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ABSTRACT 

 

 

C. GREER VESTAL. Common dietary bioflavonoids and environmental compounds 

promote a leukemic translocation in hematopoietic stem cells and differentiated cells.  

(Under the direction of DR. CHRISTINE RICHARDSON) 

 

Maternal exposure to topoisomerase II (topoII) inhibitors that are biochemically 

similar to the chemotherapeutic drug etoposide may promote infant acute leukemia. 

Several studies have shown that common dietary bioflavonoids as well as benzene 

metabolites can induce DNA double strand breaks (DSB) and inhibit topoII. The goal of 

this study was to determine the relative potential for bioflavonoids genistein and 

quercetin, and possible leukemogenic compounds p-benzoquinone and dipyrone to 

promote rearrangements between the MLL and AF9 breakpoint cluster regions within 

specific hematopoietic cell subpopulations. A murine embryonic stem (ES) cell line 

containing two Green Fluorescent Protein (GFP) DSB-inducible recombination reporter 

substrates was differentiated in vitro into embryoid bodies (EB) containing hematopoietic 

stem cells (HSC) followed by differentiation into myeloid progenitor subpopulations. 

Following exposure to genistein, quercetin, p-benzoquinone, or dipyrone at each of three 

developmental stages, the frequency of interchromosomal translocations between the 

MLL-AF9 bcrs was determined as well as the mechanism used for repair. Bioflavonoids 

genistein and quercetin were the strongest inducers of translocations during the earliest 

stage of differentiation. The frequency of translocations induced by each of these 

compounds at later stages of differentiation was dramatically reduced. The results 

demonstrate that all four compounds promote translocations between the MLL and AF9 

bcrs at different stages of differentiation and ES cells are particularly susceptible. 
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CHAPTER 1: INTRODUCTION 

 

 

1.1 DNA Double Strand Break Repair 

Maintaining genome integrity requires efficient repair of damaged DNA in order 

to prevent propagation of mutant or damaged cells. DNA double strand breaks (DSB) are 

the most detrimental type of DNA damage because the continuity of the DNA strand, 

which is essential for replication and transcription, is disrupted. Free ends of a DSBs can 

separate from each other increasing the likelihood of aberrant repair or exchange of 

information between non-homologous chromosomes. DSBs occur regularly from 

endogenous processes such as variable (diversity) joining (V(D)J) rearrangement in 

lymphoid cells, DNA replication and meiosis; they also occur from exposure to 

exogenous agents such as ionizing radiation, alkylating agents, and topoisomerase II 

(topoII) inhibitors. It has been estimated that there are 10 DSBs formed daily per cell, or 

more accurately, 50 DSBs per cell per replication cycle [1, 2]. Any one of these DSBs 

has the potential to be inaccurately repaired which could result in chromosome 

rearrangements in the form of deletions, duplications, inversions, or translocations. These 

types of chromosomal rearrangements could lead to mutagenesis or cancer.  

Chromosomal translocations are a hallmark of many hematopoietic malignancies 

including acute myeloid leukemia (AML) and acute lymphoid leukemia (ALL) as well as 

some soft tissue sarcomas [3, 4]. Additionally, defects in the DNA DSB repair 

mechanisms leads to detrimental syndromes, such as ataxia telangiectasia (AT) and 
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Nijmegan breakage syndrome (NBS), which effect the nervous system as well as confer a 

predisposition for cancer [5]. Although DNA DSB repair processes and the different 

proteins involved have been well established, there are still many questions that remain to 

be answered in terms of mutation risk and repair capacity in different cell types and at 

different stages of differentiation. 

Although many DNA lesions occur each day, only a small fraction leads to 

carcinogenesis; this is due to the activity of efficient DNA repair mechanisms that allow 

for the maintenance of genome integrity. DSBs are repaired in one of two ways: 

homologous recombination (HR) or non-homologous end joining (NHEJ) (Figure 1). 

With homologous recombination, the damaged DNA is repaired by use of a homologous 

template DNA strand whereas with NHEJ a homologous template is not required. 

 

 

Figure 1: Processes of DNA double strand break repair [6] 
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1.2 Homologous Recombination and Non-Homologous End Joining 

HR has the highest potential for accurate repair. DSB repair by HR involves (a) 

initiation by a DSB, (b) processing of DSB ends by nucleases resulting in 3’ single 

stranded DNA overhangs, (c) formation of recombinase filament on single stranded DNA 

ends, (d) strand invasion into a homologous DNA sequence to form a D-loop 

intermediate, (e) DNA polymerase extension of the invading DNA strand, (f) capture and 

annealing of the second DNA end to the extended strand, (g) formation of two Holliday 

junctions (HJ), and (h) resolution of the Holliday junctions into crossover or non-

crossover products [7] 

HR is generally an error-free repair process and includes three subtypes of DSB 

repair; gene conversion, single-strand annealing (SSA), and break-induced replication 

(BIR) [7, 8]. Gene conversion is the nonreciprocal transfer of genetic information from 

one DNA molecule to a homolog. With this type of repair, the 3’ ends of DNA at the 

DSB site invade an undamaged homologous template and initiate new DNA synthesis. 

This results in the restoration of genetic information that may have been lost at the DSB 

site. This type of DSB repair has been shown to occur during meiosis both with and 

without cross-over [9]. By contrast, in somatic cells, gene conversion with cross-over 

would result in translocations and generally does not occur [10]. A model for gene 

conversion without crossover, called synthesis dependent strand annealing (SDSA), 

allows for full restoration of sequence information at double strand break sites in mitotic 

cells [11, 12]. In this model, only one 3’ end of the double strand break invades the intact 

homologous DNA molecule. This creates a D-loop structure which serves as a replication 

bubble in which synthesis of new DNA takes place. The newly synthesized DNA is 
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displaced from the replication bubble and rejoined to the non-invading end of the double 

strand break. This gives a gene conversion on the repaired DNA molecule but not the 

template molecule [13]. BIR is a form of SDSA when the non-invading end of the DSB is 

lost. In this case, the replication bubble must proceed to the end of the repair template for 

accurate repair to occur. 

Single strand annealing is an alternative to gene conversion that results in the 

deletion of genetic material. This type of repair occurs when there is a double strand 

break between repeated sequences. Resection of the 5’ ends of the double strand break 

leaves the 3’ tails, each containing the repeated sequence, which can then anneal, 

resulting in the deletion of one of the repeats [14, 15].  It has been suggested that the gene 

conversion pathway and the single strand annealing pathway compete with one another 

for repair substrates, thus the inhibition of one will lead to an increase in activity of the 

other. Considering that SSA between DSBs on two different chromosomes can lead to 

translocations, the inhibition of the gene conversion pathway would cause an increase in 

the overall frequency of genome rearrangements [14, 16]. 

Homologous recombination ensures accurate DNA repair due to the requirement 

of a homologous template. This makes it far less likely for HR to be involved in 

chromosomal translocations than NHEJ. However, these two pathways are not mutually 

exclusive in that repair events can occur that involve the activity of both repair pathways 

[17]. It has been previously shown in a genetic model designed for HR that the ends 

produced from DSBs in two chromosomes in mouse ES cells can be readily joined by 

SSA and NHEJ to form reciprocal translocations at a frequency of 1×10-4 [16]. 
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End-joining, unlike homologous recombination, does not require any homology 

between the ends of a DSB, but occurs by aligning and rejoining the broken ends. 

Microhomologies of 1-7 base pairs may aid in aligning the broken ends [18, 19] and 

nucleotides may be added or lost before rejoining occurs [20, 21]. The process of NHEJ 

can also result in deletions, duplications, inversions and translocations. In this manner, 

NHEJ can lead to mutations in the genetic sequence and with the occurrence of multiple 

double strand breaks can also lead to translocations [22, 23]. 

The potential to cause genome rearrangements is linked to the mechanism that is 

used [24]. The processes of both end-joining and homologous recombination can result in 

the loss or addition of nucleotides during the joining of broken DNA ends, and with the 

occurrence of multiple double strand breaks simultaneously, can lead to chromosomal 

translocations. The contribution that each of these pathways has in repairing a DSB 

depends on factors other than template homology including cell cycle and the 

developmental stage of the cell [25]. The HR pathway appears most prevalent in the S 

and G2 phases of the cell cycle due to the availability of a sister chromatid whereas 

NHEJ is most likely to occur in the G1 phase of the cell cycle [17].  

1.2.1 HR and NHEJ Repair Proteins 

The eukaryotic proteins involved in repair of DSBs by HR were identified in S. 

cerevisiae by genetic screening of radiation sensitive and meiotic recombination deficient 

mutants. The proteins that were identified are known as the RAD52 epistasis group [26]. 

HR proteins are evolutionarily conserved and mammalian homologues have been 

identified by homology searches, cloning of genes that abrogate recombination 

deficiency in cell lines, and by creating HR gene knockout mutants in the cell line DT40 
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[27, 28]. The mammalian HR proteins include RAD 50, RAD51, RAD 52, RAD54, 

Mre11, Nbs1, Xrcc2, and Xrcc3[27]. Mre11, RAD50, and Nbs1 form a protein complex 

in mammalian cells known as the MRN complex [29].  

The initial cellular response to a DNA DSB is mediated through the ataxia 

telangiectasia mutated (ATM) protein and the MRN complex. ATM is a serine threonine 

kinase and is associated with DNA damage surveillance and activation of cell cycle 

check points. In response to DSBs, ATM phosphorylates many downstream targets 

including p53 and H2AX and effectively halts the cell cycle bringing DNA replication to 

a stop. ATM then either triggers apoptosis or repair depending on the severity of the 

damage [30]. The MRN complex is an early responder to DNA DSBs and mutations lead 

to cancer predisposition syndromes Nijmegen breakage syndrome (NBS) and ataxia 

telangiectasia-like disorder (ATLD). The MRN complex senses DSBs and quickly 

establishes a protein-DNA complex in order to stabilize and process the free DNA ends. 

MRN also initiates cell cycle signaling cascades via ATM and regulates chromatin 

remodeling in the vicinity of the DSB [31]. Subsequently, MRN is responsible for the 

regulation of exonucleases CtIP and EXO1 and helicase BLM which interact to process 

the DNA ends in the 5’-3’ direction leaving 3’ overhanging single stranded DNA ends 

[32, 33]. DNA resection is followed by the recruitment of other HR proteins including 

replication protein A (RPA), BRCA1, BRCA2, RAD51, RAD52, RAD54. 
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Figure 2: The mechanism of homologous recombination [34] 
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RPA binds to the single stranded DNA preventing endonuclease activity and 

removing any secondary structure. RPA is then replaced by RAD51 which is the main 

protein involved in HR. RAD51 is a recombinase that catalyzes the homology search and 

strand exchange with a homologous sequence ensuring accurate repair of the DSB. 

RAD51 strand exchange activity is inhibited in vitro by the addition of RPA to the 

reaction before or at the same time as RAD51. However, addition of RAD51 prior to 

RPA allows for efficient strand exchange [35]. This indicates that another protein is 

required to remove RPA from the single stranded DNA to facilitate the binding of 

RAD51. Addition of the protein RAD52 in vitro allows for this replacement to occur and 

promotes DNA strand exchange by RAD51 [36, 37]. Thus, RAD52 binds to RPA and 

RAD51 facilitates the replacement of RPA with RAD51 on single stranded DNA forming 

the RAD51 nucleoprotein filament for strand invasion. 

The RAD51 nucleoprotein filament is assembled onto single stranded DNA to 

form a polymer that can extend up to thousands of base pairs. DNA paired with RAD51 

is highly extended and is approximately 50% more extended than B form DNA duplexes. 

Studies have shown that only the RAD51-single stranded DNA nucleofilament is able to 

join DNA ends [38]. RAD51 is the eukaryotic homolog to the bacterial RecA protein and 

similar to RecA, RAD51 is known to catalyze strand exchange activity [39, 40]. BRCA2 

also binds to DNA and physically interacts with RAD51 and is required for the formation 

of DNA damage induced RAD51 foci [41]. The RAD51 nucleoprotein filament is 

required for strand invasion, homologous pairing, and D-loop formation. The RAD54 

protein, an ATPase and RAD51 dependent helicase, promotes RAD51 mediated strand 

invasion into duplex template DNA [42, 43]. RAD54 promotes strand invasion and D-
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loop formation by transiently opening the template DNA duplex, allowing invasion of the 

RAD51 nucleoprotein filament and binding to homologous sequence. 

Homologous pairing of the incoming strand with a template provides a primer for 

new DNA synthesis to take place and restore information lost at the DSB. In mammalian 

cells, DNA polymerase η interacts with RAD51 and extends DNA synthesis from the D-

loop recombination intermediates [44]. The non-invading end of the DSB is then 

captured and ligated to the D-loop by DNA ligase-1 forming the hetero-duplexed HJs. 

These DNA structures are resolved by a resolvase enzyme, possibly by RAD51C in 

complex with XRCC3 which has been associated with nuclease activity capable of 

resolving HJ [45]. The RAD51-DNA complex is removed from the repaired DNA 

possibly by RAD54 which has been shown to remove RAD51 from duplex DNA by ATP 

hydrolysis [46]. The proteins involved in HR are shown in figure 2. 

NHEJ repair involves a group of enzymes that first capture both ends of the DSB, 

then form a molecular bridge that brings the two ends together, and finally re-ligate the 

broken DNA ends. Proteins required for NHEJ are DNA dependent protein kinase 

catalytic subunit (DNA-PKCS), Ku70, Ku80, DNA Ligase IV, and XRCC4. The NHEJ 

process is initiated by the binding of Ku70/80 heterodimer to both ends of the DSB. 

Ku70/80 has very high affinity for DNA and is abundant in the nucleus [47]. The 

association of the Ku70/80 heterodimer with DNA ends acts as a scaffold for the 

assembly of other NHEJ enzymes. DNA-PKCS is recruited to the DSB and forms a 

synaptic bridge between the two ends bringing them together in close proximity [48, 49]. 

Once the DNA ends are tethered together in this Ku70/80 and DNA-PKCS complex, DNA 

ends are processed. Non-compatible DNA termini are processed by either the addition of  
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Figure 3: The mechanism of non-homologous end joining [34] 

 

nucleotides or removal of necleotides. DNA polymerase µ and λ can add nucleotides to 

DNA ends and DNA polymerase µ can add nucleotides in the absence of a template [50]. 

The enzyme Artemis forms a complex with DNA-PKCS and endonucleolytically cuts 

single stranded DNA overhangs [50]. The processed DNA ends are ligated by the ligase 

IV/XRCC4 complex in “classic” processing. A subset of DSBs that have partially 
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complementary overhangs can be joined together by the ligase IV/XRCC4 complex in 

conjunction with the XLF/Cernunnos complex. Together, these complexes mediate the 

joining of one single stranded overhang with the other DNA end followed by gap filling 

by DNA polymerase [51, 52]. The proteins involved in NHEJ are shown in figure 3. 

NHEJ is usually not error free. Nucleases such as FEN-1 exonuclease are 

involved in end-processing of the DBS before re-ligation which results in the loss of 

nucleotides [53]. DNA polymerases µ and λ can potentially slip backwards on their 

template during synthesis which results in direct repeats [54, 55]. The activity of DNA 

polymerase µ can result in template independent addition of nucleotides. These structures 

can fold back on themselves and form a step-loop structure and act as a primer/template 

substrate [50]. This results in inverted repeats which have been observed with 

chromosomal translocations in humans [56, 57].  

Additionally, there is evidence for an even more error prone mechanism of NHEJ 

termed alternative NHEJ (Alt-NHEJ). There is evidence that alternative NHEJ is 

mechanistically distinct from classical NHEJ. One study found that alt-NHEJ shares 

Ku/CtIP-mediated end processing in common with SSA and and HR. Alt-NHEJ is Ku70 

independent and is also inhibited by Ku70 [58]. CtIP is essential for chromosomal 

translocation formation through alt-NHEJ [59]. Alt-NHEJ is significantly reduced in 

CtIP-depleted cells whereas classical NHEJ is increased. Another study found that alt-

NHEJ, independent of the DNA-PKcs/XRCC4/DNA ligase IV complex, required 

synapsis activity of PARP-1 and ligase activity of XRCC1/DNA ligase III, proteins in 

common with BER [60]. The requirement for PARP-1 for alt-NHEJ is dependent on the 

absence of Ku but not DNA-PKcs and does not require microhomologies. PARP-1 and 
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Ku compete for repair of DSBs by classical or alternative pathways [61]. In a study with 

Ku-deficient hamster cells, 85% of alt-NHEJ repair junctions in CHOK1 cells were 

formed upon using either no or one overlapping base and only 15% by longer 

microhomologies. This study also showed that Ku-independent alt-NHEJ is slow and 

highly error-prone as DSB ends are subject to continuous degradation [62]. DNA ligase I 

and III cooperate and are required for MMEJ [63, 64], and it has also been shown that 

they mediate ligation in alt-NHEJ. 

Aberrant NHEJ, by classical or alternative repair, is the assumed mechanism 

involved in the formation of translocations as no significant sequence homology has been 

found at mapped translocation breakpoint junctions from AML and ALL patients [22, 

23]. 

 

Figure 4: The mechanism of alternative non-homologous end joining [34] 

 

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwj6u62-1cDLAhXMVD4KHSGvDN4QjRwIBw&url=http://tcr.amegroups.com/article/view/1152/html&psig=AFQjCNFpFBNCq7RYDjFkJ_kXtU1H2snRZg&ust=1458061762343052
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1.3 DNA Repair and the Cell Cycle 

The stage of the cell cycle influences the type of DSB repair that occurs. DSBs 

commonly occur during DNA replication when the replication fork collapses upon 

encountering an unrepaired DNA single-strand break (SSB). These DSBs stimulate HR 

activity resulting in the repair and restarting of the stalled replication fork [65]. It is 

estimated that about 10 collapsed and stalled replication forks result in HR during each 

round of DNA replication where the sister chromatid is used as the homologous template. 

NHEJ is necessary to repair DSBs in the absence of a homologous template and it has 

been shown that cells defective in NHEJ show severe defects in the ability to repair DSBs 

as well as high radiation sensitivity throughout the cell cycle [65]. Given the absence of 

homologous templates during the G1 phase of the cell cycle, cells in this stage may be 

more susceptible to chromosomal rearrangements by NHEJ repair mechanisms following 

multiple DSBs. Cells that proliferate and thus replicate DNA rapidly are at an increased 

risk of DNA damage as genotoxins have increased access to DNA strands undergoing 

transcription or replication [66]. In addition, a shorter cell cycle increases the chance that 

damaged DNA will be aberrantly repaired potentially resulting in cancer. 

1.4 Hematopoiesis and Hematopoietic Stem Cells  

Stem cells are considered the guardians of the genome in that they are responsible 

for continuously replenishing damaged or apoptotic cells. There are multiple pathways 

that protect the integrity of the genome including the DNA damage response (DDR), cell-

cycle checkpoints, and DNA repair mechanisms; however, inaccurate repair of damaged 

DNA, especially DNA double strand breaks (DSBs) can ultimately lead to genome 

rearrangements and tumorigenesis. 
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Hematopoietic stem cells (HSCs) are a unique and very small population of cells 

that are responsible for generating myeloid and lymphoid cells of all lineages. They are 

multipotent and self-renewing by means of asymmetric cell division. Asymmetry in cell 

division ensures self-renewal as one daughter cell is identical to the original HSC and one 

daughter cell is slightly more differentiated. The more differentiated cell progresses to 

generate more committed progenitors and ultimately one of eight types of mature, 

terminally differentiated cells of either myeloid or lymphoid lineage [67]. This process of 

differentiation and proliferation is called hematopoiesis (Figure 5). Considering that 

  

Figure 5: The process of hematopoiesis  

 

mature terminally differentiated hematopoietic cells have a limited lifespan ranging from 

1 day for neutrophils to 120 days for erythrocytes, these populations must be 

continuously maintained by the very small population of HSC clones. Less than 0.1% of 

all hematopoietic cells in the bone marrow are HSCs and it has been estimated that 1011-
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1012 mature hematopoietic cells are generated each day by this very small population 

[68].  

The ability of embryonic stem cells (ESC) to be committed to developing into 

specific cell types is dependent on gene regulatory networks which are dependent on 

transcription factors and biological signals [69, 70]. The hematopoietic system is ideal for 

studying these regulatory networks as such a large number of  hematopoietic cells from 

all lineages are produced daily from the small pool of HSCs [71, 72]. The formation of 

each cell type must be highly regulated and responsive to external environmental stimuli. 

It is likely that the processes leading to each terminally differentiated cell type requires 

the expression of distinct lineage specific factors, and it has been shown that different 

stages of hematopoiesis as well as the different terminally differentiated cell types have 

unique expression profiles [71]. Disruption of this highly regulated process by aberrant 

repair of DNA damage or changes in epigenetic regulatory processes can lead to 

hematopoietic malignancies such as leukemia and lymphoma. 

1.5 Differentiation and Hematopoiesis in vitro 

Development is a modular and hierarchical process in which a common template 

is categorically refined to have various and distinct properties [69]. Hematopoiesis is the 

developmental process during which undifferentiated stem cells serve as a common 

template and give rise to proliferating progenitor cells that progress into differentiated 

cells of both the myeloid and lymphoid phenotypes. Over the past several years, 

protocols for in vitro differentiation of mouse ESCs into a variety of different lineages 

including hematopoietic, neural, muscular, skeletal, melanocyte, keratinocyte, follicle and 

epithelial cell types have been successful. There have also been some successes in the 
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development of pancreatic and hepatic cell types. Overall this provides a vast framework 

for studying the entire developmental process from ESCs to populations of differentiated 

cell types which has vast potential for future developments in drug discovery and cell 

replacement therapy [73, 74]. The hematopoietic system is an ideal  in vitro model for 

studying differentiation in that the earliest stages of hematopoietic development occur 

within embryoid bodies (EBs) without the addition of other growth factors and follow a 

sequence of events similar to the developing embryo [75].  

A measure of HSC activity is the in vivo long-term repopulation assay in which 

HSCs are injected into lethally irradiated mice followed by determination of reconstituted 

donor blood after 6 months [76]. In vitro assays can also measure HSC activity and detect 

hematopoietic progenitor populations. The long-term culture initiating cell (LTCIC) is 

the earliest hematopoietic progenitor cell measured in vitro. These cells are present at a 

frequency that closely correlates with the frequency of HSCs, 1 in 10,000 to 100,000 total 

blood cells [77, 78]. LTCICs, can initiate long-term hematopoietic cultures for 5-10 

weeks while being maintained on preformed stromal feeder layers. In this assay, 

committed progenitor cells known as colony forming units (CFU) can be quantified by 

stimulating differentiation and proliferation into mature hematopoietic colonies in semi-

solid media followed by quantification of the resulting colonies [79, 80]. Colonies 

derived from LTCICs or CFUs can be detected after 7-14 days in culture. Mature colony 

types include colony forming unit- granulocyte-erythrocyte-monocyte-megakaryocyte 

(CFU-GEMM), granulocyte-monocyte (CFU-GM), granulocyte (CFU-G), monocyte 

(CFU-M), erythrocyte (CFU-E), megakaryocyte (CFU-Mk), and mast (CFU-Mast). 

Colonies that contain multiple cell types such as CFU-GEMM and CFU-GM are 
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presumably initiated by immature progenitor cells that are capable of differentiation into 

multiple cell types, indicating LTCICs or HSCs. Colonies that contain only a single 

population of mature cells such as CFU-M, CFU-E, CFU-G are presumably derived from 

more differentiated progenitor cells that are lineage committed and expand into a single 

cell type. A schematic of in vitro differentiation and examples of differentiated cells are 

depicted in figure 6. 

Murine ESCs in vitro either self-renew or differentiate based on culture 

conditions. Their pluripotent state can be maintained when grown on a layer of feeder 

cells or on gelatin coated culture dishes in the presence of leukemia inhibitory factor 

(LIF) and serum [81-83]. The nuclear protein transcription factors Sox2, Oct3/4, and 

Nanog are also critical for ESC maintenance in both murine and human ESCs [84-86]. 

Removal of ESCs from this culture environment and subsequent culture in suspension 

media or on stromal layers allows for differentiation of ESCs into EBs. EBs are 

aggregates of various types of cells including endothelial, neuronal, muscle, and HSCs 

[87-90]. It has been noted that EBs in culture form cystic structures that that contain 

blood islands that are similar to those found in the yolk sac [91]. Other studies have 

previously determined that myeloid and erythroid lineages begin to develop in EBs [92, 

93]. The emergence of hematopoietic progenitors at this stage of differentiation can be 

determined by the presence of lineage specific markers via gene expression analysis, 

immunohistochemistry, and fluorescence activated cell sorting (FACS) [94-96].  
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Figure 6: In vitro myeloid differentiation of embryonic stem cells 

A method for in vitro differentiation of murine embryonic stem cells is described above 

with the necessary cytokines and signaling molecules required for myeloid 

differentiation.  

Pictures: (A) Embryonic stem cells; (B) bursting embryoid body; (C) colony forming 

unit-granulocyte, erythroid, monocyte, megakaryocyte; (D) colony forming unit-

granulocyte, monocyte; (E) colony forming unit-monocyte; (F) blast forming unit-

erythroid. 
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HSCs are negative for lymphocyte, monocyte, granulocyte, and erythroid lineage 

markers which has been described as lineage negative (Lin-) [97]. Murine HSC 

populations have been determined to express the cell surface differentiation markers Sca-

1, Thy-1, c-kit, and the stem cell factor (SCF) receptor [98, 99]. Cells expressing these 

markers are the only cells from the mouse bone marrow capable of reconstituting all 

blood cell lineages in lethally irradiated mice [100]. The common myeloid progenitor 

(CMP) and the common lymphoid progenitor (CLP) represent the earliest detectible 

commitment decision between myeloid and lymphoid pathways in hematopoiesis [101, 

102]. CMPs and CLPs can also be distinguished by specific cell surface markers. CMPs 

express the granulocyte macrophage colony stimulating factor receptor (GM-CSFR) and 

do not express the cell surface interleukin -7 (IL-7) receptor; CLPs however express the 

IL-7 receptor but do not express GM-CSFR [102].  

Cells within EBs produce various cytokines in the absence of growth factors other 

than serum initiating the first stages of hematopoiesis [103, 104]. However, the addition 

of specific combinations of cytokines can induce the production of specific mature 

hematopoietic populations. Following the development of EBs, a secondary culture 

process promotes differentiation of HSCs into distinct hematopoietic colonies. Different 

techniques have been developed to promote hematopoietic differentiation including 

culture on stromal layers [90, 105, 106], culture in chemically defined media with 

hematopoietic inducers [107], and culture in semisolid methylcellulose media containing 

cytokines [75, 104]. CFU assays performed by plating cells from EBs in methylcellulose 

have demonstrated that all myeloid progenitors that are found in the bone marrow are 

also present in EBs [93, 104], validating in vitro differentiation methods. In vitro 
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differentiation of ESCs has the potential to be useful in treating hematopoietic diseases. 

Methods for the in vitro generation of specific hematopoietic lineages have been 

determined. 

1.6 Childhood and Infant Leukemia 

Leukemia is a hematopoietic malignancy of the bone marrow and blood that is 

characterized by an abnormal increase of immature white blood cells. Leukemia initiates 

in the bone marrow when a hematopoietic progenitor cell undergoes a leukemic change. 

This leukemic cell can then rapidly proliferate and self-renew leading to much higher 

white blood cell counts. Leukemia cells eventually crowd out the normal hematopoietic 

cells suppressing their development and function. This suppression of normal, healthy 

hematopoietic cells leads to anemia, low erythrocyte counts; neutropenia, low neutrophil 

counts; and thrombocytopenia, low platelet counts. Anemia leads to fatigue and shortness 

of breath due to a lack of circulating oxygen, neutropenia causes the immune system to 

be essentially ineffective against invading pathogens and thrombocytopenia leads to 

bleeding and bruising without any apparent cause. 

Childhood acute leukemia accounts for approximately 30 percent of all 

malignancy in childhood [108]. Infant acute leukemia (IAL) is rare and accounts for 

4.5%-19% of all pediatric acute leukemia. IAL occurs at less than one year of age, is 

typically very aggressive with rapid onset of disease shortly after birth, and generally has 

very poor prognosis. There are two major morphological types of IAL; acute 

lymphoblastic leukemia (ALL) and acute myeloid leukemia (AML). ALL accounts for 

the majority of IAL cases, approximately 80 percent, and AML accounts for 
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approximately 15-17% of cases.  Infant leukemia is typically characterized by genetic 

abnormalities including duplications, deletions, inversions, and translocations.  

Leukemia is primarily a stem cell disease.  Leukemic cells mimic the phenotypes 

of HSCs, and like HSCs these leukemic stem cells (LSCs) produce progeny of 

heterogeneous populations [109-111]. It has been shown that both chronic myeloid 

leukemia (CML) and acute myeloid leukemia (AML) can be initiated by a small 

population of leukemic stem cells [112, 113]. Interestingly, it has also been shown that 

LSCs can potentially arise from progenitor cells that have developed abnormal 

phenotypes, such as the ability to proliferate or self-renew [114] 

The majority of both infant ALL and infant AML cases have chromosomal 

translocations involving a specific gene known as the mixed lineage leukemia gene 

(MLL) on chromosome 11q23; ~80% of infant ALL cases and ~60% of infant AML cases 

[115-117].  

1.7 MLL-Associated Leukemia 

Rearrangements involving the MLL gene are considered recurring genetic 

abnormalities, found in ~10% of patients with acute leukemia overall. MLL is involved in 

recurrent translocations with more than 75 different partner genes, only 9 of which 

account for ~90% of all MLL rearrangements. These include the ALL-fused gene from 

chromosome 4 (AF4), AF9, eleven nineteen leukemia (ENL), AF10, AF6, RNA 

polymerase elongation factor (ELL), AF1p, AF17, and SEPT6 [117].  
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Figure 7: Distribution of MLL fusion partner genes in  

pediatric and adult acute leukemias [117]  

 

Reciprocal translocations, as shown above, result in an exchange of chromosomal 

segments from the two chromosomes leading to the formation of two derivative 

chromosomes each containing part of each original chromosome. This results in the 

deregulation of a gene located at or near the breakpoint by disrupting the coding sequence 

or transcriptional regulatory elements [118, 119]. Reciprocal translocations can also 

result in the creation of a new coding sequence by fusing genes from the two original 

chromosomes. The creation of fusion proteins is commonly seen with reciprocal 

translocations involving the MLL gene and a variety of its fusion partners [108, 118, 120-

122]. These recurring rearrangements with the MLL gene imply that there is an 

association between gene expression during hematopoiesis and leukemogenesis. These 

fusions of MLL with partner genes are all “gain-of-function” mutations and result in the 

expression of chimeric proteins that have altered function [121, 123, 124]. 

The translocation partner with the MLL gene along with the stage of activation 

likely determines the leukemia phenotype [122]. One common fusion partner with MLL 

is the AF9 gene located on chromosome band 9p21-22. Fusion of these two genes is 
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found most commonly in AML whereas fusion of MLL with the AF4 gene is found 

almost exclusively in acute ALL. This indicates that certain translocations are either more 

likely to occur at certain stages of development and in specific cell types or the specific 

translocations determine the phenotype of the cell. The function of the AF9 gene product 

is largely unknown, however it has been demonstrated that it has similarities to the MLL 

gene product and may also regulate Hox gene expression [125]. AF9 also has a serine and 

proline rich domain as well as a nuclear localization sequence which are typical of 

transcription factors. 

The proper function of the MLL protein is required for maintenance of gene 

expression early in embryogenesis [126]. MLL is expressed in most tissues and positively 

regulates expression of Hox genes through histone 3 lysine 4 (H3K4) methyltransferase 

activity. MLL functions as part of a large macromolecular complex that incorporates 

methyltransferase and histone acetyltransferase activity. Hox genes are essential for 

accurate spatial development of the embryo due to their patterned expression [126]. It has 

been determined that the proper temporal expression of Hox genes during development is 

also necessary for regulation of hematopoietic differentiation [120]. Hox genes are 

essential for tissue development and expression is regulated in a spatiotemporal manner 

by the MLL complex. MLL-rearranged acute leukemia typically show high expression 

levels of Hox genes, and it has been strongly suggested that MLL-fusion proteins initiate 

leukemia through direct upregulation of the A-cluster Hox genes. Thus, MLL 

rearrangements lead to leukemia by interfering with the proper transcriptional patterns 

which typically lead to terminal differentiation of hematopoietic cells.  
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The MLL gene is approximately 120 kb in length, contains 34 exons over a 100kb 

region of chromosome 11, and it is ubiquitously expressed. The 430kD MLL protein has 

4 distinct domains which are shown in figure 8 [127]), two of which are deleted with the 

occurrence of MLL translocations. The SET domain on the carboxyl terminus of the 

protein which serves to recruit chromatin remodeling proteins for either the activation or 

repression of chromatin complexes is lost with MLL translocations [120]. Thus, the 

ability for MLL to correctly activate or repress the expression of specific genes is lost. 

The PHD domain, also known as the activation domain, may bind to tri-methylated 

H3K4 and aid in transcriptional repression. This domain is also deleted with MLL 

translocations. The remaining two domains of MLL, the AT hook domain and the 

methyltransferase domain, are both DNA binding domains and constitute the amino 

terminal half of the protein. AT hook domains bind to AT rich regions of DNA based on 

homology and the methyltransferase domain recognizes methylated DNA and is capable 

of non-specific binding [120]. These two domains are located 5’ of the breakpoint cluster 

region (bcr) of the MLL gene and are retained as the amino portion of the fusion proteins 

that result from MLL translocations. These two DNA binding domains of the MLL 

protein are likely sufficient to target the derivative fusion proteins to the correct binding 

sites, however the expression of target genes becomes deregulated due to the new 

function of the chimeric protein.  
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Figure 8: MLL and MLL-fusion partner structure 

 

MLL translocation breakpoints in patient samples have nearly all been shown to 

occur in an 8.3 kb BamHI fragment known as the breakpoint cluster region. Certain 

elements such as topo II cleavage sites, Alu elements, scaffold-associated regions (SARs) 

and DNase I hypersensitive sites have been found in bcrs of various genes and are 

predicted to play a role in translocations [25, 128]. The MLL gene contains all of these 

elements within its bcr. The AF9 gene contains three of them within its two separate bcrs 

(Figure 9). These elements may play a role in promoting the illegitimate recombination 

that occurs between these two genes. The risk for certain translocations to occur most 

likely changes during the developmental process due to changes in gene expression. This 

may also indicate that hematopoietic cells can become altered in their ability to faithfully 

repair DNA DSBs as is evidenced by the occurrence of chemotherapy-related leukemia in 

patients who have been exposed to DNA damaging agents as treatment for cancer as well 

as the high incidence of the specific MLL-AF9 translocation in infant AML [129]. 
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Figure 9: Breakpoint cluster regions of MLL and AF9 

The MLL bcr is an 8.3 kb region flanked by BamHI restriction sites. The AF9 bcr region 

is a 70 kb region also flanked by BamHI restriction sites. Unlike the MLL bcr though, the 

AF9 bcr has two peaks of mapped breakpoints (bcrA and bcrB). Grey rectangles are 

exons; yellow ovals are MAR/SAR sites; gold stars are topo II cleavage sites; and 

different colored arrows are multiple repetitive elements in the same orientation in MLL 

(these elements have not been mapped in AF9). *Intron/exon boundaries have been 

redefined and consequently, 4 more exons have been characterized. The exons above are 

actually numbered with an addition of 3 to what is shown [130]. 

 

 

1.8 Mechanisms of MLL and MLL-Fusion Protein Function 

MLL is post-translationally processed by proteolytic cleavage. It is cleaved by the 

threonine-aspartase TASPASE1 into an N-terminal 320 kDa fragment (MLLN) and a C-

terminal 180 kDa fragment (MLLC) [131, 132]. After cleavage, the two fragment 

associate with each other via non-covalent interaction between phenylalanine and 

tyrosine rich domains termed FYRN and FYRC on MLLN and MLLC respectively. 

Subnuclear localization signals in MLLN translocate MLL to the nucleus. 
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Figure 10: The MLL protein complex [118] 

 

 

MLL functions as part of a large protein complex that includes menin (the product 

of the tumor suppressor gene multiple endocrine neoplasia) and LEDGF (lens epithelium 

derived growth factor) interacting with MLLN and MOF (mammalian ortholog of 

drosophila “males absent on the first”), WDR5 (WD repeat domain protein 5), RbBP5 

(retinoblastoma binding protein 5), and ASH2L (absent, small, or homeotic 2 like) 

interacting with MLLC [133-135]. The N-terminal trimolecular complex of MLLN, 

menin, and LEDGF is essential for the proper targeting of MLL or MLL fusion proteins 

to specific target genes such as HoxA9 for transcriptional up-regulation [136, 137] The 

WDR5 protein mediates interaction between the MLLC catalytic subunit and the core 

complex and also mediates interaction with the histone H3 substrate [138]. Additionally, 

MOF acetyltransferase activity is required for full transcriptional activation of target 

genes in conjunction with MLL methyltransferase activity. MLL-mediated methylation of 
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H3K4 and MOF-mediated acetylation of H4K16 have been determined to be correlated 

by the distribution of these marks on active genes [135].  

The protein-protein interactions described with the MLLC catalytic subunit are 

invariably lost in MLL fusion proteins and do not contribute to aberrant activity and 

leukemogenesis. The function of the MLL fusion protein is dependent on the activity of 

the fusion partner. Studies have determined that the leukemogenic function of MLL 

fusion proteins may be activated and initiate leukemogenesis in one of four different 

ways [118].  

 

 

Figure 11: Molecular pathways leading to oncogenic activity of  

MLL fusion proteins [118] 
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1. Transcriptional elongation and histone methylation likely accounts for the 

leukemogenic activity of common fusion partners ENL, AF9, AF4, ELL, and AF10. The 

protein complex known as ENL associated protein complex (EAP) associates ENL with 

all members of the AF4 protein family that are known fusion partners with MLL [139]. 

The EAP complex also associates with positive transcription elongation factor b (pTEFb) 

and histone methyltransferase DOT1L. Phosphorylation of the carboxyl terminal repeat 

domain of RNA polymerase by pTEFb results in transcriptional elongation. MLL fused 

with a pTEFb associated protein could up-regulate the expression of MLL target genes. 

DOT1L methylates H3K79, an activity that also happens during transcriptional 

elongation [140]. AF4, AF9, AF10, and ENL have been shown to associate either directly 

or indirectly with DOT1L [141-143]. Association of the MLL fusion protein with 

DOT1L would confer positive regulation of transcriptional activity which could induce 

leukemogenesis via ectopic target gene expression. 

2. Histone acetylation likely accounts for the leukemogenic activity of fusion 

partners CBP and p300. A few cases of therapy related secondary acute leukemia have 

shown MLL fusions with the histone acetyl-transferase CREB binding protein (CBP) and 

the related p300 protein. Activity of the bromo- and histone- acetyltransferase domains 

confer oncogenic function to the MLL fusion protein via hyperacetylation of chromatin 

and activated transcription of target gene.  

3. Arginine specific histone methylation accounts for the leukemogenic activity of 

fusion protein MLL-EEN [144]. The MLL-EEN fusion is rare and has been cloned from a 

single case of MLL leukemia. EEN has been shown to bind to the arginine 

methyltransferase PRMT1 through an adapter protein known as SAM68. PRMT1 is an 
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arginine specific methyltransferase that may activate transcription through H4R3 di-

methylation. This specific histone modification has been associated with an increase in 

histone acetylation which is known to activate transcription.  

4. Dimerization of cytoplasmic fusion partners accounts for the leukemogenic 

activity of MLL fused with GAS7, AF1p, and AF6. These fusions are typically found in 

older patients and are weakly transforming compared to MLL fusions with genes coding 

nuclear proteins. Each of these fusion partners has a coiled-coiled dimerization domain 

which is the minimal necessary contribution in order to induce leukemogenesis. The 

nuclear localization signal of MLL transports these cytoplasmic fusions to the nucleus. 

This leads to aberrant activation of molecular signaling pathways by sequestering these 

cytoplasmic proteins [145]. Dimerization of the fusion proteins leads to aberrant 

transcriptional activation of MLL target genes and initiation of leukemogenesis. 

1.8.1 MLL and AF9 Translocations 

The AF9 gene, also known as LTG9 and MLLT3 spans >100kb and is located on 

chromosomal position 9p22 and is one of the most common translocation partners with 

MLL. It has been shown [115, 120, 121]. Sequence analysis of MLL-AF9 translocation 

junctions from patient-derived samples has shown evidence of small deletions and 

insertions, large deletions, duplications, and some complex rearrangements [146]. The 

MLL-AF9 translocation has been associated with ALL, AML, as well as therapy related 

AML (t-AML), also known as secondary AML, after treatment with etoposide [147]. The 

MLL-AF9 translocation, written as t(9;11)(p22;q23), is the third most common genetic 

abnormality reported in infant ALL cases and is the most common genetic abnormality 

reported in infant AML cases. Studies with in vitro and in vivo models have shown that 
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MLL fusion genes play an important role in the initiation of leukemogenesis and that the 

MLL-AF9 gene fusion is sufficient for leukemia stem cell transformation [114, 148, 149]. 

Leukemias that carry the MLL-AF9 translocation are typically aggressive, difficult to 

treat, are often resistant to traditional therapy regimens, and this is especially true with 

infant AML [25, 150]. The five-year overall survival rate of patients with the MLL-AF9 

translocation is approximately 40% [151, 152]; however a considerable number of 

patients have relapses and end up dying of the disease [153]. 

The mechanism of AF9 function is currently not fully elucidated. AF9 has been 

shown to interact with AF4 at subnuclear loci which suggests that AF9 acts as part of the 

EAP complex as well [141]. The murine homolog to human AF9 has been shown to play 

a role in embryo patterning and proper development via Hoxd4 expression, similar to the 

role of human MLL [125]. It has also been shown that AF9 may play a distinct role in 

myeloproliferation [149]. The AF9 gene has two bcr regions that have been identified 

between two BamHI sites. Bcr1 is located within intron 4 and bcr2 spans introns 7 and 8. 

Both bcr regions are bordered by two SARs and a topoII cleavage site and a DNAseI 

hypersensitive site are located in intron 7 of bcr2 [154]. The two bcrs and topoII cleavage 

sites were initially identified from clinical samples of infant AML, t-AML, and adult 

ALL patients [155]. The topoII cleavage sites and SARs located in both the MLL and 

AF9 bcr regions likely contribute to the formation of MLL-AF9 recurring genetic 

abnormalities. 

1.9 Topoisomerase II and Chromosomal Translocations 

There are several possible causes of DNA DSBs that could lead to MLL-AF9 

translocations. One possible factor leading to these translocation is the inhibition of the 



32 
 

topoII enzyme by topoII poisons. TopoII is an essential and ubiquitous enzyme that is 

required for the survival of all eukaryotic organisms [156-158]. TopoII functions to 

regulate under- and over-winding of DNA and remove knots and tangles in the genome 

by passing an intact double helix through a transient DSB that it generates in a separate 

double helix [159-161]. TopoII is required for transcription and replication and also plays 

a role in chromosome organization and segregation [162-164].  

Previous studies have elucidated the topoII reaction and have determined that the 

catalytic cycle of double stranded DNA passage has six distinct steps in one round of 

enzyme activity [165].  

1. DNA binding 

TopoII interaction with DNA is determined by nucleotide sequence and the 

topological structure of DNA substrates. TopoII binds to DNA at preferred nucleic acid 

sequences that are within its binding/recognition sites [166-169]. The stringency of topoII 

sequence recognition however, is low reflecting its ability to function in a global manner. 

TopoII binding is also regulated by the topological structure of DNA and preferentially 

interacts with negatively or positively supercoiled DNA over relaxed DNA [170]. 

Unusual DNA structures are also recognized by topoII such as hairpins[171], Z-form 

DNA [172], and DNA tetraplexes [173].  

2. Pre-strand passage DNA cleavage/relegation 

TopoII generates a DNA cleavage/relegation equilibrium prior to the passage of 

the second double-stranded DNA molecule [174, 175]. The presence of a divalent cation 

is necessary for this step and every subsequent step in the catalytic cycle [176, 177]. 

TopoII generates a DSB by creating nicks on each strand and leaving 4 base 5’ overhangs 
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[178-180]. During this scission reaction, topoII forms covalent bonds between the 5’ 

termini of the DNA and its active site tyrosyl residues [178, 181]. 

 

Figure 12: The catalytic cycle of topoisomerase II [182] 

 

3. DNA strand passage  

TopoII undergoes a conformational change upon binding of ATP that triggers 

DNA strand passage [183-185]. ATP is not required for either cleavage or relegation, 

although its binding triggers the translocation of the intact DNA strand through the DSB 

in the other DNA molecule [186]. It has also been determined that ATP hydrolysis is 

required for enzyme recycling [184]. ATP hydrolysis is not required for the strand 

passage event; however, this step proceeds more quickly with hydrolysis of bound ATP 

[186]. 

4. Post-strand passage DNA cleavage/relegation 
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Following the DNA strand passage event, topoII establishes DNA cleavage and 

religation equilibrium as in the second step of the catalytic cycle [184]. This topoII-DNA 

complex is similar to the pre-strand passage topoII-DNA complex. The post-strand 

passage complex is 2-4 fold more stable than its pre-strand passage counterpart due to the 

binding of ATP [185, 187]. 

5. ATP hydrolysis 

ATP hydrolysis triggers a conformational change and consequently the opening of 

the protein clamp and release of the intact DNA products [185, 187, 188]. 

Phosphorylation of topoII by protein kinase C stimulates the rate of ATP hydrolysis by 

approximately 2-3 fold and may enhance the overall catalytic activity of topoII[189].    

6. Enzyme recycling 

TopoII regains the ability to initiate a new catalytic cycle following the hydrolysis 

of ATP. TopoII either remains bound to the same DNA substrate and initiates a new 

round of catalysis in a processive fashion or dissociates and initiates a new catalytic cycle 

on a new DNA substrate in a distributive fashion. Whether the enzyme behaves in a 

processive or distributive fashion likely depends on reaction conditions and the presence 

of positive or negative supercoils in the original DNA substrates [190].  

Cellular concentration of topoII is tightly regulated. Typically, topoII is present at 

low steady-state levels in vivo and the topoII-mediated DNA cleavage is tolerated without 

deleterious effects [191, 192]. It has been shown that cells with lower levels of topoII are 

unable to undergo chromosome segregation and die of mitotic failure [193-196].  TopoII-

DNA cleavage complexes are required for completion of the catalytic cycle; however, 

they can also lead to DSB and be potentially deleterious to the cell. While transcription or 
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translation proteins traverse along DNA and collide with a covalently bound topoII-DNA 

cleavage complex, this leads to a permanent DSB [197, 198]. The DSB then initiates the 

DNA damage response and recombination and repair pathways [195, 199]. This 

stimulates sister chromatid exchange, the generation of deletions, insertions, 

translocations, and other abnormalities [165, 200, 201]. Conditions that increase the 

physiological concentration or the lifetime of topoII-DNA cleavage complexes, 

significantly increase the generation of mutagenic events [202, 203]. 

1.10 Topoisomerase II Inhibitors 

Given the importance of topoII enzymatic activity for cellular function, drugs that 

target this enzyme are some of the most active drugs available for the treatment of cancer. 

Approximately half of all chemotherapy regimens include a drug targeted to topoII. [199, 

204, 205]. These drugs function by increasing the cellular levels of topoII-DNA cleavage 

complexes and are termed topoII “poisons” because they convert the enzyme into a 

detrimental cellular toxin [204, 206, 207]. TopoII poisons function by two mechanisms 

which are not mutually exclusive [165, 199, 208]. Some compounds impair the ability of 

topoII to religate cleaved DNA ends, while others increase the forward rate of DNA 

scission. TopoII poisons do not act as simple catalytic inhibitors by blocking the overall 

catalytic activity of the enzyme [209, 210].  

TopoII poisons can be classified into three categories by mechanism of action. 

The first increases cellular levels of topoII-DNA cleavage complexes by non-covalent 

interaction at the topoII-DNA interface; the second acts by covalent modification of 

topoII; the third acts by covalent modification of DNA structure [211]. All topoII 

targeting drugs currently in clinical use such as etoposide, mitoxantrone, and doxorubicin 
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act by non-covalent interaction with the enzyme bound to DNA. Several naturally 

occurring compounds such as bioflavonoids and catechins have also been shown to be 

topoII poisons by non-covalent interaction. These topoII poisons are all polyphenolic 

compounds with variations in their ring structures [212]. The best characterized topoII 

poisons that covalently modify the enzyme are quinones which are thought to cross-link 

the N-terminal protein gate and block activity [213, 214]. Covalent modifications of 

DNA that distort the double helix also act as topoII poisons. These poisons can be in the 

form of abasic sites or ethano-bases [215-217].  

Drugs that target topoII are also implicated in the initiation of leukemia-

associated chromosomal translocations [208]. Secondary, or therapy related acute 

leukemia, first became acknowledged in the late 1980s by the observance of balanced 

chromosomal translocations that coincided with the introduction of epipodophyllotoxins 

such as etoposide and teniposide into clinical use. These epipodophyllotoxins were 

associated with leukemia after combination chemotherapy for treatment of non-small cell 

lung cancer [218] and adult and pediatric primary leukemias and solid tumors [219-222]. 

Treatment regimens for ALL that incorporated teniposide had a 6-year cumulative risk of 

developing AML of >12% [219]. These drugs function by disrupting the 

cleavage/religation equilibrium of topoII, stabilizing the cleavage complex on DNA 

leading to DSBs and aberrant repair. 

