopoietic progenitor cells and in 

myeloid leukaemia cells lines. Importantly, the results indicated a differential 

sensitivity to c-MYB inhibition, as normal progenitor cells survived at doses of c-

MYB inhibition that were cytotoxic for leukaemic cells (Calabretta et al., 1991).  

 

A number of recurrent chromosomal translocations in AML, such as AML-

ETO, PML-RARα, E2A-HLF, BCR-ABL, MLL-AF9 and MLL-ENL, have been found 

to increase c-MYB expression or require c-MYB to induce transformation 

(Pattabiraman and Gonda, 2013) (Uttarkar et al., 2017). In particular, the induction 

by the MLL fusion oncogenes has been well studied. In 2006, Hess and colleagues 

used a conditional mouse model of MLL-ENL induced leukaemia and found that the 
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fusion oncogene indirectly induced c-Myb expression through HoxA9 and Meis1. 

Remarkably, c-Myb depletion inhibited MLL-ENL mediated transformation even 

when the level of c-Myb knockdown was just around half of the normal level (Hess 

et al., 2006) (Pattabiraman and Gonda, 2013). A subsequent study used a mouse 

model of MLL-induced AML and found that c-MYB, among other genes, is essential 

for the maintenance of the LSCs, and can induce transformation in a HoxA9/Meis1 

independent manner (Somervaille et al., 2009). Similarly, a study led by our group 

used a conditional murine model of MLL-induced AML and c-Myb was also 

identified as a downstream transcriptional target of the fusion proteins MLL-ENL 

and MLL-AF9 (Walf-Vorderwülbecke, 2009). In line with this, Zuber et al. also used 

a mouse model of MLL rearranged AML and showed that MLL-AF9 maintains the 

leukaemic phenotype by enforcing a c-Myb genetic signature linked to self-renewal. 

Notably, their experiments showed that in vivo c-Myb depletion supressed leukaemia 

progression without affecting normal myelopoiesis (Zuber et al., 2011). Moreover, a 

different study found that c-MYB drives MLL-induced leukaemias by forming a 

complex with MLL and Menin to contribute to the chromatin changes induced by the 

MLL-fusion proteins (Jin et al., 2010).  

 

In summary, the studies described here determine the essential role of c-MYB 

in maintaining the leukaemic phenotype and describe the different ways in which 

leukaemic cells achieve high levels of c-MYB expression. Importantly, some of these 

studies also suggest that there may be therapeutic window in which leukaemic cells 

can be targeted without having major detrimental effects on normal myelopoiesis. 
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Figure 3. Schematic showing the c-MYB protein domains. 

The c-MYB protein has a DNA binding domain at the N-terminal region of the 

protein, a transactivation domain (TAD) to activate gene transcription at the center 

and a regulatory region at the c-domain of the protein. Some co-activators, such as 

the HAT p300/CBP, bind to the TAD of c-MYB. Adapted from (Uttarkar et al., 

2017) and (Greig et al., 2008). R1, R2 and R3 represent regions of the DNA-binding 

domain; LZ, Leucine Zipper; NRD, Negative Regulatory Domain. 
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1.7 c-MYC in normal and aberrant haematopoiesis 

c-MYC is a transcription factor that regulates several critical cellular pathways, and 

whose expression has been reported to be deregulated in over 70% of all types of 

cancer (Dang, 2012). Its direct oncogenic activation can occur through gene 

amplification, chromosomal translocations, mutations or epigenetic deregulation. 

Moreover, many upstream pathways that activate c-MYC expression or that block its 

degradation have also been described (Gnanaprakasam and Wang, 2017). In 

haematological cancers, a chromosomal translocation that results in c-MYC 

activation is very common in Burkitt’s lymphoma (Pelengaris et al., 2002). However, 

even though c-MYC deregulation has been generally linked to lymphoid 

malignancies, there is increasing evidence that it is also deregulated and plays an 

important role in myeloid leukaemias. In fact, c-MYC was initially discovered as a 

viral oncogene that produced myeloid neoplasms in chickens (myelocytomatosis), 

and the gene was named after this tumour (Delgado et al., 2013). 

 

c-MYC encodes a basic helix–loop–helix leucine zipper (bHLH-Zip) 

transcription factor which forms part of a family of proteins comprising c-MYC, N-

MYC and L-MYC (Blackwood and Eisenman, 1991). It controls an extensive range 

of cellular functions, including cell growth, proliferation, differentiation and 

apoptosis. Most of its functions depend upon forming heterodimeric complexes with 

the MYC-Associated Factor X (MAX) protein. The complex formed by c-MYC and 

MAX binds to consensus sequences on the genome, known as Enhancer sequences 

(E-boxes), to activate gene expression through recruitment of chromatin remodelling 
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co-factors (Blackwell et al., 1990) (Amati et al., 1993) (Poole and van Riggelen, 

2017). Moreover, c-MYC/MAX complexes can bind to the MIZ-1 transcription 

factor to repress gene expression (Schneider et al., 1997) (Dang, 2012). c-MYC 

dimerises with MAX and MIZ-1 through the bHLH-Zip domain found on the C-

terminal region of the protein, which also serves as a sequence specific DNA binding 

domain. The N-terminal region contains two conserved domains (c-MYC boxes I 

and II) which are essential for the transactivation of its target genes. Some cofactors, 

such as the ATPases Reptin and Pontin, have been found to interact with c-MYC 

through these domains (Figure 4) (Pelengaris et al., 2002) (Luscher and Larsson, 

1999) (Wood et al., 2000).  

 

In physiological conditions, c-Myc is expressed during embryogenesis and 

has an essential role during development, as its ablation in embryonic stem cells 

resulted in embryonic lethality of homozygous mouse embryos between days 9.5 and 

10.5. Moreover, the embryos displayed hematopoietic, placental and vascular defects 

(Davis et al., 1993) (Murphy et al., 2005). c-Myc expression is highly correlated with 

cell proliferation and thus, in adults it is highly expressed in dividing tissues. When 

cells enter mitotic arrest or start differentiating, c-Myc transcript levels decline 

(Schmid et al., 1989). Several studies have shown that its effects on cell proliferation 

are in part due to the ability of c-MYC to activate or repress genes important for cell 

cycle progression, such as cyclin-dependent kinases (CDK) (Pelengaris et al., 2002). 

However, the effects of c-Myc on tissue growth are not only related to its function in 

regulating cell cycle, but also to its role in regulating cell size and protein synthesis 

(Johnston et al., 1999) (Iritani and Eisenman, 1999) (Schuhmacher et al., 1999). 
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As previously mentioned, c-MYC regulates many cellular pathways. For this 

reason, its expression in physiological conditions is tightly regulated. Both mRNA 

and protein levels of c-MYC were found to have an extremely short half-life (Dani et 

al., 1984) (Hann and Eisenman, 1984), although to be constantly expressed during 

cell cycle (Hann et al., 1985) (Thompson et al., 1985). In fact, c-MYC expression 

has been found to be controlled by multiple signals and factors which tightly regulate 

the precise time and the amount of c-MYC transcription (Vervoorts et al., 2006). 

Moreover, posttranslational modifications such as phosphorylation, acetylation and 

ubiquitylation, which affect the stability of the protein, have also been described  

(Vervoorts et al., 2006). This regulation, however, cannot take place in tumour cells, 

as different mechanisms ensure enhanced levels of c-MYC expression (Pelengaris et 

al., 2002). 

 

There has been a debate over how c-MYC regulates gene transcription. It has 

been found to recruit several co-factors which modulate gene expression by 

modifying the structure of the chromatin. For example, among other chromatin 

modulators, several HATs have been described that interact with c-MYC to activate 

gene expression, including the hGCN5 HAT via the adaptor protein TRRAP 

(McMahon et al., 2000); the CBP/p300 HAT cofactors (Vervoorts et al., 2003); and 

the HAT TIP60, together with other complex components such as p400 and 

Reptin/Pontin (Frank et al., 2003). Moreover, c-MYC was also found to interact with 

the pause-release factor P-TEFb, which promotes transcription elongation by 

phosphorylating RNA Polymerase II and other elongation factors. In fact, research in 
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ES cells showed that c-MYC activates gene transcription by releasing paused 

Polymerase II from a large number of gene promoters in conjunction with P-TEFb 

(Rahl et al., 2010). In line with this, later on c-MYC was described as a general 

amplifier that generally increases transcription of all genes expressed within a cell 

(Nie et al., 2012). Therefore, in physiological conditions, c-Myc transcriptional 

activation is related to its ability to accelerate transcription, rather than by activating 

particular group of genes (Wolf et al., 2015). Even though c-MYC was also 

described to function as a general amplifier in lymphoma cells expressing an 

inducible tetracycline (Tet)-repressible MYC transgene (Lin et al., 2012), later on it 

was shown that this not the case in cancer cells that express supraphysiological levels 

of c-MYC. A study that used human tumour cells to study c-MYC function found 

that aberrant highly expressed c-MYC binds with increased affinity to promoters 

which have non-consensus E-boxes, which are low-affinity c-MYC-binding sites. 

This generates a defined tumour-specific c-MYC expression profile in cancer cells, 

which differs from normal quiescent and dividing cells (Walz et al., 2014). 

 

c-Myc has been found to be expressed in foetal and adult HSCs and to have 

an essential role during normal myelopoiesis. Actually, one of the first biological 

effects described for c-Myc was the inhibition of myeloid differentiation, as 

constitutive c-Myc expression in a murine erythroleukaemia cell line blocked 

erythroid differentiation (Dmitrovsky et al., 1986) (Prochownik and Kukowska, 

1986) (Coppola and Cole, 1986). Later on, another study obtained a similar result 

with a human chronic myeloid leukaemia cell line, and found that c-MYC levels 

declined when cells were forced to differentiate, while MAX levels remained 
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unchanged (Delgado et al., 1995). Similarly, enforced expression of the c-MYC viral 

homolog v-MYC blocked macrophage differentiation of the human monoblastic cell 

line U-937 (Larsson et al., 1988) (Bahram et al., 1999). Moreover, a different study 

showed that, apart from inhibiting terminal myeloid differentiation, aberrant levels of 

c-Myc expression also induced a p53 independent apoptosis response in normal 

murine myeloid cells and in a murine myeloid leukemic cell line (Amanullah et al., 

2000). This apoptotic response was found to be mediated by premature recruitment 

of the cell death Fas/CD95 pathway (Amanullah et al., 2002). Furthermore, c-Myc 

was also found to be an important regulator of HSC homeostasis. Conditional c-Myc 

deletion in the bone marrow of a mouse model led to accumulation of HSCs due to 

their inability to differentiate and, consequently, the mice developed severe anaemia. 

In contrast, c-Myc overexpressing HSCs lost their ability to self-renew, most 

probably because of premature differentiation. Interestingly, these effects appeared to 

be dependent on the stem cell niche (Wilson et al., 2004). In a different study, 

conditional c-Myc depletion in the myeloid compartment of mice resulted in severe 

thrombocytosis and decreased levels of neutrophils and monocytes, with an increase 

in megakaryocytes. This suggested that c-MYC has an opposite role in 

megakaryocytic versus monocytic and erythroid lineages (Guo et al., 2009). 

Collectively, these experiments showed that c-MYC has an essential role in normal 

haematopoiesis and myelopoiesis.  

 

When c-MYC is deregulated in hematopoietic cells, the balance between 

differentiation and proliferation is lost, which can lead to leukaemia. Indeed, several 

studies have shown that c-Myc enforced expression in bone marrow cells results in 
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AML (Delgado et al., 2013). In 2005, retroviral gene transfer of c-Myc in the bone 

marrow cells of mice in the absence of antiapoptotic mutations resulted in AML. 

When c-Myc was co-expressed with altered antiapoptotic pathways, the mice 

developed both myeloid and lymphoid leukaemias (Luo et al., 2005). Using another 

mouse model of c-Myc induced leukaemogenesis, it was shown that all different 

members of the BCL anti-apoptotic family collaborate with c-MYC. Co-expression 

of c-Myc and the different members of the BCL family resulted in an increase in the 

penetrance and a decrease in the latency of leukaemogenesis, in comparison to 

leukaemias induced by c-Myc alone (Beverly and Varmus, 2009). Further 

investigations also led to the conclusion that the BCL family member MCL1 plays an 

important role in c-Myc induced myeloid transformation (Xiang et al., 2010). 

Besides c-MYC, the related protein N-MYC was also found to rapidly induce clonal 

and transplantable AML in vivo (Kawagoe et al., 2007). Thus, overall these studies 

suggested that deregulated c-MYC expression, together with altered antiapoptotic 

pathways, can result in aggressive AML.   

 

Other data also indicated the central role of c-MYC in myeloid tumorigenesis. 

For example, chromosomal translocations commonly present in AML, such as AML-

ETO, PML-RARα or PLZF-RARα, were found to indirectly induce high levels of c-

MYC expression (Muller-Tidow et al., 2004). Furthermore, the fusion oncogene 

MLL-ENL was found to require c-MYC expression to induce a reversible 

differentiation arrest of a myelomonocytic precursor population. This arrest was 

counteracted by enforced expression of a c-MYC dominant negative mutant 

(Schreiner et al., 2001). Besides, a previous study in our laboratory also showed that 
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immortalisation of murine progenitor cells with the MLL fusion oncogenes leads to 

increased c-Myc expression (Walf-Vorderwülbecke, 2009). A recent study also 

described increased c-Myc levels in a mouse model of MLL fusion-induced 

leukaemia and found that high c-MYC expression correlated with resistance to 

Bromodomain-containing protein 4 (BRD4) inhibitors, which normally inhibit 

leukaemia proliferation (Chen et al., 2016). Moreover, c-MYC (or N-MYC) 

overexpression or amplification has been described in several other studies in 

different myeloid malignancies (Delgado et al., 2013), and its expression has been 

associated with poor outcome in clinical studies (Falantes et al., 2015). Collectively, 

these studies indicate that c-MYC deregulation is common in leukaemia and that c-

MYC upregulation plays an essential role in the development and maintenance of 

this malignancy. 
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Figure 4. Schematic showing the functional domains of c-MYC. 

Diagram depicting the different domains of c-MYC, and the regions where several 

cofactors (Reptin, Pontin, MIZ-1 and MAX) have been found to interact with c-

MYC. Adapted from (Pelengaris et al., 2002). MBI and MBII, c-MYC Boxes I and 

II; NTD, N-Terminal Domain; NLS, Nuclear Localisation Signal; b, basic; HLH, 

Helix-Loop-Helix; LZ, Leucine Zipper; CTD, C-Terminal Domain.  
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1.8 The ATPases Reptin (RUVBL2) and Pontin (RUVBL1) 

Reptin (also called RUVBL2, Tip48, Tip49b, RVB2, ECP51, TIH2 and TAP54β) 

was first identified as a protein forming a complex with the paralogous protein 

Pontin (also called RUVBL1, Tip49, Tip49a, RVB1, ECP54, NMP238, TIH1 and 

TAP54α). Both Reptin and Pontin are highly conserved eukaryotic proteins that 

belong to the AAA
+
 (ATPase associated with diverse cellular activities) superfamily 

of ATPases (Nano and Houry, 2013). They were discovered independently in a 

number of different species and were found to be essential for the viability of yeast, 

Drosophila melanogaster, C. elegans, Xenopus laevis and mice (Bauer et al., 1998) 

(Qiu et al., 1998) (Salzer et al., 1999) (Kanemaki et al., 1997) (Huber et al., 2008) 

(Bereshchenko et al., 2012). Reptin and Pontin were isolated from human cells for 

the first time in the late ‘90s (Kanemaki et al., 1997) (Kanemaki et al., 1999) and 

have been found to participate in multiple cellular functions, including DNA damage 

repair (Jha and Dutta, 2009); cellular transformation (Wood et al., 2000); telomere 

complex assembly (Venteicher et al., 2008); and transcriptional regulation through 

chromatin remodelling and by interacting with transcription factors  (Jonsson et al., 

2004) (Qi et al., 2006)  (Kim et al., 2005) (Diop et al., 2008) (Tarangelo et al., 2015) 

(Figure 5). Even though most of their functions are carried out in the nucleus, Pontin 

was also found to be in the cytosol of human cervical cancer cells (Holzmann et al., 

1998) and of human erythrocytes (Salzer et al., 1999). Other publications also found 

partial cytoplasmic localisation of Pontin or Reptin in different cell types, including 

monocytes (Grigoletto et al., 2011), and cytoplasmic expression of Reptin and Pontin 

in RCC and HCC was correlated with poor prognosis (Mao and Houry, 2017). More 

recently, an isoform of Reptin was also found localised in the mitochondria of 
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leukaemic cells (Liyanage et al., 2017). In the nucleus, Reptin and Pontin perform 

many of their functions by forming part of large multi-subunit complexes together. 

However, some independent and antagonistic activities for Reptin and Pontin have 

also been described (Gallant, 2007).  

 

 

 

 

Figure 5. Reptin and Pontin regulate several cellular pathways. 

Diagram showing the multiple cellular pathways that Reptin and Pontin have been 

described to regulate. Adapted from (Jha and Dutta, 2009). 
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1.8.1 Reptin and Pontin structure 

Proteins belonging to the AAA
+
 superfamily of ATPases normally form 

heterohexameric ring structures composed of monomers. Reptin and Pontin 

monomers are characterized by the presence of Walker A and Walker B sequences, 

necessary for ATP binding and hydrolysis, respectively (Walker et al., 1982). For 

Reptin and Pontin, these sequences are included in their N-terminal Domain I. This is 

their core domain and is interrupted by the insertion domain, or Domain II. 

Interestingly, this insertion domain (Domain II) is not present in bacterial RuvB 

(Matias et al., 2006) (Niewiarowski et al., 2010). Additionally, there is a C-terminal 

Domain III, which is necessary to cap the nucleotide binding pocket in Domain I 

(Figure 6). Reptin and Pontin also contain an arginine finger and two sensor domains 

to sense whether the protein is bound to ADP or ATP (Nano and Houry, 2013). The 

ATPase pocket is formed by the Walker A and Walker B motifs of one monomer, 

together with the arginine finger from the neighbouring monomer (Huen et al., 

2010). 

 

The crystal structure of the human Reptin and Pontin complex, with truncated 

insertion domains, was solved in 2011 and was found to be a double hexameric ring 

(dodecamer) with alternating Reptin and Pontin monomers (Figure 6) (Gorynia et al., 

2011). Additional research indicated that Reptin and Pontin can also exist in other 

oligomeric states modulated by the insertion domain, and found some biochemical 

differences between Reptin and Pontin that could explain their independent activities. 

For example, Reptin was found to form oligomers in the presence of adenine 

nucleotides, whereas Pontin did not form them (Puri et al., 2007) (Niewiarowski et 
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al., 2010). More recently, by using a biochemical approach, Queval et al. proposed a 

model of the interplay between Reptin and Pontin monomers and hexamer 

complexes. They proposed a multistep process in which Reptin/Pontin monomers are 

initially recruited to nucleosome-free regions of the DNA. Protruding unmodified or 

methylated histone 3 (H3) tails from adjoining nucleosomes stabilize the DNA-

protein complexes, resulting in the formation of the hexameric rings and their 

dissociation from the DNA. The newly formed complexes can then re-load to the 

proximal nucleosomal core particle. Interestingly, the authors found that for every 

oligomeric state, Reptin and Pontin can interact with a different subset of partner 

proteins. Moreover, they also found that when H3 tails are acetylated, the interaction 

with Reptin and Pontin is lost and the hexamerization does not happen (Figure 7) 

(Queval et al., 2014).  

 

The ATPase activity of Reptin and Pontin appears to be essential for many of 

their cellular functions, including those relevant for cancer progression. For example, 

an ATPase deficient mutant of Pontin impaired its function in c-MYC (Wood et al., 

2000), E1A (Dugan et al., 2002) or β-catenin (Feng et al., 2003) mediated oncogenic 

transformation. Moreover, a previous study in our laboratory found that the ATPase 

deficient mutant of Reptin induced apoptosis and abolished the clonogenic potential 

of AML cells in vitro (Osaki et al., 2013), and impaired leukaemia progression of 

mouse transplantations in vivo (PhD thesis, Zhao, 2013). Similarly, expression of this 

Reptin mutant in hepatocellular carcinoma cells also resulted in increased apoptosis 

and reduced proliferation in vitro (Grigoletto et al., 2013). However, in some studies 

certain functions were retained after mutating the ATPase domain. For example, the 
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ATPase mutant of Pontin retained its capacity to bind c-MYC (Wood et al., 2000) 

and the ATPase mutant of Reptin retained its ability to repress the transcriptional 

activity of ATF2 (Cho et al., 2001). Moreover, the yeast Walker B mutant was found 

to retain the ability to recruit the INO80 subunit Arp5p to the complex, which 

maintained its chromatin remodelling function (Jonsson et al., 2004). Furthermore, 

overexpression of Walker A and B mutants in Xenopus laevis embryos resulted in the 

same phenotype as wild type overexpression of  Reptin and Pontin (Etard et al., 

2005). Thus, all of these data indicate that Reptin and Pontin have both ATPase 

dependent and ATPase independent functions (Grigoletto et al., 2011). 

 

Reptin and Pontin have also been proposed to have ATP dependent helicase 

activities. However, this has been controversial. Whereas some groups detected the 

helicase activity of Reptin and Pontin in yeast and mammals cells (Gribun et al., 

2008) (Kanemaki et al., 1999) (Makino et al., 1999), most publications were unable 

to detect it (Puri et al., 2007) (Qiu et al., 1998) (Ikura et al., 2000) (Matias et al., 

2006). It is possible that the differences seen are related to the use of different 

protocols and different methods to assay the enzymatic activity of the proteins 

(Grigoletto et al., 2011). 
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Figure 6. Structure and domains of Reptin and Pontin. 

(A) Ribbon diagram of the Pontin monomer (Protein Data bank identification 

number: 2c9o) showing its domain structure (Matias et al., 2006). (B) Ribbon 

diagrams of the Pontin and Reptin hexamer (alternating monomers shown in yellow 

and green), (Protein Data bank identification number: 2xsz) (Gorynia et al., 2011). 

Six molecules of adenosine-5’-triphosphate (ATP) are also shown and two of them 

are indicated with arrows. Two Reptin and Pontin hexamers can be joined to form a 

dodecamer. (C) Diagram showing the different domains of Reptin and Pontin. 

Domain I (DI) is pictured in red, while Domain II (DII) in blue and domain III 

(DIII), in dark green. Adapted from [(Lopez-Perrote et al., 2012) and (Carrie N. 

Arnold et al., 2006)]. WA = Walker A domain; WB = Walker B domain. 
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Figure 7. Model proposed to explain the interplay between Reptin, Pontin and 

chromatin. 

This model published by Queval et al. proposes that Reptin and Pontin monomers (1) 

interact with nucleosome-free DNA, where they form a complex with unmodified or 

methylated H3 tails from neighbouring nucleosomes (2). Interaction with H3 tails 

induces hexamerisation and dissociation from the DNA (3). The Reptin/Pontin 

hexamers can bind to nucleosomes again (4). At every stage, Reptin and Pontin can 

associate with different proteins. Adapted from (Queval et al., 2014). Me, 

methylation; Ac, Acetylation. 
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1.8.2 Regulation of expression of Reptin and Pontin 

Reptin and Pontin proteins are expressed ubiquitously, although higher expression 

levels have been detected in thymus and testis. Even though their regulation is still 

not very well studied, there is evidence that their expression is tightly regulated, 

which will be discussed below (Grigoletto et al., 2011). 

 

As many of their functions are based on their dodecameric structure, 

composed of Reptin and Pontin monomers, it was not surprising to find that their 

protein expression is interdependent. Thus, depletion of Reptin resulted in co-

depletion of Pontin protein, and vice versa, in a number of different human cell types 

(Venteicher et al., 2008) (Haurie et al., 2009) (Izumi et al., 2010) (PhD thesis, Osaki, 

2011). This observation was at the protein and not at the transcript level, and further 

experiments showed that this co-regulation effect could be delayed using a 

proteasome inhibitor, suggesting their co-depletion is mediated by proteasomal 

degradation (Haurie et al., 2009). However, this co-depletion was not observed in the 

studies made by Baek’s group, also in human cells (Kim et al., 2005) (Lee et al., 

2010). Consistent with this tight protein regulation, overexpression of a tagged 

version of Reptin or Pontin in yeast, or an HA-tagged Reptin in human 

hepatocellular carcinoma cells, resulted in decreased expression of the endogenous 

protein (Radovic et al., 2007) (Rousseau et al., 2007).  

 

There is little information on the transcriptional regulation of Reptin and 

Pontin, although some reports suggested a possible regulation through c-MYC. 
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Pontin and Reptin mRNA and protein levels were reduced in a rat fibroblast cell line 

depleted of c-MYC, and were restored after re-expression of c-MYC or N-MYC 

(Wood et al., 2000). In line with this, Reptin mRNA was also found to be induced by 

c-MYC in human umbilical vein endothelial cells (Menssen and Hermeking, 2002). 

Moreover, c-MYC binding sites were found in the promoters of both Reptin and 

Pontin, suggesting a direct regulation by c-MYC (Zeller et al., 2006) (Fan et al., 

2010). However, no correlation was found between c-MYC and Reptin transcript 

levels in a series of hepatocellular carcinoma samples (Rousseau et al., 2007). 

Furthermore, in a previous study from our group, c-MYC silencing in the human 

AML cell line THP-1 only led to a small reduction of Reptin transcript levels. In 

contrast, c-MYB silencing in the same cell line resulted in a marked decrease of 

Reptin mRNA levels (Osaki et al., 2013). This result was in agreement with another 

study in which, by using global gene expression data, Reptin (but not Pontin) was 

found to be a common target of both MLL-AF9 and c-MYB (Zuber et al., 2011). 

