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ABSTRACT 

Lehman, Christine Elise 

DNA FRAGILE SITE BREAKAGE AS A MEASURE OF CHEMICAL EXPOSURE 

AND PREDICTOR OF THE SUSCEPTIBILITY TO FORM CHROMOSOMAL 

REARRANGEMENTS 

 

Dissertation under the direction of Yuh-Hwa Wang, Ph.D, Associate Professor 

 

 

Cancer development is often initiated by various genetic abnormalities including 

chromosomal translocations which require DNA breakage.  These DNA breaks can occur 

through exogeneous chemical exposures and/or at regions particularly susceptible to 

breakage termed “common fragile sites (CFS)”.  To test the hypothesis that fragile site 

breakage underlies the formation of chromosomal rearrangements, we focused on 

RET/PTC rearrangements in papillary thyroid carcinoma.  All genes participating in the 

two most common types of RET/PTC rearrangements, RET/PTC1 and RET/PTC3, are 

located within common fragile sites. Fragile sites are sensitive to a variety of 

environmental chemicals and chemotherapeutic drugs and we have shown that treatment 

of human thyroid cells with laboratory fragile site-inducing chemicals can cause the 

formation of RET/PTC rearrangement.   Here, we demonstrate that treatment with non-

cytotoxic levels of environmental chemicals, benzene and diethylnitrosamine, and 

chemotherapeutic agents, etoposide and doxorubicin, generate significant DNA breakage 

within RET at levels similar to those generated by laboratory fragile site-inducing 

chemicals. These results suggest the role of long-term exposure to these chemicals in the 

generation of RET/PTC rearrangements.  DNA topoisomerases I and II maintain 

structural integrity by recognizing and cleaving DNA secondary structures such as those 

at fragile sites.  Co-treatment of human thyroid cells with APH and topoisomerase 
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inhibitors significantly altered APH-induced breakage within RET demonstrating their 

involvement in initiating APH-induced breakage at RET.   

Next, we investigate whether the sensitivity of fragile sites can predict the 

likelihood of rearrangement formation. To test this, normal thyroid tissues from patients 

with and without RET/PTC rearrangements are examined. We found that normal cells of 

patients with RET/PTC rearrangements have significantly higher blunt-ended, double-

stranded DNA breaks at RET than those of patients without RET/PTC rearrangements. 

These results provide a foundation to use DNA fragile site breakage to identify and 

monitor high-risk populations susceptible to cancers caused by fragile site-mediated 

rearrangements. Further, the significant increase of blunt-ended, double-stranded DNA 

breaks, but not other types of DNA breaks in the normal cells of patients with RET/PTC, 

suggests that blunt-ended double-stranded DNA breaks are the direct substrate required 

for rearrangement formation, and implicates the involvement of the non-homologous end 

joining pathway in this process.  
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I. INTRODUCTION 

Chromosomal translocations are one form of genomic instability commonly found 

in cancer cells.  These translocations often directly contribute to the neoplastic process 

through deletions, insertions, or translocation of genetic material which results in the 

altered expression of oncogenes or the loss of tumor suppressors [1, 2].  While the 

mechanism in which cells acquire these translocations is unclear, it is evident that DNA 

breaks must be one step in the formative process.  The formation of these DNA breaks 

can occur through endogenous reactive oxygen species [3], or in regions of the genome 

termed “common fragile sites (CFS)”.    Fragile sites are non-random chromosomal loci 

which exhibit gaps or breaks observed on metaphase chromosomes during conditions 

which partially inhibit DNA synthesis [4]. Fifty-two percent of breakpoints in gene pairs 

involved in cancer-specific recurrent translocations were shown to be within human CFS 

[5] suggesting the important role of these sites in the formation of translocations.  

Further, these fragile sites can be induced by a variety of environmental chemicals and 

chemotherapeutic agents [6] which also suggests their role in the formation of 

chromosomal rearrangements found in sporadic cancers and secondary neoplasms.    