Over 50% of therapy related leukemias have translocations within the MLL bcr 

[223-226]. These therapy-related MLL rearrangements are unique to chemotherapy 

regimens that use topoII-targeted drugs. DNA breakpoints found in patients with these 

leukemias have been shown to be in close proximity to topoII cleavage sites [227-229]. 
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Several studies have reported that the widely used chemotherapeutic drug etoposide can 

initiate MLL rearrangements in primitive hematopoietic stem cells and in human fetal 

hematopoietic stem cells [129, 230-232]. It has also been shown that etoposide induces 

chimeric MLL gene fusions in mouse embryonic stem cells [233]. Other 

chemotherapeutic agents are associated with MLL rearrangements by topoII inhibition 

including anthracyclines and dactinomycin. Thus, these topoII targeted drugs are potent 

inhibitors of the enzyme that induce chromosomal breakage and aberrant repair of these 

breaks leads to leukemic translocations [224].  

The involvement of topoII in DNA cleavage and MLL translocation events is 

widely accepted; however, the mechanism by which these translocations occur is still not 

fully elucidated. There is evidence that breaks induced by topoII play a direct role in 

inducing MLL translocations [225, 234, 235]. An alternate theory is that apoptotic 

nucleases play a major role in the translocation process while topoII has a more indirect 

role [236, 237]. In fact, a site of apoptotic cleavage has been located in the bcr of the 

MLL gene [236, 238]. Thus, the molecular pathways and mechanisms that lead to MLL 

translocations are likely very complex and involve elements of DNA repair proteins as 

well as apoptotic proteins. 

Given that a high percentage of infant leukemias as well as therapy related 

leukemias display translocations involving the MLL gene, it has been hypothesized that 

exposure to topoII inhibiting agents in utero may play an important role in the initiation 

of infant leukemia. TopoII is more prevalent in cells that are proliferating rapidly. This 

indicates there may be a critical interval when exposure to topoII poisons in the form of 

chemotherapeutic drugs, high levels of bioflavonoids, or other inhibiting compounds 
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along with increased cell proliferation could lead to illegitimate repair events and 

oncogenic translocations. Also, given the timing of hematopoietic development with 

rapidly proliferating and differentiating cells, exposure to these compounds likely carries 

a higher risk earlier in fetal development [239, 240].  

Considering the evidence and strong association between topoII inhibitors and 

leukemia exhibiting MLL translocation, dietary or environmental compounds that play a 

role as topoII inhibitors and may lead to leukemia development need to be identified. 

Maternal intake and exposure to any of these compounds would certainly be a risk for the 

fetus developing infant leukemia according to current epidemiological evidence [241-

245].  

1.10.1 Dietary Bioflavonoids 

Bioflavoniods make up a large and diverse group of compounds and are 

categorized as flavones, flavonols, or isoflavones. They are polyphenolic compounds that 

are abundant in nature and an integral component of the human diet [246-248]. Common 

sources of dietary flavonoids are fruits, vegetables, nuts, legumes, plant leaves, tea, 

coffee, wine and some fungi. Bioflavonoids are the most abundant source of antioxidants 

and some potential health benefits of these compounds include their use as 

anticarcinogens, cardioprotectants, and hormone replacement alternatives in menopause 

[249-251]. The isoflavone genistein is an estrogen derivative and is available over the 

counter as an estrogen supplement at health food stores. It is also a soy phytoestrogen and 

is prominent in foods containing soy as well as infant soy formulas [252, 253]. The 

activity of genistein in cells is likely pleiotropic acting through two different 

mechanisms. Other bioflavonoids including quercetin, luteolin, and myrecetin are 
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available as individual health supplements or in complex with multiple bioflavonoids. 

These bioflavonoid supplements are currently unregulated and widely commercially 

available in doses as high as 100mg. 

Despite their many health benefits, bioflavonoids have cytotoxic and genotoxic 

properties. Ingestion of these compounds during pregnancy has been linked to the 

development of infant leukemia, the majority of which feature aberrations in the MLL 

gene [244, 245, 254]. They also been shown to have an adverse effect on the activity of 

topo II at increased concentrations [255]. Some in vitro biochemical cleavage assays have 

reported that exposure to the bioflavonoid genistein causes topoII mediated DSBs similar 

to etoposide exposure at the same dose indicating that they act as topoII poisons as well 

[256, 257]. TopoII inhibition by different bioflavonoids was investigated using human 

recombinant wild-type topoIIα and topoIIβ and plasmid DNA. It was shown that 

bioflavonoids were active against topoIIβ with genistein (50 µM) being the most 

effective at stimulating enzyme-mediated DNA cleavage [258] 

One previous study tested 20 different bioflavonoids and demonstrated direct 

potential for some of these compounds including genistein and quercetin to induce 

cleavage of the MLL gene. Cleavage of MLL was was induced in vitro in human primary 

hematopoietic progenitor cells as well as two hematopoietic progenitor cell lines (BV173 

and K562) [259]. Other studies have shown that genistein and quercetin are also 

inhibitors of cell proliferation and may induce differentiation [260-262]. 

Genistein has been reported to induce DNA sequence rearrangements that are 

mediated by topoIIβ and the proteasome [256]. This study showed that 100µM genistein 

was able to induce topoII-DNA cleavage complexes and chromosome rearrangements in 



40 
 

cultured mouse myeloid progenitor cells as well as topoIIβ knockout mouse embryonic 

fibroblasts. Evidence from this study suggests that genistein-induced infant leukemia 

involves topoII and processing by the proteasome which leads to chromosomal 

translocations.   

Another important study had demonstrated that synthetic bioflavonoids have the 

ability to cross the placenta in rats [263]. For this study, a synthetic bioflavonoid EMD-

49209 was radioactively labeled and injected intravenously into Wistar rats that were 20 

days pregnant. The maternal and fetal distribution of EMD-49209 was then evaluated 1-

24 hours after injection. This study demonstrated that bioflavonoids not only cross the 

placenta but they were also found in all fetal tissues including the fetal brain at 

approximately 17% of the initial dose.  The previously described studies support the 

hypothesis that bioflavonoid compounds may be linked to the in utero development of 

infant AML as a result of maternal exposure and the fact that these compounds can cross 

the placenta [263].  

1.10.2 Environmental Compounds 

Benzene is a ubiquitous environmental pollutant and is ranked among the top 20 

chemicals for production in the US. It is commonly used in industry as a solvent or in the 

production of plastics, dyes, detergents, pesticides, and rubbers. Benzene is also a 

component of cigarette smoke and is a known human carcinogen. It has been recognized 

for more than a century that exposure to benzene is toxic especially to the hematopoietic 

system. The first laboratory experiments demonstrating the toxicity of benzene to 

hematopoietic organs were in the early 1900’s [264]. Association of benzene exposure 

specifically with leukemia has been noted in many studies since [265-268]. The most 
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common malignancies related to benzene exposure are AML and acute non-lymphocytic 

leukemia (ANLL) [269, 270].  

Many epidemiological studies, some including large numbers of workers exposed 

to benzene or benzene-containing mixtures have also linked benzene exposure to the 

development of leukemia [266, 267, 271]. Collaborative studies with the Chinese 

Academy of Preventive Medicine (CAPM) and the National Cancer Institute (NCI) 

confirmed an increased risk of AML as well as non-Hodgkin lymphoma and 

myelodysplastic syndrome in workers exposed to benzene. These studies also revealed an 

excessive risk at relatively low levels of exposure (<10 ppm average and <40ppm-years 

cumulative) [272].  A nested case-control study in Australia reported that exposure to 

even low levels of benzene can be carcinogenic. Benzene exposure was estimated by 

occupational history, local site information, and the Australian petroleum industry 

monitoring data for 79 cases. It was determined that there is an increased risk of leukemia 

associated with cumulative benzene exposure >8ppm-years. They also indicated that 

there is no threshold of cumulative exposure below which there is no risk. 

Benzene itself does not initiate leukemogenesis directly but causes DNA DSBs 

through one of its metabolites, namely p-benzoquinone [273-276]. The chemical 

metabolic processing of benzene to p-benzoquinone is depicted in figure 13.  Benzene is 

metabolized in the liver to benzene oxide by cytochrome P450 2E1. A small portion of 

benzene oxide is converted to phenol by non-enzymatic rearrangement. Some of the 

phenol can then be oxidized by cytochrome P450 2E1 to p-hydroquinone which is 

circulated in the blood. It is converted to p-benzoquinone in the marrow due to a high 

concentration of MPO. P-benzoquinone is reduced back to p-hydroquinone by NADH: 
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quinine oxidoreductase (NQO1). It is of note that individuals who are heterozygous or 

homozygous for the C609T polymorphism of the NQO1 gene, meaning that they cannot 

reduce p-benzoquinone back to p-hydroquinone, have a much higher risk for developing 

leukemia with MLL rearrangements [277-279].  

 

 

Figure 13: Metabolism of benzene to 1,4-benzoquinone (p-benzoquinone) [280] 
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Exposure of mammalian cells to p-benzoquinone has been shown to cause DNA 

mutations and strand breaks, and induce DNA recombination, sister chromatid exchange, 

and apoptosis [281-283]. Benzene and its metabolites have been shown to increase HR 

activity in a Chinese hamster ovary (CHO) cell line due to generation of oxidative stress 

[283]. Exposure to 1, 10, or 30µM p-benzoquinone caused increased recombination of 

2.7-, 5.5-, and 6.9-fold respectively within a neo direct repeat recombination substrate. 

The genotoxic activity of p-benzoquinone has not been fully elucidated. It has been 

shown to trigger oxidative stress and form adducts with both DNA and proteins, therefore 

multiple pathways may be involved [284-286] including its effect on topoII [287-289]. 

It has been determined that p-benzoquinone is a strong topoII poison that is more 

potent in vitro than etoposide due to the fact that it inhibits topoII by binding covalently 

to the enzyme in a redox-dependent manner thus “freezing” the enzyme/DNA cleavage 

complex [290]. This study used purified human topoIIα in a plasmid DNA cleavage 

assay. P-benzoquinone stimulated plasmid DNA cleavage by 8-fold at a concentration of 

25µM. Cleavage sites were close to a defined chromosome breakpoint in a case of MLL 

related infant AML.  

It has also been shown that p-benzoquinone is a potent topoII poison by 

covalently binding to the enzyme and inhibiting function [280]. In this study, no DNA 

cleavage was observed when p-benzoquinone was incubated with reducing agent 

dithiothreitol (DTT) at 250µM or glutathione at 500µM prior to being added to the 

topoII-DNA complex. In contrast, addition of DTT or glutathione to the reaction after p-

benzoquinone incubation with the topoII-DNA complex did not have any effect on DNA 
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scission. This indicates covalent attachment in that once a cleavage complex is formed 

with topoII and p-benzoquinone, reducing agents have no effect. This is further supported 

by the fact that while incubating p-benzoquinone with topoII-DNA complexes enhances 

DNA cleavage, incubation of p-benzoquinone with topoII prior to the addition of DNA 

completely inhibits catalytic function [291].  

Effects of exposure to benzene varies from person to person depending on the 

dose, frequency, route of exposure, genetics, age, gender, and personal dietary and and 

physical habits [292]. From all of the previous studies on benzene exposure, it is 

reasonable to presume that benzene and its metabolites have multiple effects on 

hematopoietic cellular function that lead to hematotoxicity and malignancy. The 

previously described studies support the hypothesis that exposure to benzene or the 

metabolite p-hydroquinone may initiate MLL translocations and leukemia in utero. 

Other environmental compounds have also been implicated in causing infant 

leukemia. These include pesticides, flame retardants, and the common non-steroidal anti-

inflammatory drug (NSAID) dipyrone. Some herbal medicines, dipyrone, and the 

pesticide Baygon have, like genistein and quercetin, been shown to cross the placental 

barrier and have been associated with MLL leukemia [240, 293].  

Halogenated compounds in household and baby products [294] are possible risk 

factors for childhood leukemia. Polychlorinated biphenyls (PCBs) are banned in the 

United States but detectable in indoor carpets [295] and linked to non-Hodgkin 

lymphoma [296] and childhood ALL [295]. Polybrominated diphenyl ethers (PBDEs), 

structurally similar to PCBs, are used as flame retardants [297], and exposure to specific 

PBDE congeners has been associated with childhood ALL [297]. In support of 
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mechanistic action, certain PCB quinone metabolites have been shown to increase DNA 

cleavage by topoIIα in vitro and in cultured human cells [214]. 

Halogenated organic compounds, are of interest because they are widely 

produced, bioaccumulative, many are alkylating agents and brominated aromatic 

compounds have been implicated as hormone disruptors [298]. Tetrabromobisphenol A 

(TBBPA) is the most widely used brominated flame retardant (BFR) with approximately 

200,000 metric tons produced annually worldwide [298]. TBBPA has been found in air, 

sediment, soil, and human blood samples [299]. Several studies on mammalian cells in 

vitro have shown that TBBPA acts as a cytotoxicant, neurotoxicant, thyroid hormone 

disruptor, and has anti-estrogenic activity [300]. Several studies have demonstrated that 

exposure to TBBPA in vivo significantly reduces levels of serum thyroxine (T4) [301-

303] which could lead to developmental abnormalities. TBBPA has been shown to have 

an inhibitory effect on estrogenic activity [304]. Bisphenol A (BPA), a metabolite of 

TBBPA, has been shown to have estrogenic activity and endocrine-disruptive effects 

[305, 306]. This indicates that TBBPA and its metabolites have multiple disruptive 

cellular activities and should be tested for their potential risk in initiating leukemia. 

Dipyrone is commercially available in many countries around the world. It was 

once available worldwide until the 1970s when it was discovered that it carries a risk of 

causing agranulocytoma, though the level of risk is controversial. Since then, it has been 

banned in the US, UK and Sweden but is still widely in use in other countries. At low 

concentrations, dipyrone has been shown to be cytoprotective against UV induced cell 

death in Jurkat and Raji cell lines; however, it becomes cytotoxic at higher 

concentrations, inducing apoptosis [307]. Dipyrone use in pregnant women has been 
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associated with Wilms’ tumor in Brazil and several etiological studies have been done 

that associate maternal use of dipyrone with infant acute leukemia specifically with MLL 

gene fusions [240, 293]Dipyrone is not known to be a topoII inhibitor, although its 

association with infant acute leukemia indicates that it may induce MLL rearrangements. 

1.11 Structures of Compounds Used in this Study 

The chemotherapeutic drug etoposide is an epipodophyllotoxin that is composed 

of a polycyclic ring system (rings A-D), a pendant E-ring at the C1 position and a 

glycosidic moiety at the C4 position [308, 309]. It has been demonstrated that protons of 

the A-ring and B-ring are responsible for etoposide binding to topoII and that protons and 

methoxyl protons of the E-ring are required for drug activity. The E-ring substituents 

have been demonstrated to be directly associated with topoII and DNA in the active site 

binary complex of the enzyme as any addition to this ring dramatically reduces drug 

function [309]. The glycosidic moiety of etoposide does not appear to interact with the 

enzyme or enhance topoII mediated DNA cleavage [308]. The structure of etoposide is 

shown in figure 14. 

The bioflavonoids genistein and quercetin, which have also been shown to inhibit 

topoII function, were used in this study. Bioflavonoids are biochemically similar to 

etoposide in that they are also are comprised of multiple phenolic rings. Genistein is an 

isoflavone and quercetin is a flavonol, and both have structures that mimic etoposide.  

The 4’-OH group of genistein and quercetin are essential for topoII-mediated drug 

activity [310, 311]. The 5-OH group of each compound plays an important role in 

mediating binding to topoII [312]. The structures of both genistein and quercetin are 

shown in figure 15. 
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Figure 14: The structure of etoposide with labeled rings A-E and the glycosidic 

moiety at position C4 

 

 

Figure 15: The structures of genistein and quercetin: the 4’-OH group is required for 

activity and the 5-OH is required for binding to topoII [258] 

 

In addition, the compounds p-benzoquinone and dipyrone were included in this 

study. Both of these compounds have been associated with MLL leukemia as described 

above. These two compounds are distinctly different in their mechanism of action from 

etoposide and bioflavonoids. The structures of p-benzoquinone and dipyrone are shown 

in figure 16. 

http://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click on image to zoom&p=PMC3&id=2737519_nihms-126188-f0001.jpg
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Figure 16: The structures of p-benzoquinone and dipyrone 

 

 

Figure 17: The structure of Vitamin A (retinoic acid) 

 

Vitamin A, which also contains a phenolic ring was also used in this study as a 

control. Vitamin A is not associated with MLL leukemia and has not been shown to be a 

topoII inhibitor. In fact, it has been shown to promote resistance to topoII-mediated drug 

activity [313]. All-trans retinoic acid, the bioactive metabolite of vitamin A, has been 

shown to promote differentiation [314] and downregulate the expression of topoII [315]. 

It has recently been shown that all-trans retinoic acid-induced downregulation of topoII is 

through proteasome-mediated degradation [316]. The structure of vitamin A is shown in 

figure 17. All compounds used in this study were provided by LKT Laboratories and 

certified for 99.9% purity. 

1.12 The Role of Oxidative Stress in DNA Damage 

Genomes of all organisms are exposed to endogenous and exogenous stresses 

such as oxidative stress (OS). OS refers to an imbalance between antioxidant defenses 

https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjf86HLjJnLAhWGQCYKHdxOB10QjRwIBw&url=http://www.twydil.com/integrated-nutrition/nutriment-details.html?tx_reeatwydillingredients_pi2[uid]%3D11&psig=AFQjCNE77ro3AsPf18DpcHWV3b9Ukfog4A&ust=1456702092422906
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and production of reactive oxygen species (ROS) [317-320]. ROS are generated 

endogenously from cellular metabolism such as oxidative phosphorylation in 

mitochondria and long-chain fatty acids oxidation in peroxisomes, or exogenously by 

environmental toxins such as ionizing radiation (IR), ultraviolet (UV) radiation, and 

DNA damaging/chemotherapeutic agents [321-326]. When ROS generation exceeds 

antioxidant defense capacity in cells, ROS may react with almost all macromolecules 

including DNA, RNA, proteins, and lipids. Notably, oxidative DNA damage may 

represent the major type of DNA damage, evidenced that approximately 10,000 DNA 

alterations are generated per mammalian cell per day [327-330].  

Oxidative DNA damage includes oxidized base (purine and pyrimidine) damage, 

oxidized sugar moiety damage, apurinic/apyrimidinic (AP) sites, DNA single-strand 

breaks (SSBs), DNA intrastrand crosslinks, DNA interstrand crosslinks (ICLs), protein-

DNA crosslinks, mismatched pairs with damaged bases, stalled DNA replication forks, 

oxidatively-generated clustered DNA lesions (OCDLs), and most notably DNA DSBs 

[327-331]. Elevated intracellular ROS promotes DNA DSBs and altered NHEJ repair 

leading to chromosomal deletions, translocations, and tumorigenesis [332-334]. OS has 

been implicated in the pathogeneses of multiple diseases such as bone marrow failure, 

cancer, and neurodegenerative disorders [335-337]. OS may also play a role in mutation 

accumulation and progression of myelodysplastic syndromes (MDS) to AML as 

suggested by studies in a mouse model of MDS that displays increased ROS in Lin- bone 

marrow cells, increased DNA breaks, and increased mutation frequency over time [338]. 

Bone marrow failure is characterized by the progressive absence of one or more 

hematopoietic cell lineages. These syndromes are characterized as inherited or acquired. 
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The best-characterized inherited syndromes include Fanconi anemia (FA), as well as the 

telomere diseases dyskeratosis conegenitia (DC), Diamond-Blackfin anemia (DBA), and 

Shwachman-Diamond syndrome, while the most prevalent acquired syndrome is aplastic 

anemia (AA). There is increasing evidence linking elevated ROS levels and impaired 

DNA repair mechanisms to contribute to bone marrow failure observed in these diseases. 

The hematopoietic system appears particularly sensitive to the control of intracellular 

ROS and OS, and altered responses to these leading to DNA damage have been 

implicated in the pathogeneses of both bone marrow failure and neurodegenerative 

disorders [335-337].  

ROS are important for fate determination of normal stem cells [339]. Normal 

HSCs are primarily in a quiescent state within the BM niche [340]. HSC exposed to 

elevated ROS exhibit altered characteristics and undergo both proliferation and 

differentiation, typically after mobilization to the oxygen rich bloodstream [341], but also 

to senescence and apoptosis in a dose-dependent manner [339]. This impact of ROS is 

evolutionarily conserved and observable in analogous Drosophila systems [342]. Control 

of ROS in ES cells is now understood to be critical to maintenance of self-renewal 

phenotype. It has been shown that differentiation of ES cells leads to increased 

intracellular ROS [343, 344].  Interestingly, during differentiation of ES cells, superoxide 

production, cellular levels of intracellular ROS, and DNA damage levels increase 

although expression of major antioxidant genes and genes involved in multiple DNA 

repair pathways are downregulated [343], and DNA repair by HR is reduced [24]. This 

indicates that differentiating HSCs may be more at risk for abberant NHEJ repair to occur 

potentially leading to leukemogenic translocations as a result of OS. 
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1.13 The Purpose of my Research 

DNA DSBs are the most detrimental type of DNA damage. DSBs have the 

potential to be inaccurately repaired and can lead to the generation of deletions, 

duplications, insertions, inversions, and translocations that are a hallmark of 

hematopoietic malignancies such as leukemia and lymphoma. Pediatric acute leukemia 

accounts for ~30% of all malignancy seen in childhood. Infant acute leukemia is rare and 

account for 4.5%-19% of all pediatric acute leukemia and have poor prognosis. The 

majority of these patients have rearrangements involving the MLL gene; ~80% among 

infant ALL patients and ~60% among infant AML patients. MLL breakpoint sequences 

found in infant acute leukemia are similar to those found in secondary AML resulting 

from exposure to chemotherapeutic topoII inhibitors. It has been hypothesized that 

maternal exposure to biochemically similar topoII inhibitors may promote infant acute 

leukemia in utero. Several studies have shown that common dietary bioflavonoids as well 

as benzene metabolites can induce DNA DSB and inhibit topoII; however, a direct link 

between these compounds and MLL rearrangements analogous to clinical samples has not 

been shown. Maternal exposure to the NSAID dipyrone has also been implicated by 

several epidemiological studies to increase risk of infant acute leukemia although there is 

no direct evidence.  

Hematopoietic-specific developmental programs may influence the repair of DNA 

damage such as DSBs and the initial molecular events that lead to translocations and 

leukemogenesis. The mechanisms by which recurring and specific MLL translocations 

occur is not well understood. Specific gene loci may be particularly susceptible to DNA 

damage, breakage, and aberrant repair when expressed or as open chromatin within 
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hematopoietic subpopulations. ESC and HSC may be more at risk for aberrant repair to 

occur than their more differentiated counterparts due to differences in gene expression 

and chromatin remodeling.  

OS could play an important role in the pathogenesis of leukemia as well. The 

hematopoietic system appears to be uniquely susceptible to ROS as is evidenced by the 

sensitivity to ROS and OS in bone marrow failure syndromes. A direct link between OS 

and genetic instability in HSCs had not been previously determined. Additionally, 

considering that ROS can generate DNA DSBs, it may also be sufficient to generate 

leukemic translocations between the MLL and AF9 bcrs.  

The goal of this study was to determine the relative potential for bioflavonoids 

genistein and quercetin, and possible leukemogenic compounds p-benzoquinone and 

dipyrone to promote rearrangements between the MLL and AF9 bcrs, independent of their 

chromatin context and independent of the formation of a chimeric fusion protein, within 

specific hematopoietic cell subpopulations. The effect on the proliferative potential of 

primary human umbilical cord blood CD34+ cells from exposure to this panel of 

compounds was also determined. In addition, genetic instability induced by OS was 

investigated to determine a direct link between OS and the HSC population. These 

studies provide a direct link between exposure to these compounds and leukemogenesis, 

specifically with MLL rearrangements analogous to clinical samples.   

Chapter two describes the generation of double transgenic MLL-AF9 GFP reporter 

cell lines used in this study to identify chromosomal translocations between the MLL and 

AF9 bcrs. Reporter murine embryonic stem cell lines that contain two transgene 

constructs (1) the MLL bcr fragment with a genetically engineered GFP 5’ exon and an I-
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SceI recognition site and (2) the AF9 bcr with a genetically-engineered GFP 3’ exon and 

an I-SceI recognition site. Translocations between these two gene constructs leads to 

reconstitution of the full-length GFP transcript resulting in detectible green fluorescence.    

Chapter 3 describes the quantification of GFP+ colonies after treatment with 

genistein, quercetin, p-benzoquinone, dipyrone, vitamin A, or the expression of I-SceI 

endonuclease in different hematopoietic cell subpopulations. Results describe the overall 

frequencies of translocations in each cell population following treatment with each 

compound and the possible factors that may account for differences between populations. 

This chapter also includes the DNA sequence analysis of repair junctions of a GFP+ clone 

that was isolated and expanded after treatment.  

Chapter 4 describes the potential for repeated and biologically relevant 

concentrations of genistein, quercetin, a combination of both genistein and quercetin, 

benzoquinone, and dipyrone to induce long-term repopulation of primary human CD34+ 

cells. Results demonstrate similarities or differences between exposure to this panel of 

compounds and the known leukemogenic drug etoposide on the proliferative potential of 

these cells. 

Chapter 5 describes the detection and quantification of GFP+ colonies after the 

generation of OS in one of the engineered ES cell lines by H2O2. The results of these 

experiment demonstrate a direct link between ROS and OS and genome integrity in 

HSCs. Conclusions made from this study and future directions for my research using 

other experimental models are described in chapter 6.



   

 

 

 

CHAPTER II: CELL LINES CREATED FOR THIS STUDY 

2.1 Materials and Methods 

2.1.1 Creation of Transgene Constructs 

Two green fluorescent protein (GFP) gene reporters were generated (Figure 18) 

NZE-GFP fragment of GFP open reading frame (orf) was inserted into pCAGGs [345] to 

engineer GFP into two exons, adenovirus intron sequence 246 nucleotides [346, 347] was 

inserted into the GFP orf between the GG doublet (nucleotides 241/242). This GFP-

intron plasmid was used to generate two separate constructs as follows: GFPe1: one 

construct contained the chicken β-actin promoter, 5’ engineered exon 1 with the first 233 

nucleotides of the GFP orf, splice donor (sd), 160 nucleotides of adenovirus intron to the 

HindIII site [346, 347], an I-SceI endonuclease recognition site within an inserted 

HindIII-ISceI-XhoI linker (H3-S-X). GFPe2: second construct contained an I-SceI 

endonuclease recognition site within a XhoI-ISceI-HindIII linker (X-S-H3), 76 

nucleotides of adenovirus intron from the HindIII site to a splice acceptor (sa) [346, 347], 

3’ engineered exon 2 of the GFP gene, and β-globin polyA sequence. A blunted Xho1-

XhoI fragment of GFPe1 was inserted into intron 11 in the blunted XbaI site of the 

human MLL bcr 8.2 kb BamHI-BamHI fragment [348] (numbering based on Nilson et al 

[349]) (Figure 18). A blunted XhoI-PstI fragment of GFPe2 was inserted into intron 7 of 

the human AF9 bcr2 region 8.9 kb fragment between mapped topoII cleavage site and 

exon 8 [154] (Figure 18). Constructs were verified by sequencing (Sequetech 
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Corporation, CA, USA). Single copy clones MAG1 and MAG2 were used for subsequent 

experiments. 

2.1.2 Generation of Transgenic Cell Lines. 

Transgene constructs were transfected by electroporation and randomly integrated 

into the genome of EtG2a mouse embryonic stem (ES) cells [3, 346]. Puromycin and 

neomycin resistance gene-containing plasmids were co-transfected with the transgene 

constructs to allow for selection. ES cells in standard medium (cite) were washed with 

1X PBS (phosphate buffered saline), treated with 0.25% trypsin for 10 minutes at 37oC 

and centrifuged at 1000 rpm for 10 minutes. Cells were resuspended in 1X PBS and 2 x 

107 cells electroporated with the MLL-GFPe1 transgene along with neomycin gene 

plasmid. 24 hours post electroporation, the media was changed to selection for 10 days 

(200ug/mL neomycin). [3, 346]. Surviving colonies were identified and screened for the 

presence of a single copy of the MLL-GFPe1 transgene by performing appropriate 

enzymatic digests (BgIII/XbaI; BamHI/BglII; EcoRV) (New England Biolabs Inc.) 

followed by Southern blotting using a full length GFP gene as the P32 labelled probe. 

Single copy MLL-GFPe1 clones were selected, grown and expanded. Cells in standard ES 

medium were washed with 1X PBS (phosphate buffered saline), treated with 0.25% 

trypsin for 10 minutes at 37oC and centrifuged at 1000 rpm for 10 minutes. Cells were 

resuspended in 1X PBS and counted using a hemacytometer. 2 x 106 cells were 

electroporated with the AF9-GFPe2 transgene along with puromycin gene plasmid. 24 

hours post electroporation, the media was changed to selection for 10 days (120ug/mL 

puromycin). [3, 346]. Surviving colonies were identified and screened for the presence of 

a single copy of the AF9 transgene. Surviving colonies were identified and screened for 
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the presence of a single copy of the AF9-GFPe2 transgene by performing appropriate 

enzymatic digests and Southern blotting using appropriate digests (KpnI; BamHI; NcoI; 

BamHI/BglII; XhoI; PstI) (New England Biolabs Inc.) and the full length GFP gene as 

the P32 labelled probe. Clones were also confirmed by PCR (5’ primers GFP-bcl and 

GFP 5’ intron 2; and 3’ primers GFP-nco top and GFP-orf 3’). Selected clones MAG1, 

MAG2 and MAG3 were expanded and used for further experiments. 

 

 

Figure 18: Schematic of transgene constructs.  

 

The positions of GFP reporter constructs were inserted into the human MLL (top) and 

AF9 (bottom) bcr regions. SD indicates a splice donor, SA indicates a splice acceptor, 

exons are shown as grey rectangles, MAR/SAR sites are indicated by yellow ovals, and 

topoisomerase II cleavage sites are indicated by gold stars. 

 

2.1.3 FACS (fluorescence Activated Cell Sorting) 

MAG1 cells were treated with 50, 100, or 200 µM etoposide for 1 hour and 

allowed to recover overnight. Cells were washed with PBS, trypsinized, centrifuged at 

1000rpm for 10 minutes and resuspended in fresh ES cell medium. The cell suspension 

was then filtered and FACS was performed using the FACSAria machine (BD 

Biosciences).  
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2.2 Results   

It was determined that MAG clones contained both genetic reporter constructs by 

Southern blotting. MAG 1, MAG2 and MAG3 showed the presence of both MLL-GFPe1 

and AF9-GFPe2 (Figure 19). MAG3, however was not used for further experiments as it 

failed to produce any fluorescent colonies following expression of ISceI endonuclease. 

 

 

Figure 19: Southern blot of clones containing single copy inserts of MLL-GFPe1 

and AF9-GFPe2 reporter constructs 

 

Figure 20: PCR confirming the insertion of MLL-GFPe1 and AF9-GFPe2 transgenes 
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PCR screening was also performed to confirm the presence of both genetic 

constructs in MAG1, MAG2 and MAG3. Results of PCR are shown in figure 20. 

 In order to determine that this model system would generate detectable GFP+ 

fluorescent cells, fluorescent activated cell sorting (FACS) was performed on etoposide 

treated MAG1 cells. FACS is a highly sensitive procedure that is able to sort individual 

GFP+ cells. GFP+ cells were detected and their frequency increased in a dose dependent 

manner (figure 21). The frequency of GFP+ cells treated with 50, 100, or 200 µM 

etoposide was 0.017%, 0.020%, and 0.027% respectively.  

 

 

Figure 21: Etoposide exposure promotes MLL-AF9 repair events detectable as  

GFP+ cells by FACS  

 

*The X-axis represents the intensity of fluorescence emitted in a single channel (FITC) 

on a log scale and the Y-axis represents the intensity of fluorescence emitted in a separate 

channel (PerCP-Cy5.5) to indicate the presence of different cell populations and detect 

any auto-fluorescence. 
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2.3 Conclusion 

This chapter describes the development of a reporter gene model system to screen 

for the frequency of MLL-AF9 translocation events in the MAG cell lines. A translocation 

between the two bcrs reconstitutes a full length GFP transcript resulting in quantifiable 

green fluorescence. The efficacy of this model was confirmed by treatment of MAG1 

cells with etoposide, which is known to promote DSBs and translocations, followed by 

FACS analysis. This model provides an elegant system for screening potentially 

thousands of compounds for their risk of promoting the development of leukemia. This 

system can identify compounds that promote DNA DSBs and a chromosomal 

rearrangement associated with infant and therapy related AML. 

 

 

 

 

 

 

 

 

 

 

 

 



   

 

 

 

CHAPTER III: COMMON DIETARY BIOFLAVONOIDS AND ENVIRONMENTAL 

COMPOUNDS PROMOTE A LEUKEMIC TRANSLOCATION IN HEMATOPOIETIC 

STEM CELLS AND DIFFERENTIATED CELLS 

 

 The potential for common dietary bioflavonoids, genistein and quercetin, 

environmental compound, p-benzoquinone, and NSAID dipyrone to promote the 

leukemic MLL-AF9 translocation in differentiating hematopoietic cells was determined. 

Cell viability assays were performed to determine the sensitivity of ES cells to these 

compounds at various doses. Transgenic cell lines were then electroporated with ISceI 

endonuclease or treated with a test compound at one of three different stages of 

differentiation (ES, EB, and bursting EB). Cells were allowed to differentiate and were 

screened for the formation of fluorescent colonies and translocation events. 

3.1 Materials and Methods 

3.1.1 ES Cell Culture 

All ES cell cultures were maintained in a humidified incubator at 37˚C and 5% CO2. The 

MLL-AF9 GFP (MAG) cell lines 32A and 68 were maintained at 5x106-2x107 cells per 

10cm culture dish coated with 0.2% gelatin. Cell culture medium was changed at least 

every other day with ES-maintenance medium containing Dulbecco’s Modified Eagle’s 

Medium (DMEM), 15% ES-qualified fetal bovine serum (FBS), 100U/ml 

penicillin/streptomycin, 2mM L-glutamine, 0.1mM non-essential amino acids, 1000U/ml 

ESGRO® Leukemia Inhibitory Factor (LIF), And 100µM 2-mercaptoethanol (β-ME). 
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Cells were passaged every 2-3 days by trypsinization and re-plated in ES maintenance 

medium.  

3.1.2 Cell Viability Assays 

1×106 EtG2a mouse ES cells were plated onto 3 plates each per dose (0, 25, 50, 

75, 100, and 200 µM) of a test compound. Cells were exposed to a test compound for 1 

hour at 37ºC. The number of surviving cells were counted for each dose at 24, 36, and 72 

hours using the automated Moxi cell counter. Cells were trypsinized for 10 minutes at 

37ºC, resuspended, and counted in a 75µM volume. The overall percentage of surviving 

cells was calculated. 

3.1.3 In vitro Hematopoietic Differentiation 

ESC treatment 

Cells were plated at a density of 1x106 and treated with 75µM each etoposide, 

genistein, quercetin, p-benzoquinone, or dipyrone for one hour or were electroporated 

with 20µg CBAS or GFP-NZE expression plasmid and allowed to recover overnight.  

Surviving cells were plated in predifferentiation medium the following day. 

Predifferentiation 

Undifferentiated ES cells were harvested via trypsinization and re-plated at a 

density of 2.85x105 (for untreated cohorts) or 2x106 (for treated cohorts) cells per 10cm 

gelatinized tissue culture dish in pre-differentiation medium containing Iscoves Modified 

Dulbecco’s Medium (IMDM), 15% ES qualified FBS, 1mM sodium pyruvate, 100U/ml 

penicillin/streptomycin, 2mM L-glutamine, 0.1 mM non-essential amino acids, 1000U/ml 

ESGRO® LIF, and 100µM monothioglycerol (MTG) for 48 hours at 37˚C and 5% CO2. 

Primary differentiation 
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Following the 48hr incubation in predifferentiation medium, cells were harvested 

by trypsinization and re-plated at a density of 5x102 (for untreated cohorts) or between 

1x103 and 3x103(for treated cohorts) in 3.5cm low adherence tissue culture dishes in 

primary differentiation medium containing IMDM, 1% basic methylcellulose (Stemcell 

Technologies #M3120), 15% non-ES-qualified FBS, 2mM L-glutamine, 100U/ml 

penicillin/streptomycin, 150µM MTG, and 40ng/ml murine stem cell factor (mSCF) 

(Stemcell Technologies #02731) for 14 days, during which time cells form embryoid 

bodies (EBs). On day 7 of primary differentiation, EBs were fed with medium containing 

IMDM, 0.5% methylcellulose, 15% non-ES-qualified FBS,100U/ml 

penicillin/streptomycin, 150µM MTG, 160ng/ml mSCF, 30ng/ml murine interleukin-3 

(mIL-3) (Stemcell Technologies #02733), 30ng/ml human interleukin-6 (hIL-6) 

(Stemcell Technologies #02506), and 3U/ml human erythropoietin (hEpo) (Stemcell 

Technologies #02625), added in a drop-wise fashion evenly on top of methylcellulose. 

Cultures to be treated as bursting EBs were fed this same medium with cytokine levels 

increased by 50 percent.  On day 14 of primary differentiation, EBs derived from ES-

treated cohorts were scored and plates were analyzed for the presence of fluorescent 

colonies.  For cells to be treated as EBs or bursting EBs, colonies were harvested and 

disrupted on day 14 and day 19 respectively.  

Harvesting EBs 

Each culture was harvested by diluting the methylcellulose with IMDM and 

transferring to a 50ml conical tube. EBs were washed once with phosphate buffered 

saline (PBS) and then disrupted with 0.25% collagenase (Gibco 17100-017) for 60 

minutes at 37˚C. Colonies were further disrupted by passage through a 21G 1.5” needle 
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three times and collagenase was neutralized by adding an equal volume of IMDM 

supplemented with 5% FBS. 

EB and bursting EB treatments 

Following disruption with collagenase, cells were counted and treated with 75µM 

each etoposide, genistein, quercetin, p-benzoquinone, or dipyrone for one hour in IMDM 

supplemented with 5% FBS or were electroporated with 20µg CBAS or GFP-NZE 

expression plasmid 

Hematopoietic differentiation 

EB cells were plated at a density of 1.0 x 105 (for untreated cohorts) or at a 

minimum of 5 x 105 (for treated cohorts) per 3.5cm low adherence tissue culture dishes in 

hematopoietic differentiation medium. Hematopoietic differentiation medium contained 

1% basic methylcellulose (Stemcell Technologies #M3120), 15% non-ES-qualified FBS, 

2mM L-glutamine, 100U/ml penicillin/streptomycin, 150µM MTG, 1% bovine serum 

albumin (BSA), 10µg/ml insulin, 200µg/ml transferrin, 150ng/ml mSCF, 30ng/ml mIL-3, 

30ng/ml hIL-6, and 3 U/ml hEpo. Cells were allowed to differentiate for an additional 12-

14 days at which point hematopoietic colonies were scored and isolated for further 

analysis. 

3.1.4 DNA Extraction and Molecular Analysis 

Whole genome amplification 

EBs and hematopoietic colonies were harvested by picking individual colonies of 

interest by pipetting into microcentrifuge tubes containing PBS. Colonies were then 

pelleted by centrifugation and flash frozen. DNA extractions and whole genome 

amplification (WGA) was performed using the Qiagen Repli-G kit (Qiagen Cat.# 
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150035). Buffer  DLB was reconstituted with 500µl nuclease free water. Buffer D2 

(denaturation buffer) is a 1:10 dilution of 1M DTT (supplied with kit) in reconstituted 

buffer DLB. To denature one EB or hematopoietic colony, 3µl of PBS was added and 

pipetted up and down in order to disrupt the colony, 3µl of buffer D2 was added to the 

cells, mixed by pipetting, and incubated on ice for 10min. To stop denaturation, 3µl of 

Stop solution (supplied with kit) was added and mixed by pipetting. This reaction was 

then added to 16µl of master mix containing REPLI-g UltraFast DNA polymerase and 

REPLI-g Ultrafast reaction buffer. Samples were incubated at 30˚C overnight followed 

by incubation for 3 minutes at 65˚C in order to inactivate the DNA polymerase. 

Following amplification, DNA was purified by ethanol precipitation and concentrations 

were determined by spectrophotometric measurement. 

Nested PCR 

1.0 µg of amplified DNA was used for PCR amplification. For nested PCR, 1.0 

µg of DNA template was used for the first round of amplification and 1µl of the first 

round product was used as template for the second round of nested PCR amplification. 

Each 25 µl PCR reaction contained template DNA, 17.0 µl of Millipore H2O, 3.0 µl of 

each primer, and a PuReTaq Ready-To-Go PCR bead (GE Healthcare Cat# 27-9559001). 

PCR primers are shown as 1F, 1R 2F and 2R in figure 22. Amplification was performed 

by denaturation at 94˚C for 5 minutes; followed by 40 cycles of 94˚C for 30 seconds, 

55˚C for 30 seconds, 72˚C for 30 seconds; and extension at 72˚C for 7 minutes. 
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Figure 22: Schematic of translocation breakpoint junctions between the MLL-GFPe1 and 

AF9-GFPe2 genetic constructs.  

Primers for nested PCR across breakpoint junctions are 1F and 1R for the first reaction 

and 2F and 2R for the second reaction. 

 

Sequencing Analysis 

PCR products were cleaned using DNA Clean and ConcentratorTM-5 (Zymo 

Research Cat# D4014) and eluted in 10µl elution buffer (supplied). DNA sequences 

across the repair junction were determined (Sequetech Corporation, California) and 

sequence analysis was done using CLC Sequence Viewer software. 

3.2 Results 

3.2.1 Murine ES Cells Exhibit Considerable Sensitivity to Bioflavonoids Genistein and 

Quercetin; and Moderate Sensitivity to P-Benzoquinone and Dipyrone. 

Cell viability assays were performed on parental EtG2a murine ES cell line to 

determine the sensitivity of these cells to various doses of these potentially leukemogenic 

compounds. Compounds tested were bioflavonoids genistein, quercetin, myricetin, 

luteolin, p-benzoquinone, dipyrone, and etoposide.  



66 
 

A two-way ANOVA was performed in order to determine any significant 

differences of compounds and doses compared to etoposide at each of the time points. 

Significant differences are indicated by *, with the most significant differences indicated 

by ***, which were determined using Tukey’s multiple comparison test. These 

experiments demonstrate the sensitivity of ES cells to these compounds. The 

chemotherapeutic drug etoposide is the most toxic to cells with less than 30% surviving 

after 24 hours even at the lowest dose. Cells also exhibited sensitivity to the 

bioflavonoids genistein and quercetin, whereas myricetin, luteolin, p-benzoquinone and 

dipyrone seemed to have a moderate effect. 

 

 

Figure 23: Cell viability plots for genistein, quercetin, myricitin, and luteolin at 24, 48, 

and 72-hour time points 

 

Treatment of MAG1 cells with bioflavonoids at different concentrations demonstrated a 

dose dependent response at all time points. Three replicates were performed for each 

treatment at each dose. Genistein treatment was the most cytotoxic followed by quercetin, 

myrecetin and luteolin. 
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Figure 24: Cell viability plots for p-benzoquinone, dipyrone, and etoposide at 24, 48, and 

72 hour time points 

 

Treatment of MAG1 cells with benzoquinone, dipyrone and etoposide at different 

concentrations demonstrated a dose dependent response at all time points. Three 

replicates were performed for each treatment at each dose. Etoposide is the most 

cytotoxic; and benzoquinone and dipyrone are moderately cytotoxic. 

 

 
Figure 25: Analysis of cell viability and sensitivity to genistein, quercetin, myricetin, 

luteolin, p-benzoquinone, dipyrone and etoposide at 24, 48, and 72 hours 

 

Tukey’s multiple comparison tests showed there were significantly more cells following 

treatment with luteolin and dipyrone compared to treatment with etoposide. * indicates p 

< .05, ** indicates p < .005, and *** indicates p < .0005. 
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3.2.2 MLL-AF9 bcr Translocations Induced by Targeted DSBs in Myeloid Progenitors 

and Differentiated Cells. 

Each of the gene constructs, described in chapter 2, contains an ISceI recognition 

site for the induction of DBSs within the bcrs. Following ISceI-induced DSBs, aberrant 

repair that results in a translocation joins the 5’GFP exon and the 3’GFP exon onto the 

same DNA duplex allowing for expression of full length GFP. In the absence of ISceI-

induced DSBs, the formation of stable translocations without a promoting event is rare 

with the overall frequency calculated at <7.2×10-8 in nondifferentiated ESCs (previously 

published data). ISceI-induction of DSBs significantly stimulated aberrant repair between 

the MLL and AF9 bcrs at all three stages of differentiation (ES, EB, and bursting EB 

myeloid progenitor) resulting in detectable GFP+ fluorescent colonies 14 days after 

electroporation. The average frequencies of translocations were calculated at each of the 

three stages of differentiation. Average frequency observed following treatments were 

85.8×10-4±2.66 in ESCs, and 0.113×10-4±4.7 in bursting EB myeloid cells. An average 

frequency could not be determined for ISceI expression in EB cells due to zero 

fluorescent colonies observed in some replicates. The NHEJ recombination frequency is 

approximately 100 times higher than HR frequencies observed in a previous study in ES 

cells, approximately 10 times lower in EB/HP cells and approximately 2.5 times lower in 

bursting EB myeloid cells [24] .  This suggests that the MLL and AF9 bcrs are highly 

recombinogenic by NHEJ at early stages of myeloid differentiation. 

3.2.3 MLL-AF9 bcr Translocations are Induced by Common Bioflavonoids and 

Potentially Leukemogenic Compounds. 
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MAG cells were differentiated in vitro into EBs containing HSCs followed by 

differentiation into myeloid progenitor subpopulations and terminally differentiated 

myeloid cells. Cohorts of cells at three different stages of differentiation were exposed to 

etoposide, genistein, quercetin, p-benzoquinone, dipyrone for 1hr at 75µM. These 

concentrations were determined from previously published reports to be biologically 

relevant [350-352]. Following treatment, cells were plated in methylcellulose media and 

allowed to differentiate and proliferate for 12-14 days. Aberrant repair resulting in a 

translocation between the MLL and AF9 bcrs resulted in detectable GFP+ fluorescent 

colonies that were readily scored and isolated (Figure 26). All compounds induced 

translocation events at each stage of differentiation. Translocation frequencies were 

calculated as the number of GFP+ colonies observed per number of treated and plated 

cells.  
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Figure 26: Fluorescent GFP+ colonies detected after treatment and differentiation into 

EBs or terminally differentiated myeloid colonies 

 

*All images were taken with a contrast and a fluorescent filter at 200x magnification. 
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Bioflavonoids genistein and quercetin were the strongest inducers of 

translocations between the MLL and AF9 bcrs in ESCs resulting in GFP+ EB colonies 

(Table 1). Genistein treatment produced an average of 16 GFP+ colonies per replicate 

treatment and an average frequency of translocations was calculated as 38.7×10-4±25. 

Quercetin treatment produced a total of 23 GFP+ colonies over 3 replicate treatments and 

an average frequency of translocations was calculated as 39.5×10-4 ±28. One replicate 

treatment with quercetin resulted in zero detectable GFP+ colonies, so the average 

frequency was calculated for the other two replicates. Dipyrone, an NSAID associated 

with infant leukemia with MLL rearrangements though not a topoII inhibitor [353] 

generated an average of 8.67 GFP+ EB colonies per replicate treatment with an average 

frequency of translocations calculated as 26.7×10-4±16.7. P-Benzoquinone, a by-product 

of manufacturing that is also associated with childhood leukemia with MLL 

rearrangements through epidemiological studies [354, 355] generated an average of 3.3 

GFP+ EB colonies over 3 replicate treatments with an average frequency of translocations 

calculated as 8.89×10-4±1.9. This is consistent with the average recombination frequency 

seen in pZK1 fetal liver cells after treatment with 50µM p-benzoquinone [356]. Similar 

to treatment with p-benzoquinone, etoposide treatment generated an average of 7.6 GFP+ 

EB colonies per replicate treatment with an average frequency of translocations 

calculated as 2.4×10-4±1.7, indicating similar levels of genotoxicity.  
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Table 1: Induction of interchromosomal recombination and translocation by dietary and 

environmental compounds in MAG1 ES cells: a comparison of frequency of GFP+ 

colonies generated 

Compound Expt # GFP+ colonies Frequency 

(×10-4) 

Avg. 

Frequency  

(×10-4) 

Etoposide 1 4 1.6  

 2 9 1.8  

 4 6 1.2  

 5 12 4.8  

 6 0 < 0.2 2.4 ± 1.73* 

     

Genistein 1 20 33.3  

 2 20 66.7  

 3 8 16.0 38.7 ± 25.7 

     

Quercetin 1 11 55.0  

 2 12 24.0  

 3 0 < 3.33 39.5 ± 27.6* 

     

P-benzoquinone 1 5 10.0  

 2 3 10.0  

 3 2 6.67 8.89 ± 1.92 

     

Dipyrone 1 5 10.0  

 2 13 43.3  

 3 8 26.7 26.7 ± 16.7 

     

ISceI 1 13 52.0  

 2 11 73.0  

 3 19 120.0  

 4 16 80.0  

 5 26 104.0 85.8 ± 26.6 

MAG1 ES cells were treated with various compounds, differentiated, and analyzed for 

the generation of fluorescent colonies at the formation of EBs. 

*The interchromosomal recombination and translocation frequency was calculated as the 

number of GFP+ clones per number of plated cells. 

*Average frequency calculations excluded experiments with zero GFP+ colonies. 