Consistent with this, Reptin expression was found to be decreased upon depletion of 

the MLL-fusion genes in mouse cells conditionally immortalized with MLL-AF9 or 

MLL-ENL (PhD thesis, Walf-Vorderwülbecke, 2009), and overexpressed upon 

immortalisation of human cord blood derived progenitor cells with the MLL-AF9 

fusion gene (Osaki et al., 2013). Since c-MYB has been shown to be a downstream 

target of the MLL fusions in mouse and human cells, regulation of Reptin 

transcription by MLL fusion proteins was most likely indirect, and mediated via 

regulation of  c-MYB expression (Osaki et al., 2013) (Hess et al., 2006) (Zuber et 

al., 2011). 
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Reptin and Pontin have also been shown to be regulated by post-translational 

modifications. By using in vitro and in vivo sumoylation assays, Reptin was found to 

be sumoylated on Lysine 456, most likely by the sumoylation E2 conjugating 

enzyme UBC9 (Kim et al., 2006a). This modification increased nuclear localisation 

of Reptin and enhanced Reptin repressive activity on the promoter of the CD82/KAI1 

gene. In contrast, desumoylation resulted in activation of the CD82/KAI1 gene, due 

to recruitment of the co-activator TIP60 (Kim et al., 2006a). The same group also 

described sumoylation of Pontin on a different lysine, which enhanced its effects on 

gene activation and increased proliferation of prostate cancer cells (Kim et al., 2007). 

Besides sumoylation, Reptin was also found to be methylated in response to hypoxia 

by the G9a enzyme, leading to a negative regulation of a subset of hypoxia target 

genes (Lee et al., 2010). Moreover, Reptin and Pontin have also been found to be 

phosphorylated and ubiquitylated, although the functional significance of these 

modifications is unclear (Grigoletto et al., 2011). 

 

1.8.3 Reptin and Pontin function: chaperone-like activity in the assembly of several 

complexes 

Reptin and Pontin are components of several critical multi-subunit protein 

complexes, and there is increasing evidence suggesting a role for Reptin and Pontin 

as chaperone-like proteins facilitating the assembly of the different complexes (Nano 

and Houry, 2013).  
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The INO80 complex is a chromatin remodelling complex that regulates gene 

transcription, DNA replication and repair of DNA double strand breaks by 

mobilizing nucleosomes along the DNA (Shen et al., 2000) (Jin et al., 2005). The 

complex includes both Reptin and Pontin and the INO80 protein, among other 

subunits. In yeast, the main ATPase activity of the complex was attributed to the 

INO80 protein, as a mutation of its ATPase activity was found to reduce the ATPase 

activity of the complex without affecting its composition (Nano and Houry, 2013). In 

contrast, depletion of Reptin and Pontin yeast homologs (Rvb1 and Rvb2) led to the 

loss of the Arp5p subunit and loss of the chromatin remodelling function of the 

complex, which suggested their role in the assembly of the INO80 complex (Jonsson 

et al., 2004). By studying the yeast INO80 complex, a recent publication proposed a 

model to explain how Rvbs assemble the multi-subunit complexes. In their model, 

binding of the INO80INS (a small insertion in the ATPase subunit of INO80) to the 

Domain II of Rvbs stabilizes this flexible domain (DII) and promotes formation of a 

metastable dodecamer. When other INO80 subunits bind to the dodecamer, ATP 

hydrolysis is stimulated and the dodecamer disassembles into single hexamers. This 

allows the assembly of the different INO80 subunits to fully assemble the INO80 

complex (Zhou et al., 2017).  

 

In addition to their role in the assembly of the INO80 complex, Reptin and 

Pontin were also found to be involved in the formation of the telomerase complex, a 

ribonuclear protein (RNP) complex (Nano and Houry, 2013). The main role of the 

telomerase complex, which is active in gametes, stem cells and tumour cells, is to 

add DNA repeats to the telomeres at the end of the chromosomes to avoid telomere 
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attrition after every division and the subsequent senescent response (Martinez and 

Blasco, 2017). Reptin and Pontin were found to form part of the complex and their 

depletion led to the loss of some of the complex components and to a marked 

decrease in telomerase activity (Venteicher et al., 2008) (Osaki et al., 2013).  

 

Reptin and Pontin have also been shown to be involved in the assembly of 

small nucleolar RNPs (snoRNPs). These are ribonucleolar protein complexes that 

contain small nucleolar RNAs (snoRNAs) and proteins. Reptin and Pontin have been 

found to weakly interact with proteins commonly associated with snoRNAs (NOP56, 

NOP58 and 15.5K) and the interaction has been found to be stimulated by ATP. 

Moreover, in both yeast and human cells, Reptin and Pontin were found to form part 

of the Rvb1-Rvb2-Tah1-Pih1 (R2TP) complex, which has been implicated in the 

assembly of snoRNP complexes. As correct assembly of the snoRNP complexes is 

necessary for its nucleolar localisation, and Reptin and Pontin depletion from the 

R2TP complex resulted in the mislocalisation of the snoRNP proteins, a role for 

Reptin/Pontin in the assembly of the complex has been suggested (McKeegan et al., 

2009) (Nano and Houry, 2013). Moreover, this idea has further been reinforced 

recently by the finding that Reptin and Pontin interact with ZNHIT2 in the R2TP 

complex to regulate the protein composition of the U5 snoRNP complex (Cloutier et 

al., 2017).   
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1.8.4 Reptin and Pontin function: regulation of gene transcription 

Reptin and Pontin have been found to have a role in regulating gene transcription by 

forming part of several chromatin modifying complexes or by directly binding and 

modulating the function of several transcription factors (Gallant, 2007). With regard 

to their role in chromatin remodelling, Reptin and Pontin have been found to form 

part of and have essential roles in chromatin modifying complexes such as the 

INO80, TIP60, SRCAP/SWR1 and EP400 complexes (Nano and Houry, 2013) 

(Fuchs et al., 2001) (Jin et al., 2005) (Doyon et al., 2004).  

 

The INO80 complex has already been introduced in the previous section of 

this chapter. As well as playing a role in the assembly of the INO80 complex, Reptin 

and Pontin are essential for its function, although not for its binding to the genome 

(Jonsson et al., 2004). Reptin was found to be necessary for the proper expression of 

many of the INO80 regulated genes. In yeast, a large overlap in the number of genes 

regulated by Rvbs and the INO80 complex was found, that was attributed to their 

function in the assembly of the complex, as Rvbs could not be found bound to the 

promoters of the INO80 target genes (Jonsson et al., 2004). 

 

The SRCAP complex (called SWR1 in yeast) shares several subunits with the 

INO80 complex, including Reptin and Pontin. This complex remodels chromatin by 

catalysing the exchange of H2A-H2B histone dimers in the nucleosomes by dimers 

containing the histone variant H2A.Z in mammals, or Htz1 in yeast (Nano and 

Houry, 2013). When Pontin was deleted by siRNA from the complex, the 
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nucleosomal H2A.Z incorporation was found to be decreased. Since Reptin and 

Pontin are the only ATPases in the complex, and ATPase experiments confirmed 

their ATPase activity in the complex, the authors of the study proposed that the 

ATPase function of Reptin and Pontin is necessary for the exchange of the histone 

variant  (Choi et al., 2009).  

 

TIP60 is a chromatin remodelling complex that regulates gene transcription 

by acetylating histones at promoters to relax the chromatin and facilitate access to 

DNA. It can also directly acetylate proteins and has been found to have a role in the 

DNA-damage response (Jha and Dutta, 2009). A variant of the TIP60 complex is the 

EP400 complex, which also has HAT activity at promoters (Fuchs et al., 2001). 

Human Reptin and Pontin have been found to be components of both complexes. In 

fact, Pontin was found to be required for the acetylating function of the TIP60 

complex during the DNA-damage response in human cervical cancer cells (Jha et al., 

2008). Moreover, Pontin was found to regulate the expression of some target genes 

of β-catenin in conjunction with Tip60 and other components of the complex (Feng 

et al., 2003). Additionally, depletion of Reptin and Pontin, among other EP400 

complex components such as EPC1 or DMAP1, resulted in the accumulation of the 

c-MYC protein in AML cells  (Huang et al., 2014).  

 

β-catenin is a transcription factor that forms part of the WNT signalling 

pathway. In dividing cells, the WTN ligand binds to the frizzled (FZD) receptor, 

which results in the accumulation of β-catenin and its translocation to the nucleus. β-

catenin can then, in association with a member of the LEF/TCF family, activate the 
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expression of necessary genes for cell proliferation and survival, such as c-MYC or 

cyclinD1 (McCubrey et al., 2014). In haematopoietic cells, the WNT signalling 

pathway has been shown to play an essential role in maintaining HSC fate and 

normal haematopoiesis, and dysregulation of this pathway leads to haematological 

diseases such as leukaemias (McCubrey et al., 2014). Therefore, it is interesting that 

Reptin and Pontin were found to interact with β-catenin and regulate its 

transcriptional activity. Surprisingly, using reporter assays, Reptin and Pontin were 

found to have opposing roles in this pathway. While Pontin was found to enhance β-

catenin target gene transcription, Reptin was found to repress it (Bauer et al., 1998) 

(Bauer et al., 2000). Another example in which Reptin and Pontin were found to 

have antagonistic activities in conjunction with β-catenin was in the regulation of the 

metastasis suppressor CD82/KAI1. In particular, Reptin was found to bind β-catenin 

to repress the expression of this gene in metastatic prostate cancer cells, while Pontin 

was found to activate the expression of the CD82/KAI1gene in non-metastatic cells, 

through interaction with TIP60 instead of β-catenin (Kim et al., 2005). In addition, 

Reptin and Pontin were found to bind the tumour suppressor Hint1, a co-regulator of 

the β-catenin pathway. The interaction with Hint1 disrupted the formation of homo 

and hetero Reptin and Pontin complexes, which resulted in inhibition of β-catenin 

mediated transcription (Weiske and Huber, 2005). 

 

Reptin and Pontin were also found to have antagonistic roles in the regulation 

of the Hox genes in Drosophila melanogaster. In particular, Reptin was found to be 

part of the PRC1 Polycomb group complex and repress expression of the Hox genes, 

while Pontin was found to interact with the Brahma complex/Trithorax group to act 



 

 

    73 

 

as a co-activator instead (Diop et al., 2008). Interestingly, Reptin and Pontin were 

also found to be part of the MLL1-WDR5 complex in human cells. The MLL1-

WDR5 complex regulates Hox gene expression through chromatin modifications. 

Although the exact role of Reptin and Pontin in the complex was not determined, it is 

possible that they are also involved in Hox gene regulation in human cells (Dou et 

al., 2005). 

 

Remarkably, Reptin and Pontin were also found to interact with an important 

transcription factor in cancer, the oncoprotein c-MYC (Wood et al., 2000). Both 

Reptin and Pontin were found to bind to the highly conserved Box II region in the N-

terminal domain of c-MYC (Wood et al., 2000) (Bellosta et al., 2005). While both 

proteins were found to interact with c-MYC, the ATPase activity of Pontin was 

found to be essential for c-MYC-mediated oncogenic transformation of rat embryo 

fibroblasts transduced with the oncogene H-Ras
G12V

 (Wood et al., 2000). A study 

using Drosophila melanogaster as a model organism also found a crucial interaction 

of Pontin (and possibly Reptin) with c-MYC, which is important to control tissue 

growth in vivo during development. In particular, simultaneous Reptin and c-MYC 

downregulation in flies resulted in reduced viability in comparison to c-MYC mutant 

only flies, and the most characteristic feature of surviving flies was the presence of 

eye defects. Moreover, by using siRNA to deplete Reptin, Pontin or c-MYC 

expression in Drosophila cells, the authors found an overlap in some genes regulated 

by both Reptin/Pontin and c-MYC (Bellosta et al., 2005). Moreover, in a different 

study a dominant negative mutant of Pontin was found to promote c-MYC mediated 

apoptosis (Dugan et al., 2002). In addition, the TIP60 chromatin remodelling 
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complex, which acetylates histones to modulate gene transcription and includes both 

Reptin and Pontin, was also found to be recruited by c-MYC to its target genes in 

vivo (Frank et al., 2003) and to co-regulate expression of c-MYC target genes in ES 

cells (Ravens et al., 2015). In line with this, Reptin and Pontin were identified to 

interact with the oncogenic protein MTBP to enhance c-MYC mediated transcription, 

proliferation and neoplastic transformation (Grieb et al., 2014). Reporter studies also 

showed that wild type Reptin and Pontin, but not their N-terminal mutants, can 

increase c-MYC/MIZ-1 repression of p21
CIP1 

in Xenopus embryos (Etard et al., 

2005)  and C/EBPδ promoter activity in a mouse cell line (Si et al., 2010). 

Additionally, Reptin depletion resulted in the abrogation of c-MYC binding to the 

promoter of the human Telomerase Reverse Transcriptase (hTERT) gene, suggesting 

a role for Reptin in the transcriptional regulation of the telomerase complex 

components through c-MYC (Li et al., 2010). 

 

Reptin and Pontin have also been shown to modulate the transcriptional 

response of another transcription factor, E2F1. In 2002, Pontin was reported to 

interact with the transactivation domain of E2F1. Moreover, when a dominant 

negative mutant of Pontin was overexpressed with E2F1, it was found to greatly 

potentiate the apoptotic phenotype normally induced by E2F1 (Dugan et al., 2002). 

E2F1 is a transcriptional activator repressed under physiological conditions in liver 

cells by Retinoblastoma (Rb) proteins, to maintain them in a quiescent state. In 

hepatocellular carcinoma, extracellular mitogenic signals remove this transcriptional 

block and stimulate the transcriptional activity of E2F1, which promotes cell 

proliferation. Tarangelo et al. recently identified the mechanism by which Reptin and 
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Pontin lead to a progressive amplification of E2F1 target gene expression in the late 

stages of hepatocellular carcinoma. In their model, E2F1 recruits Reptin and Pontin 

to low affinity promoter regions to incorporate the histone variant H2A.Z to the 

chromatin. This destabilises the chromatin, allowing the activation of the low affinity 

target genes of E2F1, which are important for cancer progression (Tarangelo et al., 

2015). 

  

In another study, Reptin and Pontin were found to modulate the function of 

HIF-1α, a transcription factor that mediates many responses to hypoxia. As 

previously mentioned, Reptin was found to be methylated in response to hypoxia by 

the G9a methyltransferase. This led to the recruitment of the histone deacetylase 

HDAC1 to the promoters of some of the HIF-1α regulated genes and repression of 

this subset of genes. In contrast, Pontin was also found to be methylated but to act as 

an activator by recruiting the HAT p300 to HIF-1α target genes (Lee et al., 2010).  

 

Reptin and Pontin also regulate the DNA damage response, nutrient 

dependent signalling and non-sense mediated decoy (a mechanism to eliminate 

mRNAs containing premature translation-termination codons), through modulation 

of all proteins belonging to the family of Phosphatidylinositol 3-kinase-related 

protein kinases (PIKK), such as ATR and ATM (Grigoletto et al., 2011) (Brogna and 

Wen, 2009). Depletion of Reptin and Pontin resulted in a decrease of mRNA and 

protein levels of PIKK proteins. Moreover, their loss also resulted in a decrease of 

PIKK signalling after UV or γ irradiation, as there was a reduction in the 

phosphorylation of downstream PIKK targets. While wild type Reptin and Pontin 
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were able to rescue PIKK protein levels, the ATPase deficient mutant forms failed to 

do so (Izumi et al., 2010). Subsequent work from the same group showed that Reptin 

and Pontin form a complex with the chaperone HSP90 to regulate PIKK signalling 

(Izumi et al., 2012). 

 

1.8.5 Reptin and Pontin in Cancer 

As described in the previous section, Reptin and Pontin interact with and modulate 

the function of several transcription factors with essential roles in cancer. In relation 

to this, Reptin and Pontin expression has been described to be deregulated in several 

types of cancer. 

 

In hepatocellular carcinoma, Reptin and Pontin were found to be 

overexpressed in comparison to normal liver and the overexpression was found to be 

associated with poor prognosis (Blanc et al., 2005) (Rousseau et al., 2007) (Haurie et 

al., 2009) (Iizuka et al., 2006). Moreover, the ATPase activity of Reptin was 

identified as necessary for its effects on the growth and viability of the tumour cells 

(Grigoletto et al., 2013). Additional research also identified the gene Meprin alpha 

(Mep1A) as an important downstream target of Reptin in HCC, which regulates cell 

migration and invasion (Breig et al., 2017). 

 

In renal cell carcinoma, overexpression of Reptin in the cytoplasm of the 

cells was found to be associated with poor differentiation of the tumours and poor 

prognosis (Ren et al., 2013). Reptin was also observed to be overexpressed in 

primary gastric cancer samples, and its inhibition in gastric cells led to growth arrest 
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and a decrease of hTERT promoter activity and mRNA (Li et al., 2010). 

Overexpression of Reptin was also observed in a number of breast cancer samples in 

comparison to normal tissue of matching patients. In this study, Reptin was found to 

interact with Anterior gradient-2 (AGR2), a protein found to be associated with 

resistance to tamoxifen treatment in breast cancer patients. Reptin Walker A and B 

mutants were found to disrupt the interaction with AGR2 (Maslon et al., 2010). 

Pontin was found to be overexpressed in colon cancer cells, relative to paired normal 

tissue, and to promote expression of Cyclooxygenase-2 (COX-2), a protein know to 

have an essential role in the development of the disease (Carlson et al., 2003). The 

overexpression of Pontin in colon cancer was further examined by 

immunohistochemistry in a different study and the authors observed a stronger 

staining in the invasive margins of the tumours (Lauscher et al., 2007). Moreover, 

Reptin was also found to be overexpressed in colorectal carcinoma in comparison to 

normal mucosa (Milone et al., 2016) 

 

Intriguingly, aberrant Reptin and Pontin expression has also been linked to 

leukaemia. Pontin was identified as a critical mediator of AML1-ETO expressing 

leukaemic cells. Pontin expression was found to be regulated by the AML1-ETO 

oncogene and its depletion inhibited the growth and self-renewal capacity of human 

AML1-ETO-expressing leukemic blood cells (Breig et al., 2014). Moreover, a 

previous study in our laboratory showed that Reptin expression decreases upon loss 

of MLL-ENL and MLL-AF9 expression in conditionally immortalised mouse 

myeloid cells (PhD thesis, Walf-Vorderwülbecke, 2009). By depleting Reptin 

expression or overexpressing a Walker B mutant of Reptin in an MLL-AF9 
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expressing human cell line, further work in our laboratory also found that Reptin is 

required for the proliferation, survival and clonogenic potential of MLL rearranged 

AML. Regulation of Reptin gene expression was found to be indirectly controlled by 

MLL-fusion proteins, via the transcription factor c-MYB. Interestingly, Reptin 

expression was also found to be required for the growth of other non-MLL rearranged 

AML cell lines (Osaki et al., 2013). Further studies in our group assessed the effect 

of Reptin depletion on leukaemia progression in vivo. Clones from mouse cells 

immortalised with the MLL-ENL fusion gene and transduced with an inducible 

shRNA, to deplete Reptin expression, were transplanted into mice. Reptin depletion 

in the established leukaemias impaired leukaemia progression in vivo. Similar results 

were obtained when an ATPase mutant of Reptin was expressed in the transplanted 

leukaemic cells (PhD thesis, Zhao, 2013). In the same study, the effect of the ATPase 

mutant of Reptin on normal myeloid development was also examined. Normal 

mouse progenitor cells were transduced with the Walker B mutant of Reptin and the 

number of myeloid colonies formed counted. Remarkably, the results indicated no 

significant difference in the number of colonies between control cells and cells 

expressing the Reptin mutant (PhD thesis, Zhao, 2013). 
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PROJECT AIM 

 

The aim of this PhD project is to investigate further the role of Reptin in human 

acute myeloid leukaemia (AML). Therefore, the main objectives of the project are: 

 

1. To examine the efficacy of targeting Reptin in eliminating established human 

leukaemia in vivo. 

 

2. To identify the transcriptional pathways regulated by Reptin in human AML 

by generating global gene expression analysis after Reptin depletion. 

 

3. To validate and further study the transcriptional pathways regulated by 

Reptin. 
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 CHAPTER II – Materials and methods 2

 

2.1 Molecular Biology 

2.1.1 Bacterial Transformation 

Sub-cloning or library efficiency DH5α
TM

 and One Shot® Stbl3
TM

 chemically 

competent cells (ThermoFisher Scientific) were thawed on ice and gently mixed with 

3 μL ligation product or 10–100 ng plasmid DNA. Following 30 minutes incubation 

on ice, cells were heat-shocked for 20 sec or 45 seconds at 42 °C and returned to ice 

for 2 min. After adding 300 μL pre-warmed S.O.C. medium (New England Biolabs), 

cells were incubated in a shaker at 37°C for one hour at 225 rpm. The total volume or 

a dilution of each transformation was spread on a Luria broth (LB) agar plate (1.5g 

Bacto Agar [BD bioscience] per 100ml LB [1% w/v Bacto Tryptone (BD 

Bioscience), 0.5% w/v Bacto Yeast Extract (BD Bioscience), 1% w/v Sodium 

Chloride, (pH 7.0)]) supplemented with 100 μg/ml Ampicillin (Sigma-Aldrich). The 

plates were incubated overnight at 37 °C.  

 

2.1.2 Plasmid DNA purification  

To purify small amounts of DNA, used for cloning, a single bacterial colony was 

picked and inoculated into 5 ml LB broth (1% w/v Bacto Tryptone [BD Bioscience], 

0.5% w/v Bacto Yeast Extract [BD Bioscience], 1% w/v Sodium Chloride, [pH7.0] ) 

containing 100 μg/ml Ampicillin for selection and incubated overnight at 37ºC with 

shaking. Plasmid DNA was isolated from the bacterial cultures using the 
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PureYield
TM

 Plasmid Miniprep System (Promega), according to the manufacturer’s 

instructions. 

 

For large quantities of plasmid DNA, used for transfections, a single bacterial 

colony was picked and inoculated into 5ml LB broth containing 100 μg/ml 

Ampicillin for 6 hours at 37ºC with shaking. This starter culture was then transferred 

into 300 ml LB broth containing 100 μg/ml Ampicillin and incubated for at least 16 

hours at 37ºC with shaking. Plasmid DNA was isolated from the bacterial cultures 

using Genopure Plasmid Maxi Kit (Roche) according to the manufacturer’s 

instructions. The plasmid DNA concentration was determined by measuring the 

absorbance at 260 nm (A260) using a spectrophotometer (NanoDrop ND-1000, 

Labtech International). The ratio of absorbance at 260 nm to 280 nm (A260/280) was 

used to assess the purity of DNA. A ratio of around 1.8 was considered pure DNA.  

 

2.1.3 Restriction enzyme digests 

Restriction enzymes (Thermo Scientific) were used to cleave double stranded DNA. 

The digests were set up according to the manufacturer’s instructions. Briefly, DNA 

was digested with 0.3 μl or 0.6 μl of 10U/μl restriction enzyme per μg of DNA, 10x 

restriction buffer (10 mM Tris-HCL (pH 7.5 at 37°C), 10 mM MgCl2, 50 mM NaCl, 

0.1 mg/ml BSA) and the volume made up to 100 μl with H2O. The digested product 

was incubated for one to four hours at 37ºC (depending on the enzyme) and 

subjected to electrophoresis on 1% w/v Agarose gels (Agarose [Invitrogen], 1x TAE 

buffer [National diagnostics], 0.5% w/v Ethidium Bromide [Sigma]). 
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2.1.4 Gel extraction 

QIAquick Gel Extration Kit (Qiagen) was used to extract and purify DNA from 

Agarose gels according to the manufacturer’s instructions. The concentration of 

purified DNA was determined using the NanoDrop ND-1000. 

 

2.1.5 Ligation 

For cloning, a DNA fragment and the vector were ligated. The molar ratio between 

the fragment and the vector varied from 1:1 to 5:1. For example, to calculate the 

required amount of insert for a 3:1 ligation, the following equation was used: 

ng insert required = [(100 ng vector  ∙ x kb insert)/kb vector] x 3 

Generally the ligation reaction was set up using 10 μl of 2x rapid Ligation buffer 

(Promega) and 1 Weiss unit of T4 DNA ligase (Promega) in a total volume of 20 μl, 

made up with H2O. The mixture was incubated at room temperature for 1-6 hours 

prior to use in bacterial transformation (refer to 2.1). 

 

2.1.6 Polymerase chain reaction (PCR) 

Template specific primers were designed and provided by Sigma-Aldrich. PCR was 

performed using GoTaq® DNA Polymerase (Promega). For the PCR reaction mix, 

25 ng insert was mixed with 10x reaction buffer, 0.25 μl (1U) Taq polymerase, 0.2 

mM dNTP, 1.5 mM MgCl2, 5 μM 75 forward primer, 5 μM reverse primer and H2O 

up to 50 μl total volume. The PCR was performed using the cycle conditions 

illustrated in Table 5. 
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STEP TEMPERATURE TIME 

NUMBER OF 

CYCLES 

Initial 

denaturation 

95ºC 2minutes 1 cycle 

Denaturation 95ºC 30 seconds 30 cycles 

Annealing 55 to 66 30 seconds 30 cycles 

Extension 72ºC 1 minute/kbp 30 cycles 

Final extension 72ºC 5 minutes 1 cycle 

 

Table 5. PCR conditions used in this study. 

 

2.1.7 DNA constructs  

 Lentiviral gene overexpression: 

Schematic diagrams of the lentiviral expression constructs used in this study for 

overexpression are shown in Figure 8. The pHRSIN CSGW was a kind gift from 

Y.Ikeda (Mayo Clinic, Rochester, MN). This vector was generated by removing one 

NOTI site from the SIN-CSGW vector. The vector was subsequently modified to 

replace the eGFP sequence with a PGK-IRES-eGFP from pMSCV-PGK-PURO-

IRES-eGFP vector. 
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pHRSIN CGSW-PIG:

 

pHRSIN CGSW-PIG-D/N RUVBL2 (D299N) : 

 

 

Figure 8. Lentiviral expression constructs used in this study. 

LTR, long terminal repeat; ψ, viral packaging signal; RRE, Rev-Response Element; 

cPPT, Central Polypurine tract; SFFV, Spleen focus-forming virus promoter; PGK, 

murine phosphoglycerate kinase promoter; Puro
r
, puromycin resistance gene; IRES, 

Internal ribosome entry site; GFP, Green Fluorescent protein; WRE, Woodchuck 

response element; AMPr, Ampicillin resistance gene for bacterial selection. 

 

 Constitutive gene downregulation: 

The pGIPZ and MISSION pLKO.1 shRNA systems were used in this study to 

constitutively knockdown gene expression. The pGIPZ vector to deplete Reptin 

expression was obtained from Dr Lu Zhao (PhD thesis, Zhao, 2013); to deplete 

Pontin, from Dr Hikari Osaki (PhD thesis, Osaki, 2011); and to deplete MTBP, from 

the Open Biosystems GIPZ shRNAmir lentiviral library owned by UCL. The shRNA 

sequences included in the pGIPZ constructs used in this study are shown in Table 6. 