The goal of this work is to investigate whether DNA fragile sites can be used as a 

measure of long-term chemical exposure and further as a predictor of the susceptibility to 

form chromosomal rearrangements.  This knowledge can be used to more critically 

screen environmental pollutants, tailor chemotherapy treatments and adjust lifestyle 

factors in patient populations at risk for oncogenic development.  To test the hypothesis 

that fragile site breakage underlies the formation of chromosomal rearrangements, we 

focused on RET/PTC rearrangements in papillary thyroid carcinoma.  Further, we 
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focused on the role of environmental and chemotherapeutic agents on the initiation of 

DNA breakage at the corresponding RET oncogene, the development of a diagnostic 

assay to monitor the susceptibility to the formation of chromosomal rearrangements, and 

the type of DNA breakage required for chromosomal rearrangement formation.   

 

Chromosomal Fragile Sites 

 DNA fragile sites are defined as non-random loci which are observed as gaps or 

breaks in metaphase chromosomes during conditions which partially inhibit DNA 

synthesis [4].  Fragile sites can further be classified as common or rare sites, depending 

on their frequency within the population and the chemical used to induce their 

expression.  Common fragile sites (CFS) are present in all individuals and are therefore 

considered a part of normal chromosomal architecture [7].  In contrast, rare fragile sites 

are found in less than 5% of the population and are inherited in a Mendalian manner [8, 

9].  Fragile site breakage is typically induced in the laboratory by treatment of cells with 

low doses of the DNA polymerase inhibitor, aphidicolin (APH).  To date, low-dose APH 

exposure has been shown to cause expresion of over 230 fragile sites in human cells [10].  

Induction of common fragile sites has also been observed following treatment with 

bromodeoxyuridine (BrdU) or 5-azacytidine [11].  Mraesek et al. recently demonstrated 

that APH can induce all types of common and rare sites, suggesting that their expression 

may be less dependent on their mode of induction and that classification based on 

frequency is more appropriate [10].  Additionally, common fragile sites can be induced 

through exposure to various dietary or environmental chemicals as well as 

chemotherapeutic agents [6].  
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 Several intrinsic factors may also contribute to the expression of fragile sites.  

Replication timing experiments previously demonstrated that at all sites examined thus 

far, fragile sites exhibit late replication which can be further delayed by the addition of 

replication inhibitors [12-16].  The presence of large genes in common fragile sites is also 

overrepresented [11].  Although there is no consensus sequence among common fragile 

sites, analysis of several has revealed AT-rich sequences which have the potential to form 

highly stable secondary structures [17, 18] which may be capable of stalling DNA 

replication fork progression.  Additional work is needed to better understand the initial 

events which cause DNA breakage at fragile sites and ultimately to better understand the 

cancer-specific recurrent translocations involving them.   

 

Fragile Sites and Cancer 

 Studies over several decades have previously shown a correlation between fragile 

sites and cancer-specific chromosomal translocations [19].  Specifically, a comprehensive 

examination of all known recurrent, simple, cancer-specific translocations revealed that 

52% of these had at least one breakpoint located within a fragile site [5].  More 

specifically, 40% contained a breakpoint within one gene found in a fragile site and an 

additional 12% contained both breakpoints within genes found in fragile sites.  

Interestingly, 65% of the breakpoints identified within these translocations were located 

within common fragile sites, suggesting a genetic risk among all individuals.  In addition 

to these correlative studies, a direct contribution of fragile site breakage to the formation 

of cancer-specific deletions has been previously observed.  Exposure of cells to APH 

induced submicroscopic deletions within FHIT, located within FRA3B, that are 
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consistent with deletions observed in breast, esophageal and lung cancers [20].  More 

recently, exposure of human thyroid epithelial cells to fragile site-inducing laboratory 

chemicals lead to the formation of RET/PTC1 rearrangements consistent with those 

observed in papillary thyroid carcinoma (PTC, [21]).     

Fragile sites have been previously identified as hot spots for sister chromatid 

exchange [22], viral integrations [23-28] and gene amplifications in tumor cells [29-32].  

Additionally, mutational signatures observed in some cell lines match those at fragile 

sites [33]. Many genes identified within fragile sites are also known tumor suppressor 

genes or oncogenes [34]. These results demonstrate a role of fragile site breakage in 

oncogenesis, however, the cause of DNA breaks leading to these rearrangements still 

requires further research.   

