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Abstract 
 

Dissertation Title: Developing a Novel Combination Therapy and Elucidating 
Mechanisms of Increased ALT-NHEJ in Acute Myeloid Leukemia. 
 
Nidal E. Muvarak, Doctor of Philosophy, 2017 
 
Dissertation Directed by: Feyruz Rassool, Ph.D.  
 

Acute myeloid leukemia (AML) is a cancer of the blood and bone marrow that 

results from a differentiation block of hematopoietic stem/progenitor cells, leading to 

accumulation of myeloblasts in the bone marrow. Frontline chemotherapy has a 22% 

survival rate, with rapid relapse occurring particularly in poor-response subgroups such 

as those patients bearing the FLT3/ITD mutation. While DNA methyltransferase 

inhibitors (DNMTis) are now second-line therapy in AML patients who have relapsed or 

are refractory to chemotherapy, treatment responses are not durable. This emphasizes the 

need for devising novel therapies for AML.  Poly (ADP-ribose) polymerase (PARP) has 

been shown to bind DNMTs in response to DNA damage, and we reasoned that PARP 

inhibitors (PARPis) that are in use clinically could potentially enhance the DNMTi 

response.  We showed that combination of DNMTi (decitabine) and PARPi (talazoparib) 

resulted in enhanced cytotoxicity in AML cell lines and primary AML samples relative to 

each drug alone. We found that the increased efficacy of this combination was due to 

enhanced PARP-DNA complexes, resulting in increased cytotoxic double-strand breaks. 

The efficacy of this combination was corroborated in two in vivo mouse models of AML.  

In a second study, we investigated the regulation of a highly error-prone form of 

non-homologous end-joining (NHEJ), alternative-NHEJ (ALT-NHEJ), in FLT3/ITD-



positive AML. Our laboratory had previously shown that DNA ligase 3α (LIG3) and 

PARP1 (components of ALT-NHEJ pathway) are highly expressed in FLT3/ITD-positive 

AML. In this study, we demonstrated that c-MYC bound the promoters of LIG3 and 

PARP1, leading to their increased expression. Furthermore, c-MYC repressed 

microRNAs (miR-150 and miR-22) that regulate these two proteins at the post-

transcriptional level. Importantly, inhibition of c-MYC or overexpression of miR-22 and 

miR-150 lead to a significant decrease in ALT-NHEJ activity. Taken together, we 

elucidated a mechanism by which ALT-NHEJ activity is amplified in AML, and 

exploited the upregulation of PARP1 as a target that enhanced the efficacy of the 

DNMTi-PARPi combination. Notably, our pre-clinical studies led to the launch of a 

Phase I/II clinical trial for testing decitabine-talazoparib combination therapy in 

refractory/relapsed AML. Results from this trial could lay the groundwork for similar 

trials in other cancers. 

 

 

 

 

 

 

 

 



 

 
 
 
 
 
 
 
 
 
 
 

Developing a Novel Combination Therapy and Elucidating Mechanisms of Increased 
ALT-NHEJ in Acute Myeloid Leukemia. 

 
 
 
 
 
 

by 
Nidal E. Muvarak 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Dissertation Submitted to the Faculty of the Graduate School of the 
University of Maryland, Baltimore in partial fulfillment 

of the requirements for the degree of 
Doctor of Philosophy 

2017



 
 

© Copyright 2017 by Nidal E. Muvarak 
 

All Rights Reserved
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	  

	   iii	  

 
Dedication 

 
To my parents, wife, and kids. I would not have gotten this far without your support. 

Thank you. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	  

	   iv	  

 
Acknowledgements 

 
First and foremost, all praise be to Allah (God) for giving me the strength to complete the 
journey of higher education (though in reality it is a continuous one). 
  
I am grateful to my mentor Dr. Feyruz Rassool for the opportunity to conduct meaningful 
research in her lab. Her passion for both science and success was quite contagious, and 
influenced the scientist I have become today.  
 
Many thanks to my committee members for their support and guidance, Dr. William 
Randall, Dr. Maria Baer, Dr. Danilo Perrotti, Dr. David Kaetzel, and, especially, Dr. 
Rena Lapidus, whom I consider a dear friend. Also, special thanks to Toxicology 
program coordinator Linda Horne for all her help and guidance with navigating through 
the graduate school requirements.  
 
As my work involved the use of AML patient samples, my sincere gratitude goes to the 
AML patients who donated their blood and bone marrow for the betterment of 
translational research that may one day benefit other patients. In our fight against cancer, 
they are the real heroes.  
 
I would like to thank The V Foundation, Leukemia and Lymphoma Society, and Van 
Andel Institute SU2C for funding the research described in this thesis. 
  
Of course, the Rassool lab members, past and present, Pratik, Khadiza, Carine, Lena, 
Aksi, Lora, Bryan, Chris, Ade, and Dan. Thank you all for making the gruesome years of 
research a fun experience.  
 
Special thanks to Dr. Dacheng Ding for the valuable discussions on molecular cloning 
that helped me create crucial reagents for my studies. 
 
Saving the best for last, my utmost appreciation goes to my wife, Nour, and my kids 
Nadeem and Narjis. Thank you for being patient when I was not with you during late 
evenings and long weekends in the lab. 
 

 

 

 

 



	  

	   v	  

Table of Contents 
List of Tables .................................................................................................................... vii 

List of Figures .................................................................................................................. viii 

List of Abbreviations ......................................................................................................... xi 

CHAPTER 1: INTRODUCTION ....................................................................................... 1 

1.1 THE HEMATOPOIETIC SYSTEM .................................................................................. 1 

1.2 LEUKEMIA ........................................................................................................................... 5 

1.3 LEUKEMIA CLASSIFICATION ......................................................................................... 6 

1.4 ACUTE MYELOID LEUKEMIA ......................................................................................... 7 
Classification ........................................................................................................................... 7 
Genetic Abnormalities in AML ............................................................................................... 9 
AML Therapy ........................................................................................................................ 12 

1.5 RATIONALE AND AIMS .................................................................................................. 14 

CHAPTER 2: Enhancing the cytotoxic effects of PARP inhibitors with DNA 
demethylating agents — A potential therapy for AML .................................................... 16 
	  

2.1 INTRODUCTION ................................................................................................................ 16 
Epigenetic Regulation of Gene Expression ........................................................................... 17 
DNA methylation as a target for cancer therapy ................................................................... 19 
PARP Inhibitors in Cancer .................................................................................................... 26 

	  
2.2 RATIONALE AND AIMS .................................................................................................. 29 

	  
2.3 RESULTS ............................................................................................................................ 30 

PARP1 interacts with DNMTs in a damage-induced, enlarging protein complex ................ 30 
Combined DNMTis and PARPis increase tight binding of PARP1 in chromatin ................. 32 
Combining DNMTis and PARPis increases retention of PARP1 and DNMT1 at laser-
induced DNA damage sites .................................................................................................... 35 
Combination drug administration induces increased frequency of DSBs and synergistic 
cytotoxicity ............................................................................................................................ 41 
DNMTis combined with PARPis decrease clonogenicity in cultured AML cells ................ 44 
AML xenografts are sensitive to AZA and BMN 673 combination treatment ..................... 48 

	  
2.4 DISCUSSION ...................................................................................................................... 52 

	  
2.5 MATERIALS AND METHODS ......................................................................................... 57 

Cell culture and drugs ............................................................................................................ 57 



	  

	   vi	  

In vitro culture of patient samples ......................................................................................... 58 
Colony forming assay ............................................................................................................ 58 
Irradiation ............................................................................................................................... 59 
Subcellular fractionation and PARP trapping assay .............................................................. 59 
Immunoblotting ..................................................................................................................... 59 
Immunofluorescence .............................................................................................................. 60 
Chromatin fiber analysis ........................................................................................................ 60 
Co-Immunoprecipitation ........................................................................................................ 61 
Determination of synergism ................................................................................................... 62 
Laser irradiation and confocal microscopy ............................................................................ 62 
Xenografts models ................................................................................................................. 63 
Statistical analysis .................................................................................................................. 63 

CHAPTER 3: C-MYC generates repair errors via increased transcription of the 
alternative non-homologous end joining factors LIG3 and PARP1 in tyrosine kinase-
activated leukemias ........................................................................................................... 64 
	  

3.1 INTRODUCTION ................................................................................................................ 64 
FLT3 Mutations in AML ....................................................................................................... 65 
Genomic Instability in AML .................................................................................................. 68 
Double-Strand Break Repair .................................................................................................. 70 
c-MYC Oncogene .................................................................................................................. 75 

3.2 RATIONALE AND AIMS .................................................................................................. 78 
	  

3.3 RESULTS ............................................................................................................................ 79 
c-MYC expression is elevated in myeloid leukemias and correlates with LIG3 and PARP1 
expression levels. ................................................................................................................... 79 
c-MYC inhibition results in decreased LIG3 and PARP1 levels in FLT3/ITD-positive cells.
 ............................................................................................................................................... 83 
c-MYC induces the transcription of LIG3 and PARP1 in  FLT3/ITD-positive cells. ........... 84 
c-MYC regulation of LIG3 and PARP1 expression is dependent on expression of 
FLT3/ITD. .............................................................................................................................. 89 
c-MYC-negatively-regulated miRNAs decrease LIG3 and PARP1 expression in FLT3/ITD-
positive cells. ......................................................................................................................... 91 
Depletion of c-MYC and overexpression of c-MYC-regulated miR-150 and miR-22 
decrease ALT-NHEJ activity. ................................................................................................ 96 

3.4 DISCUSSION .................................................................................................................... 101 
	  

3.5 MATERIALS AND METHODS ....................................................................................... 105 
Cell lines and Culture .......................................................................................................... 105 

CHAPTER 4: Perspectives and Future Directions ......................................................... 110 
	  

Can targeting ALT-NHEJ be clinically relevant with respect to genomic instability and 
relapse? ..................................................................................................................................... 110 
Can the DNMTi-PARPi combination eradicate minimal residual disease in AML? .............. 112 
Phase I/II clinical trial for refractory/relapsed AML ............................................................... 113 

References ....................................................................................................................... 115 
 



	  

	   vii	  

List of Tables 
 
Table 1.1: Cell surface markers on HSCs and progenitor cells of the hematopoietic 

system ......................................................................................................................... 4 

Table 1.2: FAB classification of AML ............................................................................... 8 

Table 1.3: WHO Classification of AML ............................................................................. 9 

Table 1.4: Risk stratification of AML ............................................................................... 12 

Table 2.1: DNMTis under investigation for cancer therapy ............................................. 25 

Table 2.2: Cytogenetic and molecular features of AML samples treated with DNMTi and 
PARPi ....................................................................................................................... 46 

Table 3.1: Clinical, cytogenetic and molecular features of AML patients. ...................... 80 

Table 3.2: Predicted miRNAs that target LIG3 and PARP1 ............................................ 92 

 
 
  



	  

	   viii	  

List of Figures 
 
Figure 1.1 Hematopoiesis.. ................................................................................................. 2	  

Figure 2.1 Modes of epigenetic regulation that lead to gene expression or silencing.  . .. 18	  

Figure 2.2 DNA methylation.. .......................................................................................... 19	  

Figure 2.3 Structural similarities between cytarabine and the demethylating agents 
azacytidine and decitabine.. ...................................................................................... 23	  

Figure 2.4 PARP1 involvement in multiple cellular pathways.. ....................................... 27	  

Figure 2.5 Mechanisms of PARP inhibition. .................................................................... 28	  

Figure 2.6 A-B. DNMTs and PARP1 interact in a DNA damage-associated complex.. .. 31	  

Figure 2.6 C-D. Co-immunoprecipitation of DNMT1 or PARP1 in chromatin. .............. 32	  

Figure 2.7 A-D. PARP1-DNMT1 inhibitor combination increases PARP trapping ........ 34	  

Figure 2.8 A-D. DNMT1 and PARP1 colocalize to γH2AX tracts after laser treatment. 36	  

Figure 2.8 E-F. Localization of DNMT1 or PARP1 to γH2AX tracts after laser 
treatment.. ................................................................................................................. 37	  

Figure 2.8 G-I. Laser-induced DNA damage in MDA-MD-231 cells. ............................. 38	  

Figure 2.8 J-K. Graphs of percentge of cells with DNMT1-PARP1 co-localization over 
time. .......................................................................................................................... 39	  

Figure 2.8 L-M. Quantitation of the mean intensities of DNMT1 or  PARP1 co-localized 
to γH2AX tracts. ....................................................................................................... 40	  

Figure 2.8 N. shRNA knockdown of PARP1 and DNMT1. ............................................. 41	  

Figure 2.9 A-B.  Graphs of γH2AX foci examined by immunofluorescence in treated 
cells ........................................................................................................................... 42	  

Figure 2.9 C-D. Determination of synergy in MOLM14 cells ......................................... 43	  

Figure 2.10 A-D. Colony formation of AML cell lines .................................................... 45	  

Figure 2.10 E-G. Graphs of % colonies in cell lines treated with ABT888 and DAC. .... 46	  

Figure 2.10 H-J. Colony survival assays in AML patient samples. .................................. 47	  

Figure 2.11 NSG mice and treatment plan. ....................................................................... 48	  

Figure 2.12 MV411-Luc mouse model. ............................................................................ 50	  



	  

	   ix	  

Figure 2.13 A-D. MOLM14-Luc mouse model. ............................................................... 51	  

Figure 2.14 Model for proposed mechanism of action of DNMTi-PARPi combination in 
AML .......................................................................................................................... 57	  

Figure 3.1 FLT3 structure and mutations ......................................................................... 65	  

Figure 3.2 FLT3/ITD-activated pathways and downstream targets ................................. 67	  

Figure 3.3 A simplified illustration of HR in mammalian cells. ...................................... 71	  

Figure 3.4 Comparison between C-and ALT-NHEJ. ........................................................ 73	  

Figure 3.5 miRNA biogenesis and mechanism of action. ................................................ 77	  

Figure 3.6 A-B. c-MYC expression levels correlate with LIG3 and PARP1 mRNA levels 
in myeloid leukemias and are elevated in TK-positive leukemias. .......................... 81	  

Figure 3.6 C. c-MYC expression levels correlate with LIG3 and PARP1 protein levels in 
myeloid leukemias .................................................................................................... 82	  

Figure 3.6 D siRNA-mediated knockdown of c-MYC in FLT3/ITD-positive cell lines and 
examination LIG3 and PARP1 expression levels in extracted mRNA ..................... 83	  

Figure 3.6 E-F. Analysis of LIG3 and PARP1 in FLT3/ITD-positive MOLM14 cells 
following siRNA-mediated and chemical inhibition of c-MYC ............................... 84	  

Figure 3.7 A-B. c-MYC induces the transcription of LIG3 and PARP1 .......................... 85	  

Figure 3.7 C-F. c-MYC induces the transcription of LIG3 and PARP1 in luciferase assays
................................................................................................................................... 87	  

Figure 3.7 G. Luciferase activity of transfected LIG3 and PARP1 wild-type (luc-WT) and 
mutant (luc-mut) promoter constructs ...................................................................... 88	  

Figure 3.7 H-I. Relative luciferase activity in 293T cells transfected with c-MYC 
expression construct, and ChIP assays.in MO7e-BCR-ABL1 cells ......................... 89	  

Figure 3.8 A. Expression levels of c-MYC, LIG3 and PARP1 in MOLM14 cells treated 
with CEP701 ............................................................................................................. 90	  

Figure 3.8 B. Treatment with CEP701 reduces levels of PARP1 and LIG3 protein in 
AML. ......................................................................................................................... 90	  

Figure 3.8 C-D. Western blot analysis for PARP1 cleavage following treatment with 
etoposide ................................................................................................................... 91	  

Figure 3.9 A-C. c-MYC-repressed miRNAs are inversely correlated with levels of c-
MYC, LIG3, and PARP1. ......................................................................................... 93	  

Figure 3.9 D-E.  Correlations between LIG3 and PARP1 mRNA and levels of miR-34a  
or miR-27a ................................................................................................................ 94	  



	  

	   x	  

Figure 3.9 F. Relative miRNA  expression in MOLM14 cells following c-MYC siRNA 
depletion .................................................................................................................... 95	  

Figure 3.9 G-H. Overexpression of miRNA-22/150 decreased LIG3 and PARP1 protein 
levels ......................................................................................................................... 96	  

Figure 3.10 A. NHEJ assay illustration. ........................................................................... 96	  

Figure 3.10 B-C. Verification of c-MYC, LIG3, and PARP1 downregulation post c-MYC 
siRNA knockdown and chemical inhibition ............................................................. 98	  

Figure 3.10 D. NHEJ assay in MOLM14 cells treated with c-MYC inhibitor 10058-F4 99	  

Figure 3.10 E. End-joining experiments in MO7e-BCR-ABL1 (MBA) cells depleted of c-
MYC by siRNA (siMYC) ....................................................................................... 100	  

Figure 3.10 F. End-joining experiments described in MBA cells post miR overexpression.
................................................................................................................................. 100	  

Figure 4.1 Leukemia stem cells (LSC) in the form of minimal residual disease (MRD) 
mediate relapse. ....................................................................................................... 112	  



	  

	   xi	  

  
List of Abbreviations  

 
 
 
4-OHT 4-hydroxytamoxifen 

ABL1 Abelson murine leukemia viral oncogene homolog 1 

ABT-888 Abbott 888 

ALL Acute lymphoblastic leukemia 

ALT-NHEJ Alternative non-homologous end joining 

AML Acute myeloid leukemia 

AML1 Acute myeloid leukemia 1 protein 

ANOVA Analysis of variance  

APL Acute promyelocytic leukemia 

Ara-C Cytarabine 

ATRA All trans retinoic acid 

AZA 5-azacytidine  

B/NK B-cell and natural killer progenitor 

BARD1 BRCA1-associated RING domain protein 1 

BC Blast crisis  

BCR Breakpoint cluster region 

BER Base excision repair 

BLM Bloom syndrome protein 

BMN 673 BioMarin 673 

BP Base pair  



	  

	   xii	  

BRCA1/2 breast cancer 1/2 

BSA Bovine serum albumin  

c-MYB Myeloblastosis protein 

C-NHEJ Classical non-homologous end joining  

CaCl2 Calcium chloride 

CAD carbamoyl-phosphate synthetase 2 

CBFβ Core binding factor beta 

CCNA2 Cyclin A2 

CCND2 Cyclin D2 

CD Cluster of differentiation 

CDKN2A cyclin-dependent kinase Inhibitor 2A 

CDKN2B cyclin-dependent kinase Inhibitor 2B 

CDS Coding sequence  

CEBPA CCAAT/enhancer-binding protein alpha 

Ch22 Chromosome 22 

CH3 Methyl group 

ChIP Chromatin immunoprecipitation  

ChIP-seq Chromatin immunoprecipitation-sequencing  

CI Combination index 

CK Complex karyotype  

CLL Chronic lymphocytic leukemia 

CLP Common lymphoid progenitor 

CML Chronic myeloid leukemia 



	  

	   xiii	  

CMP Common myeloid progenitor 

Co-IP Co-immunoprecipitation 

CpG Cytosine phosphate guanine 

CPT Camptothecin 

CR Complete remission 

CTRL Control 

DAC Decitabine 

DDR DNA damage response 

DFS Disease-free survival  

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

DNMT DNA methyltransferase 

DNMT1 DNA methyltransferase 1 

DNMT2 DNA methyltransferase 2 

DNMT3A DNA methyltransferase 3A 

DNMT3B DNA methyltransferase 3B 

DNMT3L DNA methyltransferase 3L 

DNMTi DNMT inhibitor  

DPBS Dulbecco's phosphate-buffered saline 

DSB Double-strand break 

EDTA Ethylenediaminetetraacetic acid 

EGCG Epigallocatechin gallate 

ENCODE Encyclopedia of DNA Elements 



	  

	   xiv	  

ErP Erythrocyte precursor 

ETO Eight twenty one 

Etop Etoposide  

EZH2 Enhancer of zeste homolog 2 

Fa Fraction affected  

FAB French-American-British 

FBS Fetal bovine serum 

FDA Food and drug administration  

FEN 1 Flap endonuclease 1 

FL FLT3 ligand 

FLT3 Fms-like tyrosine kinase 3 

G-CSF Granulocyte-colony stimulating factor 

GAPDH Glyceraldehyde 3-phosphate dehydrogenase 

GFP Green fluorescent protein  

GM-CSF Granulocyte-macrophage colony-stimulating factor 

GMP Granulocyte macrophage precursor 

GRB2 Growth factor receptor-bound protein 2 

Gy Gray 

H2O2 Hydrogen peroxide 

H3 Histone 3 

HDACi Histone deacetylase inhibitor 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HiDAC Hi-dose Ara-C 



	  

	   xv	  

HP1 Heterochromatin protein 1 

HR Homologous recombination  

HRP Horseradish peroxidase  

HSC Hematopoietic stem cell 

HSCT Hematopoietic stem cell transplantation 

HSPC Hematopoietic stem and progenitor cells 

IACUC Institutional Animal Care and Use Committee 

ICF Immunodeficiency-centromeric instability-facial anomalies  

IDH1/2 Isocitrate dehydrogenase 1/2 

IgG Immunoglobulin G 

IL-3 Interleukin 3 

IL-6 Interleukin 6 

Inv Inversion 

IP Immunoprecipitation  

IR Ionizing radiation  

IRB institutional review board 

ITD Internal tandem duplications 

JAK2 Janus kinase 2 

KCl Potassium chloride 

KD Kinase domain 

kDa Kilo daltons 

LDS Lithium dodecyl sulphate  

LIG3 Ligase 3 



	  

	   xvi	  

LIG4 DNA ligase IV 

Lin Lineage 

LINE Long interspersed nuclear elements 

LSC Leukemia stem cell  

LSP Leukemia stem/progenitor  

LT-HSC Long-term hematopoietic stem cell 

LTC-IC Long term culture-initiation cell  

Luc Luciferase 

MAPK mitogen-activated protein kinase 

MDR Multi-drug resistant 

MDS Myelodysplastic syndrome  

meCpG Methylated cytosine phosphate guanine  

MEP Megakaryocyte erythrocyte precursor 

MGMT O6-alkylguanine DNA alkyltransferase 

miR microRNA 

MkP Megakaryocyte precursor 

MLH1 MutL homolog 1 

MLL Mixed lineage leukemia 

MLP Multi-lymphoid progenitor 

MMR Mismatch repair 

MMS Methyl methanesulfonate 

MNC Mononuclear cell 

MPP Multi-potent progenitor 



	  

	   xvii	  

MRD Minimal residual disease 

mRNA Messenger ribonucleic acid 

MSI Microsatellite instability 

Mut Mutation 

MYC Myelocytomatosis Viral Oncogene 

mycER Myc-estrogen receptor 

MYCi c-MYC inhibitor 

MYH11 Myosin-11 

NaCl Sodium chloride 

NAD+ Nicotinamide adenine dinucleotide 

NBS1 Nibrin protein  

NER Nucleotide excision repair 

NHEJ Non-homologous end joining 

NIH National institutes of health 

NK Natural killer  

NK Normal karyotype 

NPM1 Nucleophosmin 1 

NSC Non-specific control 

NSG NOD scid gamma 

OGG1 8-Oxoguanine glycosylase 

OS Overall survival 

p-myc Phospho-myc 

PALB2 Partner and localizer of BRCA2 



	  

	   xviii	  

PAR Poly (ADP-ribose)  