 

The MISSION® pLKO.1 shRNA constructs to deplete Reptin, EPC1, EPC2, 

c-MYB, and the scrambled control, were purchased from Sigma Aldrich or 
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Dharmacon. Schematic diagrams of the pGIPZ and pLKO.1 constructs used in this 

study are shown in Figure 9. The shRNA sequences included in the MISSION® 

pLKO.1 constructs used in this study are shown in Table 7. 

 

SFFV-GIPZ-GFP

MISSION
®
 pLKO.1-puro U6 

 

 

Figure 9. Lentiviral expression constructs used in this study to constitutively 

knockdown gene expression. 

LTR, long terminal repeat; ψ, viral packaging signal; RRE, Rev-Response Element; 

cPPT, Central Polypurine tract; SFFV, Spleen focus-forming virus; PGK, murine 

phosphoglycerate kinase promoter; Puro
r
, puromycin resistance gene; IRES, Internal 

ribosome entry site; GFP, Green Fluorescent protein; WRE, Woodchuck response 

element; pUC ori, pUC origin of replication; RSV, respiratory syncytial virus; 3' self-

inactivating long terminal repeat; F1 ori, F1 origin of replication; AMPr, Ampicillin 

resistance gene for bacterial selection. 
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GENE NAME MATURE ANTISENSE SEQUENCE (5’-3’) 

Scrambled (shSCR) ATCTCGCTTGGGCGAGAGTAAG 

Reptin (shRep) ACAGCGAGAAAGACACGAAGCA 

Pontin (shPon) AAAGACAGAAATCACAGACAAA 

MTBP (#1) TTAGATCTCCGTTTCAATC 

MTBP (#2) TACATTAACATAGCATCCC 

MTBP (#3) TGAACATTAGCTAACTGTT 

MTBP (#4) TAATTGAAGCACTAATGCT 

 

Table 6. List of pGIPZ shRNA sequences used in this study. 

 

GENE NAME CLONE ID SEQUENCE 

Reptin TRCN0000051566 GCAGTACATGAAGGAGTACCA 

Reptin TRCN0000051563 CGAGAAAGACACGAAGCAGAT 

EPC1 TRCN0000218988 CAGCCAATGAAACCTACTTAT 

EPC1 TRCN0000229401 TGGCGAGAAGAGGGATAATAT 

EPC2 TRCN0000363301  CGAAGATGATTACCTTATTAA 

EPC2 TRCN0000363358 GACATTGCCTGTGATCAATAA 

EPC2 TRCN0000359790 GGTCATAATGGACCGAATATC 

c-MYB TRCN0000009853  GAACAGAATGGAACAGATGAC 

c-MYB TRCN0000295917 ACTATTCCTATTACCACATTT 

 

Table 7. List of MISSION® pLKO.1 shRNA sequences used in this study. 

https://portals.broadinstitute.org/gpp/public/clone/details?cloneId=TRCN0000051566
https://portals.broadinstitute.org/gpp/public/clone/details?cloneId=TRCN0000218988
https://portals.broadinstitute.org/gpp/public/clone/details?cloneId=TRCN0000229401
https://portals.broadinstitute.org/gpp/public/clone/details?cloneId=TRCN0000363301
https://portals.broadinstitute.org/gpp/public/clone/details?cloneId=TRCN0000363358
https://portals.broadinstitute.org/gpp/public/clone/details?cloneId=TRCN0000359790
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 Inducible gene downregulation: 

The “Tet-On” pTRIPZ shRNA system was used in this study to knockdown Reptin 

expression in an inducible manner. Both the scrambled control and shReptin vectors 

were obtained from Dr Lu Zhao (PhD thesis, Zhao, 2013). The shRNA sequence in 

the pTRIPZ system used in this study was the same as the one in the pGIPZ system 

(Table 6). A schematic diagrams of the pTRIPZ(pgk) construct used in this study is 

shown in Figure 10. The pTRIPZ(pgk) is an inducible lentiviral expression vector, in 

which the reverse tetracycline transactivator 3 (rtTA3) gene is linked to the 

puromycin resistance gene by an internal ribosomal entry sequence (IRES) and 

driven off by the phosphoglycerate kinase (PGK) promoter. The constitutively 

expressed rtTA3 protein is only able to bind the tetracycline inducible promoter 

(TRE) in the presence of doxycycline, and to drive expression of the turbo Red 

Fluorescence Protein (tRFP) and shRNAs, embedded in the microRNA (miR) 30 

sequence.  
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Figure 10. Diagram of the pTRIPZ (PGK) inducible system used in this study. 

The diagram depicts the inducible system for Reptin depletion used in this study. 

Adapted from (PhD thesis, Zhao, 2013). LTR, long terminal repeat; ψ, viral 

packaging signal; RRE, Rev-Response Element; TRE, Tet-inducible promoter; 

shRNA, short hairpin RNA; PGK, murine phosphoglycerate kinase promoter; rtTA3, 

Reverse tetracycline-transactivator 3 for tetracycline-dependent induction of the TRE 

promoter; Puro
r
, puromycin resistance gene; IRES, Internal ribosome entry site; 

WPRE, Woodchuck hepatitis posttranscriptional regulatory element enhances 

transgene expression in the target cells; AMPr, Ampicillin resistance gene for 

bacterial selection. 

  

 

TRE 
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2.1.8 Western Blot analysis 

Cells were harvested and washed with PBS by centrifugation at 300 xg for 5 minutes 

at 4
o
C. Cell pellets were lysed using 60 μl of 1x RIPA (Radio Immunoprecipitation 

Assay, Cell Signaling) per 10
6
 cells. The lysates were incubated on ice for 30 

minutes, centrifuged at 16,000 xg for 10 minutes at 4
o
C and pellets discarded. 

Protein concentration was measured using the Bradford reagent (Bio-Rad), by 

measuring the absorbance at a wavelength of 595 nm using the Infinite® F200 PRO 

NanoQuant (Tecan) absorbance reader. Then, 30 μg to 60 μg of protein were 

denatured at 95ºC with Dithiothreiothreitol (DTT) sample buffer (200mM DTT, 2% 

w/v sodium dodecyl sulphate (SDS), 10% v/v Glycerol, 0.02% w/v Bromophenol 

blue, 125mM Tris-HCL (tris[hydroxymethyl]aminomethane) [pH6.8]) for 5 min and 

were separated by electrophoresis in 10% SDS-PAGE gels. After that, samples were 

transferred to a polyninylidenefluoride (PVDF) membrane (Millipore). Membranes 

were then blocked in PBS with 5% non-fat milk and 0.2% v/v Tween-20 (Sigma-

Aldrich), immunoblotted using specific primary antibodies (Table 8), detected using 

the appropriate secondary horseradish peroxide-conjugated antibodies and visualised 

using a chemiluminescence reagent (GE Healthcare). 
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ANTIBODY SUPPLIER DILUTION 

Reptin 52 (42) Santa Cruz Biotechnology 1:1000 

Reptin (2E9-5) Sigma Aldrich 1:1000 

Pontin 52 (N-15) Santa Cruz Biotechnology 1:1000 

c-MYC (Y69) Abcam 1:1000 

EPC1 Santa Cruz Biotechnology 1:1000 

EPC2 Abcam 1:1000 

MTBP (B-5) Santa Cruz Biotechnology 1:500 

c-MYB (1-1) Millipore 1:1000 

c-MYB (H-141) Santa Cruz Biotechnology 1:1000 

c-MYB (EPR718) Abcam 1:1000 

MIZ-1 Cell Signaling Technology 1:500 

α-Actin Santa Cruz Biotechnology 1:2000 

GAPDH Santa Cruz Biotechnology 1:1000 

Clathrin Santa Cruz Biotechnology 1:1000 

Anti-HA Roche 1:500 

 

Table 8. List of primary antibodies used for western blot analysis in this study. 

 

2.1.9 RNA isolation, cDNA preparation and qRT-PCR  

Total RNA was isolated from the cells using the RNeasy Mini Kit (Qiagen) 

according to manufacturer’s instructions. The cells were disrupted by adding lysis 

buffer RLT, containing 2-mercaptoethanol, followed by vortexing at the highest 
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setting for 30 seconds to ensure homogenization of the samples. One volume of 70% 

ethanol was added to the samples and the mixture was transferred to an RNeasy spin 

column. After centrifuging the column for 15 seconds at 13,000 xg, the flow through 

was discarded. The column was washed with 700 μl buffer RW1 first and then 

subsequently with 500 μl wash buffer RPE. RNA was eluted with 30 μl of RNase 

free water and the concentration determined using a spectrophotometer (NanoDrop 

ND-1000, Lebtech International). 

 

RNA was converted into cDNA using the High Capacity RNA-to-cDNA Kit 

(Applied Biosystems) according to manufacturer’s instructions. 1 µg of RNA was 

converted using 1 µl 20X Enzyme mix and 10 µl of 2X RT Buffer Mix in a total 

volume of 20 µl. Quantitative RT-PCR (qRT-PCR) was performed on isolated 

mRNA using TaqMan probe based chemistry and the StepOnePlus
TM

 Real-Time 

PCR system (Life Technologies). All primer/probe sets used were from Applied 

Biosystems, Life Technologies. Statistical analyses were performed and plots were 

constructed via GraphPad Prism (La Jolla, CA, USA). 

 

2.1.10 Co-immunoprecipitation (Co-IP) assays 

The Pierce™ Classic Magnetic IP/Co-IP Kit (Thermo scientific) was used to perform 

co-immunoprecipitation (Co-IP) assays, according to manufacturer’s instructions. 

Briefly, 40x10
6
 cells were lysed in 400 µl lysis buffer. After cell lysis, 50 µl of cell 

lysate were frozen to use as input and the remaining 350 µl were incubated with 10 

µg (anti-Reptin) or 15 µg (anti-c-MYB) antibody, or the equivalent amount of the 
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immunoglobulin control (IgG) antibody. 50 µl of magnetic beads were also added 

and the samples were incubated rotating overnight at 4°C. The following day, the 

unbound fraction was frozen and the immune complexes were washed 5 times with 

IP Lysis/Wash Buffer and eluted in 50 µl of elution buffer for 10 minutes. The 

eluates were then neutralised with 10 µl of neutralisation buffer (Tris pH 8.5). 

Detection of the immune complexes in the whole cell lysate (input) and in the 

immunoprecipitated fraction was performed by western blot analysis.  

 

To immunoprecipitate the HA-tagged Reptin, the Pierce™ Crosslink 

Magnetic IP/Co-IP Kit (Thermo scientific) was used, according to manufacturer’s 

instructions. Briefly, 5 µg of the anti-HA antibody were cross-linked to the beads for 

30 minutes with DSS before incubating the lysates with the mixture of cross-linked 

beads over-night at 4°C. The rest of the protocol is as described above for the Classic 

Kit. Table 9 shows the list of antibodies used to immunoprecipitate the complexes. 
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NAME SUPPLIER 

Reptin 2E9-5 Sigma Aldrich 

c-MYB (Y69) Abcam 

Anti-HA Roche 

c-MYC (Y69) Abcam 

Normal Rabbit IgG (20-27) Santa Cruz 

Normal Mouse IgG (12-371) Millipore 

 

Table 9. List of antibodies used in this study to perform immunoprecipitation 

assays. 

 

2.2 Cell Biology 

2.2.1 Cell lines and tissue culture methods 

The 293FT (Invitrogen) packaging cell line was cultured in 10 cm culture dishes 

(NUNC) in Dulbecco's Modified Eagle's medium (DMEM, Sigma-Aldrich) 

supplemented with 10% heat-inactivated Foetal Calf Serum (FCS, Sigma-Aldrich), 

l00U/ml Penicillin (Sigma-Aldrich), l00 μg/ml Streptomycin (Sigma-Aldrich) and 2 

mM L-glutamine (Sigma-Aldrich) (complete DMEM). Stock cells were also 

supplemented with 500 μg/ml Geneticin (G418 Sulfate, ThermoFisher Scientific), to 

select them, and re-plated every 3 to 4 days. To re-plate them, cells were washed 

with 5 mL PBS (Gibco) followed by trypsinization using 1 ml of 1x Trypsin/EDTA 

(Gibco) for 5 minutes at 37°C. Cells were then diluted in complete DMEM and 

centrifuged at 300  xg for 5 minutes at RT, then seeded at a density of 0.35x10
6
/ml.  
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The human leukaemic cell lines THP1 and U937 cells were cultured in 

Roswell Park Memorial Institute (RPMI) medium (Invitrogen), supplemented with 

10% FCS (Sigma-Aldrich), l00 U/ml Penicillin (Sigma-Aldrich), l00 μg/ml 

Streptomycin (Sigma-Aldrich) and 2 mM L-glutamine (complete RPMI). Cell lines 

were cultured at a density of 0.5x10
6
 cells/ml and sub-cultured every three to four 

days. In some cases, cells were treated with 1 μg/ml Doxycycline (DOX) (Clontech-

Takara Bio) every 48 hours. 

 

2.2.2 Lentiviral packaging cell line transfection 

For lentiviral packaging cell line transfection, 293FT cells were seeded at a density 

of 0.75x10
6
 per 10 cm petri dish three days before transfection, without Geneticin. 

For lentiviral transfection, 5 µg of expression vector, 3.75 µg of pCMV-PAX2 

(which was kindly supplied by Professor D. Trono, Lausanne, Switzerland) and 1.5 

µg of pVSV-G construct were incubated in 1 ml Optimem (Gibco) plus 30 µl 

polyethylenimine (PEI) (OriGene) reagent for 10 minutes at room temperature and 

then the PEI complexes were added to the cells.  PEI containing medium was then 

replaced with 8 ml of complete DMEM medium on the second day of transfection. 

 

2.2.3 Lentiviral transduction of target cells 

To transduce human leukaemic cell lines, 293FT retroviral supernatant was harvested 

48 hours after transfection and cleared using Ministart 0.45 µm filters (Sartorius 

Stedim Biotech). Supernatant was then diluted at a ratio of 1:1 with complete RPMI 

containing leukemic cells at a density of 1x10
6 

cells/ml and supplemented with 5 
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µg/ml of polybrene. Cells were then plated in a 24 well plate (1ml per well) and 

transduced by spinoculation at 700 xg for 45 minutes at 25ºC. 24 hours following 

transduction, 1ml of complete RPMI was added to the cells. 48 hours following 

transduction, cells were harvested and plated in complete RPMI and selected with 2 

µg/ml puromycin for 3 days.     

 

The inducible pTRIPZ RFP-shReptin and the Reptin Dominant Negative 

(D299N) lentiviral vectors used in this study were generated by Lu Zhao (PhD thesis, 

Zhao, 2013). To generate the CSGWp-3xHa-Reptin vector, the 3xHA-Reptin 

fragment was obtained by PCR from the pCDNA-3xHA-Reptin plasmid from 

Addgene (www.addgene.com, plasmid #51636) using the following primers:  

F: 5’- ATACGACTCACTATAGGGAGACCCAAGC – 3’  

R: 5’ – TCAGGAGGTGTCCATGTGCGCATGACTG – 3’ 

 

50 ng of the PCR fragment were then ligated into the pGEM®-T Easy vector 

and transformed into DH5αTM chemically competent cells. The isolated DNA was 

digested with BamHI and MluI restriction enzymes (Thermo Scientific) and cloned 

into the pCSGW vector previously digested with BamHI and MluI restriction 

enzymes (Thermo Scientific). The ligation products were transformed into Stbl3 

chemically competent cells.  
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2.2.4 Flow Cytometry 

To detect expression of the Red Fluorescent Protein, cells were washed with 1ml of 

wash buffer (PBS supplemented with 0.05% w/v sodium azide) and re-suspended in 

300 μL of wash buffer. Apoptosis was detected using the Annexing V Apoptosis 

Detection Kit I (BD Biosciences). Briefly, cells were washed with 1 ml of 1x 

Annexin V binding buffer from a 10x stock solution (0.1M Hepes [pH 7.4], 1.4M 

NaCl, 25 mM CaCl2 solution) and stained with 5 μl of Annexin V
APC

 in the dark for 

15 minutes at room temperature. Cells were then washed and re-suspended in 300 μL 

of 1x binding buffer. 10 μL of 4’, 6-diamidino-2-phenylindole (DAPI) were added to 

detect apoptotic cells. Cells were analysed on an LSRII analyser (BD Biosciences) 

and the data was analysed using Summit 4.3 software (Dakocytomation). 

 

2.2.5 Dead cell removal 

In some cases, apoptosis analysis of transduced cells was performed after removal of 

dead cells with the Dead Cell Removal kit (Miltenyi Biotec), to obtain equivalent 

numbers of viable cells. Cells were centrifuged at 300 xg for 5 minutes, resuspended 

in 100 μl of Dead Cell Removal MicroBeads and incubated at room temperature for 

15 minutes. MS columns (Myltenyi Biotech) were prepared by being washed with 1x 

binding buffer, and were placed into a magnetic field of a MACS® separator. 500 μl 

of 1x binding buffer was added to the cells and the mixture was loaded into the 

column. The effluent containing the live cell fraction was collected and the column 

was washed 4 times with 500 μl of 1x binding buffer to collect remaining live cells. 

Live cells were then centrifuged at 300 xg for 5 minutes and resuspended in suitable 

growth medium. 
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2.2.6 Luciferase assay 

Luciferase signal from cells was measured using the Luciferase Assay system 

(Promega) according to manufacturer’s instructions. Briefly, 1x10
3
 cells were plated 

in a white 96-multiwell plate (Non-TC treated, Greiner Bio One) and washed with 

PBS. Following centrifugation, cells were re-suspended in 20 μl 1x Lysis reagent and 

incubated on a shaker in the dark for 15 minutes. Then, 100 μl of Luciferase assay 

reagent was injected into each well by the injector in the Infinite® 200 PRO plate 

reader (Tecan) and the level of luciferase signal in each well was measured. 

 

2.3 RNA-sequencing 

2.3.1 RNA-seq Library preparation and Sequencing 

Total cellular RNA was extracted using the RNeasy Plus Mini Kit (Qiagen) 

according to manufacturer’s instructions. 100 ng of RNA per sample were analysed 

using Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA) to verify RNA 

integrity prior to amplification. The samples were submitted to UCL Genomics for 

RNA-seq and processed using Illumina’s TruSeq RNA sample prep kit Version2 (p/n 

RS-122-2001) according to manufacturer’s instructions (Illumina, Cambridge, UK). 

Briefly, mRNA was selected using paramagnetic dT beads and fragmented by metal 

hydrolysis to approximately 150 bp lengths. Random primed cDNA was then 

generated and adapters compatible with Illumina sequencing were ligated before 

being enriched by 12 cycles of PCR. Libraries were quantified, normalised and 

pooled before sequencing on an Illumina NextSeq 500, generating approximately 20 

million 43 bp read pairs per sample. The RNA express workflow on Illumina 
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BaseSpace was used to determine differential gene expression in 5 or 3 biological 

replicates of Reptin shRNA transduced samples treated with or without DOX. In 

brief, alignment of RNA-seq reads to the human UCSC mm10 genome and mapping 

to genes was performed with STAR aligner (Dobin et al., 2013). Differential gene 

expression between the two biological replicates each was calculated with DESeq2 

(Anders and Huber, 2010). 

 

2.3.2 Gene set enrichment analysis (GSEA) 

A list of differentially expressed genes was obtained from the RNA express workflow 

on Illumina BaseSpace® (basespace.illumina.com). The lists of genes were ordered 

according to differential expression between control cells and Reptin depleted cells 

and the “Low” expressed genes were removed from the output file. The 

GSEAPreranked tool of GSEA (http://www.broad.mit.edu/gsea/) was used to 

examine the distribution of the c-MYC, c-MYB and LSC signatures. The c-MYC 

signatures were derived from Schuhmscher et al. (Schuhmacher et al., 2001) and 

Kim et al. (Kim et al., 2006b). The c-MYB signatures were derived from Zhao et al. 

(Zhao et al., 2011). These were genes bound by c-MYB in mouse myeloid ERMYB 

cells and deregulated in THP1 cells following siRNA mediated c-MYB silencing 

(Suzuki et al., 2009) either decreasing in expression (MYB activated) or increasing 

in expression more than 1.5-fold (MYB repressed). LSC signatures were derived 

from Somervaille et al. (Somervaille et al., 2009), consisting of probe sets positively 

correlated with LSC frequency (Positive LSC signature) and negatively correlated 

with LSC frequency (Negative LSC signature). Mouse gene names were converted 

https://blog.basespace.illumina.com/category/uncategorized/basespace.illumina.com
http://www.broad.mit.edu/gsea/
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into human gene names with HCOP using the HGNC orthologs. A negative 

enrichment score indicates anti-correlation.  

 

2.3.3 PANTHER analysis 

Gene ontology and protein class analysis of the differentially expressed proteins were 

performed using PANTHER classification system (version 9.0) available on 

http://pantherdb.org. 

 

2.4 Chromatin immunoprecipitation (ChIP) assays 

25x10
6
 THP-1 cells transduced with a pLKO.1 scrambled control shRNA or the 

pLKO.1 shRNA targeting Reptin (clone ID: TRCN0000051563) were cross-linked 

with 2 mM disuccinimidyl glutarate (DSG) for 30 minutes at room temperature on a 

rotating wheel. After washing the samples 3 times with PBS, cells were fixed with 

1% formaldehyde for 15 min at room temperature on a rotating wheel. The reaction 

was stopped by adding glycine to final concentration 0.25 M for 5 minutes at room 

temperature. Fixed cells were rinsed twice with 20ml of cold PBS and resuspended 

in 50ml of lysis buffer A (0.25% TritonX100, 10 mM EDTA, 0.5 mM EGTA, 20 

mM HEPES [pH 7.6]) and incubated for 10 min at 4°C in a rotating wheel. Cells 

were centrifuged for 5 minutes at 1350 xg, resuspended in 50 ml lysis buffer B (150 

mM NaCl, 10 mM EDTA, 0.5 mM EGTA, 20 mM HEPES [pH 7.6]) and incubated 

for 10 min at 4°C in a rotating wheel. Cells were then pelleted for 5 minutes at 1350 

xg, resuspended in 1.5ml of incubation buffer (0.15% SDS, 1% TritonX100, 150 nM 
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NaCl, 10 mM EDTA, 0.5 mM EGTA, 20 mM HEPES [pH 7.6]) plus protease 

inhibitors (Sigma Aldrich) and incubated for 30 minutes at 4°C on ice. Lysates were 

then sonicated for 6 cycles (30 sec on / 30 sec off) in the Bioruptor® Pico water 

bath-sonicator (Diagenode) and centrifuged at 16,000 xg for 10 min. The cleared 

supernatant was stored at -80°C. 500 μl of sonicated chromatin were diluted 10 times 

in ChIP Dilution Buffer (SDS 0.01%, Triton X-100 1.1%, 1.2 mM EDTA [pH 8], 

16.7 mM Tris-HCl pH 8 and 167 mM NaCl) and were incubated rotating at 4°C 

overnight, with 40μl beads (Protein A and G, Millipore) and 2-10 μg of specific 

antibody (Table 10). The beads were washed for 10 minutes once in 10 ml of Low 

Salt Buffer (0.1% SDS, 1% TritonX100, 2 mM EDTA pH 8, 20 mM Tris-HCl [pH 

8.1], 150 mM NaCl), 10 ml of High Salt Buffer (0.1% SDS, 1% TritonX100, 2 mM 

EDTA, 20 mM Tris-HCl [pH 8.1], 500 mM NaCl), 10 ml of LiCl Buffer (0.25 M 

LiCl, 1% NP-40, 1 mM EDTA, 10 mM Tris-HCl pH 8.1) and in TE buffer (10 mM 

Tris-HCl pH 8.1, 1 mM EDTA). ChIPed material was eluted by two 1-hour 

incubations at 55°C with 200 μl Elution Buffer (1% SDS, 100 mM NaHCO3). 

Chromatin was reverse-crosslinked by adding 16 μl of NaCl 5M and incubated at 

65°C overnight. DNA was subjected to RNase and proteinase K digestion and 

extracted by using the MinElute PCR purification kit (Qiagen). The DNA was then 

subjected to quantitative PCR (qPCR) analysis using the sensiFAST SYBR Hi-ROX 

Kit (Bioline), according to manufacturer’s instructions. Briefly, a master mix 

containing 1x SensiFAST SYBR® Hi-ROX mix, 100 nM or 400 nM primers and 

nuclease-free water was mixed with 2 μl of eluted DNA per well in a 96 well plate. A 

qPCR was performed in triplicate for each DNA sample using the StepOnePlus
TM

 

Real-Time PCR system (Life Technologies). Table 11 shows the list of primers and 
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concentrations used for ChIP qPCR analysis. Table 12 shows a list of primers that 

were tested during the optimisation process but finally not used. To determine the 

efficiency and the limit of detection of the primers used for ChIP experiments, a 

standard curve from a serial dilution of input DNA was performed using different 

primer concentrations (Figure 11). Melt curve analysis was used to validate that the 

qPCR primers had produced a single specific product/amplicon, by detecting a single 

peak (Figure 12). 

 

NAME VOLUME SUPPLIER 

c-MYB (D-7) 5 μl (5 μg) 

Santa Cruz 

Biotechnology 

c-MYB (1-1) 25 μl (5 μg) Millipore 

H3K27ac (chip grade) 2 μl (2 μg) Abcam 

 

Table 10. List of antibodies used for ChIP assays in this study. 
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GENE 

NAME 

SEQUENCE  

(Reference) 

CONCENTRATION 

MPO F 

AACTGATCACTAACCACAACCAGTTC 

(Zhao et al., 2014) 

400 nM 

MPO R 

GAGACCGTTGGGCTTCACA 

(Zhao et al., 2014) 

400 nM 

GAPDH F TCGACAGTCAGCCGCATCT 400 nM 

GAPDH R CTAGCCTCCCGGGTTTCTCT 400 nM 

GD21 GGGGGATCAGATGACAGTAAA 100 nM 

GD21 AATGCCAGCATGGGAAATA 100 nM 

 

Table 11. List of primer sequences used for ChIP assays. 