 

 

EB cells treated with this panel of compounds produced few GFP+ colonies 

though at least one replicate experiment for each compound generated a translocation and 

a GFP+ colony (Table 2). Average frequencies of translocations could not be calculated 

due to zero GFP+ colonies in some replicate experiments. Genistein treatment produced 1 
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GFP+ colony over three replicate treatments. Quercetin treatment produced 5 GFP+ 

colonies over five replicate treatments. Dipyrone treatment produced a total of 13 GFP+ 

colonies over four replicate treatments. P-Benzoquinone produced 3 GFP+ colonies over 

four replicate treatments. Treatment with etoposide resulted in 4 GFP+ colonies over 

three replicate treatments. These data demonstrate that EB/HP cells retain the potential to 

repair DNA DSBs via NHEJ although the frequency of translocations between MLL and 

AF9 bcrs is approximately 700 fold lower for geistein and quercetin, 400 fold lower for 

dipyrone, and 100 fold lower for p-benzoquinone and etoposide compared to ES cell 

treatments. This is likely due to epigenetic factors, chromatin remodeling, or changes in 

gene expression patterns associated with hematopoiesis.  

 

Table 2: Induction of interchromosomal recombination and translocation by dietary and 

environmental compounds in MAG1 EB cells: a comparison of frequency of GFP+ 

colonies generated 

Compound Expt # GFP+ colonies Frequency* 

(×10-4) 

Etoposide 1 1 .002 

 2 2 .02 

 3 1 .01 

    

Genistein 1 1 .005 

 2 0 < .033 

 3 0 < .067 

    

Quercetin 1 0 < .01 

 2 0 < .033 

 3 0 < .016 

 4 2 .013 

 5 3 .02 

    

P-benzoquinone 1 0 < .033 

 2 3 .05 

 3 0 < .0067 

 4 0 < .0067 

    

Dipyrone 1 3 .05 

 2 0 < .0067 

 3 3 .033 
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 4 7 .023 

    

ISceI 1 1 .027 

 2 1 .033 

 3 0 < .025 

 4 0 < .02 

MAG1 EBs were disrupted and cells were treated with various compounds, 

differentiated, and analyzed for the generation of fluorescent colonies at the formation of 

terminally differentiated colonies. 

*Average Frequency could not be determined due to the low number of GFP+ colonies. 

 

Cells from bursting EBs also generated few GFP+ colonies after treatment with 

this panel of compounds, though all replicates (with the exception of one quercetin 

treatment and one p-benzoquinone treatment) generated at least one GFP+ colony (Table 

3). Genistein treatment resulted in an average of 1.3 GFP+ colonies per replicate 

treatment and an average frequency of translocations was calculated as .0094×10-

4±.0048. Quercetin treatment produced 5 GFP+ colonies over three replicate treatments 

with an average frequency of translocations calculated as .018×10-4±.007. Dipyrone 

treatment produced an average of 13.3 GFP+ colonies per replicate treatment with an 

average frequency of translocations calculated as .076×10-4±.055. p-Benzoquinone 

treatment produced 4 GFP+ colonies over three replicate treatments and an average 

frequency of translocations was calculated as .009×10-4±.0078. Etoposide treatment 

produced an average of 11 GFP+ colonies per replicate treatment and an average 

frequency of translocations was calculated as .055×10-4±.058. Both etoposide and 

dipyrone treatments at this stage resulted in an increased average translocation frequency 

compared to treatments as EB/HPs. These data demonstrate that differentiated myeloid 

cells also retain the ability to repair DNA DSBs via NHEJ although the frequency of 

translocations between MLL and AF9 bcrs is >1000 fold lower for genistein and 

quercetin, approximately 200 fold lower for dipyrone, and 400 fold lower for p-
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benzoquinone compared to ES cell treatments. Standard deviations that were higher or 

equal to the calculated frequencies of translocations were due to a high degree of 

variability between experimental replicates.  

Table 3: Induction of interchromosomal recombination and translocation by dietary and 

environmental compounds in MAG1 bursting EB cells: a comparison of frequency of 

GFP+ colonies generated 

Compound Expt # GFP+ colonies Frequency 

(×10-4) 

Avg. 

Frequency  

(×10-4) 

Etoposide 1 3 .005  

 2 24 .12  

 3 6 .04 .055 ± .058 

     

Genistein 1 1 .0067  

 2 2 .015  

 3 1 .0067 .0094 ± .0048 

     

Quercetin 1 2 .013  

 2 3 .023  

 3 0 < .0066 .018 ± .007* 

     

P-benzoquinone 1 2 .0033  

 2 2 .015  

 3 0 < .0066 .009 ± .0078* 

     

Dipyrone 1 23 .115  

 2 2 .013  

 3 15 .10 .076 ± .055 

     

ISceI 1 6 .08  

 2 6 .091  

 3 11 .167 .113 ± .047 

MAG1 bursting EBs containing myeloid progenitors were disrupted and cells were 

treated with various compounds, differentiated, and analyzed for the generation of 

fluorescent colonies at the formation of terminally differentiated colonies. 

*The interchromosomal recombination and translocation frequency was calculated as the 

number of GFP+ clones per number of treated cells. 

*Average frequency calculations excluded experiments with zero GFP+ colonies. 
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 In order to compare frequencies of appearance of GFP+ from treated groups to 

untreated controls, a One-way ANOVA was performed with Tukey’s multiple 

comparison tests for the ES group of treatments as well as the bursting EB group of 

treatments. The frequency of genistein-, quercetin-, and dipyrone-induced GFP+ colonies 

from treated ES cells was significantly different from untreated controls. The frequency 

of ISce-induced GFP+ colonies from treated ES cells was significantly different from all 

other treatments with the exception of quercetin. The overall p-value from this analysis 

was <0.0001 indicating very significant variation between treatment groups. The 

frequency of ISceI and dipyrone-treated bursting EBs reached significance compared to 

untreated controls with Tukey’s multiple comparison tests. ISceI treatment was also 

significantly different from genistein and p-benzoquinone treatments. The overall p-value 

was 0.0015 indiciating significant variations.   

 

Figure 27: The frequencies of appearance of GFP+ colonies following treatment and 

differentiation of MAG1 (A) ES cells and (B) bursting EB cells. Cells were treated with 

genistein, quercetin, p-benzoquinone, dipyrone, or electroporated with ISceI. 
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MAG 2 cells were treated with this panel of compounds and differentiated as 

well. GFP+ colonies were observed for this clone as well although fewer than observed 

with clone MAG1. Results with this clone were consistent with results from clone 

MAG1, as the two bioflavonoids genistein and quercetin were the strongest inducers of 

translocations between the MLL and AF9 bcrs in ESCs giving rise to GFP+ EB colonies. 

Genistein treatment produced a total of 5 GFP+ colonies over three replicate treatments 

and an average fruequency of translocations calculated as 8.33×10-4±7.0. One replicate 

treatment with genistein resulted in zero detectable GFP+ colonies, so the average 

frequency was calculated for the other two replicates. Quercetin treatment produced a 

total of 5 colonies over thee replicate treatments with an average frequency of 5.55×10-

4±3.85. P-benzoquinone generated a total of 2 GFP+ colonies over three replicate 

treatments with an average frequency calculated as 3.33×10-4 (between two replicates). 

Dipyrone generated 3 GFP+ colonies over three replicate treatments with an average 

frequency calculated as 5×10-4±2.35 (Table 4). 

Similar to treatments with clone MAG1, treatments with this panel of compounds 

at later stages of differentiation generated very few, if any, GFP+ colonies. Induction of 

interchromosomal translocations in MAG2 EB cells was not observed and zero GFP+ 

colonies were generated over three replicate treatments (data not shown). A few GFP+ 

colonies were generated following treatment of MAG2 bursting EBs. Etoposide treatment 

generated only one detectable GFP+ colony over three replicate treatments. Genistein 

treatment generated a total of 3 GFP+ colonies over three replicate treatments. The 

Average frequency of translocation for genistein could not be calculated because two 

replicates gave zero GFP+ colonies. Quercetin treatment gave 6 GFP+ colonies over three 
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replicate treatments and the average frequency of translocations was calculated as .02×10-

4. P-benzoquinone and dipyrone generated 5 and 4 GFP+ colonies over three replicate 

treatments, with average frequencies calculated as .017×10-4±.005 and .013×10-4±.0094 

respectively (Table 5). 

Table 4: Induction of interchromosomal recombination and translocation by dietary and 

environmental compounds in MAG2 ES cells: a comparison of frequency of GFP+ 

colonies generated 

Compound Expt # GFP+ colonies Frequency 

(×10-4) 

Avg. 

Frequency  

(×10-4)* 

Etoposide 1 0 < .033  

 2 4 1.33  

 3 1 .33 .83 ± .70 

     

Genistein 1 4 13.3  

 2 0 < 3.3  

 3 1 3.3 8.3 ± .70 

     

Quercetin 1 3 10.0  

 2 1 3.3  

 3 1 3.3 5.5 ± 3.8 

     

p-benzoquinone 1 0 < 3.3  

 2 1 3.3  

 3 1 3.3 3.3 

     

Dipyrone 1 2 6.67  

 2 0 < 3.3  

 3 1 3.3 5.0 ± .024 

     

ISceI 1 5 33.3  

 2 4 26.7  

 3 5 33.3 31.1 ± 3.8 

MAG2 ES cells were treated with various compounds, differentiated, and analyzed for 

the generation of fluorescent colonies at the formation of EBs. 

*The interchromosomal recombination and translocation frequency was calculated as the 

number of GFP+ clones per number of plated cells. 

*Average frequency calculations excluded experiments with zero GFP+ colonies. 
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Table 5: Induction of interchromosomal recombination and translocation by dietary and 

environmental compounds in MAG2 bursting EB cells: a comparison of frequency of 

GFP+ colonies generated 

Compound Expt # GFP+ colonies Frequency 

(×10-4) 

Avg. 

Frequency  

(×10-4)* 

Etoposide 1 0 < .0067  

 2 0 < .0067  

 3 1 .0067  

     

Genistein 1 0 < .0067  

 2 3 .02  

 3 0 < .0067  

     

Quercetin 1 0 < .0067  

 2 3 .02  

 3 3 .02 .02* 

     

p-benzoquinone 1 0 < .0067  

 2 2 .013  

 3 3 .02 .016 ± .005* 

     

Dipyrone 1 0 < .0067  

 2 1  .0067  

 3 3 .02 .013 ± .0094* 

     

ISceI 1 5 .10  

 2 7 .14  

 3 5 .10 .11 ± .023 

MAG2 bursting EBs containing myeloid progenitors were disrupted and cells were 

treated with various compounds, differentiated, and analyzed for the generation of 

fluorescent colonies at the formation of terminally differentiated colonies. 

*The interchromosomal recombination and translocation frequency was calculated as the 

number of GFP+ clones per number of treated cells. 

*Average frequency calculations excluded experiments with zero GFP+ colonies. 
 

 

A two-way ANOVA was performed to determine if there were significant 

differences in treatment outcome between the two clones when treated as ES cells. 

Results showed an interaction between drugs and clones with a very significant (**) p-

value of 0.0041. There were highly significant differences between drug treatments and 

between clones (p < 0.0001). Using Sidak’s multiple comparison tests, a more stringent 
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analysis that reduces the probability of detecting significance by chance, significant 

differences between clones were identified for genistein treatment (*) and ISceI  

expression (****) (Figure 28). Thus, MAG1 is much more susceptible to DSBs and 

induction of translocations than MAG2. 

 

Figure 28: Frequencies of appearance of GFP+ colonies following treatment and 

differentiation of ES cells: a comparison between clones MAG1 and MAG2 

 

 

FACS analysis was also performed for a set of MAG1 and MAG2 treated cells. 

The x-axis represents the intensity of fluorescence emitted from cells in a single channel 

(FITC-A) and the y-axis represents the number of events detected at that intensity. Thus, 

a large number of events detected at a particular intensity are represented as a spike in the 

histogram. Here, histograms were overlaid to allow for comparison between the treated 

populations. MAG1 ES derived EB cells demonstrated an increase in fluorescence from 

etoposide, genistein, quercetin, and dipyrone treatments compared to an untreated 
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control. MAG2 ES derived EB cells did not demonstrate an increase in fluorescence from 

dipyrone treatment but there was a slight increase in fluorescence from p-benzoquinone 

treatment compared to the untreated control. MAG1 EB derived myeloid cells 

demonstrated a large increase in fluorescence from quercetin and dipyrone treatments and 

a moderate increase in fluorescence from genistein and p-benzoquinone treatments. 

MAG2 EB derived myeloid cells demonstrated only a slight increase in fluorescence 

from genistein, quercetin, p-benzoquinone, and dipyrone treatments compared to 

untreated controls. MAG1 and MAG2 bursting EB derived myeloid cells demonstrated 

increases in fluorescence for all treatments (figure 29). This could possibly indicate that 

MAG2 is more susceptible to MLL-AF9 translocations at later stages of differentiation. 

 

Figure 29: Histograms of fluorescence intensity from FACS analysis of treated  

MAG1 and MAG2 hematopoietic cells  

 

Fluoresence intensity increases along the X-axis on a log scale. Etoposide treatment is 

represented by bright green, quercetin is represented by aqua, genistein is represented by 

orange, p-benzoquinone is represented by pink, dipyrone is represented by blue, and 

untreated controls are represented by red. Any peaks that are higher than untreated 

controls indicate an increase in the number of GFP+ cells fluorescing at that intensity. 
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3.2.4 Genotoxic Effect of Common Bioflavonoids and Potentially Leukemogenic 

Compounds at Different Stages of Differentiation. 

Differences in total numbers of surviving colonies in cohorts following treatment 

with each compound indicated a genotoxic effect. In order to determine a correlation 

between the number of MLL-AF9 translocations and a genotoxic effect at the different 

stages of differentiation, the percentage of colonies that were GFP+ out of the total 

number of surviving colonies was determined (Figure 30). Treatments with genistein, 

quercetin, and dipyrone demonstrated a higher genotoxic effect in ES cells than in more 

differentiated counterparts. Genistein treatment produced an average of 9.63% ±2.91 

GFP+ colonies following treatment of ES cells, 0.925% ±1.85 GFP+ colonies following 

treatment of EB/HP cells, and 1.73% ±2.06 GFP+ colonies following treatment of 

bursting EB cells. Quercetin treatment produced an average of 2.97% ±2.95 GFP+ 

colonies following treatment of ES cells, 0.31% ±0.46 GFP+ colonies following 

treatment of EB/HP cells, and 0.64% ±0.65 GFP+ colonies following treatment of 

bursting EB cells. Dipyrone treatment produced an average of 3.5% ±1.8 GFP+ colonies 

following treatment of ES cells, 1.4% ±1.6 GFP+ colonies following treatment of EB/HP 

cells, and 1.81% ±1.31 GFP+ colonies following treatment of bursting EB cells. 

Treatment with etoposide demonstrated high genotoxic effect at all treatment stages with 

an average of 20.06% ±16.04 GFP+ colonies following treatment of ES cells, 17.0% 

±18.5 GFP+ colonies following treatment of EB/HP cells, and 19.4% ±12.4 GFP+ 

colonies following treatment of bursting EB cells. P-benzoquinone, unlike the other 

compounds demonstrated a higher genotoxic effect at later stages of differentiation. 

Treatment with p-benzoquinone produced an average of 1.87% ±0.51 GFP+ colonies 
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following treatment of ES cells, 2.75% ±5.5 GFP+ colonies following treatment of 

EB/HP cells, and 14.7% ±12.7 GFP+ colonies following treatment of bursting EB cells. 

This effect is not entirely conclusive though, as there were consistently very few colonies 

generated from p-benzoquinone indicative of a very high cytotoxicity in differentiated 

cell types. The presence of even very few fluorescent colonies represented a high 

percentage of the total number of colonies. Standard deviations that were greater than or 

approximately equal to the average percentage of GFP+ colonies were due to some 

replicates producing zero GFP+ colonies. 

 

Figure 30: The percentage of surviving colonies that are GFP+ following treatment as ES 

cells, EB derived cells, or bursting EB derived myeloid progenitor cells 

 

3.2.5 MLL-AF9 bcr Translocation Repair Products are Consistent with NHEJ.  

 Whole genome amplification (WGA), nested PCR amplification, and sequencing 

was performed across repair junctions on DNA isolated from 124 individual GFP+ 

hematopoietic colonies representing each treatment and each stage of differentiation. 51 
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ES derived EB colonies were analyzed (Table 6), 50 EB derived myeloid colonies were 

analyzed (Table 7), and 23 bursting EB derived terminally differentiated colonies were 

analyzed (Table 8). The majority (42 of 51 analyzed) of MLL-AF9 repair products in ESC 

derived EB/HP colonies were consistent with NHEJ. The remaining 9 repair products did 

not match sequences from either gene construct and likely resulted from incorrect primer 

annealing. The majority (40 of 42) of the repair junctions deleted at least the original 

ISceI site after endonuclease expression or following treatment with any of the 

compounds indicating that this was consistently the site of DSB formation even in the 

absence of ISceI expression. Two ISceI-induced DSB repair products contained one ISceI 

recognition site inserted 5’ to its original location. 6 of the 42 NHEJ repair products had 

simple deletions at the 5’ or 3’ end of the sequence indicating incomplete PCR reactions 

and 3 repair products had simple point mutations. 

 Repair products from EB derived myeloid progenitor colonies and bursting EB 

derived myeloid colonies were also consistent with NHEJ; 46 of 50 analyzed samples  

from EB derived myeloid colonies and 21 of 23 from bursting EB derived myeloid 

colonies. All repair junctions at these stages of treatment, regardless of the treatment 

compound had deleted at least the original ISceI site. 14 of the 47 repair products from 

EB derived myeloid colonies and 3 of 21 bursting EB derived myeloid colonies had 

simple deletions of the 5’ or 3’ end. 16 of the 47 NHEJ repair products from EB derived 

myeloid colonies had simple point mutations and 1 of 47 had a 25 bp deletion 3’ of the 

repair junction. 7 of the 21 NHEJ repair products from bursting EB derived myeloid 

colonies had simple point mutations.  
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Table 6: Induction of NHEJ interchromosomal recombination and translocation by 

dietary and environmental compounds in MAG1 ES cells: a comparison of breakpoint 

junctions with perfect or imperfect NHEJ repair 

ES Cell Treatments   

Etoposide   

Class I perfect NHEJ 4/7  

Class II Simple Δ 3’ or 5’ 2/7 a. Loss of 3’ end ~40bp 

b. Loss of 5’ end ~40bp  

Class III Point mutations 1/7 a. (2) 5’ 

Genistein   

Class I perfect NHEJ 3/5  

Class II Simple Δ 3’ or 5’ 1/5 a. Loss of 5’ end ~40bp 

Class III Point mutations 1/5 a. (1) 3’ and (1) 5’ 

Quercetin   

Class I perfect NHEJ 6/7  

Class II Simple Δ 3’ or 5’ 1/7 a. Loss of 5’ end ~40bp 

Class III Point mutations ~~  

p-Benzoquinone   

Class I perfect NHEJ 6/7  

Class II Simple Δ 3’ or 5’ 1/7 a. Loss of 3’ end ~40bp 

Class III Point mutations ~~  

Dipyrone   

Class I perfect NHEJ 5/7  

Class II Simple Δ 3’ or 5’ 1/7 a. Loss of 3’ end ~40bp 

Class III Point mutations 1/7 a. (1)  5’ 

ISceI endonuclease   

Class I perfect NHEJ 7/9  

Class II Simple Δ 3’ or 5’ ~~  

Class III Point mutations ~~  

Class IV Insertion/deletion 2/9 a. 29bp insertion 5’ 

   

Breakpoint junctions between MLL-GFPe1 and AF9-GFPe2 were classified as perfect 

NHEJ or imperfect NHEJ. Perfect NHEJ includes sequences that only have deletions of 

the original ISceI sites. Imperfect NHEJ includes sequences with larger deletions, 

insertions, and/or point mutations. 
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Table 7: Induction of NHEJ interchromosomal recombination and translocation by 

dietary and environmental compounds in MAG1 EB cells: a comparison of breakpoint 

junctions with perfect or imperfect NHEJ repair 

EB cell treatments   

Etoposide   

Class I perfect NHEJ 4/4  

Class II Simple Δ 3’ or 5’ ~~  

Class III Point mutations ~~  

Genistein   

Class I perfect NHEJ 6/10  

Class II Simple Δ 3’ or 5’ 2/10 a. Loss of 3’ end ~40bp 

Class III Point mutations 2/10 a. (2) 3’ 

b. (2) 3’ and (2) 5’ 

Quercetin   

Class I perfect NHEJ 7/11  

Class II Simple Δ 3’ or 5’ 4/11* a. Loss of 3’ end ~40bp 

Class III Point mutations 4/11* a. (12) 3’ and (2) 5’* 

b. (>20) 3’ and (2) 5’* 

c. (6) 3’ and (1) 5’* 

d. (13) 3’ and (2) 5’* 

p-Benzoquinone   

Class I perfect NHEJ 2/6  

Class II Simple Δ 3’ or 5’ 2/6 a. Loss of 3’ end 

~40bpa 

b. Loss of 5’ end 

~40bpb 

Class III Point mutations 4/6 a. (4) 5’b 

b. (4) 5’ 

c. (8) 3’a 

d. (>20) 3’ and (13) 5’x 

Class IV Insertion/deletion 1/6 a. 25 bp deletion 3’x 

Dipyrone   

Class I perfect NHEJ 1/5  

Class II Simple Δ 3’ or 5’ 4/5* a. Loss of 3’ end ~40bp 

Class III Point mutations 4/5* a. (>20) 3’ and (6) 5’ 

b. (>20) 3’ and (8) 5’ 

c. (>20) 3’ and (24) 5’ 

d. (>30) 5’ 

ISceI endonuclease   

Class I perfect NHEJ 8/10  

Class II Simple Δ 3’ or 5’ 2/10 a. Loss of 3’ enda 

b. Loss of 5’ endb 

Class III Point mutations 2/10 a. (>20) 3’ and (1) 5’a 

b. (4) 3’b 

*, a, b indicate and match sequences that are in two different classes of repair. 
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Table 8: Induction of NHEJ interchromosomal recombination and translocation by 

dietary and environmental compounds in MAG1 bursting EB cells: a comparison of 

breakpoint junctions with perfect or imperfect NHEJ repair 

Bursting EB cell treatments   

Etoposide   

Class I perfect NHEJ 2/6  

Class II Simple Δ 3’ or 5’ 1/6 a. Loss of 3’ end* 

Class III Point mutations 4/6 a. (1) 5’* 

b. (1) 5’ same for 2 

seq.’s 

c. (2) 3’ and (2) 5’ 

Genistein   

Class I perfect NHEJ 3/3  

Class II Simple Δ 3’ or 5’ ~~  

Class III Point mutations ~~  

Quercetin   

Class I perfect NHEJ 2/3  

Class II Simple Δ 3’ or 5’ ~~  

Class III Point mutations 1/3 a. (1) 5’ 

p-Benzoquinone   

Class I perfect NHEJ 3/3  

Class II Simple Δ 3’ or 5’ ~~  

Class III Point mutations ~~  

Dipyrone   

Class I perfect NHEJ 3/3  

Class II Simple Δ 3’ or 5’ ~~  

Class III Point mutations ~~  

ISceI endonuclease   

Class I perfect NHEJ 1/3  

Class II Simple Δ 3’ or 5’ 2/3* a. Loss of 3’ end 

Class III Point mutations 2/3* a. (>20) 3’ and (15) 5’ 

b. (>20) 3’ and (12) 5’ 

* indicate and match sequences that are in two different classes of repair. 
 

 A summary of breakpoint junction sequences in terms of perfect or imperfect 

NHEJ repair for each stage of differentiation is shown in table 9. ES derived EBs 

demonstrated the highest percentage (74%) of perfect NHEJ repair products in which 

there were no deletions or mutations beyond loss of the original ISceI sites. EB and 

bursting EB derived myeloid colonies had 61% and 67% of repair junctions that were 

perfect NHEJ, respectively. All three populations were able to repair DSBs by NHEJ, 

though it appears that ES cells may be more proficient at NHEJ repair.   
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Table 9: A comparison of perfect vs. imperfect NHEJ repair in MAG1 cells at three 

stages of differentiation 

 Perfect NHEJ Imperfect NHEJ 

ES derived EBs 

 

31 (~74%) 11 (~26%) 

EB derived myeloid colonies 

 

28 (~61%) 18 (~39%) 

Bursting EB derived myeloid 

colonies 

14 (~67%) 7 (~33%) 

 

 A one way ANOVA was also performed to compare perfect vs imperfect NHEJ at 

all three stages of differentiation. Using Tukey’s multiple comparison test, ES cells had 

significantly more perfect NHEJ repair products than imperfect NHEJ repair products. ES 

cells also had significantly more perfect NHEJ repair products than bursting EB cells. 

 
Figure 31: A comparison of perfect vs imperfect NHEJ repair in MAG1 cells  

at three stages of differentiation 

 

One way ANOVA generated an interaction of p=.0256; row factor of p=.009; column 

factor of p=.0013. 
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Discussion 

3.3.1 ESCs and Multipotent Hematopoietic Myeloid Progenitor Cells Can Repair DNA 

DSBs by Interchromosomal NHEJ Between the MLL and AF9 bcrs. 

The data presented in this study provides evidence that ESCs and multipotent 

hematopoietic myeloid progenitor cells can repair DNA DSBs by interchromosomal 

NHEJ specifically between the MLL and AF9 bcrs. Significantly, DSB induction by ISceI 

or a panel of possible leukemogenic compounds in ESCs or early hematopoietic 

progenitors produced a large number of MLL-AF9 translocations consistent with NHEJ. 

These data support the hierarchical model of leukemogenesis in which stem cells act as 

tumor initiators because of their ability to proliferate and differentiate into multiple 

lineages or because of their greater susceptibility to genome rearrangements than their 

differentiated counterparts [357]. These data demonstrate that differentiated 

hematopoietic cells also have the potential to repair DSBs via NHEJ, but erroneous NHEJ 

is more likely to occur in ESCs or early hematopoietic progenitors. It has been previously 

demonstrated that DSB repair by interchromosomal HR is significantly higher in ESCs 

and early hematopoietic progenitors indicating repair pathways (LTGC and SSA) that are 

distinct to this population and are more likely to result in genome rearrangements [24].  

 These data demonstrate that ES cells and early hematopoietic progenitors also 

have an increased capacity for error-prone NHEJ repair leading to a leukemogenic 

translocation compared to their differentiated counterparts. The reduced overall 

frequency of MLL-AF9 chromosomal translocations in myeloid progenitors and 

terminally differentiated cells indicate a shift toward cell death as a likely outcome of 

DNA DSBs or inaccurately repaired DNA. Suppression of rearrangements in EB and 
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bursting EB derived cells could be due to transcriptional and epigenetic changes as part 

of differentiation programs or differences in the DNA damage response.  

3.3.2 ESCs are Highly Susceptible to DSBs and Translocations Compared to their 

Differentiated Counterparts. 

 The calculated frequencies of translocations were 2-3-fold higher following 

treatment at the ES stage of differentiation for each compound when compared to 

treatments at later stages of differentiation (See Table 1). It is noteworthy that the number 

of cells plated after treatment for the first stage of differentiation from ESCs to EBs, was 

approximately 500 times lower than the number of cells plated at later stages of 

differentiation. To determine that these cells were not undergoing translocation events 

simply by the presence of a phenolic compound, an additional treatment with vitamin A 

was performed that resulted in zero GFP+.  This indicates that the population of ESCs is 

highly susceptible to DSBs and translocations when exposed to this panel of compounds.  

 The frequency of translocations with these reporters in ESC derived EB/HP cells 

is high compared to previously described models of DSB repair reviewed by Weinstock 

et al [23]. In two different studies with mammalian cells, the frequency of DSB-induced 

chromosomal translocations in the p5pF model was reported as 2.6×10-5±1.9 with NHEJ 

repair accounting for 93% of translocations [346]; in the pCr15 model the frequency of 

DSB-induced chromosomal translocations was reported as 3.1×10-5 and NHEJ accounted 

for 100% of translocations [22]. Another previous study using mouse ES cells and 

targeted DSBs reported an average interchromosomal translocation frequency of 1×10-4 

with 100% of derivative chromosomes consistent with NHEJ and SSA of the secondary 

derivative chromosome [16]. In this model, the absence of homology between the two 
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construct leaves NHEJ as the only pathway for repair following ISceI-induced DSBs. The 

lack of homology in these constructs can be related to leukemic translocations between 

two heterologous chromosomes since no consistent homology has been found at 

leukemic breakpoints junctions [358].  

3.3.3 Differences in Translocation Frequencies due to Chromatin Structural Elements. 

It has been previously shown that NHEJ predominates as the translocation 

pathway when there is heterology at the DNA ends [359]. The difference in translocation 

frequencies in this model could be due to a number of chromatin structural elements such 

as topoII cleavage sites, DNase hypersensitive sites, scaffold attachment regions and 

repetitive Alu elements in both the MLL and the AF9 bcrs. This model displays 

chromosomal translocations in the MLL and AF9 bcrs independent of their chromasomal 

context which suggest that these chromatin structural elements play a major role in the 

induction of leukemogenic MLL translocations. These reporter constructs have been 

inserted randomly into the genome so it is impossible to determine whether the chromatin 

structure or DNA sequence of topoII cleavage sites has more of a determining factor in 

the location of DSBs. If the insertion sites for the MLL and AF9 bcrs have favorable 

chromatin structure for topoII cleavage, this could explain the elevated number of 

translocations seen with this model system in ESCs. TopoII appears to recognize 

chromatin structure instead of specific DNA sequences as has been shown by its 

colocalization with DNaseI hypersensitive sites in several genes involved in leukemia 

including MLL, AF9, AF4, AML, ETO, BCR, and ABL [360-363]. In the MLL gene a 

single strong topoII cleavage site has been identified near exon 12 that colocalizes with a 

DNase hypersensitive site [227, 361]. In AF9, one strong topoII cleavage site that 
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colocalizes with a DNase I hypersensitive site has also been identified near exon 8 [154]. 

In this model, the 5’-GFP reporter construct was inserted into the MLL bcr 5’ of the 

strong topoII cleavage site, and the 3’-GFP reporter construct was inserted into the AF9 

bcr 3’ of its strong topoII cleavage site thus enhancing the likelihood of topoII mediated 

DSBs in each gene construct. 

Repetitive Alu elements within the MLL and AF9 bcrs likely play a major role in 

MLL translocations. Alu repetitive elements comprise approximately 11% of the genome 

and have been implicated in the etiology of several inherited diseases as well as some 

cancers [364, 365]. An abundance of Alu elements are in the MLL and AF9 bcrs and are 

associated with many translocated genes involved in cancer. For example, Alu elements 

have a high prevalence in the BCR and ABL genes and are also correlated with genomic 

breakpoints [366]. MLL has demonstrated both intra and interchromosomal 

recombination that indicate involvement of Alu elements [367]. Intrachromosomal 

recombination between intronic Alu elements can lead to partial tandem duplications of 

MLL which has been shown to occur in several cases of AML [368-370]. On the other 

hand, interchromosomal translocation between Alu elements is rare but has also been 

detected in tumor DNA [371]. Alu elements specific to the MLL gene have demonstrated 

reciprocal translocations in vitro using both homologous and heterologous Alu elements 

[359]. In this model, the abundance of Alu elements in each of the gene constructs 

contributes to the high frequency of translocations seen in ESCs following treatments 

with this panel of potential leukemogenic compounds. The fewer number of 

translocations seen with cells at later stages of differentiation could indicate differences 
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in chromatin conformation which does not allow for physical association of Alu elements 

following induction of DSB. 

3.3.4 MLL and AF9 Chromosomal Integration Sites Influence the Frequency of 

Translocations. 

The influence of MLL and AF9 integration sites accounts for the differences in the 

frequency of tranlocations between clones MAG1 and MAG2. The frequency of 

appearance of GFP+ colonies generated in the MAG2 cell line was consistently lower 

than the frequency observed with MAG1 regardless of treatment compound or stage of 

differentiation. This indicates that chromatin context plays a very important role in the 

occurrence of chromosomal translocations. However, other characteristics of MAG2 

could play a role. MAG2 could have reduced overall fitness and increased length of the 

cell cycle which could result in the generation of smaller colonies of cells that are not 

proliferating as rapidly. This difference would be slight as MAG2 colonies were readily 

detected. Another possibility is that the GFP reporter constructs integrated into 

chromosome domains that do not intermingle as often or do not break as easily [372].   

3.3.5 Alternative Events Not Leading to the Generation of a GFP+ Cell. 

Generation of a GFP+ colony using this model system was a readily detectable 

readout for translocation events. There are other events that could have occurred that 

would not lead to expression of GFP even with a MLL-AF9 translocation. It is possible 

that DSBs of the reporter constructs had significant end resection resulting in loss of a 

splice donor, splice acceptor, or nucleotides in the GFP exon. This could potentially 

occur through activity of the Artemis/DNA-PKcs complex during NHEJ repair that can 

endonucleolytically cut single stranded overhangs [373, 374]. PCR using primers specific 
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for the MLL and AF9 bcrs would be sufficient to screen random non-fluorescing colonies 

for these translocation events.  

There is also a possibility that the induction of DSBs may have triggered cell 

cycle arrest which led to apoptosis and cell death. Toxicity of the compounds used in this 

study was apparent from cell viability assays as well as the presence of small, dense, non-

proliferating colonies. Terminal deoxynucleotidyl transferase dUTP Nick-End Labeling 

(TUNEL) assay could be used to stain and visualize apoptotic colonies. Apoptotic cells, 

however, could not propagate a genome rearrangement and could not contribute to any 

leukemogenic translocations. These events would not be expected to lead to stable 

chromosomal translocations in a cell capable of long-term proliferation, so their 

occurrence is not necessarily relevant. 

3.3.6 The Physiological Relevance of Dietary Bioflavonoids. 

The potential leukemogenic compounds chosen for this study were two dietary 

bioflavonoids, genistein and quercetin that have previously been shown to cause topoII 

mediated DSBs. However, this is the first study to directly demonstrate that these 

compounds can induce translocations with the MLL bcr independent of its native 

chromatin construct and independent of a fusion protein in not only ESCs but their 

differentiated counterparts as well. These compounds may be linked to the in utero 

development of infant AML as a result of maternal exposure and the fact that these 

compounds can cross the placenta [263]. In addition, genistein along with several other 

bioflavonoids are currently unregulated and widely commercially available as dietary 

supplements in doses as high as 1200mg. There is some controversy as to what doses of 

these compounds in vitro can be considered physiologically relevant. In terms of dietary 
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intake, in vitro concentrations of genistein >5µM have been defined as non-physiological 

[375]. Even comparably low plasma concentrations of genistein in mice neonates, 

between 1-5µM, resulted in adverse reproductive effects later in life [376]. Soy-based 

diets have also become increasingly popular in the U.S. and Europe. Previous studies 

have reported average adult soy intake to be 0.15-3mg/day [377]. An evaluation in the 

United Kingdom reported and average adult intake of 1mg/day however, people 

consuming soy-based vegetarian or vegan diets consume approximately 10 times more 

with averages at 8.6mg/day in women and 7.5mg/day in men [378], thus it is reasonable 

to assume their plasma concentrations are 10 times higher as well. Infants fed soy 

formula also consume approximately 10 times more soy isoflavones with some plasma 

concentrations of genistein alone reported at 2.5µM [379]. Considering foods contain 

multiple bioflavonoids, the combined concentrations and topoII inhibiting effects is likely 

much higher. Also, it has been demonstrated that bioflavonoids are bioaccumulative 

[380] and levels are higher in human umbilical cord blood possibly from differences in 

metabolic and excretion rates of mother and fetus [381]. This is concerning considering 

fetal cells are proliferating rapidly, have higher levels of topoII [382], and are thus more 

sensitive to topoII inhibiting agents. The doses of genistein and quercetin for this study 

are high relative to an average diet, but still considered biologically relevant. 75µM doses 

were also preferred due to their biochemical similarity to etoposide and reported peak 

plasma concentrations in patients following etoposide treatment. An early 

pharmacokinetic study reported peak plasma concentrations between 45.87 and 

193.69µM in 12 patients after administering 400 to 800mg etoposide [383]. 
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3.3.7 The Physiological Relevance of P-benzoquinone and Dipyrone. 

P-benzoquinone and dipyrone were chosen for this study due to their implications 

in causing infant AML from epidemiological studies [240, 267, 271, 353, 384-386]. 

Dipyrone exposure during pregnancy has been linked to MLL rearranged infant acute 

leukemia specifically, though there is no direct evidence from in vitro or in vivo studies 

that support this claim. Here, dipyrone has been shown to promote the specific 

translocation between the MLL and AF9 bcrs in murine ES cells as well as their 

differentiated counterparts. This is the first study to show direct evidence of dipyrone-

induced MLL translocations. Dipyrone is not known to be a topoII inhibitor and its 

structure is markedly different from that of etoposide and bioflavonoids that are known 

topoII inhibitors, thus it is likely that dipyrone acts to promote MLL translocations 

through a completely different mechanism. Doses used in this study were determined 

from reported plasma concentrations of dipyrone metabolite 4-methyl-amino-antipyrine 

(MAA) and 4-amino-antipyrine (AA) which have been reported as high as 59.1µM and 

7.4µM respectively following a 1000mg oral dose [386]. In combination, these two 

metabolites could result in plasma concentrations as high as 75µM of total dipyrone 

metabolites, supporting that the concentration used in this study is biologically relevant. 

Benzene exposure has been known to cause detrimental hematopoietic effects 

since the early 1900’s with the first documented cases of its hematotoxic effect in the US 

dating as early as 1910 in reports from Johns Hopkins hospital. More recent studies have 

shown that benzene exposure results in chromosomal abnormalities [268] and is 

hematotoxic and genotoxic [266]. Benzene metabolites p-benzoquinone and 

hydroquinone have also been shown to be genotoxic yet they are not considered to be 
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carcinogenic, even though it is likely that benzene toxicity is due to activity of these 

metabolites. These two metabolites are interchangeable via oxidation/reduction in vivo 

due to the activity of NAD(P)H quinone oxidoreductase (NQO1) and myeloperoxidase 

(MPO) [274-276]. P-Benzoquinone has been shown to cause DNA DSBs and 

recombination in pKZ1 transgenic mouse fetal hematopoietic cells, cause DEL 

recombination in s. cerevisiae [356, 387], and has been shown to be a topoII inhibitor 

[280, 290].  

Benzene and its metabolites are not specifically associated with any specific 

leukemogenic translocation but are known to induce a wide variety of chromosomal 

abnormalities leading to AML including chromosomal aneuploidy, deletions, and 

translocations of various chromosomes (reviewed in [388]). Though p-benzoquinone is 

not specifically associated with MLL rearrangements, one case of ALL with a 

translocation of t(4,11) has been reported [389]. Also, it has been determined that CD34+ 

hematopoietic progenitor cells are sensitive targets for toxicity [390]. 

Peak plasma concentrations of p-benzoquinone from naturally occurring benzene 

exposure could not be determined, so the dose of p-benzoquinone used in this study were 

chosen based on reported plasma concentration levels of hydroquinone from previous 

reports [391-393]. Hydroquinone, is commonly used in dermatological creams and is also 

present in common foods such as tea, coffee, wheat, and pears. Peak plasma 

concentrations reported in a dermatological study following application of 1.0 gram of 

cream containing 4% hydroquinone were 8.654µg/ml or 78.3µM. Therefore, the 

concentrations used in this study can be considered biologically relevant. Results from p-

benzoquinone exposure demonstrate for the first time that this benzene metabolite can 
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directly cause translocations between the MLL and AF9 bcrs independent of their 

chromatin context and that ES cells are highly susceptible. P-Benzoquinone also resulted 

in an increased number of GFP+ cells compared to the total surviving cells at later stages 

of differentiation. This indicates that p-benzoquinone may target the MLL and AF9 bcrs 

and results in higher genotoxic stress than the other compounds at later stages of 

differentiation.  

3.3.8 Conclusion 

These experiments demonstrate that the generation of induced translocations 

following treatment with common dietary and environmental compounds occurs readily 

between MLL and AF9 bcrs independent of sequence and chromatin context of their 

native loci. This is the first direct demonstration that exposure to common dietary 

bioflavonoids genistein and quercetin, environmental pollutant p-benzoquinone, and the 

NSAID dipyrone can initiate a leukemic translocation between the MLL and AF9 bcrs. In 

addition, it was shown that the ESCs are highly susceptible to these rearrangements 

induced by exposure to these compounds indicating that the stem cell pool in vivo is 

responsible for initiation of leukemogenesis. The high frequency of observed 

translocations in ES derived EB colonies specifically in the absence of other competitive 

pressures that would be expected in vivo indicates that illegitimate NHEJ resulting in 

translocations can occur with high frequency not only in the highly susceptible stem cell 

pool but in differentiated myeloid cells as well. This model system also provides a 

framework for screening hundreds of potentially leukemogenic compounds for their long-

term genotoxic effects, their relative risk for promoting the MLL-AF9 translocation, and 

the stage of differentiation during which myeloid cells are most at risk. 



   

 

 

 

 

 

CHAPTER IV: EFFECTS OF REPEATED EXPOSURE TO DIETARY AND 

ENVIRONMENTAL COMPOUNDS ON LONG-TERM REPOPULATING 

POTENTIAL OF HUMAN CD34+ CELLS 

 

 

4.1 Background 

Leukemia is primarily a stem cell disease; leukemic cells mimic the phenotypes of 

HSCs, and like HSCs these leukemic stem cells (LSCs) produce progeny of 

heterogeneous populations [109-111]. It has been shown that both chronic myeloid 

leukemia (CML) and acute myeloid leukemia (AML) can be initiated by a small 

population of leukemic stem cells [112, 113]. It has also been shown that LSCs can 

potentially arise from committed progenitor cells that have developed abnormal 

phenotypes, such as the ability to proliferate or self-renew [114]. These LSCs have a 

distinct competitive advantage over their normal counterparts which cannot be entirely 

explained by the proliferation of leukemic blasts. Leukemic blasts have been shown to 

have limited proliferative potential; however, they remain active in the cell cycle [394]. 

Normal blasts including colony forming cells (CFC) and the more primitive long-term 

culture initiating cell (LTC-IC) are mostly quiescent in normal steady state peripheral 

blood [395-398]. Continuous leukemic progenitor proliferation has not been completely 

elucidated on a molecular level. It may be related to autocrine or paracrine growth factor 

production by AML blasts [399, 400]. The cytokines produced by leukemic cells have 

been shown to promote AML-CFC growth in vitro and appear to facilitate proliferation 
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of AML cells in vivo in immunodeficient mice [401]. This increased proliferative 

capacity can be observed and quantitated by LCT-IC assays. 

LTC-IC are rare progenitor cells that have many of the characteristics of bone 

marrow repopulating HSCs [109]. LTC-IC are defined and detected by their ability to 

generate committed clonogenic CFCs after five or more weeks in long-term culture. In 

this system, colonies can be sustained for 8-12 weeks [402]. This is due to the 

development of an adherent stromal cell layer that provides the microenvironment needed 

for stem and progenitor cells to proliferate and differentiate [403, 404]. This culture 

environment mimics the marrow stroma and does not require the addition of exogenous 

cytokines [402]. 

There is clear evidence that exposure to irradiation or some chemotherapeutic 

drugs such as etoposide and teniposide can lead to the development of therapy-related 

AML. It has been well established that drugs that target the essential cellular enzyme 

topoisomerase II (topoII), such as etoposide, promote DSBs and chromosomal 

rearrangements similar to those seen in leukemia patients [232]. A previous study to 

characterize the impact of etoposide on primary human long-term repopulating HSC 

determined that exposure to one dose of 20-50µM or weekly doses of .01µM etoposide 

significantly stimulated LTC-IC proliferation and differentiation [232]. Other initiating 

factors that cause LSCs to arise have yet to be entirely elucidated, although the 

microenvironment, stem cell niche, epigenetics, dietary and environmental compounds all 

may play a role. Some dietary and environmental compounds have been associated with 

an increased risk of leukemia development including the dietary bioflavonoids genistein 

and quercetin. These bioflavonoids are bioactive compounds commonly found in many 
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fruits and vegetables, tea leaves and coffee, and many herbs and spices [259, 405]. The 

environmental toxin, p-benzoquinone, has been shown to increase risk of infant acute 

leukemia (IAL) in several epidemiological studies [406-408]. P-benzoquinine has been 

shown to be a topoII poison [290]and induces genotoxicity in human CD34+ 

hematopoietic progenitor cells [409]. The non-steroidal anti-inflammatory drug, 

dipyrone, has been implicated in epidemiological studies to increase risk of infant 

leukemia, though it is not known to be a topoII inhibitor [240, 293, 386]. 

It has been previously shown that etoposide can induce leukemia related MLL 

translocations in primary human CD34+ cells [410, 411]. Data from chapter 3 

demonstrates that genistein, quercetin, p-benzoquinone and dipyrone can promote MLL-

AF9 translocations in murine ESCs; however, whether this panel of compounds can 

stimulate the long-term repopulating potential of human CD34+ HSCs, which represent 

<10% of the population, similar to etoposide, has not been determined [412]. Here, 

primary human umbilical cord CD34+ cells were exposed to biologically relevant 

concentrations of genestein, quercetin, p-benzoquinone, and dipyrone. Considering the 

likelihood of repeated fetal exposure in utero to these compounds, cells were exposed on 

a weekly basis and analyzed for their ability to initiate hematopoiesis via long-term 

culture initiating cell (LTC-IC) assay. Genistein demonstrated significant stimulation of 

long-term repopulating potential of LTC-IC when compared to untreated counterparts. 

Quercetin and p-benzoquinone demonstrated a significant decrease in long-term 

repolulating potential when compared to untreated controls. This indicates that genistein 

not only initiates leukemia associated rearrangements, but also induces differentiation 

and proliferation, potentially making it a very potent initiator of leukemogenesis. 
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Quercetin, p-benzoquinone, and dipyrone, though they have been shown to promote 

leukemia-associated rearrangements in primary human CD34+ cells, suppress 

differentiation and proliferation of those cells.  

4.2 Materials and Methods 

4.2.1 Cell Culture of Human Umbilical Cord CD34+ Cells 

CD34+ cells were isolated from human umbilical cord blood and were obtained 

from AllCells. Cells were frozen immediately upon arrival until ready for use. Once 

thawed, cells were cultured overnight in StemSpan medium (Stemcell Technologies) 

prior to treatment. The following day, cells were exposed to 5µM genistein, 5µM 

quercetin, 5µM genistein and quercetin, 75µM p-benzoquinone, or 75µM dipyrone, all 

prepared from 20mM stock solutions in Iscove’s Modified Dulbecco’s Medium (IMDM) 

for 1 hour. Untreated and treated cells were counted using Trypan Blue exclusion method 

and immediately seeded on supportive feeder layers for LTC-IC. 

4.2.2 Long-term Culture Initiating Cell Assay (LTC-IC) 

Murine Fibroblast cell line M2-10B4, obtained from ATCC, were expanded in 

RPMI medium supplemented with 10% FBS. Cells were irradiated (8,000cGy) and plated 

into confluence (~3 x 105 cells/well) into collagen-coated 6-well tissue culture dishes and 

allowed to recover overnight in LTC-IC medium (H5100 supplemented with 106µM 

hydrocortisone; StemCell Technologies). Treated and control CD34+ cells were 

resuspended in LTC-IC medium and plated on M2-10B4 feeder cell layers in triplicate 

and at three concentrations (105, 104, and 103) for each treatment group. LTC-IC cultures 

were incubated at 37˚C in a humidified incubator with 5% CO2 for 6 weeks with 

treatments repeated and fresh media added weekly. After 6 weeks, cultures were 
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harvested and the contents of each well were plated in methylcellulose medium 

(Methocult GF H4435; StemCell Technologies) which contains cytokines supportive of 

myeloid differentiation. Cultures were incubated for 18 days at which point all CFUs 

were scored. 

Statistical Analysis 

Total numbers of CFUs were scored for each serial dilution of initially seeded 

CD34+ cells for each treatment group and compared to untreated control groups using a 

two-way ANOVA via GraphPad Prism software. Significant comparisons were 

determined by using Dunnett’s multiple comparisons test.  

4.3 Results 

4.3.1 Genistein Exposure Stimulates and Quercetin and P-benzoquinone Exposure 

Inhibit Hematopoietic Stem Cell Proliferation. 

Primary human umbilical cord CD34+ cells were exposed for 1hr to either 5µM 

genistein, 5µM quercetin, 75µM p-benzoquinone, or 75µM dipyrone. Following initial 

treatment, untreated control and treated cells were seeded on supportive feeder layers for 

LTC-IC. Additional treatments using the same concentrations of compounds for 1hr were 

conducted during weekly media changes. Six week LTC-IC cultures were seeded in 

methylcellulose media to allow for CFU colony formation. Hematopoietic colonies are 

shown in figure 32. 
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Figure 32: Hematopoietic colonies from LTC-IC assays: all images are at 100x 

magnification 

 

 The number of CD34+ HSC-derived CFUs that survived treatment were analyzed 

and compared to the untreated controls. LTC-IC cultures were initiated with a serial 

dilution seeding of treated or untreated CD34+ cells and clonogenic CFU output was 
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almost inversely related to the input for all three treatment groups; CFU output was 

higher in cultures initiated with fewer cells. Results from each of the three replicate 

experiments for each treatment displayed some variation; however each experiment 

showed a significant increase in the number of CFUs derived from HSCs following  

repeated genistein exposures compared to untreated controls; and each experiment 

showed a decrease in the number of CFUs derived from HSCs following repeated 

quercetin or p-benzoquinone exposures (Table 10).  