While common fragile sites are found in all individuals, fragile site breakage is 

known to vary among individuals [35].  This breakage can occur through a variety of 

ways, such as exogeneous chemical exposure [6].  DNA breaks are generally repaired 

through homologous recombination (HR) or non-homologous end joining (NHEJ) [36], 

however, any dysfunction in these pathways can contribute to DNA breakage and the 

formation of chromosomal translocations [1].  Alternately, an accumulation of exposures 

could lead to an overwhelming number of DNA breaks which could prevent the cell from 

fixing or eliminating all of these breaks, also leading to chromosomal translocations.  

Therefore, investigation using human tissue samples is necessary to examine the net 

outcome of deleterious exposures and DNA repair processes in human cells.    
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RET/PTC Rearrangements in Papillary Thyroid Carcinoma 

Of the cancer-specific recurrent translocations involving fragile site genes, 12% 

involved both genes located within fragile sites and within this 12%, RET/PTC 

rearrangements were identified.  Both RET/PTC1 and RET/PTC3 involve gene pairs 

located within fragile sites and are associated with PTC.   Interestingly, the incidence of 

thyroid cancer is drastically increasing in the United States and other countries.  

According to data from the National Cancer Institute’s Surveillance, Epidemiology and 

End Results (SEER) database, incidences have increased at a rate of approximately 5% 

each year for the past 10 years with incidences now nearly three times that of the early 

1970s [37-39].  While improving diagnostic techniques can account for some of this 

increase, it is believed that changes in other risk factors may also contribute.  One 

possible risk factor is exposure to ionizing radiation as increases in thyroid cancer have 

been well documented following exposure to high doses of radiation [40-43].  However, 

RET/PTC rearrangements are found in approximately 20% of adult sporadic PTC and 

45% of sporadic childhood PTC [44], suggesting radiation exposure is not the only risk 

factor [45].   

PTC accounts for approximately 80% of thyroid cancer cases and is completely 

responsible for the rising incidence of thyroid cancer in the United States [38, 39, 46]. 

RET/PTC rearrangements are a common cause of PTC accounting for approximately 30-

40% of adult and 50-60% of pediatric PTC tumors [47].   To date, 19 RET/PTC 

rearrangements have been found in PTC (Table 1.1), all of which involve RET  [48].  The 

two most common subtypes of RET/PTC rearrangements are RET/PTC1 and RET/PTC3 

in which RET is translocated with CCDC6 and NCOA4, respectively [49].  In each case, 
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RET, which encodes for a cell membrane receptor tyrosine kinase, becomes activated 

through its fusion to a constitutively expressed gene in the thyroid.  Normally, expression 

of RET in the thyroid is only high in neural-crest derived C-cells but not in follicular cells 

where these rearrangements occur.  This improper activation through the expression of a 

fusion protein leads to tumorigenesis.  RET/PTC3 rearrangements have shown a strong 

correlation with radiation exposure accounting for approximately 63-75% of radiation-

induced RET/PTC positive pediatric PTC tumors [50-53].  However, RET/PTC1 are 

observed in 50-71% of RET/PTC-positive sporadic PTC tumors while RET/PTC3 

rearrangement are only observed in a minority of these tumors [44, 53-55].    The location 

of these genes within fragile sites and the increased incidence of sporadic PTC tumors 

which often contain these rearrangements suggests that exposure to environmental fragile 

site-inducing conditions may contribute to the formation of sporadic RET/PTC 

rearrangements.  
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Environmental, Dietary, and Chemotherapeutic Fragile Site-Inducing Agents 

One possible risk factor contributing to the recent rise in PTC may be long-term, 

low-dose exposure to environmental chemicals or chemotherapeutic agents.  Exposure to 

a variety of chemicals including environemental, dietary, and chemotherapeutic agents 

can induce fragile site breakage (Table 1.2;  reviewed in [56]). Variability in fragile site 

breakage has been observed in individuals [57] possibly reflecting differences in 

exposure to external fragile site-inducing agents.  This exposure may predispose an 

individual to a variety of cancers including PTC. 