Table showing the primer sequences and concentrations used for ChIP assays in this 

study. 
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GENE/PRIMER NAME SEQUENCE (Reference) 

CDK6 Forward 1 AGGCCAAAGACATAAAGTGC 

CDK6 Reverse 1 AAGCAGAACAGTCGGATAGT 

CDK6 Forward 2 GGGTTAGCAAATGCCTCTAAT 

CDK6 Reverse 2 ATGTGATAGCTGCTTGTACC 

c-MYC Forward 1 AAATACCCATCACCTTCTGC 

c-MYC Reverse 1 GGTTCTCCATAGGGTGATGT 

c-MYC Forward 2 TTCCAATCTGACTTGTGTCC 

c-MYC Reverse 2 TAGCTTCTGCCCTTTTCTTT 

c-MYC Forward 3 

AAAAGGGGAAAGAGGACCTGG 

(Zhao et al., 2012) 

c-MYC Reverse 3 

CCTAAAAGGGGCAAGTGGAGAG 

(Zhao et al., 2012) 

SAMSN1 Forward 1 TGCTTTCCACAACAGTACTAAA 

SAMSN1 Reverse 1 ATGAAGACAATGTCACTTTTGC 

SAMSN1 Forward 2 ATCTTTTCGGGTTCATGTTTTG 

SAMSN1 Reverse 2 GTGCAGGGCATTAAAAGTAAAA 

PLD6 Forward 1 CACAACTGTCACGCACCAAG 

PLD6 Reverse 1 GTGGTCACCTGTTGAGGGTT 

PLD6 Forward 2 AGTCTCTTCCTCTGTTTATGCT 

PLD6 Reverse 2 CACCTTCACTGTCTTCTCG 

MYADM Forward 1 GCTGTTGTGTCTTCCTGTTTTGT 

MYADM Reverse 1 CGCCCCCCAGAGTAAAAGT 

MYADM Forward 2 GTTGTGTCTTCCTGTTTTGTC 
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MYADM Reverse 2 CCCAGAGTAAAAGTAGCGT 

GD18 Forward ACTCCCCTTTCATGCTTCTG 

GD18 Reverse AGGTCCCAGGACATATCCATT 

HUMAN NEGATIVE 

CONTROL Primer Set 1 

Active Motif (Catalog No. 71001) 

HUMAN NEGATIVE 

CONTROL Primer Set 2 

Active Motif (Catalog No. 71002) 

 

Table 12. List of primer sequences tested for c-MYB ChIP assays. 

Table showing a list of primers tested for ChIP assays but not used in this study. 

  

https://www.activemotif.com/catalog/details/71001/human-negative-control-primer-set-1
https://www.activemotif.com/catalog/details/71001/human-negative-control-primer-set-1
https://www.activemotif.com/catalog/details/71001/human-negative-control-primer-set-1
https://www.activemotif.com/catalog/details/71001/human-negative-control-primer-set-1
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Figure 11.  Standard curves of the primers used for ChIP assays. 

Standard curves of MPO and GD21 specific SYBR Green qPCR primers at different 

concentrations (100 nM or 400 nM). Data were generated using 5-fold serial 

dilutions of known concentrations of chromatin input DNA. Data represent a single 

experiment. 
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Figure 12. Melt curves from qPCR of GD21 and MPO. 

An amplicon from the promoter region of the MPO gene, or a gene desert region in 

chromosome 21 (GD21), reveals a single peak following melt curve analysis using 

input DNA in a 5-fold serial dilution. Primers were tested at different concentrations 

as indicated (100 nM or 400 nM).  Data shown here represent a single experiment, 

but melt curves were generated for every ChIP qPCR experiment. 
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2.5 Animal work 

All mice were maintained in the animal facilities of the UCL Institute of Child 

Health and experiments were performed according to United Kingdom Home Office 

regulations. Dr. Owen Williams and Dr. Luca Gasparoli performed 

xenotransplantations in this study on 5-10 week old NOD.Cg-Prkdc
scid

Il2rg
tm1Wjl

/SzJ 

(NSG) mice. These mice lack mature T cells, B cells, and natural killer (NK) cells 

and are deficient in multiple cytokine signalling pathways. Furthermore, they have 

many defects in innate immunity. NSG mice have features of the NOD/ShiltJ 

background, the combined immune deficiency mutation (scid) and IL-2 receptor γ 

chain deficiency. They have been shown to support high levels of human 

haematopoietic stem cell engraftment (McDermott et al., 2010).  

 

The NSG mice used in this study were recipients of THP-1 clones generated 

in a previous study (PhD study, Zhao, 2013) expressing an inducible Reptin-specific 

shRNA (shRep) or the control scrambled shRNA (shSCR). In the present study, 

these cells were transduced with a lentiviral vector containing a luciferase (LUC2)-

IRES-EGFP cassette. Mice were injected intravenously in the lateral tail vein with 

0.5 x 10
6
 transduced cells per mouse. Longitudinal analysis of leukaemia progression 

was performed using an IVIS Lumina Series III pre-clinical in vivo imaging system 

(Perkin Elmer).  D-luciferin (10 l per g body weight of 15 mg/ml stock in PBS) was 

administered via intraperitoneal injection and mice imaged 5 minutes later, after 

anaesthetisation. Mice were sacrificed when they developed clinical signs of disease.  
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 CHAPTER III – Investigating the consequences in 3

vivo of conditional Reptin loss on human AML  

 

3.1 Introduction 

In a previous study from our laboratory, the loss of the MLL-fusion in conditionally 

immortalised mouse haematopoietic progenitor cells led to a decrease in the mRNA 

levels of Reptin (PhD thesis, Walf-Vorderwülbecke, 2009). Reptin, which encodes an 

ATPase with several cellular functions, was found to be a downstream target gene of 

the MLL-AF9 fusion via c-MYB induction, as Reptin transcript decreased upon c-

MYB depletion in MLL-AF9 expressing cells (Osaki et al., 2013). Further studies in 

our laboratory showed that Reptin is essential for the oncogenic activity of MLL-

fusions in human AML, as short hairpin RNA (shRNA)-mediated depletion of Reptin 

resulted in a striking decrease in proliferation, an increase in apoptosis and a 

decrease in clonogenic potential of human AML cells (Osaki et al., 2013).  

 

In order to determine whether Reptin is a potential target for novel therapies 

in established leukaemia, a previous study in our group used mouse transplantations 

to examine the effect of Reptin depletion in vivo (PhD thesis, Zhao, 2013).  Reptin 

loss eliminated established mouse MLL-induced leukaemias. Moreover, a dominant 

negative mutant of Reptin, devoid of ATPase activity, also impaired leukaemia 

progression in vivo in mouse transplantations (PhD thesis, Zhao, 2013). In this study 

we examined the effect of inhibiting Reptin expression in established human AML 
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using leukaemic xenotransplantations in mice. For this purpose, we used conditional 

shRNA clones of the MLL-AF9 expressing human AML cell line THP-1, generated 

by a previous member of the group (PhD thesis, Zhao, 2013). The clones were 

generated from single cell sorted THP-1 cells expressing an inducible Reptin-specific 

shRNA previously found to efficiently knockdown Reptin expression, or the control 

scrambled shRNA (shSCR). Using a clonal population of cells allowed us to achieve 

uniform induction of shRNA expression, particularly important when evaluating the 

consequences of Reptin knockdown in vivo in established leukaemia. 
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3.2 Results 

3.2.1 Validating Reptin knockdown in inducible THP-1 clones 

Prior to initiating in vivo experiments, we first decided to validate the levels of 

Reptin knockdown in the previously mentioned inducible THP-1 clones. In the 

inducible “Tet-On” pTRIPZ lentiviral expression system, addition of doxycycline 

(DOX) to the culture medium allows binding of the constitutively expressed rtTA3 

protein to the tetracycline inducible promoter element (TRE), to drive expression of 

the turbo Red Fluorescence Protein (tRFP) and the shRNAs, embedded in the 

microRNA (miR) 30 sequence (Figure 10). Treatment with DOX of the inducible 

clones expressing the shRNA against Reptin (shRep R1 and R6) resulted in a marked 

decrease of Reptin protein in comparison to the DOX treated clones expressing a 

control scrambled shRNA (shSCR C2 and C4) (Figure 13), confirming results from a 

previous study (PhD thesis, Zhao, 2013). Our western blot results also showed that 

clones R1 and R6 expressed lower levels of Reptin protein than control clones C2 

and C4, even in the absence of DOX treatment  (Figure 13), suggesting some degree 

of ‘leakiness’ in the ‘Tet-On’ system.  
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Figure 13. Validation of Reptin depletion in THP-1 inducible clones.  

Western blot analysis of Reptin protein expression in C2 and C4 scrambled shRNA 

(shSCR), and R1 and R6 Reptin shRNA (shRep) inducible THP-1 clones, following 

continued treatment with or without DOX for 7 days. Actin was used as a loading 

control. This is a representative image of two independent experiments. 
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3.2.2 Characterising luciferase transduced inducible THP-1 clones 

After confirming efficient depletion of Reptin, we transduced an inducible Scrambled 

control clone (shSCR C4) and an inducible shRNA targeting Reptin expressing clone 

(shRep R6) with a lentiviral vector containing the firefly luciferase gene. The 

luciferase gene encodes an enzyme that catalyses the oxidation of D-luciferin, 

resulting in the emission of light. Thus, injection of mice with D-luciferin has been 

used to detect luciferase expressing cells in vivo and to follow the progression of 

leukaemia in xenografted recipient mice. This non-invasive bioluminescence 

imaging technique in mice had already been validated in our laboratory with control 

THP-1 cells.  

 

A small proportion of the luciferase transduced clones were then subjected to 

a luciferase assay to confirm luciferase expression in both C4 shSCR and R6 shRep 

clones (Figure 14 A). Some cells were also induced with DOX for 3 days prior to 

subjecting them to a western blot assay to confirm that efficient depletion of Reptin 

protein was still possible after transduction with the luciferase expressing vector 

(Figure 14 B and C). 
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Figure 14. Characterisation of luciferase transduced inducible clones. 

(A) The bar chart shows the luciferase signal of the luciferase transduced inducible 

scrambled shRNA (C4) and Reptin shRNA (R6) THP-1 clones after performing a 

luciferase assay. Luciferase signal was measured using Promega Luciferase assay kit. 

Columns represent means of triplicate measurements and error bars the SD. (B) 

Western blot analysis of Reptin in luciferase transduced inducible THP-1 clones, 

following continued treatment with or without DOX for 3 days. The data was 

obtained from a single experiment performed on the cells that were transplanted to 

the NSG recipient mice. Actin was used as a loading control. (C) The bar chart 

shows the densitometric quantification of Reptin protein levels from (B) relative to 

Actin.  
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3.2.3 Reptin depletion eliminates established leukaemia in vivo 

To examine the effect of targeting Reptin in vivo, we transplanted NOD-SCID-
-/-

 

(NSG) mice with equal numbers of the luciferase-transduced inducible THP-1 clones 

(C4 and R6). 10 days after transplantation, we measured bioluminescence signal in 

all groups of mice to make sure all animals had similar levels of leukaemic burden 

before the start of DOX treatment (Figure 15). Immediately after, some recipient 

mice were subjected to DOX treatment by 3 rounds of daily intraperitoneal injection, 

followed by continual treatment with DOX in the food. Luciferase signal was 

measured every 7 or 14 days to monitor leukaemia progression, and DOX treatment 

was stopped in surviving mice after control mice had to be sacrificed. Remarkably, 

while induction of the scrambled shRNA did not delay leukaemic progression, 

suppression of Reptin delayed leukaemia progression in all of the DOX treated mice 

and resulted in complete remission in 5 out of 6 mice (83.3%), even after termination 

of DOX treatment (Figure 16). 
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Figure 15. Bioluminescence levels in all groups of mice at the start of the 

experiment.  

Bioluminescence signal was measured in NSG mice 10 days after transplantation 

using the IVIS Lumina Series III. Each bar represents the average signal for every 

experimental group of mice. Number of mice is indicated in brackets. Error bars 

represent SD. P-values were calculated using Student’s unpaired t-test; (n.s.) not 

significant (p≥ 0.05).  
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Figure 16. Reptin depletion delays or abolishes leukaemia progression in vivo. 

(A) Bioluminescence images of NSG mice 10 days or 36 days after transplantation 

with 0.5x10
6
 cells of luciferase-transduced inducible C4 (shSCR) or R6 (shRep) 

clones. 10 days after transplantation, some mice were subjected to DOX treatment 

(+Dox) and some were left untreated (-Dox). (B) The resulting Kaplan-Meier 
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survival curve from (A). A p-value calculated using Mantel-Cox test is indicated in 

the plot. The red line on the curve indicates the duration of DOX treatment in +Dox 

treated mice. Group numbers are indicated in brackets. Mice were sacrificed upon 

developing signs of illness.  (C) Line chart showing the luminescence radiance for 

each mouse from (A) measured at 7-day intervals starting from day 10 after 

transplantation. 
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3.3 Discussion 

Our laboratory has previously shown that Reptin is an essential downstream target 

gene of the MLL-fusions in AML (PhD thesis, Walf-Vorderwülbecke, 2009). Further 

research in our laboratory showed that Reptin is required for the proliferation and 

survival of MLL-rearranged and non-MLL-rearranged human AML cell lines (Osaki 

et al., 2013). Moreover, in a different study, the Reptin-related protein Pontin was 

identified as a critical mediator of AML1-ETO-induced leukaemia (Breig et al., 

2014). Additionally, Reptin has also been found to be overexpressed and essential in 

in other types of cancer, including solid tumours such as breast cancer (Maslon et al., 

2010) and hepatocellular carcinoma (Rousseau et al., 2007) (Haurie et al., 2009). 

 

Previous work from our laboratory aimed to evaluate the efficacy of targeting 

Reptin in vivo in established leukaemia and this was done in two different ways: by 

using inducible clones expressing an shRNA to deplete Reptin, generated from 

mouse MLL-ENL
+ 

leukaemic cells; and by using inducible clones transduced with a 

dominant negative mutant of Reptin, which contains a point mutation on its ATPase 

(Walker B) domain, generated from mouse leukaemic cells expressing the MLL-

ENL fusion. In both experiments there was a significant delay in leukaemia 

progression and, in some cases, a complete remission was achieved. Thus, the results 

indicated that, at least in mouse cells, Reptin is necessary for leukaemia progression 

in vivo, probably due to its ATPase activity (PhD thesis, Zhao, 2013). However, 

since the mouse MLL-ENL
+ 

leukaemic cells  exhibit a number of differences to 

human AML cells, including a greatly increased rate of proliferation, it was 
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important to investigate the dependence of human AML cells on continued Reptin 

expression in vivo.  

 

In this chapter we have studied the effect of targeting Reptin in established 

human AML, to resemble a therapeutic setting, by using xenografts in vivo. We did 

not use cells constitutively expressing a shRNA targeting Reptin, as it would have 

not been a useful method to assess the consequences of Reptin loss in established 

leukaemia. For that reason, previous attempts in our laboratory used a heterogeneous 

bulk population of cells expressing an inducible shRNA targeting Reptin. However, 

the experiments failed due to the outgrowth of poorly-transduced cells. Therefore, in 

this study we used inducible clones previously generated in our group from the 

human MLL-AF9
+
 cell line THP-1 (PhD thesis, Zhao, 2013). Using a clonal 

population of cells helped us to better address the question of whether Reptin 

expression is necessary for leukaemia progression, as this time we ensured a uniform 

and simultaneous response in all cells. 

 

We first validated that effective Reptin protein depletion was still achievable 

after transduction with a luciferase-expressing vector, and after induction with DOX. 

We then transplanted NSG mice with the inducible THP1 clones and measured 

bioluminescence signal in the transplanted mice to monitor leukaemia progression 

over time. Even though our western blot analyses showed a slight leakiness in the 

inducible system, we detected similar levels of luciferase signal in all mice 10 days 

after transplantation, indicating that similar levels of leukaemic burden were 

achieved in all groups. Remarkably, Reptin depletion after DOX treatment in 
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transplanted mice resulted in a striking remission of established leukaemia, as judged 

by a reduction of luminescence signal to background levels. Complete remission of 

the disease in 5 out of 6 mice was also observed, and those mice survived until the 

end of the experiment without any signs of disease. In contrast, established 

leukaemia progressed in mice transplanted with inducible Ruvbl2 shRNA cells but 

not induced with DOX, and in mice transplanted with inducible scrambled shRNA 

cells. These results are in line with a previous study that found a reduction of tumour 

progression in vivo after Reptin depletion in human hepatocellular carcinoma using a 

similar inducible system (Menard et al., 2010). Most importantly, our results are also 

in accordance with previous data obtained in our laboratory using primary mouse 

leukaemic cells (PhD thesis, Zhao, 2013). In contrast to that study, we did not use 

primary cells here but a human cell line which could have lost dependency for Reptin 

after multiple passages in culture. However, our data indicate that the leukaemic cell 

line used still required Reptin expression to progress in vivo and suggests that Reptin 

could be a good target for therapy in human AML.  

 

According to our knowledge, no Reptin-specific drugs have been reported so 

far, although Pontin-specific inhibitors have been developed. In particular, one of the 

inhibitors targeting the ATPase activity (Walker B domain) of Pontin was cytotoxic 

in the human promyelocytic leukaemia cell line HL60 (Elkaim et al., 2014). 

Targeting the ATPase function of Pontin or Reptin could be a good approach in 

therapy, as several reports have shown that the ATPase activity of Reptin and Pontin 

is essential to modulate oncogenic transformation. For example, an ATPase-deficient 

mutant of Pontin inhibited c-MYC or E1A/E2F1 mediated transformation of early-
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passage rat embryo fibroblasts and increased apoptosis (Wood et al., 2000) (Dugan 

et al., 2002). In a different report, the ATPase activity of Reptin was found to be 

required for tumour cell growth and viability of hepatocellular carcinoma cells 

(Grigoletto et al., 2013). Moreover, previous work in our laboratory found that the 

Walker B domain mutant of Reptin decreased proliferation, increased apoptosis and 

reduced the clonogenic potential of leukaemic cells (Osaki et al., 2013). Besides this, 

impairing the ATPase domain of Reptin in in vivo mouse transplantations reduced 

leukaemia progression, while the same mutant did not affect normal haematopoiesis 

in colony formation assays of normal mouse bone marrow HPCs (PhD thesis, Zhao, 

2013). In relation to this, in a screen looking for mutations affecting humoral 

immunity, mice carrying a heterozygous mutation in intron 2 of Reptin, which 

resulted in a frame shift and premature stop codon, were found to have normal B cell 

development and just some limitations in T-cell development and in some T-

dependent antibody responses (Arnold et al., 2012). Even though homozygous mice 

carrying the mutation in Reptin were not viable, the fact that very few deleterious 

effects were observed in the haematopoietic compartment of the heterozygous mice 

suggests that targeting Reptin in AML patients could be a valid therapeutic approach. 

Further work should be done to address the effects of pharmacologically targeting 

the ATPase domain of Reptin in normal human haematopoiesis and in established 

human leukaemia in vivo. The differential effects of expressing the Reptin ATPase 

domain mutant in normal mouse haematopoietic progenitors and mouse AML cells 

suggest that generating antagonists of Reptin ATPase activity could be an efficient 

and novel approach for the treatment of leukaemia without having a major impact on 

normal haematopoiesis. However, it will be important to evaluate the specificity of 
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such targeting strategies, in particular whether any novel drugs would also target the 

ATPase domain of the homologous Pontin protein. In this context, it is important to 

note that conditional knockout of Pontin in the haematopoietic compartment led to 

bone marrow failure (Bereshchenko et al., 2012) (Rajendra et al., 2014). 

 

In conclusion, in this chapter, we have shown that Reptin depletion impairs 

human leukaemia progression in vivo and that Reptin represents a potential target for 

therapy. The following chapters addressed the potential mechanisms underlying the 

dependency of human AML cells on Reptin expression.   
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 CHAPTER IV – Studying the molecular function of 4

Reptin in human acute myeloid leukaemia 

 

4.1 Introduction 

Reptin and Pontin have been found to function in several cellular activities, including 

DNA damage repair, DNA replication and mitotic spindle assembly, telomerase 

complex assembly and transcriptional regulation (Jha and Dutta, 2009) (Nano and 

Houry, 2013). Among the many different roles described, modulation of gene 

expression is one of the best studied and there are different ways in which Reptin and 

Pontin perform this function.   

 

On one hand, they were found to be part of several chromatin remodelling 

complexes that facilitate access to DNA. These include: the Ino80 complex, which 

catalyses ATP-dependent mobilization of nucleosomes in regions of active 

transcription, and to the function of which Rvbp1p/Rvbp2p (the homologs of Pontin 

and Reptin in yeast) were found to be essential (Jonsson et al., 2004); the 

SWR/SRCAP complex, which catalyses the introduction of the non-canonical variant 

histone H2A.Z to the nucleosome, which is associated with active transcription and 

essential for transcriptional regulation; and the NuA4/Tip60/EP400 complex, which 

has HAT activity at promoters (Nano and Houry, 2013).  
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On the other hand, Reptin and Pontin were also found to interact directly with 

and/or regulate the activity of several transcriptional modulators, sometimes 

independently from each other and even in an antagonistic manner. Some of the 

transcription factors, whose activity has been found to be regulated by Reptin and 

Pontin include c-MYC (Wood et al., 2000), Gata3 (Hosokawa et al., 2013), ATF2 

(Cho et al., 2001) and E2F1 (Tarangelo et al., 2015). Taken together, these studies 

suggest that the transcriptional regulation activity of Reptin and Pontin is essential 

for multiple cellular pathways.  

 

As we have seen in the previous chapter, Reptin activity is crucial for human 

AML survival in vitro (Osaki et al., 2013) and for disease progression in vivo. 

Moreover, a previous study in our group found a decrease in c-MYC protein after 

Reptin depletion in a human AML cell line (PhD thesis, Zhao, 2013). For these 

reasons in this study we aimed to investigate the molecular function of Reptin in 

human AML, and hypothesised that this dependency for Reptin in AML cells could 

be linked to its role in modulating gene transcription. To that aim, we first examined 

the effect of Reptin and other known Reptin-interacting partners on the transcription 

factor c-MYC. In addition, to get a broader understanding of the pathways regulated 

by Reptin in AML, we also generated global gene expression data following Reptin 

silencing in human leukaemic cells. 
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4.2 Results 

4.2.1 Examining the effect of Reptin depletion and depletion of Reptin-interacting 

partners on c-MYC 

As mentioned in the introduction, Reptin has been documented to form part of 

different complexes and to interact with several proteins, including the oncoprotein 

c-MYC (Wood et al., 2000) (Bellosta et al., 2005). Several c-MYC cofactors have 

been described, which allow c-MYC to act as a transcriptional activator (for 

example, MAX cofactor in the c-MYC/MAX complex) or as a transcriptional 

repressor (for example, the MIZ-1 cofactor in the c-MYC/MIZ-1 complex) (Dang, 

2012).  

 

A previous study in our laboratory examined c-MYC protein after Reptin 

depletion and showed a reduction in c-MYC that was apparent at the protein, but not 

RNA, level (PhD thesis, Zhao, 2013). The c-MYC decrease was observed in the 

MLL-rearranged AML cell lines THP-1, Nomo-1 and MV4-11 (PhD thesis, Zhao, 

2013). As several publications also suggested a link between Reptin and c-MYC, we 

decided to examine the possibility that Reptin modulates c-MYC protein function in 

AML. We first validated the decrease in c-MYC protein levels in the THP-1 clones 

used in a previous study (PhD thesis, Zhao, 2013) (Figure 17). Next, we validated 

these results in the bulk population of THP-1 cells. Western blot results showed a 

decrease in c-MYC after Reptin loss, although this decrease was only detected at a 

later time point than complete Reptin depletion (Figure 18). The data also showed 

that c-MYC protein was almost completely lost by day 6 after DOX induction. To a 

lesser extent, the c-MYC cofactor MIZ-1 had also decreased after 6 days of Reptin 
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depletion (Figure 18). Notably, protein levels of the upstream c-MYC transcriptional 

regulator c-MYB, remained unchanged (Figure 18). Overall, these results indicate 

that Reptin modulates the stability of c-MYC and MIZ-1 proteins but that this is not 

a general proteolysis effect, since c-MYB protein, which also has a very short half-

life, did not change. 

 

An earlier study from our group had already shown the deleterious effect of 

transducing AML cells with a dominant negative (D/N) mutant of Reptin (Osaki et 

al., 2013). This mutant carries a point mutation in the conserved Walker B domain 

(Reptin (D299N)), which impairs its capacity to bind DNA and hydrolase ATP 

(Mézard et al., 1997). In order to investigate the effect of the D/N mutant on c-MYC 

expression, a bulk population of THP-1 cells was transduced with the D/N mutant of 

Reptin. As expected, there was a significant increase in apoptosis levels in cells 

transduced with the D/N mutant 8 days after transduction, as compared to cells 

transduced with a control empty vector (EV) (Figure 19 A), confirming that the 

ATPase activity of Reptin is essential for the effect on viability observed upon Reptin 

knockdown. Interestingly, western blot analysis also showed a stable and significant 

decrease in c-MYC protein in cells transduced with the D/N mutant of Reptin (Figure 

19 B and C), suggesting that the ATPase activity of Reptin is essential for its effect 

on c-MYC. 

 

In order to examine the mechanism by which Reptin exerts its function, we 

decided to examine the effect of inhibiting known Reptin interacting partners on c-

MYC protein. One of these partner proteins, that Reptin and Pontin can both interact 
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with, is the oncogenic protein, MTPB. Interestingly, MTBP was also found to be 

necessary to increase c-MYC mediated transcription, proliferation and neoplastic 

transformation (Grieb et al., 2014). As Reptin has been proposed to act as a 

chaperone-like protein, helping in the assembly of several complexes (Nano and 

Houry, 2013), we explored the possibility that the apoptotic phenotype observed after 

Reptin depletion was the result of a failed interaction or assembly of the MTBP/c-

MYC complex. In order to test this hypothesis, we examined the effect of MTBP 

depletion on c-MYC protein stability in THP-1 cells. Cells transduced with 4 

different shRNA targeting MTBP showed reduced levels of c-MYC protein 

compared to cells transduced with a non-targeting shRNA, while Reptin protein 

levels did not change (Figure 20A and Figure 20B). This experiment indicated that 

MTBP loss is enough to induce c-MYC protein degradation. Interestingly, Reptin 

loss in one of the inducible THP-1 clones also led to a decrease of MTBP protein 

(Figure 20C). As Reptin has been described to be necessary for the formation of 

some transcriptional complexes and it was found to interact with both MTBP and c-

MYC, it is plausible that the reason behind c-MYC and MTBP protein degradation 

after Reptin loss could be the failed complex formation or interaction between c-

MYC and MTBP in AML cells.  