 

Table 10: Colony-forming units in LTC-IC from genistein-, quercetin-, and p-

benzoquinone-treated, combined genistein and quercetin-treated, dipyrone-treated, and 

control untreated CD34+ cells 

 

1Number of CFU colonies obtained in LTC-IC assays derived from CD34+ cells were 

averaged from three or more replicates for all experimental condition at each cell dilution 

with standard deviations.  
2% stimulation represents the percentage increase or decrease of LTC-IC average per 105, 

104, or 103 cells in each treated population. This number was obtained by calculating the 

percentage of cells in treated populations relative to controls to reveal the percentage of 

growth stimulation in relation to controls. This was calculated as [(average # of CFUs 

from treatment-average # CFUs from control)/average # CFUs from control] expressed as 

a percentage. 
3Average % stimulation represents the average of the three % stimulation calculations 

from each treatment at all three concentrations. This was calculated as [(%stimulation105 

+ % stimulation104 + %stimulation103)/3] showing the average percentage of growth 

stimulation in relation to controls. 

 

Control Genistein Quercetin Gen +Quer Benz. Dipyr.

% Stimulation ~~~~ 227.60% -80.90% 104.04% -64.90% -3.85%

% Stimulation ~~~~ 15.40% -86.30% -26.50% -61.60% -80.39%

% Stimulation ~~~~ 238.60% -70.40% -37.02% -68.20% -51.81%

-32.80%

132 (±29.0)