Table 1.1: Types of RET/PTC rearrangements found in papillary thyroid 

carcinomas 

RET/PTC type Partner gene 
Chromosomal 

rearrangement 
Frequency 

RET/PTC1 CCDC6 inv10(q11.2;q21) 70% 

RET/PTC2 PRKAR1A t(10;17)(q11.2;q23) 3% 

RET/PTC3 

(RET/PTC4) 
NCOA4 inv10(q11.2;q10) 

30% (higher in radiation-

induced tumors) 

RET/PTC5 GOLGA5 t(10;14)(q11.2;q32) Rare 

RET/PTC6 HTIF1 t(7;10)(q32;q11.2) Rare 

RET/PTC7 TIF1G t(1;10)(p13;q11.2) Rare 

ELKS/RET ELKS t(10;12)(q11.2;p13.3) Rare 

RET/PTC8 KTN1 t(10;14)(q11.2;q22.1) Rare 

RET/PTC9 RFG9 t(10;18)(q11.2;q21) Rare 

PCM1/RET PCM1 t(8;10)(p21;q11.2) Rare 

RFP/RET RFP t(6;10)(p21;q11.2) Rare 

HOOK3/RET HOOK3 t(8;10)(p11.21;q11.2) Rare 

ERC1-RET ERC1 t(10;12)(q11.2;p13) Rare 

AKAP13-RET AKAP13 t(10;15)(q11.2;q25) Rare 

TBL1XR1-RET TBL1XR1 t(10;3)(q11.2; q26) Rare 

FKBP15-RET FKBP t(10;9)(q11.2;q32) Rare 

SPECC1L-RET SPECC1L t(10;22)(q11.2;q11.23) Rare 

RET-ANK3 ANK3 inv10(q11.2;q21) Rare 

ACBD5-RET ACBD5 inv10(q11.2;p12.1) Rare 

Information reviewed in [48]. 
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Dietary agents and environmental contaminants including benzene and 

diethylnitrosamine (DEN) can induce fragile site breakage [6].  Benzene, found in both 

cigarette smoke and gasoline fumes, has been previously shown to induce fragile site 

breakage and exposure after volcanic activity at Mount Etna suggests an increased risk of 

thyroid cancer [58]. Occupational benzene exposure was also shown to be associated 

with an increased risk of thyroid cancer [59-61].  Further, benzene is a known human 

carcinogen and is a common contaminant detected in food and water sources [62].  

Table 1.2: Environmental and chemotherapeutic fragile site-inducing chemicals 

 
Agents Uses 

D
ie

ta
ry

 a
n

d
 

E
n

v
ir

o
n

m
en

ta
l 

atenolol hypertension drug 

benzene cigarette smoke, gasoline, pesticides, food, water 

caffeine dietary agent 

carbon tetrachloride refrigerants, pesticides 

cigarette smoke dietary and environmental agent 

diethylnitrosamine cigarette smoke, pesticides, food, beverage 

dimethyl sulfate dyes, drugs, perfumes, pesticides 

ethanol dietary agent 

hypoxia low oxygen, tumor microenvironment 

pesticides dietary and environmental agent 

C
h

em
o
th

er
a
p

eu
ti

cs
 

5-azacytidine myelodysplastic syndrome, leukemia 

actinomycin D 
sarcoma, Wilms' tumor, germ cell, testicular, melanoma, 

neuroblastoma, retinoblastoma 

bleomycin 
squamous cell, melanoma, sarcoma, testicular, Hodgkin’s and non-

Hodgkin’s lymphoma 

busulfan chronic myelogenous leukemia 

camptothecin colon, rectal 

chlorambucil 
chronic lymphocytic leukemia, Hodgkin’s and non-Hodgkin’s 

lymphoma, breast, ovarian, testicular 

cytosine arabinoside leukemia, lymphoma 

floxuridine colon, kidney, stomach 

methotrexate 
breast, head and neck, lung, stomach, esophageal, sarcoma, non-

Hodgkin’s lymphoma, acute lymphoblastic leukemia 

Reviewed in [56]. 
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Active cigarette smokers were shown to have a significantly higher frequency of fragile 

site expression compared to nonsmokers or those who have stopped smoking [63].  This 

suggests that exposure to tobacco carcinogens such as benzene can increase the potential 

for fragile site breakage. Smoke from one cigarette yields approximately 345-653 µg of 

benzene, and exposure for one hour in a vehicle is about 40 µg [62].  Therefore, the 

optimal concentration of benzene (500 µg/mL) to induce fragile sites is a relevant 

concentration which could potentially cause DNA damage leading to chromosomal 

translocations found in cancer.   