 

Reptin has also been found to form part of the EP400 complex and interact 

with some of the proteins of the complex (Fuchs et al., 2001). EP400 is a 

multiprotein chromatin remodelling complex whose central component is a 400 kDa 

protein. Other components of the complex include: the ATPases Reptin and Pontin; a 

c-MYC associated cofactor called TRRAP/PAF400; β-actin and the actin-like protein 
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BAF53; and the mammalian orthologs of the Drosophila melanogaster Enhancer of 

Polycomb, EPC1 and EPC2 (Fuchs et al., 2001). Surprisingly, knockdown of EP400 

complex components in a recent study (including EPC1, EPC2, Reptin and Pontin), 

did not decrease but resulted in the accumulation of c-MYC protein and upregulation 

of c-MYC module genes in THP-1 cells (Huang et al., 2014). As these data differ 

from our previous results, we decided to assess the effect of EPC1 and EPC2 

depletion on c-MYC protein in our THP-1 cells. Western blot analysis of THP-1 

cells transduced with different shRNA targeting EPC1 and EPC2 also showed a 

decrease in c-MYC protein levels and an increase in apoptosis levels (Figure 21), 

compared to non-targeting vector control transduced cells.  This result is consistent 

with our previous data showing a decrease of c-MYC after Reptin depletion, but 

differs from the results obtained by Huang et al.  

 

Taken together, the results described above pointed to a possible regulation of 

c-MYC by Reptin. However, it was still not clear whether this was at the protein 

level or at the transcriptional level. A previous study in our laboratory examined the 

mRNA levels of c-MYC after Reptin depletion and did not find a significant change 

in the c-MYC transcript after Reptin depletion (PhD thesis, Zhao, 2013). However, 

the data were obtained from a single experiment and the level of Reptin knockdown 

achieved in that experiment was much lower than the one achieved in the present 

study. Therefore, we decided to re-examine c-MYC transcript levels after Reptin 

knockdown in THP-1 cells. Surprisingly, our qRT-PCR results indicated a reduction 

in c-MYC mRNA levels after 4 days of Reptin knockdown (Figure 22). Thus, it was 

plausible to hypothesise that Reptin loss may principally impact on the 
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transcriptional regulation of c-MYC, rather than affecting the assembly of c-MYC 

complexes. 

  



 

 

    130 

 

 

 

Figure 17. Inducible Reptin depletion leads to decreased c-MYC protein in a 

THP-1 clone. 

Western blot analysis of Reptin, c-MYC and Actin protein after treating a scrambled 

shRNA (C2 shSCR) clone and Reptin shRNA (R6 shRep) clone, generated from 

THP-1 cells, with or without DOX for 1-6 days. Actin was used as a loading control. 

This figure is a representative example of two independent experiments. 
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Figure 18. Reptin knockdown leads to c-MYC and Miz-1 loss. 

(A) Western blot analysis of Reptin, c-MYC, c-MYB and MIZ-1 protein in DOX 

inducible scrambled shRNA (shSCR) and Reptin shRNA (shRep) transduced THP-1 

cells (bulk population). Cells were transduced and selected with puromycin for 3 

days. Immediately after, cells were treated with or without DOX for 3, 6 and 8 days 

(left panel). Some cells were left untreated for 10 days after puromycin selection and 
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then treated with or without DOX for 5 and 8 days (right panel). Clathrin and 

GAPDH were used as a loading control. The data are from of a single experiment. 

(B) Reptin and c-MYC protein levels at day 4 in DOX-induced cells relative to Non-

DOX induced control cells normalised to 1, as quantified by the Quantity One 

software and normalised for the loading control Clathrin. Bars represent the mean of 

five independent experiments and error bars represent SD. P-values comparing 

normalised –DOX to +DOX samples were calculated using the one-sample t-test, (*) 

p≤0.05; (****) p≤0.0001.  
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Figure 19. Overexpression of a Dominant Negative (D/N) mutant of Reptin leads 

to apoptosis and c-MYC protein loss.  

(A) Bar chart showing quantification of apoptosis in THP-1 cells overexpressing the 

Reptin (D299N) Dominant Negative (D/N) mutant. Bars represent the mean of three 

independent experiments and error bars represent SD. P-value was calculated using 

unpaired Student’s t-test, (*) p≤0.05. (B) Western blot analysis of Reptin and c-MYC 

proteins in THP-1 cells transduced with the Reptin (D299N) D/N mutant, or control 

empty vector (EV) at the indicated time points. Actin was used as a loading control. 

(C) c-MYC protein levels from (B) of cells expressing the D/N mutant of Reptin for 

4 days relative to Empty Vector (EV) control expressing cells normalised to 1, as 
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quantified by the Quantity One software and normalised for the loading control 

Actin. Bars represent the mean of three independent experiments and error bars 

represent SD. A p-value comparing c-MYC expression in EV (normalised to 1) and 

D/N mutant expressing cells was calculated using the one-sample t-test, (**) p≤0.01. 
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Figure 20. MTBP knockdown induces c-MYC protein degradation.  

(A) Western blot analysis of MTBP, Reptin, c-MYC and Actin proteins in THP-1 

cells transduced with 4 different pGIPZ lentiviral shRNA vectors targeting MTBP 

(#1, #2, #3 and #4). Actin was used as a loading control. These data were obtained 
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from a single experiment. (B) c-MYC, Reptin and MTP protein levels from (A) 

relative to the Non Targeting Control (NTC) treated cells normalised to 1, as 

quantified by the Quantity One software and normalised for the loading control 

Actin. (C) Western blot analysis of MTBP, Reptin and Actin following treatment 

with or without DOX for 1-6 days in the inducible Reptin shRNA (R6 shRep) THP-1 

clone. Actin was used as a loading control. These data were obtained from a single 

experiment. 
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Figure 21. Knockdown of EPC1 and EPC2 induces c-MYC loss in THP-1 cells.  

(A) Western blot analysis of EPC1, EPC2 and c-MYC proteins in THP-1 cells 

transduced with different pLKO.1 lentiviral shRNA vectors targeting EPC1 (#01 and 

#88) and EPC2 (#58, #01 and #90) or a Non Targeting Control (NTC). Actin was 
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used as a loading control. (B) c-MYC, EPC1 and EPC2 protein levels from (A) 

relative to Non-Targeting control (NTC) transduced control cells normalised to 1, as 

quantified by the Quantity One software and normalised for the loading control 

Actin. Bars represent the mean of three (MYC) or two (EPC1 and EPC2) 

independent experiments and error bars represent SD. P-values comparing 

normalised NTC to shRNA expressing samples were calculated using one-sample t-

test, (*) p≤0.01 (**); p≤0.01; (***) p≤0.001; (****) p≤0.0001. (C) Flow Cytometry 

plots showing apoptosis for transduced cells in (A). The apoptosis data were obtained 

from of a single experiment. 
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Figure 22. c-MYC transcript levels decrease after Reptin depletion. 

(A) Plots represent qRT-PCR analysis of c-MYC and Reptin mRNA levels from 

THP-1 cells transduced with an inducible control shRNA (shSCR) or a shRNA 
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targeting Reptin (shRep) after 2 days or 4 days of DOX induction. The data are 

relative to non-DOX (-DOX) induced cells normalised to 1. (B) The figure shows 

Reptin protein levels of cells used in (A) after 2 and 4 days of induction with or 

without DOX. The data were quantified by the Quantity One software and 

normalised for the loading control. Columns represent the mean of three (day 2) or 

five (day 5) independent experiments and error bars, the SD. P-values comparing 

normalised –DOX to +DOX samples were calculated using the one-sample t-test; 

(****) p≤0.001; (***) p≤0.001; (*) p≤0.05; (n.s.) not significant (p≥ 0.05). 
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4.2.2 Reptin does not interact with c-MYC in AML cells 

To elucidate the underlying molecular mechanism by which Reptin modulates c-

MYC function, we performed immunoprecipitation assays to examine whether 

complexes between Reptin and c-MYC can be detected in THP-1 cells. To that aim, 

we first generated a 3xHA-tagged version of Reptin and transduced bulk THP-1 cells 

to overexpress the tagged protein. We then confirmed the overexpression of the 

tagged protein in THP-1 cells by western blot analysis (Figure 23). Next, we 

performed immunoprecipitation assays and detected Reptin when we used an anti-

HA antibody to immunoprecipitate the lysates, but not when we used a control anti-

IgG antibody (Figure 24), confirming the specificity of the antibodies. Moreover, we 

were also able to co-immunoprecipitate Pontin with the 3xHA-tagged Reptin, which 

suggested that the 3xHA-tagged version of Reptin was still functional and capable of 

forming complexes with its close related partner protein (Figure 24). However, after 

immunoprecipitating 3xHA-Reptin overexpressing cells with an anti-HA antibody 

we were unable to detect endogenous c-MYC co-immunoprecipitating with the 

3xHA-tagged Reptin (Figure 25). These data are consistent with our hypothesis that 

Reptin may affect c-MYC function in THP-1 cells by regulating its c-MYC gene 

transcription, rather than assembly of c-MYC containing complexes. In order to 

investigate this hypothesis further, and to have a broader understanding of the impact 

of Reptin on gene transcription in AML, we decided to generate global gene 

expression data after Reptin depletion.  
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Figure 23. Western blot analysis showing 3xHA-tagged Reptin overexpression. 

The figure displays western blot analysis of Reptin protein. THP-1 cells were 

transduced with a control empty vector (EV Ctrl) or with the 3xHA-tagged Reptin 

construct and selected with puromycin for 3 days. Lysates were then subjected to 

western blot analysis to verify overexpression and detection of the 3xHA-tagged 

Reptin protein. This experiment was performed once. Endogenous Reptin was used 

as a loading control. 
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Figure 24. 3xHA-Reptin interacts with Pontin in THP-1 cells. 

The figure displays western blot analysis of 3xHA-tagged Reptin protein and shows 

the interaction with endogenous Pontin. A 3xHA-tagged Reptin plasmid was 

overexpressed in THP-1 cells and whole cell lysates of puromycin selected cells 

were immunoprecipitated with an antibody against the HA tag (A) or control IgG 

(B). The resultant precipitates were immunoblotted with anti-Reptin or anti-Pontin 

antibodies. “Input” refers to the total whole lysate. “Elution” refers to amount of 

protein co-immunoprecipitated by the specific antibody, whereas “Unbound” refers 

to the amount of protein not co-immunoprecipitated. The data are representative of 

two independent experiments. 
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Figure 25. 3xHA-tagged Reptin does not interact with c-MYC 

A 3xHA-tagged Reptin plasmid was overexpressed in THP-1 cells and whole cell 

lysates of puromycin selected cells were immunoprecipitated with an antibody 

against the HA tag or control IgG. The resultant precipitates were immunoblotted 

with an anti-c-MYC antibody. “Input” refers to the total whole lysate. “Elution” 

refers to amount of protein co-immunoprecipitated by the specific antibody, whereas 

“Unbound” refers to the amount of protein not co-immunoprecipitated. The data are 

representative of three independent experiments. 
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4.2.3 Characterising the response of bulk THP-1 cells to Reptin loss 

For transcriptome profiling we used bulk populations of the inducible human AML 

cell line THP-1, instead of the previously described clones. This was done to avoid 

any clone-specific gene expression patterns that may not reflect those in the bulk 

culture, and because the planned analyses were performed over a relatively short 

time frame. Thus, we first validated that efficient inducible Reptin knockdown in the 

bulk population was possible. We transduced the bulk of THP-1 cells with the 

inducible “Tet-On” lentiviral expression vector described in the previous chapter, 

containing a Reptin-specific shRNA, or a control scrambled-shRNA. Treatment of 

the transduced cells with DOX resulted in efficient induction of the shRNA in the 

bulk population, as shown by the high levels of tRFP expression detected by flow 

cytometry as early as 24h after DOX addition (Figure 26A). Western blot analyses 

revealed efficient Reptin depletion, protein being undetectable after 3 days of DOX 

treatment (Figure 26B, left panel). Moreover, flow cytometry analyses showed an 

increase in apoptosis 8 days after Reptin knockdown (Figure 26C). Similarly to what 

we had observed in the clones, our western blot results with bulk THP-1 cells 

indicated leakiness in the system. However, we did not detect a substantial increase 

in apoptosis in the shReptin -DOX samples in comparison to the control -DOX ones 

(Figure 26C). In addition, Reptin protein depletion and an increase in apoptosis in 

Reptin depleted samples were also observed upon DOX induction when using cells 

that had been grown for 10 days in culture, following transduction (Figure 26B and 

Figure 26C, right panels). Thus, shRNA inducibility in the bulk transduced THP-1 

cells appeared relatively stable in short-term culture. 
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Since we observed a significant response to DOX treatment in the bulk THP-

1 cells, we then aimed to identify the best time point for gene expression analysis. 

We wanted to identify the earliest time point that would allow enough time for 

primary gene expression changes due to Reptin loss to occur, without this data being 

obscured by secondary gene expression changes associated with cell differentiation 

and apoptosis. In order to identify the best time point, we repeated the previous 

western blot experiments in a time course manner, taking protein lysates every 24h. 

We then chose time point Day 2 for RNA-seq analysis, as it was the earliest time 

point in which Reptin depletion was observed by western blot, and a later time point 

(Day 4) at which Reptin depletion peaked (Figure 27). 

 

We then proceeded to perform the experiments at the chosen time points for 

use in RNA-seq analysis. The bulk population of THP-1 cells was transduced with 

the inducible vector containing a Reptin-specific shRNA, or a control scrambled-

shRNA, and induced with DOX in multiple independent experiments in order to 

generate enough replicates to submit for sequencing analysis. Protein lysates and 

RNA were taken at days 2 and 4 after DOX induction, and western blot analyses 

were performed to verify efficient Reptin depletion. The average level of Reptin 

knockdown at day 2 achieved in 3 different experiments was 75% (Figure 28) and at 

day 4 (data from 5 different experiments) was 95% (Figure 29). The RNA from all 

from these experiments at day 2 and 4 was then extracted and submitted for 

sequencing analysis. As we wanted to make sure that our gene expression results 

were going to be meaningful, we also left a few cells in culture in the presence of 

DOX and measured apoptosis levels after 8 days in culture. Our results showed an 
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increase in apoptosis of more than 5-fold in the Reptin depleted samples, reaching 

apoptosis levels of around 20%, as compared to the non-DOX induced samples in 

which apoptosis levels were less than 5% (Figure 29). With this result we ensured 

that the cells used for gene expression analysis responded as expected to Reptin 

depletion. 
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Figure 26. Inducible knockdown of Reptin in a bulk population of THP-1 cells 

(A) The plots represent examples of flow cytometric analysis of tRFP expression in 

inducible Reptin shRNA transduced THP-1 cells (bulk population) 24h after DOX 
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induction. (B) Western blot analysis of Reptin protein in inducible scrambled shRNA 

(shSCR) and Reptin shRNA (shRep) transduced THP-1 cells (bulk population), 

following treatment with or without DOX. In the left panel, cells were treated with 

DOX immediately after transduction every 48h, and protein lysates were taken 3, 6 

and 8 days after the first DOX treatment. The right panel shows cells that were 

treated with DOX 10 days after transduction. Protein lysates were taken 5 and 8 days 

after the first DOX treatment. Clathrin was used as a loading control. This 

experiment was performed once. (C) Plots shows an example of apoptosis levels 

measured by flow cytometric analysis of Annexin V and DAPI stained transduced 

cells from (B) at Day 8 after DOX induction (left panel) or at Day 8 in cells grown 

for 10 days after transduction and before DOX induction (right panel).  
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Figure 27. Time-course western blot analysis of Reptin protein.  

(A) Time course of Reptin protein analysed by western blotting, in doxycycline 

(DOX) inducible scrambled shRNA (shSCR) and Reptin shRNA (shRep) transduced 

THP-1 cells following treatment with or without DOX for 5 days. GAPDH was used 

as a loading control. These data were obtained from a single experiment. (B) Reptin 

protein levels from (A) relative to non-DOX induced control cells normalised to 1, as 

quantified by the Quantity One software and normalised for the loading control 

GAPDH. Data are from a single experiment. 
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Figure 28. Characterisation of the experiments used for RNA-sequencing at 

time point Day 2. 

(A) Western blot analysis of Reptin protein in DOX inducible scrambled shRNA 

(shSCR) and Reptin shRNA (shRep) transduced THP-1 cells following treatment 

with or without DOX for 2 days. Actin was used as a loading control. (B) Reptin 

protein levels relative to non-DOX (-DOX) treated control cells normalised to 1, as 

quantified by the Quantity One software and normalised for the Actin loading 

control. Bars represent the mean of three independent experiments and error bars 

represent SD. P-values comparing normalised –DOX to +DOX samples were 

calculated using the one-sample t-test; (****) p≤0.0001; (n.s.) not significant (p≥ 

0.05). For clarity purposes, these results have been also shown on figure 22.  
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Figure 29. Characterisation of the experiments used for RNA-sequencing at 

time point Day 4. 

(A) Western blot analysis of Reptin protein in DOX inducible scrambled shRNA 

(shSCR) and Reptin shRNA (shRep) transduced THP-1 cells following treatment 

with or without DOX for 4 days. Clathrin was used as a loading control. (B) Reptin 

protein levels relative to non-DOX (-DOX) treated control cells normalised to 1, as 

quantified by the Quantity One software and normalised for the loading control. 

Columns represent the mean of five independent experiments and error bars the SD. 

P-values comparing normalised –DOX to +DOX samples were calculated using the 



 

 

    153 

 

one-sample t-test, (****) p≤0.0001; (n.s.) not significant (p≥ 0.05). (C) 

Representative plot showing apoptosis levels in transduced cells from (A) at day 8 

after DOX induction. For clarity purposes, these results have been also shown on 

figure 22. (D) Bar chart showing quantification of apoptosis levels of Reptin shRNA 

(shRep) transduced THP-1 cells following treatment with or without DOX for 8 

days. Columns represent the mean of five independent experiments and error bars the 

SD. P-value was calculated using unpaired Student’s t-test, (****) p≤0.0001. 
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4.2.4 Global gene expression analysis following Reptin silencing  

RNA-Sequencing is a powerful method that uses deep-sequencing technology to 

detect and analyse the transcriptome profile of cells (Wang et al., 2009).  As 

described on subsection 4.2.1, we used this technology to generate gene expression 

profiles of THP-1 cells after Reptin depletion from the RNA of 3 different 

experiments at day 2 after DOX induction and of 5 different experiments at day 4 

after DOX induction. In order to identify significant changes in gene expression 

among samples, the resulting sequencing data were examined using the RNA express 

workflow of the Illumina BaseSpace website. This workflow aligns the RNA-seq 

reads to the human genome using the STAR aligner, which then assigns the aligned 

reads to genes. Then, the differential gene expression analysis was performed using 

the DESeq2 software package (Figure 30).  

 

Only 360 significant gene expression changes were found at day 2 following 

DOX treatment (Figure 31A), of which only 31 genes were changed 2-fold or above 

in DOX-treated versus not-treated cells (Figure 31B). Since Reptin is not a classical 

transcription factor and it modifies gene transcription by modulating the structure of 

the chromatin, it is possible that its loss may take longer to result in gene expression 

changes. Indeed, 4 days after DOX induction 3,830 significant gene changes were 

found (Figure 31C), of which 151 were 2-fold or above (Figure 31D). 

 

To validate our sequencing results, we first confirmed changes in gene 

expression of previously described Reptin target genes. One of them is the metastasis 
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suppressor gene CD82 (also known as KAI1), which was found to be repressed by a 

complex formed by Reptin, β-catenin and NF-κB together with histone deacetylases 

in metastatic prostate cancer cells (Kim et al., 2005). Interestingly, this was found to 

be a very specific target of Reptin, since the same publication described Pontin as a 

transcriptional activator, instead of a repressor, of CD82 expression in a complex 

with Tip60 and NF-κB. Consistent with the described function of Reptin as a 

repressor of CD82, our RNA-seq data indicated a 1.44-fold increase of CD82 

transcript levels after 2 days (Figure 32 A) and a 2.46-fold change after 4 days 

(Figure 32 B) of Reptin depletion. We then validated this finding by qRT-PCR. Even 

though we obtained a significant 1.5-fold increase of CD82 expression after DOX 

treatment in shSCR transduced cells, the fold increase was much higher after Reptin 

depletion (3 fold increase) (Figure 32C), validating the gene expression data.  

 

A second transcriptional target described for Reptin is the telomerase reverse 

transcriptase (hTERT) gene, which we also used to validate our gene expression 

results. Reptin was found to bind the hTERT promoter and to activate its expression 

in co-operation with c-MYC. Moreover, a Reptin knockdown in gastric cancer cells 

led to a decrease in hTERT transcript levels (Li et al., 2010). Congruent with the 

published data, our RNA-seq results also showed a 1.77-fold and 2.65-fold decrease 

of the hTERT transcript at day 2 and day 4 of our gene expression results, 

respectively. We then validated the sequencing data, as we also found a significant 

decrease in hTERT transcript after Reptin knockdown by qRT-PCR (Figure 33). 
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Once our results had been validated, we continued our analyses with the gene 

expression data at day 4, as the number of differentially expressed gene was 

considerably higher than at day 2. Thus, we took the list of differentially expressed 

genes at day 4 after Reptin depletion and examined it using PANTHER software 

tools (Protein ANalysis THrough Evolutionary Relationships, http://pantherdb.org), 

which assemble genes with known relationships and identify relevant pathways in 

gene lists from large-scale genomic experiments (Mi et al., 2017). Most of the 

pathways identified were related to cell cycle, apoptosis and metabolic processes, 

probably due to the fact that cells start differentiating and dying after Reptin 

depletion (Figure 34) (Osaki et al., 2013). As we were interested in identifying the 

upstream transcriptional regulatory pathways regulated by Reptin, rather than the 

downstream cellular consequences, we decided not to focus on the pathways 

identified using PANTHER and try a different approach to analyse our data.  
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Figure 30. RNA express workflow. 

Diagram depicting an overview of the different steps performed by the RNA express 

workflow used in this study to analyse RNA-sequencing data. Adapted from 

(Illumina, 2014). 
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Figure 31. Analysis of differential gene expression after Reptin depletion. 

Scatter plots generated by RNA express workflow on Illumina Basespace showing 

the total number of differentially expressed genes in shRep –DOX vs shRep +DOX 

at time point Day 2 (A) and Day 4 (C). The number of differentially expressed genes 

is reduced when a filter is applied to show genes with a fold change equal or higher 

than 2 at time point Day 2 (B) or Day 4 (D). The scatter plots display the log2 fold 

change against the mean count of a gene. Each dot represents a different gene.  
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Figure 32. Reptin depletion leads to increased expression of CD82. 

Scatter plots from Illumina Basespace showing the fold increase in CD82 levels 

following 2 days (A) or 4 days (B) of Reptin depletion. The scatter plots display the 

log2 fold change against the mean count of a gene. The circled dot represents the 

CD82 transcript. (C) Bar chart showing qRT-PCR analysis of CD82 mRNA 

expression levels in scrambled shRNA (shSCR) and Reptin shRNA (shRep) THP-1 

cells induced with DOX for 4 days, relative to Non-DOX induced cells normalised to 

1. Bars represent the mean of three independent experiments and error bars represent 

SD. P-values comparing normalised –DOX to +DOX samples were calculated using 

the one-sample t-test, (*) p≤0.05. 
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Figure 33. hTERT expression decreases after Reptin knockdown. 

Scatter plots from Illumina Basespace showing the fold decrease in hTERT levels 

following 2 days (A) or 4 days (B) of inducible Reptin depletion. The scatter plots 

display the log2 fold change against the mean count of a gene. The circled dot 

represents the hTERT transcript. (C) Bar chart showing qRT-PCR analysis of hTERT 

mRNA expression levels in scrambled shRNA (shSCR) and Reptin shRNA (shRep) 

THP-1 cells induced with DOX for 4 days, relative to Non-DOX induced cells 

normalised to 1. Bars represent the mean of three independent experiments and error 

bars represent SD. P-value comparing normalised –DOX to +DOX samples was 

calculated using the one-sample t-test, (**) p≤0.01; (n.s.) not significant (p≥ 0.05).  
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Figure 34. Gene Ontology and pathways analysis using PANTHER software. 

The figure shows the top Gene Ontology biological functions (A) and pathways (B) 

affected in THP-1 cells after Reptin depletion identified by PANTHER software 

tools (version 9.0). “#” in the 3
rd

 column represents the number of genes in the 

uploaded list that map to the biological function or pathway. The “expected” value is 

the number of genes expected in the list for that category. The “Fold Enrichment” 

indicates an overrepresentation in the experiment if it is greater than 1 (represented 

with a “+” sign), or underrepresentation if it is lower than 1 (represented with a “-” 

sign). 
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4.2.5 Reptin modulates the LSC, c-MYC and c-MYB signatures 

We then analysed the sequencing results using the Gene Set Enrichment Analysis 

(GSEA) software. GSEA is a powerful computational method that evaluates gene 

expression data at the level of gene sets. Using statistical approaches, it interprets 

whether an a priori defined set of genes is positively or negatively enriched in a new 

list of differentially expressed genes, for example those occurring after Reptin loss 

(Subramanian et al., 2005). An advantage of this method over analysis on an 

individual gene level is that it can identify patterns of gene expression changes, even 

when the overall changes are modest. GSEA results are ordered according to the 

normalised enrichment score (NES). The NES represents the degree to which the 

gene set is overrepresented at the top or bottom of the ranked list of genes in the 

expression dataset, normalised across analysed gene sets. To ensure meaningful 

results from the GSEA analysis, the low expressed genes were removed from the list 

of genes uploaded to the software using the LOW filter option of the RNA express 

workflow.  

 

Interestingly, GSEA analyses showed a negative correlation of the 

Leukaemic Stem Cell (LSC) signature (Somervaille et al., 2009) after Reptin 

depletion (Figure 35). This result suggests that Reptin expression is required to 

maintain leukaemic stem cells in AML, a population of self-renewing cells which 

sustain the disease. Thus, our GSEA result is in agreement with our previous data 

showing a reduced number of colonies in THP-1 cells transduced with a an shRNA 

targeting Reptin or the Dominant Negative mutant of Reptin (Osaki et al., 2013). 
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Our GSEA analyses also showed a negative correlation of the c-MYC gene 

expression signature (Schuhmacher et al., 2001, Kim et al., 2006b) after Reptin 

depletion (Figure 36). This result was not surprising, since we had already seen a 

decrease in c-MYC protein and mRNA levels after Reptin depletion, and indicates 

that Reptin is necessary for proper activation and repression of c-MYC target genes. 