PARP Poly (ADP-ribose) polymerase 

PARP1 Poly (ADP-ribose) polymerase 1 

PARP2 Poly (ADP-ribose) polymerase 2 

PARPi PARP inhibitor 

PBS Phosphate-buffered saline 

PCNA Proliferating cell nuclear antigen 

PCR Polymerase chain reaction  

PD Pharmacodynamics  

PDC Protein-DNA complex 

PI3K Phosphatidylinositol-4,5-bisphosphate 3-kinase 

PML Promyelocytic leukemia protein 

POLθ DNA polymerase theta  

Pre-miRNA Precursor microRNA 

Pri-miRNA Primary microRNA 

PTEN Phosphatase and tensin homolog 

PVDF Polyvinylidene fluoride 

Q-PCR Quantitative polymerase chain reaction  

RAC1 Ras-related C3 botulinum toxin substrate 1 

RARα Retinoic acid receptor alpha 

RBC Red blood cell 

RIPA Radioimmunoprecipitation assay  

ROS Reactive oxygen species 



	  

	   xix	  

SAH S-adenosyle-L-homocysteine 

SAM S-adenosyle-L-methionine 

SCID Severe combined immunodeficiency 

SD Standard deviation 

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SEM Standard error of the mean 

Ser62 Serine 62 

shRNA Short-hairpin ribonucleic acid 

SINE Short interspersed nuclear elements 

siRNA Small interfering ribonucleic acid 

SSB Single-strand breaks 

ssDNA Single-stranded DNA 

ST-HSC Short-term hematopoietic stem cell 

STAT5 Signal transducer and activator of transcription 5 

TBST Tris buffered saline-tween 20 

TET2 Tet methylcytosine dioxygenase 2 

TF Transcription factor 

TK Tyrosine kinase 

TKD Tyrosine kinase domain 

TKI Tyrosine kinase inhibitor 

tRNA Transfer ribonucleic acid 

UHRF1 Ubiquitin-like, containing PHD and RING finger domains 1 

UTR Untranslated region  



	  

	   xx	  

WHO World health organization 

WRN Werner syndrome ATP-dependent helicase 

WT Wild-type 

XLF XRCC4-like factor 

XRCC4 X-ray repair cross-complementing protein 4 

Yr Year 

α-KG Alpha ketoglutarate  

γH2Ax Gamma Histone 2Ax 



	  

	   1	  

CHAPTER 1: INTRODUCTION 
 

1.1 THE HEMATOPOIETIC SYSTEM 
 
 Blood cells in the body are produced in a process called hematopoiesis  (Birbrair 

& Frenette, 2016).  Hematopoiesis occurs in the bone marrow and is initiated by 

primitive cells of the hematopoietic system, called hematopoietic stem cells (HSCs)  

(Morrison & Kimble, 2006). The most primitive HSC is known as the long-term HSC, or 

LT-HSC  (Seita & Weissman, 2010). LT-HSCs are characterized by infinite self-renewal 

and are multi-potent, the latter referring to the ability to produce all types of blood cells 

in the body  (Doulatov, Notta, Laurenti, & Dick, 2012). LT-HSCs are mostly quiescent, 

residing in the so-called bone marrow niche that maintains their undifferentiated state  

(Sugiyama & Nagasawa, 2012). Differentiation refers to the process by which a cell at a 

certain developmental stage becomes a more specialized type of cell with potentially 

different functions  (Lanza & Atala, 2013). Next in the hierarchy is the short-term HSC, 

or ST-HSC. As the name suggests, these cells are similar to LT-HSCs in their multi-

potency; however, they have shorter self-renewal capability (3-6 months) (Doulatov et 

al., 2012). At a later developmental stage is the multi-potent progenitor (MPP) cell. Like 

LT- and ST-HSCs, MPPs can give rise to all hematopoietic cells; however, they lack the 

capacity for self-renewal  (Seita & Weissman, 2010).  MPPs branch into common 

myeloid progenitors (CMPs) and common lymphoid progenitors (CLPs)  (Morrison & 

Weissman, 1994). The myeloid progeny give rise to mature blood cells including 

granulocytes, which fight bacterial infections, red blood cells (RBCs), essential for 

respiration, macrophages that protect our bodies from other pathogens, and 
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megakaryocytes that produce platelets for blood clotting. Lymphoid progeny produces 

mature white blood cells such as natural killer (NK) cells, as well as T- and B-

lymphocytes that are essential components of the immune system. A brief but more 

detailed summary of hematopoiesis is diagrammed by Reya and colleagues  (Reya, 

Morrison, Clarke, & Weissman, 2001) in Figure 1.1.  

 
Figure 1.1 Hematopoiesis.  Hematopoiesis starts with long-term HSCs, short-term HSCs and multi-potent 
progenitors. Solid red curved arrows denote full self-renewal capacity, while dashed one denotes reduced 
self-renewal capacity. Multi-potent progenitors can divide into common lymphoid progenitors and common 
myeloid progenitors, both of which give rise to the various types of mature blood cells described. CMPs: 
common myeloid progenitors; CLPs: common lymphoid progenitors; GMPs: granulocyte macrophage 
precursors; ErP, erythrocyte precursor; MEP, megakaryocyte erythrocyte precursor; MkP, megakaryocyte 
precursor; NK, natural killer. [Modified from (Reya et al., 2001)]. 
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Much of our knowledge about HSCs, their progeny, and differentiation stems 

from the isolation and characterization of these cells using cell surface markers (Doulatov 

et al., 2012).  Before delving into the details about these markers, it is worth noting that 

the isolation and characterization of HSC/progenitors (HSCPs) with respect to self-

renewal and multi-potency could not have been achieved without the use of immune-

compromised mice such as severe combined immunodeficiency (SCID) mice  (Bosma & 

Carroll, 1991) and variants of this mouse model that are used for engraftment of human 

HSCs to study their capacity for self-renewal and their ability to reconstitute full 

functional bone marrow (Larochelle et al., 1996). A well-recognized marker that is 

expressed on the surface of HSCs and hematopoietic progenitors is CD34 (CD: cluster of 

differentiation)  (Krause, Fackler, Civin, & May, 1996). The most primitive HSCs are 

thought to express CD34 and CD90, and are negative for any lineage markers (Lin-)  

(Baum, Weissman, Tsukamoto, Buckle, & Peault, 1992). Lineage markers refer to those 

expressed on the surface of mature blood cells, such as monocytes, lymphocytes, and 

granulocytes (Baum et al., 1992). As primitive HSCs lose their ability to self-renew and 

become MPPs, they lose the expression of CD90  (Seita & Weissman, 2010). On the 

other hand, when MPPs develop into more mature progenitors, they gain the expression 

of CD38, which can be lost when committed progenitors further differentiate into more 

mature blood cells such as lymphocytes  (Terstappen, Huang, Safford, Lansdorp, & 

Loken, 1991). A summary of the surface markers expressed on HSCs and progenitors is 

shown below in Table 1.1 from van Galen and colleagues (van Galen et al., 2014).   
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Table 1.1: Cell surface markers on HSCs and progenitor cells of the hematopoietic 
system (van Galen et al., 2014)  

 

Abbreviations: HSPC:  hematopoietic stem and progenitor cell; HSC: hematopoietic stem cell; MPP: 
multi-potent progenitor; MLP: multi-lymphoid progenitor; CMP: common myeloid progenitor; MEP: 
megakaryocyte erythrocyte progenitor; B/NK: B and NK cell progenitor; GMP: granulocyte macrophage 
progenitor. [Adapted from (van Galen et al., 2014)] 

 
 It is estimated that the body produces more than 500 billion blood cells each day  

(Anthony & Link, 2014). Thus hematopoiesis is a highly active process, and maintenance 

of steady-state levels of blood cells requires tight control of HSC self-renewal and 

differentiation. Regulation of hematopoiesis and HSC self-renewal is a complex process 

involving many cytokines and signaling pathways, and interaction with the bone marrow 

microenvironment [reviewed in (Doulatov et al., 2012; Krause, 2002; Reya et al., 2001)]. 

Dysregulation of any of the aforementioned processes governing HSC self-renewal, or 

genetic alterations that result in uncontrolled proliferation or survival of hematopoietic 

stem/progenitor cells, lead to a type of cancer known as leukemia.  
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1.2 LEUKEMIA  

  
 Broadly, cancer is a complex disease that results from the uncontrolled growth of 

cells and their abnormal dissemination to parts of the body where they are not normally 

found (Ahmed, Dawson, Smith, & Wood, 2007). Leukemia is a cancer that occurs in 

cells that produce the various types of mature blood cells  (Almeida & Barry, 2011).  

Currently in the United States there are approximately 350,000 individuals who have 

been diagnosed with or treated for leukemia (Leukemia and Lymphoma Society 2016 

Facts & Statistics, www.lls.org).  Similar to the abnormal growth observed in other 

cancers, leukemia results in the accumulation of aberrant cells in the blood and bone 

marrow. Taking into consideration the importance of normal hematopoiesis described in 

the previous section, it is not surprising that some of the symptoms of leukemia (that 

often lead to diagnosis) include fatigue (due to decrease in production of RBCs), bleeding 

(lack of platelet production), and increased incidence of infection (due to decrease in 

pathogen-fighting immune cells) (Bozzone, 2009).  

 The most common cause of cancer (including leukemia) is a genetic change that 

leads to over-activation of proteins involved in cell proliferation, known as proto-

oncogenes, or changes that result in the complete or partial inactivation of proteins that 

normally halt cellular proliferation, repair DNA, or trigger cell death when abnormal 

growth occurs; these proteins are known as tumor suppressors (Bozzone, 2009).  Genetic 

changes that result in leukemia can occur spontaneously (e.g. during DNA replication or 

cellular metabolism), but more often are the result of DNA damage from 

external/environmental sources such as radiation, tobacco smoke, chemicals, and viruses 

(Leonard, 1993). Genetic aberrations can occur in the form of chromosomal 
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translocations, referring to the rearrangement of segments from different chromosomes 

that often lead to the creation of fusion genes that contribute to the development of 

cancer. Translocations are commonly found in leukemia, where they define the 

characteristics and therapy prospects of various types of leukemia  (Nickoloff, De Haro, 

Wray, & Hromas, 2008).  

 

1.3 LEUKEMIA CLASSIFICATION 
 
 As stated earlier, there are several types of leukemia, and they are classified based 

on the lineage from which the leukemia is initiated (lymphoid vs myeloid; refer to Figure 

1.1), as well as their degree of differentiation and progression (acute vs chronic).  

Chronic leukemias, as the name implies, are those that progress slowly, with the 

majority of the leukemia cells made up of relatively mature, but abnormal, cells 

(Leonard, 1993). Chronic leukemias are further subdivided into two subgroups based on 

the lineage of the leukemia-initiating cell. Chronic myeloid leukemia (CML) occurs in 

primitive myeloid cells that normally develop into granulocytes  (Sloma, Jiang, Eaves, & 

Eaves, 2010). The hallmark of CML is the t(9;22) translocation, creating the 

“Philadelphia chromosome” and the fusion gene BCR-ABL1 (Kang et al., 2016)  

Chronic lymphocytic leukemia (CLL) is a leukemia that occurs in the lymphoid lineage, 

and results in the abnormal proliferation of mature B-lymphocytes  (Parker & Strout, 

2011). CLL occurs mostly in the elderly (median age of 65-70 years), and is the most 

predominant type of leukemia in the West (Parikh et al., 2014).  

Acute leukemias, on the other hand, are characterized by an abnormal increase of 

immature white blood cells, or “blasts,” in the bone marrow (Ilyas et al., 2015). Contrary 
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to chronic leukemias, acute leukemias progress rapidly, and are often fatal if not managed 

immediately after diagnosis (Leonard, 1993). Similar to chronic leukemias, acute 

leukemias can be categorized into two subtypes, based on the lineage of the cell initiating 

the leukemia. Acute lymphoblastic leukemia (ALL) is an aggressive leukemia that occurs 

in immature lymphoid cells that give rise to B- or T-lymphocytes  (Dhawan & Marks, 

2017). Given the complexity of AML, the main leukemia studied in this dissertation, it is 

described in greater detail in a later section below.  

Mixed lineage leukemias (MLLs), as the name implies, represent a subtype of leukemia 

in which blasts express surface markers of both lymphoid and myeloid lineages (Slany, 

2009). MLLs occur predominantly in pediatric patients and are often aggressive 

leukemias (Daigle et al., 2011). MLLs frequently have translocations involving the MLL 

gene, which encodes a histone methyltransferase (Hess, 2004). Genetic abnormalities 

involving MLL are explored further in the section below, as they are frequently found in 

AML (Meyer et al., 2006).     

1.4 ACUTE MYELOID LEUKEMIA 
 

Classification 
 
 The French, American, British (FAB) classification divides AML into seven 

subtypes, based on the type of myeloid cell from which the AML arises, and the degree 

of differentiation (Bennett et al., 1976). These subtypes are designated M0 through M7, 

and are summarized in Table 1.2 (Tenen, 2003). 
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Table 1.2: FAB classification of AML (Tenen, 2003)  

 

Subtypes M0 through M5 are initiated in immature hematopoietic stem-progenitor cells 

(HSPCs) that give rise to white blood cells; M6 occurs in erythroid progenitors that give 

rise to RBCs; and M7 occurs in the progenitors that give rise to megakaryocytes that 

produce platelets (Leonard, 1993).  A more recent AML classification is the World 

Health Organization (WHO) classification, which classifies AML based on genetic 

abnormalities, myelodysplasia-related features, and other AMLs that do not fall in the 

aforementioned categories  (Vardiman, Harris, & Brunning, 2002). A summary of the 

WHO classification of AML is found in Table 1.3 (Vardiman et al., 2002).  
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Table 1.3 WHO Classification of AML (Vardiman et al., 2002) 

 

 

 

Genetic Abnormalities in AML 
 

One of the hallmarks of AML is the degree of heterogeneity with respect to 

cytogenetic abnormalities. Over 50% of newly diagnosed cases of AML exhibit some 



	  

	   10	  

form of genetic aberration (H. Dohner et al., 2010). In the vast majority of AML cases, 

these genetic anomalies manifest in the form of translocations that often result in the 

formation of fusion gene products  (Martens & Stunnenberg, 2010), as in the case of the 

t(9;22) translocation described earlier in CML, which leads to the production of the 

fusion protein BCR-ABL1.  In fact, the t(9;22) translocation is found in about 2% of 

AML cases, and is associated with an unfavorable outcome (Melo, 1996).  

A more frequent translocation in AML is the t(15;17), which leads to approximately 95% 

of acute promyelocytic leukemia (APL) (Licht, 2006), a subtype of AML (M3, Table 1-

1). This translocation occurs in about 10% of all AML cases, and results in the PML-

RARα fusion protein  (Melnick & Licht, 1999). PML-RARα acts as a repressor of genes 

that regulate apoptosis and differentiation; however, APL patients carrying this 

translocation have a good prognosis, as all-trans retinoic acid (ATRA) therapy has shown 

great results in the management of APL (Licht, 2006).  

Another common translocation observed in AML is t(8;21), resulting in the AML1-ETO 

fusion protein (Miyoshi et al., 1991). AML1, also known as RUNX1, is a transcription 

factor involved in regulating hematopoietic differentiation; when fused with ETO, AML1 

loses its function  (Meyers, Lenny, & Hiebert, 1995). Moreover, ETO acts as a 

transcriptional repressor at AML1 targets sites  (J. N. Davis, McGhee, & Meyers, 2003). 

Nevertheless, AML with t(8;21) has a favorable prognosis, as it responds well to therapy 

(described later). Another common subtype of AML with favorable prognosis 

[approximately 8% of AML  (Mitelman & Heim, 1992)] is AML with inversion in 

chromosome 16 [inv(16)], which results in the expression of the CBFβ-MYH11 fusion 

protein, and disrupts the interaction between CBFβ with AML1, leading to similar 
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consequences as in the case of AML1-ETO  (Durst, Lutterbach, Kummalue, Friedman, & 

Hiebert, 2003).  

Occurring in about 5% of AML cases, MLL rearrangements include translocations 

involving chromosome 11 (11q23), resulting in more than 30 MLL fusion genes (Munoz 

et al., 2003). The most common MLL fusion gene in AML is MLL-AF9 resulting from 

t(9;11) translocation (Super et al., 1997). Some of these MLL rearrangements in acute 

leukemias occur after topoisomerase II therapy (Broeker et al., 1996), and unfortunately 

MLL rearrangements are often associated with poor prognosis  (Krivtsov & Armstrong, 

2007).   

Other chromosomal abnormalities that are present in AML include deletions in 

chromosomes 5 and 7, inversion of chromosome 3 [inv(3q)], trisomy 8 and complex 

karyotype  (Bitter, Neilly, Le Beau, Pearson, & Rowley, 1985; Byrd et al., 2002; Thiede 

et al., 2002).  

Despite the fact that over 700 chromosomal abnormalities have been identified in AML 

(Kumar, 2011), AML cells of nearly 50% of patients have normal karyotypes (NK)  

(Mrozek, Dohner, & Bloomfield, 2007). Still, this subset of AML patients exhibits 

variable responses to chemotherapy, explained by the presence of recurrent mutations 

that influence the response to therapy (Cancer Genome Atlas Research Network, 2013).  

Similar to chromosomal abnormalities, these gene mutations can serve as prognostic 

factors. For example, AMLs with mutations in the NPM1 and CEBPA genes have a 

favorable outcome (K. Dohner et al., 2005; Wouters et al., 2009), while mutations in 

DNMT3A, IDH1/2, TET2, and FLT3 genes (discussed in Chapter 2) are associated with 

an unfavorable outcome (J. P. Patel et al., 2012). Interestingly, an analysis of 
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approximately 200 AML genomes revealed a prominent co-occurrence of FLT3, 

DNMT3A, and NPM1 mutations in AML, prompting speculation of a newly identified 

subtype of AML (Cancer Genome Atlas Research Network, 2013).  

As previously stated, many of these cytogenetic and molecular abnormalities found in 

AML serve as prognostic factors. Consequently, AML patients are classified into three 

risk groups (also known as risk stratification): favorable, intermediate, and adverse 

(Grimwade et al., 2010). The cytogenetic/molecular features, frequency in AML, as well 

as projected 5-year survival associated with each risk group are summarized in Table 1.4  

(Zeisig, Kulasekararaj, Mufti, & So, 2012).  

 

 

Table 1.4: Risk stratification of AML 

 

Abbreviations: NK, normal karyotype; CK, complex karyotype; mut, mutation; WT, wild-type; 5 yr OS, 5-
year overall survival. 

 

AML Therapy  
 
 The initial goal of AML treatment is to induce complete remission (CR), defined 

as less than 5% blasts in the bone marrow and more than 103 neutrophils and 105 platelets 

(per µL) in the blood (Cheson et al., 2003). Treatment of AML consists of two phases: i) 

induction chemotherapy, and ii) post-remission therapy  (Tallman, Gilliland, & Rowe, 
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2005). Conventional induction chemotherapy consists of 7 days of the nucleoside analog 

cytarabine (also known as Ara-C), combined with 3 days of an anthracycline, commonly 

daunorubicin (Wiernik et al., 1992). Cytrabine is incorporated into DNA during 

replication as a cytosine, then is converted to cytosine arabinoside triphosphate, leading 

to DNA damage and blunting of DNA synthesis  (M. Y. CHU & FISCHER, 1962). 

Daunorubicin is a member of the topoisomerase II inhibitor family that intercalates into 

DNA and stabilizes topoisomerase II-DNA complexes, leading to impaired DNA 

replication (Gewirtz, 1999). This regimen, known as the 7+3 regimen (Wiernik et al., 

1992), aims to induce CR by causing cytotoxicity in AML cells. Responses to this 

standard regimen are more frequent (>70%) in younger patients than in patients who are 

more than 60 years old (Erba, 2010). This is not surprising, as age is another important 

prognostic factor for therapy outcome. A retrospective study of approximately 1000 

AML patients found that older age correlated with multi-drug resistance (MDR), 

unfavorable cytogenetics, and diminished response to therapy (Appelbaum et al., 2006). 

When patients do not respond to the standard regimen (i.e. no CR), salvage chemotherapy 

regimens are administered, or patients are enrolled on clinical trials of novel agents  

(Mangan & Luger, 2011). When patients achieve CR, the second phase of therapy, post-

remission therapy, is highly important to prevent relapse. Post-remission therapy includes 

consolidation therapy consisting of high dose cytarabine (HiDAC), or hematopoietic stem 

cell transplantation (HSCT) (Tallman et al., 2005).  

 Given both the incidence of refractory disease and the high relapse rate in AML 

(Szer, 2012), novel agents are continually developed to improve the outcome of treatment 

and prolong overall survival (OS). These agents include other nucleoside analogues such 
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as clofarabine (Faderl et al., 2010), and chromatin-modifying drugs such as histone 

deacetylase inhibitors (HDACi) that are used in combination with standard therapy to 

improve response  (Quintas-Cardama, Santos, & Garcia-Manero, 2011). “Targeted 

therapy” exploits genetic changes in AML that make it susceptible to certain drugs. These 

include FLT3 inhibitors designed against AMLs with FLT3 activating mutations (Lancet, 

2015); c-Kit inhibitors (e.g. dasatinib) for AMLs with c-Kit activating mutations (Y. Y. 

Wang et al., 2011); and ATRA for the treatment of APL with PML-RARα fusion protein 

(Mueller et al., 2006). Another class of drugs that are also used for the treatment of AML 

is DNA demethylating agents, such as azacitidine and decitabine (Estey, 2013), which are 

discussed further in Chapter 2 of this study.  

 

1.5 RATIONALE AND AIMS 
 
 Given that standard therapy for AML has not changed significantly in over three 

decades, that the 5-year survival rate of AML patients remains bleak  (Kadia, Ravandi, 

Cortes, & Kantarjian, 2016), and that second-line therapy with DNMTis is not durable, in 

Aim 1 of this work we investigated a novel combination therapy that targets PARP1, a 

component of a highly error-prone form of DSB repair, ALT-NHEJ, based on its 

interaction with DNA methyltransferase 1 (DNMT1).  