13.50%
Average              

% Stimulation
~~~~ 160.50% -79.20% -64.90%

47 (±10.5)

62 (±20)

No of CD34+ cells seeded 

per well

1x104

1x103

156 (±151.3)1x105 29.75 (±4.03) 318.3 (±87.4)

252.3 (±91.2)343.3 (±6.5)

209.6 (±147.2)

511.3 (±64.5)

396.3 (±17.6)

709.8 (±67.5)

150 (±36.12)54.7 (±5.13)

131.7 (±163.2)

66.7 (±24.4)

67.33 (±18.15)

101.0 (±26.51)

No. of CFU Colonies
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Overall, untreated controls generated an average of 156 CFUs per 105 cells,  

Repeated exposure to 5µM genistein increased the number of CFUs to 511.3 per 105 

cells, a 227% increase with an average overall stimulation of proliferation of 160.5%. 

Repeated exposure to 5µM quercetin decreased the number of CFUs to 29.75 per 105 

cells, an 80.9% decrease in proliferation with an average percent inhibition of 79.2%. 

Repeated exposure to 75µM p-benzoquinone decreased the number of CFUs to 54.7 per 

105 cells, a 64.9% decrease with an average inhibition of proliferation of 64.9%; and 

repeated exposure to 75µM dipyrone decreased the number of CFUs to 150 per 105 cells 

with an average inhibition of proliferation of 32.8%. 

 This data was analyzed for statistical significance with two-way ANOVA using 

GraphPad Prism software. The overall p-value was <0.0001 and significant comparisons 

were determined by Dunnett’s multiple comparisons test. Significant comparisons are 

indicated in figure 33. The increase in the number of CFUs derived from genistein treated 

CD34+ cells was highly significant in two out of three replicate treatment groups with a 

p-value less than 0.00005. The decrease in the number of CFUs derived from quercetin 

treated CD34+ cells was significant in two out of three replicate treatment groups, one 

group with a p-value less than 0.00005 and the other group with a p-value less than 0.05. 

The number of CFUs derived from p-benzoquinone treated CD34+ cells indicated a 

significant decrease in one out of three replicate treatment groups with a p-value less than 

0.005. The number of CFUs derived from dipyrone treated CD34+ cells indicated a 

significant decrease in proliferation in one of three treatment groups. 
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Figure 33: Two-way ANOVA and multiple comparisons of colony-forming units in LTC-

IC assay: comparisons of genistein-, quercetin-, and p-benzoquinone-treated, combined 

genistein and quercetin-treated, dipyrone-treated, and control untreated CD34+ cells. 

* indicate a significant comparison from Dunnett’s multiple comparisons test. 

Comparisons were made between averages of CFUs from each treatment and the 

untreated control for each initial number of CD34+ seeded cells. *indicates p<0.05, 

**indicates p<.005, ****indicates p<.00005. 

 

 

4.4 Discussion 

Leukemia is believed to be initiated in the small HSC population and most often 

involves chromosomal abnormalities of the MLL gene [235, 413, 414]. It has been 

demonstrated that these leukemia-associated abnormalities are initiated by inhibitors of 

the topoII enzyme [224, 362]. The topoII poison, etoposide, has been shown to promote 

MLL rearrangements in primary human CD34+ cells as well as stimulate long-term 

repopulating potential of the HSC population. [230, 232]. Likewise, bioflavonoids have 

been shown to induce MLL translocations in human CD34+ cells [410], though their 
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effect on long-term proliferation was not demonstrated. Here we developed LTC-IC 

assay to characterize the effect of the topoII inhibitors genistein, quercetin, p-

benzoquinone, and the NSAID dipyrone on the long-term repopulating potential of 

human cord blood CD34+ HSCs. Results demonstrate that the dietary bioflavonoid 

genistein has a stimulatory effect on the proliferative capacity of HSCs whereas dietary 

bioflavonoid quercetin, environmental toxin p-benzoquinone, and NSAID dipyrone all 

have an inhibitory effect when compared to untreated control cells.  

 The biological effects of genistein are multifaceted. Genistein is thought to have 

chemopreventative properties as evidenced in epidemiological studies (reviewed in 

[415]). Genistein is a phytoestrogen that may modulate the activity of endogenous 

estrogen [416, 417]. It acts as a tyrosine kinase inhibitor and prevents cellular 

proliferation through this mechanism [418]. Genistein has been shown to promote 

terminal differentiation in human tumor cells [261, 419]. Genistein is also a known topoII 

inhibitor and has been shown to induce cleavage of the MLL gene [258, 259]. Here it is 

demonstrated that genistein significantly increases the proliferative potential of human 

cord blood CD34+ cells very similar to etoposide as demonstrated by previous studies 

[230, 232, 420, 421]. These findings suggest that genistein consumption may have either 

beneficial or adverse effects depending on cell type or developmental stage. It appears 

that stem cells in particular may be particularly susceptible to these adverse effects; and 

hematopoietic stem cells exposed to genistein even in low doses could potentially 

become leukemogenic. Biologically relevant doses of bioflavonoids is a point of 

controversy and here we have chosen a low dose that is relevant to blood plasma 

concentrations following dietary intake of genistein containing foods [375, 422, 423].  
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 Quercetin, like genistein is known to have chemopreventative properties. 

Quercetin has been shown to inhibit cellular proliferation of cancer cells by inducing 

expression of transforming growth factor-β (TGF-β) [262, 424]. Quercetin is also known 

to inhibit topoII, like genistein, and has been shown to induce cleavage in the MLL gene 

[258, 259, 312] . Here, quercetin had an inhibitory effect on the proliferative potential of 

human cord blood CD34+ HSCs. This indicates that perhaps quercetin acts through a 

different mechanism than genistein. TGF-β is a bidirectional regulator of hematopoietic 

cell growth [425]. It either stimulates or inhibits the in vitro growth of normal myeloid 

progenitors depending on their stage of differentiation [426, 427]. Therefore, quercetin 

induces TGF-β-mediated suppression of proliferation and differentiation in HSCs, 

however it could have the opposite effect on differentiated populations. Also, considering 

that quercetin has been shown to promote MLL-AF9 translocations, this data suggests that 

the surviving population of differentiated cells may indeed be leukemogenic even though 

the initial proliferative potential of HSCs was decreased. The dose of quercetin used in 

these experiments was also determined according to previously published literature as 

biologically relevant blood plasma concentration following dietary intake [380, 428, 

429].  

P-benzoquinone and dipyrone were chosen for this study due to their implications 

in causing leukemia from epidemiological studies [240, 267, 271, 353, 384-386]. P-

benzoquinone is a known topoII inhibitor as has been previously demonstrated to induce 

DSBs and DNA recombination [430]. Additionally, it has been demonstrated that p-

benzoquinone is cytotoxic and genotoxic to human CD34+ cells [409]. P-benzoquinone 

had an inhibitory effect on the long-term repopulating potential of HSCs which indicates 
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high cytotoxicity and genotoxicity in this population as well. The molecular mechanism 

of p-benzoquinone induced leukemia has not been fully elucidated, however evidence 

suggests that the aryl hydrocarbon receptor (AhR) may play an important role [431]. One 

study demonstrated that AhR knockout mice are resistant to benzene-induced toxicity of 

hematopoietic cells [432]. Several studies have determined that AhR levels vary in a cell 

and tissue specific manner as well as with stage of development and age. Levels of AhR 

have also been shown to change with cell density, presence or absence of growth factors, 

neoplastic transformation, and state of differentiation [433-435]. This has been shown to 

occur in a variety of cell types suggesting that this may be true for HSCs as well. It has 

been suggested that AhR expression is down-regulated in proliferating and differentiating 

HSCs [436]. This indicates if benzene induced hematotoxicity is dependent on AhR 

activity [437], then the HSC pool is particularly susceptible. This is consistent with the 

reduced proliferative capacity of p-benzoquinone treated HSCs demonstrated in this 

study. Biologically relevant concentrations of p-benzoquinone could not be determined, 

however, plasma concentrations of hydroquinone, an interchangeable metabolite of 

benzene have been reported following exposure [391-393].  

Dipyrone is not a known topoII inhibitor and its mechanism of myelotoxicity or 

as an NSAID have been elusive. Dipyrone has been shown to be a cyclooxygenase 

(COX) inhibitor [438] and may inhibit cell proliferation through COX-2 downstream 

targets. Dipyrone had an inhibitory effect on the proliferation potential of HSCs in this 

study although there were some large colonies indicating some proliferation did occur. 

Biologically relevant concentrations of dipyrone were determined from reported plasma 

concentration following a 1000mg dose. 
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All of the compounds used in this study have been associated with IAL. In this 

study, all of these compounds disrupted normal hematopoietic proliferation and 

differentiation in either a stimulatory or inhibitory fashion. Bioflavonoids genistein and 

quercetin are popular dietary supplements that are widely commercially available. Both 

of these compounds have been shown to promote leukemic rearrangements and here 

genistein stimulated and quercetin inhibited HSC proliferation and differentiation. As 

supplements, these compounds are completely unregulated and are available at very high 

doses. The risk of leukemia development associated with consumption of these 

bioflavonoids is an issue that should be addressed for regulation and safety standards. 

 

 

 

 

 



   

 

 

 

 

 

CHAPTER V: A LINK BETWEEN ROS AND GENETIC INSTABILITY IN 

HEMATOPOIETIC STEM CELLS 

 

5.1 Background  

Organisms in aerobic environments are continuously exposed to reactive oxygen 

species (ROS). ROS include oxygen molecules (O2), superoxide anion radicals (.O2
-), 

hydroxyl free radicals (.OH), singlet oxygen (1O2), and hydrogen peroxide (H2O2), and 

can be generated by imbalanced endogenous reduction of oxygen by cellular enzymes or 

in mitochondrial respiratory pathway, as well as by exogenous exposure to UV or 

environmental damaging agents [439]. Regulation of intracellular ROS levels and ROS-

mediated signaling is central to maintaining the balance between self-renewal, 

proliferation, and differentiation of normal stem and progenitor cells in the hematopoietic 

and neuronal compartments, as well as the early embryonic stem (ES) cell compartment. 

Evidence indicates that the inability to regulate high levels of ROS leading to alteration 

of cellular homeostasis or defective repair of ROS-induced damage lies at the root of 

diseases characterized by both neurodegeneration and bone marrow failure [440-443]. 

Further, high levels of ROS appear to be a distinct feature of acute myeloid leukemia 

(AML) [444-446], and likely contributes to the pathogenesis of the disease. Evidence 

directly linking elevated ROS to genetic instability and hematopoietic stem cells is 

lacking. Here the MAG1 genetically engineered murine stem cell line was utilized to 

determine if elevated ROS could induce genetic instability and chromosomal 

translocations.  
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5.2 Materials and Methods 

5.2.1 Generation of Transgenic Cell Line 

A murine HSC line MAG1 was genetically engineered to contain two transgene reporter 

of recombination, each containing a 5’ or 3’ exon of GFP. This process is described in 

chapter 2. This cell line allows for identification of chromosomal translocations following 

DNA damage and repair by interchromosomal NHEJ that results in a repair event joining 

the two exons onto the same DNA helix to form an intact GFP transcript. 

5.2.2 In Vitro Hematopoietic Differentiation and Treatment with H2O2 

MAG1 ESCs were exposed to either 100 µM H2O2 or 5mM H2O2 for 30 minutes. 

Surviving cells were then allowed to proliferate into myeloid CFU by standard protocols 

[24], and those CFU expressing GFP were readily identified by fluorescent microscopy. 

The process of in vitro hematopoietic differentiation that was used for these experiments 

is described in chapter 3. Fluorescent GFP+ colonies were identified and scored using 

contrast and fluorescent microscopy. Statistical analysis was performed using Graphpad 

Prism software. 

5.3 Results 

5.3.1 H2O2 Promotes Genome Rearrangements in HSCs. 

This experiment demonstrated that a single 30 min exposure of HSCs to 100 µM 

H2O2 or 5mM H2O2 is sufficient to promote the appearance of GFP+ colonies in a dose-

dependent manner at average frequencies of 6 x 10-6 and 10 x 10-6, respectively. A 

representative ESC and a GFP+ derivative myeloid CFU colonies are shown by contrast 

microscopy (100X), along with the same GFP+ CFU colony shown by fluorescent 

microscopy in figure 34. 
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Figure 34: Confocal microscopy images following treatment of MAG1 ESCs with H2O2. 

Left image -- HSC colony by contrast microscopy (100X). Middle image -- GFP+ 

derivative myeloid CFU by contrast microscopy (100X). Right image -- same GFP+ CFU 

colony shown in middle by fluorescence microscopy (100X). 

 

 

A one-way ANOVA was performed in order to determine if there was a dose-

dependent effect of H2O2 on the appearance of GFP+ colonies. The results of this analysis 

are depicted in a bar graph in figure 34. Results showed there is a dose dependent effect 

on the appearance of GFP+ myeloid CFU derived from HSC exposed to 0, 100µM, or 

5mM H2O2 for 30 min, then returned to normal conditions. 100µM resulted in an average 

frequency of CFU at 6.5 x 10-6. 5mM resulted in an average frequency of CFU at 10.4 x 

10-6. * denotes statistically significant stimulation of chromosomal translocations by 

H2O2 (students T-test p value<0.037).  A few colonies were observed in untreated 

samples that by contrast microscopy but appeared to be inviable and auto-fluorescent 

rather than bona fide GFP+ CFU; however, further analysis was not performed on them 

so they are reported here.  
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Figure 35: Dose-dependent appearance of GFP+ myeloid CFU derived from HSCs 

exposed to 0, 100µM, or 5mM H2O2.  

100µM resulted in an average frequency of CFU at 6.5 x 10-6. 5mM resulted in an 

average frequency of CFU at 10.4 x 10-6. * denotes statistically significant stimulation of 

chromosomal translocations by H2O2 (students T-test p value<0.037). 

 

5.4 Discussion 

These data provide a direct link between ROS and genetic instability in HSC. This 

approach demonstrated that a single 30 min exposure of HSC to 100 M H2O2 or 5mM 

H2O2 is sufficient to promote translocations following DNA damage and repair by 

interchromosomal NHEJ. This was demonstrated by the appearance of GFP+ myeloid 

colonies following treatment. The in vitro system used here is analogous to the outgrowth 

of transformed myeloid leukemic cells and connects ROS and genome rearrangements in 

HSC and leukemias.  

Control of ROS in ES cells is now understood to be critical to maintenance of 

self-renewal phenotype. Differentiation of ES cells leads to increased intracellular ROS 

[343, 344]. Interestingly, during differentiation of ES cells, superoxide production, 

cellular levels of intracellular ROS, and DNA damage levels increase and expression of 
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major antioxidant genes and genes involved in multiple DNA repair pathways are 

downregulated [343], and DNA repair by HR is reduced [24]. Aging is also associated 

with reduced expression of multiple DNA repair proteins, reduced DNA repair efficiency 

and elevated levels of genome instability in hematopoietic cells [442, 447-449]. 

ROS seem well tolerated in young cells with highly proficient DNA repair, and 

thus have few if any long-term deleterious effects. However, older cells with less 

efficient repair become more sensitive to ROS levels which lead to increased genome 

instability. Recent work demonstrated that quiescent HSC (analogous to the ROSlow 

fraction) repair DNA damage less efficiently than progenitors leading to accumulation of 

DNA damage and impaired function, suggesting a mechanism for increased presentation 

of myeloid malignancies in aged populations [450]. HSC reactivity to ROS during aging 

in vivo combines cell-intrinsic and cell-extrinsic mechanisms [451]. A relationship 

between the HSC compartment and supporting cells within the bone marrow niche is 

central to homeostasis and changes during not only aging but also other pathophysiologic 

processes including atherosclerosis, hypertension, and diabetes [452, 453]. 

Defective signaling in response to ROS also occurs in multiple leukemic stem cell 

populations to promote proliferation, differentiation, genomic, and epigenetic alterations, 

immune evasion, and survival [454]. ROS act as signaling molecules to regulate redox-

sensitive transcriptional factors, enzymes, oncogenes, and other downstream effectors, 

and thus AML cells are thought to be addicted to elevated ROS [454]. Extracellular ROS, 

but not intracellular mitochondrial ROS, have been found to be significantly elevated in 

both AML cell lines and cells derived from patients [444-446]. OS may also play a role 

in mutation accumulation and progression of myelodysplastic syndromes (MDS) to AML 
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as suggested by studies in a mouse model of MDS that displays increased ROS in Lin- 

bone marrow cells, increased DNA breaks, and increased mutation frequency over time 

[338].  

A growing body of evidence (see appendix C) indicates that the inability to 

regulate high levels of ROS leading to alteration of cellular homeostasis or defective 

repair of ROS-induced damage lies at the root of diseases characterized by both 

neurodegeneration and bone marrow failure [335-337]. This study directly demonstrated 

that ROS can promote DNA damage and aberrant repair by NHEJ in HSCs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

 

 

 

 

CHAPTER VI: SIGNIFICANCE AND FUTURE DIRECTIONS 

 

 

 I have demonstrated that some common dietary and environmental compounds 

promote leukemic translocations between the MLL and AF9 bcrs independent of their 

normal chromatin context and independent of the formation of a fusion protein. I have 

also demonstrated that the ESC population is particularly sensitive and susceptible to 

rearrangements induced by the dietary compounds genistein and quercetin, and the 

environmental compounds p-benzoquinone and dipyrone compared to their more 

differentiated counterparts. Genistein exposure caused an increase in the proliferative 

potential of primary human CD34+ cells similar to etoposide, further establishing 

genistein as a potent leukemogenic compound. I have also demonstrated that ROS and 

aberrant DNA repair in HSCs are linked indicating a direct role in the pathogenesis of 

leukemia. A wide variety of dietary bioactive compounds and functional foods are 

consumed for their presumed health benefits [455]. However, many claims about the 

health benefits of bioactive compounds need to be supported by scientific and clinical 

evidence. The reporter system used in this study is a great system to allow for screening 

of hundreds of these compounds for potential risks associated with their unregulated use. 

Specifically, this system would allow for the identification of compounds or 

combinations of compounds that may have the potential to promote leukemic 

translocations in stem cells and more differentiated myeloid cell subpopulations 

analogous to events in development of IAL.  
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 Sequences of MLL-AF9 breakpoint junctions in DNA from patients with therapy 

related MDS or AML suggests that these translocations arise from aberrant NHEJ repair 

of DSBs at those sites [456]. DSBs are induced by a variety of compounds including 

topoII poisons, suggesting that treatment regimens including these poisons can induce the 

translocations that lead to therapy related MDS and AML [457, 458]. It is possible, 

however, that the translocation events in these patients occur by a different mechanism or 

that they are predisposed to the occurrence of these events because of other mutations. 

The genetic system used here was designed to mimic the aberrant repair that leads to 

MLL and AF9 translocations reported in clinical samples. I have demonstrated that 

compounds that are biochemically similar to chemotherapeutic topoII poisons can 

directly induce MLL and AF9 translocations and that the bcrs of these genes are sufficient 

for their occurrence. Molecular analysis of breakpoint junctions from GFP+ colonies 

generated by these compounds or expression of ISceI is consistent with NHEJ which is 

also analogous to observations of clinical samples [219, 459].  

Further molecular analysis to identify translocations and determine the location of 

the transgenes in each clone can be done by fluorescent in situ hybridization (FISH) and 

spectral karyotyping (SKY). The FISH technique is used to label specific sequences on a 

chromosome with a fluorescent probe. Probes can be designed that have a high degree of 

complementarity to the reporter constructs allowing for identification of the chromosomal 

insertion site[460]. The SKY technique is used to label each chromosome with a unique 

fluorescent color which allows for identification of translocations at the karyotypic level 

[461]. Use of both of these techniques would provide more information on DNA repair 

mechanisms being used following treatment with these compounds. This would also 
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allow for visualization of other translocation events that may have occurred as a result of 

exposure. 

 For future experiments, this system could be modified for in vivo analysis. Mice 

that contain these reporter transgenes in their genome could be exposed to these 

compounds individually or in various combinations in their diet. This would be a 

physiologically relevant and informative model for assessment of the risk of genome 

rearrangements from human exposure or consumption of these compounds. A wide range 

of physiological aspects could be studied including drug clearance, absorption, peak 

plasma concentrations at physiologically relevant low and high doses, tissue-specific 

differences in the frequency of chromosomal rearrangements, and influence of genetic 

background. It would be interesting to determine differences in the frequency of 

translocations in wild type mice deficient in HR repair containing these genetic reporters 

in response to these compounds. Additionally, prenatal in utero exposure to these 

compounds in wild type mice could determine if these compounds can initiate MLL 

rearrangements and AML in mouse neonates. One study has determined by inverse PCR 

that genistein and quercetin can produce MLL rearrangements in mice [405]. Inverse PCR 

that was used in this study however, is not a reliable technique to make this claim in that 

it requires digestion of DNA prior to amplification which could produce target DNA 

segments ligated to other fragments, large fragments that would not be efficiently 

amplified, and includes less relevant internal deletions or intronic alterations. This 

technique also does not allow for the clonal expansion of cells containing a specific 

translocation event.  
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 Hematopoiesis is largely conserved between mice and humans; however, 

differences in body mass, metabolism, life-span, and environmental exposures has led to 

several differences in hematopoiesis, including the DNA damage response [462].  Murine 

HSCs have been shown to have high classical NHEJ activity compared to more 

differentiated populations [463, 464], whereas human HSCs have been shown to have 

decreased classical NHEJ activity [463, 465]. Irradiation-induced DNA damage in 

murine HSCs initiates p53 dependent NHEJ repair that promotes cell survival, whereas 

irradiation induced DNA damage in human HSCs initiates p53 dependent apoptotic 

response [464, 466]. Classical NHEJ proteins have been shown to have increased 

expression in murine HSCs [463]. Human HSCs have no change in expression of Ku70, 

Ku80, or XRCC4 compared to their more differentiated populations, however, ATM and 

DNA ligase IV has been shown to be down regulated [467, 468]. This could indicate that 

alternative NHEJ accounts for aberrant repair and chromosomal translocations in human 

HCS. The differences in DNA damage response between species also indicate an 

evolutionary difference between species with short or long lifespans. Damage in murine 

HSCs initiates NHEJ repair and continued survival even if repair is imperfect, and human 

HSCs sacrifice damaged cells to avoid persistence of potentially harmful genetic 

alterations thus insuring longevity. It has been recently shown that longer lived species 

have higher overall expression of DNA repair genes involved in base excision repair 

(BER), mismatch repair (MMR), HR, as well as NHEJ in liver cells [469]. 

 Murine and human HSCs differ in their DNA repair capacity, so it may be more 

clinically applicable to investigate the ability of these compounds to promote leukemic 

translocations in human cells. For future experiments, this model system could be 
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modified, and the transgene reporter constructs could be inserted into human ESCs. There 

are over 300 human ES cell lines available and approved by the National Institutes of 

Health (NIH) for research use and in vitro maintenance of human ESC self-renewal and 

pluripotency has been well characterized [470-472]. hESCs have typically been 

maintained in co-culture with MEFs; however, they have also been successfully cultured 

on human fetal muscle cells [470], human foreskin fibroblasts [473], human uterine 

endometrial cells, and breast parenchymal cells [474]. hESCs have also been successfully 

cultured with hydrogels, organic or inorganic polymers that are analogous to the 

extracellular matrix [475, 476]. Mimicking the experiments described in this dissertation 

with hESCs would provide insight into the earliest stages of human embryogenesis, allow 

for examination of exposure risks associated with dietary and environmental compounds 

at different stages of differentiation, and also allow for further comparison between 

human and mouse ESCs.  

 Compounds determined to be leukemogenic using the hESC model system could 

then be screened for their ability to engraft and initiate a leukemia phenotype in non-

obese diabetic/severe combined immunodeficient mice (NOD/SCID). Primary human 

umbilical cord CD34+ cells could be treated ex vivo with a panel of dietary or 

environmental compounds, injected into irradiated NOD/SCID mice, and analyzed for 

their potential to repopulate the bone marrow and generate leukemic rearrangements 

analogous to observations from clinical samples. This engraftment experiment would be a 

logical next step for the bioflavonoid genistein considering it stimulated proliferation of 

primary human umbilical cord CD34+ cells, similar to etoposide, using LTC-IC. Mice 

engrafted with treated cells would be observed for the development of leukemia by 
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weekly examination for changes in body weight, number of white blood cells and 

leukemia cells among peripheral blood. FISH analysis could also be performed to detect 

the presence of cytogenetic abnormalities characteristic of leukemic cells such as MLL 

rearrangements. Positive results would provide evidence directly linking genistein or any 

number of compounds, to leukemia initiation. 

 The cytotoxic and genotoxic properties of many popular dietary compounds have 

generally been ignored due to widespread acceptance of their beneficial effects. 

However, there is an increasing body of evidence highlighting potentially adverse effects 

of using some dietary supplements in an unrestricted manner. The dietary and 

environmental compounds used in this research directly link exposure to leukemia 

associated MLL rearrangements, thus the described future experiments focus on this 

relationship. Considering the total exposure to bioactive compounds for each individual is 

unique, there are likely many other relationships between dietary and environmental 

exposure and potentially adverse effects that have yet to be elucidated. Thus, it is 

important to set guidelines for the use and availability of these compounds to reduce the 

potential risk of disease. The experiments discussed above would provide insight into risk 

associated with exposure to these compounds in human cells and their relative cytotoxic 

and genotoxic profiles. 

 

 

 

 

  



124 
 

 

REFERENCES 

 

 

1. Gospodinov A, Herceg Z: Shaping chromatin for repair. Mutat Res-Rev Mutat 

2013, 752(1):45-60. 

2. Vilenchik MM, Knudson AG: Inverse radiation dose-rate effects on somatic and 

germ-line mutations and DNA damage rates. P Natl Acad Sci USA 2000, 

97(10):5381-5386. 

3. Richardson C, Moynahan ME, Jasin M: Double-strand break repair by 

interchromosomal recombination: suppression of chromosomal translocations. 

Genes Dev 1998, 12(24):3831-3842. 

4. Richardson C, Stark JM, Ommundsen M, Jasin M: Rad51 overexpression 

promotes alternative double-strand break repair pathways and genome instability. 

Oncogene 2004, 23(2):546-553. 

5. McKinnon PJ, Caldecott KW: DNA strand break repair and human genetic 

disease. Annual review of genomics and human genetics 2007, 8:37-55. 

6. Huertas P: DNA resection in eukaryotes: deciding how to fix the break. Nature 

structural & molecular biology 2010, 17(1):11-16. 

7. San Filippo J, Sung P, Klein H: Mechanism of eukaryotic homologous 

recombination. Annual review of biochemistry 2008, 77:229-257. 

8. Heyer WD, Ehmsen KT, Liu J: Regulation of homologous recombination in 

eukaryotes. Annual review of genetics 2010, 44:113-139. 

9. Schwacha A, Kleckner N: Identification of double Holliday junctions as 

intermediates in meiotic recombination. Cell 1995, 83(5):783-791. 

10. Stahl F: Meiotic recombination in yeast: coronation of the double-strand-break 

repair model. Cell 1996, 87(6):965-968. 

11. Johnson RD, Jasin M: Sister chromatid gene conversion is a prominent double-

strand break repair pathway in mammalian cells. EMBO J 2000, 19(13):3398-

3407. 

12. Kadyk LC, Hartwell LH: Sister chromatids are preferred over homologs as 

substrates for recombinational repair in Saccharomyces cerevisiae. Genetics 1992, 

132(2):387-402. 

13. Ferguson DO, Holloman WK: Recombinational repair of gaps in DNA is 

asymmetric in Ustilago maydis and can be explained by a migrating D-loop 

model. Proc Natl Acad Sci U S A 1996, 93(11):5419-5424. 



125 
 

14. Fishman-Lobell J, Rudin N, Haber JE: Two alternative pathways of double-strand 

break repair that are kinetically separable and independently modulated. Mol Cell 

Biol 1992, 12(3):1292-1303. 

15. Lin FL, Sperle K, Sternberg N: Model for homologous recombination during 

transfer of DNA into mouse L cells: role for DNA ends in the recombination 

process. Mol Cell Biol 1984, 4(6):1020-1034. 

16. Richardson C, Jasin M: Frequent chromosomal translocations induced by DNA 

double-strand breaks. Nature 2000, 405(6787):697-700. 

17. van Gent DC, Hoeijmakers JH, Kanaar R: Chromosomal stability and the DNA 

double-stranded break connection. Nat Rev Genet 2001, 2(3):196-206. 

18. Moore JK, Haber JE: Cell cycle and genetic requirements of two pathways of 

nonhomologous end-joining repair of double-strand breaks in Saccharomyces 

cerevisiae. Mol Cell Biol 1996, 16(5):2164-2173. 

19. Roth DB, Wilson JH: Nonhomologous recombination in mammalian cells: role 

for short sequence homologies in the joining reaction. Mol Cell Biol 1986, 

6(12):4295-4304. 

20. Rouet P, Smih F, Jasin M: Introduction of double-strand breaks into the genome 

of mouse cells by expression of a rare-cutting endonuclease. Mol Cell Biol 1994, 

14(12):8096-8106. 

21. Nicolas AL, Young CS: Characterization of DNA end joining in a mammalian 

cell nuclear extract: junction formation is accompanied by nucleotide loss, which 

is limited and uniform but not site specific. Mol Cell Biol 1994, 14(1):170-180. 

22. Weinstock DM, Elliott B, Jasin M: A model of oncogenic rearrangements: 

differences between chromosomal translocation mechanisms and simple double-

strand break repair. Blood 2006, 107(2):777-780. 

23. Weinstock DM, Richardson CA, Elliott B, Jasin M: Modeling oncogenic 

translocations: distinct roles for double-strand break repair pathways in 

translocation formation in mammalian cells. DNA Repair (Amst) 2006, 5(9-

10):1065-1074. 

24. Francis R, Richardson C: Multipotent hematopoietic cells susceptible to 

alternative double-strand break repair pathways that promote genome 

rearrangements. Genes Dev 2007, 21(9):1064-1074. 

25. Elliott B, Jasin M: Double-strand breaks and translocations in cancer. Cell Mol 

Life Sci 2002, 59(2):373-385. 



126 
 

26. Symington LS: Role of RAD52 epistasis group genes in homologous 

recombination and double-strand break repair. Microbiology and molecular 

biology reviews : MMBR 2002, 66(4):630-670, table of contents. 

27. Dudas A, Chovanec M: DNA double-strand break repair by homologous 

recombination. Mutat Res 2004, 566(2):131-167. 

28. Yamazoe M, Sonoda E, Hochegger H, Takeda S: Reverse genetic studies of the 

DNA damage response in the chicken B lymphocyte line DT40. DNA Repair 

(Amst) 2004, 3(8-9):1175-1185. 

29. Dolganov GM, Maser RS, Novikov A, Tosto L, Chong S, Bressan DA, Petrini 

JH: Human Rad50 is physically associated with human Mre11: identification of a 

conserved multiprotein complex implicated in recombinational DNA repair. Mol 

Cell Biol 1996, 16(9):4832-4841. 

30. Alterman N, Fattal-Valevski A, Moyal L, Crawford TO, Lederman HM, Ziv Y, 

Shiloh Y: Ataxia-telangiectasia: mild neurological presentation despite null ATM 

mutation and severe cellular phenotype. American journal of medical genetics 

Part A 2007, 143A(16):1827-1834. 

31. Williams RS, Williams JS, Tainer JA: Mre11-Rad50-Nbs1 is a keystone complex 

connecting DNA repair machinery, double-strand break signaling, and the 

chromatin template. Biochemistry and cell biology = Biochimie et biologie 

cellulaire 2007, 85(4):509-520. 

32. Davies OR, Forment JV, Sun M, Belotserkovskaya R, Coates J, Galanty Y, Demir 

M, Morton CR, Rzechorzek NJ, Jackson SP et al: CtIP tetramer assembly is 

required for DNA-end resection and repair. Nature structural & molecular 

biology 2015, 22(2):150-157. 

33. Nimonkar AV, Ozsoy AZ, Genschel J, Modrich P, Kowalczykowski SC: Human 

exonuclease 1 and BLM helicase interact to resect DNA and initiate DNA repair. 

Proc Natl Acad Sci U S A 2008, 105(44):16906-16911. 

34. Dueva R, Iliakis G: Alternative pathways of non-homologous end joining (NHEJ) 

in genomic instability and cancer. Translational cancer research 2013, 2(3):163-

177. 

35. Sung P: Yeast Rad55 and Rad57 proteins form a heterodimer that functions with 

replication protein A to promote DNA strand exchange by Rad51 recombinase. 

Genes Dev 1997, 11(9):1111-1121. 

36. Sugiyama T, Zaitseva EM, Kowalczykowski SC: A single-stranded DNA-binding 

protein is needed for efficient presynaptic complex formation by the 

Saccharomyces cerevisiae Rad51 protein. The Journal of biological chemistry 

1997, 272(12):7940-7945. 



127 
 

37. New JH, Sugiyama T, Zaitseva E, Kowalczykowski SC: Rad52 protein stimulates 

DNA strand exchange by Rad51 and replication protein A. Nature 1998, 

391(6665):407-410. 

38. Sung P, Robberson DL: DNA strand exchange mediated by a RAD51-ssDNA 

nucleoprotein filament with polarity opposite to that of RecA. Cell 1995, 

82(3):453-461. 

39. Benson FE, Stasiak A, West SC: Purification and characterization of the human 

Rad51 protein, an analogue of E. coli RecA. EMBO J 1994, 13(23):5764-5771. 

40. Ogawa T, Yu X, Shinohara A, Egelman EH: Similarity of the yeast RAD51 

filament to the bacterial RecA filament. Science 1993, 259(5103):1896-1899. 

41. Yuan SS, Lee SY, Chen G, Song M, Tomlinson GE, Lee EY: BRCA2 is required 

for ionizing radiation-induced assembly of Rad51 complex in vivo. Cancer 

research 1999, 59(15):3547-3551. 

42. Mazin AV, Bornarth CJ, Solinger JA, Heyer WD, Kowalczykowski SC: Rad54 

protein is targeted to pairing loci by the Rad51 nucleoprotein filament. Molecular 

cell 2000, 6(3):583-592. 

43. Sigurdsson S, Van Komen S, Petukhova G, Sung P: Homologous DNA pairing by 

human recombination factors Rad51 and Rad54. The Journal of biological 

chemistry 2002, 277(45):42790-42794. 

44. McIlwraith MJ, Vaisman A, Liu Y, Fanning E, Woodgate R, West SC: Human 

DNA polymerase eta promotes DNA synthesis from strand invasion intermediates 

of homologous recombination. Molecular cell 2005, 20(5):783-792. 

45. Liu Y, Masson JY, Shah R, O'Regan P, West SC: RAD51C is required for 

Holliday junction processing in mammalian cells. Science 2004, 303(5655):243-

246. 

46. Chi P, Kwon Y, Seong C, Epshtein A, Lam I, Sung P, Klein HL: Yeast 

recombination factor Rdh54 functionally interacts with the Rad51 recombinase 

and catalyzes Rad51 removal from DNA. The Journal of biological chemistry 

2006, 281(36):26268-26279. 

47. Walker JR, Corpina RA, Goldberg J: Structure of the Ku heterodimer bound to 

DNA and its implications for double-strand break repair. Nature 2001, 

412(6847):607-614. 

48. Spagnolo L, Rivera-Calzada A, Pearl LH, Llorca O: Three-dimensional structure 

of the human DNA-PKcs/Ku70/Ku80 complex assembled on DNA and its 

implications for DNA DSB repair. Molecular cell 2006, 22(4):511-519. 



128 
 

49. Llorca O: Electron microscopy reconstructions of DNA repair complexes. 

Current opinion in structural biology 2007, 17(2):215-220. 

50. Ramadan K, Shevelev IV, Maga G, Hubscher U: De novo DNA synthesis by 

human DNA polymerase lambda, DNA polymerase mu and terminal 

deoxyribonucleotidyl transferase. Journal of molecular biology 2004, 339(2):395-

404. 

51. Tsai CJ, Kim SA, Chu G: Cernunnos/XLF promotes the ligation of mismatched 

and noncohesive DNA ends. Proc Natl Acad Sci U S A 2007, 104(19):7851-7856. 

52. Gu J, Lu H, Tsai AG, Schwarz K, Lieber MR: Single-stranded DNA ligation and 

XLF-stimulated incompatible DNA end ligation by the XRCC4-DNA ligase IV 

complex: influence of terminal DNA sequence. Nucleic acids research 2007, 

35(17):5755-5762. 

53. Pastwa E, Somiari RI, Malinowski M, Somiari SB, Winters TA: In vitro non-

homologous DNA end joining assays--the 20th anniversary. The international 

journal of biochemistry & cell biology 2009, 41(6):1254-1260. 

54. Dominguez O, Ruiz JF, Lain de Lera T, Garcia-Diaz M, Gonzalez MA, Kirchhoff 

T, Martinez AC, Bernad A, Blanco L: DNA polymerase mu (Pol mu), 

homologous to TdT, could act as a DNA mutator in eukaryotic cells. EMBO J 

2000, 19(7):1731-1742. 

55. Bebenek K, Garcia-Diaz M, Blanco L, Kunkel TA: The frameshift infidelity of 

human DNA polymerase lambda. Implications for function. The Journal of 

biological chemistry 2003, 278(36):34685-34690. 

56. Jager U, Bocskor S, Le T, Mitterbauer G, Bolz I, Chott A, Kneba M, Mannhalter 

C, Nadel B: Follicular lymphomas' BCL-2/IgH junctions contain templated 

nucleotide insertions: novel insights into the mechanism of t(14;18) translocation. 

Blood 2000, 95(11):3520-3529. 

57. Welzel N, Le T, Marculescu R, Mitterbauer G, Chott A, Pott C, Kneba M, Du 

MQ, Kusec R, Drach J et al: Templated nucleotide addition and immunoglobulin 

JH-gene utilization in t(11;14) junctions: implications for the mechanism of 

translocation and the origin of mantle cell lymphoma. Cancer research 2001, 

61(4):1629-1636. 

58. Bennardo N, Cheng A, Huang N, Stark JM: Alternative-NHEJ is a 

mechanistically distinct pathway of mammalian chromosome break repair. PLoS 

genetics 2008, 4(6):e1000110. 

59. Zhang Y, Jasin M: An essential role for CtIP in chromosomal translocation 

formation through an alternative end-joining pathway. Nature structural & 

molecular biology 2011, 18(1):80-84. 



129 
 

60. Audebert M, Salles B, Calsou P: Involvement of poly(ADP-ribose) polymerase-1 

and XRCC1/DNA ligase III in an alternative route for DNA double-strand breaks 

rejoining. The Journal of biological chemistry 2004, 279(53):55117-55126. 

61. Wang M, Wu W, Wu W, Rosidi B, Zhang L, Wang H, Iliakis G: PARP-1 and Ku 

compete for repair of DNA double strand breaks by distinct NHEJ pathways. 

Nucleic acids research 2006, 34(21):6170-6182. 

62. Mansour WY, Rhein T, Dahm-Daphi J: The alternative end-joining pathway for 

repair of DNA double-strand breaks requires PARP1 but is not dependent upon 

microhomologies. Nucleic acids research 2010, 38(18):6065-6077. 

63. Liang L, Deng L, Nguyen SC, Zhao X, Maulion CD, Shao C, Tischfield JA: 

Human DNA ligases I and III, but not ligase IV, are required for microhomology-

mediated end joining of DNA double-strand breaks. Nucleic acids research 2008, 

36(10):3297-3310. 

64. Paul K, Wang M, Mladenov E, Bencsik-Theilen A, Bednar T, Wu W, Arakawa H, 

Iliakis G: DNA ligases I and III cooperate in alternative non-homologous end-

joining in vertebrates. PLoS One 2013, 8(3):e59505. 

65. Lundin C, Erixon K, Arnaudeau C, Schultz N, Jenssen D, Meuth M, Helleday T: 

Different roles for nonhomologous end joining and homologous recombination 

following replication arrest in mammalian cells. Mol Cell Biol 2002, 22(16):5869-

5878. 

66. Tian X, Kaufman DS: Differentiation of embryonic stem cells towards 

hematopoietic cells: progress and pitfalls. Curr Opin Hematol 2008, 15(4):312-

318. 

67. Szilvassy SJ: The biology of hematopoietic stem cells. Arch Med Res 2003, 

34(6):446-460. 

68. Abkowitz JL, Linenberger ML, Newton MA, Shelton GH, Ott RL, Guttorp P: 

Evidence for the Maintenance of Hematopoiesis in a Large Animal by the 

Sequential Activation of Stem-Cell Clones. P Natl Acad Sci USA 1990, 

87(22):9062-9066. 

69. Pimanda JE, Gottgens B: Gene regulatory networks governing haematopoietic 

stem cell development and identity. Int J Dev Biol 2010, 54(6-7):1201-1211. 

70. Krumsiek J, Marr C, Schroeder T, Theis FJ: Hierarchical differentiation of 

myeloid progenitors is encoded in the transcription factor network. PLoS One 

2011, 6(8):e22649. 

71. Novershtern N, Subramanian A, Lawton LN, Mak RH, Haining WN, McConkey 

ME, Habib N, Yosef N, Chang CY, Shay T et al: Densely interconnected 



130 
 

transcriptional circuits control cell states in human hematopoiesis. Cell 2011, 

144(2):296-309. 

72. Kee BL: A comprehensive transcriptional landscape of human hematopoiesis. 

Cell Stem Cell 2011, 8(2):122-124. 

73. Keller G: Embryonic stem cell differentiation: emergence of a new era in biology 

and medicine. Genes Dev 2005, 19(10):1129-1155. 

74. Moreno-Gimeno I, Ledran MH, Lako M: Hematopoietic differentiation from 

human ESCs as a model for developmental studies and future clinical translations. 

Invited review following the FEBS Anniversary Prize received on 5 July 2009 at 

the 34th FEBS Congress in Prague. FEBS J 2010, 277(24):5014-5025. 

75. Keller GM: In vitro differentiation of embryonic stem cells. Curr Opin Cell Biol 

1995, 7(6):862-869. 

76. Szilvassy SJ, Humphries RK, Lansdorp PM, Eaves AC, Eaves CJ: Quantitative 

assay for totipotent reconstituting hematopoietic stem cells by a competitive 

repopulation strategy. Proc Natl Acad Sci U S A 1990, 87(22):8736-8740. 

77. Lemieux ME, Rebel VI, Lansdorp PM, Eaves CJ: Characterization and 

purification of a primitive hematopoietic cell type in adult mouse marrow capable 

of lymphomyeloid differentiation in long-term marrow "switch" cultures. Blood 

1995, 86(4):1339-1347. 

78. Sutherland HJ, Lansdorp PM, Henkelman DH, Eaves AC, Eaves CJ: Functional 

characterization of individual human hematopoietic stem cells cultured at limiting 

dilution on supportive marrow stromal layers. Proc Natl Acad Sci U S A 1990, 

87(9):3584-3588. 

79. Bradley TR, Metcalf D: The growth of mouse bone marrow cells in vitro. The 

Australian journal of experimental biology and medical science 1966, 44(3):287-

299. 

80. McNiece IK, Bradley TR, Kriegler AB, Hodgson GS: Subpopulations of mouse 

bone marrow high-proliferative-potential colony-forming cells. Experimental 

hematology 1986, 14(9):856-860. 

81. Chambers I, Smith A: Self-renewal of teratocarcinoma and embryonic stem cells. 

Oncogene 2004, 23(43):7150-7160. 

82. Smith AG, Heath JK, Donaldson DD, Wong GG, Moreau J, Stahl M, Rogers D: 

Inhibition of pluripotential embryonic stem cell differentiation by purified 

polypeptides. Nature 1988, 336(6200):688-690. 

83. Williams RL, Hilton DJ, Pease S, Willson TA, Stewart CL, Gearing DP, Wagner 

EF, Metcalf D, Nicola NA, Gough NM: Myeloid leukaemia inhibitory factor 



131 
 

maintains the developmental potential of embryonic stem cells. Nature 1988, 

336(6200):684-687. 

84. Niwa H, Miyazaki J, Smith AG: Quantitative expression of Oct-3/4 defines 

differentiation, dedifferentiation or self-renewal of ES cells. Nature genetics 

2000, 24(4):372-376. 

85. Chambers I, Colby D, Robertson M, Nichols J, Lee S, Tweedie S, Smith A: 

Functional expression cloning of Nanog, a pluripotency sustaining factor in 

embryonic stem cells. Cell 2003, 113(5):643-655. 

86. Carpenter MK, Rosler ES, Fisk GJ, Brandenberger R, Ares X, Miura T, Lucero 

M, Rao MS: Properties of four human embryonic stem cell lines maintained in a 

feeder-free culture system. Developmental dynamics : an official publication of 

the American Association of Anatomists 2004, 229(2):243-258. 

87. Rohwedel J, Maltsev V, Bober E, Arnold HH, Hescheler J, Wobus AM: Muscle 

cell differentiation of embryonic stem cells reflects myogenesis in vivo: 

developmentally regulated expression of myogenic determination genes and 

functional expression of ionic currents. Developmental biology 1994, 164(1):87-

101. 

88. Fraichard A, Chassande O, Bilbaut G, Dehay C, Savatier P, Samarut J: In vitro 

differentiation of embryonic stem cells into glial cells and functional neurons. 

Journal of cell science 1995, 108 ( Pt 10):3181-3188. 

89. Bain G, Kitchens D, Yao M, Huettner JE, Gottlieb DI: Embryonic stem cells 

express neuronal properties in vitro. Developmental biology 1995, 168(2):342-

357. 

90. Nakano T: In vitro development of hematopoietic system from mouse embryonic 

stem cells: a new approach for embryonic hematopoiesis. International journal of 

hematology 1996, 65(1):1-8. 

91. Doetschman TC, Eistetter H, Katz M, Schmidt W, Kemler R: The in vitro 

development of blastocyst-derived embryonic stem cell lines: formation of 

visceral yolk sac, blood islands and myocardium. Journal of embryology and 

experimental morphology 1985, 87:27-45. 

92. Wiles MV, Keller G: Multiple hematopoietic lineages develop from embryonic 

stem (ES) cells in culture. Development 1991, 111(2):259-267. 

93. Burkert U, von Ruden T, Wagner EF: Early fetal hematopoietic development 

from in vitro differentiated embryonic stem cells. The New biologist 1991, 

3(7):698-708. 



132 
 

94. Schmitt RM, Bruyns E, Snodgrass HR: Hematopoietic development of embryonic 

stem cells in vitro: cytokine and receptor gene expression. Genes Dev 1991, 

5(5):728-740. 

95. Ling V, Neben S: In vitro differentiation of embryonic stem cells: 

immunophenotypic analysis of cultured embryoid bodies. Journal of cellular 

physiology 1997, 171(1):104-115. 

96. Mitjavila-Garcia MT, Cailleret M, Godin I, Nogueira MM, Cohen-Solal K, 

Schiavon V, Lecluse Y, Le Pesteur F, Lagrue AH, Vainchenker W: Expression of 

CD41 on hematopoietic progenitors derived from embryonic hematopoietic cells. 

Development 2002, 129(8):2003-2013. 

97. Muller-Sieburg CE, Whitlock CA, Weissman IL: Isolation of two early B 

lymphocyte progenitors from mouse marrow: a committed pre-pre-B cell and a 

clonogenic Thy-1-lo hematopoietic stem cell. Cell 1986, 44(4):653-662. 

98. Ikuta K, Weissman IL: Evidence that hematopoietic stem cells express mouse c-

kit but do not depend on steel factor for their generation. Proc Natl Acad Sci U S 

A 1992, 89(4):1502-1506. 

99. Spangrude GJ, Heimfeld S, Weissman IL: Purification and characterization of 

mouse hematopoietic stem cells. Science 1988, 241(4861):58-62. 

100. Uchida N, Weissman IL: Searching for hematopoietic stem cells: evidence that 

Thy-1.1lo Lin- Sca-1+ cells are the only stem cells in C57BL/Ka-Thy-1.1 bone 

marrow. The Journal of experimental medicine 1992, 175(1):175-184. 

101. Akashi K, Traver D, Miyamoto T, Weissman IL: A clonogenic common myeloid 

progenitor that gives rise to all myeloid lineages. Nature 2000, 404(6774):193-

197. 

102. Kondo M, Weissman IL, Akashi K: Identification of clonogenic common 

lymphoid progenitors in mouse bone marrow. Cell 1997, 91(5):661-672. 

103. Kennedy M, Keller GM: Hematopoietic commitment of ES cells in culture. 

Methods in enzymology 2003, 365:39-59. 

104. Keller G, Kennedy M, Papayannopoulou T, Wiles MV: Hematopoietic 

commitment during embryonic stem cell differentiation in culture. Mol Cell Biol 

1993, 13(1):473-486. 

105. Nakayama N, Fang I, Elliott G: Natural killer and B-lymphoid potential in CD34+ 

cells derived from embryonic stem cells differentiated in the presence of vascular 

endothelial growth factor. Blood 1998, 91(7):2283-2295. 

106. Guo Y, Graham-Evans B, Broxmeyer HE: Murine embryonic stem cells secrete 

cytokines/growth modulators that enhance cell survival/anti-apoptosis and 



133 
 

stimulate colony formation of murine hematopoietic progenitor cells. Stem cells 

2006, 24(4):850-856. 

107. Johansson BM, Wiles MV: Evidence for involvement of activin A and bone 

morphogenetic protein 4 in mammalian mesoderm and hematopoietic 

development. Mol Cell Biol 1995, 15(1):141-151. 

108. Lightfoot TJ, Roman E: Causes of childhood leukaemia and lymphoma. 

Toxicology and applied pharmacology 2004, 199(2):104-117. 

109. Sutherland HJ, Blair A, Zapf RW: Characterization of a hierarchy in human acute 

myeloid leukemia progenitor cells. Blood 1996, 87(11):4754-4761. 

110. Bonnet D, Dick JE: Human acute myeloid leukemia is organized as a hierarchy 

that originates from a primitive hematopoietic cell. Nat Med 1997, 3(7):730-737. 

111. Petzer AL, Gunsilius E: Hematopoietic stem cells in chronic myeloid leukemia. 

Arch Med Res 2003, 34(6):496-506. 

112. Wang JCY, Dick JE: Cancer stem cells: lessons from leukemia. Trends Cell Biol 

2005, 15(9):494-501. 

113. Jordan CT, Guzman ML, Noble M: Mechanisms of disease - Cancer stem cells. 

New Engl J Med 2006, 355(12):1253-1261. 

114. Krivtsov AV, Twomey D, Feng ZH, Stubbs MC, Wang YZ, Faber J, Levine JE, 

Wang J, Hahn WC, Gilliland DG et al: Transformation from committed 

progenitor to leukaemia stem cell initiated by MLL-AF9. Nature 2006, 

442(7104):818-822. 

115. Lightfoot T: Aetiology of childhood leukemia. Bioelectromagnetics 2005, Suppl 

7:S5-S11. 

116. Marschalek R: Mechanisms of leukemogenesis by MLL fusion proteins. British 

journal of haematology 2011, 152(2):141-154. 

117. Krivtsov AV, Armstrong SA: MLL translocations, histone modifications and 

leukaemia stem-cell development. Nature reviews Cancer 2007, 7(11):823-833. 

118. Slany RK: The molecular biology of mixed lineage leukemia. Haematologica 

2009, 94(7):984-993. 

119. Pachkowski BF, Guyton KZ, Sonawane B: DNA repair during in utero 

development: a review of the current state of knowledge, research needs, and 

potential application in risk assessment. Mutat Res 2011, 728(1-2):35-46. 



134 
 

120. Dimartino JF, Cleary ML: Mll rearrangements in haematological malignancies: 

lessons from clinical and biological studies. British journal of haematology 1999, 

106(3):614-626. 

121. Ayton PM, Cleary ML: Molecular mechanisms of leukemogenesis mediated by 

MLL fusion proteins. Oncogene 2001, 20(40):5695-5707. 

122. Martens JH, Stunnenberg HG: The molecular signature of oncofusion proteins in 

acute myeloid leukemia. FEBS Lett 2010, 584(12):2662-2669. 

123. Passegue E, Jamieson CH, Ailles LE, Weissman IL: Normal and leukemic 

hematopoiesis: are leukemias a stem cell disorder or a reacquisition of stem cell 

characteristics? Proc Natl Acad Sci U S A 2003, 100 Suppl 1:11842-11849. 

124. Mohan M, Lin C, Guest E, Shilatifard A: Licensed to elongate: a molecular 

mechanism for MLL-based leukaemogenesis. Nature reviews Cancer 2010, 

10(10):721-728. 

125. Collins EC, Appert A, Ariza-McNaughton L, Pannell R, Yamada Y, Rabbitts TH: 

Mouse Af9 is a controller of embryo patterning, like Mll, whose human 

homologue fuses with Af9 after chromosomal translocation in leukemia. Mol Cell 

Biol 2002, 22(20):7313-7324. 

126. Yu BD, Hanson RD, Hess JL, Horning SE, Korsmeyer SJ: MLL, a mammalian 

trithorax-group gene, functions as a transcriptional maintenance factor in 

morphogenesis. Proc Natl Acad Sci U S A 1998, 95(18):10632-10636. 

127. De Braekeleer M, Morel F, Le Bris MJ, Herry A, Douet-Guilbert N: The MLL 

gene and translocations involving chromosomal band 11q23 in acute leukemia. 

Anticancer research 2005, 25(3B):1931-1944. 

128. Stanulla M, Wang J, Chervinsky DS, Thandla S, Aplan PD: DNA cleavage within 

the MLL breakpoint cluster region is a specific event which occurs as part of 

higher-order chromatin fragmentation during the initial stages of apoptosis. Mol 

Cell Biol 1997, 17(7):4070-4079. 

129. Sung PA, Libura J, Richardson C: Etoposide and illegitimate DNA double-strand 

break repair in the generation of MLL translocations: new insights and new 

questions. DNA Repair (Amst) 2006, 5(9-10):1109-1118. 

130. Marschalek R, Nilson I, Lochner K, Greim R, Siegler G, Greil J, Beck JD, Fey 

GH: The structure of the human ALL-1/MLL/HRX gene. Leuk Lymphoma 1997, 

27(5-6):417-428. 

131. Hsieh JJ, Ernst P, Erdjument-Bromage H, Tempst P, Korsmeyer SJ: Proteolytic 

cleavage of MLL generates a complex of N- and C-terminal fragments that 

confers protein stability and subnuclear localization. Mol Cell Biol 2003, 

23(1):186-194. 



135 
 

132. Hsieh JJ, Cheng EH, Korsmeyer SJ: Taspase1: a threonine aspartase required for 

cleavage of MLL and proper HOX gene expression. Cell 2003, 115(3):293-303. 

133. Steward MM, Lee JS, O'Donovan A, Wyatt M, Bernstein BE, Shilatifard A: 

Molecular regulation of H3K4 trimethylation by ASH2L, a shared subunit of 

MLL complexes. Nature structural & molecular biology 2006, 13(9):852-854. 

134. Wysocka J, Swigut T, Milne TA, Dou Y, Zhang X, Burlingame AL, Roeder RG, 

Brivanlou AH, Allis CD: WDR5 associates with histone H3 methylated at K4 and 

is essential for H3 K4 methylation and vertebrate development. Cell 2005, 

121(6):859-872. 

135. Dou Y, Milne TA, Tackett AJ, Smith ER, Fukuda A, Wysocka J, Allis CD, Chait 

BT, Hess JL, Roeder RG: Physical association and coordinate function of the H3 

K4 methyltransferase MLL1 and the H4 K16 acetyltransferase MOF. Cell 2005, 

121(6):873-885. 

136. Caslini C, Yang Z, El-Osta M, Milne TA, Slany RK, Hess JL: Interaction of MLL 

amino terminal sequences with menin is required for transformation. Cancer 

research 2007, 67(15):7275-7283. 

137. Yokoyama A, Somervaille TC, Smith KS, Rozenblatt-Rosen O, Meyerson M, 

Cleary ML: The menin tumor suppressor protein is an essential oncogenic 

cofactor for MLL-associated leukemogenesis. Cell 2005, 123(2):207-218. 

138. Dou Y, Milne TA, Ruthenburg AJ, Lee S, Lee JW, Verdine GL, Allis CD, Roeder 

RG: Regulation of MLL1 H3K4 methyltransferase activity by its core 

components. Nature structural & molecular biology 2006, 13(8):713-719. 

139. Yokoyama A, Lin M, Naresh A, Kitabayashi I, Cleary ML: A higher-order 

complex containing AF4 and ENL family proteins with P-TEFb facilitates 

oncogenic and physiologic MLL-dependent transcription. Cancer cell 2010, 

17(2):198-212. 

140. Lachner M, O'Sullivan RJ, Jenuwein T: An epigenetic road map for histone lysine 

methylation. Journal of cell science 2003, 116(Pt 11):2117-2124. 

141. Erfurth F, Hemenway CS, de Erkenez AC, Domer PH: MLL fusion partners AF4 

and AF9 interact at subnuclear foci. Leukemia 2004, 18(1):92-102. 

142. Okada Y, Feng Q, Lin Y, Jiang Q, Li Y, Coffield VM, Su L, Xu G, Zhang Y: 

hDOT1L links histone methylation to leukemogenesis. Cell 2005, 121(2):167-

178. 

143. Zeisig DT, Bittner CB, Zeisig BB, Garcia-Cuellar MP, Hess JL, Slany RK: The 

eleven-nineteen-leukemia protein ENL connects nuclear MLL fusion partners 

with chromatin. Oncogene 2005, 24(35):5525-5532. 



136 
 

144. Liu H, Chen B, Xiong H, Huang QH, Zhang QH, Wang ZG, Li BL, Chen Z, Chen 

SJ: Functional contribution of EEN to leukemogenic transformation by MLL-

EEN fusion protein. Oncogene 2004, 23(19):3385-3394. 

145. Manara E, Baron E, Tregnago C, Aveic S, Bisio V, Bresolin S, Masetti R, 

Locatelli F, Basso G, Pigazzi M: MLL-AF6 fusion oncogene sequesters AF6 into 

the nucleus to trigger RAS activation in myeloid leukemia. Blood 2014, 

124(2):263-272. 

146. Gu Y, Alder H, Nakamura T, Schichman SA, Prasad R, Canaani O, Saito H, 

Croce CM, Canaani E: Sequence analysis of the breakpoint cluster region in the 

ALL-1 gene involved in acute leukemia. Cancer research 1994, 54(9):2327-2330. 

147. Langer T, Metzler M, Reinhardt D, Viehmann S, Borkhardt A, Reichel M, 

Stanulla M, Schrappe M, Creutzig U, Ritter J et al: Analysis of t(9;11) 

chromosomal breakpoint sequences in childhood acute leukemia: almost identical 

MLL breakpoints in therapy-related AML after treatment without etoposides. 

Genes, chromosomes & cancer 2003, 36(4):393-401. 

148. Corral J, Lavenir I, Impey H, Warren AJ, Forster A, Larson TA, Bell S, 

McKenzie AN, King G, Rabbitts TH: An Mll-AF9 fusion gene made by 

homologous recombination causes acute leukemia in chimeric mice: a method to 

create fusion oncogenes. Cell 1996, 85(6):853-861. 

149. Dobson CL, Warren AJ, Pannell R, Forster A, Lavenir I, Corral J, Smith AJ, 

Rabbitts TH: The mll-AF9 gene fusion in mice controls myeloproliferation and 

specifies acute myeloid leukaemogenesis. EMBO J 1999, 18(13):3564-3574. 

150. Poirel H, Rack K, Delabesse E, Radford-Weiss I, Troussard X, Debert C, Leboeuf 

D, Bastard C, Picard F, Veil-Buzyn A et al: Incidence and characterization of 

MLL gene (11q23) rearrangements in acute myeloid leukemia M1 and M5. Blood 

1996, 87(6):2496-2505. 

151. Rollig C, Bornhauser M, Thiede C, Taube F, Kramer M, Mohr B, Aulitzky W, 

Bodenstein H, Tischler HJ, Stuhlmann R et al: Long-term prognosis of acute 

myeloid leukemia according to the new genetic risk classification of the European 

LeukemiaNet recommendations: evaluation of the proposed reporting system. 

Journal of clinical oncology : official journal of the American Society of Clinical 

Oncology 2011, 29(20):2758-2765. 

152. Grimwade D, Hills RK, Moorman AV, Walker H, Chatters S, Goldstone AH, 

Wheatley K, Harrison CJ, Burnett AK, National Cancer Research Institute Adult 

Leukaemia Working G: Refinement of cytogenetic classification in acute myeloid 

leukemia: determination of prognostic significance of rare recurring chromosomal 

abnormalities among 5876 younger adult patients treated in the United Kingdom 

Medical Research Council trials. Blood 2010, 116(3):354-365. 



137 
 

153. Scholl C, Schlenk RF, Eiwen K, Dohner H, Frohling S, Dohner K, Group AMLS: 

The prognostic value of MLL-AF9 detection in patients with t(9;11)(p22;q23)-

positive acute myeloid leukemia. Haematologica 2005, 90(12):1626-1634. 

154. Strissel PL, Strick R, Tomek RJ, Roe BA, Rowley JD, Zeleznik-Le NJ: DNA 

structural properties of AF9 are similar to MLL and could act as recombination 

hot spots resulting in MLL/AF9 translocations and leukemogenesis. Human 

molecular genetics 2000, 9(11):1671-1679. 

155. Negrini M, Felix CA, Martin C, Lange BJ, Nakamura T, Canaani E, Croce CM: 

Potential topoisomerase II DNA-binding sites at the breakpoints of a t(9;11) 

chromosome translocation in acute myeloid leukemia. Cancer research 1993, 

53(19):4489-4492. 

156. Hsieh T, Brutlag D: ATP-dependent DNA topoisonmerase from D. melanogaster 

reversibly catenates duplex DNA rings. Cell 1980, 21(1):115-125. 

157. Liu LF, Liu CC, Alberts BM: Type II DNA topoisomerases: enzymes that can 

unknot a topologically knotted DNA molecule via a reversible double-strand 

break. Cell 1980, 19(3):697-707. 

158. Chen AY, Liu LF: DNA topoisomerases: essential enzymes and lethal targets. 

Annual review of pharmacology and toxicology 1994, 34:191-218. 

159. Osheroff N: Biochemical basis for the interactions of type I and type II 

topoisomerases with DNA. Pharmacology & therapeutics 1989, 41(1-2):223-241. 

160. Osheroff N, Zechiedrich EL, Gale KC: Catalytic function of DNA topoisomerase 