Although c-MYC RNA levels were not changed 2 days after of DOX induction, 

probably because 48h of induction were not enough to detect many Reptin-induced 

gene expression changes, our sequencing results showed a reduction of c-MYC RNA 

levels after 4 days of Reptin depletion (Figure 37), confirming our previous findings 

using qRT-PCR. Overall, these data indicate that Reptin silencing results in the 

reduction of the c-MYC transcript and therefore, in a global alteration of its 

transcriptional signature. 

 

c-MYC is a well stablished downstream target of the transcription factor c-

MYB in myeloid leukaemias (Schmidt et al., 2000). Moreover, c-MYB is a crucial 

downstream target of the MLL-fusions and a transcription factor playing a major role 

in sustaining the LSC population in MLL-rearranged leukaemia (Hess et al., 2006) 

(Somervaille et al., 2009). Thus, we hypothesised that the effects seen on c-MYC, 

and also the phenotypic results observed after of Reptin loss, could be a consequence 

of Reptin being involved in the modulation of the upstream regulator c-MYB. We 

then generated a c-MYB gene expression signature. This list was obtained by 

integrating a list of genes whose promoters are bound by c-MYB in immortalized 

mouse myeloid cells (Zhao et al., 2011), as determined by Chromatin 

Immunoprecipitation (ChIP) sequencing (ChIP-seq) analysis, with genes 
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differentially expressed in THP-1 cells following siRNA-mediated c-MYB silencing 

(Suzuki et al., 2009). The gene set is divided into genes activated and genes 

repressed by c-MYB. We then uploaded this list to the GSEA software and 

performed the analysis. Remarkably, our results indicated a highly significant 

negative correlation of the c-MYB signature in Reptin depleted cells (Figure 38). The 

lists of top 30 genes contributing the most to the enrichment in the activated and 

repressed GSEA analyses are shown in Table 13. Notably, the c-MYB transcript was 

not found to be changed after Reptin depletion (Figure 39), confirming the absence 

of any change in c-MYB protein expression (Figure 18). 
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Figure 35. GSEA plots show a negative correlation of the LSC signature after 

Reptin depletion. 

The figure shows GSEA enrichment plots of the positive (left) and negative (right) 

LSC signatures (Somervaille et al., 2009) for Reptin depleted (NO REPTIN) vs. 

Reptin expressing (REPTIN) cells at time point day 4. NES, normalised enrichment 

score; FDR, false discovery rate. 
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Figure 36. GSEA plots show a negative correlation of the c-MYC signature after 

Reptin depletion.  

The figure shows GSEA enrichment plots of the c-MYC upregulated (UP) and 

downregulated (DN) gene sets (Schuhmacher et al., 2001) (Kim et al., 2006b) for 

Reptin depleted (NO REPTIN) vs. Reptin expressing (REPTIN) cells at time point 

day 4. NES, normalised enrichment score; FDR, false discovery rate. 
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Figure 37. Sequencing results show a decrease in c-MYC expression levels after 

4 days of Reptin depletion. 

Scatter plot from Illumina Basespace showing the 1.738 fold decrease in c-MYC 

levels after Reptin depletion (time point Day4). The scatter plot displays the log2 

fold change against the mean count of a gene. Each dot represents a different gene 

and the circled dot represents the c-MYC transcript. 
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Figure 38. GSEA plots show a negative correlation of the c-MYB signature after 

Reptin loss.  

The figure shows GSEA enrichment plots of the c-MYB repressed (left) and 

activated (right) gene sets (Zhao et al., 2011) for Reptin depleted (NO REPTIN) vs. 

Reptin expressing (REPTIN) cells at time point Day 4. NES, normalised enrichment 

score; FDR, false discovery rate. 
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Figure 39. c-MYB transcript does not change after 4 days of Reptin depletion. 

(A) Scatter plot from Illumina Basespace showing that c-MYB transcript levels don’t 

change after Reptin depletion (Day4). The scatter plot displays the log2 fold change 

against the mean count of a gene. Each dot represents a different gene and the circled 

dot represents c-MYB. (B) Bar chart showing qRT-PCR analysis of c-MYB transcript 

levels in DOX-induced scrambled shRNA (shSCR) and Reptin shRNA (shRep) 

THP-1 cells relative to Non-DOX induced cells. These data are representative of 

three independent experiments. P-values comparing normalised –DOX to +DOX 

samples were calculated using the one-sample t-test; (n.s.) not significant (p≥ 0.05). 
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GSEA c-MYB 

REPRESSED 

GSEA c-MYB 

ACTIVATED 

GENE 

SYMBOL 

FOLD 

CHANGE 

GENE 

SYMBOL 

FOLD 

CHANGE 

ANTXR1 4.347 UGT3A2 -2.462 

DUSP4  4.056 MS4A3 -2.282 

KCNJ2 2.809 DHRS11 -1.907 

ATP8B1  2.549 GLDC -1.826 

SAMSN1 2.158 FBXO43 -1.800 

IFI30  2.114 SLC25A10 -1.780 

PALLD  1.923 MYC -1.739 

ANXA2  1.811 NEIL3 -1.736 

CDKN1A  1.808 MPO -1.714 

DAPK2 1.803 SEMA3A -1.696 

PRKCA 1.780 BNIP3 -1.681 

MAF  1.769 PLD6 -1.671 

DUSP6  1.768 TAF9B -1.629 

SIGLEC5  1.725 AKAP7 -1.623 

LPP  1.717 CXCR4 -1.600 

PHLDA1  1.711 SERPINB2 -1.582 

FXYD5  1.709 CDCA7L -1.579 

DAB2  1.681 GPR160 -1.550 

NEU1  1.677 SESN3 -1.548 

SLC27A3  1.659 DEPDC1 -1.526 

VIM  1.649 CACNA2D3 -1.521 

CD9 1.629 TMEM107 -1.519 

TNFRSF14  1.622 CDKN3 -1.516 

FAM20C  1.619 IMPA2 -1.508 

LMNA  1.601 TRIM45 -1.506 

PTGS1  1.594 ACOT7 -1.487 

SLC9A1  1.588 CCDC34 -1.486 

ADORA3  1.560 P2RY2 -1.485 

HCK 1.546 C4orf46 -1.485 

S100A10 1.538 FBXO4 -1.481 

 

Table 13. Top 30 enriched genes for the c-MYB activated GSEA signature. 

The table shows the 30 most enriched genes for the c-MYB Repressed and Activated 

expression dataset in THP-1 cells 4 days after Reptin depletion. The fold change after 

https://www.affymetrix.com/LinkServlet?probeset=ANTXR1
https://www.affymetrix.com/LinkServlet?probeset=DUSP4
https://www.affymetrix.com/LinkServlet?probeset=KCNJ2
https://www.affymetrix.com/LinkServlet?probeset=ATP8B1
https://www.affymetrix.com/LinkServlet?probeset=SAMSN1
https://www.affymetrix.com/LinkServlet?probeset=IFI30
https://www.affymetrix.com/LinkServlet?probeset=PALLD
https://www.affymetrix.com/LinkServlet?probeset=ANXA2
https://www.affymetrix.com/LinkServlet?probeset=CDKN1A
https://www.affymetrix.com/LinkServlet?probeset=DAPK2
https://www.affymetrix.com/LinkServlet?probeset=PRKCA
https://www.affymetrix.com/LinkServlet?probeset=MAF
https://www.affymetrix.com/LinkServlet?probeset=DUSP6
https://www.affymetrix.com/LinkServlet?probeset=SIGLEC5
https://www.affymetrix.com/LinkServlet?probeset=LPP
https://www.affymetrix.com/LinkServlet?probeset=PHLDA1
https://www.affymetrix.com/LinkServlet?probeset=FXYD5
https://www.affymetrix.com/LinkServlet?probeset=DAB2
https://www.affymetrix.com/LinkServlet?probeset=NEU1
https://www.affymetrix.com/LinkServlet?probeset=SLC27A3
https://www.affymetrix.com/LinkServlet?probeset=VIM
https://www.affymetrix.com/LinkServlet?probeset=CD9
https://www.affymetrix.com/LinkServlet?probeset=TNFRSF14
https://www.affymetrix.com/LinkServlet?probeset=FAM20C
https://www.affymetrix.com/LinkServlet?probeset=LMNA
https://www.affymetrix.com/LinkServlet?probeset=PTGS1
https://www.affymetrix.com/LinkServlet?probeset=SLC9A1
https://www.affymetrix.com/LinkServlet?probeset=ADORA3
https://www.affymetrix.com/LinkServlet?probeset=HCK
https://www.affymetrix.com/LinkServlet?probeset=S100A10
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Reptin depletion is indicated next to the gene symbol. A negative value indicates a 

decrease in gene expression, while a positive value indicates an increase in gene 

expression. 

  



 

 

    172 

 

4.3 Discussion  

Reptin had been previously described by our group as a critical mediator of MLL-

driven oncogenesis in AML (Osaki et al., 2013). Moreover, in chapter III of this 

study we have also described a dependency on Reptin expression for leukaemia 

progression in vivo. In this chapter we have investigated the molecular mechanisms 

that render AML cells dependent on Reptin expression for survival, and describe the 

methods we employed to generate global transcriptome analysis after Reptin 

depletion, as well as the resulting data. Our results indicate that Reptin modulates c-

MYC protein stability and transcript levels, and identify the LSC, c-MYC and c-

MYB genetic signatures as being regulated by Reptin in AML.  

 

4.3.1 Reptin regulates c-MYC protein and transcript levels 

In order to elucidate the possible mechanism of action of Reptin in AML we initially 

studied the role of Reptin on c-MYC function, as Reptin was found to interact with 

c-MYC in a human cancer cell line (Wood et al., 2000) and modulate its function in 

cells from different model organisms (Etard et al., 2005) (Si et al., 2010). Moreover, 

previous work in our laboratory detected a marked decrease in c-MYC protein in a 

number of different AML cell lines after Reptin knockdown (PhD thesis, Zhao, 

2013). Our data presented here are consistent with previous results obtained in our 

group, as we observed around a 50% reduction in c-MYC protein after 4 days of 

Reptin knockdown. In addition, as Reptin and Pontin were found to enhance the c-

MYC/MIZ-1 repression of p21 in Xenopus Laevis (Etard et al., 2005), we also 

performed western blot analysis of the c-MYC partner protein MIZ-1 and observed a 
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decrease of MIZ-1 after Reptin depletion, suggesting that probably it is not just c-

MYC but the whole repressive complex formed by c-MYC and MIZ-1 that is 

degraded when Reptin is not present in the cells.  

 

We extended our analysis to examine the effect on c-MYC of an ATPase-

deficient mutant of Reptin, which had previously been described to have the same 

deleterious consequences on proliferation as Reptin depletion (Osaki et al., 2013). 

Interestingly, the effect on c-MYC protein degradation was even stronger than the 

one obtained with the knockdown, as we observed a 78% reduction in c-MYC after 4 

days of mutant expression, indicating that the ATPase domain of Reptin is necessary 

for its function on c-MYC. This finding was not surprising, since the ATPase activity 

of Pontin was found to be essential for c-MYC-mediated oncogenic transformation 

of rat embryo fibroblasts transduced with the oncogene H-rasG12V (Wood et al., 

2000). Moreover, a dominant negative mutant of Pontin was found to promote c-

MYC mediated apoptosis (Dugan et al., 2002) and to be necessary for β-catenin 

driven oncogenesis (Feng et al., 2003). Even though these results were obtained 

using Pontin instead of Reptin mutants, they are still indicative that the ATPase 

activity of Pontin and Reptin are essential for some of their functions within the cell, 

and to the c-MYC pathway in particular.  

 

We also studied the effect of subunit depletion for some of the described 

Reptin-containing complexes with a role in modulating c-MYC activity. MTBP is an 

oncogenic protein that was found to be overexpressed in different human cancers and 

to promote c-MYC driven transformation in conjunction with Reptin and Pontin 
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(Grieb et al., 2014). Moreover, mice expressing reduced levels of MTBP or c-MYC 

were found to have a significant delay in spontaneous cancer development, 

particularly prominent in the haematopoietic compartment (Grieb et al., 2016). 

Consistent with our previously described findings, a knockdown of MTBP also 

resulted in a decrease in c-MYC protein in the AML cell line THP-1. Although 

Reptin levels did not change after MTBP depletion, we observed a decrease in MTBP 

protein after Reptin knockdown. As MTBP was recently found to modulate c-MYC 

oncogenicity through interaction with Reptin and Pontin (Grieb et al., 2014), and as 

Reptin has been found to have a chaperone-like function in many complexes (Nano 

and Houry, 2013), it is possible that AML cells depend on Reptin to maintain a 

functional interaction between MTBP and c-MYC to survive.  

 

EP400 is a chromatin regulatory complex with transforming capacity, which 

includes both Reptin and Pontin but also EPC1 and EPC2 (Fuchs et al., 2001). In a 

previous study, depletion of the EP400 complex components EPC1, EPC2, Reptin 

and Pontin in THP-1 cells led to accumulation of c-MYC protein levels and an 

increase in cell death (Huang et al., 2014). We found these findings surprising, 

considering our data indicated a decrease in c-MYC after Reptin or MTBP depletion. 

We decided to replicate the experiments from Huang et al., and knocked down EPC1 

and EPC2 in our THP-1 cells. In contrast to the published results, we observed a 

decrease in c-MYC protein instead of an increase. Importantly, we had verified our 

THP-1 cells by using the Short Tandem Repeat DNA profiling (STR profiling). Even 

though this finding was in agreement with our previous results, it is difficult to 

reconcile with the data published by Huang et al. A possible explanation for this 
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contradiction could be the different source of THP-1 cells, as we obtained our THP-1 

cells from ATCC (Rockville, USA) and they obtained their cells from DSMZ 

(Braunschweig, Germany). However, regardless of the source of the cell line and the 

effect on c-MYC, both studies indicate a regulation of c-MYC by the EP400 

complex components. Our results are also consistent with the phenotype they 

observed, as they also described an increase in apoptosis after EPC1/2 and 

Reptin/Pontin knockdowns. These effects were the same as those obtained following 

Reptin silencing. This suggests that these subunits may exist in one or more 

complexes together with Reptin, regulating the function of c-MYC.  

 

Importantly, in addition to a decrease in c-MYC protein levels after Reptin 

knockdown, or knockdown of Reptin interacting proteins, we also observed a 

decrease in c-MYC transcript levels after Reptin depletion. In particular, we found an 

average of 50% reduction in c-MYC mRNA levels after 4 days of Reptin knockdown 

in a bulk population of THP-1 cells. This reduction was not observed in a previous 

study done by our group (PhD thesis, Zhao, 2013). The possible reason for this 

discrepancy could be the lower levels of Reptin knockdown achieved in that study in 

comparison to this one (60% Reptin knockdown vs 95% Reptin knockdown after 5 

and 4 days of DOX treatment, respectively). Moreover, the experiments performed in 

that study were done in THP-1 derived clones, rather than the bulk of THP-1 cells. 

Thus, it is possible that the difference observed between the two studied is due to the 

intrinsic characteristics of the clones used, which differ from the bulk of the cells. 

However, the 60% Reptin knockdown in that study was enough to observe reduced 

levels of c-MYC protein, even when no changes in transcript levels were found (PhD 
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thesis, Zhao, 2013). In contrast, in this study it was not possible to detect the loss in 

c-MYC protein prior to a decrease in c-MYC transcript levels, as they were always 

found simultaneously. This suggested that the effects seen on c-MYC after Reptin 

depletion could be the consequence of the modulation by Reptin of an upstream 

transcriptional regulator of c-MYC, which would lead to a decrease in c-MYC 

transcript and the subsequent protein loss through normal turnover.  

 

Several previous studies have described an interaction of Reptin and Pontin 

with c-MYC. Wood et al. found that Reptin and Pontin interact with c-MYC in 

human embryonic kidney cells through the box II domain (MBII), which is essential 

for c-MYC mediated transformation. However, only Pontin was described to have an 

essential role for c-MYC mediated transformation (Wood et al., 2000). Etard et al. 

overexpressed mutants of Xenopus Reptin and Pontin and showed that the N-terminal 

domain of xReptin and xPontin is required for their interaction with c-MYC (Etard et 

al., 2005). Moreover, Bellosta et al. described an interaction of Reptin and Pontin 

with Drosophila melanogaster dMyc, although the interaction of Reptin with dMYC 

was much weaker (Bellosta et al., 2005). Therefore, it appears that Pontin was found 

to have a stronger interaction or a more relevant role in modulating c-MYC function 

than Reptin. In this study, by using immunoprecipitation assays of 3xHA-tagged 

Reptin we were not able to detect the interaction of Reptin with c-MYC. Considering 

that Reptin has been found to interact with and modulate the function of many other 

proteins (Gallant, 2007), it is possible that, in AML cells, Reptin may be modulating 

the function of a different transcription factor. This would be concordant with our 

previous observation that c-MYC transcript levels decrease at the same time as the 



 

 

    177 

 

protein, which indicated that Reptin could be modulating an upstream regulator. 

However, we cannot rule out the possibility that the use of different antibodies or 

technique might be the reason for not finding this interaction in AML cells.  

 

Taken together, the findings described here suggest that Reptin modulates c-

MYC transcription, resulting in reduced levels of protein expression.  

 

4.3.2 Negative enrichment of the LSC, c-MYC and c-MYB signatures after Reptin 

depletion 

In order to identify the transcriptional targets of Reptin in AML we generated global 

gene expression data after 2 and 4 days of Reptin depletion. To avoid obtaining 

clone-specific transcriptional results we decided to use the bulk population of THP-1 

cells. To evaluate the feasibility of using a bulk population instead of a clonal 

population for transcriptome analysis, we characterised the response to inducible 

Reptin depletion of the bulk of cells. THP-1 cells were transduced with an inducible 

vector containing a shRNA targeting Reptin or a control scrambled shSCR (PhD 

thesis, Zhao, 2013), and the level of induction and Reptin knockdown were assayed 

by flow cytometric and western blot analysis. The results indicated high levels of 

induction, as more than 90% of transduced cells expressed tRFP after just 24h of 

DOX treatment. Moreover, a 5-fold increase in apoptosis was detected in DOX 

treated cells after 8 days in culture in comparison to untreated -DOX cells. As Reptin 

protein levels had also decreased by more than 70% after 2 days of DOX induction 

and by more than 90% after 4 days of DOX induction, the RNA of different replicate 
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experiments at time points day 2 and 4 was extracted and used to generate a gene 

expression profile of the transduced cells by RNA-sequencing (RNA-seq).  

 

RNA-seq is a deep-sequencing based technology that has been extensively 

used in recent years for transcriptome profiling because it offers several advantages 

over preceding technologies, including very low background signal noise and 

increased sensitivity for low-expressed genes (Wang et al., 2009). The validity of the 

results obtained using the RNA Express workflow of Illumina BaseSpace was 

initially assessed by analysing the already described transcriptional targets of Reptin 

CD82 and hTERT (Kim et al., 2005) (Li et al., 2010). Indeed, a significant change in 

both genes was detected in the analysis, as shown by the Illumina BaseSpace 

software. We then further validated these results by qRT-PCR. Although significant 

change in CD82 levels was detected after inducing shSCR transduced cells with 

DOX, the fold change in Reptin depleted cells was much greater (1.5 fold versus a 3 

fold increase), indicating that Reptin does regulate CD82 gene expression in AML 

cells. Moreover, a significant decrease in hTERT was also detected by qRT-PCR 

analysis after Reptin depletion. Importantly, we were able to detect these changes 

even when the starting Reptin protein levels in shReptin -DOX cells were lower than 

in control shSCR cells due to leakiness in the system. Together, these findings 

validated our global gene expression results.  

 

Analysis of the gene expression data using the pathways analysis tool 

PANTHER (http://pantherdb.org) only indicated a change in cell cycle, apoptosis 

and metabolic processes. As we had previously described an increase in 
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differentiation and cell death in AML cells after Reptin depletion (Osaki et al., 

2013), in this study we were more interested in finding the upstream pathways 

leading to these effects. Thus, we decided to use Gene Set Enrichment Analysis 

(GSEA) in order to analyse the data further. Interestingly, the GSEA results showed 

a negative enrichment of an MLL-rearranged AML Leukaemic Stem Cell signature 

(Somervaille et al., 2009). Leukaemic Stem Cells are normally a rare population of 

self-renewing cells that initiate and maintain the disease and, therefore, have been 

proposed as good targets for therapy (Bonnet, 2005) (Somervaille and Cleary, 2006). 

It is then relevant to understand which molecular mechanisms sustain this population 

in AML, in order to develop novel and more specific treatments. Our finding 

suggests that Reptin is necessary for the survival of LSC, confirming previous results 

from our group in which Reptin depleted AML cells failed to form colonies in colony 

forming assays (Osaki et al., 2013). As the LSC population was found to enrich for 

c-MYC target genes (Somervaille et al., 2009), and considering that both c-MYC 

protein and transcripts were found to be decreased in Reptin depleted cells, the effect 

seen here on the LSC signature could be the result of the defective c-MYC function, 

described in this chapter, after Reptin depletion. Whatever its cause, this result 

indicates that Reptin represents a potential target for therapy, since drugs targeting 

Reptin would be expected to impact on the LSC compartment in AMLs. 

 

As both protein and transcript levels of c-MYC were found to be decreased 

after Reptin depletion, we anticipated that the c-MYC genetic signature would also 

be changed. Indeed, our GSEA analyses showed aberrant transcriptional activation 

and repression of c-MYC target genes upon Reptin knockdown. This is a relevant 
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finding, since c-MYC has been found to be amplified or overexpressed in myeloid 

leukaemias and to inhibit myeloid cell differentiation (Delgado et al., 2013). 

However, in contrast to a previous study in our laboratory (PhD thesis, Zhao, 2013), 

in this study we were not able to detect a decrease in c-MYC protein levels before 

mRNA levels were affected, as we detected a simultaneous change in c-MYC protein 

and transcript levels. Thus, we hypothesised that the transcription factor c-MYB 

could be the leading cause for this effect, as it has previously been described as an 

upstream modulator of c-MYC in myeloid leukaemias (Schmidt et al., 2000). 

Strikingly, our GSEA analysis revealed a strong negative correlation of the c-MYB 

signature after Reptin depletion. In contrast to our observation with the c-MYC 

oncogene, c-MYB mRNA and protein levels were not decreased after depleting 

Reptin in THP-1 cells. This suggested that possibly the function of Reptin in 

modulating gene transcription as part of various chromatin remodelling complexes 

(Jha and Dutta, 2009) could be involved in regulating the expression of c-MYB 

target genes. Since c-MYB has an essential role in maintaining myeloid leukaemias 

(Pattabiraman and Gonda, 2013) and it has been a difficult target for therapy 

(Ramsay and Gonda, 2008), the finding that Reptin can modulate its genetic 

signature is significant, as one could envisage Reptin inhibition as an alternative 

strategy to direct c-MYB targeting. 

 

In summary, by using global gene expression analysis, in this chapter we 

have identified the transcriptional pathways regulated by Reptin in AML. Our data 

suggest that the genetic signatures of essential transcription factors for leukaemia 
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maintenance and progression, such as c-MYC and c-MYB, are dependent on Reptin 

expression. 
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 CHAPTER V – Investigating the role of Reptin on c-5

MYB function 

 

5.1 Introduction 

Our gene expression analyses, discussed in the previous chapter of this thesis, 

revealed a negative correlation of the c-MYB signature after Reptin depletion in 

AML cells. As mentioned in the introduction, c-MYB is a transcription factor with 

an essential role in both normal and aberrant haematopoiesis (Pattabiraman and 

Gonda, 2013). Even though Reptin has been found to modulate the function of 

different transcription factors with a role in cancer, including c-MYC (Wood et al., 

2000) and E2F1 (Tarangelo et al., 2015), to our knowledge the effect of Reptin on 

the transcription factor c-MYB has not previously been described. 

 

In this chapter we explored the potential regulatory role of Reptin on c-MYB 

function in AML. To that aim, we first validated our gene expression analyses by 

qRT-PCR in THP-1 cells transduced with the inducible system to deplete Reptin 

expression. In order to further validate our sequencing results, we generated 

additional global gene expression data after 7 days of constitutive Reptin depletion 

and validated the new sequencing results. Moreover, by performing co-

immunoprecipitation assays we also identified an interaction of overexpressed and 

endogenous Reptin protein with endogenous c-MYB. Finally, we optimised and 

performed Chromatin Immunoprecipitation (ChIP) assays of c-MYB and H3K27ac, 
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an active transcription epigenetic mark, to assess the effect of Reptin depletion on c-

MYB regulated gene promoters. Our experiments identified a marked decrease of 

H3K27ac and c-MYB binding in the promoter of a c-MYB regulated gene after 

Reptin loss.  

 

Collectively, the data presented in this chapter suggest that Reptin regulates 

c-MYB function in human AML by forming a complex at the regulatory regions of 

c-MYB target genes. Moreover, our results have provided a rationale for performing 

additional experiments, such as ChIP-sequencing, to assess the effect of Reptin on c-

MYB chromatin binding on a global scale.   
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5.2 Results 

5.2.1 Validating the c-MYB negative enrichment after Reptin depletion 

We used qRT-PCR analyses to validate our GSEA results that indicated a negative 

correlation of the c-MYB signature after Reptin loss. We selected some of the 

significantly changed genes that contributed the most to the negative enrichment, 

including genes shown to be activated (AKAP7, PLD6, MPO) and repressed 

(DUSP4, SAMSN1) by c-MYB. To ensure that the selected genes were true c-MYB 

target genes in THP-1 cells, we constitutively knocked down c-MYB in bulk THP-1 

cells with two different shRNA sequences (shMYB.17 and shMYB.53). As expected, 

we obtained a significant decrease in the expression of the activated genes and an 

increase in expression of the repressed genes following c-MYB knockdown (Figure 

40), indicating that indeed the selected genes were true c-MYB targets in THP-1 

cells. We then analysed the effect of Reptin loss on the expression of the selected c-

MYB target genes. After DOX induction to deplete Reptin expression, we observed a 

smaller but significant change in expression of the repressed (Figure 41A) and 

activated (Figure 41B) genes. 