The Rassool laboratory has played a major role in identifying the ALT-NHEJ pathway in 

myeloid malignancies  (Brady, Gaymes, Cheung, Mufti, & Rassool, 2003; Fan, Li, Small, 

& Rassool, 2010; Tobin et al., 2013). In the second part of this thesis, we explored 

regulation PARP1 and another repair component LIG3 in the subset of AML with FLT3 
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mutation (FLT3/ITD). We showed that c-MYC up-regulated these two ALT-NHEJ 

proteins, consequently affecting DSB repair outcomes. Below is a summary of the aims.  

Specific Aim 1 (Chapter 2): To explore the use of DNMT and PARP inhibitors as a 

novel therapy for the treatment of AML. 

 Sub-aim 1: To elucidate the mechanism of action of the combination of DNMT 

and PARP inhibitors in AML cell lines.  

 Sub-aim 2: To evaluate the efficacy of this combination therapy in in vitro assays 

using AML cell lines and primary samples from AML patients. 

 Sub-aim 3: To corroborate the results from sub-aim 2 in two in vivo mouse 

models of AML.  

Specific Aim 2 (Chapter 3):  To investigate the role of c-MYC in regulation of PARP1 

and LIG3 in ALT-NHEJ in FLT3/ITD-positive AML. 

 Sub-aim 1: To elucidate the mechanism by which c-MYC upregulates the ALT-

NHEJ components LIG3 and PARP1. 

 Sub-aim 2: To determine the functional consequences of c-MYC inhibition on 

ALT-NHEJ activity in AML cells. 
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CHAPTER 2: Enhancing the cytotoxic effects of PARP inhibitors 
with DNA demethylating agents — A potential therapy for AML1 
2.1 INTRODUCTION 

 As summarized in the previous chapter, treatment options for AML patients are 

limited, and conventional therapy for AML has not meaningfully changed in decades 

(Kadia et al., 2016). Moreover, the high rate of relapse and low 5-year survival of poor-

prognosis AML (Table 1-4) highlight the urgent need for alternative treatment strategies 

to improve the outcome of AML patients. DNA methyltransferase inhibitors (DNMTis) 

have been used in the clinic for the treatment of AML with some success  (Heyn & 

Esteller, 2012; Issa et al., 2004); however, responses are disappointing overall  (Craddock 

et al., 2013; Mangan & Luger, 2011). Some success has been seen with combining 

DNMTis with other drugs such as HDAC inhibitors  (Cameron, Bachman, Myohanen, 

Herman, & Baylin, 1999) in myelodsyplastic syndrome (MDS)  (Mangan & Luger, 

2011), prompting investigators to explore combining DNMTis with other investigational 

agents.  A class of anti-cancer drugs that has been extensively researched in breast and 

ovarian cancers, and recently explored in AML (Kumar, 2011), is PARP inhibitors 

(PARPi). In this chapter we elucidate the rationale for combining DNMTis and PARPis, 

and propose this combination as a novel therapeutic strategy for AML. 
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Epigenetic Regulation of Gene Expression 

 The term epigenetics refers to the modulation of gene expression independently of 

any change in DNA sequence  (Goldberg, Allis, & Bernstein, 2007). The term was coined 

in the 1950s by Conrad Waddington, who proposed that the “epigenetic landscape” 

determined a cell’s fate during development (Waddington, 1957).  The “landscape” 

Waddington was referring to is the chromatin structure, in which DNA bases and 

associated proteins are chemically modified to produce an epigenetic phenotype  

(Bernstein, Meissner, & Lander, 2007). Notably, many of these epigenetic changes that 

affect gene expression are heritable, while other non-heritable changes result in long-term 

effects on gene expression  (Gibney & Nolan, 2010).  Though not directly linked to 

chromatin architecture, microRNAs (discussed more in the next chapter) drive epigenetic 

modulation of gene expression by targeting mRNA at the post-transcriptional level  

(Saetrom, Snove, & Rossi, 2007). The second major epigenetic mechanism by which 

gene activity is regulated is through histone modifications, especially acetylation and 

methylation of histones  (ALLFREY, FAULKNER, & MIRSKY, 1964). The numerous 

types of histone modifications are beyond the scope of this section, but are reviewed in 

more detail by Bannister et al  (Bannister & Kouzarides, 2011). Lastly, DNA methylation 

plays a prominent role in epigenetic regulation of gene expression (silencing), especially 

during development  (Lim & Maher, 2010). The mechanisms of epigenetic regulation of 

gene expression are illustrated in Figure 2.1  (Krishna, Trollope, & Golledge, 2015).  
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Figure 2.1 Modes of epigenetic regulation that lead to gene expression or silencing.  Chromatin is 
compacted in cells within nuclei. In the cytoplasm, microRNAs (miRNAs) can regulate gene expression by 
targeting mRNAs post-transcriptionally. Compact chromatin contains areas of no-transcription. Histone 
modifications allow the unwinding of compact chromatin into individual nucleosomes (transcriptionally 
active region) that are further modified to unwind and allow the binding of transcription factors. DNA 
methyltransferases (DNMTs) can add methyl groups to regions of DNA containing cytosine phosphate 
guanine (CpG) to produce methylated CpGs (meCpG) that lead to gene silencing [Adapted from (Krishna 
et al., 2015)]. 

 

Similar to genetic alterations that lead to the initiation of cancer, a myriad of evidence 

points to epigenetic abnormalities in the genome as playing a role in the initiation and 

progression of multiple types of malignancies (Baylin, 2005). As we will discuss in the 

next chapter, multiple miRNAs have been documented to act as oncogenes (termed 

“oncomirs”)  (Esquela-Kerscher & Slack, 2006). It is also now widely accepted that 

aberrant histone modifications and DNA methylation are responsible for the initiation 

and evolution of many cancers, including AML  (Conway O'Brien, Prideaux, & 

Chevassut, 2014). In fact, some of these epigenetic abnormalities serve as biomarkers 
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that determine prognosis and therapeutic strategy. This prompted the development of 

drugs such as HDAC inhibitors and DNMTis for the management of many types of 

cancer  (Cameron et al., 1999; Jones & Baylin, 2007; West & Johnstone, 2014). Pertinent 

to the work descried in this chapter, DNA methylation and DNMTis are discussed in 

greater detail below. 

DNA methylation as a target for cancer therapy 

DNA methylation refers to the chemical modification that is catalyzed by DNMT, 

which involves the transfer of a methyl group (CH3) from S-adenosyl-L-methionine 

(SAM) to a cytosine base in the DNA, converting it to 5’-methyl-cytosine (Figure 2.2)  

(Zakhari, 2013).  

 

Figure 2.2 DNA methylation. DNA methyltransferase (DNMT) catalyzes the addition of a methyl group 
(CH3) from S-adenosyl-L-methionine (SAM) onto a cytosine base, resulting in 5’ methyl-cytosine, and the 
by-product S-adenosyl-L-homocysteine (SAH). This occurs in regions of DNA called CpG islands (upper 
panel, green cytosines, purple methyl groups). Adapted from (Zakhari, 2013). 
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This process occurs in regions of the genome known as cytosine phosphate guanine 

(CpG) islands that are commonly found in gene promoters, but also distributed 

throughout the genome  (Wajed, Laird, & DeMeester, 2001). DNA methylation also 

occurs in areas of the genome with “repeated sequences,” such as in centromeres, long 

and short interspersed elements (LINE and SINE retrotransposons), and microsatellite 

DNA (Zampieri et al., 2015).  

Three major DNMTs catalyze DNA methylation in the genome. DNMT3A and 

DNMT3B are the de novo DNMTs that are responsible for establishing DNA methylation 

during embryonic development, and during gametogenesis in males and females  (Okano, 

Bell, Haber, & Li, 1999). On the other hand, DNMT1 is considered the “maintenance” 

DNMT, ensuring the preservation of methylated DNA during DNA replication  (Jin, Li, 

& Robertson, 2011). Two other less well-characterized DNMTs are DNMT3L and 

DNMT2. DNMT3L lacks methyltransferase activity, but plays a role in chromatin 

remodeling that regulates gene expression (Deplus et al., 2002). DNMT2, a tRNA 

methyltransferase, was shown to ensure accurate protein synthesis in hematopoietic cells 

(Tuorto et al., 2015).  

As implied above, DNA methylation is an essential process for normal mammalian 

development. An important function of DNA methylation was documented in genomic 

imprinting, where genes in gametes of one parent are silenced, while expressed in the 

gametes of the other parent  (E. Li, Beard, & Jaenisch, 1993). A prototypical example is 

the X-inactivation, where genes from the paternal X-chromosome are silenced, while 
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only the genes from the maternal X-chromosome are expressed  (Reik & Walter, 2001). 

Moreover, DNA methylation helps maintain genomic stability by methylating 

centromeric regions, thereby preventing mitotic recombination events and genomic 

instability  (Putiri & Robertson, 2011). Lastly, DNA methylation plays an essential role 

in the control of differentiation  (Khavari, Sen, & Rinn, 2010). Taking into consideration 

these critical roles of DNA methylation, it is no surprise that dysregulation of DNA 

methylation leads to several disorders, such as immunodeficiency-centromeric instability-

facial anomalies (ICF) syndrome (Jin et al., 2008), where a mutation in DNMT3B results 

in global genome hypomethylation (decrease in methylation), and genomic instability. On 

the other hand, hypermethylation (increased methylation) can occur in the promoter of 

tumor suppressor genes, leading to silencing of gene transcription and the initiation of 

cancer (Robertson, 2005).  

Some of the most commonly hypermethylated genes in cancer include CDKN2A (p16) 

and CDKN2B (p15)  (Cameron, Baylin, & Herman, 1999; Chim, Liang, Tam, & Kwong, 

2001), which act as negative regulators of the cell cycle and proliferation. Other genes 

that are silenced by methylation in multiple types of cancer are DNA repair genes  (Lahtz 

& Pfeifer, 2011), especially MLH1 (mismatch repair) and O6-methylguanine-

methyltransferase (MGMT) (removal of alkylated guanines). Both proteins are crucial for 

maintaining genome stability and preventing carcinogenesis. As in other cancers, DNA 

methylation has been well documented in AML  (Schoofs, Berdel, & Muller-Tidow, 

2014). As opposed to stochastic genome-wide methylation, promoter methylation in 

AML was found to occur consistently in a particular set of genes; and these methylation 

patterns correlated with the presence of certain cytogenetic abnormalities (e.g. AML1-
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ETO and PML-RARα), leading to the identification of AML subgroups based on their 

methylation-cytogenetic profile (Cancer Genome Atlas Research Network, 2013; 

Figueroa, Lugthart et al., 2010). These studies also found a distinct pattern of methylation 

with certain types of mutations commonly found in AML, such as mutations in CEBPα, 

NPM1, and FLT3. Notably, some of the aforementioned mutations co-occurred in a large 

subset of AML patients (Cancer Genome Atlas Research Network, 2013). Additional 

mutations that clustered within subgroups of patients occurred in genes that are linked 

with DNA methylation. For instance, some of the most common mutation in AML occur 

in TET2, IDH1/2, and DNMT3A (Cancer Genome Atlas Research Network, 2013). As 

mentioned above, DNMT3A is one of the de novo DNMTs. Recent evidence shows that 

mutations in DNMT3A result in hypomethylation of genes that enhance hematopoiesis 

(Yang et al., 2016), and result in resistance to anthracycline therapy due to aberrant 

chromatin remodeling (Guryanova et al., 2016). TET2 is the enzyme that catalyzes the 

removal of 5’-methyl-cytosine (Figure 2-2) to demethylate DNA  (Chen & Riggs, 2011). 

Thus, mutations in TET2 that are commonly found in AML result in persistent 

methylation patterns that appear to contribute to the evolution of AML. TET2 and 

IDH1/2 mutations are linked with respect to the ultimate consequence of IDH1/2 

mutations: IDH1/2 catalyze the conversion of isocitrate in the Krebs cycle to α-

ketoglutarate (α-KG), which is essential for TET2 activity. Mutations in IDH1/2 result in 

the production of 2-hydroxyglutarate instead of α-KG, leading to impairment of TET2 

function (Figueroa, Abdel-Wahab et al., 2010), and abnormally sustained DNA 

methylation.  
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Given the well-documented aberrant DNA methylation in AML, it is no surprise that the 

FDA-approved DNMTis for MDS have also been used for the management of AML 

(Gore, 2011). DNMTis, such as 5-azacytidine (AZA) and 5-aza-2-deoxycytidine 

(decitabine, or DAC) were first developed in the 1960s as nucleoside analogues  (Sorm, 

Piskala, Cihak, & Vesely, 1964) that were thought to share the anti-neoplastic mechanism 

of action of the cytosine analogue cytarabine (Figure 2.3)  (Horani, Thawabteh, Scrano, 

Bufo, & Karaman, 2015).  

 

Figure 2.3 Structural similarities between cytarabine and the demethylating agents azacytidine and 
decitabine. Adapted from (Horani et al., 2015). 

 
However, more than a decade later it was found that these demethylating agents exert 

their anti-cancer effect through another mechanism of action, by inducing differentiation  

(Jones & Taylor, 1980). DNMTis that are cytosine analogues incorporate into DNA 

during DNA replication. When DNMT1 is recruited to replicating DNA to ensure the 

conservation of methylation marks in the parental strand, it covalently binds to the 

DNMTis irreversibly, leading to the trapping of DNMT1 onto DNA, and consequently its 
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degradation  (Lyko & Brown, 2005). Trapping of DNMT1 results in the formation of a 

protein-DNA complex (PDC) that, if not removed, causes replication fork collapse and 

cytotoxic DSBs  (Orta et al., 2014; Santi, Norment, & Garrett, 1984). Moreover, DNMT1 

trapping culminates in the degradation of DNMT1 in the nuclear soluble (non-chromatin) 

fraction, ultimately leading to reversal of DNMT1-mediated DNA methylation (K. Patel 

et al., 2010). 

The use of DNMTis for the treatment of cancer was discontinued due to the high 

cytotoxicity (mostly prolonged myelosuppression) that was observed in patients  

(Jabbour, Issa, Garcia-Manero, & Kantarjian, 2008). However, these drugs reappeared in 

the clinic after scientists found that the proverbial old dog can indeed be taught new 

tricks. A seminal study in AML and breast cancer models demonstrated that transient 

low, non-cytotoxic doses of DNMTis had prolonged anti-tumor effects (Tsai et al., 2012).  

In fact, we adopted a similar approach in the current study with respect to DNMTi 

concentrations, as described later. 

Although theoretically DNMTis are expected to have an effect on DNMT3A/B, the vast 

majority of evidence suggests that DNMTis exert most of their anti-neoplastic effects on 

DNMT1  (Christman, 2002; Palii, Van Emburgh, Sankpal, Brown, & Robertson, 2008). 

One study showed that sensitization to DNMTis depended on the presence of 

DNMT3A/B (Oka et al., 2005), but this was not surprising, given that the authors 

performed their studies in murine embryonic cells, a stage in which DNMT3A/B play an 

important role. In addition to DNMTis that covalently bind DNMTs to chromatin, other 

DNMTis (e.g. RG108) inhibit the enzymatic activities of DNMTs without trapping them 

into DNA. Other natural products such as EGCG (found in green tea) were also shown to 
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have similar activities against DNMTis. The different types of DNMTis [reviewed in  

(Subramaniam, Thombre, Dhar, & Anant, 2014)] are summarized in Table 2.1. 

 

Table 2.1 DNMTis under investigation for cancer therapy [modified from 
Subramaniam et al., 2014)] 

  

 In their various functions, DNMTs interact with other proteins in the cell. A prime 

example is the interaction between DNMTs and the histone methyltransferase SUV39h1, 

as well as heterochromatin protein 1 (HP1), to ensure that genes in regions of compact 

chromatin (heterochromatin) remain silenced  (Fuks, Hurd, Deplus, & Kouzarides, 2003). 

Another protein involved in the interplay between DNA methylation and histone 

modifications is UHRF1, which through binding DNMT1 and methylated lysines on 

histones, targets DNMT1 to replicating DNA, and enhances DNA methylation efficiency  

(Rose & Klose, 2014). Notably, the interaction between DNMT1 and UHRF1 was found 

to be modulated by PARP1 activity (De Vos et al., 2014). Moreover, an earlier study 



	  

	   26	  

documented a non-covalent interaction between PARP1 and DNMT1, where the post-

translational modification of DNMT1 by PARP1 modulated DNMT1 activity  (Reale, 

Matteis, Galleazzi, Zampieri, & Caiafa, 2005). In later sections of this chapter, we 

discuss how we exploited the interaction between DNMT1 and PARP1 as a rationale for 

combining DNMTis and PARPis for the treatment of AML.  

PARP Inhibitors in Cancer 

Poly(ADP-ribose) polymerase 1 (PARP1) is from a family of proteins that 

consists of 17 members, but only six of them (PARP1 included) are capable of 

poly(ADP-ribosyl)ation (PARylation), a post-translational modification that modulates 

the activity of proteins involved in many cellular pathways (Figure 2.4)  (Swindall, 

Stanley, & Yang, 2013), including DNA damage and repair as well as chromatin 

modification  (Gibson & Kraus, 2012).   
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Figure 2.4 PARP1 involvement in multiple cellular pathways. Source (Swindall et al. 2013). 

 

The process of PARylation utilizes NAD+ for the synthesis of PAR polymers. Upon 

encountering DNA damage, PARP1 modifies target proteins, including itself, by 

PARylation  (M. Y. Kim, Zhang, & Kraus, 2005). The addition of PAR polymers to 

target proteins can occur covalently or non-covalently  (Teloni & Altmeyer, 2016). In 

DNA damage and repair, PARP1 activation and PARylation of targets result in 

recruitment of DNA repair machinery involved in base excision repair (BER, single-

strand break repair), nucleotide excision repair (NER, repair of bulky DNA adducts), and 

DSB repair (HR, NHEJ, and ALT-NHEJ)  (Robert, Karicheva, Reina San Martin, 

Schreiber, & Dantzer, 2013). Though essential for maintaining genome integrity, PARP1 

over-activity has been linked to several types of cancers  (Ossovskaya, Koo, Kaldjian, 
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Alvares, & Sherman, 2010), leading to the development of PARP1 inhibitors that are 

currently being tested in clinical trials  (Sonnenblick, de Azambuja, Azim, & Piccart, 

2015). One of the first studies to highlight the promising potential of PARPis in cancer 

was work by Bryant et al, demonstrating synthetic lethality of PARPis in breast cancer 

with HR deficiency (Bryant et al., 2005). Since then, numerous studies have investigated 

other potential mutations in cancer that would sensitize cancer cells to PARPi therapy  

(Lord & Ashworth, 2016).    

The vast majority of early PARP inhibitors were found to compete with NAD+ as a 

substrate for PARP1, thereby inhibiting PARylation and PARP1 catalytic activity  

(Rankin, Jacobson, Benjamin, Moss, & Jacobson, 1989; Zaremba & Curtin, 2007). More 

recently, however, 

another mechanism of 

PARP inhibition was 

revealed. Similar to 

trapping of DNMT by 

some DNMTis, certain 

PARPis were found to 

trap PARP1 (and 

PARP2) into chromatin, 

resulting in PARP-DNA 

complexes that are 

cytotoxic (Murai et al., 2012; Murai et al., 2014) (Figure 2.5). In these studies, 

cytotoxicity correlated with the degree of PARP-trapping each PARPi induced, with 

Figure 2.5 Mechanisms of PARP inhibition. Comparison of catalytic 
inhibition (upper panel) vs. trapping (lower panel). Adpated from (Murai et 
al., 2012). 
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talazoparib (BMN 673) being the most potent at nM concentrations, and veliparib (ABT-

888) being the weakest at µM concentrations (Murai et al., 2012). The authors proposed 

that the differential PARP-trapping capacity was due to the degree of allosteric change 

each drug induced that enhanced the binding of PARP to DNA. However, this model was 

challenged by a more recent study demonstrating that trapping was purely a consequence 

of catalytic inhibition rather than allosteric change that modulates PARP-DNA binding 

(Hopkins et al., 2015). Recently, the FDA approved two PARPis (olaparib and rucaparib) 

for the treatment of ovarian cancers with BRCA mutations  (J. S. Brown, Kaye, & Yap, 

2016). Other PARPis currently under investigation in the clinic are summarized by Drean 

and colleagues  (Drean, Lord, & Ashworth, 2016). 

2.2 RATIONALE AND AIMS 

Although the majority of AML patients initially respond to conventional therapy, many 

(especially in the adverse risk group) do not respond, or relapse (Szer, 2012), 

underscoring the need for alternative therapies that can improve the outcomes of AML 

patients. DNMTis have been used in the clinic for the treatment of refractory and 

relapsed AML, but responses are not durable (Craddock et al., 2013). In addition, PARPis 

have not been extensively evaluated in AML, and even in solid tumors, responders to 

PARPi monotherapy make up a small subset of patients within each cancer type. Thus, 

combining PARPis with other drugs has become an attractive strategy for the treatment 

of multiple types of cancer (Drean et al., 2016). In the current study, we propose a 

mechanistic rationale for combining DNMTis with PARPis to enhance the efficacy of 

DNMTis in AML.  We based our rationale on previously unpublished data from the 

Baylin group showing that DNMT1 and PARP1 interaction increased under conditions of 
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oxidative DNA damage. Moreover, given that DNMTis (AZA and DAC) and PARPis 

trap, respectively, DNMT1 and PARP1 in chromatin, and that PARP1 is required for 

removal of DNMTi-mediated damage (Orta et al., 2014), we tested the hypothesis that 

combining DNMTis with PARPis would enhance the efficacy of DNMTis by 

increasing PARP-trapping and cytotoxic DSBs in AML cells. To test this hypothesis, 

we formulated the following aim and sub-aims: Specific Aim 1: To explore the use of 

DNMT and PARP inhibitors as a novel therapy for the treatment of AML. 

 Sub-aim 1: To elucidate the mechanism of action of the combination of DNMT 

and PARP inhibitors in AML cell lines.  

 Sub-aim 2: To evaluate the efficacy of this combination therapy in in vitro assays 

using AML cell lines and primary samples from AML patients. 

 Sub-aim 3: To evaluate the efficacy of this combination therapy in AML in vivo. 