II. BioEssays : news and reviews in molecular, cellular and developmental 

biology 1991, 13(6):269-273. 

161. Watt PM, Hickson ID: Structure and function of type II DNA topoisomerases. 

The Biochemical journal 1994, 303 ( Pt 3):681-695. 

162. Wood ER, Earnshaw WC: Mitotic chromatin condensation in vitro using somatic 

cell extracts and nuclei with variable levels of endogenous topoisomerase II. The 

Journal of cell biology 1990, 111(6 Pt 2):2839-2850. 

163. Downes CS, Clarke DJ, Mullinger AM, Gimenez-Abian JF, Creighton AM, 

Johnson RT: A topoisomerase II-dependent G2 cycle checkpoint in mammalian 

cells. Nature 1994, 372(6505):467-470. 

164. Cuvier O, Hirano T: A role of topoisomerase II in linking DNA replication to 

chromosome condensation. The Journal of cell biology 2003, 160(5):645-655. 

165. Burden DA, Osheroff N: Mechanism of action of eukaryotic topoisomerase II and 

drugs targeted to the enzyme. Biochimica et biophysica acta 1998, 1400(1-3):139-

154. 



138 
 

166. Sander M, Hsieh T, Udvardy A, Schedl P: Sequence dependence of Drosophila 

topoisomerase II in plasmid relaxation and DNA binding. Journal of molecular 

biology 1987, 194(2):219-229. 

167. Lee MP, Sander M, Hsieh T: Nuclease protection by Drosophila DNA 

topoisomerase II. Enzyme/DNA contacts at the strong topoisomerase II cleavage 

sites. The Journal of biological chemistry 1989, 264(36):21779-21787. 

168. Sander M, Hsieh TS: Drosophila topoisomerase II double-strand DNA cleavage: 

analysis of DNA sequence homology at the cleavage site. Nucleic acids research 

1985, 13(4):1057-1072. 

169. Spitzner JR, Muller MT: A consensus sequence for cleavage by vertebrate DNA 

topoisomerase II. Nucleic acids research 1988, 16(12):5533-5556. 

170. Zechiedrich EL, Osheroff N: Eukaryotic topoisomerases recognize nucleic acid 

topology by preferentially interacting with DNA crossovers. EMBO J 1990, 

9(13):4555-4562. 

171. Froelich-Ammon SJ, Gale KC, Osheroff N: Site-specific cleavage of a DNA 

hairpin by topoisomerase II. DNA secondary structure as a determinant of enzyme 

recognition/cleavage. The Journal of biological chemistry 1994, 269(10):7719-

7725. 

172. Arndt-Jovin DJ, Udvardy A, Garner MM, Ritter S, Jovin TM: Z-DNA binding 

and inhibition by GTP of Drosophila topoisomerase II. Biochemistry 1993, 

32(18):4862-4872. 

173. Chung IK, Mehta VB, Spitzner JR, Muller MT: Eukaryotic topoisomerase II 

cleavage of parallel stranded DNA tetraplexes. Nucleic acids research 1992, 

20(8):1973-1977. 

174. Liu LF, Rowe TC, Yang L, Tewey KM, Chen GL: Cleavage of DNA by 

mammalian DNA topoisomerase II. The Journal of biological chemistry 1983, 

258(24):15365-15370. 

175. Hsu JT, Sanders MM: Characterization of a segmented double-stranded RNA 

virus in Drosophila Kc cells. Nucleic acids research 1983, 11(11):3665-3678. 

176. Osheroff N: Role of the divalent cation in topoisomerase II mediated reactions. 

Biochemistry 1987, 26(20):6402-6406. 

177. Osheroff N, Zechiedrich EL: Calcium-promoted DNA cleavage by eukaryotic 

topoisomerase II: trapping the covalent enzyme-DNA complex in an active form. 

Biochemistry 1987, 26(14):4303-4309. 

178. Zechiedrich EL, Christiansen K, Andersen AH, Westergaard O, Osheroff N: 

Double-stranded DNA cleavage/religation reaction of eukaryotic topoisomerase 



139 
 

II: evidence for a nicked DNA intermediate. Biochemistry 1989, 28(15):6229-

6236. 

179. Andersen AH, Christiansen K, Zechiedrich EL, Jensen PS, Osheroff N, 

Westergaard O: Strand specificity of the topoisomerase II mediated double-

stranded DNA cleavage reaction. Biochemistry 1989, 28(15):6237-6244. 

180. Muller MT, Spitzner JR, DiDonato JA, Mehta VB, Tsutsui K, Tsutsui K: Single-

strand DNA cleavages by eukaryotic topoisomerase II. Biochemistry 1988, 

27(22):8369-8379. 

181. Sander M, Hsieh T: Double strand DNA cleavage by type II DNA topoisomerase 

from Drosophila melanogaster. The Journal of biological chemistry 1983, 

258(13):8421-8428. 

182. Evison BJ, Sleebs BE, Watson KG, Phillips DR, Cutts SM: Mitoxantrone, More 

than Just Another Topoisomerase II Poison. Medicinal research reviews 2016, 

36(2):248-299. 

183. Lindsley JE, Wang JC: Proteolysis patterns of epitopically labeled yeast DNA 

topoisomerase II suggest an allosteric transition in the enzyme induced by ATP 

binding. Proc Natl Acad Sci U S A 1991, 88(23):10485-10489. 

184. Osheroff N: Eukaryotic topoisomerase II. Characterization of enzyme turnover. 

The Journal of biological chemistry 1986, 261(21):9944-9950. 

185. Lindsley JE, Wang JC: On the coupling between ATP usage and DNA transport 

by yeast DNA topoisomerase II. The Journal of biological chemistry 1993, 

268(11):8096-8104. 

186. Baird CL, Harkins TT, Morris SK, Lindsley JE: Topoisomerase II drives DNA 

transport by hydrolyzing one ATP. Proc Natl Acad Sci U S A 1999, 

96(24):13685-13690. 

187. Robinson MJ, Osheroff N: Effects of antineoplastic drugs on the post-strand-

passage DNA cleavage/religation equilibrium of topoisomerase II. Biochemistry 

1991, 30(7):1807-1813. 

188. Roca J, Wang JC: DNA transport by a type II DNA topoisomerase: evidence in 

favor of a two-gate mechanism. Cell 1994, 77(4):609-616. 

189. Corbett AH, Fernald AW, Osheroff N: Protein kinase C modulates the catalytic 

activity of topoisomerase II by enhancing the rate of ATP hydrolysis: evidence for 

a common mechanism of regulation by phosphorylation. Biochemistry 1993, 

32(8):2090-2097. 



140 
 

190. Osheroff N, Shelton ER, Brutlag DL: DNA topoisomerase II from Drosophila 

melanogaster. Relaxation of supercoiled DNA. The Journal of biological 

chemistry 1983, 258(15):9536-9543. 

191. Kohn KW: DNA filter elution: a window on DNA damage in mammalian cells. 

BioEssays : news and reviews in molecular, cellular and developmental biology 

1996, 18(6):505-513. 

192. Holm C, Covey JM, Kerrigan D, Pommier Y: Differential requirement of DNA 

replication for the cytotoxicity of DNA topoisomerase I and II inhibitors in 

Chinese hamster DC3F cells. Cancer research 1989, 49(22):6365-6368. 

193. Wang JC: Cellular roles of DNA topoisomerases: a molecular perspective. Nature 

reviews Molecular cell biology 2002, 3(6):430-440. 

194. Nitiss JL: Investigating the biological functions of DNA topoisomerases in 

eukaryotic cells. Biochimica et biophysica acta 1998, 1400(1-3):63-81. 

195. Champoux JJ: DNA topoisomerases: structure, function, and mechanism. Annual 

review of biochemistry 2001, 70:369-413. 

196. Wilstermann AM, Osheroff N: Stabilization of eukaryotic topoisomerase II-DNA 

cleavage complexes. Current topics in medicinal chemistry 2003, 3(3):321-338. 

197. Liu LF, D'Arpa P: Topoisomerase-targeting antitumor drugs: mechanisms of 

cytotoxicity and resistance. Important advances in oncology 1992:79-89. 

198. D'Arpa P, Beardmore C, Liu LF: Involvement of nucleic acid synthesis in cell 

killing mechanisms of topoisomerase poisons. Cancer research 1990, 

50(21):6919-6924. 

199. Fortune JM, Osheroff N: Topoisomerase II as a target for anticancer drugs: when 

enzymes stop being nice. Progress in nucleic acid research and molecular 

biology 2000, 64:221-253. 

200. Ferguson LR, Baguley BC: Topoisomerase II enzymes and mutagenicity. 

Environmental and molecular mutagenesis 1994, 24(4):245-261. 

201. Bae YS, Kawasaki I, Ikeda H, Liu LF: Illegitimate recombination mediated by 

calf thymus DNA topoisomerase II in vitro. Proc Natl Acad Sci U S A 1988, 

85(7):2076-2080. 

202. Corbett AH, Osheroff N: When good enzymes go bad: conversion of 

topoisomerase II to a cellular toxin by antineoplastic drugs. Chemical research in 

toxicology 1993, 6(5):585-597. 



141 
 

203. Froelich-Ammon SJ, Osheroff N: Topoisomerase poisons: harnessing the dark 

side of enzyme mechanism. The Journal of biological chemistry 1995, 

270(37):21429-21432. 

204. Li TK, Liu LF: Tumor cell death induced by topoisomerase-targeting drugs. 

Annual review of pharmacology and toxicology 2001, 41:53-77. 

205. Walker JV, Nitiss JL: DNA topoisomerase II as a target for cancer chemotherapy. 

Cancer investigation 2002, 20(4):570-589. 

206. Hande KR: Clinical applications of anticancer drugs targeted to topoisomerase II. 

Biochimica et biophysica acta 1998, 1400(1-3):173-184. 

207. Hande KR: Etoposide: four decades of development of a topoisomerase II 

inhibitor. European journal of cancer 1998, 34(10):1514-1521. 

208. Baldwin EL, Osheroff N: Etoposide, topoisomerase II and cancer. Current 

medicinal chemistry Anti-cancer agents 2005, 5(4):363-372. 

209. Andoh T, Ishida R: Catalytic inhibitors of DNA topoisomerase II. Biochimica et 

biophysica acta 1998, 1400(1-3):155-171. 

210. Larsen AK, Escargueil AE, Skladanowski A: Catalytic topoisomerase II inhibitors 

in cancer therapy. Pharmacology & therapeutics 2003, 99(2):167-181. 

211. McClendon AK, Osheroff N: DNA topoisomerase II, genotoxicity, and cancer. 

Mutat Res 2007, 623(1-2):83-97. 

212. Pommier Y, Marchand C: Interfacial inhibitors of protein-nucleic acid 

interactions. Current medicinal chemistry Anti-cancer agents 2005, 5(4):421-429. 

213. Bender RP, Lindsey RH, Jr., Burden DA, Osheroff N: N-acetyl-p-benzoquinone 

imine, the toxic metabolite of acetaminophen, is a topoisomerase II poison. 

Biochemistry 2004, 43(12):3731-3739. 

214. Bender RP, Lehmler HJ, Robertson LW, Ludewig G, Osheroff N: Polychlorinated 

biphenyl quinone metabolites poison human topoisomerase IIalpha: altering 

enzyme function by blocking the N-terminal protein gate. Biochemistry 2006, 

45(33):10140-10152. 

215. Kingma PS, Osheroff N: The response of eukaryotic topoisomerases to DNA 

damage. Biochimica et biophysica acta 1998, 1400(1-3):223-232. 

216. Cline SD, Jones WR, Stone MP, Osheroff N: DNA abasic lesions in a different 

light: solution structure of an endogenous topoisomerase II poison. Biochemistry 

1999, 38(47):15500-15507. 



142 
 

217. Sabourin M, Osheroff N: Sensitivity of human type II topoisomerases to DNA 

damage: stimulation of enzyme-mediated DNA cleavage by abasic, oxidized and 

alkylated lesions. Nucleic acids research 2000, 28(9):1947-1954. 

218. Ratain MJ, Kaminer LS, Bitran JD, Larson RA, Le Beau MM, Skosey C, Purl S, 

Hoffman PC, Wade J, Vardiman JW et al: Acute nonlymphocytic leukemia 

following etoposide and cisplatin combination chemotherapy for advanced non-

small-cell carcinoma of the lung. Blood 1987, 70(5):1412-1417. 

219. Pui CH, Ribeiro RC, Hancock ML, Rivera GK, Evans WE, Raimondi SC, Head 

DR, Behm FG, Mahmoud MH, Sandlund JT et al: Acute myeloid leukemia in 

children treated with epipodophyllotoxins for acute lymphoblastic leukemia. The 

New England journal of medicine 1991, 325(24):1682-1687. 

220. Pui CH, Hancock ML, Raimondi SC, Head DR, Thompson E, Wilimas J, Kun 

LE, Bowman LC, Crist WM, Pratt CB: Myeloid neoplasia in children treated for 

solid tumours. Lancet 1990, 336(8712):417-421. 

221. Winick NJ, McKenna RW, Shuster JJ, Schneider NR, Borowitz MJ, Bowman 

WP, Jacaruso D, Kamen BA, Buchanan GR: Secondary acute myeloid leukemia 

in children with acute lymphoblastic leukemia treated with etoposide. Journal of 

clinical oncology : official journal of the American Society of Clinical Oncology 

1993, 11(2):209-217. 

222. Chak LY, Sikic BI, Tucker MA, Horns RC, Jr., Cox RS: Increased incidence of 

acute nonlymphocytic leukemia following therapy in patients with small cell 

carcinoma of the lung. Journal of clinical oncology : official journal of the 

American Society of Clinical Oncology 1984, 2(5):385-390. 

223. Felix CA: Secondary leukemias induced by topoisomerase-targeted drugs. 

Biochimica et biophysica acta 1998, 1400(1-3):233-255. 

224. Felix CA: Leukemias related to treatment with DNA topoisomerase II inhibitors. 

Medical and pediatric oncology 2001, 36(5):525-535. 

225. Felix CA, Kolaris CP, Osheroff N: Topoisomerase II and the etiology of 

chromosomal translocations. DNA Repair (Amst) 2006, 5(9-10):1093-1108. 

226. Smith MA, Rubinstein L, Anderson JR, Arthur D, Catalano PJ, Freidlin B, Heyn 

R, Khayat A, Krailo M, Land VJ et al: Secondary leukemia or myelodysplastic 

syndrome after treatment with epipodophyllotoxins. Journal of clinical oncology : 

official journal of the American Society of Clinical Oncology 1999, 17(2):569-

577. 

227. Felix CA, Lange BJ, Hosler MR, Fertala J, Bjornsti MA: Chromosome band 

11q23 translocation breakpoints are DNA topoisomerase II cleavage sites. Cancer 

research 1995, 55(19):4287-4292. 



143 
 

228. Lovett BD, Lo Nigro L, Rappaport EF, Blair IA, Osheroff N, Zheng N, 

Megonigal MD, Williams WR, Nowell PC, Felix CA: Near-precise 

interchromosomal recombination and functional DNA topoisomerase II cleavage 

sites at MLL and AF-4 genomic breakpoints in treatment-related acute 

lymphoblastic leukemia with t(4;11) translocation. Proc Natl Acad Sci U S A 

2001, 98(17):9802-9807. 

229. Lovett BD, Strumberg D, Blair IA, Pang S, Burden DA, Megonigal MD, 

Rappaport EF, Rebbeck TR, Osheroff N, Pommier YG et al: Etoposide 

metabolites enhance DNA topoisomerase II cleavage near leukemia-associated 

MLL translocation breakpoints. Biochemistry 2001, 40(5):1159-1170. 

230. Libura J, Slater DJ, Felix CA, Richardson C: Therapy-related acute myeloid 

leukemia-like MLL rearrangements are induced by etoposide in primary human 

CD34+ cells and remain stable after clonal expansion. Blood 2005, 105(5):2124-

2131. 

231. Moneypenny CG, Shao J, Song Y, Gallagher EP: MLL rearrangements are 

induced by low doses of etoposide in human fetal hematopoietic stem cells. 

Carcinogenesis 2006, 27(4):874-881. 

232. Libura J, Ward M, Solecka J, Richardson C: Etoposide-initiated MLL 

rearrangements detected at high frequency in human primitive hematopoietic stem 

cells with in vitro and in vivo long-term repopulating potential. European journal 

of haematology 2008, 81(3):185-195. 

233. Blanco JG, Edick MJ, Relling MV: Etoposide induces chimeric Mll gene fusions. 

FASEB journal : official publication of the Federation of American Societies for 

Experimental Biology 2004, 18(1):173-175. 

234. Felix CA, Lange BJ: Leukemia in infants. The oncologist 1999, 4(3):225-240. 

235. Rowley JD: The critical role of chromosome translocations in human leukemias. 

Annual review of genetics 1998, 32:495-519. 

236. Betti CJ, Villalobos MJ, Diaz MO, Vaughan AT: Apoptotic triggers initiate 

translocations within the MLL gene involving the nonhomologous end joining 

repair system. Cancer research 2001, 61(11):4550-4555. 

237. Betti CJ, Villalobos MJ, Diaz MO, Vaughan AT: Apoptotic stimuli initiate MLL-

AF9 translocations that are transcribed in cells capable of division. Cancer 

research 2003, 63(6):1377-1381. 

238. Vaughan AT, Betti CJ, Villalobos MJ, Premkumar K, Cline E, Jiang Q, Diaz MO: 

Surviving apoptosis: a possible mechanism of benzene-induced leukemia. 

Chemico-biological interactions 2005, 153-154:179-185. 



144 
 

239. Ross JA: Dietary flavonoids and the MLL gene: A pathway to infant leukemia? 

Proc Natl Acad Sci U S A 2000, 97(9):4411-4413. 

240. Pombo-de-Oliveira MS, Koifman S: Infant acute leukemia and maternal 

exposures during pregnancy. Cancer Epidemiol Biomarkers Prev 2006, 

15(12):2336-2341. 

241. Spector LG, Davies SM, Robison LL, Hilden JM, Roesler M, Ross JA: Birth 

characteristics, maternal reproductive history, and the risk of infant leukemia: a 

report from the Children's Oncology Group. Cancer Epidemiol Biomarkers Prev 

2007, 16(1):128-134. 

242. Canfield KN, Spector LG, Robison LL, Lazovich D, Roesler M, Olshan AF, 

Smith FO, Heerema NA, Barnard DR, Blair CK et al: Childhood and maternal 

infections and risk of acute leukaemia in children with Down syndrome: a report 

from the Children's Oncology Group. British journal of cancer 2004, 

91(11):1866-1872. 

243. Ross JA, Potter JD, Robison LL: Infant leukemia, topoisomerase II inhibitors, and 

the MLL gene. Journal of the National Cancer Institute 1994, 86(22):1678-1680. 

244. Ross JA, Potter JD, Reaman GH, Pendergrass TW, Robison LL: Maternal 

exposure to potential inhibitors of DNA topoisomerase II and infant leukemia 

(United States): a report from the Children's Cancer Group. Cancer causes & 

control : CCC 1996, 7(6):581-590. 

245. Ross JA: Maternal diet and infant leukemia: a role for DNA topoisomerase II 

inhibitors? International journal of cancer Supplement = Journal international du 

cancer Supplement 1998, 11:26-28. 

246. Kurzer MS, Xu X: Dietary phytoestrogens. Annual review of nutrition 1997, 

17:353-381. 

247. Scalbert A, Williamson G: Dietary intake and bioavailability of polyphenols. The 

Journal of nutrition 2000, 130(8S Suppl):2073S-2085S. 

248. Yao LH, Jiang YM, Shi J, Tomas-Barberan FA, Datta N, Singanusong R, Chen 

SS: Flavonoids in food and their health benefits. Plant foods for human nutrition 

2004, 59(3):113-122. 

249. Siddiqui IA, Adhami VM, Saleem M, Mukhtar H: Beneficial effects of tea and its 

polyphenols against prostate cancer. Molecular nutrition & food research 2006, 

50(2):130-143. 

250. Dragsted LO: Antioxidant actions of polyphenols in humans. International 

journal for vitamin and nutrition research Internationale Zeitschrift fur Vitamin- 

und Ernahrungsforschung Journal international de vitaminologie et de nutrition 

2003, 73(2):112-119. 



145 
 

251. Sang S, Hou Z, Lambert JD, Yang CS: Redox properties of tea polyphenols and 

related biological activities. Antioxidants & redox signaling 2005, 7(11-12):1704-

1714. 

252. Setchell KD, Zimmer-Nechemias L, Cai J, Heubi JE: Exposure of infants to 

phyto-oestrogens from soy-based infant formula. Lancet 1997, 350(9070):23-27. 

253. Whitten PL, Patisaul HB: Cross-species and interassay comparisons of 

phytoestrogen action. Environmental health perspectives 2001, 109 Suppl 1:5-20. 

254. Spector LG, Xie Y, Robison LL, Heerema NA, Hilden JM, Lange B, Felix CA, 

Davies SM, Slavin J, Potter JD et al: Maternal diet and infant leukemia: the DNA 

topoisomerase II inhibitor hypothesis: a report from the children's oncology 

group. Cancer Epidemiol Biomarkers Prev 2005, 14(3):651-655. 

255. Kalfalah FM, Mielke C, Christensen MO, Baechler S, Marko D, Boege F: 

Genotoxicity of dietary, environmental and therapeutic topoisomerase II poisons 

is uniformly correlated to prolongation of enzyme DNA residence. Molecular 

nutrition & food research 2011, 55 Suppl 1:S127-142. 

256. Azarova AM, Lin RK, Tsai YC, Liu LF, Lin CP, Lyu YL: Genistein induces 

topoisomerase IIbeta- and proteasome-mediated DNA sequence rearrangements: 

Implications in infant leukemia. Biochemical and biophysical research 

communications 2010, 399(1):66-71. 

257. Bandele OJ, Osheroff N: The efficacy of topoisomerase II-targeted anticancer 

agents reflects the persistence of drug-induced cleavage complexes in cells. 

Biochemistry 2008, 47(45):11900-11908. 

258. Bandele OJ, Osheroff N: Bioflavonoids as poisons of human topoisomerase II 

alpha and II beta. Biochemistry 2007, 46(20):6097-6108. 

259. Strick R, Strissel PL, Borgers S, Smith SL, Rowley JD: Dietary bioflavonoids 

induce cleavage in the MLL gene and may contribute to infant leukemia. Proc 

Natl Acad Sci U S A 2000, 97(9):4790-4795. 

260. Kong D, Xing L, Liu R, Jiang J, Wang W, Shang L, Wei X, Hao W: Individual 

and combined developmental toxicity assessment of bisphenol A and genistein 

using the embryonic stem cell test in vitro. Food and chemical toxicology : an 

international journal published for the British Industrial Biological Research 

Association 2013, 60:497-505. 

261. Constantinou A, Kiguchi K, Huberman E: Induction of differentiation and DNA 

strand breakage in human HL-60 and K-562 leukemia cells by genistein. Cancer 

research 1990, 50(9):2618-2624. 

262. Larocca LM, Teofili L, Sica S, Piantelli M, Maggiano N, Leone G, Ranelletti FO: 

Quercetin inhibits the growth of leukemic progenitors and induces the expression 



146 
 

of transforming growth factor-beta 1 in these cells. Blood 1995, 85(12):3654-

3661. 

263. Schroder-van der Elst JP, van der Heide D, Rokos H, Morreale de Escobar G, 

Kohrle J: Synthetic flavonoids cross the placenta in the rat and are found in fetal 

brain. The American journal of physiology 1998, 274(2 Pt 1):E253-256. 

264. Weiskotten HG, Gibbs CB, Boggs EO, Templeton ER: The Action of Benzol : 

VI. Benzol Vapor Leucopenia (Rabbit). The Journal of medical research 1920, 

41(4):425-438. 

265. Infante PF, Rinsky RA, Wagoner JK, Young RJ: Leukaemia in benzene workers. 

Lancet 1977, 2(8028):76-78. 

266. Rinsky RA, Smith AB, Hornung R, Filloon TG, Young RJ, Okun AH, Landrigan 

PJ: Benzene and leukemia. An epidemiologic risk assessment. The New England 

journal of medicine 1987, 316(17):1044-1050. 

267. Yin SN, Li Q, Liu Y, Tian F, Du C, Jin C: Occupational exposure to benzene in 

China. British journal of industrial medicine 1987, 44(3):192-195. 

268. Forni AM, Cappellini A, Pacifico E, Vigliani EC: Chromosome changes and their 

evolution in subjects with past exposure to benzene. Archives of environmental 

health 1971, 23(5):385-391. 

269. Snyder R, Kalf GF: A perspective on benzene leukemogenesis. Critical reviews in 

toxicology 1994, 24(3):177-209. 

270. Irons RD: Molecular models of benzene leukemogenesis. Journal of toxicology 

and environmental health Part A 2000, 61(5-6):391-397. 

271. Yin SN, Hayes RB, Linet MS, Li GL, Dosemeci M, Travis LB, Zhang ZN, Li 

DG, Chow WH, Wacholder S et al: An expanded cohort study of cancer among 

benzene-exposed workers in China. Benzene Study Group. Environmental health 

perspectives 1996, 104 Suppl 6:1339-1341. 

272. Hayes RB, Yin SN, Dosemeci M, Li GL, Wacholder S, Chow WH, Rothman N, 

Wang YZ, Dai TR, Chao XJ et al: Mortality among benzene-exposed workers in 

China. Environmental health perspectives 1996, 104 Suppl 6:1349-1352. 

273. Lovern MR, Cole CE, Schlosser PM: A review of quantitative studies of benzene 

metabolism. Critical reviews in toxicology 2001, 31(3):285-311. 

274. Snyder R, Hedli CC: An overview of benzene metabolism. Environmental health 

perspectives 1996, 104 Suppl 6:1165-1171. 

275. Golding BT, Watson WP: Possible mechanisms of carcinogenesis after exposure 

to benzene. IARC scientific publications 1999(150):75-88. 



147 
 

276. Ross D: The role of metabolism and specific metabolites in benzene-induced 

toxicity: evidence and issues. Journal of toxicology and environmental health 

Part A 2000, 61(5-6):357-372. 

277. Wiemels JL, Pagnamenta A, Taylor GM, Eden OB, Alexander FE, Greaves MF: 

A lack of a functional NAD(P)H:quinone oxidoreductase allele is selectively 

associated with pediatric leukemias that have MLL fusions. United Kingdom 

Childhood Cancer Study Investigators. Cancer research 1999, 59(16):4095-4099. 

278. Larson RA, Wang Y, Banerjee M, Wiemels J, Hartford C, Le Beau MM, Smith 

MT: Prevalence of the inactivating 609C-->T polymorphism in the 

NAD(P)H:quinone oxidoreductase (NQO1) gene in patients with primary and 

therapy-related myeloid leukemia. Blood 1999, 94(2):803-807. 

279. Smith MT, Wang Y, Skibola CF, Slater DJ, Lo Nigro L, Nowell PC, Lange BJ, 

Felix CA: Low NAD(P)H:quinone oxidoreductase activity is associated with 

increased risk of leukemia with MLL translocations in infants and children. Blood 

2002, 100(13):4590-4593. 

280. Lindsey RH, Bender RP, Osheroff N: Stimulation of topoisomerase II-mediated 

DNA cleavage by benzene metabolites. Chemico-biological interactions 2005, 

153-154:197-205. 

281. Smith MT: The mechanism of benzene-induced leukemia: a hypothesis and 

speculations on the causes of leukemia. Environmental health perspectives 1996, 

104 Suppl 6:1219-1225. 

282. Hiraku Y, Kawanishi S: Oxidative DNA damage and apoptosis induced by 

benzene metabolites. Cancer research 1996, 56(22):5172-5178. 

283. Winn LM: Homologous recombination initiated by benzene metabolites: a 

potential role of oxidative stress. Toxicological sciences : an official journal of 

the Society of Toxicology 2003, 72(1):143-149. 

284. Shen Y, Shen HM, Shi CY, Ong CN: Benzene metabolites enhance reactive 

oxygen species generation in HL60 human leukemia cells. Human & 

experimental toxicology 1996, 15(5):422-427. 

285. Kuo ML, Shiah SG, Wang CJ, Chuang SE: Suppression of apoptosis by Bcl-2 to 

enhance benzene metabolites-induced oxidative DNA damage and mutagenesis: 

A possible mechanism of carcinogenesis. Molecular pharmacology 1999, 

55(5):894-901. 

286. Rappaport SM, Waidyanatha S, Qu Q, Shore R, Jin X, Cohen B, Chen LC, 

Melikian AA, Li G, Yin S et al: Albumin adducts of benzene oxide and 1,4-

benzoquinone as measures of human benzene metabolism. Cancer research 2002, 

62(5):1330-1337. 



148 
 

287. Frantz CE, Chen H, Eastmond DA: Inhibition of human topoisomerase II in vitro 

by bioactive benzene metabolites. Environmental health perspectives 1996, 104 

Suppl 6:1319-1323. 

288. Baker RK, Kurz EU, Pyatt DW, Irons RD, Kroll DJ: Benzene metabolites 

antagonize etoposide-stabilized cleavable complexes of DNA topoisomerase 

IIalpha. Blood 2001, 98(3):830-833. 

289. Chen H, Eastmond DA: Topoisomerase inhibition by phenolic metabolites: a 

potential mechanism for benzene's clastogenic effects. Carcinogenesis 1995, 

16(10):2301-2307. 

290. Lindsey RH, Jr., Bromberg KD, Felix CA, Osheroff N: 1,4-Benzoquinone is a 

topoisomerase II poison. Biochemistry 2004, 43(23):7563-7574. 

291. Wang H, Mao Y, Chen AY, Zhou N, LaVoie EJ, Liu LF: Stimulation of 

topoisomerase II-mediated DNA damage via a mechanism involving protein 

thiolation. Biochemistry 2001, 40(11):3316-3323. 

292. Wang L, He X, Bi Y, Ma Q: Stem cell and benzene-induced malignancy and 

hematotoxicity. Chemical research in toxicology 2012, 25(7):1303-1315. 

293. Alexander FE, Patheal SL, Biondi A, Brandalise S, Cabrera ME, Chan LC, Chen 

Z, Cimino G, Cordoba JC, Gu LJ et al: Transplacental chemical exposure and risk 

of infant leukemia with MLL gene fusion. Cancer research 2001, 61(6):2542-

2546. 

294. Stapleton HM, Klosterhaus S, Keller A, Ferguson PL, van Bergen S, Cooper E, 

Webster TF, Blum A: Identification of flame retardants in polyurethane foam 

collected from baby products. Environmental science & technology 2011, 

45(12):5323-5331. 

295. Ward MH, Colt JS, Metayer C, Gunier RB, Lubin J, Crouse V, Nishioka MG, 

Reynolds P, Buffler PA: Residential exposure to polychlorinated biphenyls and 

organochlorine pesticides and risk of childhood leukemia. Environmental health 

perspectives 2009, 117(6):1007-1013. 

296. Engel LS, Lan Q, Rothman N: Polychlorinated biphenyls and non-Hodgkin 

lymphoma. Cancer Epidemiol Biomarkers Prev 2007, 16(3):373-376. 

297. Ward MH, Colt JS, Deziel NC, Whitehead TP, Reynolds P, Gunier RB, Nishioka 

M, Dahl GV, Rappaport SM, Buffler PA et al: Residential levels of 

polybrominated diphenyl ethers and risk of childhood acute lymphoblastic 

leukemia in California. Environmental health perspectives 2014, 122(10):1110-

1116. 

298. Lyche JL, Rosseland C, Berge G, Polder A: Human health risk associated with 

brominated flame-retardants (BFRs). Environ Int 2015, 74:170-180. 



149 
 

299. Birnbaum LS, Staskal DF: Brominated flame retardants: Cause for concern? 

Environmental health perspectives 2004, 112(1):9-17. 

300. Canesi L, Lorusso LC, Ciacci C, Betti M, Gallo G: Effects of the brominated 

flame retardant tetrabromobisphenol-A (TBBPA) on cell signaling and function 

of Mytilus hemocytes: Involvement of MAP kinases and protein kinase C. Aquat 

Toxicol 2005, 75(3):277-287. 

301. Cope RB, Kacew S, Dourson M: A reproductive, developmental and 

neurobehavioral study following oral exposure of tetrabromobisphenol A on 

Sprague-Dawley rats. Toxicology 2015, 329:49-59. 

302. Fowles JR, Fairbrother A, Baechersteppan L, Kerkvliet NI: Immunological and 

Endocrine Effects of the Flame-Retardant Pentabromodiphenyl Ether (De-71) in 

C57bl/6j Mice. Toxicology 1994, 86(1-2):49-61. 

303. Van Rossum F, Meerts P, Gratia E, Tanghe M: Ecological amplitude in Silene 

nutans in relation to allozyme variation at the western margin of its distribution. J 

Veg Sci 1999, 10(2):253-260. 

304. Kitamura S, Suzuki T, Sanoh S, Kohta R, Jinno N, Sugihara K, Yoshihara S, 

Fujimoto N, Watanabe H, Ohta S: Comparative study of the endocrine-disrupting 

activity of bisphenol A and 19 related compounds. Toxicological Sciences 2005, 

84(2):249-259. 

305. Ashby J, Tinwell H: Uterotrophic activity of bisphenol A in the immature rat. 

Environmental health perspectives 1998, 106(11):719-720. 

306. Kim HS, Han SY, Yoo SD, Lee BM, Park KL: Potential estrogenic effects of 

bisphenol-A estimated by in vitro and in vivo combination assays. The Journal of 

toxicological sciences 2001, 26(3):111-118. 

307. Pompeia C, Boaventura MF, Curi R: Antiapoptotic effect of dipyrone on HL-60, 

Jurkat and Raji cell lines submitted to UV irradiation, arachidonic acid and 

cycloheximide treatments. International immunopharmacology 2001, 1(12):2173-

2182. 

308. Wilstermann AM, Bender RP, Godfrey M, Choi S, Anklin C, Berkowitz DB, 

Osheroff N, Graves DE: Topoisomerase II - drug interaction domains: 

identification of substituents on etoposide that interact with the enzyme. 

Biochemistry 2007, 46(28):8217-8225. 

309. Bender RP, Jablonksy MJ, Shadid M, Romaine I, Dunlap N, Anklin C, Graves 

DE, Osheroff N: Substituents on etoposide that interact with human 

topoisomerase IIalpha in the binary enzyme-drug complex: contributions to 

etoposide binding and activity. Biochemistry 2008, 47(15):4501-4509. 



150 
 

310. Long BH, Musial ST, Brattain MG: Comparison of cytotoxicity and DNA 

breakage activity of congeners of podophyllotoxin including VP16-213 and 

VM26: a quantitative structure-activity relationship. Biochemistry 1984, 

23(6):1183-1188. 

311. Elsea SH, McGuirk PR, Gootz TD, Moynihan M, Osheroff N: Drug features that 

contribute to the activity of quinolones against mammalian topoisomerase II and 

cultured cells: correlation between enhancement of enzyme-mediated DNA 

cleavage in vitro and cytotoxic potential. Antimicrobial agents and chemotherapy 

1993, 37(10):2179-2186. 

312. Bandele OJ, Clawson SJ, Osheroff N: Dietary polyphenols as topoisomerase II 

poisons: B ring and C ring substituents determine the mechanism of enzyme-

mediated DNA cleavage enhancement. Chemical research in toxicology 2008, 

21(6):1253-1260. 

313. Kim HK, Zwelling LA, Sacks PG, Hong WK, Chan D, Silberman L, Glisson BS: 

Effect of retinoic acid on DNA cleavage and cytotoxicity of topoisomerase II-

reactive drugs in a human head and neck squamous carcinoma cell line. Cancer 

research 1989, 49(5):1197-1201. 

314. Jing Y, Hashimoto S, Nakajo S, Nakaya K: Topoisomerase inhibitors potentiate 

the effect of retinoic acid on cell growth inhibition and induction of differentiation 

of leukemia HL-60 cells. Leukemia research 1994, 18(4):299-304. 

315. Aoyama M, Grabowski DR, Isaacs RJ, Krivacic KA, Rybicki LA, Bukowski RM, 

Ganapathi MK, Hickson ID, Ganapathi R: Altered expression and activity of 

topoisomerases during all-trans retinoic acid-induced differentiation of HL-60 

cells. Blood 1998, 92(8):2863-2870. 

316. Li X, Li Y, Shen X, Fu S, Han S, Feng Q: All-trans retinoic acid suppresses 

topoisomerase IIalpha through the proteasomal pathway. Anti-cancer drugs 2015, 

26(7):737-746. 

317. Sies H: Oxidative stress: oxidants and antioxidants. Experimental physiology 

1997, 82(2):291-295. 

318. Betteridge DJ: What is oxidative stress? Metabolism: clinical and experimental 

2000, 49(2 Suppl 1):3-8. 

319. Jones DP: Redefining oxidative stress. Antioxidants & redox signaling 2006, 8(9-

10):1865-1879. 

320. de M Bandeira S, da Fonseca LJ, da SGG, Rabelo LA, Goulart MO, Vasconcelos 

SM: Oxidative stress as an underlying contributor in the development of chronic 

complications in diabetes mellitus. International journal of molecular sciences 

2013, 14(2):3265-3284. 



151 
 

321. Agnez-Lima LF, Melo JT, Silva AE, Oliveira AH, Timoteo AR, Lima-Bessa KM, 

Martinez GR, Medeiros MH, Di Mascio P, Galhardo RS et al: DNA damage by 

singlet oxygen and cellular protective mechanisms. Mutat Res 2012. 

322. Ames BN, Shigenaga MK, Hagen TM: Oxidants, antioxidants, and the 

degenerative diseases of aging. Proc Natl Acad Sci U S A 1993, 90(17):7915-

7922. 

323. Berquist BR, Wilson DM, 3rd: Pathways for repairing and tolerating the spectrum 

of oxidative DNA lesions. Cancer letters 2012, 327(1-2):61-72. 

324. Riley PA: Free radicals in biology: oxidative stress and the effects of ionizing 

radiation. International journal of radiation biology 1994, 65(1):27-33. 

325. Dizdaroglu M: Oxidatively induced DNA damage: mechanisms, repair and 

disease. Cancer letters 2012, 327(1-2):26-47. 

326. Cook JA, Gius D, Wink DA, Krishna MC, Russo A, Mitchell JB: Oxidative 

stress, redox, and the tumor microenvironment. Seminars in radiation oncology 

2004, 14(3):259-266. 

327. Lindahl T: Instability and decay of the primary structure of DNA. Nature 1993, 

362:709-715. 

328. Friedberg EC: DNA damage and repair. Nature 2003, 421(6921):436-440. 

329. Ciccia A, Elledge SJ: The DNA damage response: making it safe to play with 

knives. Mol Cell 2010, 40(2):179-204. 

330. Hoeijmakers JH: DNA damage, aging, and cancer. The New England journal of 

medicine 2009, 361(15):1475-1485. 

331. Cadet J, Ravanat JL, TavernaPorro M, Menoni H, Angelov D: Oxidatively 

generated complex DNA damage: tandem and clustered lesions. Cancer letters 

2012, 327(1-2):5-15. 

332. Clerkin JS, Naughton R, Quiney C, Cotter TG: Mechanisms of ROS modulated 

cell survival during carcinogenesis. Cancer letters 2008, 266(1):30-36. 

333. Panayiotidis M: Reactive oxygen species (ROS) in multistage carcinogenesis. 

Cancer letters 2008, 266(1):3-5. 

334. Sallmyr A, Fan J, Rassool FV: Genomic instability in myeloid malignancies: 

increased reactive oxygen species (ROS), DNA double strand breaks (DSBs) and 

error-prone repair. Cancer letters 2008, 270(1):1-9. 

335. Gutowski M, Kowalczyk S: A study of free radical chemistry: their role and 

pathophysiological significance. Acta biochimica Polonica 2013, 60(1):1-16. 



152 
 

336. Rubattu S, Mennuni S, Testa M, Mennuni M, Pierelli G, Pagliaro B, Gabriele E, 

Coluccia R, Autore C, Volpe M: Pathogenesis of chronic cardiorenal syndrome: is 

there a role for oxidative stress? International journal of molecular sciences 2013, 

14(11):23011-23032. 

337. Yan S, Sorrell M, Berman Z: Functional interplay between ATM/ATR-mediated 

DNA damage response and DNA repair pathways in oxidative stress. Cell Mol 

Life Sci 2014, 71(20):3951-3967. 

338. Chung YJ, Robert C, Gough SM, Rassool FV, Aplan PD: Oxidative stress leads 

to increased mutation frequency in a murine model of myelodysplastic syndrome. 

Leukemia research 2014, 38(1):95-102. 

339. Zhou D, Shao L, Spitz DR: Reactive oxygen species in normal and tumor stem 

cells. Advances in cancer research 2014, 122:1-67. 

340. Yahata T, Muguruma Y, Yumino S, Sheng Y, Uno T, Matsuzawa H, Ito M, Kato 

S, Hotta T, Ando K: Quiescent human hematopoietic stem cells in the bone 

marrow niches organize the hierarchical structure of hematopoiesis. Stem cells 

2008, 26(12):3228-3236. 

341. Yahata T, Takanashi T, Muguruma Y, Ibrahim AA, Matsuzawa H, Uno T, Sheng 

Y, Onizuka M, Ito M, Kato S et al: Accumulation of oxidative DNA damage 

restricts the self-renewal capacity of human hematopoietic stem cells. Blood 2011, 

118(11):2941-2950. 

342. Owusu-Ansah E, Banerjee U: Reactive oxygen species prime Drosophila 

haematopoietic progenitors for differentiation. Nature 2009, 461(7263):537-541. 

343. Saretzki G, Armstrong L, Leake A, Lako M, von Zglinicki T: Stress defense in 

murine embryonic stem cells is superior to that of various differentiated murine 

cells. Stem cells 2004, 22(6):962-971. 

344. Kumari U, Ya Jun W, Huat Bay B, Lyakhovich A: Evidence of mitochondrial 

dysfunction and impaired ROS detoxifying machinery in Fanconi anemia cells. 

Oncogene 2014, 33(2):165-172. 

345. Niwa H, Yamamura K, Miyazaki J: Efficient selection for high-expression 

transfectants with a novel eukaryotic vector. Gene 1991, 108(2):193-199. 

346. Elliott B, Richardson C, Jasin M: Chromosomal translocation mechanisms at 

intronic alu elements in mammalian cells. Molecular cell 2005, 17(6):885-894. 

347. Moynahan ME, Akgun E, Jasin M: A model for testing recombinogenic 

sequences in the mouse germline. Human molecular genetics 1996, 5(7):875-886. 



153 
 

348. Gu Y, Alder H, Nakamura T, Schichman SA, Prasad R, Canaani O, Saito H, 

Croce CM, Canaani E: Sequence analysis of the breakpoint cluster region in the 

ALL-1 gene involved in acute leukemia. Cancer Res 1994, 54(9):2326-2330. 

349. Nilson I, Lochner K, Siegler G, Greil J, Beck JD, Fey GH, Marschalek R: 

Exon/intron structure of the human ALL-1 (MLL) gene involved in translocations 

to chromosomal region 11q23 and acute leukaemias. British journal of 

haematology 1996, 93(4):966-972. 

350. Franke AA, Custer LJ, Wang W, Shi CY: HPLC analysis of isoflavonoids and 

other phenolic agents from foods and from human fluids. P Soc Exp Biol Med 

1998, 217(3):263-273. 

351. Hollman PCH, vanTrijp JMP, Mengelers MJB, deVries JHM, Katan MB: 

Bioavailability of the dietary antioxidant flavonol quercetin in man. Cancer 

letters 1997, 114(1-2):139-140. 

352. Strick R, Strissel PL, Borgers S, Smith SL, Rowley JD: Dietary bioflavonoids 

induce cleavage in the MLL gene and may contribute to infant leukemia. P Natl 

Acad Sci USA 2000, 97(9):4790-4795. 

353. Alexander FE, Patheal SL, Biondi A, Brandalise S, Cabrera ME, Chan LC, Chen 

Z, Cimino G, Cordoba JC, Gu LJ et al: Transplacental chemical exposure and risk 

of infant leukemia with MLL gene fusion. Cancer Research 2001, 61(6):2542-

2546. 

354. Smith MT: Advances in Understanding Benzene Health Effects and 

Susceptibility. Annu Rev Publ Health 2010, 31:133-148. 

355. Eden T: Aetiology of childhood leukaemia. Cancer Treat Rev 2010, 36(4):286-

297. 

356. Tung EWY, Philbrook NA, MacDonald KDD, Winn LM: DNA Double-Strand 

Breaks and DNA Recombination in Benzene Metabolite-Induced Genotoxicity. 

Toxicological Sciences 2012, 126(2):569-577. 

357. Hope KJ, Jin LQ, Dick JE: Human acute myeloid leukemia stem cells. Arch Med 

Res 2003, 34(6):507-514. 

358. Zhang YM, Rowley JD: Chromatin structural elements and chromosomal 

translocations in leukemia. DNA Repair 2006, 5(9-10):1282-1297. 

359. Elliott B, Richardson C, Jasin M: Chromosomal translocation mechanisms at 

intronic Alu elements in mammalian cells. Mol Cell 2005, 17(6):885-894. 

360. Zhang Y, Strissel P, Strick R, Chen J, Nucifora G, Le Beau MM, Larson RA, 

Rowley JD: Genomic DNA breakpoints in AML1/RUNX1 and ETO cluster with 



154 
 

topoisomerase II DNA cleavage and DNase I hypersensitive sites in t(8;21) 

leukemia. Proc Natl Acad Sci U S A 2002, 99(5):3070-3075. 

361. Strissel PL, Strick R, Rowley JD, Zeleznik-Le NJ: An in vivo topoisomerase II 

cleavage site and a DNase I hypersensitive site colocalize near exon 9 in the MLL 

breakpoint cluster region. Blood 1998, 92(10):3793-3803. 

362. Aplan PD, Chervinsky DS, Stanulla M, Burhans WC: Site-specific DNA cleavage 

within the MLL breakpoint cluster region induced by topoisomerase II inhibitors. 

Blood 1996, 87(7):2649-2658. 

363. Strick R, Zhang Y, Emmanuel N, Strissel PL: Common chromatin structures at 

breakpoint cluster regions may lead to chromosomal translocations found in 

chronic and acute leukemias. Human genetics 2006, 119(5):479-495. 

364. Deininger PL, Batzer MA: Alu repeats and human disease. Molecular genetics 

and metabolism 1999, 67(3):183-193. 

365. Kolomietz E, Meyn MS, Pandita A, Squire JA: The role of Alu repeat clusters as 

mediators of recurrent chromosomal aberrations in tumors. Genes, chromosomes 

& cancer 2002, 35(2):97-112. 

366. Jeffs AR, Wells E, Morris CM: Nonrandom distribution of interspersed repeat 

elements in the BCR and ABL1 genes and its relation to breakpoint cluster 

regions. Genes, chromosomes & cancer 2001, 32(2):144-154. 

367. Hess JL: MLL: a histone methyltransferase disrupted in leukemia. Trends in 

molecular medicine 2004, 10(10):500-507. 

368. Caligiuri MA, Strout MP, Schichman SA, Mrozek K, Arthur DC, Herzig GP, 

Baer MR, Schiffer CA, Heinonen K, Knuutila S et al: Partial tandem duplication 

of ALL1 as a recurrent molecular defect in acute myeloid leukemia with trisomy 

11. Cancer research 1996, 56(6):1418-1425. 

369. Schichman SA, Caligiuri MA, Strout MP, Carter SL, Gu Y, Canaani E, 

Bloomfield CD, Croce CM: ALL-1 tandem duplication in acute myeloid leukemia 

with a normal karyotype involves homologous recombination between Alu 

elements. Cancer research 1994, 54(16):4277-4280. 

370. Strout MP, Marcucci G, Bloomfield CD, Caligiuri MA: The partial tandem 

duplication of ALL1 (MLL) is consistently generated by Alu-mediated 

homologous recombination in acute myeloid leukemia. Proc Natl Acad Sci U S A 

1998, 95(5):2390-2395. 

371. Onno M, Nakamura T, Hillova J, Hill M: Rearrangement of the human tre 

oncogene by homologous recombination between Alu repeats of nucleotide 

sequences from two different chromosomes. Oncogene 1992, 7(12):2519-2523. 



155 
 

372. Visser AE, Aten JA: Chromosomes as well as chromosomal subdomains 

constitute distinct units in interphase nuclei. Journal of cell science 1999, 112 ( Pt 

19):3353-3360. 

373. Ma Y, Schwarz K, Lieber MR: The Artemis:DNA-PKcs endonuclease cleaves 

DNA loops, flaps, and gaps. DNA Repair (Amst) 2005, 4(7):845-851. 

374. Yannone SM, Khan IS, Zhou RZ, Zhou T, Valerie K, Povirk LF: Coordinate 5' 

and 3' endonucleolytic trimming of terminally blocked blunt DNA double-strand 

break ends by Artemis nuclease and DNA-dependent protein kinase. Nucleic 

acids research 2008, 36(10):3354-3365. 

375. Klein CB, King AA: Genistein genotoxicity: critical considerations of in vitro 

exposure dose. Toxicology and applied pharmacology 2007, 224(1):1-11. 

376. Padilla-Banks E, Jefferson WN, Newbold RR: Neonatal exposure to the 

phytoestrogen genistein alters mammary gland growth and developmental 

programming of hormone receptor levels. Endocrinology 2006, 147(10):4871-

4882. 

377. Horn-Ross PL, John EM, Lee M, Stewart SL, Koo J, Sakoda LC, Shiau AC, 

Goldstein J, Davis P, Perez-Stable EJ: Phytoestrogen consumption and breast 

cancer risk in a multiethnic population: the Bay Area Breast Cancer Study. 

American journal of epidemiology 2001, 154(5):434-441. 

378. Mulligan AA, Welch AA, McTaggart AA, Bhaniani A, Bingham SA: Intakes and 

sources of soya foods and isoflavones in a UK population cohort study (EPIC-

Norfolk). European journal of clinical nutrition 2007, 61(2):248-254. 

379. Setchell KD, Brown NM, Zimmer-Nechemias L, Brashear WT, Wolfe BE, 

Kirschner AS, Heubi JE: Evidence for lack of absorption of soy isoflavone 

glycosides in humans, supporting the crucial role of intestinal metabolism for 

bioavailability. The American journal of clinical nutrition 2002, 76(2):447-453. 

380. Ross JA, Kasum CM: Dietary flavonoids: bioavailability, metabolic effects, and 

safety. Annual review of nutrition 2002, 22:19-34. 

381. Todaka E, Sakurai K, Fukata H, Miyagawa H, Uzuki M, Omori M, Osada H, 

Ikezuki Y, Tsutsumi O, Iguchi T et al: Fetal exposure to phytoestrogens--the 

difference in phytoestrogen status between mother and fetus. Environmental 

research 2005, 99(2):195-203. 

382. Zandvliet DW, Hanby AM, Austin CA, Marsh KL, Clark IB, Wright NA, 

Poulsom R: Analysis of foetal expression sites of human type II DNA 

topoisomerase alpha and beta mRNAs by in situ hybridisation. Biochimica et 

biophysica acta 1996, 1307(2):239-247. 



156 
 

383. Hande KR, Wedlund PJ, Noone RM, Wilkinson GR, Greco FA, Wolff SN: 

Pharmacokinetics of high-dose etoposide (VP-16-213) administered to cancer 

patients. Cancer research 1984, 44(1):379-382. 

384. Infante PF: Leukemia among workers exposed to benzene. Texas reports on 

biology and medicine 1978, 37:153-161. 

385. Rinsky RA, Hornung RW, Silver SR, Tseng CY: Benzene exposure and 

hematopoietic mortality: A long-term epidemiologic risk assessment. Am J Ind 

Med 2002, 42(6):474-480. 

386. Zanrosso CW, Emerenciano M, Goncalves BAD, Faro A, Koifman S, Pombo-De-

Oliveira MS: N-Acetyltransferase 2 Polymorphisms and Susceptibility to Infant 

Leukemia with Maternal Exposure to Dipyrone during Pregnancy. Cancer 

Epidem Biomar 2010, 19(12):3037-3043. 

387. Sommers CH, Schiestl RH: Effect of benzene and its closed ring metabolites on 

intrachromosomal recombination in Saccharomyces cerevisiae. Mutat Res 2006, 

593(1-2):1-8. 

388. Zhang L, Eastmond DA, Smith MT: The nature of chromosomal aberrations 

detected in humans exposed to benzene. Critical reviews in toxicology 2002, 

32(1):1-42. 

389. Sole F, Caballin MR, Coll MD, Woessner S, Egozcue J: Acute lymphoblastic 

leukemia with t(4;11) in a patient previously exposed to a carcinogen. Cancer 

genetics and cytogenetics 1990, 49(1):133-136. 

390. Abernethy DJ, Kleymenova EV, Rose J, Recio L, Faiola B: Human CD34+ 

hematopoietic progenitor cells are sensitive targets for toxicity induced by 1,4-

benzoquinone. Toxicol Sci 2004, 79(1):82-89. 

391. Wester RC, Melendres J, Hui X, Cox R, Serranzana S, Zhai H, Quan D, Maibach 

HI: Human in vivo and in vitro hydroquinone topical bioavailability, metabolism, 

and disposition. Journal of toxicology and environmental health Part A 1998, 

54(4):301-317. 

392. Levitt J: The safety of hydroquinone: a dermatologist's response to the 2006 

Federal Register. Journal of the American Academy of Dermatology 2007, 

57(5):854-872. 

393. Deisinger PJ, Hill TS, English JC: Human exposure to naturally occurring 

hydroquinone. Journal of toxicology and environmental health 1996, 47(1):31-46. 

394. Guan Y, Hogge DE: Proliferative status of primitive hematopoietic progenitors 

from patients with acute myelogenous leukemia (AML). Leukemia 2000, 

14(12):2135-2141. 



157 
 

395. Buick RN, Till JE, McCulloch EA: Colony assay for proliferative blast cells 

circulating in myeloblastic leukaemia. Lancet 1977, 1(8016):862-863. 

396. Ailles LE, Gerhard B, Hogge DE: Detection and characterization of primitive 

malignant and normal progenitors in patients with acute myelogenous leukemia 

using long-term coculture with supportive feeder layers and cytokines. Blood 

1997, 90(7):2555-2564. 

397. Minden MD, Till JE, McCulloch EA: Proliferative state of blast cell progenitors 

in acute myeloblastic leukemia (AML). Blood 1978, 52(3):592-600. 

398. Ponchio L, Conneally E, Eaves C: Quantitation of the quiescent fraction of long-

term culture-initiating cells in normal human blood and marrow and the kinetics 

of their growth factor-stimulated entry into S-phase in vitro. Blood 1995, 

86(9):3314-3321. 

399. Young DC, Wagner K, Griffin JD: Constitutive expression of the granulocyte-

macrophage colony-stimulating factor gene in acute myeloblastic leukemia. The 

Journal of clinical investigation 1987, 79(1):100-106. 

400. Oster W, Cicco NA, Klein H, Hirano T, Kishimoto T, Lindemann A, 

Mertelsmann RH, Herrmann F: Participation of the cytokines interleukin 6, tumor 

necrosis factor-alpha, and interleukin 1-beta secreted by acute myelogenous 

leukemia blasts in autocrine and paracrine leukemia growth control. The Journal 

of clinical investigation 1989, 84(2):451-457. 

401. Ailles LE, Gerhard B, Kawagoe H, Hogge DE: Growth characteristics of acute 

myelogenous leukemia progenitors that initiate malignant hematopoiesis in 

nonobese diabetic/severe combined immunodeficient mice. Blood 1999, 

94(5):1761-1772. 

402. Gartner S, Kaplan HS: Long-term culture of human bone marrow cells. Proc Natl 

Acad Sci U S A 1980, 77(8):4756-4759. 

403. Greenberger JS: The hematopoietic microenvironment. Critical reviews in 

oncology/hematology 1991, 11(1):65-84. 

404. Mayani H, Guilbert LJ, Janowska-Wieczorek A: Biology of the hemopoietic 

microenvironment. European journal of haematology 1992, 49(5):225-233. 

405. Vanhees K, de Bock L, Godschalk RW, van Schooten FJ, van Waalwijk van 

Doorn-Khosrovani SB: Prenatal exposure to flavonoids: implication for cancer 

risk. Toxicological sciences : an official journal of the Society of Toxicology 

2011, 120(1):59-67. 

406. Glass DC, Gray CN, Jolley DJ, Gibbons C, Sim MR, Fritschi L, Adams GG, 

Bisby JA, Manuell R: Leukemia risk associated with low-level benzene exposure. 

Epidemiology 2003, 14(5):569-577. 



158 
 

407. Glass DC, Sim MR, Fritschi L, Gray CN, Jolley DJ, Gibbons C: Leukemia risk 

and relevant benzene exposure period - Re: Follow-up time on risk estimates, Am 

J Ind Med 42 : 481-489, 2002. Am J Ind Med 2004, 45(2):222-223. 

408. Goldstein BD: Benzene as a cause of lymphoproliferative disorders. Chemico-

biological interactions 2010, 184(1-2):147-150. 

409. Abernethy DJ, Kleymenova EV, Rose J, Recio L, Faiola B: Human CD34(+) 

hematopoietic progenitor cells are sensitive targets for toxicity induced by 1,4-

benzoquinone. Toxicological Sciences 2004, 79(1):82-89. 

410. Barjesteh van Waalwijk van Doorn-Khosrovani S, Janssen J, Maas LM, 

Godschalk RW, Nijhuis JG, van Schooten FJ: Dietary flavonoids induce MLL 

translocations in primary human CD34+ cells. Carcinogenesis 2007, 28(8):1703-

1709. 

411. Libura J, Ward M, Solecka J, Richardson C: Etoposide-initiated MLL 

rearrangements detected at high frequency in human primitive hematopoietic stem 

cells with in vitro and in vivo long-term repopulating potential. European journal 

of haematology 2008, 81(3):185-195. 

412. Hao QL, Shah AJ, Thiemann FT, Smogorzewska EM, Crooks GM: A functional 

comparison of CD34 + CD38- cells in cord blood and bone marrow. Blood 1995, 

86(10):3745-3753. 

413. Zagozdzon R, Golab J: Cancer stem cells in haematological malignancies. 

Contemporary oncology 2015, 19(1A):A1-6. 

414. Canaani E, Nowell PC, Croce CM: Molecular genetics of 11q23 chromosome 

translocations. Advances in cancer research 1995, 66:213-234. 

415. Adlercreutz H: Phyto-oestrogens and cancer. The Lancet Oncology 2002, 

3(6):364-373. 

416. Morito K, Aomori T, Hirose T, Kinjo J, Hasegawa J, Ogawa S, Inoue S, 

Muramatsu M, Masamune Y: Interaction of phytoestrogens with estrogen 

receptors alpha and beta (II). Biological & pharmaceutical bulletin 2002, 

25(1):48-52. 

417. Morito K, Hirose T, Kinjo J, Hirakawa T, Okawa M, Nohara T, Ogawa S, Inoue 

S, Muramatsu M, Masamune Y: Interaction of phytoestrogens with estrogen 

receptors alpha and beta. Biological & pharmaceutical bulletin 2001, 24(4):351-

356. 

418. Akiyama T, Ishida J, Nakagawa S, Ogawara H, Watanabe S, Itoh N, Shibuya M, 

Fukami Y: Genistein, a specific inhibitor of tyrosine-specific protein kinases. The 

Journal of biological chemistry 1987, 262(12):5592-5595. 



159 
 

419. Constantinou A, Huberman E: Genistein as an inducer of tumor cell 

differentiation: possible mechanisms of action. Proceedings of the Society for 

Experimental Biology and Medicine Society for Experimental Biology and 

Medicine 1995, 208(1):109-115. 

420. Francis GE, Tejedor MC, Berney JJ, Chresta CM, Delgado C, Patel P: Effects of 

DNA topoisomerase II inhibitors on human bone marrow progenitor cells. 

Leukemia 1994, 8(1):121-128. 

421. Yamada S, Ando K, Koike S, Isono K: Accelerated bone marrow recovery from 

radiation damage in etoposide-pretreated mice. International journal of radiation 

oncology, biology, physics 1994, 29(3):621-625. 

422. Maubach J, Bracke ME, Heyerick A, Depypere HT, Serreyn RF, Mareel MM, De 

Keukeleire D: Quantitation of soy-derived phytoestrogens in human breast tissue 

and biological fluids by high-performance liquid chromatography. Journal of 

chromatography B, Analytical technologies in the biomedical and life sciences 

2003, 784(1):137-144. 

423. Safford B, Dickens A, Halleron N, Briggs D, Carthew P, Baker V: A model to 

estimate the oestrogen receptor mediated effects from exposure to soy isoflavones 

in food. Regulatory toxicology and pharmacology : RTP 2003, 38(2):196-209. 

424. Scambia G, Panici PB, Ranelletti FO, Ferrandina G, De Vincenzo R, Piantelli M, 

Masciullo V, Bonanno G, Isola G, Mancuso S: Quercetin enhances transforming 

growth factor beta 1 secretion by human ovarian cancer cells. International 

journal of cancer Journal international du cancer 1994, 57(2):211-215. 

425. Keller JR, Jacobsen SE, Dubois CM, Hestdal K, Ruscetti FW: Transforming 

growth factor-beta: a bidirectional regulator of hematopoietic cell growth. 

International journal of cell cloning 1992, 10(1):2-11. 

426. Aglietta M, Stacchini A, Severino A, Sanavio F, Ferrando ML, Piacibello W: 

Interaction of transforming growth factor-beta 1 with hemopoietic growth factors 

in the regulation of human normal and leukemic myelopoiesis. Experimental 

hematology 1989, 17(3):296-299. 

427. Jacobsen SE, Keller JR, Ruscetti FW, Kondaiah P, Roberts AB, Falk LA: 

Bidirectional effects of transforming growth factor beta (TGF-beta) on colony-

stimulating factor-induced human myelopoiesis in vitro: differential effects of 

distinct TGF-beta isoforms. Blood 1991, 78(9):2239-2247. 

428. Landete JM: Updated knowledge about polyphenols: functions, bioavailability, 

metabolism, and health. Critical reviews in food science and nutrition 2012, 

52(10):936-948. 

429. Setchell KD, Brown NM, Desai P, Zimmer-Nechemias L, Wolfe BE, Brashear 

WT, Kirschner AS, Cassidy A, Heubi JE: Bioavailability of pure isoflavones in 



160 
 

healthy humans and analysis of commercial soy isoflavone supplements. The 

Journal of nutrition 2001, 131(4 Suppl):1362S-1375S. 

430. Tung EW, Philbrook NA, Macdonald KD, Winn LM: DNA double-strand breaks 

and DNA recombination in benzene metabolite-induced genotoxicity. 

Toxicological sciences : an official journal of the Society of Toxicology 2012, 

126(2):569-577. 

431. Gasiewicz TA, Singh KP, Casado FL: The aryl hydrocarbon receptor has an 

important role in the regulation of hematopoiesis: implications for benzene-

induced hematopoietic toxicity. Chemico-biological interactions 2010, 184(1-

2):246-251. 

432. Yoon BI, Hirabayashi Y, Kawasaki Y, Kodama Y, Kaneko T, Kanno J, Kim DY, 

Fujii-Kuriyama Y, Inoue T: Aryl hydrocarbon receptor mediates benzene-induced 

hematotoxicity. Toxicological sciences : an official journal of the Society of 

Toxicology 2002, 70(1):150-156. 

433. Gasiewicz TA, Henry EC, Collins LL: Expression and activity of aryl 

hydrocarbon receptors in development and cancer. Critical reviews in eukaryotic 

gene expression 2008, 18(4):279-321. 

434. Harper PA, Riddick DS, Okey AB: Regulating the regulator: factors that control 

levels and activity of the aryl hydrocarbon receptor. Biochemical pharmacology 

2006, 72(3):267-279. 

435. Mitchell KA, Elferink CJ: Timing is everything: consequences of transient and 

sustained AhR activity. Biochemical pharmacology 2009, 77(6):947-956. 

436. Singh KP, Wyman A, Casado FL, Garrett RW, Gasiewicz TA: Treatment of mice 

with the Ah receptor agonist and human carcinogen dioxin results in altered 

numbers and function of hematopoietic stem cells. Carcinogenesis 2009, 

30(1):11-19. 

437. Hirabayashi Y, Yoon BI, Li GX, Fujii-Kuriyama Y, Kaneko T, Kanno J, Inoue T: 

Benzene-induced hematopoietic toxicity transmitted by AhR in wild-type mouse 

and nullified by repopulation with AhR-deficient bone marrow cells: time after 

benzene treatment and recovery. Chemosphere 2008, 73(1 Suppl):S290-294. 

438. Hinz B, Cheremina O, Bachmakov J, Renner B, Zolk O, Fromm MF, Brune K: 

Dipyrone elicits substantial inhibition of peripheral cyclooxygenases in humans: 

new insights into the pharmacology of an old analgesic. FASEB journal : official 

publication of the Federation of American Societies for Experimental Biology 

2007, 21(10):2343-2351. 

439. Jackson AL, Loeb LA: The contribution of endogenous sources of DNA damage 

to the multiple mutations in cancer. Mutat Res 2001, 477(1-2):7-21. 



161 
 

440. Olinski R, Gackowski D, Foksinski M, Rozalski R, Roszkowski K, Jaruga P: 

Oxidative DNA damage: assessment of the role in carcinogenesis, atherosclerosis, 

and acquired immunodeficiency syndrome. Free Radic Biol Med 2002, 

33(2):192-200. 

441. Wang MC, Bohmann D, Jasper H: JNK signaling confers tolerance to oxidative 

stress and extends lifespan in Drosophila. Dev Cell 2003, 5(5):811-816. 

442. Rossi DJ, Jamieson CH, Weissman IL: Stems cells and the pathways to aging and 

cancer. Cell 2008, 132(4):681-696. 

443. Trushina E, McMurray CT: Oxidative stress and mitochondrial dysfunction in 

neurodegenerative diseases. Neuroscience 2007, 145(4):1233-1248. 

444. Er TK, Tsai SM, Wu SH, Chiang W, Lin HC, Lin SF, Wu SH, Tsai LY, Liu TZ: 

Antioxidant status and superoxide anion radical generation in acute myeloid 

leukemia. Clinical biochemistry 2007, 40(13-14):1015-1019. 

445. Li L, Li M, Sun C, Francisco L, Chakraborty S, Sabado M, McDonald T, Gyorffy 

J, Chang K, Wang S et al: Altered hematopoietic cell gene expression precedes 

development of therapy-related myelodysplasia/acute myeloid leukemia and 

identifies patients at risk. Cancer cell 2011, 20(5):591-605. 

446. Zhou FL, Zhang WG, Wei YC, Meng S, Bai GG, Wang BY, Yang HY, Tian W, 

Meng X, Zhang H et al: Involvement of oxidative stress in the relapse of acute 

myeloid leukemia. The Journal of biological chemistry 2010, 285(20):15010-

15015. 

447. Ergene U, Cagirgan S, Pehlivan M, Yilmaz M, Tombuloglu M: Factors 

influencing engraftment in autologous peripheral hematopoetic stem cell 

transplantation (PBSCT). Transfusion and apheresis science : official journal of 

the World Apheresis Association : official journal of the European Society for 

Haemapheresis 2007, 36(1):23-29. 

448. Rossi DJ, Bryder D, Seita J, Nussenzweig A, Hoeijmakers J, Weissman IL: 

Deficiencies in DNA damage repair limit the function of haematopoietic stem 

cells with age. Nature 2007, 447(7145):725-729. 

449. Rossi DJ, Seita J, Czechowicz A, Bhattacharya D, Bryder D, Weissman IL: 

Hematopoietic stem cell quiescence attenuates DNA damage response and 

permits DNA damage accumulation during aging. Cell cycle 2007, 6(19):2371-

2376. 

450. Beerman I, Seita J, Inlay MA, Weissman IL, Rossi DJ: Quiescent hematopoietic 

stem cells accumulate DNA damage during aging that is repaired upon entry into 

cell cycle. Cell Stem Cell 2014, 15(1):37-50. 



162 
 

451. Oh J, Lee YD, Wagers AJ: Stem cell aging: mechanisms, regulators and 

therapeutic opportunities. Nat Med 2014, 20(8):870-880. 

452. Urao N, Ushio-Fukai M: Redox regulation of stem/progenitor cells and bone 

marrow niche. Free Radic Biol Med 2013, 54:26-39. 

453. Ushio-Fukai M, Rehman J: Redox and metabolic regulation of stem/progenitor 

cells and their niche. Antioxidants & redox signaling 2014, 21(11):1587-1590. 

454. Zhou F, Shen Q, Claret FX: Novel roles of reactive oxygen species in the 

pathogenesis of acute myeloid leukemia. Journal of leukocyte biology 2013, 

94(3):423-429. 

455. Hasler CM: Functional foods: benefits, concerns and challenges-a position paper 

from the american council on science and health. The Journal of nutrition 2002, 

132(12):3772-3781. 

456. Harper DP, Aplan PD: Chromosomal rearrangements leading to MLL gene 

fusions: clinical and biological aspects. Cancer research 2008, 68(24):10024-

10027. 

457. Liu LF: DNA topoisomerase poisons as antitumor drugs. Annual review of 

biochemistry 1989, 58:351-375. 

458. Osheroff N, Corbett AH, Robinson MJ: Mechanism of action of topoisomerase II-

targeted antineoplastic drugs. Advances in pharmacology 1994, 29B:105-126. 

459. Pedersen-Bjergaard J, Philip P: Balanced translocations involving chromosome 

bands 11q23 and 21q22 are highly characteristic of myelodysplasia and leukemia 

following therapy with cytostatic agents targeting at DNA-topoisomerase II. 

Blood 1991, 78(4):1147-1148. 

460. Trask BJ: Fluorescence in situ hybridization: applications in cytogenetics and 

gene mapping. Trends in genetics : TIG 1991, 7(5):149-154. 

461. Schrock E, du Manoir S, Veldman T, Schoell B, Wienberg J, Ferguson-Smith 

MA, Ning Y, Ledbetter DH, Bar-Am I, Soenksen D et al: Multicolor spectral 

karyotyping of human chromosomes. Science 1996, 273(5274):494-497. 

462. Parekh C, Crooks GM: Critical differences in hematopoiesis and lymphoid 

development between humans and mice. Journal of clinical immunology 2013, 

33(4):711-715. 

463. Shao L, Feng W, Lee KJ, Chen BP, Zhou D: A sensitive and quantitative 

polymerase chain reaction-based cell free in vitro non-homologous end joining 

assay for hematopoietic stem cells. PLoS One 2012, 7(3):e33499. 



163 
 

464. Mohrin M, Bourke E, Alexander D, Warr MR, Barry-Holson K, Le Beau MM, 

Morrison CG, Passegue E: Hematopoietic stem cell quiescence promotes error-

prone DNA repair and mutagenesis. Cell Stem Cell 2010, 7(2):174-185. 

465. Milyavsky M, Gan OI, Trottier M, Komosa M, Tabach O, Notta F, Lechman E, 

Hermans KG, Eppert K, Konovalova Z et al: A distinctive DNA damage response 

in human hematopoietic stem cells reveals an apoptosis-independent role for p53 

in self-renewal. Cell Stem Cell 2010, 7(2):186-197. 

466. Doulatov S, Notta F, Laurenti E, Dick JE: Hematopoiesis: a human perspective. 

Cell Stem Cell 2012, 10(2):120-136. 

467. Bracker TU, Giebel B, Spanholtz J, Sorg UR, Klein-Hitpass L, Moritz T, 

Thomale J: Stringent regulation of DNA repair during human hematopoietic 

differentiation: a gene expression and functional analysis. Stem cells 2006, 

24(3):722-730. 