 

To validate that the results of the expression data obtained were not a 

secondary effect of doxycycline treatment, we decided to generate new global gene 

expression data using a non-inducible system to deplete Reptin expression. The 

pGIPZ system for stable constitutive down regulation of Reptin had already been 

used and optimized in a previous study in our laboratory (PhD thesis, Osaki, 2011). 

In that study, the vector had been modified to contain the spleen focus-forming virus 

(SFFV) promoter, which is more active in haematopoietic cells than the original 
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cytomegalovirus (CMV) promoter contained in the pGIPZ lentiviral system (Sirven 

et al., 2001). We transduced THP-1 cells with the control scrambled shRNA 

(shSCR) or the shRNA targeting Reptin and selected them with puromycin for 3 

consecutive days. 7 days after transduction, the average level of Reptin protein 

knockdown achieved in three independent experiments was greater than 80% (Figure 

42), and the average Reptin transcript knockdown was greater than 95% (Figure 43 

A). We also checked the mRNA levels of the described Reptin downstream target 

gene CD82 and detected an average 3-fold increase in expression (Figure 43 B), 

indicating that we were able to detect non-DOX induced changes after Reptin 

depletion.  

 

As this time we used a constitutive method to deplete Reptin expression, it 

was important to determine that similar virus titres were achieved for the control and 

experimental shRNAs used. Similar titres would indicate that the gene expression 

data reflect the loss of the targeted gene, rather than the different levels of shRNA 

expressed in each group. To test this, we transduced each group of cells with 

equivalent diluting concentrations of virus supernatant. As cells transduced with the 

pGIPZ construct also express the Green Fluorescent Protein (GFP), 3 days after 

transduction cells from the two different groups were analysed by flow cytometry to 

detect GFP expression (Figure 44). After confirming that similar levels of titres were 

achieved for the two different groups, we submitted the mRNA of three independent 

experiments for sequencing. We then analysed the data using the RNA express 

workflow of Illumina BaseSpace, as described in the previous chapter. As seen in 

Figure 45, in this new RNA-seq we obtained 583 upregulated and 1510 
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downregulated genes by more than 1.5 fold after Reptin loss, of which 96 and 106, 

respectively, were in common with the RNA-seq performed at Day 4 with the 

inducible system. 

 

To validate the sequencing data resulting from Illumina BaseSpace, we 

examined the fold-change in expression of the already described Reptin targets CD82 

and hTERT. As expected, we observed a 2.65-fold decrease in hTERT and a 2.37-fold 

increase in CD82 transcript levels (Figure 46), indicating a correct analysis of the 

sequencing data by the Illumina BaseSpace software. Importantly, we also confirmed 

that c-MYB transcript levels did not change in this experiment (Figure 47). We then 

performed GSEA analyses of the sequenced data, which confirmed the negative 

enrichment of the c-MYB repressed genes upon Reptin depletion (Figure 48). 

Surprisingly, we did not observe the same negative correlation with the c-MYB 

activated genes this time (Figure 48). We reasoned that this result could be attributed 

to the increased background noise existing due to the gene expression effects driven 

by the virus transduction and puromycin selection of the cells. Nonetheless, by qRT-

PCR we were able to validate genes from both repressed and activated c-MYB 

signatures (Figure 49).  

 

The shRNA sequence embedded in both the pTRIPZ and pGIPZ systems 

used in this study is the same. A previous study in our laboratory already validated 

the deleterious effects of Reptin depletion with a different shRNA sequence (Osaki et 

al., 2013). To validate that the effects seen on the c-MYB signature are not the result 

of an off-target effect, we used an alternative method of Reptin depletion. THP-1 
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cells were transduced with two different MISSION pLKO.1 shRNA vectors 

containing different shRNA sequences (#63 and #66) and the mRNA levels of 

different c-MYB target genes were determined by qRT-PCR. We were able to 

successfully validate the c-MYB activated target genes with both shRNA sequences 

(#63 and #66) and the c-MYB repressed genes with one of them (#63). Thus, these 

results indicate that the effects of Reptin depletion on the c-MYB signature are gene 

specific (Figure 50). 

 

As mentioned in the introduction, in some cases Reptin and Pontin have been 

found to work independently from each other (Gallant, 2007).  In order to assess 

whether Reptin and Pontin have an independent role in regulating c-MYB function, 

we depleted Pontin expression in THP-1 cells and performed qRT-PCR analysis of 

c-MYB target genes. As seen in Figure 51, our results did not show a significant 

downregulation of the activated c-MYB target genes, which suggested that Reptin 

and Pontin might not be functionally analogous in this activity.  
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Figure 40. Validation of c-MYB target genes after c-MYB loss. 

qRT-PCR analysis of c-MYB repressed or activated target genes in THP-1 cells 

depleted of c-MYB expression with 2 different shRNA (shMyb.17 and shMyb.53) 

relative to the expression in scrambled control (shSCR) cells normalised to 1. c-MYB 

mRNA levels are also indicated. For shMYB.17, columns represent the mean of 

three independent experiments and error bars represent SD. P-values were calculated 

using the one-sample t-test, (****) p≤0.0001; (**) p≤0.01; (*) p≤0.05. For 

shMyb.53, columns represent the mean of triplicate measurements of a single 

experiment and error bars, the SD. 
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Figure 41. Validation of c-MYB target genes after inducible Reptin depletion. 

qRT-PCR analysis of c-MYB repressed (A) or activated (B) target genes in DOX-

induced scrambled shRNA (shSCR) and Reptin shRNA (shRep) THP-1 cells, 

relative to the expression in non-DOX induced cells normalised to 1. Columns 

represent the mean of three independent experiments and error bars represent SD. P-

values comparing normalised –DOX to +DOX samples were calculated using the 

one-sample t-test,  (**) p≤0.01; (*) p≤0.05; (n.s.) not significant (p≥ 0.05).  
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Figure 42. Reptin protein levels after 7 days of constitutive Reptin depletion. 

(A) Representative western blot analysis of Reptin protein in constitutive scrambled 

shRNA (shSCR) and Reptin shRNA (shRep) transduced THP-1 cells after 7 days of 

transduction. Actin was used as a loading control. This experiment was performed 

three times. (B) The bar chart shows the densitometric quantification of Reptin 

protein levels after 7 days of constitutive Reptin depletion, relative to Actin. Data 

represents the mean of three independent experiments and the error bar represents the 

SD. shSCR data were normalised to q and a p-value comparing shRep to normalised 

shSCR was calculated using the one-sample t-test; (****) p≤0.0001. 
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Figure 43. Reptin and CD82 transcript levels after 7 days of constitutive Reptin 

depletion. 

qRT-PCR analysis of Reptin (A) and CD82 (B) expression levels in THP-1 cells 

constitutively expressing a control shRNA (shSCR) or a shRNA targeting Reptin 

(shRep). Columns represent the mean of three independent experiments and error 

bars represent SD. P-values comparing shRep samples to shSCR samples normalised 

to 1 were calculated using the one-sample t-test, (**) p≤0.01; (****) p≤0.0001. 
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Figure 44. Measurement of virus titre prior to RNA-sequencing 

Chart showing the measured viral titre for THP-1 cells transduced with a constitutive 

scrambled shRNA (shSCR) or a shRNA targeting Reptin (shRep). 3 days following 

transduction in 96 well plates with different percentages of virus supernatant, cells 

were fixed with 4% paraformaldehyde for 10 minutes and the percentage of GFP 

positive cells was measured using flow cytometry. These data were obtained from a 

single experiment. 
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Figure 45. Upregulated and downregulated genes in common between two 

different RNA-seq experiments. 

Venn diagrams representing the number of significant gene changes, 1.5 fold or 

above, in common between 2 different RNA-seq experiments after Reptin depletion, 

as indicated. Venn diagram (A) represents upregulated genes and diagram (B), 

downregulated genes. 
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Figure 46. hTERT and CD82 log2 fold change after 7 days of constitutive Reptin 

depletion. 

Scatter plots from Illumina Basespace showing the log2 fold change of hTERT (A) 

and CD82 (B) following 7 days of constitutive Reptin depletion, relative to control 

shSCR transduced cells. The scatter plots display the log2 fold change against the 

mean count of the gene. The circled dots represent the hTERT and CD82 transcripts. 
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Figure 47. c-MYB transcript levels do not change after 7 days of constitutive 

Reptin depletion. 

Scatter plot generated using the RNA Express tool of Illumina BasesPace showing 

the log2 fold change of the c-MYB transcript in THP-1 cells depleted of Reptin 

expression for 7 days. The scatter plot displays the log2 fold change against the mean 

count of a gene. Each dot represents a different gene and the circled dot represents c-

MYB. 
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Figure 48. GSEA plots of the c-MYB signature after 7 days of constitutive Reptin 

depletion. 

The figure shows GSEA enrichment plots of the c-MYB repressed (left) and 

activated (right) gene sets (Zhao et al., 2011) in Reptin depleted (NO REPTIN) vs. 

Reptin expressing (REPTIN) cells. NES, normalised enrichment score; FDR, false 

discovery rate. 
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Figure 49. Validation of selected c-MYB target genes by qRT-PCR after 

constitutive Reptin depletion. 

qRT-PCR analysis of c-MYB target genes in THP-1 cells depleted of Reptin 

expression for 7 days (pGIPZ vector), relative to the expression levels in control 

(shSCR) cells normalised to 1. Bars represent the mean of three independent 

experiments and error bars represent SD. P-values comparing normalised shSCR to 

shRep samples were calculated using the one-sample t-test,  (**) p≤0.01; (*) p≤0.05;  
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Figure 50. Validation of selected c-MYB target genes by qRT-PCR after 

constitutive Reptin depletion with 2 additional shRNA sequences. 

qRT-PCR analysis of c-MYB target genes in THP-1 cells depleted of Reptin 

expression using two different MISSION® pLKO.1 shRNA sequences, #63 shown 

in (A) and #66 shown in (B). Data are shown relative to the expression levels in 
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control (shSCR) cells normalised to 1. Reptin mRNA expression levels are also 

shown. For shRNA #63, bars represent the mean of three (AKAP7, MPO) or four 

(DUSP4, SAMSN1, PLD6, Reptin) independent experiments and SD, the standard 

deviation. P-values comparing normalised shSCR to shRep samples were calculated 

using the one-sample t-test, (****) p≤0.001; (**) p≤0.01; (*) p≤0.05; (n.s.), not 

significant. Bars for shRNA #66, bars represent the SD of a single experiment. 
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Figure 51. mRNA expression of c-MYB target genes after Pontin knockdown. 

qRT-PCR analysis of c-MYB target genes in THP-1 cells depleted of Pontin 

expression. Data are shown relative to the expression levels in control (shSCR) cells 

normalised to 1. Pontin mRNA expression levels are also shown. Bars represent the 

mean of three independent experiments and error bars represent SD. P-values 

comparing normalised shSCR to shRep samples were calculated using the one-

sample t-test,  (***) p≤0.001; (n.s.), not significant. 
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5.2.2 Reptin interacts with c-MYB in AML cells 

Reptin has been found to modulate the transcriptional activity of several transcription 

factors through interaction and complex formation (Grigoletto et al., 2011). To 

assess whether Reptin modulates the c-MYB signature through complex formation, 

we performed immunoprecipitation assays to examine whether we could detect an 

interaction between Reptin and c-MYB in AML cells. We overexpressed the 3xHA-

tagged Reptin construct in 2 AML cell lines, THP-1 and U937, and 

immunoprecipitated with either an anti-IgG control antibody or an anti-c-MYB 

antibody. Immunoprecipitated lysates were subjected to western blot analysis and 

probed with an anti-HA antibody. Interestingly, we observed c-MYB and Reptin 

interaction in both cell lines (Figure 52). In order to confirm that this interaction 

could also be detected at endogenous levels, we used a control IgG antibody or an 

anti-Reptin antibody to immunoprecipitate endogenous Reptin in THP-1 cells. As 

shown in Figure 53, we detected c-MYB interaction in the Reptin 

immunoprecipitated lysates but not in the control ones (Figure 53). To confirm this 

finding, we repeated the immunoprecipitation assays in THP-1 cells depleted of c-

MYB expression. As shown in Figure 54, we did not observe c-MYB co-

immunoprecipitation in c-MYB depleted cells, while we were still able to detect the 

interacting band in wild type THP-1 cells. Collectively, these results suggest that c-

MYB and Reptin can form complexes in AML cells at endogenous levels.  
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Figure 52. 3xHA-Reptin interacts with endogenous c-MYB in AML cell lines. 

Cell lysates of THP-1 (A) or U937 (B) cells overexpressing 3xHA-Reptin were 

subjected to immunoprecipitation with an antibody against either c-MYB or control 

IgG. The resultant precipitates were immunoblotted with anti-HA or anti-c-MYB 

antibodies. “Input” refers to the total whole lysate. “Elution” refers to amount of 

protein co-immunoprecipitated by the specific antibody, whereas “Unbound” refers 

to the amount of protein not co-immunoprecipitated. The data are representative of 

three independent experiments.  
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Figure 53. Endogenous Reptin protein interacts with endogenous c-MYB. 

The figure shows two independent experiments of immunoprecipitation assays that 

prove the interaction of endogenous Reptin and c-MYB in THP-1 cells. THP-1 cell 

lysates were subjected to immunoprecipitation with control IgG or anti-Reptin 

antibodies. The resultant precipitates were immunoblotted with anti-Reptin or anti-c-

MYB antibodies. “Input” refers to the total whole lysate. “Elution” refers to amount 

of protein co-immunoprecipitated by the specific antibody, whereas “Unbound” 

refers to the amount of protein not co-immunoprecipitated. The data are 

representative of three independent experiments. 
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Figure 54. Endogenous Reptin immunoprecipitation in control and c-MYB 

depleted THP-1 cells. 

THP-1 cells were transduced with either a control scrambled shRNA (shSCR) or a 

shRNA targeting c-MYB (shMYB). Cell lysates were subjected to 

immunoprecipitation with an anti-Reptin antibody. The resultant precipitates were 

immunoblotted with an anti-c-MYB antibody. “Input” refers to the total whole 

lysate. “Elution” refers to amount of protein co-immunoprecipitated by the specific 

antibody, whereas “Unbound” refers to the amount of protein not co-

immunoprecipitated. The data are representative of three independent experiments.  
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5.2.3 Reptin decreases the binding of c-MYB to the chromatin 

Our data indicated that Reptin modulates the c-MYB genetic signature without 

affecting c-MYB transcript levels and that Reptin and c-MYB proteins interact in 

AML cells. Thus, we hypothesised that Reptin could be opening the chromatin 

conformation to facilitate c-MYB binding to promoters in a similar way it does for 

E2F1. Taragelo et al. recently described that, in hepatocellular carcinoma, E2F1 

recruits Reptin and Pontin to incorporate the histone variant H2A.Z in low affinity 

E2F1 promoters. This modification opens the chromatin and amplifies the E2F1 

transcriptional response (Tarangelo et al., 2015). In order to test our hypothesis, we 

performed c-MYB chromatin immunoprecipitation (ChIP) assays in control cells and 

in cells depleted of Reptin expression. Moreover, we also performed ChIP assays of 

H3K27ac, an open chromatin epigenetic mark. The ChIP assay allows identifying the 

presence of a transcription factor or histone protein bound at as specific region of the 

genome (Rodriguez-Ubreva and Ballestar, 2014). If our hypothesis is correct, this 

technique would allow us to see a decrease in c-MYB binding after Reptin loss, and a 

change in chromatin marks at c-MYB targets loci.   

 

In order to perform ChIP assays we first optimised several conditions, such as 

the sequence and concentration of different primers. As we were uncertain of the 

exact regions in the genome of THP-1 cells where c-MYB binds, we tested several 

primers spanning promoter regions of different known c-MYB target genes. A table 

with the list of primers used in this study and a table with a list of primers tested can 

be found in the Materials and Methods section of this thesis (Table 11 and Table 12). 
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Protein levels of c-MYB and Reptin in the cells used to perform ChIP assays, as 

measured by western blot analysis, are shown in Figure 55. 

 

Remarkably, c-MYB binding at the promoter region of the well characterised 

target gene myeloperoxidase (MPO) was reduced on average by a third after Reptin 

depletion in comparison to control cells (Figure 56A). Our preliminary ChIP data of 

the active chromatin mark H3K27ac also indicated decrease in the regulatory region 

of MPO after Reptin depletion (Figure 56B). Collectively, these findings indicate 

that Reptin expression is necessary for the proper alteration of the chromatin and 

correct binding of c-MYB at the promoter region of the MPO gene. Moreover, the 

data suggest the possibility that Reptin might be required for c-MYB binding at other 

target loci. 
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Figure 55. c-MYB and Reptin protein levels after Reptin depletion in the 

samples used for ChIP assays.  

(A) Representative western blot analysis of c-MYB protein in the samples used to 

perform ChIP assays. THP-1 cells were transduced with constitutive scrambled 

shRNA (shSCR) and Reptin shRNA (shRep) for 6 days before taking lysates for 

analysis. Actin was used as a loading control. This experiment was performed 3 

times. (B) The bar chart shows the densitometric quantification of c-MYB and 

Reptin protein, relative to Actin. Data represent the mean of three independent 

experiments and the error bars represent the SD. shSCR data were normalised to 1 

and a p-value comparing shRep to normalised shSCR was calculated using the one-

sample t-test; (**) p≤0.01; (***) p≤0.001. 
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Figure 56. Reptin depletion results in decreased c-MYB and H3K27ac binding 

at the promoter region the MPO gene. 

ChIP assay to detect enrichment of c-MYB (A) and H3K27ac (B) at the promoter 

region of MPO gene. THP-1 cells were transduced with a control scrambled shRNA 

(shSCR), or a shRNA targeting Reptin (shRep), and a qRT-PCR was performed with 

the immunoprecipitated chromatin. The binding was calculated relative to a control 

gene desert region in chromosome 21. Samples were also normalised to input DNA. 

Bars of the c-MYB ChIP represent the mean of three independent experiments and 

SD, the standard deviation. shSCR data were normalised to 1 and a p-value 

comparing shRep to normalised shSCR was calculated using the one-sample t-test; 

(*) p≤0.05. Bars of the H3K27ac represent data of a single experiment. 
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5.3 Discussion 

Our global transcriptome analysis after depleting Reptin in an inducible manner 

revealed a negative correlation of the c-MYB signature. In this chapter we have 

validated the global gene expression data by qRT-PCR, using a representative group 

of c-MYB upregulated and downregulated genes after Reptin depletion. In order to 

rule out the possibility that the results observed are a consequence of doxycycline 

treatment, we have further validated our results by generating additional gene 

expression data in AML cells expressing a constitutive Reptin-targeting shRNA. 

Even though our additional GSEA data of the constitutively depleted cells have only 

shown a significant result for c-MYB repressed genes, we have been able to confirm 

by qRT-PCR a significant change in the expression of both c-MYB activated and 

repressed genes after Reptin depletion. It is possible that we were not able to detect 

the effect of Reptin on c-MYB activated genes in our validation sequencing 

experiment due to the increased background noise that exists when a constitutive 

system is used, in comparison to the inducible system. The increased background 

noise may result from the effect that the virus transduction and the presence of the 

selection drug have on the cells and their gene expression.  

 

Furthermore, in this chapter we have also validated a significant change of 

the selected c-MYB target genes with two additional shRNA sequences to deplete 

Reptin expression, indicating that our results are gene specific and not an off-target 

activity. Interestingly, when we looked at the effect of Pontin depletion on the 

selected c-MYB target genes, we did not get a significant change, suggesting that 
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Reptin and Pontin might not be working together in the regulation of c-MYB 

function.  

 

Collectively, all of our validation experiments confirmed that Reptin 

modulates the c-MYB signature in the MLL-rearranged AML cell line THP-1. Given 

that Reptin was also found necessary for the proliferation of other non-MLL 

rearranged AML cell types (Osaki et al., 2013), it would be interesting to determine 

whether the expression of c-MYB-regulated genes is also dependent on Reptin 

expression in these other leukaemic cell types. As the genes regulated by c-MYB 

might be different in different cells, a comparison of gene expression data obtained 

after Reptin depletion and after c-MYB depletion in different cell lines would provide 

the best answer. Since c-MYB has an essential role in maintaining the leukaemic 

phenotype initiated by a diverse group of genomic translocations (Pattabiraman and 

Gonda, 2013), it is plausible that the deleterious effect of Reptin depletion on those 

cell types might be due to a similar role of Reptin in regulating c-MYB-controlled 

gene expression. 

 

Reptin was found to interact and directly regulate the function of several 

transcription factors, including c-MYC, E2F1, β-catenin and ATF2  (Gallant, 2007) 

(Tarangelo et al., 2015). Taking into account these published observations, and 

considering that we found a negative correlation of the c-MYB signature after Reptin 

depletion even when c-MYB levels remained unchanged, we hypothesised that 

Reptin could be modulating c-MYB function by forming a complex with it. To 

explore this possibility, we performed co-immunoprecipitation assays of c-MYB in 
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AML cells overexpressing an HA-tagged form of Reptin. Interestingly, our results 

revealed a physical interaction between the overexpressed HA-tagged Reptin and c-

MYB in two different AML cell lines, suggesting that Reptin could also be 

modulating c-MYB function in non-MLL-rearranged human leukaemic cells. As 

previously mentioned, it remains to be elucidated whether the c-MYB signature is 

also affected by Reptin loss in other AML cell types.  To validate that this interaction 

also takes place at endogenous levels, we immunoprecipitated endogenous Reptin in 

THP-1 cells and confirmed the interaction with endogenous c-MYB. In contrast to 

the interaction between Reptin and Pontin that we have shown in the previous 

chapter, in which most of Reptin was found to interact with Pontin, we only observed 

a small proportion of Reptin bound to c-MYB. This result would be consistent with 

an independent role, or even antagonistic role, of Reptin and Pontin in the regulation 

of c-MYB, as different examples in the literature have shown these dissimilarities in 

gene regulation by Reptin and Pontin (Bauer et al., 2000) (Kim et al., 2005). In one 

study, Pontin was found to activate the expression of the CD82/KAI1 gene by 

forming a complex with TIP60, while Reptin repressed its expression by interacting 

with β-catenin (Kim et al., 2005). Interestingly, TIP60 was found to interact with c-

MYB in human leukaemic cells and antagonise the transcriptional activation function 

of c-MYB by recruiting histone deacetylase (HDAC) proteins, which are associated 

with condensed chromatin and gene silencing (Zhao et al., 2012). It is then possible 

that in leukaemic cells TIP60 antagonises c-MYB function while Reptin, alone or in 

combination with other co-factors, facilitates c-MYB transcriptional activity. It 

would be intriguing to determine by immunoprecipitation assays whether Pontin also 

interacts with c-MYB in AML cells, and whether the complex formed by Reptin and 
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c-MYB also includes other co-factors. For example, it would also be interesting to 

investigate whether the c-MYB co-activators CBP/p300, which enhance c-MYB 

transcription by acetylating histone H3 and c-MYB (Greig et al., 2008), also interact 

with Reptin.  

 

Recently, Reptin was described as a general amplifier of the transcriptional 

response of E2F1 in hepatocellular carcinoma (HCC). Reptin was found to open the 

chromatin conformation and facilitate the binding of E2F1 at low affinity binding 

promoters, which are not normally regulated by E2F1 in physiological conditions, by 

introducing the histone mark H2A.Z (Tarangelo et al., 2015). In fact, as mentioned in 

the introduction, Reptin forms part of several chromatin remodelling complexes, 

such as the INO80 or TIP60, which regulate gene transcription (Gallant, 2007). 

These observations made us hypothesise that Reptin could be modulating c-MYB 

transcriptional activity by modifying the chromatin and facilitating c-MYB binding 

to different promoters. To test this hypothesis we optimised the conditions for ChIP 

experiments and performed ChIP assays of c-MYB and the epigenetic mark 

H3K27ac in control and Reptin depleted THP-1 cells. Our c-MYB ChIP assays in 

Reptin depleted cells showed a marked decrease of c-MYB binding at the promoter 

region of the myeloperoxidase (MPO) gene, a well-known c-MYB target gene (Zhao 

et al., 2014), which we also found to be regulated by c-MYB in THP-1 cells. 

Although by western blot analysis we detected a small but significant decrease of c-

MYB protein in the samples used for ChIP assays, we believe this small decrease 

would not explain the striking reduction in c-MYB binding at the MPO promoter. As 

the half-life of c-MYB is very short (Ramsay and Gonda, 2008), it is possible that a 
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small fraction of the protein might get degraded if it cannot correctly regulate gene 

transcription. Alternatively, as Reptin depletion leads to cell differentiation and 

apoptosis (Osaki et al., 2013), it is possible that the small effect seen on c-MYB 

protein might due to some cells starting to differentiate and die. 

 

Nevertheless, our ChIP results indicate that Reptin activity is necessary for 

the biding of c-MYB to the MPO promoter, and suggest the possibility that Reptin 

might be also necessary for the binding of c-MYB at the promoter region of other 

target genes. Moreover, Reptin depletion also decreased the binding of the H3K27ac, 

an active chromatin marker, on the proximal promoter region of MPO. Although this 

result is preliminary and more experiments should be performed, it suggests that 

Reptin might be necessary to modify the chromatin at the regulatory regions of c-

MYB target genes. Thus, it would be interesting to investigate whether other Reptin-

regulated chromatin markers, such as H2A.Z, or epigenetic marks of repressed 

transcription, such as H3K27me3, are also altered at c-MYB transcriptional 

promoters after Reptin silencing (Jha and Dutta, 2009) (Zhao et al., 2011). As our 

gene expression analyses revealed a change in the expression of both c-MYB 

activated and repressed genes after Reptin depletion, our data suggest that Reptin 

might not only be necessary to open the chromatin at the promoters of activated c-

MYB target genes, such as MPO, but also to modify the chromatin at promoter 

regions of c-MYB repressed genes. To further investigate the role of Reptin on the 

regulation of c-MYB transcription, we have submitted our c-MYB and H3K27ac 

ChIP samples for sequencing to generate genome wide ChIP (ChIP-seq) data in 

control and Reptin depleted cells. We have obtained genome-wide peaks for c-MYB 
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binding on the chromatin and we are planning to analyse the results with 

bioinformatics tools to investigate whether differential c-MYB binding is found after 

Reptin depletion. We envisage that the effect of Reptin depletion on c-MYB will be 

more global than just at the MPO promoter, as our gene expression analyses 

indicated a negative correlation of the c-MYB signature. Importantly, our ChIP-seq 

analyses will also help us to determine whether Reptin is required to open up loci for 

all c-MYB regulated target genes or, similarly to what has been described in HCC 

with E2F1, just a subset of target genes not normally regulated by c-MYB, which are 

necessary for its leukaemogenic activity. 