2.3 RESULTS 
 
PARP1 interacts with DNMTs in a damage-induced, enlarging protein complex 
 

PARP1 interacts non-covalently with DNMT1  (Caiafa, Guastafierro, & Zampieri, 

2009; Reale et al., 2005), suggesting that epigenetic and DNA repair pathways are linked 

mechanistically.  Our present study was suggested by an initial extension of this 

possibility. Using human embryonic and colon carcinoma cancer cells, it was previously 

reported that within 30 minutes of exposure to hydrogen peroxide (H2O2), an enlarging 

protein complex is induced which includes DNMTs 1 and 3B, histone deacetylases, and 

polycomb silencing proteins (O'Hagan et al., 2011). This damage also induces tightening 

of the complex components to chromatin, especially DNMT1 localization to sites of 
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DNA damage. In a prelude to the present work, using mass spectrometry analysis and gel 

filtration studies of proteins associating with immunoprecipitated DNMTs 1 and 3B, we 

found that PARP1 is a constituent of this above complex, including when it enlarges 

during DNA damage (Figure 2.6A-B).  

 

Figure 2.6 A-B. DNMTs and PARP1 interact in a DNA damage-associated complex. (A) Per (O’Hagan et 
al, 2011), nuclear extracts from untreated NCCIT or cells treated with 2 mM H2O2 for 30 min were added 
to a 15%–60% sucrose gradient.  Fraction numbers and 650 kDa molecular mass standard are across the 
top. Larger fraction numbers indicate larger molecular weight of the complexes. Fractions were pooled into 
five groups and Co-IPs were performed with control IgG or anti-DNMT3B (3B) antibodies and 
immunoblotted with the indicated antibodies. Note the presence of DNMT1 and PARP1 in the control 
fractions and their movement to the higher molecular weight fractions in the H2O2 exposed cells. (B) Mass 
spectrometric analysis of polypeptides co-immunoprecipitated with DNMT1 (D1) identifies PARP1 in 
HCT116 cells resolved by SDS–PAGE and stained. IgG served as a negative control. 

 

 Consistent with the above studies, co-immunoprecipitation (co-IP) analyses of chromatin 

extracted from AML cells (MV411) found that PARP1 also interacts with DNMT1 

before and after DNA damage (Figure 2.6C, upper panel). Moreover, following treatment 

with the DNA damaging drug camptothecin (1 µM CPT) or the alkylating agent methyl 

methanesulfonate (0.01% MMS), larger amounts of DNMT1 co-IP with PARP1 (Figure 

2.6C, lower panel). These data suggest that PARP1-DNMT1-containing complexes are 

recruited to sites of DNA damage.  Importantly, in response to DNA damage [1 µM CPT 

or 10 Gy irradiation (IR)], PARP1 co-localizes with the DSB marker γH2AX in 

immunostaining studies of chromatin fibers from MV411 treated cells (Figure 2.6D). 
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Figure 2.6 C-D. (C) Co-immunoprecipitation of DNMT1 or PARP1 in chromatin in MV4-11 cells 
untreated or treated with camptothecin (CPT, 1 µM) or methyl methanesulfonate (MMS, 0.01%). Left 
panels: Western blotting for input proteins; right panels: co-IPs. IgG served as negative control. (D) Left 
panel, representative images of chromatin fibers stained with DAPI, immunostained for γH2Ax, PARP1, or 
merged 30 min after ionizing radiation (IR, 10 Gy) or 1 hr after treatment with camptothecin (CPT, 1 µM). 
The graphs demonstrate % fibers showing co-localization of PARP1 and γH2Ax. Z-test for two-population 
proportions was used to determine statistical significance. 

 

 

Combined DNMTis and PARPis increase tight binding of PARP1 in chromatin  
 
 PARPis, especially talazoparib, have been shown to not only catalytically inhibit 

PARP1 activity but also trap PARP1 in chromatin, forming cytotoxic DNA-PARP1 

complexes  (Murai et al., 2012; Shen, Aoyagi-Scharber, & Wang, 2015). In our present 

study, talazoparib at very low nM concentrations (1, 2.5 or 5 nM) also traps PARP1 in 

chromatin extracts (Figure 2.7A, left panel) to the same extent as the weaker PARPi 
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ABT888 at much higher concentrations (500 nM) (Figure 2.7B). As previously 

introduced, DNMTis by their obligatory mechanisms of action are incorporated into 

replicating DNA where they covalently bind DNMTs  (Lyko & Brown, 2005). In 

agreement with previous studies showing that DNMTi-induced damage is repaired by 

BER  (Covey, D'Incalci, Tilchen, Zaharko, & Kohn, 1986), and that BER repair 

intermediates (abasic sites) are covalently bound by PARP1 (Prasad et al., 2014), we also 

found that the DNMTis retain PARP1 in chromatin fractions (Figures 2.7A, right panel). 

Consequently, in AML cells, combinations of low-dose DNMTis and the PARPi 

talazoparib, (given concurrently) lead to enhanced PARP1 bound in chromatin, as 

compared to either drug alone (Figure 2.7C). Combinations of low-dose DNMTis and 

talazoparib given sequentially also lead to enhanced tight binding of PARP1 in chromatin 

(Figure 2.7B). To ensure that the increased binding of PARP1 in chromatin post 

combination treatments is not due to global increase in PARP1 protein expression, we 

examined whole cell extracts from MOLM14 and MV4-11 cells, and observed no change 

in PARP1 protein expression in combination-treated cells relative to untreated or single 

drug-treated cells (Figure 2.7D, left panel). Lastly, the purity of subcellular fractionation 

was confirmed by immunoblotting for β-tubulin (cytoplasmic), lamin B (nuclear, 

soluble), and H3 (chromatin, insoluble) (Figure 2.7D, right panel).  
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Figure 2.7 A-D. (A) PARP1, DNMT1 and histone H3 (loading control) in chromatin (nuclear insoluble) 
fractions from untreated and drug-treated cells. Upper panels, representative blots; middle/lower panels, 
quantitation of PARP1 and/or DNMT1 trapping. MOLM14 cells were collected post 72 hr treatment with 
(left) BMN 673- 1, 2.5, 5 nM or (right) DAC- 1, 2.5, 5 nM. (B) Representative Western blot analysis for 
PARP1 in chromatin from MV411. Cells were treated daily for 72 hr with the indicated doses of DAC, then 
released from treatment for 24 hr. Cells were then treated for 72 hr with the indicated doses of PARPis. 
Cells were then irradiated with 4 Gy, incubated for 4 hr, then harvested for chromatin extraction. (C) 
Combination treatments in MOLM14 with DAC and BMN 673 with indicated doses for 72 hr. (D) Left 
panel, whole cell extract analysis from MOLM14 cells treated for 72 hr with the indicated drug treatments. 
Actin (cytoplasmic), PCNA (nuclear), and H3 (chromatin) were used as loading controls. Right panel, 
representative immunoblot for β-tubulin (cytoplasmic), Lamin B (nuclear, soluble) and H3 (chromatin, 
insoluble) confirming purity of subcellular fractionation. In each fraction, first two lanes represent two 
extractions from MOLM14 cells, and second two lanes represent two extractions from MV411 cells. 

 

  

 

 

 



	  

	   35	  

Combining DNMTis and PARPis increases retention of PARP1 and DNMT1 at 
laser-induced DNA damage sites 

  
A key question with regard to our mechanistic hypothesis is whether the above chromatin 

data translate into increased tight binding of DNMT1 and PARP1 by the DNMTis and 

PARPis directly at DNA damage sites. We find by multiple criteria that the low-dose 

combination increases PARP directly at induced DNA damage sites.  

We performed these studies using laser micro-irradiation  (Rogakou, Boon, Redon, & 

Bonner, 1999) at 365 nm wavelength known to create both SSBs and DSBs in the DNA 

at the cut sites  (Rulten, Cortes-Ledesma, Guo, Iles, & Caldecott, 2008), followed by 

immunofluorescence to detect recruitment of DNMT1 or PARP1 (Ha et al., 2011; Haince 

et al., 2008). These studies require adherent cells and so we used the adherent breast 

cancer cell line MDA-MB-231.  

First, given that laser-induced DNA damage causes both SSBs and DSBs, we used the 

DSB marker γH2AX to delineate DNA damage sites in nuclei and show that DNMT1 and 

PARP1 can be seen localizing at 1, 5, 15 and 30 min after induction, in the absence of 

DNMTi or PARPi treatment, as determined by the mean intensity of immunofluorescence 

for co-localizations (Figure 2.8A-D).  
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Figure 2.8 A-D:(A, C) MDA-MB-231 cells were treated with AZA (150 nM) and BMN 673 (10 nM) alone 
or in combination for 72 hr, followed by laser-induced DNA damage, then fixed at the indicated time points 
(1, 5, 15, and 30 min). The recruitment of endogenous DNMT1 or PARP1 to DNA damage sites and their 
co-localization with γH2AX were examined by immunofluorescence staining. Representative images at the 
indicated time points are shown. (B, D) Graphs represent the mean intensities (Y-axis) of DNMT1 or 
PARP1 co-localized to γH2AX tracts that were quantified in single cells at the indicated time points after 
laser treatment. 
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Similar results are seen by counting the number of cells in which these proteins are 

present at the induced DNA damage sites (Figure 2.8E-F). The localization of each 

protein to DNA damage sites increases significantly with either AZA or BMN treatment 

alone, starting at 1 min and persisting at all time points.  

 

Figure 2.8 E-F. Graphs show % of cell (Y-axis) with localization of DNMT1 or PARP1 to γH2AX tracts 
that were quantified in single cells at the indicated time point after laser treatment. Results presented as 
mean ± SD (represented by error bars). *p<0.05 (lines above columns). 

 

Second, the above results are paralleled by the finding that DNMT1 and PARP1 co-

localize with one another at induced DNA damage sites (Figure 2.8G). In untreated cells, 

this co-localization is seen in just over 60% of cells at 30 min post laser induction, but the 

signals for both proteins are diminished in all cells after 30 min (Figure 2.8G). While 

treatment with low doses of AZA and BMN alone only slightly increases the percentage 

of cells with co-localization to ~ 70 % at 30 min, 10-15% of cells show co-localization at 

3 and 6 hr after laser cuts for each drug treatment, which is significant with respect to 

untreated controls (Figure 2.8H-I). 
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Figure 2.8 G-I. (G) MDA-MB-231 cells were treated with AZA (150 nM) and BMN 673 (10 nM) alone or 
in combination for 72 hr, followed by laser-induced DNA damage, then fixed at the indicated time points. 
Localization of DNMT1 and PARP1 to DNA damage sites was examined by immunofluorescence staining. 
Left panel, representative images at indicated time points. Scale bar (upper left white bar) =10µm. (H) 
Graph of percentage cells with co-localization of PARP1 and DNMT1 at damage sites with single and 
combination drug treatments. Experiments in triplicates are represented (I) Representative images showing 
localization of endogenous DNMT1 and PARP1 to DNA damage sites by immunofluorescence staining in 
MDA-MB-231 cells treated with AZA (150 nM) or BMN 673 (10 nM), 3 or 6 hr post laser-induction. Scale 
bar (upper left white bar) =10µm. 
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When both drugs are combined, co-localization of DNMT1 and PARP1 increases to 80% 

of cells at 30 min and remains in over 60% at 3 and 6 hr post laser-induced DNA damage 

(Figures 2.8G-H and J-M). 

	  

Figure 2.8 J-K. Graphs represent percentages of cells with γH2AX micro-irradiation tracts that have 
visible accumulation of DNMT1 (J) or PARP1 (K) co-localizing with γH2AX. Experiments in triplicates 
are represented. 
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Figure 2.8 L-M. Quantitation of the mean intensities of (L) DNMT1 or (M) PARP1 co-localized to 
γH2AX tracts that were quantified in single cells at the indicated time points after laser treatment. For all 
figure panels experiments in triplicates are represented. 30 cells per time point and treatment were analyzed 
for each experiment; * p<0.05, by t-test. 

 

 

These results thus indicate an increase in retention of both proteins at DNA damage sites, 

as compared to untreated cells and cells treated with each drug alone, and again the most 

dramatic point is the high retention at 3 and 6 hr post the induced laser damage. When the 

image intensity for each protein is quantitated, this retention is most apparent for DNMT1 

(Figure 2.8L).  For PARP1, combined treatment results in a particularly large increase at 

30 min, with continued significant retention at 3 and 6 hr (Figure 2.8M).   
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Finally, the above laser DNA damage site binding dynamics, 

especially retention at the late time points (3 and 6 hr post laser 

damage), rely on an interdependency between levels of DNMT1 

and PARP1 in the cells. Thus, shRNA depletion of PARP1 (Figure 

2.8N) sharply reduces DNMT1 at the induced laser cut sites at all 

studied time points with the combination treatment (Figure 2-8G-

M). Similarly, with shRNA knockdown of DNMT1 (Figure 2.8N), 

PARP1 levels are reduced back to basal levels at laser cut sites, 

which is especially noted with the combination treatment at 3 and 

6 hr post laser induction (Fig 2.8G-M).  

 

  

Combination drug administration induces increased frequency of DSBs and 
synergistic cytotoxicity 
  
 The above increased amplitude and retention of PARP1 and DNMT1 co-localization 

at laser-induced sites of DNA damage in MDA-MB-231 cells also correlate with 

significantly more cytotoxic DSBs, compared with single talazoparib or AZA treatments. 

For a direct comparison with the above studies, we used MDA-MB-231 cells again to 

show increased γH2AX foci, as quantitated by immunostaining, with the combination 

treatments, compared with single treatments and controls, at 4 hr and 24 hr after DSB 

induction by IR (4 Gy) (Figure 2.9A). Also, in MOLM14 AML cells, combination dosing 

with DAC (5 nM) and BMN 673 (5 nM) induces increases in γH2AX foci, as compared 

with single drug treatments (Figure 2.9B).  

Figure 2.8 N. shRNA 
knockdown of PARP1 
and DNMT1. 
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Figure 2.9 A-B.  Graphs of γH2AX foci examined by immunofluorescence in untreated, AZA, BMN 673 
and combination treated MDA-MB-231 cells (A) at indicated time points after IR (4 Gy). MOLM14 AML 
cells (B) untreated or treated with DAC, BMN 673 or the drug combination. Experiments in triplicate are 
represented; percent mean ± SD (represented by error bars), * p<0.05, ** p<0.01. 

 

 

In a key association with the above data, MOLM14 cells treated with the combination of 

the two drugs exhibit synergistic cytotoxicity, as assessed by the CalcuSyn model  (Chou, 

Motzer, Tong, & Bosl, 1994) (Figures 2.9C-D, top panel). Significant decrease in 

survival was also observed with combination drug treatments (AZA and BMN 673 or 

DAC and BMN 673), compared with either drug alone (Figures 2.9C-D, middle and 

lower panels).  
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Figure 2.9 C-D. MOLM14 cells treated with (C) AZA (50-400 nM) and BMN 673 (2.5-20 nM), or (D) 
DAC (2.5-20 nM) and BMN 673 (2.5-20 nM). Cells were treated daily for 7 days with the indicated drug 
combinations, followed by MTS assay to determine cytotoxicity. Upper panel, x-axis; Fa = fraction of cells 
affected; y-axis = combination index (CI). Combinations below red line are synergistic. Middle and bottom 
panels, survival of cells treated with DNMTi (DAC or AZA) or BMN 673 alone or in combination. Data 
are from 3 independent experiments, mean ± SD (represented by error bars). * p<0.05, ** p<0.01, by t-test, 
combination treatments vs single treatments. 
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DNMTis combined with PARPis decrease clonogenicity in cultured AML cells 
   

The data in the section immediately above translate to our drug combination 

inducing significant decreases in clonogenicity of AML cells (Figure 2.10A-D).  

Because the methylcellulose colony formation assay for AML cells (non-adherent) 

precluded continuous drug treatments, AML cells were pretreated with the DNMTi DAC 

and plated in medium containing talazoparib. The AML cell lines MOLM14 and 

especially KASUMI-1 showed profound reductions in colony formation following 

treatment with the drug combinations (Figure 2.10A-B). MV411 and MOLM13 cells are 

also sensitive to the combination treatments, but to a lesser degree (Figure 2.10C-D). 

KASUMI-1 cells treated with 2.5 nM DAC and subsequently plated in methylcellulose in 

the presence of 2.5 nM talazoparib produced 60% fewer colonies (Figure 2.10B), while 

FLT3/ITD-positive MOLM14 cells showed a similar decrease at slightly higher drug 

concentrations (Figure 2.10A).   
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Figure 2.10 A-D. Colony formation of AML cell lines (A) MOLM-14, (B) KASUMI, (C) MV411, and (D) 
MOLM13. 

 

 

When treated with higher doses of the weaker PARPi ABT888 (500 nM) alone, 

FLT3/ITD-positive MOLM14 and MV411 cells exhibited a significant reduction in 

colony numbers, compared to control-treated cells (Figures 2.10E-G). However, 

treatment of all AML cell lines with DAC followed by ABT888 led to significantly 

(p<0.05) fewer colonies (Figures 2.10E-G). Notably, enhanced PARP binding to 

chromatin was also seen with the higher concentrations of the weaker PARPi ABT888 in 

these studies (Figure 2.7B). 
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Figure 2.10 E-G. Graphs of % colonies relative to untreated cells (Ctrl) in (E) KASUMI, (F) MOLM14, 
and (G) MV411 cell lines treated with 500 nM ABT888 and/or 5-20 nM DAC. 

 

The above combinatorial effects are not limited to cell lines, and can also be seen in 

primary AML cells from patients (Table 2.2).   

Table 2.2 Cytogenetic and molecular features of AML samples treated with DNMTi 
and PARPi 
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In 8 of 13 patient samples (61.5%) (#15, #29, #34, #081, #086, #092, #109, #110), colony 

formation in methylcellulose was significantly reduced when 10-20 nM DAC was used 

prior to talazoparib (1-10 nM) treatment, as compared to treatment with each drug alone 

(Figures 2.10H). Studies with 50-100 nM AZA followed by talazoparib gave similar 

results in 2 of 5 (40%) patient samples (#081, #086, #090, #092, #107) (Figures 2.10H 

and I). Similarly, 3 of 6 (50%) patient samples (#9, #15, #29, #34, #16, #30) treated with 

DAC followed by ABT888 at higher concentrations (500 nM) showed significant 

(p<0.05) reductions in colonies (Figure 2.10J).  

 

Figure 210 H-J. Colony survival assays in AML patient samples. * p<0.05 by t-test, combination 
treatments vs. single drug treatments. 

 

 



	  

	   48	  

 

AML xenografts are sensitive to AZA and BMN 673 combination treatment  
 
As further evidence for the important translational implications of the present studies, in 

in vivo therapy models in immune-deficient mice (Figure 2.11), our low-dose 

combinations of DNMTis and PARPis yielded potent anti-tumor responses.   

 

Figure 2.11 NSG mice were injected intravenously into the lateral tail vein with MV411-luc or MOLM14-
luc cells. Mice were sorted into vehicle and treatment groups: AZA (0.5 mg/kg), talazoparib (BMN) (0.1 or 
0.3 mg/kg) and combination based on the mean photon intensity of the luciferase from the tumor. Mice 
were weighed and dosed 5 days/week and tumors were imaged twice weekly. 
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Drug administration began 3 days after intravenous cell injection, when leukemia cells 

had engrafted in the bone marrow, as measured by photon intensity. All mice in all 

treatment groups had equal tumor burdens at the start of therapy (Figures 2-12A and 2-

13A).  For MV411 cells, the combination of low-dose talazoparib and AZA resulted in a 

significant (p<0.05) decrease in tumor burden up to day 30 following the start of 

treatment, compared with either drug alone (Figures 2-12A and B). Long-term survival 

determination was compromised due to a characteristic of the model, hind limb paralysis 

related to leukemia burden, which requires euthanasia (O'Farrell et al., 2003). Using 

paralysis as an endpoint (14/20 mice), the mice treated with the combination had marked 

delay in onset of paralysis compared to mice treated with vehicle or either drug alone. 

While leukemia burden was still present in all groups on day 30 post treatment, at the 

time of sacrifice, spleen weight was significantly lower in the combination treatment 

group, compared to control (Figure 2.12C), and blast cell numbers in the peripheral blood 

were significantly diminished with the treatment combination compared with either drug 

treatment alone (Figure 2.12D). Treatments were well tolerated, as gauged by body 

weight (Figure 2.12E). 
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Figure 2.12 MV411-Luc mouse model. (A) Bioluminescence measurements (mean ± SEM) of photon 
intensity showing relative leukemia burden. (B) Graph of photon intensity with time post drug treatment up 
to 47 days and euthanasia. (C) Graph of spleen size (mm3) in different treatment groups post euthanasia. 
Measurements represent mean ± SEM. Representative pictures of spleens are placed above graph for each 
group. (D) Graph of % blasts in the peripheral blood of mice from different treatment groups post 
euthanasia. ** denotes p<0.01. (E) % body weight change vs time. Measurements represent mean ± SEM. 
In all of the above, error bars represent the SEM. 

An even better treatment outcome is observed with the AML cell line MOLM14 

(Figures 2.11 and 2.13). Of note, in methylcellulose clonogenic assays (Figure 2.10C) 

MV411 was less sensitive to the two drugs combined compared with MOLM14, and this 

is also reflected in vivo. Indeed, the combination groups showed not only significantly 

reduced tumor burden as measured by photon intensity, compared with vehicle-treated 

mice and mice treated with AZA alone, but also increased survival for both 0.3 mg/kg 

(data not shown) and 0.1 mg/kg doses of talazoparib paired with 0.5 mg/kg of AZA 

(Figure 2.13A-C). In this model, the leukemia cells home preferentially to the bone 
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marrow, with little evidence of disease in peripheral blood and spleen.  While mice 

treated with 0.3 mg/kg and 0.5 mg/kg BMN 673 (data not shown) in the drug 

combination lost weight, mice treated with 0.1 mg/kg in the combination gained weight 

during the study, demonstrating that this dosing regimen is again well tolerated (Figure 

2.13D). With this combination dose at 61 days there was no hind limb paralysis, while 

mock-treated and mice treated with BMN 673 alone were all euthanized for this effect by 

26 and 34 days, respectively, and all mice treated with AZA alone started developing 

paralysis by day 45, with the last mouse euthanized at day 61 (Figure 2.13C). 