468. Buschfort-Papewalis C, Moritz T, Liedert B, Thomale J: Down-regulation of 

DNA repair in human CD34(+) progenitor cells corresponds to increased drug 

sensitivity and apoptotic response. Blood 2002, 100(3):845-853. 

469. MacRae SL, Croken MM, Calder RB, Aliper A, Milholland B, White RR, 

Zhavoronkov A, Gladyshev VN, Seluanov A, Gorbunova V et al: DNA repair in 

species with extreme lifespan differences. Aging 2015, 7(12):1171-1184. 

470. Lerou PH, Yabuuchi A, Huo H, Miller JD, Boyer LF, Schlaeger TM, Daley GQ: 

Derivation and maintenance of human embryonic stem cells from poor-quality in 

vitro fertilization embryos. Nature protocols 2008, 3(5):923-933. 

471. Richards M, Bongso A: Propagation of human embryonic stem cells on human 

feeder cells. Methods in molecular biology 2006, 331:23-41. 

472. Bodnar MS, Meneses JJ, Rodriguez RT, Firpo MT: Propagation and maintenance 

of undifferentiated human embryonic stem cells. Stem cells and development 

2004, 13(3):243-253. 

473. Hovatta O, Mikkola M, Gertow K, Stromberg AM, Inzunza J, Hreinsson J, Rozell 

B, Blennow E, Andang M, Ahrlund-Richter L: A culture system using human 

foreskin fibroblasts as feeder cells allows production of human embryonic stem 

cells. Human reproduction 2003, 18(7):1404-1409. 

474. Lee JB, Song JM, Lee JE, Park JH, Kim SJ, Kang SM, Kwon JN, Kim MK, Roh 

SI, Yoon HS: Available human feeder cells for the maintenance of human 

embryonic stem cells. Reproduction 2004, 128(6):727-735. 

475. Peppas NA, Sahlin JJ: Hydrogels as mucoadhesive and bioadhesive materials: a 

review. Biomaterials 1996, 17(16):1553-1561. 



164 
 

476. Lewis FC, Bryan N, Hunt JA: A feeder-free, human plasma-derived hydrogel for 

maintenance of a human embryonic stem cell phenotype in vitro. Cell 

regeneration 2012, 1(1):6. 



165 
 

APPENDIX A: PUBLICATIONS AND PRESENTATIONS 

Publications: 

Vestal CG, Bariar B, Deem B, Engledove W, Richardson C. MLL-AF9 bcr translocations 

induced by common bioflavonoids independent of chromosomal context: a model system 

to rapidly screen environmental risks. 2016 

Submitted to: Environmental and molecular mutagenesis 

 

Benedetto G, Vestal CG, Richardson C. Aptamer-Functionalized Nanoparticles as "Smart 

Bombs": The Unrealized Potential for Personalized Medicine and Targeted Cancer 

Treatment. Target Oncol. 2015; 10(4):467-85. 

 

Richardson C, Yan S, Vestal CG. Oxidative stress, bone marrow failure, and genome 

instability in hematopoietic stem cells. Int J Mol Sci. 2015; 16(2):2366-85. 

 

Tait DL, Bahrani-Mostafavi Z, Vestal CG, Richardson C, Mostafavi T. Down-regulation 

of HOXC6 in Serous Ovarian Cancer. Cancer Invest. 2015; 33(7):303-11. 

 

Bariar B, Vestal CG, Richardson C. Long-term effects of chromatin remodeling and 

DNA damage in stem cells induced by environmental and dietary agents. J Environ 

Pathol Toxicol Oncol. 2013; 32(4):307-27. 

 

White RR, Sung P, Vestal CG, Benedetto G, Cornelio N, Richardson C. Double-strand 

break repair by interchromosomal recombination: an in vivo repair mechanism utilized 

by multiple somatic tissues in mammals. PLoS One. 2013; 8(12): e84379.  

 

Presentations: 

American Association for Cancer Research Annual Meeting, poster presentation, 2014. 

Bahrani-Mostafavi Z, Yeganeh PN, Parrott ME, Vestal CG, Richardson C, Tait DL, 

Mostafavi MT, PAX8 Protein Detection in Serum of Patients with Serous Ovarian 

Cancer. 

 

New York Academy of Sciences conference; The Bone Marrow Niche, Stem Cells and 

Leukemia: Impact of Drugs, Chemicals, and the Environment, poster presentation, 2013. 

Vestal, G; Richardson, C. Identification of Dietary and Environmental compounds that 

promote MLL-AF9 Translocations. 

 

UNC Charlotte Graduate Research Symposium, oral presentation, 2013. 

Vestal, G; Richardson, C. The potential for dietary compounds to promote chromosomal 

translocations associated with leukemia. 

 

American Association for Cancer Research Annual Meeting, poster presentation, 2013. 

Tait DL, Bahrani-Mostafavi Z, Vestal CG, Richardson C, Mostafavi T. Down-regulation 

of HOXC6 in Serous Ovarian Cancer. 

 

 

http://www.ncbi.nlm.nih.gov/pubmed/?term=long-term+impact+of+chromatin+remodeling+on+stem+cells
http://www.ncbi.nlm.nih.gov/pubmed/?term=long-term+impact+of+chromatin+remodeling+on+stem+cells


166 
 

UNC Charlotte Departmental Seminar, oral presentation, 2012. 

Vestal, G., Richardson, C. The potential for dietary compounds to promote a leukemic 

translocation at different stages of hematopoiesis. 

 

American Society of Hematology Annual Meeting and Exposition, poster presentation, 

2012. 

Vestal, G; Richardson, C. System for Rapid and Reproducible Identification of MLL-AF9 

Translocations Induced by Dietary Compounds and Nutritional Supplements. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



167 
 

APPENDIX B: MLL-AF9 BCR TRANSLOCATIONS INDUCED BY COMMON 

BIOFLAVONOIDS INDEPENDENT OF CHROMOSOMAL CONTEXT: 

A MODEL SYSTEM TO RAPIDLY SCREEN ENVIRONMENTAL RISKS 

 

C. Greer Vestal a, Bhawana Bariar a, Bradley Deema, R. Warren Engledove a,  

and Christine Richardson a,* 

 

Submitted to: Environmental and Molecular Mutagenesis 
a University of North Carolina at Charlotte, Dept of Biological Sciences and Center for 

Biomedical Engineering and Science, 9201 University City Boulevard, Charlotte NC, 

28223  

* to whom correspondence should be addressed. Dr. Christine Richardson, PhD, University 

of North Carolina at Charlotte, Dept of Biological Sciences and Center for Biomedical 

Engineering and Science, 9201 University City Boulevard, Woodward 386B, Charlotte NC 

28223 

 

Keywords:  

infant acute leukemia, AML, environmental toxicology, in utero exposure, bioflavonoids, 

DNA repair, topoisomerase II, chromosomal translocations, genome instability 

 

Abstract: 

Infant acute leukemias are aggressive and characterized by rapid onset shortly after birth. 

The majority harbor translocations involving the MLL gene with AF9 one of its most 

common fusion partners. The overlap of MLL breakpoint junction sequences associated 

with both infant acute leukemia and therapy-related leukemia following exposure to the 

topoisomerase II inhibitor etoposide led to the hypothesis that exposure during pregnancy 

to compounds biochemically similar to etoposide such as bioflavonoids may promote 

infant acute leukemia. Both MLL and AF9 loci contain breakpoint cluster regions (bcrs) 

with sequence motifs hypothesized to be targets of topoisomerase II inhibitors that promote 

translocation formation. We established stem cell reporter system to systematically 

examine the potential for such compounds to promote chromosomal translocations 

between the MLL and AF9 bcrs analogous to those in infant leukemia. This system 

demonstrated that bioflavonoids genistein and quercetin, most biochemically similar to 

etoposide, were potent promoters of MLL-AF9 translocations stimulating them at least 2 

logs. The system provides a clear readout of relative risk of translocation formation with 

genistein and quercetin showing strong association, myricetin showing weak but consistent 

association, but other compounds showing minimal association. The MLL and AF9 bcrs 

were sensitive to these agents and recombinogenic independent of chromosomal context 

suggesting the bcr sequences themselves are drivers of illegitimate DNA repair reactions 

and translocations, not generation of functional oncogenic fusions. This system provides 

for rapid simple systematic screening of relative risk, dose dependence, and combinatorial 

impact of multitudes of dietary and environmental exposures on MLL-AF9 translocations.  
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Introduction 

Infant acute leukemias account for approximately 30% of all childhood 

malignancies in the Western world. Infant leukemias are characterized by rapid onset less 

than one year of age, progress rapidly, and are aggressively invasive [1-3]. Acute 

lymphoblastic leukemia (ALL) is the more predominant form of infant leukemia while 

acute myeloblastic leukemia (AML) accounts for about 18% of cases [4]. Approximately 

85% of infant ALL and 50% of infant AML cases involve rearrangements of the MLL gene 

at chromosomal position 11q23 [5-7] that may initially form in utero [8-11]. More than 75 

fusion partner genes for MLL have been identified [12]. This particularly broad spectrum 

of rearrangements is a hallmark of MLL and may reflect an inherent recombinogenic nature 

of the locus, or the centrality of the MLL protein in hematopoietic development and 

differentiation such that rearrangements often possess leukemogenic potential. MLL-AF9 

t(9;11)(p22;q23) fusion is one of the most common MLL translocations [5,12] associated 

with infant ALL [13], therapy-related AML (t-AML) [14], and a smaller portion of adult 

ALL and AML. Leukemias with the MLL-AF9 fusion are clinically aggressive, difficult 

to treat, often resistant to traditional therapy regimens with the intensive therapies generally 

being toxic, and have poor prognosis.  

The significant majority of MLL translocation breakpoints in clinical samples occur 

in the well-characterized 8.2 kb breakpoint cluster region (bcr) fragment [11,12,14-16] 

containing multiple topoisomeraseII (topoII) cleavage sites, Alu repetitive sequences, 

DNaseI hypersensitive sites, and high affinity scaffold associated region (SAR) [14,17]. 

The AF9 locus has two bcr regions identified from clinical samples of t-AML, infant AML 

and adult ALL patients [18]; bcr1 within intron 4 and bcr2 spanning introns 7 and 8 [14]. 

Elements similar to the MLL bcr have been identified including a topoII cleavage site and 

a DNaseI hypersensitivity site located within intron 7 in bcr2 and two SARs at the borders 

of both AF9 bcrs [14,19].  

Exposure to topoII inhibitors (or poisons) such as etoposide is predominantly 

associated with t-MLL-rearranged leukemias [20-28]. TopoII is an essential cellular 

enzyme that catalyzes changes in DNA topology via its cleavage-religation equilibrium 

[29,30]. Inhibitors stabilize topoII-DNA covalent complexes, most often by decreasing the 

rate of religation in a dose-dependent manner, resulting in accumulation of double-strand 

breaks (DSBs), p53 activation, and induction of repair or apoptosis [31-33].  

Since MLL breakpoint sequences associated with infant acute leukemia are similar 

to those in t-AML following etoposide-containing regimens [34,35], it has been 

hypothesized that exposure during pregnancy to biochemically similar compounds 

including bioflavonoids may promote infant acute leukemia [36-38]. The most common 

sources of bioflavonoids are fruits, vegetables, soy, tea, coffee, wine, and over-the-counter 

supplements [37,39]. Due to their antioxidant capacity, bioflavonoids are used for their 

presumed health benefits such as protection against cardiovascular diseases, cancer and 

inflammation. However, they have pleiotropic effects on cells, and their direct role in any 

single pathway has been less clear [38,40]. 

Similar to etoposide, bioflavonoids genistein and quercetin contain pendant rings 

that feature a 4’-OH group essential for activity. Genistein and quercetin and other 
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bioflavonoids inhibit topoII and topoII activity [41-43], induce in vitro MLL gene 

cleavage, and result in detection of MLL rearrangements by detectable by inverse PCR 

[39,44] or karyotype analysis [45]. These data, along with a few epidemiological studies, 

suggest they may contribute to infant leukemia from in utero exposure from maternal diet 

[36,37,46-50] [39] [51,52], although the relative potency of compounds or their additive, 

synergistic, or even quenching effects on the potential to promote translocations remains 

unclear. MLL bcr cleavage and rearrangements have also been detected following exposure 

of cells to multiple non-genotoxic agents, possibly due to apoptotic DNA fragmentation 

[53-56] or exposure to environmental DNA damaging agents [57], underscoring the 

importance of screening a large number of compounds to determine their relative potential 

for initiating MLL translocation events. 

 We established a stem cell reporter system that can systematically examine the 

potential for a large panel of compounds to promote DNA DSBs and chromosomal 

translocations between the MLL and AF9 bcrs analogous to those observed in infant 

leukemia. For this we generated stem cell reporter cell lines such that illegitimate DNA 

repair by nonhomologous end-joining (NHEJ) producing a chromosomal translocation 

between MLL and AF9 bcrs results in a functional full-length green fluorescent protein 

(GFP) transcript. This system enabled us to determine (1) if MLL and AF9 bcrs that undergo 

DSBs are recombinogenic independent of chromosomal context or fusion protein; (2) if a 

panel of bioflavonoids have the potential to promote these translocations analogous to 

those observed in infant leukemia; and (3) if a panel of bioflavonoids demonstrate 

quantifiably different abilities to promote such events. 

 These studies demonstrated that bioflavonoids genistein and quercetin are potent 

promoters that directly lead to MLL-AF9 bcr translocations, while myricetin consistently 

but weakly leads to MLL-AF9 bcr translocations. Notably, benzoquinone that is associated 

with topoII inhibition did not promote MLL-AF9 translocations even at high doses. The 

sensitivity of the MLL and AF9 bcrs to bioflavonoids was independent of their normal 

chromatin context and independent of the formation of any leukemic fusion protein. These 

studies provide a relative range of the susceptibility of these two bcrs to these agents and 

their susceptibility to illegitimate NHEJ repair that results in translocations. This reporter 

system provides for rapid, simple, reproducible, and systematic screening of relative risk, 

dose dependence, and combinatorial impact of multitudes of compounds in diet and 

environment that may have direct potential to promote leukemogenic translocations. 

Materials and Methods 

Transgene constructs: Two green fluorescent protein (GFP) gene reporters were generated 

(Figure 1A). NZE-GFP fragment of GFP open reading frame (orf) was inserted into 

pCAGGs [58]. To engineer GFP into two exons, adenovirus intron sequence 246 

nucleotides [22,59] was inserted into the GFP orf between the GG doublet (nucleotides 

241/242). This GFP-intron plasmid generated two separate constructs. GFPe1: contained 

-actin promoter, 5’ engineered exon 1 with the first 233 nucleotides of the 

GFP orf, splice donor (sd), 160 nucleotides of adenovirus intron to the HindIII site [22,59], 

an I-SceI endonuclease recognition site within an inserted HindIII-ISceI-XhoI linker (H3-

S-X). GFPe2: contained an I-SceI endonuclease recognition site within a XhoI-ISceI-
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HindIII linker (X-S-H3), 76 nucleotides of adenovirus intron from the HindIII site to a 

splice acceptor (sa) [22,59] -globin polyA. 

Blunt-ended Xho1-XhoI fragment of GFPe1 was inserted into intron 11 in blunt-ended 

XbaI site of the huMLL bcr 8.2 kb BamHI-BamHI [15] (numbering based on Nilson et al 

[16]) (Figure 1B). Blunt-ended XhoI-PstI fragment of GFPe2 was inserted into intron 7 of 

the huAF9 bcr2 region 8.94 kb (1276-10221 of AL513498GenBank) between topoII 

cleavage site and exon 8 (4015 1.18 kb 5’ of exon 8) [14] (Figure 1B). Constructs were 

verified by sequencing (Sequetech Corporation, CA, USA).  

Generation of cell lines: Constructs were transfected into EtG2a mouse embryonic stem 

(ES) cells [22,60] to generate a huMLL-huAF9 bcr reporter system. Co-transfection with 

either puromycin or neomycin resistance gene-containing plasmids was used for drug 

selection. 2 x 107 cells were transfected by electroporation with the linearized GFPe1-

huMLL bcr construct and pMCneo containing the neomycin gene. 24 hours post-

[22,60]. DNA extracted 

from G418R clones was screened for single copy GFPe1-huMLL construct by Southern 

blotting using a GFPe1 fragment as probe on DNA digested with appropriate 

endonucleases (BgIII/XbaI; BamHI/BglII; EcoRV; New England Biolabs Inc.). 2 x 107 

GFPe1-huMLL cells were transfected by electroporation with the linearized GFPe2-huAF9 

bcr construct and pgk-puro. 24 hours post-

puromycin 10 days [22,60]. DNA extracted from PuroR clones was screened for single 

copy of the GFPe2-AF9 construct by Southern blotting using a GFPe2 fragment as probe 

on DNA digested with appropriate endonucleases (KpnI; BamHI; NcoI; BamHI/BglII; 

XhoI; PstI; New England Biolabs Inc.). Inserts were confirmed by PCR and sequencing 

(Sequetech Corporation, California). Single copy clones MAG1, MAG2 and MAG3 were 

used. 

DSB induction and translocation formation by I-SceI expression: DSBs were induced by 

ISceI expression of the pCBASce expression vector [60]. 2 x 107 MAG cells per cohort 

were electroporated with (a) no DNA, (b) 40µg NZE-GFP expression plasmid, or (c) 20µg 

pCBASce expression plasmid. Cells were plated at 4 x 106 cells. Surviving cells were 

determined 24 hours post electroporation [22,60]. All cohorts were screened every 24hrs 

for GFP expression at 400X magnification on an inverted Zeiss Axiovert25 microscope 

with images recoded by Zeiss AxioCam MRc digital camera.  

Cell viability following exposure to potential topoII inhibitors: 1 X 106 MAG cells each 

quercetin, dipyrone, or benzoquinone 1hr 37oC. Cells were then trypsinized, washed 1X 

PBS, and replated. Surviving cells were determined for each dose at 24, 36 and 72 hrs. The 

percentage of surviving cells and standard deviations were determined. n=3 

DSB induction and translocation formation by potential topoII inhibitors: 1 x 107 cells 

MAG cells per cohort were treated with each compound 1hr 37oC. Compounds were 

 

inhibitor. Following exposure, cells were trypsinized, washed 1X PBS, and replated. All 

treatment cohorts were further washed with 1X PBS (twice daily on the first two days after 
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treatment, and once every day after that), supplemented with fresh medium and screened 

each 24hrs for GFP+ fluorescence at 400X magnification on an inverted Zeiss Axiovert25 

microscope with images recoded by Zeiss AxioCam MRc digital camera. n=3  

Results 

Independently derived reporter cell lines MAG1, MAG2, and MAG3 with single 

copy insertions of the GFPe1-huMLL bcr and GFPe2-huAF9 bcr constructs were utilized. 

GFP reporters were upstream (GFPe1) or downstream (GFPe2) of strong topoII cleavage 

sites and mapped breakpoints identified in clinical samples of infant- and t-AML [61] [14]. 

Construct design allowed for determining if the compounds promote DSBs in the bcrs 

independent of chromatin context [62,63] and promote illegitimate NHEJ to result in 

translocations. A translocation by this mechanism will ligate the GFPe1 exon and the 

GFPe2 exon onto the same DNA duplex and generate a functional GFP gene 

(GFP+)(Figure 1). To validate the system and confirm a lack of cryptic splice sites within 

the intervening bcr regions, I-SceI endonuclease-induced DSBs were generated. DSB 

induction significantly stimulated illegitimate NHEJ DNA repair between the huMLL and 

huAF9 bcrs in all three parental cell lines resulting in readily observable GFP+ fluorescent 

cells by 72 hours (Table 1; Figure 2). The frequencies of interchromosomal illegitimate 

NHEJ translocations were calculated to be highest in MAG1, intermediate in MAG2, and 

lowest in MAG3 (2.5×10-6 ± 0.2×10-6, 1.2×10-6± 0.1×10-6, 0.6×10-6± 0.4×10-6 respectively) 

at average calculated frequency of 1.4×10-6 ± 0.3×10-6. While all cell lines readily produced 

detectable GFP+ colonies, the average number of GFP+ colonies detected was statistically 

different between all groups (t-test; 1vs2 p=0.0025; 2vs3 p=0.02; 1vs3 p=0.0014). The 

observed frequency of translocations by I-SceI here was approximately 4-fold lower than 

a previous model system that utilized I-SceI to induce NHEJ translocations promoted by 

the presence of homologous Alu cassettes [22]. 

MAG1 cells were exposed to the bioflavonoids genistein, luteolin, myricetin, or 

quercetin, as well as the non-steroidal anti-inflammatory drug dipyrone or the 

environmental toxin benzoquinone –

Dose-dependent cell survival assays demonstrated 25-70% cell survival within these 

ranges, although consistent with other reports all compounds resulted in some cell death in 

a dose dependent manner (Supplemental Figure 1). The highest doses used for exposures 

to score for GFP+ events demonstrated approximately 75% cell survival at 24hr post-

exposure (Supplemental Figure 1). Following exposure, compounds were washed away, 

and cells cultured to allow for DNA repair by illegitimate NHEJ and a chromosomal 

translocation resulting in GFP+ cells (Figure 1). GFP+ cells were scorable by 96 hrs (Figure 

2, Table 2). By contrast, in the absence of DSBs, none of the parental cell lines generated 

GFP+ cells over 6 passages (frequency calculated < 7.2×10-8; Table 2) indicating that the 

formation of stable translocations in the absence of a promoting event or factor is extremely 

rare, calculated at more than 2 logs lower frequency. Etoposide is a known potent inhibitor 

of topoII and well-associated with the induction of MLL rearrangements. As expected, 

increasing numbers of GFP+ cells. The average frequencies of NHEJ repair and 

translocations increased from 1.2×10-6± 2.0×10-6, 5.2×10-6± 4.1×10-6, and 10.5×10-6± 

9.5×10-6 
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identified GFP+ cells did not proliferate in culture likely due to excessive DNA damage; 

by contrast cells scored as GFP+ following exposure to bioflavonoids continued to 

proliferate over 2 weeks consistent with the reduced toxicity of these compounds 

(Supplemental Figure 1). It is possible that GFP+ cells initially detected would proliferate 

in appropriate long-term culture assays. 

Genistein and quercetin were the most potent promoters of MLL-AF9 translocations 

in this assay with calculated average frequencies at  to be 1.2×10-6 and 1.1×10-6, 

respectively (Table 2). Myricetin weakly but consistently promoted translocations with 

calculated average frequency of 0.1×10-6 (Table 2). Luteolin generated a single GFP+ 

colony in one replicate (calculated frequency of 0.03×10-6; Table 2) suggesting at least 40-

fold lower potential to promote such events. However since only a single colony across 

multiple experiments was observed, we cannot rule out the possibility that it was a rare 

spontaneous event.  

Although dipyrone is not a known topoII inhibitor, it is associated with MLL-

rearranged infant leukemia [51]. Benzoquinone is a topoII inhibitor at concentrations as 

low as 1–10  [64] stimulating DNA DSBs, oxidative stress, or fragmentation [64-66] 

and associated with hematopoietic malignancies [66-68]. Both compounds are believed to 

have distinct mechanisms of action from the other potential topoII inhibitors examined 

here. generated a single GFP+ colony in 

one replicate (calculated frequency of 0.03×10-6; Table 2). However, as with luteolin, we 

cannot rule out the possibility that it was a rare spontaneous event. Benzoquinone exposure 

of MAG1 cells was not sufficient to promote MLL-AF9 translocations following exposure 

0.01×10-6; Table 2). This contrasts from other studies in 

omosomal homologous 

recombination by 2-3 fold over undamaged cells [69]. To distinguish from the possibility 

that MLL-AF9 translocations are stimulated in response to a broad spectrum of 

environmental agents, MAG1 cells were exposed to vitamin A that contains ring structures 

shown).  

Similar results were observed with MAG2 and MAG3 cells although at frequencies 

of ½ log lower than MAG1 (data not shown); these results are consistent with results from 

I-SceI DSB studies (Table 1) and overall suggest that the MLL and AF9 bcrs are highly 

recombinogenic independent of chromosomal context and in the absence of generating a 

functional fusion protein (data not shown).  

Genistein and quercetin were the most potent promoters of MLL-AF9 translocations 

in this assay with calculated frequencies at 1.2×10-6 and 1.1×10-6, respectively (Table 2). 

These frequencies are similar to those observed following endonuclease-induced I-SceI 

DSBs at both loci suggesting that these particular bioflavonoids are potent promoters of 

DSBs within the two bcrs even at doses that allow for significant cell survival and 

proliferation in culture. Additionally, the established assay provides a clear readout of 

relative risk of illegitimate NHEJ and translocation formation in response to physiological 

doses of the tested compounds with genistein and quercetin showing a strong association, 

and myricetin a weak but consistent association. Other compounds demonstrate rare to 

undetectable promotion of such events, at least 100-fold lower potency. A one-way 
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ANOVA (comparing frequencies) was performed using Bonferroni post-hoc test. Both 

genistein and quercetin were statistically significantly different from untreated cells, and 

both these compounds were also significantly different from myricetin, luteolin 

benzoquinone, and dipyrone. 

Discussion 

This reporter system demonstrated that physiologically relevant doses of 

bioflavonoids genistein and quercetin are potent promoters of huMLL-huAF9 bcr 

translocations stimulating them by at least 2 logs over undamaged cells. Importantly, these 

data suggest that specific MLL and AF9 bcrs’ motifs are the drivers of the illegitimate DNA 

repair reactions and represent a distinct mechanism of interaction of these compounds with 

them rather than their overall chromosomal context, specific hematopoietic developmental 

programs or lineages, or a survival advantage conferred by a functional oncogenic fusion. 

The development of genetic engineering technologies involving knock-in models, the use 

of customizable DNA nucleases, MLL TALENs, or the CRISPR/Cas9 system offers 

promising methods in which to model progression of malignancies characterized by 

chromosomal translocations but do not model the initial formation of these translocations, 

particularly in response to exposure to topoII inhibitors in a physiologically relevant 

manner.  

The number of homeologous Alu repetitive elements within the bcrs of these two 

regions has led to the proposal that illegitimate fusions are stimulated by local alignments 

of homeologous sequences during the process of DNA repair. A previous study using a 

neomycin reporter system and Alu repetitive element cassettes within introns determined 

that I-SceI induced NHEJ-NHEJ events (analogous to those observed here) were promoted 

at a frequency of 4.2×10-6 (16% of all events occurring at a frequency of 2.6×10-5). The 

frequency of NHEJ-driven translocations induced by I-SceI here is approximately one 

fourth (1.4×10-6). Our lower frequency likely highlights the importance of sequence 

identity of Alu elements present nearest the DNA breakpoints. Alternatively it is possible 

that the potential in that system for other repair mechanisms (e.g. homologous 

recombination or single strand annealing) was sufficient to promote the alignment of 

potential junction partner DNA ends more frequently even if ultimately repair would occur 

via NHEJ. The MLL bcr is small and well-characterized such that a number of mapped 

infant leukemia breakpoints map to the 3’ half of the bcr. Thus placement of the GFPe1 

into intron 11 likely mimics the sites of breakage induced by the compounds tested. The 

AF9 locus contains two bcr regions; bcr2 (10 kb) is flanked on the 5’ side by a scaffold 

attachment region and contains multiple topoII cleavage sites [14,18]. Thus the placement 

of GFPe2 into this region likely mimics the sites of breakage induced by the compounds 

tested. However the broader span of the AF9 mapped bcr may have led to DNA damage 

and illegitimate repair events that did not reconstitute a functional GFP gene and would 

not be recovered here.  

Our data highlight the difference between the potential to promote DNA damage 

and to result in a downstream chromosomal translocation analogous to those observed in 

leukemias. Although these compounds have all been shown to strongly induce MLL 

cleavage in vitro [46], including luteolin and myricetin, the results here show a difference 

between relative potential to induce cleavage and the relative potential to induce MLL-AF9 
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translocation events. Although benzoquinone is a topoII inhibitor stimulating DNA DSBs, 

oxidative stress, or fragmentation at concentrations as low as 1–10  [64-66], it did not 

lead to translocations here even at significantly higher concentrations (10–100-fold). 

Differences between damage and repair may lie in the number of DNA damage sites, the 

stability of the breaks incurred by these compounds, kinetics of removal of stabilized DNA-

topoII complexes, or a favored mechanism of repair. However, the specificity of damaging 

agent rather than type of damage induced should be noted since direct induction of 

oxidative stress by H2O2 exposure in this assay system does lead to these translocations in 

a dose-dependent manner [70].  

The most common sources of bioflavonoids are fruits, vegetables, soy, tea, coffee 

and wine. Genistein is an estrogen derivative available at health food stores as dietary and 

menopausal supplements [71], and a soy phytoestrogen present in foods, particularly 

soybeans, and infant soy formulas [72,73]. Low plasma concentrations of genistein in mice 

neonates (1-5µM) were sufficient to promote adverse reproductive effects later in life [74]. 

Previous studies reported average adult soy intake to be 0.15-3.0 mg/day [75], but daily 

intake averages can vary and increase to 8.6mg/day in women and 7.5mg/day in men [76]. 

Foods contain multiple bioflavonoids, and bioflavonoids are bioaccumulative which likely 

increases plasma concentrations [77]. Study of the potential for environmental or dietary 

compounds to induce infant leukemias is more relevant since they cross the placental 

barrier as shown with the synthetic bioflavonoid EMD-49209 [78], genistein [39,79] 

quercetin [39,80,81], herbal medicines, dipyrone, and pesticides including mosquitocidal 

Baygon [51,82]. Further, in utero exposure is likely more damaging due to differences in 

metabolic and excretion rates of mother and fetus [83] as well as rapidly developing and 

proliferating fetal cells that are more sensitive to topoII inhibiting agents [84]. 

Halogenated compounds in household and baby products [85] are another possible 

risk factor for childhood leukemia to be tested. Polychlorinated biphenyls (PCBs) are 

banned in the United States but detectable in indoor carpets [86] and linked to non-Hodgkin 

lymphoma [87] and childhood ALL [86]. Polybrominated diphenyl ethers (PBDEs), 

structurally similar to PCBs, are used as flame retardants [88], and exposure to specific 

PBDE congeners has been associated with childhood ALL [88]. In support of mechanistic 

action, certain PCB quinone metabolites increase DNA cleavage by topoIIα in vitro and in 

cultured human cells [89].  

Genetic differences among infants exposed prenatally to topoII inhibitors likely 

affect susceptibility to formation of chromosomal translocations. Genome-wide 

association studies (GWAS) have not identified common variants of susceptibility to either 

de novo or t-AML, but incorporating exposures into GWAS may reveal specific SNPs that 

contribute to disease [90]. However, infants specifically with MLL-rearranged leukemias 

were 2.5-fold more likely to harbor NAD(P):quinone oxoreductase (NQO1) 

polymorphisms associated with reduced activity versus unselected cord blood [91]. Variant 

alleles of DNA damage signaling or repair proteins may also promote susceptibility to 

flavonoid-induced translocations. Both heterozygous and homozygous mutants of the 

DNA damage response gene Atm exposed prenatally to flavonoids exhibited detectable 

numbers of MLL rearrangements [39]. Further, inhibition or mutation of multiple DNA 

repair proteins potentiates cytotoxicity of topoII inhibitors [92-94], and MRE11 plays a 
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direct mechanistic role in removal of topoII-DNA complexes in yeast and mammals 

[92,95]. Our model cell system can readily be adapted to directly address the impact of 

such polymorphisms or mutations through genetic engineering of the parental cell lines or 

use of RNAi prior to exposures. Further, this model system can systematically screen a 

large panel of compounds, even those not yet suspected to have mutagenic potential, in 

combination with each other to understand their additive, synergistic, or even quenching 

effects on the potential to promote these events. 
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Table 1. Induction of interchromsomal recombination and translocations by I-SceI-

induced DSBs between huMLL and huAF9 bcrs in three independent cell lines. 
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Three independently derived MAG cell lines were transfected by electroporation with the 

I-SceI endonuclease expression vector pCBASce. 2.0×107 cells were 

electroporated in each experiment. * The interchromosomal NHEJ repair and 

translocation frequency were calculated as the number of GFP+ colonies per 

number of cells surviving electroporation (EP; as determined 24 hrs post-

electroporation).   

 

Experiment/      % survival # of GFP+  

Cell Line  DNA  post-EP colonies    Frequency *  

 

MAG1        expt. 1 no DNA 65%  0  < 7.6×10
-8

   

  I-SceI  38%  18     2.3×10
-6 

       expt.  2 no DNA 73%  0  < 6.8×10
-8

   

  I-SceI  40%  22     2.7×10
-6 

       expt.  3 no DNA 70%  0  < 7.1×10
-8

   

  I-SceI  42%  23     2.7×10
-6 

Avg. no DNA     < 7.2×10
-8

 

Avg. I-SceI           2.6×10
-6

± 0.23×10
-6

 

 

MAG2        expt. 1 no DNA 57%  0  < 8.7×10
-8

   

  I-SceI  37%  11     1.4×10
-6 

       expt.  2 no DNA 60%  0  < 8.3×10
-8

   

  I-SceI  38%  9     1.1×10
-6 

       expt.  3 no DNA 60%  0  < 8.3×10
-8

   

  I-SceI  38%  10     1.3×10
-6 

Avg. no DNA     < 8.4×10
-8

 

Avg. I-SceI          1.3×10
-6

± 0.15×10
-6

 

 

MAG3        expt. 1 no DNA 78%  0  < 6.4×10
-8

   

  I-SceI  24%  1     0.2×10
-6 

       expt.  2 no DNA 70%  0  < 7.1×10
-8

   

  I-SceI  29%  6     1.0×10
-6 

       expt.  3 no DNA 75%  0  < 6.6×10
-8

   

  I-SceI  32%  5     0.7×10
-6 

Avg. no DNA     < 8.4×10
-8

 

Avg. I-SceI           0.63×10
-6

± 0.40×10
-6
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Table 2. Frequency of interchromsomal NHEJ repair and translocations between huMLL 

and huAF9 bcrs in MAG1 cell line by potential inhibitors of topoisomerase II. 

 

MAG1 cells were exposed 1 hr 37oC with the indicated potential topoisomerase II 

inhibitors then washed and plated in fresh media. Surviving fractions of cells were 

calculated and 1 x 107 cells viable cells were used in each experiment. GFP+ 

colonies were scored 96 hr later. *Interchromosomal NHEJ repair and 

translocation frequency was calculated as the number of GFP+ colonies per 

number of treated and surviving cells. ^ I-SceI plasmid frequency as detailed 

Table 1.  

 

Compound   Dose # GFP+ Frequency*        Average frequency 

    Colonies                  at highest dose 

 

Control  ---- 0 ---- <0.07 × 10
-6

 

 

I-SceI plasmid^ ----                            2.6 × 10
-6

 ± 0.23 × 10
-6

 

 

Genistein   15 1.5 × 10
-6

    

    8 8.0 × 10
-7

           

    14 1.4 × 10
-6

 1.2 × 10
-6 

± 0.3 × 10
-6

 

 

Quercetin   8 8.0 × 10
-7 

      
 

    14 1.4 × 10
-6

                     

    11 1.1 × 10
-6 

1.1 × 10
-6

 ± 0.3 × 10
-6

     

 

  

Myricetin   1 1.0 × 10
-7

 

    1 1.0 × 10
-7  

 

    2 2.0 × 10
-7 

           0.1 × 10
-6

 ± 0.05 × 10
-6

 

  

Luteolin   0 <1.0 × 10
-7

 

    0 <1.0 × 10
-7

 

    0 <1.0 × 10
-7

 

    1 1.0 × 10
-7  

      

    0 <1.0 × 10
-7

 

    0 <1.0 × 10
-7

       0.03 × 10
-6

 ± 0.05 × 10
-6

 

 

Dipyrone   0 <1.0 × 10
-7

 

    0 <1.0 × 10
-7

 

    1 1.0 × 10
-7  

      

    0 <1.0 × 10
-7  

      0.03 × 10
-6

 ± 0.05 × 10
-6

 

 

Benzoquinone   0 <1.0 × 10
-7

     

    0 <1.0 × 10
-7

        

    0                    <1.0 × 10
-7

       

    0 <1.0 × 10
-7    

 <0.01 × 10
-6    

 

 



178 
 

Figure Legends 

Figure 1. Structure of GFPe1 and GFPe2 constructs in huMLL and huAF9 breakpoint 

cluster regions. (A) For each construct schematic, the numbers of bases are 

indicated within each portion. GFPe1 includes promoter and upstream region, 

engineered exon 1, and adenovirus intron sequence. H3-S-X indicates engineered 

linker containing I-SceI endonuclease site. sd indicates splice donor. GFPe2 

includes adenovirus intron sequence, engineered exon 2, and polyA sequence. X-

S-H3 indicates engineered linker containing I-SceI endonuclease site. sa indicates 

splice acceptor. (B) Schematics of MLL bcr 8.2 kb region and AF9 bcr2 8.94 kb 

region and location of GFPe1 and GFPe2 insertion sites into constructs used. 

Grey bars indicate scaffold attachment sites. * indicate topoisomerase II cleavage 

sites. Arrows indicate Alu repetitive elements as white, grey, or black designating 

Alu element sub-families. 

Figure 2: DSB-induced and bioflavonoid-induced GFP+ colonies resulting from 

illegitimate DNA repair and a chromosomal translocation. GFP+ colonies were 

scored by inverted fluorescent microscopy. Representative phase contrast and 

fluorescent microscopy images of GFP+ colonies are shown. 
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Abstract: Reactive oxygen species (ROS) can be generated by defective endogenous 

reduction of oxygen by cellular enzymes or in the mitochondrial respiratory pathway, 

as well as by exogenous exposure to UV or environmental damaging agents. 

Regulation of intracellular ROS levels is critical since increases above normal 

concentrations lead to oxidative stress and DNA damage. A growing body of 

evidence indicates that the inability to regulate high levels of ROS leading to 

alteration of cellular homeostasis or defective repair of ROS-induced damage lies at 

the root of diseases characterized by both neurodegeneration and bone marrow 

failure as well as cancer. That these diseases may be reflective of the dynamic ability 

of cells to respond to ROS through developmental stages and aging lies in the 

similarities between phenotypes at the cellular level. This review summarizes work 

linking the ability to regulate intracellular ROS to the hematopoietic stem cell 

phenotype, aging, and disease. 
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1. Introduction 

Organisms in aerobic environments are continuously exposed to reactive oxygen 

species (ROS). ROS include oxygen molecules (O2), superoxide anion radicals (.O2
-), 

hydroxyl free radicals (.OH), singlet oxygen (1O2), and hydrogen peroxide (H2O2), and 

can be generated by imbalanced endogenous reduction of oxygen by cellular enzymes or 

in mitochondrial respiratory pathway, as well as by exogenous exposure to UV or 

environmental damaging agents [1]. Regulation of intracellular ROS levels and ROS-

mediated signaling is central maintaining the balance between self-renewal, proliferation, 

and differentiation of normal stem and progenitor cells in the hematopoietic and neuronal 

compartments, as well as the early embryonic stem (ES) cell compartment. Increases in 

ROS above normal concentrations can lead to oxidative stress (OS) and DNA damage 

[2]. OS is thought to damage approximately 10,000 bases per day per human cell and be 

one of the major causes of DNA damage and mutation [3]. The majority of these 

damaged sites are repaired through base excision repair (BER), although persistent 

damage or damage on two opposing strands at nearby nucleotides may result in double-

strand breaks (DSBs) requiring repair by non-homologous end-joining (NHEJ) or 

homologous recombination (HR). OS is also known to induce higher order chromatin 

single strand DNA (ssDNA) nicks characteristic of those generated during programmed 

cell death.  ROS and the DNA damage that may result are both capable of triggering 

multiple DNA damage response pathways. Results of signaling and cellular response to 

ROS range from cell proliferation and survival to growth arrest, senescence, and cell 

death depending on the level of ROS and cell type studied. A growing body of evidence 

indicates that the inability to regulate high levels of ROS leading to alteration of cellular 

homeostasis or defective repair of ROS-induced damage lies at the root of diseases 

characterized by both neurodegeneration and bone marrow failure [4-7]. Further, high 

levels of ROS appear to be a distinct feature of acute myeloid leukemia (AML) [8-10]. 

That these diseases may be reflective of the dynamic ability of cells to respond to ROS 

through developmental stages and aging lies in the similarities between phenotypes at the 

cellular level. 

2. ROS Induces DNA Damage Signaling and Repair 

2.1. Oxidative Stress and Oxidative DNA Damage 

Genomes of all organisms are exposed to endogenous and exogenous stresses 

such as OS. OS refers to an imbalance between antioxidant defenses and production of 

ROS [11-14]. ROS are generated endogenously from cellular metabolism such as 

oxidative phosphorylation in mitochondria and long-chain fatty acids oxidation in 

peroxisomes, or exogenously by environmental toxins such as ionizing radiation (IR), 
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ultraviolet (UV) radiation, and DNA damaging/chemotherapeutic agents [15-20]. When 

ROS generation exceeds antioxidant defense capacity in cells, ROS may react with 

almost all macromolecules including DNA, RNA, proteins, and lipids. Notably, oxidative 

DNA damage may represent the major type of DNA damage, evidenced that 

approximately 10,000 DNA alterations are generated per mammalian cell per day [21-

24]. Oxidative DNA damage includes oxidized base (purine and pyrimidine) damage, 

oxidized sugar moiety damage, apurinic/apyrimidinic (AP) sites, DNA single-strand 

breaks (SSBs), DSBs, DNA intrastrand crosslinks, DNA intrastrand crosslinks, DNA 

interstrand crosslinks (ICLs), protein-DNA crosslinks, mismatched pairs with damaged 

bases, stalled DNA replication forks, and oxidatively-generated clustered DNA lesions 

(OCDLs) [21-25]. OS has been implicated in the pathogeneses of multiple diseases such 

as bone marrow failure, cancer, and neurodegenerative disorders [26-28]. 

2.2. DNA Damage Response Pathways and DNA Repair  

To maintain genomic integrity, DNA repair and DNA damage response (DDR) 

pathways are employed in cellular responses to oxidative DNA damage [22,23,29,30] 

(Figure 1). The majority of these damaged sites are repaired through BER. However, 

depending on the extent of oxidative DNA damage processes such as nucleotide excision 

repair (NER), mismatch repair (MMR), HR, and NHEJ may be employed in the repair 

processes to protect cells from OS [17,22]. Additionally, Ataxia-telangiectasia mutated 

(ATM)- Checkpoint kinase 2 (Chk2) and ATM- and Rad3-related (ATR)-Checkpoint 

kinase 1 (Chk1) checkpoints are the two major DDR pathways induced by oxidative 

DNA damage in order to coordinate DNA repair process with cell cycle progression, 

transcription, apoptosis, and senescence [23,30-34]. ATM modulates cell cycle in 

response to multiple types of cell stress and DNA damage including oxidative stress. In 

response to DSBs, ATM auto-phosphorylates its own Serine 1981, leading to dimer 

dissociation into a monomer and the full activation of ATM [35,36]. ATM is also directly 

activated after disulfide bond-dependent conformation change induced by OS in the 

absence of direct DNA damage [37-39]. In support of a critical role for ATM in 

protecting hematopoietic stem cells (HSC) from OS, the HSC compartment of ATM-

deficient mice present with increased levels of ROS-dependent phosphorylation of the 

downstream effector mitogen activated protein kinase (MAPK) p38 protein that is known 

to activate both cell cycle signaling and apoptosis in response to multiple cellular 

stressors including OS, UV, and inflammatory cytokines. This loss of ATM signaling and 

increase in p38 phosphorylation is in turn associated with a loss of HSC quiescence [40].  

Notably, ATR is activated by oxidative DNA damage after a distinct 3’-5’ SSB end 

resection by a BER protein APE2 [41]. Functional interplay between various DNA repair 

programs and ATM-Chk2- and ATR-Chk1-dependent DDR pathways in response to 

oxidative stress is summarized in a recent review article [28]. A chronic impairment of 

the DDR would be expected to result in accumulation of DNA damage, a mutator effect, 

and genome instability as observed in normal aging, cancer, and neurodegenerative 

disease (Figure 1). Elevated intracellular ROS promotes DNA DSBs and altered NHEJ 

repair leading to chromosomal deletions, translocations, and tumorigenesis [42-44].  

Interestingly, multiple studies have identified elevated ROS production in the 

mitochondrial compartment of apoptotic cells. However, the extent of interplay, if any, 
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between damage signaling pathways or DNA repair pathways in the mitochondrial and 

nuclear compartments is unclear. 

 

Figure 1. Cellular responses to oxidative DNA damage. DNA repair pathways (BER, 

NER, MMR, HR, and NHEJ) and DNA damage response pathways (ATM-Chk2 and 

ATR-Chk1) are integrating into an interacting network in response to OS. Defective 

DNA repair and response pathways are associated with aging, cancers, and 

neurodegenerative diseases. 

 

3. Bone Marrow Failure Syndromes 

Bone marrow failure is characterized by the progressive absence of one or more 

hematopoietic cell lineages. These syndromes are characterized as inherited or acquired. 

The best-characterized inherited syndromes include Fanconi anemia (FA), as well as the 

telomere diseases dyskeratosis conegenitia (DC), Diamond-Blackfin anemia (DBA), and 

Shwachman-Diamond syndrome, while the most prevalent acquired syndrome is aplastic 

anemia (AA). There is increasing evidence linking elevated ROS levels and impaired 

DNA repair mechanisms to contribute to bone marrow failure observed in these diseases. 

On the other hand, neurodegeneration corresponds to any pathological condition that 

primarily affects neurons and neurodegenerative disorders including Alzheimer disease, 

Parkinson disease, Huntington disease, and amyotrophic lateral sclerosis [45]. However, 
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both systems appear particularly sensitive to the control of intracellular ROS and OS, and 

altered responses to these leading to DNA damage have been implicated in the 

pathogeneses of both bone marrow failure and neurodegenerative disorders [4,6,7,26-

28,46,47].  

3.1. Fanconi Anemia 

FA is an autosomal X-linked disease that is characterized mainly by bone marrow 

failure, anemia, developmental abnormalities, cancer susceptibility, and altered 

mitochondrial function. It is considered a rare disease affecting approximately 1 in every 

100,000 people [48]. FA is a chronic and degenerative disorder with the probability of 

patients developing leukemia, squamous cell carcinomas, or liver tumors increasing by 

40% by age 30, 50% by age 45 and 76% by age 60 [49]. Progressive bone marrow failure 

and myeloid malignancies account for 90% of deaths in FA patients. At the molecular 

level, there are 15 complementation groups that been identified, and mutations in any of 

these genes can lead to FA or a similar disorders. FA proteins that make up the core 

complex are FancA, FancB, FancC, FancE, FancF, FANCG, FANCL, and FANCM, and 

defects in any are known to cause FA in humans. This core complex acts to ubiquitylate 

downstream targets FancD2 and FancI that then act in parallel with the remaining FA 

proteins (FancD1, FancJ, FancN, FancO, and FancP) to repair ICLs. Several mouse 

models have provided insight into the pathology and etiology of the disease. 

There is some discordance between humans with FA and FA mouse models, most 

notably the absence of bone marrow failure, anemia, and developmental abnormalities in 

mice that are the defining characteristics of the disease in humans. These differences, 

however, could be in part due to human reliance on the FA pathway for detoxification 

and tumor suppression to ensure normal development whereas laboratory mice lack the 

same genotoxic stressors that may trigger the disease [50]. Almost all FA mouse models 

so far have exhibited reduced fertility, and cells derived from these mice display 

sensitivity to ICL inducing agents [50]. FancA-/- mice, for instance, do not display 

hematopoietic abnormalities or congenital defects; however, they have hypergonadism 

and mouse embryonic fibroblasts (MEFs) derived from these mice are hypersensitive to 

mitomycin C (MMC) [51].  Interestingly, bone marrow-derived megakaryocyte 

progenitors demonstrate impaired proliferation and all bone marrow cells derived from 

FancA-/- mice display increased apoptosis indicating a possible HSC defect [52]. Also, 

both FancA-/- and FancG-/- mice have increased apoptosis in neural stem and progenitor 

cells that leads to microcephaly [53]. 

FancC-/- mice born do not display overt hematopoietic abnormalities, however 

they are born with sub-Mendelian frequency and have a significantly increased incidence 

of micropthalmia in C57BL/6J mice [54]. HSC derived from FancC-/- mice have 

impaired differentiation and self-renewal capacity [55], a defect that is rescued by 

retroviral-mediated gene transfer of FancC, indicating that FANCC is required for 

properly functioning HSCs. Also, FancC -/- mice exposed to low doses of MMC develop 

progressive bone marrow failure and chromosomal aberrations [56]. Differences in 

humans with FA and the mouse models may be due to the differences in environmental 

and dietary exposures. 
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FancD1/Brca2 is downstream from the FA core complex. Brca2 is required for 

HR-directed repair of DNA DSBs. FancD1 knockout in mice leads to embryonic 

lethality, but a mouse model has been created with homozygous deletion of exon 27, 

which allows expression of the protein but prevents FancD1 from interacting with 

FancD2 [57]. FancD1∆27/∆27 mice display similar phenotypes to FancA-/- and FancC-/- 

mice, though there is some evidence that the hematopoietic abnormalities are more severe 

than with the other phenotypes. For instance, FancD1∆27/∆27 mice are significantly more 

sensitive to MMC and acquire spontaneous chromosomal aberrations and early loss of 

colony forming hematopoietic progenitor cells compared to the other phenotypes [58]. 

This severity would be expected as FancD1 is necessary not only for ICL repair, but also 

for DSB repair via HR. Notably, unlike the other FA mouse models, FancD1∆27/∆27 mice 

do not have impaired fertility indicating that it is dispensable for meiosis unlike the other 

FA proteins, but is important for somatic cell HR [57]. 

FancD2-/- mice are born with sub-Mendelian frequency and also display growth 

retardation, a phenotype that varies based on the genetic background of the mice. These 

mice have an increased incidence of tumor formation similar to that of FancD1 

haploinsufficiency [59]. Also, the phenotype of these mice is more severe than those with 

deleted FA core proteins, indicating alternate activity outside of the FA pathway, possibly 

protecting against oxidative DNA damage including DSBs [60].  

Cells derived from FA mutant mice are hypersensitive to OS. It has recently been 

shown that impaired or reduced mitochondrial function in FA cells is coupled with 

increased intracellular ROS, and inactivation of enzymes essential for energy production 

[61]. Intriguingly these defects, as well as hypersensitivity to MMC can be partially 

rescued by overexpression of superoxide dismutase (SOD1) [61]. Bone marrow 

progenitor cells derived from FancC--/- mice undergo replicative senescence following 

exposure to hypoxic/hyperoxic conditions [62]. Interestingly, the FancC-/-/Sod1-/- mouse 

model was created to increase endogenous OS. These mice demonstrate loss of 

hematopoietic progenitor cells in the bone marrow leading to anemia and leucopenia 

[63], strongly indicating that OS is a key factor in the initiation of bone marrow failure in 

FA. Also, the FancD2-/-/Aldh2-/- mice, which can no longer detoxify aldehydes by 

oxidizing them to carboxylic acids, present with severe phenotypes including the 

development of acute lymphoblastic leukemia (ALL) after 3-6 months. Exposure to 

ethanol in utero results in development of physical abnormalities and death; and 

surviving mutant mice have a vast reduction in bone marrow cellularity [64]. Taken 

together, these models demonstrate that FA phenotypes that are hallmarks of the disease 

may indeed require stressors such as aldehydes or ROS in order to initiate the disease 

phenotype, and it is the absence of these stressors in the laboratory environment that 

prevents the FA mouse models from accurately mimicking the disease in humans. 

3.2. Additional Degenerative Excision Repair Defects 

Cockayne syndrome (CS) and xeroderma pigmentosum (XP) are characterized by 

defects in DNA repair of damage by crosslinking agents or elevated ROS due to mutation 

of any one of the excision repair pathway cross complementation (ERCC) group genes. 

Whereas CS patients are defective in the transcription coupled NER (TC-NER) pathway 

and present with neurological abnormalities, XP patients are deficient in the global 
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genome NER (GG-NER) pathway and are hypersensitive to sun and susceptible to 

carcinoma [65]. Mutant mouse models have been generated for most of the proteins 

involved in this pathway that mimic the genotypes and phenotypes of patients with CS or 

XP.  

CS is caused by defects primarily in Csa and Csb which are the core proteins 

essential for TC-NER. Csa-/- or Csbm/m mice genetically mimic the disease, and both 

mutants present with UV sensitivity, loss of photoreceptors, increased sensitivity to γ-

irradiation, and mild neurodegeneration [66]. Cells from Csbm/m mice but not Csa-/- mice 

show hypersensitivity to γ-IR and paraquat which generates superoxide anions and H2O2 

in cells indicating that Csb plays a role in the repair of oxidative damage [67,68]. 

Although Csa-/- mice do not show an increased sensitivity to OS, human cells deficient in 

CSA are more sensitive to H2O2 than wild-type cells [69], and primary fibroblasts and 

keratinocytes from CSA patients are hypersensitive to potassium bromate, a known 

inducer of oxidative damage [70]. This indicates that the role of the CSA protein may 

differ between species and that it is likely involved in the oxidative damage response in 

humans but not mice [71]. 

XP is caused by defects in core NER proteins as well as proteins in the GG-NER 

pathway. Xpc functions primarily in the GG-NER pathway and Xpc-/- mice have a 

reduced lifespan and have a propensity for developing spontaneous tumors Also, these 

mice have been demonstrated to have a very large increase in lung tumor incidence 

compared to controls thought to be a result of chronic OS [72]. Also, fibroblasts derived 

from Xpc-/- mice have demonstrated OS sensitivity compared to controls by mutation 

accumulation and decreased survival [73]. Analysis of bone marrow cells from Xpc-/- 

mice shows reduced cellular viability, hypocellularity of most lineages, reduced numbers 

of CFU, and increased sensitivity to carboplatin [74]. Since XP patients develop skin 

cancers by the age of 20, and the average life expectancy is early 30s, the findings in 

bone marrow of the Xpc-/- mice suggest the possibility that if patients were to live to later 

age, they could exhibit myelosuppression or bone marrow failure. In contrast to the Xpc-/- 

mice, Xpa-/ mice have a significant increase in tumors in the liver, but not in the lungs 

and do not have an increase in mutation load like the Xpc-/- mice [73]. However, cells 

derived from XPA patients exhibit defective repair in 8,5’-(S)-cyclo-2’-deoxyadenosine, 

a DNA lesion induced by ROS indicating that XPA may play a role in the repair of 

oxidative bulky lesions [75].  

Cells from both CS and XP individuals affected by disease and from multiple 

mouse models have elevated ROS and defective mitochondrial function [65,75]. 

Interestingly, a similar set of defects are observed in lymphoblasts from DC patients, 

namely elevated ROS production, impaired DNA response leading to apoptosis and a 

proliferative defect [76], further connecting elevated ROS with bone marrow failure 

outcome. 

Additional proteins in the ERCC complement group are now being identified as 

central to the etiology of other bone marrow failure syndromes. Through Next-Gen 

sequencing, ERCC6L2 was recently reported as deficient in two patient samples both 

presenting with bone marrow failure and neurodegeneration [77]. Loss of function of the 

same gene in both cases demonstrates the link between these two degenerative processes. 

Reduction of ERCC6L2 induced by siRNA knockdown in cells results in significantly 

increased intracellular ROS, effective DNA repair response shown by -H2AX foci, 
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reduced cell viability and increased sensitivity to a panel of DNA damaging agents [77]. 

The similarities in phenotypes from ERCC genes thus far suggest that additional 

mutations in ERCC genes will be identified as a paradigm for bone marrow failure 

syndromes. 

4. Hematopoietic Stem Cell Response to ROS 

4.1. HSC Response to ROS 

ROS are important for fate determination of normal stem cells [78]. Normal HSC 

are primarily in a quiescent state within the BM niche [79]. HSC exposed to elevated 

ROS exhibit altered characteristics and undergo both proliferation and differentiation, 

typically after mobilization to the oxygen rich bloodstream [80], but also to senescence 

and apoptosis in a dose-dependent manner [78]. This impact of ROS is evolutionarily 

conserved and observable in analogous Drosophila systems [81].   

A number of transcriptional microarray, exome, and proteomic approaches have 

been utilized in an effort to understand the signal transduction pathways activated in 

response to ROS [82-91]; however, few have centered on specific HSC populations. 

Despite this, the p53, Akt, MAPK, and ATM pathways have all been implicated in HSC 

response to ROS. MDM2 promotes survival of hematopoietic progenitors by promoting 

p53 degradation [92]. The forkhead box O (FoxO) family of transcription factors has 

known roles in metabolism, proliferation, and OS response and resistance (recently 

reviewed in [93]). Single Foxo3a deficiency in HSCs is associated with elevated 

intracellular ROS [94]. Triple knock-out Foxo1-/- Foxo3a-/- Foxo4-/- mice exhibit reduced 

numbers of both HSC and progenitor cell populations [95]. Recent molecular analysis 

suggests that the co-factor KDM5 activates OS resistance genes through interaction with 

the lysine deacetylase HDAC4 to in turn promote Foxo deacetylation and alter specificity 

of target gene binding [96]. Drosophila also demonstrates signaling paradigms with 

increases in ROS signaling through JNK pathway, FoxO activation, and polycomb 

downregulation [81]. In conjunction with elevated ROS, depletion of the Meis1 

transcription factor in mice leads to apoptosis, loss of HSC quiescence, and loss of 

transplantation capacity [97].   

Differences in the levels of ROS also impact the observed cellular response of 

stem cells [98]. Elevated levels of OS induced by mutations of metabolic enzyme genes, 

ischemia/reperfusion, chemotherapy, or chronic exposure to 10-100 M H2O2 induces 

multiple effects ranging from cell cycle arrest to death, depending on the cell type 

[99,100]. At submicromolar concentrations, ROS and H2O2 act as proliferation and 

growth signaling molecules. Low concentration exposure (100 M) of stem cells is 

sufficient to promote hyperphosphorylation of Akt and RAF1, activation of insulin 

signaling pathways, and phosphorylation of MAPK p38 within 1 hr [98]. This initial 

rapid growth is then temporally followed 4-24 hr later by induction of cell cycle 

checkpoints characterized by dephosphorylation of Rb, hyperphosphorylation of cdc2, 

and down-regulation of E2F targets such as foxd3 [98].  

To directly link ROS to genetic instability in HSC, we genetically engineered 

murine HSC cells to contain two transgene reporters at unlinked loci -- each with either a 

5’ or 3’ exon of the green fluorescent protein (GFP). This scheme enables us to score for 
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chromosomal translocations following DNA damage and repair by interchromosomal 

NHEJ repair that results in a repair event joining the two exons onto the same DNA helix 