 

As well as having an essential role in maintaining the leukaemic phenotype 

(Pattabiraman and Gonda, 2013), c-MYB has been found to be deregulated in other 

non-hematopoietic tumours, mainly colon and breast cancer, but also melanoma, 

pancreatic cancer and oesophageal cancer (Ramsay and Gonda, 2008). For example, 

c-MYB was found to be overexpressed in colorectal cancer and this was correlated 

with poorer prognosis (Alitalo et al., 1984) (Ramsay et al., 1992) (Biroccio et al., 

2001). In breast cancer, c-MYB expression was found to be correlated with the 

expression of the Oestrogen Receptor (ER
+
) and c-MYB silencing led to a decrease 

in the proliferation of ER
+
 breast cancer cells (Guerin et al., 1990) (Drabsch et al., 

2007). As Reptin and/or Pontin have also been found to be overexpressed in colon 

and breast cancer (Grigoletto et al., 2011) (Milone et al., 2016), it would be 

interesting to investigate whether Reptin and/or Pontin also interact with and 

modulate c-MYB transcriptional activity in these tumour types.  
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In human leukaemia, c-MYB has been found to be a good target for therapy, 

as normal haematopoietic cells were found to be less sensitive to c-MYB suppression 

than leukaemic cells (Zuber et al., 2011). This suggested there might be a therapeutic 

window in which leukaemic cells can be targeted without affecting normal 

haematopoietic cells, which provided a rationale for developing novel therapies 

against c-MYB. However, therapeutic targeting of c-MYB has been challenging, as 

drugs targeting DNA-binding proteins are generally difficult to develop (Darnell, 

2002). Several alternative methods have been tested, such as the use of antisense 

nucleic acids against c-MYB, or the development of small molecules that inhibit the 

elongation machinery necessary to transcribe c-MYB (Ramsay and Gonda, 2008). 

Recently, small molecule inhibitors that disrupt the interaction between c-MYB and 

its potent co-activator p300 have been discovered and have shown promising results 

in vitro and in vivo (Bujnicki et al., 2012) (Uttarkar et al., 2017). In line with this, if 

the complex formed by Reptin and c-MYB described in this study is essential for c-

MYB activity in AML, a novel approach to target c-MYB function could be the 

development of small molecules that inhibit this interaction. However, future studies 

are needed to better characterise the interaction between Reptin and c-MYB. It is 

possible that Reptin binds to c-MYB indirectly through a different cofactor. 

However, even if the interaction is direct, it still remains to be elucidated which 

domains of c-MYB and Reptin are required to form the complex. The domains could 

be identified by performing co-immunoprecipitation assays of tagged c-MYB and 

Reptin deletion mutants, in a similar approach to the one used by Wood et al. to 

identify the interacting domains between Pontin and c-MYC (Wood et al., 2000). In 

that study, Pontin was found to interact with c-MYC through the insertion domain 
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(domain II) existing between the Walker A and Walker B motifs. Thus, it is possible 

that Reptin could also be interacting with c-MYB through this domain, but this 

should be investigated. 

 

To identify compounds that disrupt the effect of Reptin on c-MYB 

transcriptional activity, a drug repurposing method could be used by interrogating the 

Connectivity Map (CMAP) database. The CMAP database includes a large number 

of genome-wide transcriptional expression data from different human cell lines 

treated with a diverse group of bioactive molecules. Through common gene-

expression changes, it finds functional connections between drugs, genes and 

diseases to identify molecules against a particular pathway (Lamb et al., 2006). As it 

is possible that Reptin only modifies c-MYB occupancy at certain promoters, such as 

promoters with lower affinity, a combination of the RNA-seq and ChIP-seq results 

after Reptin depletion would be the best approach to interrogate the c-MAP database. 

This strategy would lead to the identification of compounds that may target the role 

of Reptin in modulating c-MYB activity, as Reptin might also be performing 

additional functions in the cell. 

 

In summary, the results presented in this chapter identify a novel interaction 

between Reptin and c-MYB in AML. Moreover, our preliminary ChIP results 

provide evidence suggesting that c-MYB could be recruiting Reptin to its target loci 

to modify the chromatin and modulate c-MYB binding to the genome and its 

transcriptional activity (Figure 57). Thus, this interaction could be exploited to target 

c-MYB oncogenic function in AML. 
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Figure 57. Proposed model of Reptin function in AML cells. 

Chromosomal translocations that lead to fusion proteins increase c-MYB expression. 

In turn, c-MYB increases Reptin expression in AML cells. We propose that c-MYB 

recruits Reptin to its target promoters to facilitate chromatin remodelling. Chromatin 

changes at c-MYB regulated loci facilitate c-MYB mediated gene activation or 

repression. It is possible that additional co-factors forming a complex with c-MYB 

and Reptin facilitate this process. White and red dots on the chromatin represent 

different epigenetic marks. 

  



 

 

    218 

 

 CHAPTER VI – Conclusion 6

Previous studies in our laboratory showed that Reptin expression in necessary for the 

proliferation, survival and clonogenic potential of immortalised human cord blood 

cells and of human AML cell lines (Osaki et al., 2013). In this thesis we aimed to 

elucidate the importance of Reptin expression for human leukaemia progression in 

vivo, as well as to investigate the transcriptional pathways modulated by Reptin in 

AML, to identify the mechanism of action that renders leukaemic cells dependent on 

Reptin expression. 

 

In order to examine the role of Reptin in human AML progression in vivo, we 

xenotransplanted clones of the human AML cell line THP-1, previously generated in 

our group, to eliminate Reptin expression in an inducible manner. In these clones, 

Reptin is only depleted in the presence of doxycycline. Notably, Reptin depletion in 

established human leukaemia led to a significant increase in the survival of the 

doxycycline treated recipients, in comparison to control mice. Moreover, a complete 

remission of the disease was achieved in all of the recipients after Reptin loss, which 

was maintained in 5 out 6 mice even after doxycycline treatment was ceased. Similar 

results had previously been observed in mouse transplantations in a previous study 

led by our group (PhD thesis, Zhao, 2013). However, here we have described for the 

first time the relevance of Reptin expression for the maintenance of human 

leukaemia. Our results indicate that Reptin is necessary for disease progression and 

confirm that Reptin is a good target for therapy in human AML.     
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To identify the molecular pathways regulated by Reptin in AML, we started 

by studying previously described Reptin interacting partners. Particularly, we 

focused our research on the oncogene c-MYC, as it was described to interact with 

Reptin (Wood et al., 2000), and previous research in our group identified a reduction 

in c-MYC protein after Reptin depletion (PhD thesis, Zhao, 2013). Our data 

confirmed this reduction after Reptin silencing and after overexpressing an ATPase 

mutant of Reptin in THP-1 cells. Likewise, silencing the expression of other Reptin 

interacting partners, such as EPC1, EPC2 and MTBP (Huang et al., 2014) (Grieb et 

al., 2014) also led to a decrease in c-MYC protein levels. However, in contrast to 

previous observations made in our laboratory, in which the c-MYC transcript did not 

change after Reptin depletion (PhD thesis, Zhao, 2013), our experiments showed a 

marked and significant decrease in c-MYC mRNA levels after Reptin loss. Moreover, 

also in contrast to previous published research (Wood et al., 2000), we were not able 

to detect an interaction between c-MYC and Reptin by immunoprecipitation assays. 

Thus, taken together these findings indicate that Reptin and its binding partner 

proteins are necessary to modulate the expression of the oncogenic protein c-MYC in 

AML, probably due to a decreased transcription of the c-MYC gene.  

 

Next, we sought to determine the transcriptional pathways regulated by 

Reptin. To that end, we decided to use the bulk of the THP-1 cell line, rather than the 

clones, to avoid focusing on clone-specific transcriptional changes. After 

characterising the response of the bulk population upon Reptin loss, to confirm that 

similar Reptin knockdown and apoptosis levels than in the clones were achieved, we 

generated gene expression data after 2 and 4 days of Reptin depletion. These time 
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points were chosen because they were early times points in which a noticeable 

decrease in Reptin protein expression was detected. Time point Day 2 was found to 

be too early to detect transcriptional gene changes. In contrast, after 4 days of Reptin 

depletion, several significant gene expression changes were detected. As we had 

previously observed a decrease in c-MYC transcript levels, and c-MYC is a known 

target gene of c-MYB in MLL-rearranged leukaemia (Hess et al., 2006), we used our 

gene expression data at Day 4 to examine the c-MYB signature by GSEA analysis. 

Notably, our analyses indicated a strong negative correlation of both activated and 

repressed c-MYB target genes. Following validation of the signature by qRT-PCR, 

we further validated our results by generating additional gene expression data of 

THP-1 cells constitutively depleted of Reptin, and by qRT-PCR using two additional 

shRNA sequences to deplete Reptin expression. In total, the results indicated that 

Reptin modulates the c-MYB signature in THP-1 cells. As Reptin performs many of 

its functions in conjunction with its homologous protein Pontin, we also analysed the 

expression of selected c-MYB target genes in Pontin depleted THP-1 cells. Our 

results did not indicate a clear and significant change in c-MYB regulated targets, 

suggesting that Pontin might not have the same function as Reptin in modulating c-

MYB activity in AML cells. 

 

To further study the role of Reptin on c-MYB function, we performed 

immunoprecipitation assays of overexpressed and endogenous Reptin, and of 

endogenous c-MYB. Our results indicated that Reptin and c-MYB interact at both 

overexpressed and endogenous levels, suggesting that Reptin could be modulating c-

MYB function by forming a complex together. As Reptin forms part of several 
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macromolecular complexes (Nano and Houry, 2013), it is possible that other factors 

might be also part of the complex involved in the regulation of c-MYB activity. 

 

In a previous study, E2F1 was found to recruit Reptin and Pontin to low 

affinity promoters to open chromatin structure and amplify E2F1 transcriptional 

response in HCC (Tarangelo et al., 2015). As we found an interaction between 

Reptin and c-MYB, we hypothesised that c-MYB could be also recruiting Reptin to 

its target promoters in leukaemic cells to facilitate chromatin remodelling at its target 

loci, important for oncogenic transformation. To investigate this possibility, we 

performed ChIP assays of c-MYB and the epigenetic mark H3K27ac in control and 

Reptin depleted cells. Reptin loss decreased c-MYB binding at the promoter region 

of the MPO gene by a third, in comparison to control cells. Moreover, preliminary 

ChIP data of the H3K27ac chromatin mark in Reptin depleted cells also indicated a 

decrease at the regulatory region of the MPO promoter. As our gene expression data 

indicated a change in expression of the c-MYB signature, it is possible that Reptin 

might also be necessary to modify the chromatin conformation at other c-MYB target 

genes. Therefore, our results prompted us to submit our samples for ChIP-seq to 

obtain global and loci-specific binding data. Our future analyses of the ChIP-seq data 

will determine whether Reptin is necessary to facilitate the binding of c-MYB at all 

of its target promoters or just at specific loci, such as low binding affinity promoters 

necessary for the leukaemogenic activity of c-MYB. If this latter hypothesis is true, it 

would suggest that the role of Reptin in physiological conditions and in 

leukaemogenesis could be different, which could be exploited to target c-MYB 

oncogenic activity in AML. 
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Earlier research in our group found that Reptin is regulated by c-MYB in 

MLL-rearranged AML, as c-MYB silencing in THP-1 cells resulted in decreased 

Reptin expression (Osaki, 2011). Moreover, other groups published similar results 

(Zuber et al., 2011) (Suzuki et al., 2009). Consistent with the data presented in this 

thesis, it is possible that c-MYB enhances Reptin expression in AML cells to 

facilitate its own transcriptional function, necessary for AML survival. This is not 

uncommon among transcriptional regulators. For example, c-MYB is a well 

characterised downstream transcriptional target of the MLL-fusion genes, and it was 

found to be required for MLL-driven leukaemogenesis by forming a complex with 

the MLL-fusion proteins through Menin (Jin et al., 2010). Thus, a similar 

phenomenon could be occurring for c-MYB and Reptin in AML cells.  

 

To the best of our knowledge, this is the first study that identifies an 

interaction between Reptin and c-MYB, and that shows a role for Reptin in the 

regulation of c-MYB transcriptional activity. Thus, our findings expand the role of 

Reptin-regulated pathways to include the c-MYB pathway, at least in human MLL-

rearranged AML. Here we propose that, in MLL-rearranged leukaemia, deregulated 

c-MYB increases Reptin expression to induce chromatin remodelling changes, and to 

facilitate c-MYB binding and function at the regulatory sites of its target genes 

(Figure 57). In this study we have found that Reptin modulates both c-MYB 

repressed and activated genes, although several examples in the literature show 

Reptin as a repressor, for example at the KAI1 locus (Kim et al., 2005) or in the 

modulation of β-catenin target genes (Bauer et al., 2000). As Reptin is important for 

the proliferation and survival of several cancer types (Grigoletto et al., 2011) and 
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modulates the function of different transcription factors (Gallant, 2007), it possible 

that the repressing or activating function of Reptin and the transcription factor which 

it regulates might depend on the cellular context. Thus, Reptin might be necessary to 

facilitate the abnormal function of the critical transcription factors in every particular 

transformed tissue. For example, while Reptin regulates the function of E2F1 in 

HCC, in AML it may be necessary to regulate altered c-MYB activity because this is 

a critical transcription factor for the survival of these leukaemias. 

 

The in vivo data in chapter III and the results obtained with the dominant 

negative mutant of Reptin in chapter IV suggested that targeting the ATPase domain 

of Reptin would be a promising therapeutic option. Moreover, the overexpression of 

a dominant negative mutant of Reptin was found to have a limited impact on normal 

mouse HPC colony formation, but to reduce leukaemia progression in vivo (PhD 

thesis, Zhao, 2013). These results indicate that a therapeutic window might exist, in 

which Reptin could be targeted in transformed cells without affecting normal 

progenitor cells. However, it should be noted that the Walker A + B motifs of Reptin 

and Pontin are almost identical, making it highly likely that drugs targeting the 

ATPAse domain of Reptin, would also inhibit Pontin. This may pose a problem, 

since conditional deletion of Pontin in the haematopoietic system of mice resulted in 

bone marrow failure and death (Bereshchenko et al., 2012) (Rajendra et al., 2014). 

Moreover, it remains to be elucidated what effect targeting the ATPase domain of 

Reptin would have on its function in regulating c-MYB.  An alternative is suggested 

by our experiments in chapter V demonstrating an interaction of Reptin with c-MYB, 

as c-MYB has been proposed to be a good target for therapy in AML (Zuber et al., 
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2011). This interaction is likely to be through domains outside the Walker motifs, for 

example the insertion domain, as in the case for c-MYC binding (Wood et al., 2000). 

Thus, impairing the interaction formed by Reptin and c-MYB may represent an 

alternative novel surrogate therapeutic strategy for c-MYB targeting in human AML.  
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 APPENDIX 8

Table 14. List of the 100 most upregulated and downregulated genes after 4 

days of inducible Reptin depletion. 

 

UPREGULATED 

GENES 

DOWNREGULATED 

GENES 

GENE 

SYMBOL 

FOLD 

CHANGE 

GENE 

SYMBOL 

FOLD 

CHANGE 

MIR30A 15.032 RUVBL2 -3.364 

LOX 9.514 PCOLCE2 -2.949 

SIGLEC1 6.774 VIT -2.751 

PRR16 6.727 TUB -2.676 

ZNF608 5.098 TERT -2.657 

ANTXR1 4.347 LRP4 -2.549 

MX1 4.347 C1orf95 -2.497 

IFI44L 4.317 DLGAP1-AS3 -2.462 

DUSP4 4.056 UGT3A2 -2.462 

IFI6 4.028 FAM135B -2.378 

OAS3 3.630 SFXN2 -2.362 

ABLIM3 3.605 CHDH -2.329 

CORO2B 3.364 DKFZ -2.329 

TNXB 3.340 LIPG -2.282 
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SERPINI1 3.272 MS4A3 -2.282 

VWA5A 3.227 C20orf197 -2.266 

CLCN5 3.227 WNT7B -2.266 

LGALS3BP 3.204 PRTN3 -2.266 

SH3TC2 3.160 CAV1 -2.235 

RPE65 3.138 FAM203A -2.219 

TENM3 3.095 MARC1 -2.173 

FUCA1 3.053 PRRT4 -2.173 

DUSP27 3.053 TCN1 -2.158 

OAS1 3.053 WWC1 -2.158 

EPSTI1 3.053 NUDT8 -2.085 

OAS2 3.010 BMP8B -2.071 

IFI27 3.010 LRIG3 -2.071 

IFITM1 2.928 COL24A1 -2.042 

KHDRBS2 2.928 B4GALT2 -2.028 

IFI44 2.868 JAM3 -2.028 

STAP1 2.828 MPZL1 -2.014 

IFIT1 2.809 MIR210HG -2.014 

KCNJ2 2.809 RRM2 -1.988 

TXLNB 2.809 TP63 -1.975 

GBP2 2.751 SULF2 -1.974 

IER5L 2.751 CPNE7 -1.970 

ADAM9 2.732 PKP2 -1.967 

ITGAM 2.639 NAV3 -1.963 
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NRP2 2.639 PRLR -1.959 

TG 2.621 PLAC8 -1.956 

TNFRSF11A 2.603 FLT3 -1.952 

MAML3 2.603 ENHO -1.947 

DLL4 2.585 GAS6 -1.941 

ADCY4 2.567 KIAA1644 -1.941 

ATP8B1 2.549 USH1C -1.937 

TUBB3 2.514 DHCR7 -1.937 

SLC22A18AS 2.497 RAB37 -1.937 

LEPR 2.462 HAL -1.928 

IFIT3 2.462 FAM69B -1.920 

CD82 2.462 C16orf74 -1.909 

OASL 2.445 DHRS11 -1.907 

CD52 2.428 PTPRS -1.907 

CNKSR3 2.428 SERPINE2 -1.901 

IFITM3 2.412 FADS1 -1.895 

BZRAP1 2.412 TMEM45A -1.895 

ABCA9 2.378 LPL -1.893 

IRF9 2.362 GLO1 -1.891 

ISG15 2.313 DSC3 -1.880 

ZMAT3 2.313 PACSIN3 -1.878 

STX11 2.313 CGREF1 -1.878 

SEPT4 2.297 PAQR5 -1.871 

DNAJB2 2.297 AP1S3 -1.870 
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MMP2 2.282 LOC254559 -1.862 

S1PR5 2.266 FGFR4 -1.852 

LILRB2 2.266 CNN3 -1.847 

LRRC3B 2.266 TCEAL2 -1.844 

SESN1 2.266 SLC29A2 -1.840 

RDH10 2.250 LOC730091 -1.838 

KIAA1324 2.204 KATNAL2 -1.835 

TUFT1 2.204 GLDC -1.826 

DTNA 2.204 SPRYD4 -1.816 

IL17RE 2.204 PEX5L -1.811 

GPNMB 2.204 FERMT1 -1.810 

LOC100294362 2.189 METTL21A -1.808 

REC8 2.173 CTSL2 -1.803 

F2RL3 2.173 FBXO43 -1.800 

VSIG4 2.173 KLRG2 -1.799 

MTMR9LP 2.158 SLC38A5 -1.795 

FERMT2 2.158 IMPDH2 -1.794 

YPEL3 2.158 ZFP2 -1.785 

SAMSN1 2.158 CCBL1 -1.785 

SGPP1 2.144 CAV2 -1.783 

EMR4P 2.129 SLC25A10 -1.780 

IFIT2 2.114 SSPN -1.774 

IFI30 2.114 AK4 -1.772 

SIGLEC11 2.099 MTG1 -1.770 
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OPTN 2.085 SIRPB2 -1.770 

ABHD4 2.085 PFN2 -1.770 

ALDH8A1 2.085 DLEU2 -1.767 

SEMA6B 2.085 LOC100506472 -1.764 

STXBP5-AS1 2.071 HIST1H2BH -1.761 

TTC21A 2.056 C6orf223 -1.750 

SYTL3 2.056 SMO -1.748 

TCHH 2.042 POU4F2 -1.746 

ABCB11 2.042 RCC1 -1.744 

IRF7 2.028 ELOVL2 -1.744 

SLFN5 2.028 ACAT2 -1.744 

MEGF10 2.028 SLC7A2 -1.742 

B3GALT4 2.028 CSPG5 -1.741 

FIG4 2.028 F2R -1.740 
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Table 15. List of the 100 most upregulated and downregulated genes after 7 

days of constitutive Reptin depletion. 

 

UPREGULATED  

GENES 

DOWNREGULATED 

GENES 

GENE 

SYMBOL 

FOLD 

CHANGE 

GENE 

SYMBOL 

FOLD 

CHANGE 

RP11-96K19.2 5.389 RUVBL2 -45.255 

AF127936.7 5.278 C20orf197 -4.112 

CRIP2 3.138 STK36 -3.811 

LEPR 2.868 MFAP4 -3.732 

HIST1H2BK 2.868 

RP11-

352D3.2 

-3.630 

ANKDD1A 2.770 MAMDC4 -3.531 

RP11-326K13.4 2.770 KCTD15 -3.482 

AC007204.2 2.621 CENPE -3.387 

ACTG2 2.514 TEX15 -3.294 

KCNJ1 2.514 SYTL1 -3.249 

MEF2BNB 2.514 C1RL -3.204 

DNAJB2 2.462 TESPA1 -3.074 

PRR4 2.462 NFKBIZ -2.969 

SOX7 2.395 PTK7 -2.969 

SDCBP2 2.362 MKI67 -2.949 
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TBX19 2.346 INHBA-AS1 -2.908 

HIST3H2A 2.313 ANKRD18A -2.888 

AC104653.1 2.313 ORM1 -2.828 

RP11-438E5.1 2.313 TRAF1 -2.809 

CD82 2.297 PSAT1 -2.789 

HMOX1 2.297 

RP11-

701H24.2 

-2.789 

MAP1LC3A 2.235 CCDC78 -2.789 

RHBDD2 2.219 WBP2NL -2.789 

ADORA3 2.189 HAAO -2.732 

F11R 2.173 BEND6 -2.732 

AC006967.1 2.173 TSKU -2.732 

GPR89B 2.158 CPNE7 -2.732 

FHIT 2.158 FBLN1 -2.732 

GJC2 2.144 CCDC18 -2.713 

ZMAT3 2.085 AC083843.1 -2.713 

AKR1C3 2.071 KCNS1 -2.713 

FAM47E-

STBD1 

2.056 

HNRNPU-

AS1 

-2.694 

RAB3C 2.056 NGEF -2.694 

HIST2H2BE 2.042 SAP25 -2.694 

LRRC3B 2.042 CTSK -2.676 

CHCHD6 2.028 AC011625.1 -2.676 

AC106722.1 2.028 RP11-53B2.2 -2.621 
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RHOC 2.014 COL27A1 -2.621 

OR2W3 2.000 PAPLN -2.603 

CAMKMT 2.000 SMC1B -2.603 

ACOT2 2.000 MALAT1 -2.603 

NPTX1 1.988 SLC7A11 -2.585 

RP11-184I16.4 1.977 ENPP2 -2.585 

OVGP1 1.970 

RP11-

110I1.12 

-2.585 

BMPER 1.970 RP11-368I7.2 -2.585 

TBC1D7 1.964 NEAT1 -2.585 

PHLDA2 1.957 NRBP2 -2.567 

IFI30 1.953 TRIM66 -2.567 

SERTAD1 1.952 

RP11-

392A22.2 

-2.549 

MB21D2 1.945 TMEM80 -2.549 

CRISPLD2 1.941 NICN1 -2.532 

LYPD5 1.935 PLEKHH1 -2.532 

ALDH8A1 1.931 SCN4A -2.532 

HIST1H2BD 1.903 

RP4-

694B14.5 

-2.532 

SLCO2B1 1.903 

MCM3AP-

AS1 

-2.532 

NME2 1.903 RFX8 -2.514 

EMP1 1.897 AGBL3 -2.514 
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RP11-

1094M14.11 

1.892 CBS -2.514 

PPP1R32 1.880 ADAMTS13 -2.497 

TSPAN15 1.875 SEPT5 -2.497 

TLR5 1.871 IL2RB -2.497 

NEU1 1.871 

RP5-

1180C10.2 

-2.479 

OCLN 1.870 ANK2 -2.479 

HIST1H2AC 1.867 CENPF -2.462 

37316 1.865 DCAF16 -2.462 

S100A10 1.863 MORC4 -2.445 

ZNF607 1.862 

RP11-

262H14.1 

-2.428 

AC109826.1 1.861 MS4A4E -2.428 

HRH1 1.860 CEP290 -2.428 

CD5L 1.858 DNHD1 -2.428 

PGM2L1 1.857 AC084018.1 -2.428 

RP11-48O20.4 1.851 LINC00638 -2.412 

PLS1 1.844 GPT2 -2.412 

CTSL1 1.844 SLC6A9 -2.412 

SNX11 1.840 PAQR6 -2.412 

TMEM38A 1.837 ZMAT1 -2.412 

VAMP5 1.835 EBF1 -2.395 

CA2 1.834 RP11-95P2.1 -2.395 
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CA13 1.829 SIGLEC6 -2.395 

MIP 1.829 C9orf139 -2.395 

TRMT11 1.828 PRAM1 -2.395 

MSR1 1.828 PLA2G6 -2.378 

P4HA2 1.826 AL449209.1 -2.362 

SELM 1.825 VEGFA -2.362 

RP11-568N6.1 1.823 AKAP9 -2.362 

RP11-214O1.2 1.823 ASNS -2.362 

SLC25A5-AS1 1.823 RAD52 -2.362 

AL645728.1 1.821 ARHGAP33 -2.362 

SEPW1 1.821 ZNF587B -2.362 

C4orf48 1.820 SEMG1 -2.362 

C7orf55 1.820 NPIP -2.362 

TP53INP1 1.819 USP46-AS1 -2.346 

LGMN 1.815 GRB10 -2.346 

AC079767.4 1.811 ERV3-1 -2.346 

HLA-F-AS1 1.809 ATHL1 -2.346 

ATP6V1D 1.809 OXER1 -2.329 

KLHL25 1.808 PEX5L -2.329 

FPR2 1.808 RHPN1 -2.329 

ALDH3A2 1.798 SFXN2 -2.329 

HUS1 1.795 ANKRD24 -2.329 

 