 

Figure 2.13. MOLM14-Luc mouse model. (A) Bioluminescence measurements of photon intensity 
showing leukemia burden for duration of the experiment. Measurements represent mean ± SEM. (B) Graph 
of photon intensity with time post drug treatment up to 61 days and euthanasia. Measurements represent 
mean ± SD (C) Graph of % survival with time post therapy. (D) % body weight change vs time. 
Measurements represent mean ± SEM. In all of the above, error bars represent the SEM. 
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	  2.4 DISCUSSION  
 

While clinically available PARPis have shown substantial efficacy in treatment of 

breast and/or ovarian cancers in patients with hereditary deletions of BRCA1/2 (Farmer 

et al., 2005), the high promise of these drugs has not yet been realized for non-BRCA1/2-

defective cancers. This has spurred the development of a generation of potent PARPis, 

such as talazoparib, that are in late-stage clinical trials (Shen et al., 2013). As previously 

noted, the most potent PARPis induce cytotoxicity proportional to the amplitude and 

duration of PARP1 trapping in chromatin  (Murai et al., 2012; Shen et al., 2015). We now 

take advantage of the ability of DNMTis to increase tight binding of PARP1 into 

chromatin, based on the following data: 1) DNMTs and PARP1 interact (Reale et al., 

2005); 2) DNMTis covalently bind DNMTs into DNA  (Ghoshal & Bai, 2007) and this 

can occur at sites of DNA damage (O'Hagan et al., 2011) and thus can enhance PARP1 

recruitment and tight binding to chromatin; and 3) these interactions allow DNMTis to be 

combined with potent PARPis such as talazoparib to increase tight binding of PARP1 in 

chromatin, increase the presence and retention of PARP1 and DNMT1 at DNA damage 

sites, and enhance cytotoxic effects in AML cells in vitro and in vivo. These dynamics 

allow design of a combinatorial treatment strategy with the potential for clinical efficacy 

in treating poor-prognosis AML patients.  

   

With special reference to AML therapy, there have been over three decades of clinical 

efforts to improve outcomes in this disease by increasing the intensity of chemotherapy. 

However, patients with unfavorable AML subtypes or with refractory or relapsed AML 

continue to do poorly, and fewer than 10% achieve long-term survival (Kumar, 2011). 
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Since FDA approval of DNMTis for the treatment of MDS  (Ghoshal & Bai, 2007), they 

are frequently used to treat AML patients unlikely to respond to conventional 

chemotherapy (Fenaux, 2005). Most recently, SGI-110, a pro-drug for DAC, has been 

developed as a novel potent DNMTi, with a response rate of 55% in untreated AML 

patients unfit for intensive chemotherapy, but only 16% in refractory and relapsed AML 

patients (Issa et al., 2015). Thus, the efficacy of DNMTis needs to be augmented by 

combination with other therapies, and PARPis appear to be good candidates. Importantly, 

PARPis alone have not shown any efficacy in AML, and our data suggest that combining 

them with DNMTis could give PARPis a place in management of AML and other 

cancers.  In this regard, synergistic tumor cytotoxicity of both drugs at very low doses 

appears to provide good tolerability in our in vivo pre-clinical models, even though each 

drug alone can induce bone marrow toxicity  (Issa et al., 2004; Jabbour et al., 2008; 

Underhill, Toulmonde, & Bonnefoi, 2011). This is emphasized by the fact that the best 

survival results for AML occurred when we used the lowest doses of talazoparib and 

AZA. 

 

In terms of mechanisms underlying the efficacy of our combined treatment paradigm, 

there are important insights from the present study, and the findings will certainly be 

expanded in future work. All of our present data are consistent with the key hypothesis 

underlying our model that the DNMTis and PARPis combine to increase the amplitude 

and duration of DNMT1 and PARP1 at sites of laser-induced DNA damage that include 

both SSB’s and DSB’s. It is apparent that these dynamics may well underlie our observed 

synergistic effects on tumor cell cytotoxicity.  
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PARP1 is known to be recruited to DNA damage sites and to be covalently trapped by 

PARPis specifically at SSB’s, and most potently by talazoparib  (Murai et al., 2012; Shen 

et al., 2015). Importantly for our model, DNMTis covalently trap DNMT’s at CpG sites 

in DNA for prolonged periods of time (Oz et al., 2014). Thus, following treatment with 

these agents, it would be expected that some of the DNA at our sites of damage sites 

induced by laser, which causes both SSB’s and DSB’s, would include DNA with 

incorporated DNMTi, and thus, covalently-bound DNMT’s. We propose that interacting 

PARP1 is bound to these DNA-bound DNMT’s and would be increased in chromatin and 

possibly also provide for increased amounts of DNMT1 to be formally trapped by 

PARPis at SSB’s.  In fact, as shown by our shRNA studies of both DNMT1 and PARP1 

in combination inhibitor treatment with following laser induction of damage, there is an 

interdependency between DNMT1 and PARP1 required for retention of PARP1 at DNA 

damage sites at later time points after DNA damage induction.   

Regarding the above dynamics, several points are key to the interactions between 

DNMT1 and PARP1 for chromatin binding of each and potential for formal trapping of 

the latter by PARPis at DNA damage sites. First, it has been previously shown that 

DNMT1 is recruited directly to both sites of induced DSBs  (O'Hagan, Mohammad, & 

Baylin, 2008) and sites involved with 8-oxo-guanosine adducts induced by increased 

cellular ROS (O'Hagan et al., 2011). The latter is particularly key for our present findings 

in that the DNMT recruitment is associated, as part of a large protein complex which 

enlarges after damage, with a tightening to chromatin, especially for DNMT1, which is 

highly salt-resistant (O'Hagan et al., 2011). Upstream of this binding are DNA damage 
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proteins including mismatch repair proteins (Ding et al., 2016) and the BER protein 

OGG1 (O'Hagan et al., 2011). Thus, it is well possible that some of the DNMTi-

enhanced binding of PARP1 into chromatin could be formally trapped at DNA damage 

sites, including SSB’s, when the DNMTi and PARPi are combined.        

 

With respect to the above possibilities, other mechanistic considerations may be 

contributing, without being mutually exclusive. Possibly, combination treatment leads to 

a marked delay in repair of DNA damage, as shown by the timing in the laser induction 

studies, that could be independent of the above discussed DNMT1 covalent binding to 

DNA induced by DNMTis and subsequent direct interactions with PARP1. This delayed, 

impaired, and ongoing damage repair could in and of itself contribute to the increased 

amplitude and duration of localization of both DNMT1 and PARP at the damage sites. 

We previously reported that sporadic TNBCs with intact BRCA genes are dependent on 

an alternative and highly error-prone form of non-homologous end-joining, ALT NHEJ 

(Tobin et al., 2012). Retention of PARP1 and DNMT1 at DSBs may prevent access of 

ALT NHEJ factors to DSB sites, leading to decreased ALT NHEJ repair. In addition to 

activation of HR, PARPis administered singly also increase classical non-homologous 

end joining (c-NHEJ) activity through inhibition of Ku protein PARylation and increased 

DNA-PK phosphorylation  (A. G. Patel, Sarkaria, & Kaufmann, 2011). In contrast, 

DNMTi treatment alone does not affect c-NHEJ  (Moscariello & Iliakis, 2013). Recent 

reports do suggest that treatment with AZA at much higher doses than employed in our 

present study induces DNA damage lesions that are recognized by the BER machinery 

(Orta et al., 2014). Thus, some of the enhanced cytotoxicity induced by our drug 
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combination could stem from disrupting BER of incorporated DNMTis.  As we have 

previously shown (Tsai et al., 2012), and also found here, during the time of 

administration, DNMTis at the low concentrations employed do not appear to generate 

significant DNA damage over 72 hours. 

 

As mentioned, none of the mechanisms above may be mutually exclusive, and they may 

have summation effects. It is clear from our overall results that our combination approach 

enhances the parameters that facilitate the efficacy of PARPis and the high potential as a 

therapeutic approach paradigm. It is important to remember that while all of our present 

studies pinpoint actions of our dual treatment strategy directly at DSB’s, low-dose 

DNMTi treatment also effects DNA methylation changes (Tsai et al., 2012). Downstream 

responses to these triggering events may also link to DNA damage repair changes and 

augment the pathways and events studied above to explain our combinatorial drug effects 

(Tsai et al., 2012). Thus, DNMTi treatment may induce a BRCAness phenotype that 

contributes to synthetic lethality with PARPis in AML  (Wiegmans, Yap, Ward, Lim, & 

Khanna, 2015). 

 

In summary, our preclinical data in AML cell lines, primary cells, and mouse xenografts, 

as outlined in this study, suggest the potential for improving the clinical efficacies of both 

DNMTis and PARPis by combining low doses of both drugs for patients with AML 

(Figure 2.14).  
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Figure 2.14 Model for proposed mechanism of action of DNMTi-PARPi combination in AML 

 

Moreover, our initial data suggest that the poor-prognosis subgroup of AML, including 

AML with FLT3/ITD, constituting at least a third of AML cases, is likely to be sensitive 

to our therapeutic approach. We are already translating the combination paradigm into an 

ongoing Phase I/II clinical trial for AML. This is designed to test whether low doses of 

DAC and the PARPi talazoparib can be safely combined, and then to test whether this 

combination therapy shows efficacy for contributing to the management of newly 

diagnosed AML patients unfit for intensive chemotherapy and patients with 

relapsed/refractory AML. This may also lay the groundwork for similar combination 

trials in other types of cancer.  

 

2.5 MATERIALS AND METHODS 
 
Cell culture and drugs 
  
Human AML cell lines KASUMI-1 (AML1-ETO positive) were cultured in RPMI1640 + 

L-Glutamine (MediaTech, Inc.) and 20% Fetal Bovine Serum (FBS, Sigma-Aldrich); 

MV411 (biphenotypic B myelomonocytic leukemia, homozygote for FLT3/ITD), 

MOLM13 and MOLM14 (both heterozygote for FLT3/ITD) were cultured in RPMI1640 
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+ L-Glutamine supplemented with 10% FBS. Decitabine (DAC, Sigma-Aldrich) was 

prepared at 10 mM in DMSO. 5-azacytidine (AZA, Sigma-Aldrich) was prepared at 500 

µM in PBS. PARPis Veliparib (ABT888; 200 mM in water) was obtained from Enzo Life 

Sciences, and BMN 673 (5 mM in DMSO) was obtained from Abmole BioScience, 

(Kowloon, Hong Kong).  

 

In vitro culture of patient samples 
 
Mononuclear cells (MNCs) from AML primary samples were isolated using Histopaque-

1077 (Sigma-Aldrich) according to manufacturer’s instructions. MNCs were incubated 

overnight in Hematopoietic Progenitor Growth Media (Lonza, Walkersville, MD) 

supplemented with 50 ng/ml thrombopoietin and FLT3L, 25 ng/ml stem cell factor, 10 

ng/ml IL-3, IL-6, GM-CSF and G-CSF (Gemini Bio). Primary AML patient samples 

were obtained with informed consent on a protocol approved by the institutional review 

board of the University of Maryland School of Medicine (IRB # H25314).  

 

Colony forming assay  
 
AML cells were treated with vehicle or DNMTis daily for 72 hr, followed by a 24 hr 

recovery. Viable cells were then plated in triplicates in methylcellulose (cell lines) or 

MethoCult (MNCs) with or without PARPis, and incubated for 10-14 days. Colonies 

were stained with 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenlytetrazolium chloride (1 

mg/mL) overnight at 370C and counted using a colony counter (Synbiosis, Frederick, 

MD).  
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Irradiation  
 
For IR studies, cells were exposed to 4 Gy X-Ray radiation using a Pantak HF320 X-Ray 

machine (250 kV peak, 13 mA; half-value layer, 1.65 mm copper) at a dose rate of 2.4 

Gy/min.  

 

Subcellular fractionation and PARP trapping assay 
 
Chromatin extraction was performed using Subcellular Fractionation kit (Thermo Fisher 

Scientific) according to manufacturer’s instructions. Pellets were first lysed in 

cytoplasmic extraction buffer, followed by lysis in membrane extraction buffer. Nuclei 

were then lysed in nuclear extraction buffer to isolate nuclear soluble fraction. The 

remaining chromatin (nuclear insoluble) fraction was washed once with nuclear 

extraction buffer, then digested with 5 units of micrococcal nuclease to release 

chromatin-bound proteins. PARP-binding in chromatin was assessed by immunoblotting 

as described below. 

 

Immunoblotting  
 
Proteins were loaded onto 4-20% SDS-PAGE gels (Bio-Rad laboratories), transferred on 

PVDF membrane (GE Life Sciences) and blots were washed in Tris Buffered Saline-

0.1% Tween 20 (TBST) three times, blocked in TBST-5% bovine serum albumin for 1 

hr. Primary antibodies were applied overnight at 4oC. Blots were washed 3 times and 

secondary antibodies were added for 1 hr followed by 3 washes and detection of HRP 

using enhanced chemiluminescence. Antibodies used were PARP1 rabbit monoclonal 

(1:1000, Cell Signaling), DNMT1 rabbit monoclonal (1:1000, Sigma), H3 rabbit 
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polyclonal (1:40,000, Millipore), γH2AX (1:1000, Millipore). Bands were quantified 

using ImageJ Software (NIH).  

 

 

Immunofluorescence 
 
AML cells were cytospun onto glass slides for 5 min at 200 rpm in PBS on a Shandon 

Cytospin 4. Cells were fixed for 10 min in 4% paraformaldehyde, washed 3 times in 

DPBS, permeabilized for 10 min in permeabilization solution (50 mM NaCl, 3 mM 

MgCl2, 10 mM HEPES, 200 mM Sucrose and 0.5% Triton X-100 in PBS 1X), washed 3 

times in DPBS + 1% BSA then blocked overnight in 10% FBS. After incubation with 

mouse monoclonal anti-γH2AX (1:100, Upstate) or isotype control for 1 hr at 370C, cells 

were washed and incubated with Dylight 594-anti-mouse and/or Dylight 488-anti rabbit 

(1:200, KPL, Inc.) for 1 hr at 370C. After washing, coverslips were place on slides using 

Vectashield H1200 (Vector Laboratories). 

 

Chromatin fiber analysis 
 
Method was modified from (Sullivan, 2010). Cells were harvested and incubated in a 

hypotonic salt solution (75 mM KCl) for 5 min then cytospun onto glass slides for 4 min 

at 800 rpm. Slides were placed vertically in lysis buffer (25 mM Tris-HCl pH 7.5, 1% 

Triton-X-100, 350 mM NaCl, and 350 mM Urea) for 15 min then removed slowly to 

allow chromatin stretching, and immediately fixed in 4% paraformaldehyde for 10 min. 

Slides were then transferred to a solution of PBS+0.1% Triton-X-100 for 10 min, and 

processed as described in the “Immunofluorescence” section. 
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Co-Immunoprecipitation 
 
Washed pellets were resuspended in cytoplasmic extraction buffer (10 mM HEPES, pH 

8, 10 mM KCl, 2 mM CaCl2, 0.34 M sucrose, 10% Glycerol, 0.2% NP40 and protease 

inhibitors) and incubated for 10 min. Samples were centrifuged at 4000 rpm for 5 min. 

Pellets were washed once with cytoplasmic extract buffer then resuspended in high-salt 

RIPA buffer (50 mM Tris pH 7.5, 450 mM NaCl, 3 mM EDTA, 0.5% NP40 plus 

protease and phosphatase inhibitors). Nuclear extracts were sonicated with a Fisher 

Scientific sonicator at 30% amplitude, 20 pulses, one second per pulse, then diluted with 

NaCl-free RIPA buffer to dilute NaCl to 150 mM. Lysates were cleared by centrifugation 

at 13200 rpm for 15 min. Lysates (500 µg) were rotated with rabbit isotype IgG antibody 

(1:200, Cell Signaling Technology), rabbit anti-DNMT1 antibody (1:200, Abcam), or 

rabbit anti-PARP1 antibody (1:200, Cell Signaling Technology) overnight. Following 

day, 20 µL of Protein A magnetic beads (Life Technologies) was added per IP and 

samples were rotated for 3 hr. Beads were washed 4 times with IP wash buffer (50 mM 

Tris pH 7.5, 150 mM NaCl, 5 mM EDTA, 0.5% NP40, 0.5% TritonX-100 plus protease 

inhibitors) for 5 min.  Beads were centrifuged at 1000 g for 3 min to remove excess wash 

buffer. All steps above were performed at 4oC. 1X LDS (lithium dodecyl sulphate) buffer 

containing 10% 2-mercaptoethanol was added to each bead pellet and boiled for 10 min 

to elute protein complexes for Western blot analysis.  

 

 

 



	  

	   62	  

Determination of synergism 
 
Cells were plated on 96-well plates and treated with various concentrations of drugs 

alone or in combination at a constant ratio (1:20 BMN:AZA and 1:1 BMN:DAC). 

Following daily treatments for 7 days, the assays were terminated using CellTiter96 MTS 

reagent (Promega) and absorbance values were used to determine the fraction of cells 

affected (Fa) in each treatment and determine combination indices according to the Chou-

Talalay method using CompuSyn software.  

 

Laser irradiation and confocal microscopy 
 
Nikon Eclipse 2000E confocal microscope was employed. Site-specific DNA damage 

was induced using the SRS NL100 nitrogen laser adjusted to emit at 365 nm. Cells were 

targeted at 5.5% laser intensity to induce DSBs and incubated at 37°C then fixed at 

different time-points in 4% formaldehyde (in PBS) for 10 min at room temperature. Fixed 

cells were permeabilized with a PBS solution containing 0.5% Triton X-100 on ice for 10 

min. For immunofluorescence staining, cells were incubated at 37°C for 1 hr with anti-

γH2AX (Millipore, 05-636), anti-PARP1 (Santa Cruz Biotechnology, sc-53643) and anti-

DNMT1 (Santa Cruz Biotechnology, SC-20701). Secondary antibodies (Alexa Fluor goat 

anti-mouse or Alexa Fluor goat anti-rabbit, Invitrogen) were added according to primary 

antibody used. After washing, cells were mounted using ProLong Gold antifade reagent 

with DAPI (Invitrogen). The immunostained cells were visualized and imaged using a 

Hamamatsu EM-CCD digital camera attached to the Nikon Eclipse TE2000 confocal 

microscope. Cells (n=30) were examined for each experimental point. In each 
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experiment, images of cells at various time points were acquired using the same 

exposure, gain, sensitivity, and contrast settings.  

 

Xenografts models 
  
Female NSG mice (6-8 weeks old) were injected with exponentially growing MOLM14-

luc (0.5X106), a gift from Dr. Xiaochun Chen, and MV411-luc cells (1x106), a gift from 

Dr. Sharyn Baker, (Ohio State University) intravenously into the lateral tail vein of 

restrained mice.  Three days later, cell engraftment was assessed after injection of D-

luciferin (150 mg/kg IP) on a Xenogen IVIS-2-Imaging System (Alameda, CA).   Mice 

were sorted into 4 treatment groups so the mean intensity of signal was equal.   Mice 

were observed daily, weighed 5 days per week and leukemic burden was assessed weekly 

by non-invasive luciferin imaging.   Mice were treated with 0.1 mg/kg BMN 673, 0.5 

mg/kg AZA, the combination or vehicle.  Drug administration was performed as 

described above. All mice were housed in a 12 hr light/dark cycle with access to food and 

water ad libitum. Studies were performed with IACUC approval (protocol# 1113007).   

 

Statistical analysis 
 
Statistical analyses for biological assays were performed using 2-tailed unpaired t-test. 

For chromatin fiber analysis, Z-test for two population proportions was used. For all in 

vivo experiments, we used GraphPad Prism software (ANOVA/Mann-Whitney test) to 

calculate statistical significance.  
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CHAPTER 3: C-MYC generates repair errors via increased 
transcription of the alternative non-homologous end joining factors 
LIG3 and PARP1 in tyrosine kinase-activated leukemias1 

 

3.1 INTRODUCTION 
 
 As previously outlined in Chapter 1, about 50% of de novo AML cases present 

with a normal karyotype (Mrozek et al., 2007), while the other 50% of cases exhibit some 

form of genetic aberration (H. Dohner et al., 2010). These genetic aberrations include 

chromosomal translocations, deletions, insertions, and inversions (cytogenetic 

aberrations) and gene mutations (molecular aberrations) (Table 1.4). While some AML 

cases with certain cytogenetic and molecular abnormalities have a favorable outcome, 

other AML cases have poor prognosis. The latter include a particular subgroup of AML 

patients with mutations in the FLT3 gene that produce the FLT3/ITD tyrosine kinase.  

The Rassool laboratory, among other groups, previously reported that FLT3/ITD 

generated increased ROS production and error-prone repair of DNA double strand breaks 

(DSBs) by an alternative form of non-homologous end-joining (ALT-NHEJ) that could 

lead to genomic instability  (Brady et al., 2003; Fan et al., 2010; Sallmyr et al., 2008). 

However, the mechanisms for up-regulation of this potentially mutagenic alternative 

form of repair are not well understood. In this chapter, we show how oncogenic 

FLT3/ITD and its downstream target c-MYC play a role in increasing ALT-NHEJ 

activity that contributes to the error-prone repair observed in FLT3/ITD-positive AML. 

 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  Nidal Muvarak, Shannon Kelley, Carine Robert, Maria R. Baer, Danilo Perrotti, Carlo Gambacorti-
Passerini, Curt Civin, Kara Scheibner, Feyruz Rassool 
As submitted to Molecular Cancer Research, April 2015.	  
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FLT3 Mutations in AML  
 

FLT3 is a receptor tyrosine kinase that belongs to the class III receptor tyrosine 

kinase family (Takahashi, 2011). The gene was first cloned in mice and named “FMS-

like tyrosine kinase 3”  (Small, 2006). FLT3 is expressed by hematopoietic stem and 

progenitor cells, but is lost as they differentiate. It plays a role in differentiation, survival, 

as well as proliferation  (Gilliland & Griffin, 2002). FLT3 and its ligand (FL) are often 

overexpressed in AML, leading to autocrine signaling that results in continuous activity 

of the FLT3 receptor (Carow et al., 1996; Zheng et al., 2004). Recognition of the 

prominent role of FLT3 in leukemia came with the discovery of mutations in the FLT3 

gene, occurring in about 30% of AML patients  (Yanada, Matsuo, Suzuki, Kiyoi, & 

Naoe, 2005). These mutations 

include internal tandem duplication 

(ITD) in the juxtamembrane domain 

of FLT3, known as FLT3/ITD 

(Nakao et al., 1996). The second 

type of mutation is a point mutation 

in the tyrosine kinase domain 

(TKD), referred to as FLT3/TKD, 

commonly occurring in aspartic acid 

835 of the TKD (Yamamoto et al., 

2001) (Figure 3.1). Relative to TKD 

mutations, ITD mutations are more frequent in AML (Small, 2006).  FLT3/ITD 

Figure 3.1 FLT3 structure and mutations. Internal tandem 
duplications (ITD) occur in the juxtamembrane domain of 
the FLT3 receptor, while kinase domain (KD) mutations 
occur in the tyrosine kinase domain. The most common KD 
mutation occurs at aspartate 835 (D835). Source: (Small, 
2006).  
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mutations interfere with the negative regulatory function of the juxtamembrane domain, 

while TKD mutations involve the activation loop in the cytoplasmic domain of the FLT3 

receptor. These mutations lead to constitutive activation of FLT3 tyrosine kinase activity 

in the absence of FL (Griffith et al., 2004; Nakao et al., 1996). Nevertheless, mutations in 

FLT3 alone cannot result in AML, and other cooperating mutations and/or translocations 

are required to initiate leukemia  (Testa & Pelosi, 2013). Although both mutations result 

in constitutive activation of FLT3, FLT3/ITD is a poor prognostic factor in AML (Thiede 

et al., 2002), while AMLs with FLT3/TKD mutations have a less unfavorable outcome 

(Mead et al., 2007). The difference between FLT3/ITD and FLT3/TKD is likely due to  

differential activation of FLT3 downstream pathways that lead to disease progression  

(Choudhary et al., 2005; Grundler, Miething, Thiede, Peschel, & Duyster, 2005). For 

instance, FLT3/ITD, as opposed to FLT3/TKD, is a potent activator of STAT5 signaling 

(Choudhary et al., 2005). Other pathways activated by both FLT3/ITD and FLT3/TKD 

mutations include the Ras-MAPK and PI3K-Akt pathways that lead to enhanced growth 

and anti-apoptotic signaling  (Gilliland & Griffin, 2002). Furthermore, the oncogenic 

serine/threonine kinase Pim-1 is highly overexpressed in cells expressing FLT3/ITD (K. 