to form an intact GFP (Figure 2A). Following exposure of the engineered HSC to H2O2 

(Figure 2A, Figure 2B left image), surviving cells were then allowed to proliferate into 

myeloid CFU by standard protocols [101] (Figure 2B middle image), and those CFU 

expressing GFP readily identified by fluorescent microscopy (Figure 2B right image). 

This approach demonstrated that a single 30 min exposure of HSC to 100 M H2O2 or 

5mM H2O2 is sufficient to promote the appearance of GFP+ colonies in a dose-dependent 

manner at average frequencies of 6 x 10-6 and 10 x 10-6, respectively (Figure 2C). This in 

vitro system is analogous to the outgrowth of transformed myeloid leukemic cells and 

connects ROS and genome rearrangements in HSC and leukemias.  

 

 

Figure 2. Direct connection between exposure of HSC to ROS and genome 

rearrangements. A. Scheme of exposure of genetically engineered HSC to ROS and 

scoring of GFP+ cells indicative of translocations. B. Left image -- HSC colony by 

contrast microscopy (100X). Middle image -- GFP+ derivative myeloid CFU by contrast 

microscopy (100X). Right image -- same GFP+ CFU colony shown in middle by 

fluorescence microscopy (100X). C. Bar graph showing dose dependent appearance of 

2O2 for 30 min, 

lted in an average frequency of CFU at 

6.5 x 10-6. 5mM resulted in an average frequency of CFU at 10.4 x 10-6. * denotes 

statistically significant stimulation of chromosomal translocations by H2O2 (students T-

test p value<0.037).  A few colonies were observed in untreated samples that by contrast 

microscopy but appeared to be inviable and auto-fluorescent rather than bona fide GFP+ 

CFU; however, further analysis was not performed on them so they are reported here. 
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It is now well established that IR promotes differentiation, short-term apoptosis, and 

long-term senescence of hematopoietic stem cells [78,102]. Several studies demonstrated 

that IR of CD34+ hematopoietic progenitor cells induces indirect effects on DNA damage 

through elevated OS [102,103]. IR of CD34+ cells induces early increase of superoxide 

anion radicals and hydrogen peroxide, followed by elevated MnSOD expression by 24 hr, 

followed by elevated persistent intracellular ROS over longer culture periods associated 

with reduced clonogenic potential [104,105]. By contrast -H2AX expression and foci 

associated with direct DNA DSBs are elevated in short periods following IR but return to 

baseline by 24 hr [105]. Presence of insulin-like growth factor 1 (IGF-1) in irradiated 

CD34+ cells can inhibit the mitochondria-mediated apoptosis and rescue the clonogenic 

potential defect [104]. This role for IGF-1 in response to ROS mirrors transcriptional and 

proteomic profiling of stem cells demonstrating induction of insulin regulated pathways 

in response to ROS [98]. Further, sublethal total body IR of mice leads to a persistent 

elevation of ROS in HSC associated with sustained increases in oxidative DNA damage 

and DSBs, inhibition of HSC clonogenic potential, and induction of HSC senescence, at 

least in part due to upregulation of nicotinamide adenine dinucleotide phosphate oxidase 

4 (NOX4) [103]. 

4.2. HSC Response to ROS and Aging 

Control of ROS in ES cells is now understood to be critical to maintenance of 

self-renewal phenotype. Molecular evidence suggests this is due, at least in part, to ROS 

activation of miR-29b that targets Sirt1 to control ES cell self-renewal [106]. 

Differentiation of ES cells leads to increased intracellular ROS [61,107].  Interestingly, 

during differentiation of ES cells, superoxide production, cellular levels of intracellular 

ROS, and DNA damage levels increase although expression of major antioxidant genes 

and genes involved in multiple DNA repair pathways are downregulated [107], and DNA 

repair by HR is reduced [101]. 

Aging is associated with reduced expression of multiple DNA repair proteins, 

reduced DNA repair efficiency and elevated levels of genome instability in hematopoietic 

cells [6,108-110]. Hematopoietic cells in older mice and humans are characterized by 

reduced regenerative potential, lineage bias toward myeloid cells, and increased potential 

for outgrowth of genetically unstable cells and malignancy. Serial transplantation of 

human HSC into immunodeficient mice is associated with replication stress, elevated 

intracellular ROS, accumulation of DNA damage, and reduced self-renewal potential that 

can be further aggravated by addition of a glutathione synthetase inhibitor [80]. The 

connection between natural HSC aging and intracellular ROS was made by the ability to 

separate the CD34-, Lin-, Sca-1+, c-kit+ HSC compartment into two fractions based on 

intracellular ROS levels [111], and the observation that the ROSlow fraction has higher 

self-renewal capacity and serial transplantation capability. Conversely, ROShi fraction has 

reduced capacity for self-renewal and in addition is biased toward myeloid 

differentiation, similar to aged mice in vivo [111]. Intriguingly, the observed phenotype 

can be partially rescued following inhibition of MAPK p38 suggesting that p38 is a 

potential therapeutic target [40,111].  

ROS seem well tolerated in “young” cells with highly proficient DNA repair, and 

thus have few if any long-term deleterious effects. However, “older” cells with less 
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efficient repair become more sensitive to ROS levels which lead to increased genome 

instability. Recent work demonstrated that quiescent HSC (analogous to the ROSlow 

fraction) repair DNA damage less efficiently than progenitors leading to accumulation of 

DNA damage and impaired function, suggesting a mechanism for increased presentation 

of myeloid malignancies in aged populations [112].  

HSC reactivity to ROS during aging in vivo combines cell-intrinsic and cell-

extrinsic mechanisms [113]. A relationship between the HSC compartment and 

supporting cells within the bone marrow niche is central to homeostasis and changes 

during not only aging but also other pathophysiologic processes including 

atherosclerosis, hypertension, and diabetes [114,115]. HSC and progenitors are typically 

exposed to low levels of ROS in the bone marrow niche, and hypoxia in turn helps 

preserve HSC and progenitor characteristics. HIF1, HIF2

shown to be major regulators in modulating the response of HSC to ROS in this 

microenvironment [103,116-118]. ROS derived from NAPH oxidase and mitochondria in 

response to injury and stress is elevated in supportive bone marrow microenvironment 

cells, leading to hypoxia and HIF-1 expression, and HSC progenitor expansion and 

differentiation [114]. Similarly, HIF2 depletion in HSC leads to increased ROS, 

activation of ER stress and apoptosis [119]. 

4.3. Leukemic Cells and ROS 

Defective signaling in response to ROS occurs in multiple leukemic stem cell 

populations to promote proliferation, differentiation, genomic, and epigenetic alterations, 

immune evasion, and survival [120]. ROS act as signaling molecules to regulate redox-

sensitive transcriptional factors, enzymes, oncogenes, and other downstream effectors, 

and thus AML cells are thought to be addicted to elevated ROS [120]. Extracellular ROS, 

but not intracellular mitochondrial ROS, have been found to be significantly elevated in 

both AML cell lines and cells derived from patients [8-10] and correlates with 

constitutive activation of NOX, reduced levels of glutathione, and attenuated p38 MAPK 

responsiveness, all postulated to promote proliferation of AML blasts [121].  AKT 

negatively regulates the FoxO proteins, which target expression of several anti-oxidant 

enzymes, including the GPx, catalase (CAT) and SODs. Akt is constituitively activated in 

most primary AML cells, leading to FoxO inhibition, and increased ROS levels [95,122]. 

Activated RAS is a feature of a portion of AML patients, and upregulates ROS levels 

through NOX to promote proliferation of hematopoietic cells [121]. Similarly, FLT3 

plays a role in H2O2 production in AML cells through NOX p22 protein, while 

knockdown of p22 leads to immediate reduction of H2O2 within 24 hr [123]. Activating 

mutations of FLT3 by internal tandem duplications or activating mutations of the FLT3 

receptor are seen in a large percentage of AML patients associated with increased DNA 

DSBs, genome instability, and poor prognosis [124]. Interestingly FLT3 activation in 

AML cells leads to inactivation of tumor suppressor PTP, DEP1, and reactivation of 

DEP1 is sufficient to decrease ROS. Elevated ROS DNA damage occurs both in the 

nuclear fraction and mitochondria. Mitochondria have more limited DNA repair 

functions and mitochondrial DNA genome instability has been noted in AML [125]. 

HIF2 activity may also promote proliferation and inhibition of apoptosis of AML blasts 

in response to ROS [119].  
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Philadelphia-negative chronic myeloproliferative neoplasms (MPNs; essential 

thrombocythemia, polycythemia vera, and myelofibrosis) have recently been shown to be 

associated with chronic inflammation, OS and accumulation of ROS. Transcriptional 

profiling of these revealed several OS modulating genes significantly deregulated in 

MPNs [126]. Interestingly the transcriptional factor Nrf2, which is upregulated in 

multiple AML cells, was found to be downregulated in this study [126,127]. In addition, 

downregulation of ATM and p53 were also observed, although the impact of these is 

likely to be broader than through OS signaling. OS may also play a role in mutation 

accumulation and progression of myelodysplastic syndromes (MDS) to AML as 

suggested by studies in a mouse model of MDS that displays increased ROS in Lin- bone 

marrow cells, increased DNA breaks, and increased mutation frequency over time, 

although to date these studies have been correlative and not causative [128].  

Elevated ROS in in AML cells may be exploited as a therapeutic strategy. A 

recent report outlines the design of an H2O2 activatable anti-AML agent based on a 

conjugate addition strategy [129]. In this, a dual pharmacophore was developed in which 

the first is a peroxidase acceptor and the second is a pendant amine which react via 

conjugate addition following H2O2 oxidation within the tumor cell, and demonstrated 10-

fold increased activity of the pendant amine agent in AML cells over normal CD34+ 

cells. 

5. Conclusions 

A growing body of evidence indicates that the inability to regulate high levels of 

ROS leading to alteration of cellular homeostasis or defective repair of ROS-induced 

damage lies at the root of diseases characterized by both neurodegeneration and bone 

marrow failure [4-7,26-28,46,47]. That these diseases may be reflective of the dynamic 

ability of cells to respond to ROS through developmental stages and aging lies in the 

similarities between phenotypes at the cellular level. It appears that neuronal or 

hematopoietic progenitors are particularly susceptible to altered ROS and mutation of any 

gene within these systems that alters ROS levels is more likely to trigger signaling 

pathways to promote cell death and hypocellularity within the tissue compartments. 

Natural aging in the human population is associated with multiple neurodegenerative 

phenotypes as well as a loss of the HSC population, genome instability, and cancer. 

These outcomes are likely also reflective of the sensitivity of progenitors in both these 

compartments to ROS homeostasis. The coupled reduction of DNA repair protein 

expression and DNA repair efficiency in neuronal stem and HSC compartments would 

also put these cells at higher risk. However, why these two organ systems appear to be 

particularly susceptible to ROS remains unclear and warrants further study. It is 

intriguing that several recent studies have demonstrated some amelioration to elevated 

ROS levels through add-back of DNA repair proteins to diseased cells; whether these will 

be harnessed for personalized medicine remains to be seen. 
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_______________________________________________________________________ 

Abstract 

The presence of histones acts as a barrier to protein access; thus chromatin remodeling 

must occur for essential processes such as transcription and replication. In conjunction with 

histone modifications, DNA methylation plays critical roles in gene silencing through 

chromatin remodeling. Chromatin remodeling is also inter-connected with the DNA 

damage response, maintenance of stem cell properties, and cell differentiation programs. 

Increasingly, chromatin modifications are shown to produce long-lasting alterations in 

chromatin structure and transcription. Recent studies have shown environmental exposures 

in utero have the potential to alter normal developmental signaling networks, physiologic 

responses, and disease susceptibility later in life in a process known as developmental 

reprogramming. In this review we will discuss long-term impact of exposure to 

environmental compounds, chromatin modifications that they induce, and the 

differentiation and developmental programs of multiple stem and progenitor cell types 

altered by exposure. The main focus is to highlight agents present in the human lifestyle 

that have the potential to promote epigenetic changes that impact developmental programs 

of specific cell types, may promote tumorigenesis through altering epigenetic marks, and 

may be transgenerational, e.g. able to be transmitted through multiple cell divisions. 

______________________________________________________________________ 

 

I.  INTRODUCTION 

A. Chromatin remodeling and epigenetics 

Epigenetics is the study of heritable changes in gene expression without a change in the 

DNA sequence. Nucleosomes are composed of 147 bp of DNA wrapped around core 

histone proteins H2A, H2B, H3, and H4 (1-3). Histone H1 acts to link histones together 

and also to the nuclear scaffold. H3 and H4 termini extend out from the nucleosome and 
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can be modified chemically by acetylation, methylation, ubiquitination, phosphorylation, 

sumoylation, citrullination, and ADP-ribosylation (3). Modifications promote either open 

or closed chromatin (3), which in turn influence multiple cellular processes transcription 

and replication (4-6). Chromatin remodeling is also inter-connected with the DNA damage 

response, maintenance of stem cell properties, and cell differentiation programs. Patterns 

of histone modifications are maintained after replication and thus inherited through 

multiple cellular generations. DNA methylation predominantly involves the covalent 

addition of a methyl group (CH3) to cytosine in the context of CpG in DNA creating a 

significant epigenetic mark of transcriptional inactivity. Patterns of DNA methylation are 

generated during development involving de novo methylation and demethylation mediated 

by DNA methyltransferases (DNMTs). DNMT3 regulates de novo methylation during 

development, and DNMT1 maintains DNA methylation patterns following replication. 

Global genome methylation patterns are highly developmental stage- and tissue-specific. 

This review focuses on commonly used environmental and dietary compounds previously 

known or suspected to have carcinogenic or mutagenic properties but recently identified to 

have the potential to disrupt chromatin remodeling and epigenetic regulation in stem cells 

and induce long-term changes in developmental programs and promote tumorigenesis. 

Further we highlight recent reports that have shown that in utero exposure to these can also 

promote epigenetic modifications which in turn induce gene expression changes that persist 

throughout life (7, 8). 

B. The connection between epigenetic alterations and DNA double-strand breaks  

The DNA double-strand break response (DDR) is facilitated by hierarchical signaling 

networks that orchestrate chromatin structural changes, cell cycle checkpoints, and 

multiple enzymatic activities to repair broken DNA ends. DNA double-strand breaks 

(DSBs) have the highest potential to promote illegitimate repair mechanisms, accumulation 

of mutations, and are considered the critical primary lesions in the formation of 

chromosomal rearrangements associated with disease and tumorigenesis. The recent 

advances in the understanding of the interplay between chromatin remodeling, epigenetics, 

and DDR have been reviewed (9-11). New emerging evidence extends earlier findings with 

the potentially pathological repercussions of restoration of chromatin structure resulting in 

a DSB-induced epigenetic memory of damage.  

Chromatin dynamics and changes in chromatin architecture that occur for repair of DSBs 

include nucleosome eviction from DSBs, relaxation of heterochromatin structure, and 

localized chromatin destabilization at DSBs (12). After DNA damage, chromatin structure 

is altered by ATP-dependent chromatin remodeling, incorporation of histone variants into 

nucleosomes, and covalent histone modifications. These histone modifications include 

phosphorylation of H1; acetylation of H2A, phosphorylation and ubiquitination of H2AX; 

acetylation and methylation of H3; and phosphorylation and acetylation of H4 (3). Among 

the different histone modifications, phosphorylation of all four histones as well as the 

variant H2AX plays a primary role in DNA damage response by facilitating access of repair 

proteins to DNA breaks (13, 14). Phosphorylation of H2AX (γH2AX) spreads over large 

chromatin domains away from a DSB. This chromatin marking and large-scale chromatin 

reorganization recruits repair factors, recombination proteins and chromatin remodeling 

complexes involved in DNA repair pathways (15).  
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Heterochromatin is the tightly compacted DNA structure that acts as a barrier for DNA 

repair processes. As a result, heterochromatic DSBs are generally repaired more slowly 

than euchromatic DSBs (16), and heterochromatin and euchromatin utilize distinct 

remodeling complexes and pathways for DSB repair (17-21). DSB repair may be stalled 

within HC regions if a series of dynamic and localized changes fail to take place (18, 22, 

23). The ataxia telangiectasia mutated (ATM) protein and DDR mediator proteins 

overcome constraints posed by heterochromatin superstructure to promote repair through 

modulation of two HC factors -- KAP-1 co-repressor and HP1 chromodomain protein (19). 

Activation of the ATM signaling pathway and the subsequent phosphorylation of KAP-1 

trigger HC modifications required for DSB-repair (24). In addition, studies have shown 

that histone acetyltransferase (HAT) complexes act with the ATP-dependent SWI/SNF and 

RSC-containing chromatin remodeling complexes to facilitate DNA repair (25). 

Polycomb group (PcG) proteins, which have well-established roles in gene regulation, were 

recently found to accumulate on chromatin surrounding DNA damage (26). PcG proteins 

form complexes involved in the epigenetic regulation of gene expression. PcG repressive 

complexes catalyze post-translational modifications critical to their gene silencing 

function, including histone H3K27 di- and trimethylation  (H3K27me2, H3K27me3) and 

histone H2A ubiquitination (27-29). PcG and PRC components found to respond to DNA 

damage include BMI-1, MEL-18, EZH2 methyltransferase, EZH1, EED, and SUZ12 (30) 

suggesting that DNA methylation modifications occur as part of the DDR. Recruitment of 

PcG protein BMI1 promotes mono-ubiquitination of H2A and also DNA DSB repair (31).  

Signal transduction pathways in DDR communicate with chromatin-remodeling factors 

through protein-protein interactions. The chromatin remodeling protein scaffold matrix 

attachment region 1 (SMAR1) binds other SMAR1 elements along with histone 

deacetylase 1 (HDAC1) and p53 to form a repressor complex to downregulate transcription 

(32, 33). The chromatin-remodeling factor Tip49 recruits Rad51, the homolog of bacterial 

RecA and major homologous recombination repair protein, to DNA damage sites (34). In 

cells depleted of Tip49, Rad51 recruitment can be restored by addition of a HDAC inhibitor 

underscoring the interplay of epigenetic marks and DDR. In addition to DNA repair, the 

p53 signaling pathway is associated with chromatin changes that mainly involve the HAT 

Tip60 to modulate cell fate between cell-cycle arrest and apoptosis (35). Numerous 

chromatin-remodeling factors involved in DNA methylation and demethylation also play 

a role in DDR. In the thymus, genotoxic stress decreases global DNA methylation by a 

reduction in DNMT1, DNMT3a, DNMT3b and methyl-binding proteins MeCP2 and 

MBD2 (36). That these alterations are carried into the offspring of exposed individuals led 

the authors to suggest profound epigenetic dysregulation, which in turn could lead to 

genome destabilization and possibly serve as precursor for transgenerational 

carcinogenesis (36). 

C. Stem Cells and iPSCs 

Stem cells are the focus of study in many laboratories due to their unique properties of self-

renewal and pluripotency that allow for both maintenance of the stem cell pool as well as 

generation of various cell types through differentiation. Induced pluripotent stem cells 

(iPSCs) have allowed for study of developmental processes of multiple tissue and organ 
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systems (37-40). Stem cell models have been used for drug discovery and toxicology 

screens, and development of biomarker panels (41-43).  

Because stem cells give rise to all of the mature cells in an organism, they have become a 

promising source for potential replacement therapies in the treatment of diseases (44) 

although both genetic integrity and a “correct” epigenome will be important factors in both 

their experimental and therapeutic usefulness. Extensive literature exists analyzing 

transcriptional and proteomic profiles as well as chromatin modification profiles of stem 

cells, ES cells, iPSCs, and differentiated cell types to create signatures of “stemness” (45-

61).  

Genomic instability of human ES cells and iPSCs has been reported in vitro. Common 

abnormalities of ES cells are gains of chromosomes 12, 17, and 20 (62-67). Chromosome 

12 contains genes implicated in cell survival such as STELLAR, GDF3, and NANOG thus 

likely giving cells a proliferative advantage. It is interesting to note that trisomy of 

chromosome 12 is one of the most commonly described mosaicisms in amniocentesis (68) 

and is characteristic of germ cell tumors in almost all cases (69). Similarly, gain of 

chromosome 17 is associated with tumorigenesis, specifically breast cancer (70), and 

amplifications of chromosome 20 are observed in a wide variety of tumors (71, 72). Gain 

of chromosome X in stem cells cultured in vitro (70) is associated with trisomy 17 as well 

although it is unclear whether this provides a proliferative or survival advantage as loss of 

chromosome X has also been reported in vitro (64). The fact that these chromosomal 

abnormalities are common in both cultured stem cells and in multiple in vivo settings 

suggests that stem cells may be particularly susceptible to specific alterations. iPSCs have 

shown copy number variations, abnormal karyotype, and point mutations (42). In addition 

they have DNA methylation and histone modification defects, and altered X chromosome 

inactivation (42). Some studies have indicated that iPSCs may “remember” their previous 

somatic cell fate as stored within the epigenome (49, 73, 74) reducing their experimental 

and therapeutic potential. 

Transcriptional regulation and gene expression patterns occur in the context of chromatin. 

In general, stem cells have epigenetic signatures that are characteristic of an active 

chromatin state, e.g. chromatin is generally de-condensed. Chromatin is reorganized during 

differentiation programs and ChIP-seq approaches have demonstrated that chromatin 

structure at promoters and regulatory regions correlates with active, repressive, or poised 

“bivalent” transcriptional states, that in turn, correlates with the state of cell differentiation 

(75-78).  

Stem cell specific structures are regulated not only by epigenetic marks but also by higher 

order chromatin structures not discussed here (reviewed in (78)). Global levels of DNA 

methylation in stem cells are similar to levels in somatic cells; however, 25% of 

methylation sites in stem cells are in non-CpG sites, indicating a unique methylation 

program (79). Multiple studies demonstrate that histone acetylation is central to 

maintenance of pluripotency. H3K9 acetylation is overall higher in human stem cells and 

necessary to maintain an undifferentiated state while H3K9 de-acetylation occurs with 

differentiation (80). HDAC inhibitors such as butyrate and valproic acid increase overall 

H3K9ac levels (80) as well as expression of pluripotency genes such as Nanog, Sox, and 

Oct4 (81), promote stem cell and iPSC survival (82, 83). Other histone modifications 
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associated with transcriptionally active chromatin have also been shown to be increased in 

stem cells including H3K14 acetylation, H3K4 trimethylation (H3K4me3), and H3K36 di- 

and tri-methylation (H3K36me2, H3K36me3) (84, 85). Trimethylated H3K27 

(H3K27me3) levels remain unchanged during differentiation but preferentially localize at 

the nuclear periphery in stem cells and this localization decreases during differentiation 

(86). It is interesting to note that both H3K27me2 and H3K27me3 marks are mediated by 

the Polycomb repressive PRC2 complex and present at Polycomb target genes known to 

be suppressed in stem cells (87, 88). Taken together these observations suggest that 

Polycomb target genes are located at the nuclear periphery in stem cells and this 

localization may serve as an additional epigenetically regulated repressive mechanism (79). 

Whole genome ChIP-seq approaches have shown that both H3K4me3 (a mark of active 

promoters) and H3K27me3 (a mark of silenced promoters) colocalize in embryonic stem 

cells at 16-22% of genes, most of which are required for developmental regulation, creating 

a “bivalent” mark hypothesized to poise such genes for future expression while maintaining 

repression in the stem cell state (75, 77, 78, 89, 90). 

Thus, stem cells have specific epigenetic markers important for maintaining stem cell 

pluripotency and self-renewal that, when disrupted, could lead to dysregulated 

differentiation or tumorigenesis. One well-defined example of this is in the initiation of 

acute myeloid leukemia (AML) with mixed lineage leukemia (MLL) gene rearrangements. 

MLL is a homologue of Drosophila melanogaster trithorax (Trx) and is a positive regulator 

of Hox gene expression by H3K4 methylation. Hox gene expression is also negatively 

regulated by H3K27 methylation by Polycomb group proteins thus conferring a delicate 

balance of epigenetic marks. Disruption of these opposing epigenetic regulatory factors 

through MLL chromosomal translocation, leads to hyperactivation of Hox genes and, 

ultimately, to leukemogenesis (91). The mechanisms by which stem cells might transform 

into cancer stem cells remain widely unknown; however repeated exposure to DNA 

damaging agents or agents that disrupt epigenetic gene regulation may cause stem cells to 

become more similar to cancer stem cells and eventually initiate disease. In support of this, 

repeated exposure of cultured stem cells to toxic stress and metals has been shown to 

promote differentiation at the expense of an accumulating stem cell pool, induce abnormal 

cell signaling and global proteomic alterations analogous to those observed in transformed 

cells, acquire multiple tumor cell characteristics, and lead to an enrichment of cancer stem 

cells (51, 92-94).   

II. ENVIRONMENTAL TOXINS 

A. Aldehydes and Alcohols  

Carbonyl compounds are stable intermediates of photochemical oxidation of most 

hydrocarbons and are the precursors to free radicals and ozone; thus environmental 

exposure can be pervasive. Higher levels of reactive aldehydes such as acetylaldehyde and 

formaldehyde have been measured in ambient air samples of urban communities and are 

linked to toxicity, mutagenicity, and carcinogenicity (95-99) (Figure 1). Exposure to ozone 

with exercise results in ozonation of lipids to produce aldehydes in the airway epithelial 

lining fluid of humans (100). Reactive aldehydes and acetaldehyde are also by-products of 

endogenous cellular metabolism and found to have genotoxic effects. Bone marrow failure 

in Fanconi anemia may result in part from aldehyde-mediated genotoxicity in the 
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hematopoietic stem and progenitor cell pool. In support of this, mouse hematopoietic stem 

and progenitor cells are more susceptible to acetaldehyde toxicity as compared to mature 

blood precursors (101). Hematopoietic stem cells from Aldh2-/- Fancd2-/- mice that are 

deficient in the Fanconi anemia pathway-mediated DNA repair and in endogenous 

acetaldehyde detoxification undergo a > 600-fold reduction in numbers, display a 

predisposition to leukemia, and require Aldh2 for protection against acetaldehyde toxicity 

(101). Another endogenous source of acetaldehyde is as the first product from breakdown 

of alcohol in cells. It has been previously proposed that acetaldehyde generated from 

alcohol metabolism reacts in cells to generate DNA lesions that form inter-strand crosslinks 

(ICLs) (102). Since the Fanconi anemia-breast cancer associated (FANC-BRCA) DNA 

damage response network plays a crucial role in protecting cells against ICLs, Marietta et 

al. tested the proposed role of acetaldehyde in generating ICLs (103). They exposed human 

lymphoblastoid cells from normal individuals, an XPA patient, an FA-G patient and an 

FA-A patient to acetaldehyde and studied the activation of the FANC-BRCA network. 

Their study reported that acetylaldehyde in a dose range of 0.1–1mM stimulates FANCD2 

monoubiquitination, BRCA1 phosphorylation at Ser1524, and γH2AX at Ser139 in a dose-

dependent manner. These results demonstrate interplay between multiple DDR networks 

and may also support differential tissue specificity of alcohol-related carcinogenesis (103). 

The data also support findings of alcohol and increased breast cancer risk. Chronic 

exposure to ethanol induces DNA damage and an induction in the levels of the Fanconi 

anemia D2 (FANCD) protein in both human neural precursor SH-SY5Y cells in culture 

and in the midbrain of C57BL/6J mice in vivo (104). FANCD2 response induced by alcohol 

thus plays a role in DDR in post-mitotic neurons and in neural precursor cells.  

Alcohols and aldehydes are linked with altered histone H3K9 acetylation (H3K9ac) and 

altered cellular differentiation in bone marrow stem cells, cardiac progenitor cells, and 

hepatocytes  (105-110). A genome-wide reduction in H3K9 acetylation typically occurs 

during human embryonic stem cell differentiation, and HDAC activity is required for 

embryonic stem cell differentiation (80, 111). In cardiac progenitor cells, low levels of 

ethanol, acetaldehyde, and acetate promoted a >2-fold increase in histone H3K9 

acetylation (H3K9ac) without impacting the proliferation of cells consistent with 

maintenance of a progenitor state (112). High concentrations sufficient to produce a 30% 

reduction in cell viability also increased H3K9ac by >5-fold (112). In addition, high 

concentrations significantly elevated the expression of GATA4 and Mef2c genes related to 

heart development, resulting in their impaired differentiation (112). Consistent with these 

findings, the deregulation of genes that play a role in heart development has been proposed 

to be one of the mechanisms for the occurrence of congenital heart disease due to alcohol 

exposure during pregnancy (113).  

Occupational and environmental exposures to formaldehyde are prevalent. Its production 

is carried out on a large scale in the manufacture of resins, particleboard, plywood, leather 

goods, paper, and pharmaceuticals. Formaldehyde is known to have genotoxic and 

mutagenic potential. It has been demonstrated that formaldehyde induces genotoxicity by 

causing DNA-protein crosslinks (114). In addition, lysine residues in the N-terminal tail 

and the globular fold domain of histone H4 have been identified as binding sites for 

formaldehyde in in vitro studies at concentrations from 5mM to 100mM suggesting another 

mechanism of formaldehyde through affecting epigenetic regulation (115).  
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B. Benzene and its metabolites 

Benzene is a ubiquitous pollutant and is one of the top production chemicals in the United 

States (Figure 1). It is used in the manufacturing industry and is a combustion product of 

cigarette smoke. Benzene is carcinogenic and causes primarily hematopoietic cancers in 

humans (116, 117). It has been reported that it acts through its metabolites, especially 1,4-

benzoquinone (1,4 BQ), as a strong topoII poison causing DNA DSBs (118). 25µM 1,4BQ 

in vitro stimulates DNA cleavage by topoII 8-fold at sites close to defined chromosome 

breakpoints in leukemia. Benzene metabolites 1,4-BQ (1-10µM) or 1,4-HQ (10-100µM) 

cause DNA damage and fragmentation in cultured HL60 cells though the generation of 

H2O2 oxidative stress leading to apoptosis (119). Benzene and its metabolites including 

benzoquinone also influence the downstream DNA repair of DSBs. As little as 1µM 

benzoquinone was sufficient to increase homologous recombination repair by 2.7-fold in a 

Chinese hamster ovary (CHO) cell line containing a neomycin gene direct repeat 

recombination substrate (120). Global genomic hypomethylation is a common event in 

cancer and frequently observed in hematopoietic malignancies, including leukemia. 

Gasoline station attendants are exposed to benzene fumes, and this exposure has been 

thought to lead to higher rates of lymphatic and hematopoietic cancers (121). In support of 

this, one study has shown a 1.6% decrease in global DNA methylation of these workers 

suggesting an epigenetic mechanism of benzene action and  cancer (122). 

Studies have extended earlier cell culture studies to in vivo mouse models showing 

alterations in epigenetic marks and developmental reprogramming. Neonatal exposure to 

1,4-bis[2-(3,5-dichloropyridyloxy)] benzene resulted in activation of constitutive 

androstane receptor (CAR) and a permanent increase of H3K4 mono-, di-, and 

trimethylation (H3K4me, H3K4me2, H3K4me3)  and decrease of H3K9 trimethylation 

(H3K9me3) within the Cyp2B10 locus (123). These epigenetic changes were maintained 

in mice throughout life and resulted in a permanent change of liver drug metabolism (123). 

Taken together, the in vitro and in vivo studies provide further support for the interplay 

between the DDR, DNA repair, and long-term chromatin remodeling. 

C. Trace Metals 

Trace amounts of metallic compounds are pervasive in the environment (Figure 2). They 

are present in air, water, and food, and occupational exposure to them may occur through 

industrial production and waste disposal. Several studies have determined that trace metals 

cross the placenta (124-129), and presence of Cd, Cu, Cr, Ni, Pb, and Zn in placentas 

correlates with response of biomarkers metallothioneins, delta-amniolevulinic acid 

dehydratase, and lipid peroxidation (130). Consistent with environmental exposure to these 

elements, both levels of metals and biomarker responses were statistically significantly 

related to maternal dietary habits, consumption of canned food and bottled mineral water, 

as well as smoking (130). Similarly, animal models have shown pregnant C57BL6/J mice 

administered sodium arsenite in drinking water result in dose-dependent accumulation in 

newborn pups (131). Trace metals elicit pleiotropic biochemical and physiological effects 

such as mimicry of binding in protein active sites, oxidative changes in lipid, proteins or 

DNA, impaired transfer of nutrients to the fetus, low birth weight and developmental delay. 

The variation of chemical properties and reactive toxicities of each indicates that a uniform 

mechanism of action for all toxic metals is unlikely.  
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Recent reports have demonstrated trace quantities of metals directly promote overall 

histone production, specific epigenetic modifications, and heritable changes in gene 

expression (132). Most importantly, these changes have been shown to occur in stem cells, 

potentially being transgenerational. Dimethylation of H3 leads to gene silencing (133), and 

multiple metal exposures have been linked to this phenomenon. Zn can modulate overall 

histone gene expression and possibly mediate Zn effects on chromatin regulation (134). 

Treatment of human mononuclear THP-1 cells with 50µmol/L ZnSO4 for 40 hours 

produced decrease of H2B transcription by 1.58 fold. Conversely, Zn deprivation by 

treatment with 2.5 µmol/L of the membrane permeable Zn chelator TPEN led to a 4.38-

fold increase in H2B transcription. Exposure to Cd, Cr, Hg, and Ni leads to global changes 

in DNA methylation and histone modifications (132). Acute in vitro exposure of mouse 

embryonic stem cells to As, Cd, Hg and Ni led to a more than 50% decrease in H3K27 

monomethylation (H3K27me) suggesting a global induction of transcriptional repression 

(135). Ni ion exposure at 250µM or higher increased global H3K9me and H3K9me2 by 2-

3 fold in a time-dependent manner in cell lines of different lineages including mouse 

embryonic stem cells and embryonic fibroblast cells, and human lung carcinoma, 

osteosarcoma, and embryonic kidney cells (136). Further, Ni ions induced gpt transgene 

silencing and exhibited inhibition of H3K9 de-methylation, that led to, or permitted, the 

observed increase in H3K9me2 (136). Analysis of peripheral blood mononuclear cells of 

humans with occupational exposure to Ni suggests that chronic exposure leads to further 

epigenetic changes in vivo as these samples showed an increase in H3K9me3 (137). 

Interestingly, epigenetic alterations by metal exposure may be gender specific as peripheral 

blood mononuclear cell analysis of women exposed to As in drinking water supply 

demonstrated and increase in H3K9me2 and decrease in H3K9ac, both marks of repression, 

but led to opposite changes in similarly exposed men (137). 

Low concentrations of trace metals are also sufficient to induce multiple cellular effects. 

Prolonged in vitro exposure of mouse embryonic stem cells to low concentrations (< IC50) 

of As, Cd, Cu, Pb, Li, Hg and Ni led to decreased cell proliferation, altered expression of 

cell differentiation markers Oct-4 and egfr, altered expression of DNA repair genes Rad-

18, Top-3a, and Ogg-1, and overall decreased total histone protein production (135).  

As a downstream result of transcriptional silencing by alterations in epigenetic marks, 

exposure leads to defects in cellular differentiation pathways. The As derivative arsenite 

suppresses expression of cellular differentiation markers to inhibit signaling pathways, 

maintain proliferative ability, and suppress differentiation of keratinocyte progenitor cells 

as well as transform human prostate epithelial progenitor cells to a cancer stem-cell 

phenotype (138-141). In one study, SCC9 human squamous carcinoma cells that exhibit a 

keratinocyte progenitor cell phenotype were stably transfected with constructs containing 

the proximal human involucrin promoter, wild-type or mutated at both AP1 sites, were 

examined for their transcriptional activity using luciferase reporter activities with and 

without treatment with arsenate. Notably, effects were detectable with a nontoxic 

concentration within the range of environmental exposures (2µM sodium arsenate or 

sodium arsenite). As one marker of inhibition of differentiation, arsenite resulted in a 

significant reduction of c-Fos transcription factor and of acetylated H3 at the proximal and 

distal AP1 response elements of the involucrin gene promoter and of coactivator p300 at 

the proximal element of the involucrin gene promoter, as shown by chromatin 
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immunoprecipitation (chIP) studies. Treatment with arsenite led to a dramatic suppression 

in the transcriptional activity of the involucrin gene to 2% of the level observed in the 

absence of any treatment.  

Studies have extended cell culture studies to examine long-term impact in vivo. Exposure 

of C57Bl6/J mice to 100μg/L arsenic in drinking water from 1 week before conception 

until birth resulted in offspring with global H3K9 hypoacetylation, changes in functional 

annotation with highly significant representation of Krüppel associated box transcription 

factors in brain samples, and long-term memory impairment as compared to unexposed 

controls (142). Timed-pregnant Long–Evans hooded rats exposed to 200 ppm Pb-acetate 

in deionized drinking water during pregnancy delivered offspring with age-related 

neuropathological characteristics analogous to those seen in Alzheimer’s disease (AD). 

These characteristics were accompanied by changes in the methylation patterns of key AD 

genes (143). Continued exposure to Pb during the postnatal period resulted in a transient 

increase in beta-amyloid precursor protein (APP). mRNA expression during the first month 

after birth followed by a return to basal levels by one year, but surprisingly a subsequent 

delayed overexpression at 20 months after exposure to Pb had ceased. These data suggest 

that environmental influences occurring during brain development predetermined 

methylation patterns, gene expression, and regulation of APP later in life, potentially 

altering the course of amyloidogenesis. These studies support the fetal basis of adult 

disease (FeBAD) hypothesis which states that many adult diseases have a fetal origin (144-

148). Injury or environmental influences occurring at critical periods of organ development 

in the fetus at early stages of cell differentiation could lead to alterations in gene expression 

or gene imprinting which can result in "programmatic" changes in gene expression and 

functional deficits evident later in life. 

Epidemiological studies have well documented metals as human carcinogens associated 

with skin, lung, liver, and bladder cancers; however the underlying mechanisms have not 

been clear. Cancer incidence increases with chronic exposure to metals such as As, Cd, Cr, 

and Ni (149-152). Studies associate arsenic exposure to multiple cancer types in human 

subjects and gene-specific DNA hypermethylation (153-157). This direct link between 

arsenic, tumorigenesis, and hypermethylation was further documented by low dose 

(0.5μM) exposure to arsenic trioxide (As(2)O(3)) that led to transformation of BALB/c 

3T3 cells, and dramatic tumor growth increase of these cells in a xenograft mouse model 

(158). Further, these cells exhibited activated polycomb group proteins BMI1 and SUZ12, 

increased H3K27me3, and suppression of p16 and p19 that could be rescued by shRNA to 

either BMI1 or SUZ12 (158).  

III. DIETARY EXPOSURES AND SUPPLEMENTS  

A. Bisphenol A and other estrogens  

Bisphenol A (BPA) is a hormonally active environmental xenoestrogen widely used in the 

production of polycarbonate plastics and resins, including some dental composites (Figure 

3). Human exposure to BPA comes mainly from daily diet, as it leaches from food and 

drink packaging, water pipes, and dental sealants (159). BPA can cross the placenta, and 

has been detected in urine, amniotic fluid, maternal and fetal plasma, placental tissue, and 

breast milk of lactating mothers (159-162). Estrogens are both natural hormones produced 
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in the body and widely used in hormone supplement therapy. 17β-estradiol is an 

endogenous estrogen. Genistein is a soy phytoestrogen present in foods, particularly 

soybeans, and infant soy formulas (163, 164) (Figure 3). Genistein and other estrogen 

derivatives are also available at health food stores as dietary and menopausal supplements 

(165). The validated and widely used embryonic stem cell test for toxicity (166, 167) 

demonstrated that exposure to BPA or genistein significantly altered genome wide 

methylation patterns and decreased embryonic stem cell to cardiomyocyte differentiation 

(168, 169). Further, the combination of BPA and genistein had a synergistic effect at lower 

concentrations similar to those observed in human blood or sera (168).  

The epigenetically toxic effects of environmental chemicals like BPA and phthalates 

include DNA methylation, histone modification, and changes in microRNA expression 

levels (7). Some of these effects have been found to be transgenerational. Numerous studies 

show that exposure to xenoestrogens can developmentally reprogram multiple organ 

systems. Differences in the ability of xenoestrogens to induce developmental 

reprogramming are likely driven by intrinsic differences in their binding to specific 

estrogen receptor subtypes. In the female reproductive tract, exposure is associated with 

alterations in morphology, hormonal response, and gene expression, and promotes diverse 

outcomes such as obesity and cancer later in life (170-172). BPA is an endocrine disruptor 

causing an adverse effect on mammalian reproduction due to impaired development of 

germ cells. BPA has been reported to play a role in modulating germ cell differentiation, 

retinoic acid signaling, and the expression of germ cell marker genes in mouse embryonic 

stem (ES) cells (173). After 50µM BPA, up-regulation of meiotic entry gene Stra8 (20-

fold), up-regulation of ovarian markers Foxl2 and Wnt4 (15-20 fold), and suppression of 

testicular markers Sox9 and Fgf9 were detected showing that in addition to germ cell 

differentiation, BPA also affects testicular and ovarian development. BPA dosing 

C57BL/6J pregnant mice from embryonic day 8.5 to 13.5 accelerated neurogenesis in the 

developing neurocortex and decreased the number of detectable neural stem/progenitor 

cells (174). Animal studies have also reported that postnatal exposure to BPA accelerates 

neurogenesis and causes neuronal migration defects which impair neurocortex 

development in embryos (175). BPA modulates adipogenic differentiation of cultured 

human primary adult stem cells (176) and suppresses adipogenic differentiation of mouse 

mesenchymal stem cells (177). 

Physiologically relevant doses of BPA or estradiol have been reported to increase 

susceptibility to adult-onset prostate precancerous lesions and hormonal carcinogenesis. 

This imprinting involves epigenetic changes such as permanent alterations in the DNA 

methylation patterns of multiple cell signaling genes (178). Developmental exposure to 

estradiol and BPA leads to an increase in the susceptibility to prostate carcinogenesis with 

aging through epigenetic regulation (178). In normal prostates, gradual methylation occurs 

within the specific genomic cluster containing the gene for phosphodiesterase type 4 

variant 4 (PDE4D4) which is an enzyme responsible for cyclic AMP breakdown. This 

methylation is associated with decreased expression. By contrast, neonatal Sprague-

Dawley rat exposure to BPA (10µg/kg) or 17β-estradiol 3-benzoate (2500µg/kg or 

0.1µg/kg) resulted in early and prolonged hypomethylation at this site and continued, 

elevated PDE4D4 gene expression throughout life, consistent with observed 
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hypomethylation of this gene in prostate cancer cells. Several genes showed methylation 

changes in response to neonatal estrogen treatments, many of which are permanent. 

Estrogens have also been linked to the generation of DNA DSBs or inhibition of their 

repair. Exposure of primary gingival fibroblasts to dental adhesives containing BPA 

derivatives produced increased numbers of DNA breaks, marking of damaged 

chromosomes with H2AX, alterations in cell cycle profiles, and slower kinetics of repair 

(179-181). Sensitivity to BPA derivatives may be global as exposure of keratinocytes, skin 

fibroblasts, intestinal cells (line LS174T), and hepatoma cells (line HepG2) all produce 

marking of damaged DNA by H2AX (182, 183). 

B. Bioflavonoids as topoisomerase II inhibitors 

Bioflavonoids comprise a diverse group of polyphenolic compounds divided into three 

main groups: flavones, flavonols, and isoflavones (Figure 3). The most common sources 

of these bioflavonoids are fruits, vegetables, soy, tea, coffee and wine (184). Genistein is 

both an estrogen derivative (discussed above) available at health food stores as dietary and 

menopausal supplements (165), and a soy phytoestrogen present in foods, particularly 

soybeans, and infant soy formulas (163, 164). Thus, its effects in cells are thus likely 

pleiotropic acting through both mechanisms. Due to their antioxidant capacity, flavonoids 

are used for their presumed health benefits such as protection against cardiovascular 

diseases, cancer and inflammation. Flavonoid supplements are available worldwide over-

the-counter in pharmacies and drugstores.  

However, accumulating evidence indicates that dietary flavonoids are potent inhibitors of 

topoisomerase II (topoII α and topoII β in mammalian cells (185, 186)). DNA 

topoisomerases are essential cellular enzymes that cause topological changes in the DNA 

for processes such as replication and transcription. Inhibitors of topoII block the religation 

of the transient DSBs made by topoII, leading to cell death at high doses but also potentially 

leading to illegitimate repair, genome instability, and chromosomal abnormalities in 

surviving cells. The chemotherapeutic agents etoposide, doxorubicin, daunorubicin and 

mitoxantrone (185, 187) are well-characterized topoII inhibitors that are typically used as 

comparison controls in testing of other potential inhibitors. Etoposide is composed of a 

polycyclic ring system (rings A-D), a glycosidic moiety at the C4 position, and a pendant 

ring (E ring) at the C1 position (188-190). The binding of etoposide to topoII is driven by 

interactions with the A-ring and the B-ring (189) while the E-ring is important for etoposide 

function (190). Etoposide has been reported to initiate MLL rearrangements in mouse 

embryonic stem cells (191), primitive hematopoietic stem cells and in human fetal 

hematopoietic stem cells in several studies (192-195). Other anti-cancer agents including 

teniposide, anthracyclines and dactinomycin also are associated with MLL rearrangements 

due to topoII inhibition and enhanced DNA cleavage leading to defective DNA repair and 

chromosomal translocations (196). 

Multiple bioflavonoid compounds are also polyphenolic ring structures and thus 

biochemically and mechanistically may act similarly to etoposide (186). Etoposide, 

genistein and quercetin contain pendant rings that feature a 4’-OH group that is essential 

for drug action (186, 197, 198). The 5’-OH group of genistein plays an important role in 

mediating binding to topoII, and the 4’-OH plays a significant role in function (186). 
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TopoII inhibition by bioflavonoids was investigated in an in vitro plasmid DNA cleavage 

assay using purified recombinant wild-type human topo IIα and IIβ where it was shown 

that these compounds were active against topoIIβ (186). Genistein (50µM) was shown to 

be the most effective of the bioflavonoids tested and stimulated enzyme-mediated DNA 

cleavage ~10-fold (186). 100µM genistein efficiently induced topoII-DNA cleavage 

complexes in both cultured mouse myeloid progenitor cells (32Dc13) and Top2β knockout 

mouse embryonic fibroblasts (MEFs), and it was suggested that these complexes are 

processed by proteasome which led to chromosome rearrangements (199). Cultured human 

lymphocytes treated with 50µM genistein display chromosome abnormalities in metaphase 

karyotypic analyses (200). DSBs with the MLL gene breakpoint cluster region were 

induced by bioflavonoid exposure both in primary human progenitor hematopoietic cells 

from healthy newborns and adults as well as in hematopoietic progenitor cell lines (BV173 

and K562) (201). Quercetin, genistein and kaempferol induced DSBs in primary human 

hematopoietic CD34+ stem cell-enriched cells (at 25µM and 50µM doses) (202). Besides 

chromosomal translocations, monosomy or trisomy of MLL was also reported in quercetin-

exposed cells (202).  

Importantly, synthetic flavonoids are able to cross the placenta in the rat and are found in 

all fetal tissues (17% of the initial dose) including fetal brain (203). Maternal and fetal 

distributions of a synthetic radioactively labeled bioflavonoid EMD-49209 were detectable 

1-24 h after intravenous injection into pregnant Wistar rats. Transplacental exposure to 

high but biological amounts of the flavonoids genistein and quercetin in Atm-ΔSRI mutant 

mice with an impaired capacity for DSB repair led to the Inverse PCR detection of two-

fold higher number of MLL rearrangements compared with their wild-type siblings (184). 

Parallel in vitro studies with bone marrow cells exposed to genistein (50µM) or quercetin 

(50µM) showed 2.1-5.0 rearrangements/80ng genomic DNA (1 per 13,000 cells) for 

quercetin or genistein as compared to 0.2 translocations/80ng genomic DNA for wild-type 

cells. Thus, the risk of these rearrangements due to in utero exposure to these bioflavonoids 

increases in the presence of compromised DNA repair, although in that study MLL 

rearrangements were detectable in all samples regardless of diet or mutational status.  

The epigenetic and transgenerational effects of these dietary compounds were addressed in 

a study that showed that exposure of progeny to genistein through maternal diet during 

pregnancy can have long lasting effects on resultant progeny (204). Mice 

(129/SvJ:C57BL/6J background), ~8 wk of age were given genistein (270mg/kg of feed) 

from conception until birth. Genistein induced epigenetic changes and altered the coat color 

of agouti mice. Progeny mice had a significant down-regulation of genes involved in 

hematopoiesis in bone marrow cells, increased erythropoiesis, and a permanent signature 

hypermethylation of repetitive elements in the hematopoietic lineages. Thus prenatal 

exposure to genistein affected epigenetic signature of hematopoietic cells and caused long 

lasting alterations in gene expression. 

Exposure to the flavonoid quercetin during pregnancy can result in the long-term changes 

in iron homeostasis at adulthood (205). Quercetin is a strong iron chelator and has the 

ability to cross the placenta and accumulate in the fetus. In this study female mice 

(129/SvJ:C57BL/6J background) were given quercetin (302mg/kg feed) from 3 days 

before conception until the end of gestation. Mice prenatally exposed to quercetin had an 
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upregulated iron-associated cytokine expression and significantly increased iron storage in 

the liver (~94ng/mg for quercetin exposure versus ~62ng/mg for control). Quercetin 

exposure was associated with hypermethylation of repetitive elements and these epigenetic 

modifications could cause these long-term changes in cytokine gene expression. All of 

these changes led to a shift towards a higher expression of cytokines associated with 

inflammation in the liver of adult mice that were prenatally exposed to quercetin.  

Quercetin has also been shown to affect xenobiotic metabolism of chemical carcinogens in 

mice that were prenatally exposed to this compound (206). Mice (129/SvJ:C57BL/6J 

background) were given quercetin (1mmol or 302mg/kg of feed) from 3 days before 

conception until the end of gestation. Quercetin-exposed mice showed altered 

biotransformation of the environmental pollutant benzo[a]pyrene. This occurred due to 

altered gene expression of the metabolic enzymes such as Cyp1a1, Cyb1b1, Nqo1 and 

Ugt1a6 which persisted into adulthood in a tissue- and gender-dependent manner. These 

long lasting changes were associated with epigenetic alterations since prenatal quercetin 

exposure led to hypomethylation of repetitive elements SINEB1. These persistent 

alterations in the metabolic enzymes of adult mice may affect cancer risk due to 

environmental chemical carcinogens. 

IV. CONCLUDING REMARKS 

The exposure to environmental and dietary agents discussed above is widespread today. 

Due to the beneficial effects assumed to be associated with the use of bioflavonoids, their 

use as dietary supplements is increasingly popular and widespread. However, a growing 

body of evidence is emerging regarding the long-term implications and adverse effects of 

using these compounds in an unrestricted manner. Multiple environmental toxins and 

dietary agents have the potential to cause long-term epigenetic changes leading to 

dysregulation of multiple cellular functions and developmental pathways. Epigenetic 

modulation, cell differentiation, gene expression, signal transduction and illegitimate DNA 

repair are all associated with human diseases and cancer (207). Importantly, epigenetic 

alterations following exposure will continue to impact cellular development long after 

exposure has ceased. In view of the variety of adverse effects these agents have in exposed 

individuals, it is important to raise public awareness, set guidelines and regulate the use 

and market availability of such compounds to reduce the risk of disease. Since the role of 

in utero exposures in causing long-term transgenerational effects has been demonstrated to 

be critical, it is important to address the susceptibility of different stages of cell 

differentiation to the deleterious molecular changes induced by these agents. However, a 

system to directly and rapidly examine the role of a large number of different compounds, 

both individually and in combination, in inducing the genetic/epigenetic changes discussed 

above has been lacking and thus testing has been limited to small isolated studies. Even the 

inherent genomic instability of existing stem cell lines or the memory of previous 

epigenetic codes of iPSCs suggest that they may not always mimic in vivo consequences. 

Development of model systems for cells at different stages of differentiation with different 

susceptibilities to epigenetic alterations will provide useful insights into the comparative 

risk to human populations and how the timing or stage of development may impact in vivo 

consequences to individuals. 
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APPENDIX E: DOUBLE-STRAND BREAK REPAIR BY INTERCHROMOSOMAL 

RECOMBINATION: AN IN VIVO REPAIR MECHANISM UTILIZED BY 

MULTIPLE SOMATIC TISSUES IN MAMMALS 
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Abstract 

Conventional delivery of chemotherapeutic agents leads to multiple systemic side effects 

and toxicity, limiting the doses that can be used. Development of targeted therapies to 

selectively deliver anti-cancer agents to tumor cells without damaging neighboring 

unaffected cells would lead to higher effective local doses and improved response rates. 

Aptamers are single-stranded oligonucleotides that bind to target molecules with both 

high affinity and high specificity. The high specificity exhibited by aptamers promotes 

localization and uptake by specific cell populations such as tumor cells, and their 

conjugation to anti-cancer drugs have been explored for targeted therapy. Advancements 

in the development of polymeric nanoparticles allow anti-cancer drugs to be encapsulated 

in protective nonreactive shells for controlled drug delivery with reduced toxicity. 

Conjugation of aptamers to nanoparticle-based therapeutics may further enhance direct 

targeting and personalized medicine. Here we present how the combinatorial use of 

aptamer and nanoparticle technologies has the potential to develop “smart bombs” for 

targeted cancer treatment, highlighting recent pre-clinical studies demonstrating efficacy 

for the direct targeting to particular tumor cell populations. However, despite these pre-

clinical promising results, movement of this technology to the bedside has made little 

progress. 
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Abstract 

Homeobox (HOX) genes encode transcription factors critical to morphogenesis and cell 

differentiation. Although dysregulation of several HOX genes in ovarian cancer has been 

reported, little is known about HOXC6 expression in epithelial ovarian cancer. In this 

report, analysis of laser capture microdissected samples determined HOXC6 expression 

patterns in normal versus malignant serous ovarian carcinoma tissues. HOXC6 protein 

was quantified by ELISA in parallel serum samples and further validated in a larger 

cohort of serum samples collected from women with and without serous ovarian 

carcinoma. These data demonstrate significant downregulation of HOXC6 in serous 

ovarian cancer. 

 

 

 

 

 

 

 

 

 

 