T. Kim et al., 2005). Importantly, the same group found that one of the most strongly 

expressed genes as a result of FLT3/ITD activity is c-myc (K. T. Kim et al., 2007), 

suggesting that c-MYC may play a role in FLT3/ITD-mediated leukemogenesis. In a 

subsequent section we will discuss the oncogene c-MYC and how it may contribute to 

genomic instability and disease progression in AML. Targets activated by FLT3/ITD are 
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summarized in Figure 3.2.

 

Figure 3.2 FLT3/ITD-activated pathways and downstream targets [Source: (Takahashi, 2011)]. 

 

 Given the frequency of FLT3 mutations in AML, and the poor prognosis associated with 

FLT3/ITD mutations, several tyrosine kinase inhibitors (TKIs) that target FLT3 have 

been developed and are under investigation in the clinic (Levis, 2013). Although first-

generation FLT3 inhibitors (e.g. lestaurtinib, midostaurin, sorafenib, and sunitinib) are 

nonspecific and cytotoxic  (Kayser & Levis, 2014), the second-generation FLT3 inhibitor 

quizartinib exhibited positive results in refractory and relapsed patients, (Kayser & Levis, 

2014). Moreover, many patients acquire resistance to FLT3 inhibitors  (S. H. Chu & 

Small, 2009). Hence, responses to FLT3 inhibitors have been poor, prompting 

investigations into combining other drugs with FLT3 inhibitors  (Wander, Levis, & Fathi, 

2014), similar to our rationale and approach described in Chapter 2  (N. E. Muvarak et 

al., 2016).  
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The Rassool laboratory reported that, in addition to activation of various pathways that 

lead to enhanced proliferation and survival, FLT3/ITD-positive AML cells exhibit 

increased levels of reactive oxygen species (ROS), DNA damage including double-strand 

breaks (DSBs), and abnormal repair that is highly error-prone  (Fan et al., 2010; Sallmyr 

et al., 2008). Together, these features result in acquisition of genomic alterations, which 

have the potential to drive disease progression and resistance to therapy. 

Genomic Instability in AML 
 

To maintain genomic integrity, DNA must be replicated and segregated with high 

fidelity during the cell cycle. If damage (endogenous and exogenous) or errors are 

detected, cells must also respond to and repair the damage correctly. Importantly, 

“checkpoints” within the cell cycle ensure that damaged DNA is repaired, or if 

irreparable, that the cell is marked for apoptosis  (Broustas & Lieberman, 2014).  

Of the many types of DNA damage, the most dangerous is the DSB, which can result 

from exogenous agents such as ionizing radiation (IR), certain chemotherapy drugs, and 

from the endogenous generation of reactive oxygen species (ROS). The Rassool 

laboratory previously demonstrated that the FLT3/ITD mutation causes genomic 

instability through increased levels of ROS, which lead to increased DSBs and repair 

errors (Sallmyr et al., 2008). The increase in ROS was attributed to FLT3/ITD-dependent 

signaling through RAC1-STAT5.  

DNA damage induces a variety of responses, including transcriptional changes, activation 

of cell cycle checkpoints, DNA repair, or apoptosis  (Nowsheen & Yang, 2012). 

Mutation of genes involved in the DNA damage response (DDR), DNA repair, and/or 

genome stability can affect genomic integrity and chromosomal architecture, and often 
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lead to cancer  (k. Brown et al., 2010; Jackson & Bartek, 2009). Furthermore, there is a 

growing body of evidence suggesting that tumor cells progress from a less malignant to a 

more malignant state due to this inherent genomic instability  (Cagnetta et al., 2015; 

Ferguson et al., 2015; Sieber, Heinimann, & Tomlinson, 2003).  Although recent 

evidence suggests that AML is not a disease of genomic instability (Welch et al., 2012), a 

number of different types of genomic instability have been identified in AML. 

Aneuploidy (gain or loss of whole chromosomes) is found in about 12% of AML patients  

(Gordon, Resio, & Pellman, 2012). A debatable feature of AML (Rimsza et al., 2000), 

microsatellite instability (MSI), occurs in repeat sequences called microsatellites, and has 

been documented in AML  (Das-Gupta, Seedhouse, & Russell, 2001; Gaymes et al., 

2013). MSI in AML is thought to occur as a result of mutations in, or hypermethylation 

of, mismatch repair (MMR) genes  (Auner et al., 1999; Seedhouse, Das-Gupta, & 

Russell, 2003). Polymorphisms in genes involved in base excision repair (BER), which 

repairs single strand breaks (SSBs), have been associated with shorter OS in AML  

(Banescu et al., 2013; Banescu, Duicu, Trifa, & Dobreanu, 2014).  

Chromosomal alterations, such as translocations, deletions and insertions seen in AML 

are usually due to aberrant repair of DSBs  (Jacoby et al., 2014; Sallmyr, Fan, & Rassool, 

2008). For instance, Seedhouse et al demonstrated a correlation between FLT3/ITD 

expression and levels of the HR pathway component RAD51 (Seedhouse et al., 2006). 

When the investigators used the FLT3 inhibitor PKC412 in combination with 

daunorubicin (a DSB inducer), they observed a marked decrease in the levels of RAD51 

and DNA repair. These results are in line with previous findings demonstrating that 

aberrant RAD51 overexpression in mammalian cells leads to an increase in genomic 
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instability and resistance to ionizing radiation  (Nowicki et al., 2004; Richardson, Stark, 

Ommundsen, & Jasin, 2004).  Taken together, these studies suggest that aberrant DSB 

repair may lead to increased genomic instability, resistance to therapy, and disease 

progression. 

Double-Strand Break Repair  

  
 Homologous Recombination (HR).  HR is a process that involves exchange of 

genetic information between the sequences of two alleles on homologous chromosomes  

(Renkawitz, Lademann, & Jentsch, 2014). A critical function of HR is to maintain 

genomic stability by repairing DSBs induced by endogenous and exogenous agents such 

as ROS and irradiation (IR). When a DSB occurs, the MRN 

(MRE11, RAD50 and NBS1) complex initiates resection of DSB ends to create 3′-single-

stranded DNA (ssDNA) overhangs, which allow the invasion of homologous sequences  

(Lamarche, Orazio, & Weitzman, 2010). More extensive end processing is mediated 

through the actions of BLM (mutated in Bloom Syndrome), Exo1 and CtIP  (T. Liu & 

Huang, 2016). BRCA1, through its interaction with BARD1, results in the poly-

ubiquitination of lysines at DSBs sites that stabilize HR protein complexes  (Prakash, 

Zhang, Feng, & Jasin, 2015). This complex includes CtIP, PALB2, and BRCA2 that 

recruits RAD51, which coats the single strands and catalyzes strand invasion at 

homologous sequences  (San Filippo, Sung, & Klein, 2008) (Figure 3.3). HR is active 

during S-phase and, to a lesser extent, G2/M-phase of the cell cycle  (Mao, Bozzella, 

Seluanov, & Gorbunova, 2008). Thus HR is a highly efficacious and error-free form of 

repair and is responsible for the repair of DSBs caused by endogenous, unrepaired SSBs, 

or chemotherapeutic agents that abrogate DNA replication and result in replication fork 
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collapse  (Petermann, Orta, Issaeva, Schultz, & Helleday, 2010; Saleh-Gohari et al., 

2005).  

 

Figure 3.3 A simplified illustration of HR in mammalian cells [Adapted from (Buisson et al., 2010)]. 
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Non-homologous End Joining (NHEJ).  

DSB repair by NHEJ (also known and classical NHEJ, or C-NHEJ) is different 

from HR in that it occurs without the need for DNA sequence homology  (A. J. Davis & 

Chen, 2013). Contrary to HR, NHEJ occurs throughout the cell cycle, is the major mode 

of DSB repair in G0/G1 phase, and is error-prone due to minor processing of DSB ends 

(Mao et al., 2008). When a DSB occurs, Ku70/80 heterodimer binds to DNA ends and 

forms a ring, allowing recruitment of DNA-PKcs, which binds DNA and phosphorylates 

itself and other downstream targets (Shrivastav et al., 2009). The process is completed by 

joining both ends together, which is carried out by DNA ligase IV with the aid of XLF 

and XRCC4  (Ahnesorg, Smith, & Jackson, 2006) (Figure 3-4). Other factors involved in 

processing DSB ends in NHEJ include the nuclease FEN-1  (Wu, Wilson, & Lieber, 

1999) and Artemis  (A. J. Davis & Chen, 2013). As a result of the DSB end processing, 

the joining of DNA ends by NHEJ may lead to loss or addition of a few nucleotides that 

make NHEJ error-prone. These minor changes, however, do not have serious 

consequences. In fact, the diversity of B- and T-cell receptors that broaden the range of 

antigen recognition is the result of V(D)J recombinations that occur as result of NHEJ 

processing  (Chaudhuri & Alt, 2004). However, when extensive processing of DSB ends 

occurs, chances of translocations and genomic instability are increased  (Simsek & Jasin, 

2010). This occurs by a highly error-prone form of NHEJ, named alternative NHEJ, or 

ALT-NHEJ, described below.  
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Alternative NHEJ (ALT-NHEJ)  
 

DSB repair by the ALT-NHEJ pathway is characterized by larger deletions, 

insertions, and longer tracts of microhomology, when compared to classical NHEJ  

(Nussenzweig & Nussenzweig, 2007). Several DNA repair proteins, including PARP-1, 

MRN, WRN, LIG3, and POLθ have been implicated in ALT-NHEJ  (Ceccaldi et al., 

2015; Rassool & Tomkinson, 2010; Sallmyr et al., 2008) (Figure 3.4)  (Lazzerini-Denchi 

& Sfeir, 2016).  

In previous studies from our 

laboratory and our collaborators, 

components of C-NHEJ (DNA 

ligase IV, Ku70/80 and Artemis) 

were found to be reduced in several 

cancer models, while components 

of ALT-NHEJ (LIG3, WRN, and 

PARP1) are overexpressed  (Fan et 

al., 2010; L. Li et al., 2011; 

Sallmyr, Tomkinson, & Rassool, 

2008; Tobin et al., 2012; Tobin et 

al., 2013). In another study from the Rassool laboratory, Gaymes et al showed that repair 

of DSBs by NHEJ in CML cells is characterized by large deletions around the DSB 

junctions, and ligation of DNA ends at regions of DNA sequence microhomology  

(Gaymes, Mufti, & Rassool, 2002). In FLT3/ITD-positive AML, our laboratory has 

shown that FLT3/ITD causes genomic instability through increased levels of reactive 

Figure 3.4 Comparison between C-and ALT-NHEJ. 
[Adapted from (Lazzerini-Denchi et al., 2016)]. 
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oxygen species (ROS) and increased ALT-NHEJ (Sallmyr et al., 2008). In a follow-up 

study, Fan et al demonstrated that the end-joining process of DSBs in FLT3/ITD-

expressing cell lines and bone marrow mononuclear cells from FLT3/ITD knock-in mice 

occurs with increased repair errors, leading to higher frequencies of deletions, and thus 

increased genomic instability  (Fan et al., 2010). In this study expression of LIG3 (ALT-

NHEJ component) was also found to be increased in FLT3/ITD cells, relative to WT 

counterparts. Treatment of AML cell lines with the FLT3 inhibitor CEP701 resulted in a 

decrease in LIG3 levels, as well as a reduction in DNA deletions, suggesting that 

FLT3/ITD signaling plays a role in causing genomic instability through aberrant DSB 

repair in AML cells  (Fan et al., 2010). 

Although the aforementioned studies clearly show increased ALT-NHEJ in many cancer 

models, regulation of this pathway is poorly defined. To build on the previous studies 

from our laboratory, we sought to elucidate the mechanism for increased ALT-NHEJ, 

particularly in FLT3/ITD-positive AML. We focused our attention on the transcription 

factor c-MYC for the following reasons: 1) Its expression is increased as a result of 

FLT3/ITD activity (K. T. Kim et al., 2007); 2) it has been shown to transcriptionally 

regulate DSB repair genes in solid tumors (Luoto et al., 2010); and 3) in silico analysis 

revealed several binding sites for c-MYC in the promoters of the ALT-NHEJ components 

PARP1 and LIG3. The following section expands our rationale for investigating the 

potential role of c-MYC in ALT-NHEJ. 
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c-MYC Oncogene 
 
c-MYC regulation of transcription. There are several mechanisms through which 

mammalian cells regulate gene expression. These include transcription factors, 

epigenetics, and microRNAs, though transcription is the most utilized  (Hobert, 2008; 

Jaenisch & Bird, 2003). c-MYC is one of the most  fully studied transcription factors, 

reported to control the expression of approximately 15% of all genes in humans (C. V. 

Dang et al., 2006).  

c-MYC  is the  cellular homolog of the retroviral v-myc oncogene originally discovered 

in avian tumors (C. V. Dang et al., 1999), and later found to be activated in various 

animal and human tumors (Cole, 1986). c-MYC binds DNA at a 5′-CACGTG-3′ 

consensus sequence called the E-box, and requires its binding partner Max for effective 

DNA binding and transcriptional activity  (Solomon, Amati, & Land, 1993). Inactivation 

of c-MYC demonstrated its critical role in regulating cell proliferation (Schmidt, 1999). 

Additional roles for c-MYC have been found in regulation of the cell cycle  (Amati, 

Alevizopoulos, & Vlach, 1998), metabolism (C. V. Dang et al., 1999), and apoptosis  

(Hoffman & Liebermann, 2008).  

Early studies demonstrated increased c-MYC expression in AML blasts relative to 

normal bone marrow cells (Gopal et al., 1992). More recent, mechanistic studies directly 

linked c-MYC transcriptional activity with AML initiation, progression, and resistance to 

therapy (L. Li et al., 2014; Luo et al., 2005; Salvatori et al., 2011). In addition to 

transcriptional activation, c-MYC has also been shown to repress genes, especially those 

involved in growth arrest  (Claassen & Hann, 1999; Gartel & Shchors, 2003). Especially 



	  

	   76	  

important in c-MYC-mediated transformation is its role in the repression of many tumor 

suppressor microRNAs (miRNAs), as discussed below.  

c-MYC regulation of miRNAs. miRNAs are small non-coding RNA molecules involved 

in gene expression regulation at the post-transcriptional level  (Macfarlane & Murphy, 

2010). miRNAs are first transcribed as primary miRNAs (pri-miRNAs), about 1000 

nucleotides long  (Denli, Tops, Plasterk, Ketting, & Hannon, 2004), which are then 

processed in the nucleus as  precursor miRNAs of about 70 nucleotides (pre-miRNA), 

and subsequently further processed in the cytoplasm as a miRNAs of about 20 

nucleotides  (Y. Lee, Jeon, Lee, Kim, & Kim, 2002). miRNAs bind their target mRNA in 

the 3’-untranslated region (3’-UTR) or coding sequence (CDS), leading to either mRNA 

degradation or blocking of protein translation [reviewed in  (Macfarlane & Murphy, 

2010)]. Both mechanisms result in decreased expression of the target protein (Figure 3.5)  

(Lutz, Bekker, & Tao, 2014).  
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Figure 3.5 miRNA biogenesis and mechanism of action. Source: (Lutz et al., 2014). 

 

As in the case of proteins, many miRNAs can act as either oncogenes or tumor 

suppressors  (B. Zhang, Pan, Cobb, & Anderson, 2007). For instance, miRNA-15 and -16 

have been shown to be important in preventing transformation by targeting the anti-

apoptotic protein Bcl-2 (Cimmino et al., 2005), while the miRNA-17-92 cluster has been 

shown to downregulate the tumor suppressor PTEN  (Concepcion, Bonetti, & Ventura, 

2012). In addition to activating or  repressing mRNA transcription, c-MYC can also 

overexpress or repress miRNAs (Chang et al., 2008). In fact, the aforementioned 

miRNA-17-92 cluster and miRNA-15/16 were shown to be activated and repressed, 

respectively, by c-MYC  (Y. Li, Choi, Casey, Dill, & Felsher, 2014). Given that many 
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miRNAs are involved in the regulation of DNA repair genes  (Crosby, Kulshreshtha, 

Ivan, & Glazer, 2009; Tessitore et al., 2014), some of the miRNAs regulated by c-MYC 

may affect DNA repair processes, as we later show in the Results section.  

c-MYC role in DNA repair. As we will discuss in the following section of this chapter, a 

mechanism through which c-MYC may contribute to the induction of genomic instability 

is through modulation of DNA repair. In one study, c-MYC was found to directly 

regulate the expression of NBS1, a component of the MRN complex  (Chiang, Teng, Su, 

Hsieh, & Wu, 2003). In another study. Grandori et al demonstrated a positive correlation 

between the expression of c-MYC and WRN, which plays a role in ALT-NHEJ (Grandori 

et al., 2003; Sallmyr et al., 2008).  Finally, in a study of prostate and breast cancers, 

Luoto et al confirmed the association of c-MYC with the promoters of various DSB 

repair proteins through ChIP studies (Luoto et al., 2010), suggesting a role for c-MYC in 

DNA repair.  

 

3.2 RATIONALE AND AIMS 
 

As discussed earlier, FLT3/ITD activity leads to the induction of c-MYC (K. T. 

Kim et al., 2007). We also previously showed that FLT3/ITD-positive AML cells have 

increased expression of the ALT-NHEJ components LIG3 and PARP1  (Fan et al., 2010; 

L. Li et al., 2011). Furthermore, bioinformatic analyses predicted binding sites for c-

MYC in the promoters of LIG3 and PARP1, as well as binding sites of multiple c-MYC-

regulated miRNAs in the mRNAs encoding these two ALT-NHEJ factors. These 

miRNAs were found to be repressed by c-MYC (Chang et al., 2008). Thus, we tested 
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the hypothesis that c-MYC plays a role in regulating ALT-NHEJ activity in 

FLT3/ITD-positive AML (Specific Aim 2) by formulating the following sub-aims:   

 Sub-aim 1: Elucidate the mechanism by which c-MYC upregulates the ALT-

NHEJ components LIG3 and PARP1. 

 Sub-aim 2: Determine the functional consequences of c-MYC inhibition for 

ALT-NHEJ activity in FLT3/ITD-positive AML cells.  

 

3.3 RESULTS 
 
c-MYC expression is elevated in myeloid leukemias and correlates with LIG3 and 
PARP1 expression levels.  
 

We previously showed that TK-activated leukemias had increased steady-state 

levels of PARP1 and LIG3 mRNA and protein (Tobin et al., 2013), suggesting that they 

are transcriptionally regulated. Database analysis of promoter regions of these genes 

using Matinspector (Genomatix, Munich, Germany) and TF Search (Parallel Application 

TRC Laboratory, Japan) demonstrated c-MYC binding sites and thus c-MYC was 

investigated as a candidate in transcriptional regulation of these genes. To determine 

whether c-MYC plays a role in regulating expression of LIG3 and PARP1, we initially 

examined microarray data from multiple myeloid leukemia cell lines and primary cells 

(Table 3.1) to correlate mRNA expression levels of c-MYC with either LIG3 and PARP1 

mRNA expression levels. 
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Table 3.1 Clinical, cytogenetic and molecular features of AML patients. 

 

Abbreviations:  FAB, French-American-British [classification]; ND, not determined; Nl, normal; CR, 
complete remission; inv, inversion; Del, deletion. 

 

Analysis of AMLcell lines (HL60, Kasumi1, KG1a, ML2, MO7e, and U937), the BCR-

ABL1+ CML blast crisis cell line K562, and primary AML patient samples (n=18) 

showed a significant positive correlation between endogenous levels of c-MYC and 

levels of LIG3 (Pearson’s R = 0.6492, Figure 3.6A) and PARP1 (Pearson’s R = 0.8422, 

Figure 3.6B).  
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Figure 3.6 A-B. c-MYC expression levels correlate with LIG3 and PARP1 levels in myeloid leukemias 
and are elevated in TK-positive leukemias compared to controls. Graphs of correlations between 
endogenous expression levels of (A) c-MYC and LIG3 or (B) c-MYC and PARP1 from microarray data of 
mRNAs from AML cell lines (n=7) and AML primary samples (n=18). Pearson’s (r) value denotes the 
strength of the correlation. 

 

Given the strong correlation between c-MYC mRNA levels and LIG3 and PARP1 

mRNA levels in AML, we hypothesized that increased c-MYC expression may augment 

expression of LIG3 and PARP1 in FLT3/ITD-activated AML, in which c-MYC is a 

known to be expressed at high levels (K. T. Kim et al., 2007). We first assessed protein 

levels of c-MYC, LIG3, and PARP1 in extracts from a murine hematopoietic cell line 

that expresses FLT3/ITD (32D-FLT3/ITD) and its parental control (32D). In addition, 

endogenous protein levels were compared in FLT3/ITD-positive MOLM14 vs wild-type 

FLT3 REH leukemia cell lines. Figure 3.6C shows that cells expressing FLT3/ITD have 

an approximately two-fold increase in steady-state protein levels of c-MYC, LIG3 and 
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PARP1 compared with controls (p < 0.05). 

 

Figure 3.6 C. c-MYC expression levels correlate with LIG3 and PARP1 levels in myeloid leukemias and 
are elevated in FLT3/ITD-positive leukemias compared to controls. Left, upper panel, Western blot 
analysis of basal protein levels for c-MYC, LIG3, and PARP1 in TK-positive cell lines and TK-negative 
controls:  REH vs MOLM14, 32D vs 32D/ITD. Left, lower panel, Basal protein expression for c-MYC 
positive control, Cyclin A and, GRB2, reported not to be regulated by c-MYC. Actin was used as a loading 
control. Right panel, graphical representation of protein expression relative to control in three independent 
Western blots. Error bars represent the standard deviations. Statistical significance was determined using 
the student’s t-test. 

 

Additionally, Cyclin A (CCNA2), controlled by c-MYC, shows an approximately 

2-fold increase in TK-activated cells, whereas GRB2, which does not correlate with c-

MYC expression (Notari et al., 2006), is not differentially expressed (Figure 3.6C, lower 

panel).  
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c-MYC inhibition results in decreased LIG3 and PARP1 levels in FLT3/ITD-
positive cells. 
 

Next, to determine whether depletion of endogenous c-MYC results in decreased 

levels of LIG3 and PARP1 transcripts and proteins, siRNA-mediated knockdown of c-

MYC was performed in 32D-FLT3/ITD and MOLM14 cells, followed by Q-PCR and 

Western blotting analysis of mRNA and protein levels, respectively. To ensure that 

observed effects of siRNA-mediated c-MYC knockdown were not due to cell death, we 

performed experiments over a 48-hour period and confirmed cell viability by trypan blue 

dye exclusion and MTS-based viability assays (data not shown). SiRNA-mediated 

knockdown, using pooled oligonucleotides of c-MYC (>50%) led to a significant 

reduction (p< 0.01) in mRNA and protein levels of LIG3 and PARP1 (Figure. 3-6D). 

 

Figure 3.6 D siRNA-mediated knockdown of c-MYC in FLT3/ITD-positive cell lines and examination 
LIG3 and PARP1 expression levels in extracted mRNA by q-PCR (upper panel) in 32D-FLT3/ITD (left) 
and MOLM14 (right) cells. (Lower panel), representative Western blot analysis of c-MYC, LIG3 and 
PARP1 proteins in above cells. Data represent the average of three independent experiments. Error bar 
represents the standard deviation. Statistical significance was determined using the Student’s t-test. 
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SiRNA-mediated c-MYC knockdown, using a single oligonucleotide yielded 

similar results to experiments using pooled oligonucleotides (Figure 3.6E).   Furthermore, 

chemical inhibition of c-MYC (10058-F4 [selleckchem.com]), which inhibits MYC-

MAX binding and prevents transcriptional activation of c-MYC targets  (Huang, Cheng, 

Liu, Lin, & Liu, 2006), resulted in a significant reduction of LIG3 and PARP1 transcripts 

(Figure 3.6F).  

 

Figure 3.6 E-F. (E) Western blot analysis of LIG3 and PARP1 in FLT3/ITD-positive MOLM14 cells 
following single oligonucleotide siRNA-mediated c-MYC knockdown or single siRNA control (siCTRL). 
(F) Q-PCR analysis of LIG3 and PARP1 mRNA from MOLM14 and 32D/ITD cells following chemical 
inhibition of c-MYC (MYCi). Columns represent the average of three independent experiments; error bars 
denote the standard deviation. 

 

c-MYC induces the transcription of LIG3 and PARP1 in FLT3/ITD-positive cells. 
 

Database searches using Matinspector and TF Search revealed several predicted 

c-MYC binding sites (E-box motifs) within the defined PARP1 and LIG3 promoter 

regions (Figure 3.7A). In addition, ChIP-seq data from ENCODE (UCSC Genome 

Browser) showed the increased binding of c-MYC to several DSB repair gene promoters, 

including PARP1 and LIG3, in the BCR-ABL1-positive cell line K562, similar to well 

established c-MYC targets, CAD and CCNA2 (Figure 3.7B). In addition, genes reported 
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not to be controlled by c-MYC, such as GRB2 (Notari et al., 2006) or immediate early 

gene FOS (Nie et al., 2012), had relatively little to no c-MYC binding (Figure 3.7B).     

 

Figure 3.7 A-B. c-MYC induces the transcription of LIG3 and PARP1 (A) Schematic diagram of PARP1 
and LIG3 promoters cloned into pGL4.10 luciferase construct. Black inverted triangles represent the 
putative c-MYC binding sites within each cloned promoter, and empty triangles represent c-MYC binding 
sties that were mutated by site-directed mutagenesis (B) ChIP-Seq data in K562 cells obtained from 
ENCODE comparing c-MYC binding to the promoters of several DSB repair genes, canonical c-MYC 
targets (CAD and CCNA2), and genes not regulated by c-MYC (FOS and GRB2). Peak heights represent 
the signal strength, with LIG3 and PARP1 promoters (rectangle) exhibiting high levels of c-MYC binding 
similar to CAD and CCNA2. 

 

 

To determine the significance of c-MYC binding to the promoters of ALT-NHEJ genes, 

the promoter regions of LIG3 and PARP1 (containing the putative c-MYC binding sites) 

were cloned into pGL4.10 luciferase expression plasmids. Plasmid constructs were 

transfected into 32D/ITD cells, and induction of luciferase expression via endogenous c-

MYC was determined by luciferase assay (Materials and Methods). Cells transfected with 

a plasmid containing either the LIG3 or PARP1 promoter, compared to a promoterless 
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control vector, induced luciferase expression approximately 4-fold (Figure 3.7C).  Figure 

3.7D shows that baseline LIG3 and PARP1 promoter induction of luciferase expression in 

32D/ITD cells was approximately 3-fold higher (p<0.01) compared to that in parental 

control cells. Importantly, c-MYC knockdown in 32D/ITD cells resulted in a significant 

reduction (p<0.05) in promoter activity, as shown in Figure 3.6D. 

To further confirm that c-MYC induces the transcription of the LIG3 and PARP1 genes, 

we utilized two c-MYC expression vectors described by Ricci et al (Ricci et al., 2004). 

First, pBABE-puro-mycER was transfected into MO7e-BCR-ABL1 (we used this cell 

line as it did not undergo apoptosis as quickly as AML cell lines did when mycER was 

induced). Cells were subsequently treated with either vehicle (ethanol) or 300nM 4-

hydroxytamoxifen (4-OHT). 4-OHT induces translocation of mycER from the cytoplasm 

to the nucleus and activates c-MYC-mediated transcription. Induction of c-MYC resulted 

in approximately a 1.7-fold (p=0.014) increase in LIG3 mRNA and a 2-5-fold (p=0.005) 

increase in PARP1 mRNA levels at 12 hours post induction with 4-OHT (Figure 3.7E). 

Cyclin D2 (CCND2) mRNA, which increased 2-fold with 4-OHT (p= 0.01), was used as 

a positive control, as CCND2 was previously shown to be a downstream target of 

mycER-induced transcription (Vafa et al., 2002). MycER protein expression was verified 

by Western blot analysis (Figure 3.7F).  
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Figure 3.7 C-F. c-MYC induces the transcription of LIG3 and PARP1. (C) Luciferase activity for LIG3 
and PARP1 relative to promoterless control in 32D-FLT3/ITD cells. Columns represent the average of 3 
independent assays. Error bars denote the standard deviation. (D) Luciferase assays conducted in 32D and 
32D/ITD cells transfected with either siRNAs against MYC (siMYC) or control siRNA (siCtrl), then 
transfected with the LIG3 or PARP1 promoter constructs. Values shown are relative luciferase activity 
normalized to Renilla control (transfection efficiency). Columns represent the average of three independent 
assays and the error bars represent the standard deviation. (E) Q-PCR analysis of mRNA from MO7e-BCR-
ABL1 cells transfected with pBABE-puro-mycER and treated with either 300nM 4-OHT or ethanol 
(vehicle control) for the indicated times (x-axis). mRNA expression levels of LIG3, PARP1 and positive 
control CCDN2 (y-axis) are shown for 4-OHT treated cells relative to vehicle control. (F) Representative 
Western blot confirming expression of mycER (~97kDa) and endogenous (endo) c-myc. Molecular weight 
(kDa) markers are shown. 

 

We also used a well-established c-MYC overexpression model (Ricci et al., 2004) in 

which the c-MYC expression vector, pcDNA3-cmyc, is co-transfected into 293T cells 

with PARP1 and LIG3 promoter luciferase constructs, and luciferase activity is measured 

in comparison to empty vector pcDNA3. c-MYC overexpression (Figure 3.7G) resulted 

in 2.5-fold (p=0.013) and 1.8-fold (p=0.005) increase in LIG3 and PARP1  
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Figure 3.7 G. Luciferase activity of transfected LIG3 and PARP1 wild-type (luc-WT) and mutant (luc-mut) 
promoter constructs in 293T cells co-transfected with either control pcDNA3 or pcDNA3-cmyc. The error 
bars represent the standard deviation. Statistical significance was determined using the Student’s t-test. 

 

promoter activities, respectively. Notably, when compared to parental controls, LIG3 and 

PARP1 luciferase activity levels were similar to those in FLT3/ITD-positive cells (2- to 

3-fold increase, Figure 3.7D). Furthermore, site-directed mutagenesis of the highest-

probability c-MYC binding sites (as determined by Genomatix software) within the LIG3 

and PARP1 promoter-reporter constructs (Figure 3.7A) resulted in a significant decrease 

in LIG3 (40%; p= 0.02) and PARP1 (30%; p= 0.004) promoter activities, compared to 

cells transfected with wild-type promoter-reporter vectors (Figure 3.7G). We obtained 

similar results as above using a promoter-reporter vector of carbamoyl-phosphate 

synthase 2 (CAD), a well-established target of c-MYC-induced transcription  (Boyd & 

Farnham, 1999), as a positive control (Figure 3.7H). 
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Figure 3.7 H-I. (H) Relative luciferase activity in 293T cells transfected with c-MYC expression construct 
(pcDNA3-c-myc) and control vector (pcDNA3), and co-transfected with promoter luciferase constructs for 
CAD (Luc-WT) and mutant (LUC-mut). Error bars represent the standard deviation of three different 
experiments. (I) Chromatin immunoprecipitation (ChIP) of LIG3 and PARP1 promoter regions in MO7e-
BCR-ABL1 cells. Q-PCR analysis of immunoprecipitated DNA with myc antibody (anti-myc), or IgG 
isotype control. Chromosome 22 region (Ch22) served as negative control (no E-box), while CAD 
promoter served as positive control. Graphical representation of fold enrichment relative to IgG controls 
from three independent ChIP assays. The error bars represent the standard deviation. Statistical significance 
(p<0.05) was determined using the Student’s t-test. 

 

 To determine whether c-MYC actually binds to the promoters of the LIG3 and PARP1 

genes and to confirm the ChIP-seq data (from ENCODE) observed in K562 cells (Figure 

3.7B), we performed chromatin immunoprecipitation (ChIP) in extracts from MO7e-

BCR-ABL1 (Figure 3.7I) and MOLM14 cells (data not shown), followed by PCR-

amplification of LIG3 and PARP1 promoter regions spanning the putative c-MYC 

binding sites. Q-PCR analysis of ChIP products confirmed c-MYC binding to the LIG3 

and PARP1 promoters, compared with positive (CAD), negative (Ch22) and IgG controls 

(Figure 3.7I). 

 

c-MYC regulation of LIG3 and PARP1 expression is dependent on expression of 
FLT3/ITD. 
 
 Given that c-MYC is a downstream target of the FLT3/ITD TK (K. T. Kim et al., 

2007), we sought to investigate whether c-MYC regulation of LIG3 and PARP1 is 
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dependent on the activities of FLT3/ITD. 

Therefore, FLT3/ITD-positive MOLM14 

cells were treated with the FLT3 inhibitor 

CEP701 (50nM) or DMSO. Thereafter, 

Q-PCR analysis of mRNA and Western 

blot analysis of protein levels were 

performed. FLT3/ITD inhibition resulted 

in greater than 75% (p<0.005) decrease in 

c-MYC, LIG3, and PARP1 mRNA levels 

(Figure 3.8A). As seen in 

Figure 3.8B, CEP701 

treatment of MOLM14 

resulted in similar effects 

on the protein levels of 

LIG3 and PARP1 as was 

observed for mRNA levels.   

Of note, we did not 

observe the presence of a 

cleaved PARP1 band 

(Figure 3.8B), suggesting 

the downregulation 

observed was not a result of the cells undergoing apoptosis. 

 

Figure 3.8 A. Expression levels of c-MYC, LIG3 and 
PARP1 in MOLM14 cells treated with 50nM CEP701 
or DMSO (controls) followed by mRNA extraction 
and Q-PCR analysis. Error bars represent standard 
deviation, and statistical significance was determined 
by the Student’s t-test. 

Figure 3.8 B. Treatment with CEP701 reduces levels of PARP1 and 
LIG3 protein in AML. Cells were treated with treated 50nM CEP701 or 
DMSO. Left panel, representative Western blot of LIG3 and PARP1 
proteins.  Right panel, graph representation of relative protein 
expression levels from three independent experiments. Error bars 
represent standard deviation; statistical significance was determined by 
Student’s t-test. 
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To ensure that PARP1 can undergo cleavage at this time point, we treated MOLM14 cells 

with 50nM etoposide and demonstrated PARP1 cleavage (Figure 3.8C). Given that c-

MYC phosphorylation at Serine 62 (Ser62) is an indication of its signaling activity (X. 

Wang et al., 2011), we performed Western blotting analysis for this c-MYC 

phosphorylation site following treatment with CEP701, and showed that phospho-Ser62 

is decreased significantly following treatment in both cell lines (Figure 3.8D).   

 

Figure 3.8 C-D. (C) Western blot analysis for PARP1 cleavage following treatment with 50nM etoposide 
(Etop) or DMSO. (D)Western blot analysis for c-MYC phosphorylation at serine 62 (p-mycS62) and total c-
MYC. Actin was used as a loading control in both panels. 

 

 

c-MYC-negatively-regulated miRNAs decrease LIG3 and PARP1 expression in 
FLT3/ITD-positive cells. 
 

c-MYC is known to specifically regulate expression of multiple miRNAs, the 

majority of which undergo negative regulation by this transcription factor (Chang et al., 

2008). To determine whether c-MYC-mediated decrease in miRNA levels in AML cells 

may be an additional mechanism of LIG3 and PARP1 regulation, we examined the 3’-

UTR and coding sequences of LIG3 and PARP1 for potential c-MYC-regulated miRNA 

binding sites (Table 3.2).   
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Table 3.2 Predicted miRNAs that target LIG3 and PARP1 

 

LIG3 and PARP1 are predicted targets of multiple c-MYC-regulated miRNAs, including 

miRNA-22, miRNA-27a, miRNA-34a, and miRNA-150.  In our initial studies, we used 

microarray analysis of mRNA expression and mature miRNA levels from multiple AML 
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cell lines and primary samples (Table 3.1) shown in Figure 3.6A-B, to look for a 

correlative relationship between LIG3 or PARP1 and the above miRNAs.  There was a 

significant inverse correlation between LIG3 and miR-22 and -150 (Pearson r < -0.3, 

Figure 3.9A); similarly, we found a significant inverse correlation between PARP1 and 

miR-22 and 150 (Pearson r < -0.3, Figure 3.9B). Not surprisingly, there was a significant 

inverse correlation between c-MYC and miR-22 and -150 (Pearson’s r < -0.3, Figure 

3.9C). 

 

Figure 3.9 A-C. c-MYC-repressed miRNAs are inversely correlated with levels of c-MYC, LIG3, and 
PARP1. Graphs of correlations between endogenous mRNA expression levels of (A) LIG3, (B) PARP1, 
and (C) c-MYC, and levels of miR-22 (left panel) or miR-150 (right panel). Pearson’s coefficient (r) values 
are shown. Asterisks denote statistical significance. 
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In contrast, miR-34a showed neither a positive nor inverse correlation with either LIG3 

or PARP1 (Figure 3.9D). While miR-27a demonstrated an inverse correlation with 

PARP1, it did not significantly correlate with LIG3 (Figure 3.9E). Accordingly, we 

focused on miR-22 and miR-150 for the remainder of this study.  

 

Figure 3.9 D-E.  Graphs of correlations between endogenous mRNA expression levels between LIG3 (left 
panel) or PARP1 (right panel), and levels of miR-34a (D) or miR-27a (E). Pearson’s coefficient (r) values 
are shown. Asterisks denote statistical significance. 

 

 

First, we sought to confirm c-MYC repression of miR-22 and -150 in our cell lines. We 

performed siRNA-mediated knockdown of c-MYC in MOLM14 cells, followed by qRT-

PCR analysis of miR-22 and -150 levels. There was a significant increase in levels of 

miR-22 and/or -150 in cells transfected with siRNA targeting c-MYC, compared to cells 
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transfected with control siRNA (Figure 3.9F). 

To confirm that miR-22 and miR-150 are 

involved in regulating the expression of LIG3 

and PARP1 in TK-activated leukemias, we 

transiently transfected a combination of miR-

22 and miR-150 mimics (50nM each) into 

MOLM14 and MO7e-BCR/ABL cells, and 

assessed LIG3 and PARP1 protein levels at 72 

hours post-transfection.  We verified the 

transfection efficiency and confirmed high levels of miRs by Q-PCR in several cell lines 

(data not shown).  

Transfection of a combination of miR-22 and -150 produced an approximately 35-40% 

decrease in LIG3 (p<0.05) and PARP1 (p<0.05) protein levels in MOLM14 and MO7e-

BCR-ABL1 cells, compared with a non-specific control (NSC) miRNA (Figure 3.9G-H).  

Figure 3.9 F. Relative miRNA (miR) 
expression in MOLM14 cells following c-MYC 
siRNA depletion and controls (siCtrl). 
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Figure 3.9 G-H. MOLM14 (G) or MO7e-BCR-ABL1 (H) cells were transfected with miRNA-22/150 
(miR) or control (NSC) for 72 hrs, then proteins were analyzed by Western blot (left panel). Right panel 
shows graphical representation of blots. Average of four experiments are shown. Error bars represent 
standard deviation. Statistical significance determined by t-test. 

 

Depletion of c-MYC and overexpression of c-MYC-regulated miR-150 and miR-22 
decrease ALT-NHEJ activity. 

To determine whether c-MYC 

regulation of key ALT-NHEJ 

components in TK-activated leukemias 

also plays a role in ALT-NHEJ repair 

activity, we performed an established in 

vivo plasmid-based end-joining assay  

(Fan et al., 2010; Sallmyr et al., 2008; 

Tobin et al., 2012) following chemical 

and siRNA inhibition of c-MYC. In this 

plasmid reactivation assay (Figure 3-10A), pUC18 plasmid is linearized by restriction-

Figure 3.10 A. NHEJ assay illustration. 
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enzyme digestion to simulate a DSB, then transfected into cells. The repaired plasmid is 

isolated from cells 24 hrs later and transformed into DH5α bacteria, which are then plated 

on agar plates. Colonies (representing clones of one repaired plasmid) are picked for 

plasmid isolation and sequencing of repair junctions to determine the frequency and size 

of DNA deletions.  

C-MYC was inhibited in MOLM14 and MO7e-BCR/ABL1 using chemical inhibition 

(10058-F4) or siRNA technology, followed by the aforementioned NHEJ assays. c-MYC 

knockdown and consequent decrease in LIG3 and PARP1 levels were confirmed by 

Western blot analysis (Figure 3.10B). We also verified that the transfection efficiency of 

the linearized pUC18 plasmid was not affected by c-MYC knockdown by co-transfection 

with a GFP-expressing vector (Figure 3.10C).  
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Figure 3.10 B-C. (B) Western blots for PARP1, LIG3 and c-MYC proteins in cells treated with c-MYC 
inhibitor 10058-F4 (MOLM14) or siRNA depletion of c-MYC (MO7e-BCR-ABL1) in experiments for 
NHEJ assays. (C) Flow cytometric data for GFP in MOLM14 cells transfected with pmaxGFP vector, 
treated with DMSO (left panel) or 30uM c-MYC inhibitor 10058-F4 (right panel). The inset numbers 
(DMSO= 81.4 and 10058-F4=78.7) denote the percentage of GFP-positive cells. 

 

 

Approximately 30 colonies from three independent experiments were analyzed by colony 

PCR and sequencing of the region that encompasses the repaired DSB. MOLM14 cells 

depleted of c-MYC by chemical inhibition had a general reduction in the size of DNA 
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deletions when compared to DMSO-treated cells (Figure 3.10D, p<0.015). 

 

Figure 3.10 D. NHEJ assay in MOLM14 cells treated with either DMSO or 30uM c-MYC inhibitor 10058-
F4 (MYCi). Upper panel, representative agarose gel of PCR products of plasmid DNA isolated from 
DMSO- or 10058-F4 (MYCi)-treated cells. Lower panel, graphical representation of the size of deletions 
determined by sequencing of the repair junctions in individual plasmids. The average size of deletion (in 
bp) is indicated by the horizontal line. 

 

Similar results were obtained following siRNA-mediated knockdown of c-MYC in 

MO7e-BCR-ABL1 cells (Figure 3-10E, p<0.05). Moreover, c-MYC depletion decreased 

the frequency of microhomology-mediated repair (Figure 3.10E, p<0.05). Notably, 

overexpression of miR-150 and miR-22 in MO7e-BCR-ABL1 cells produced the same 

results seen with c-MYC inhibition (Figure 3.10F). The reduction in LIG3 and PARP1 

protein levels post miRNA overexpression was confirmed by Western blot analysis 

(Figure 3.10F). 
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Figure 3.10 E. End-joining experiments in MO7e-BCR-ABL1 (MBA) cells depleted of c-MYC by siRNA 
(siMYC) vs. controls (siCtrl). Left panel, graphical representation of deletion sizes determined by 
sequencing of the repair junctions. Individual sequenced plasmid DNAs are represented by symbols. The 
average size of deletion (in bp) is indicated by the horizontal lines. Right panel, plasmid sequences 
analyzed for DNA sequence microhomology (microhom) and graphed as fractions of DNA sequences that 
exhibited microhomologies (>2bp) or no microhomology). The table below the graph summarizes plasmid 
sequences analyzed from experiment and control groups, according to the lengths of microhomologies. 

 
Figure 3.10 F. End-joining experiments described in Figure 3.10E, except miRNAs are used instead of 
siRNA. 
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3.4 DISCUSSION  
 

Leukemia cells expressing constitutively activated FLT3/ITD TK are 

characterized by a highly error-prone and alternative form of NHEJ (ALT-NHEJ) 

involving increased expression of LIG3 and PARP1, that is likely responsible for much 

of the error-prone end-joining repair  (Fan et al., 2010; Tobin et al., 2013). To date, the 

mechanism through which TKs activate ALT-NHEJ factors had not been elucidated. Our 

studies have, for the first time, linked c-MYC, a key downstream target of FLT3/ITD, to 

increased expression of the ALT-NHEJ factors LIG3 and PARP1 and increased ALT 

NHEJ repair activity.  

While elevated expression of c-MYC occurs frequently in human cancers and is 

associated with tumor progression and poor clinical outcome  (N. H. Dang, Singla, 

Mackay, Jirik, & Weljie, 2014), the effect of high levels of c-MYC on global gene 

regulation is poorly understood.  Recent studies suggest that high levels of c-MYC 

accumulate in the promoter regions of active genes and cause transcriptional 

amplification, producing increased levels of transcripts within the cell's gene expression 

program (Lin et al., 2012). Our studies demonstrate that c-MYC binds to the promoter 

regions of both LIG3 and PARP1, thereby increasing transcriptional activity, leading to 

increased ALT-NHEJ in TK-activated cells. Thus, ALT-NHEJ activity, which is present 

at low levels in normal cells (Sallmyr et al., 2008), is increased through transcriptional 

activity of the key pathway components LIG3 and PARP1, likely leading to acquisition 

of genomic alterations.  Given c-MYC’s role in cell cycle progression, the possibility 

exists that the expression of PARP1 and LIG3, and therefore ALT-NHEJ, may be 
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influenced by the cell cycle. Studies performed in cells enriched for particular phases of 

the cell cycle should clarify this question. Given that c-MYC is known to bind several 

DSB repair genes (Luoto et al., 2010), increased expression of LIG3 and PARP1 may be 

part of a dysregulated expression program involving abnormal DSB repair that leads to 

genomic instability. Therefore similar studies are merited for other DSB repair genes.  

Thus, while increased ALT-NHEJ activity may be a plausible mechanism for genomic 

instability, studies that measure actual chromosomal instability are warranted (Byrne et 

al., 2014).   

The most extensively utilized point of gene regulation is at the level of transcription, 

while miRNAs are thought to be involved in “fine-tuning” gene regulation. miRNAs are 

involved in the regulation of many cancer-specific signaling pathways in hematopoiesis, 

and are aberrantly expressed in hematologic malignancies  (Fatica & Fazi, 2013). c-MYC 

is known to negatively regulate a group of miRNAs, which is thought to contribute to 

tumorigenesis (Chang et al., 2008). In the context of LIG3 and PARP1 regulation, we 

propose that in addition to its transcriptional regulation of these genes, c-MYC also 

represses miRNAs (miR-22 and miR-150) that target LIG3 and PARP1 transcripts. 

Indeed, this dual regulation by c-MYC was previously reported; c-MYC was shown to 

regulate the transcription factor E2F1 through both direct transcription and activation of 

miRNAs that target E2F1  (O'Donnell, Wentzel, Zeller, Dang, & Mendell, 2005). 

Another group showed that expression of EZH2, transcriptionally regulated by c-MYC, 

was amplified as a result of c-MYC-mediated repression of miR-26a, which targets 

EZH2 (Salvatori et al., 2011). 
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We previously reported that treatment of FLT3/ITD-positive cells with TK inhibitors 

(CEP701) leads to decreased expression of the ALT-NHEJ components LIG3 and 

PARP1  (Fan et al., 2010; L. Li et al., 2011) and decreased DSB repair errors, indicating 

that the altered DNA repair is due to one or more of the effectors of these signaling 

pathways. Our studies here show that the downstream TK target c-MYC mediates 

upregulation of the ALT-NHEJ factors PARP1 and LIG3 that is dependent on FLT3/ITD. 

Furthermore, our studies demonstrate that the TKI CEP701 strongly downregulates 

expression of c-MYC, LIG3, and PARP1 in FLT3/ITD-positive cells. Nevertheless, 

future studies with more specific FLT3 inhibitors are warranted, as CEP701was shown to 

inhibit FLT3 and Jak2 (Santos et al., 2010), both of which are important for c-MYC 

activity  (K. T. Kim et al., 2007; Xie, Lin, Sun, & Arlinghaus, 2002).  

AML patient samples exhibited c-MYC expression that positively correlated with LIG3 

and PARP1 expression (Figure 3.6A). Given that many of the samples’ FLT3 mutation 

status was undetermined (Table 3.1), retrospective or future studies are warranted to see 

if those samples with high c-MYC, LIG3, or PARP1 are indeed FLT3/ITD-positive. This 

would delineate whether ALT-NHEJ is a phenomenon generally found in AML, or is 

heightened only in a subset of patients (FLT3/ITD-positive). Similarly, it would be 

interesting to determine whether AML samples with FLT3/ITD mutations have low basal 

levels of miRNA-22 and-150. miRNA-150 is mostly known for its role in negatively 

regulating c-myb and self-renewal (J. Zhang et al., 2012). On the other hand a recent 

report linked miRNA-150 to increased cell cycle checkpoint and radio-resistance in lung 

cancer (Moskwa et al., 2014). Thus the role of miRNA-150 in DNA damage and repair 

needs to be further evaluated. Similarly, miRNA-22 has been described in the literature 
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as a tumor suppressor and an oncogene. Xu et al demonstrated a role for miR-22 in 

inducing cellular senescence, thereby preventing cancer progression (Xu et al., 2011). On 

the other hand, in a more recent study, miRNA-22 was found to suppress DNA repair and 

induce genomic instability (J. H. Lee et al., 2015). This is contrary to our observation of a 

consistent suppression of miRNA-22 in blast crisis (BC) CML  (N. Muvarak et al., 2015), 

in which increased genomic instability is a common feature  (Perrotti, Jamieson, 

Goldman, & Skorski, 2010).   Studies elucidating the exact function of miR-22 in AML, 

BC CML, and other cancers with respect to genomic instability would be of particular 

interest.  

From a therapeutic standpoint, targeting c-MYC in leukemia may not be a viable 

option, considering the myriad of roles c-MYC plays in normal cells. However, the 

identification of other “drugable” downstream targets of c-MYC may be considered. 

With respect to this study, PARP1 represents an attractive target for therapy, as PARP1 

inhibitors are currently used in the clinic, and new ones are being investigated in clinical 

trials, as we discuss in Chapter 2. In fact, a recent study by our collaborators 

demonstrated that PARP1 inhibition is synthetically lethal in TK-driven leukemias that 

exhibit defects in the HR pathway (Cramer-Morales et al., 2013). 

Therefore, given that DSBs are lethal if not repaired, c-MYC downstream targets 

LIG3 and PARP1 and other DSB repair factors may be attractive targets for AML 

therapy  (Rassool & Tomkinson, 2010). 
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3.5 MATERIALS AND METHODS 
 
Cell lines and Culture  
 
The murine myeloid precursor cell lines 32D and 32D-FLT3/ITD (kindly provided by Dr. 

Donald Small, Johns Hopkins University, Baltimore, MD) was grown in RPMI+10% 

fetal bovin serum (FBS). For 32Dcl3, murine IL-3 (Millipore) was added at a final 

concentration of 1ng/mL.  The human megakaryocytic cell lines MO7e-BCR-ABL1 

(kindly provided by Dr. Richard van Etten, Tufts University, Boston, MA), the human 

AML cell line MOLM14 (expressing FLT3/ITD), and the human leukemia cell line REH 

(expressing wild-type FLT3) were grown in RPMI+10% FBS. Human embryonic kidney 

cells, 293T, were grown in DMEM supplemented with 10% FBS. 

 

Plasmids. The c-MYC expression vectors pBABEpuro-myc-ER (plasmid 19128) and 

pcDNA3-cmyc (plasmid 16011) were obtained from Addgene (Cambridge, MA) and 

described in Ricci et al (Ricci et al., 2004).  The luciferase expression vector pGL4.10 

was obtained from Promega (Madison, WI). To construct the LIG3 promoter-reporter 

vector (pGL4.10-LIG3p), we cloned the LIG3 promoter from BAC clone 3143J8 

(Invitrogen, Grand Island, NY) using Forward-AACCCTAACACCTCCTCTTCCTCT 

and Reverse- TGATCAAGGCTCCCTGAGTCCCA primers (IDT Technologies, Des 

Moines, IA). The cloned promoter was digested with NheI and EcoRV restriction 

enzymes (New England Biolabs, Ipswich, MA) and inserted into a digested pGL4.10 

vector using a T4 ligase kit (Promega) according to the manufacturer’s instructions. The 

PARP1 promoter-reporter construct was obtained from Switch Gear Genomics (Carlsbad, 



	  

	   106	  

CA). The CAD promoter was cloned from genomic DNA isolated from normal human 

bone marrow (Lonza) using Forward-TGGGAGCCACCACTCTAT and Reverse-

CGCATCACAGAGTGGGATAA primers, then digested with SacI restriction enzyme 

and cloned into pGL4.10 using T4 ligase kit. For site-directed mutagenesis of the c-MYC 

binding sites within the constructs above, we used the Q5 Site-Directed Mutagenesis kit 

(New England Biolabs) according to the manufacturer’s instructions. All promoter-

reporter constructs were sequenced to confirm correct orientation and sequence of 

promoters, as well as success of site-directed mutagenesis.  A GFP-expressing plasmid, 

pmaxGFP (Lonza), was used throughout the study to control for transfection efficiency. 

pEF1alpha-DsRed-Express 2 vector (Clontech) was used as a transfection efficiency 

control for experiments using pEGFP-Pem1-Ad2 vector.  

 

Western blotting. Western blot analysis was performed as previously described (Fan, 

2010). c-MYC and Ku70 (Santa Cruz Biotechnology, Dallas, TX) antibodies were used 

at 1:500 and 1:1000, respectively. Anti-LIG3 (clone 7, BD Biosciences, San Jose, CA) 

and anti-PARP1 (Cell Signaling Technologies, Danvers, MA) were used at 1:3000. Anti-

LIG4 (GeneTex) was used at 1:1000. Anti-GRB2 (Cell Signaling Technology) was used 

at 1:1000. Anti-actin antibody (Sigma, St Louis, MO) was used as a loading control at 

1:10,000. Secondary antibodies conjugated to HRP (KPL, Gaitherburg, MD) were added 

at a 1:10,000 dilution. Signal was detected using ECL (GE Healthcare, Pittsburgh, PA). 

Bands were quantified with ImageQuant software (Bio-Rad, Hercules, CA). 
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Quantitative PCR. RNA isolation for real-time PCR of c-MYC, LIG3 and PARP1 

transcripts was performed using the RNAspin mini-kit (GE Healthcare). Quantitect 

Primers (QIAGEN, Germantown, MD) were used for each target, with GAPDH as 

housekeeping gene.  Power SYBR® Green RT-PCR Mastermix (Applied Biosystems, 

Foster City, CA) was used for reactions carried out in triplicates using a Mastercycler ep® 

(Eppendorf, Hauppauge, NY). Relative quantification was determined using Eppendorf’s 

realplex software according to the ΔΔCT method. For ChIP-qPCR, we used HotStart-IT 

SYBR Green qPCR 2X Mastermix (Affymetrix) per manufacturer’s instructions.  

 

siRNA knockdown. Cells (2×106, 0.5×106 per mL) were washed in Opti-MEM medium 

(Invitrogen) and transfected with SMARTpool siRNA (Thermo Scientific Dharmacon, 

Pittsburgh, PA) using the Amaxa Nucleofection System (Lonza) as previously described 

(Fan, 2010).  

 

MiRNAs. Total RNA was isolated using miRNeasy kit (Qiagen) per manufacturer’s 

instructions. Levels of miRNAs were determined by Q-PCR using a TaqMan qRT-PCR 

kit (Life Technologies), with U18 serving as the housekeeping miRNA. miRNA 

expression and microarray analyses were carried out as previously described (Scheibner, 

2012). For miRNA-overexpression experiments, cells were transfected with 50nM miR-

34a, -22, -150, or a combination of miR-22 and -150 (Thermo Scientific-Dharmacon), 

and harvested for Western blot and NHEJ repair analyses at 24, 48, or 72hrs post 

transfection.  
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 Chromatin Immunoprecipitation (ChIP). ChIP was performed according to Luoto et 

al (Luoto, 2010), with the following modifications.  Lysates were sonicated on ice 10 

times using a Branson 450 Sonifier (Danbury, CT) for 10 seconds each time, at 40% 

output control and 2.5 duty-cycle, with 30-second refractory periods between sonications. 

ChIP products were purified using a Qiaquick kit (QIAGEN) followed by q-PCR using 

the following primer sets:  

LIG3 (forward) 5’-AACTACTCCCAAACATCACAGG-3’  

LIG3 (reverse) 5’-CTTTAAATCCGGGTCCTAGAGC-3’  

PARP1 (forward) 5’-GGTCTCAAACTCCTGCTACAA-3’  

PARP1 (reverse) 5’-AGGACACACTTAAGAGTTTGGG-3’ 

CAD (forward) 5’- TAGCCACGTGGACCGACT-3’  

CAD (reverse) 5’- TACGGAGAAGCGGGAAGGA-3’ 

Ch22 (forward) 5’- GGATGACAGGCATGAGGAATTA-3’  

Ch22 (reverse) 5’- TGCTGCTTACTTGGGATATGAG-3’ 

 

Luciferase assays. 32Dcl3 and 32Dcl3-FLT3/ITD cells were transfected with control or 

c-MYC-targeting siRNA as described above. Transfected cells were incubated for 48 

hours, then harvested for transfection with luciferase constructs pGL4.10 (promoterless 

control, Promega) or pGL4.10-LIG3p and pGL4.10-PARP1p (luciferase vectors 

containing LIG3 and PARP1 promoters, respectively). Transfection efficiency was 

determined by co-transfection with pRL-TK vector (Promega) containing HSV thymidine 

kinase promoter. Measurement of luciferase activity was performed with Dual Luciferase 
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Reporter Assay System (Promega) using an HT Synergy plate reader (Bio-TEK, 

Winooski, VT). 

 

In vivo NHEJ Assay. The in vivo NHEJ assay was performed as previously described 

(Fan, 2010). Briefly, 0.2µg of linearized pUC18 plasmid was transfected into 2 million 

cells 48 hours post-transfection with c-MYC siRNA or miR-22/150 combination. 

Repaired plasmid clones were sequenced at the repair junction, and sequences were 

analyzed using BioEdit sequence alignment editor 

(http://www.mbio.ncsu.edu/bioedit/bioedit.html). Three independent c-MYC-knockdown 

or miRNA-overexpression experiments, followed by three independent in vivo NHEJ 

assays were performed to confirm results. To determine the relative End-joining 

efficiency post siRNA knockdown, we utilized the GFP-based end-joining assay 

described by Fattah et al (Fattah, 2010). Briefly, cells were transfected with siRNA for 

48hrs, followed by transfection with HindIII-linearized pEGFP-Pem1-Ad2. 24 hours later 

the cells were analyzed by flow cytometry. For this assay, a DsRed expression plasmid 

(pEF1alpha-DsRed-Express 2) was used to normalize for any variations in transfection 

efficiency.  

Statistical Analysis. Statistical analysis comparing experimental and control groups was 

performed using the Student’s t-test and z-test (for differences in frequencies of 

microhomology-mediated repair and proportions of patient samples). The correlation 

coefficient (Pearson’s R) was used to determine positive or negative correlations.  
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CHAPTER 4: Perspectives and Future Directions 
 

Since the declaration of war on cancer by president Nixon in 1971, advances in 

biomedical research have revolutionized the treatment of cancer, and significantly 

improved therapeutic outcomes for many patients. However, over 40 years later, 

treatment of cancer remains a challenge. Several types of cancer are associated with low 

survival rates and poor outcome. One such cancer is AML, especially subtypes that 

present with certain cytogenetic and molecular features, such as complex karyotype and 

mutations in FLT3. The 5-year survival rate for AML patients in these subgroups is low, 

and the incidence of quick relapse is relatively high. Given that effective therapy that 

results in long-term survival is limited for these AML patients, the development of novel 

therapeutic agents and combination therapies are urgently needed.  In the studies 

described in this thesis, we uncovered a mechanism by which FLT3/ITD-positive AML 

amplifies the activity of ALT-NHEJ, and exploited the upregulation of ALT-NHEJ 

component PARP1 as a rational target of a novel DNMT-PARP inhibitor combination 

therapy for AML that is based on the increased DNMT-PARP interaction upon DNA 

damage. From a therapeutic standpoint, further studies will help translate the work of this 

thesis into clinically relevant strategies that may benefit poor-prognosis AML subgroups.  

 

Can targeting ALT-NHEJ be clinically relevant with respect to genomic instability 

and relapse? 

In Chapter 3 we showed that the FLT3/ITD target c-MYC mediated upregulation 

of the ALT-NHEJ factors PARP1 and LIG3 in AML cell lines. Previous work from our 

laboratory demonstrated that inhibition of FLT3/ITD with CEP701 resulted in increased 
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DSB repair fidelity  (Sallmyr et al., 2008), in agreement with our current studies 

demonstrating strong downregulation of c-MYC, LIG3, and PARP1 expression upon 

CEP701 treatment (Figure 3.8B-D). Thus, can we target ALT-NHEJ in FLT3/ITD-

positive AML patients to improve therapy outcome and prevent relapse? 

A recent retrospective study at the University of Maryland Greenebaum Cancer Center 

found that the majority of AML patients with normal karyotype and FLT3/ITD mutations 

at diagnosis presented with rare cytogenetic abnormalities at relapse (Gourdin et al., 

2014). The authors proposed that cytogenetic abnormalities observed played a role in 

relapse, and that ALT-NHEJ may be the driving force in this process. Since our previous 

and current results suggest that FLT3/ITD leads to increased ALT-NHEJ activity, further 

in vitro and in vivo studies are warranted to explore the combination of conventional 

AML therapy with relatively more specific FLT3 inhibitors (e.g. quizartinib) to 

potentially reverse the abnormal cytogenetic changes observed at relapse. As previously 

stated, many patients develop resistance to FLT3 inhibitors  (S. H. Chu & Small, 2009). 

Thus alternative therapies targeting relevant FLT3/ITD downstream targets can be 

explored as well. Given our results showing increased PARP1 and ALT-NHEJ in 

FLT3/ITD-positive AML, and given that PARP1 has been linked to the induction of 

chromosomal abnormalities (Wray et al., 2013), it is safe to propose that PARP1 may 

play a major role in relapse of those patients, and that PARP inhibitor therapy stands as 

an attractive option to prevent relapse.  

Notably, and relevant to our studies in Chapter 2, when we treated AML patient samples 

with DNMTi-PARPi combination in vitro, the samples bearing FLT3/ITD mutations or 

complex karyotype were more likely to respond to the combination therapy (Table 2.2 
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and Figure 2.10H-J). Thus, analysis of more AML samples with similar 

molecular/cytogenetic features may identify a subgroup of AML patients who would 

benefit the most from this combination treatment. Furthermore, mechanistic studies 

exploring the nature of DSB repair (e.g. deceased HR, increased ALT-NHEJ, etc) in such 

patients may help provide additional biomarkers for efficacy of DNMTi-PARPi 

combination in AML. 

Can the DNMTi-PARPi combination eradicate minimal residual disease in AML? 

 Minimal residual disease (MRD) refers to leukemia cells that survive after 

induction therapy and remission, and that are not detected by morphological examination 

of bone marrow, but with more sensitive techniques such as flow cytometry  (Paietta, 

2002). It is now widely recognized that leukemia stem cells (LSCs, in the form of MRD) 

play a major role in relapse and therapy resistance in AML (Figure 4.1)  (Pollyea, 

Gutman, Gore, Smith, & 

Jordan, 2014; 

Zeijlemaker & 

Schuurhuis, 2013).  

  Previous work from the 

Baylin laboratory 

demonstrated that 

transient low doses of 

DNMTis resulted in a 

prolonged anti-leukemic effect that was mediated by reprograming of LSCs  (Tsai et al., 

2012). Furthermore, results from our in vitro clonogenic assays in AML cell lines and 

Figure 4.1 Leukemia stem cells (LSC) in the form of minimal residual 
disease (MRD) mediate relapse. Source (Zeijlemaker et al., 2013) 
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primary AML samples (Figure 2.10A-J) suggest that the DNMTi-PARPi combination 

may have an effect on self-renewal capacity of AML cells. Therefore, to determine 

whether this combination therapy will have an effect on leukemia stem/progenitor (LSP) 

population, further in vitro and in vivo studies are warranted. In vitro studies will include 

long-term culture-initiating cell (LTC-IC) assays  (M. Liu, Miller, & Eaves, 2013) that 

will test the effect of combination therapy on survival of LSP cells. Serial re-plating 

assays in semi-solid medium (Methocult) will test the effect of drugs on the self-renewal 

capacity of LSP cells  (Romanski & Bug, 2017). In vivo studies will be carried out in an 

ITD-NHD13 AML mouse model  (Greenblatt et al., 2012). Briefly, leukemia cells from 

this mouse model will be injected into sub-lethally irradiated donor mice, treated with 

either drug alone, or DNMTi-PARPi combination, followed by limited dilution assay in 

mice to determine the frequency of LSCs in each treatment group. Other studies will 

include flow cytometric analysis of mouse LSC surface markers, and microarray analysis 

to identify pathways that are modulated in LSCs, and to potentially elucidate the 

mechanism of action of this combination treatment in LSCs.    

Phase I/II clinical trial for refractory/relapsed AML 

As previously stated, the pre-clinical studies outlined in Chapter 2 led to the 

launch of a multi-center phase I/II clinical trial testing low-dose decitabine-talazoparib 

combination for relapsed/refractory AML patients, as well as patients unfit for cytotoxic 

chemotherapy. Phase I of the trial will determine the optimal doses of decitabine-

talazoparib combination that will be administered in Phase II. Phase II will determine the 

safety and efficacy of the combination therapy in the aforementioned patients, as well as 

patients previously treated with DNMTis.  Other objectives of the trial will be to assess 
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overall and disease-free survival (OS and DFS, respectively). Both phases of the trial will 

attempt to identify cytogenetic and molecular biomarkers that would predict response to 

the combination therapy. Lastly, pharmacodynamics (PD) studies will determine the 

effects of the decitabine-talazoparib combination therapy on refractory/relapsed AML.  

Given that the proposed mechanism of action of this drug combination in vitro is 

increased PARP-trapping and cytotoxic DSBs, chromatin fractions from patient samples 

collected at day 1 (D1, pre-treatment), D5 and D8 after start of treatment will be 

examined for levels of PARP-trapping. Induction of DSBs will be evaluated by 

immunofluorescence for γH2Ax. Colony survival assays will be performed in semi-solid 

medium to determine the effect on LSP cells. Lastly, effect of combination therapy on 

DSB repair will be assessed by examining levels of DSB repair factors (e.g. Rad51, 

Ku70/80, PARP1, etc) by Western blotting (proteins) and qRT-PCR (mRNA). Repair 

activity will be analyzed by plasmid reactivation assay  (Sallmyr et al., 2008).   
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