Nitrates, such as DEN, have also been previously shown to induce fragile site 

breakage [56] and nitrate intake specifically has been shown to increase the risk of 

thyroid cancer [59-61]. DEN is found in pesticides, cigarettes smoke, and drinking water 

as well as various foods and beverages [62].  While there are no clear studies linking 

specifically DEN with increased cancer susceptibility in humans, laboratory studies with 

animals demonstrate that DEN exposure results in development of various tumors [60, 

62].    Recently, chemical induction of DNA breakage at chromosomal fragile sites was 

shown to result in the formation of RET/PTC1 rearrangements suggesting the role of 

fragile sites in rearrangement formation [21].  

DNA topoisomerase inhibitors such as camptothecin, a topoisomerase I inhibitor, 

have also been shown to induce fragile site breakage [6] and chemotherapy regimens 

which contain the topoisomerase II inhibitors etoposide and doxorubicin have been 

linked to secondary PTC [64-66].  Therefore, understanding this mechanism and the 

consequence of breakage at these sites will be important in guiding treatments and 

preventing exposures that may lead to human diseases.   
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Mechanism of Chromosomal Rearrangement Formation 

Chromosomal translocations are a hallmark of many cancers and while it is 

widely accepted that DNA double strand breaks are required for formation, the specific 

type of double strand break required has not previously been determined.  In higher 

eukaryotes, double strand breaks are processed by three pathways with varying accuracy 

and activity.  Error-free processing of these ends occurs through Rad51-dependent HR 

[67].  DNA-PKcs-dependent NHEJ is another major repair pathway used to repair double 

strand breaks in higher eukaryotes [68, 69].  NHEJ proceeds throughout the cell cycle 

with very fast kinetics and does not effectively ensure restoration of the original DNA 

sequence or rejoining of the correct DNA ends [70-72].  A slower, alternative form of 

end joining referred to as alternative end-joining (alt-EJ) can also process these double 

strand breaks whenever NHEJ is compromised [69, 73].  Junctions generated by alt-EJ 

show extensive deletions and microhomology at the junctions [74].  Both canonical 

NHEJ and microhomology-mediated end-joining (MMEJ or alt-EJ) are implicated in the 

formation of inter- and intra-chromosomal rearrangements [75-82].  Studies by 

Ghezraoui et al. demonstrated that chromosomal translocations depends on canonical 

NHEJ in human cells, and the ends of DNA breaks, such as blunt or long staggered, can 

influence the characteristics of rearrangement fusion points[83].  

Microhomology and short direct or inverted repeats have been observed at 

breakpoints involved in RET/PTC rearrangements indicating a MMEJ or NHEJ 

mechanism in their formation [84-87], however, further investigation into the type of 

DNA break required for this repair and formation of translocations is needed. Previous 

research has also demonstrated that down-regulation of the NHEJ proteins RAD51, 
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DNA-PKcs, or Ligase IV leads to a significant increase in fragile site expression [88], 

demonstrating their importance in fragile site stability and further suggesting the 

importance of NHEJ in the formation of chromosomal rearrangements.  Further, Seckel 

syndrome, caused by low expression of the DNA repair protein ATR, demonstrates 

significantly higher levels of APH-induced fragile site breakage and a predisposition to 

cancer [89].  DNA breaks induced by topoisomerase II inhibitors, such as etoposide, are 

known to cause secondary malignancies [90, 91].  Because topoisomerase II inhibition 

causes double-stranded DNA breaks, this suggests the fact that these double strand breaks 

are critical for rearrangement formation; however, the DNA break required to form 

translocations is not yet clear.   

The location of RET/PTC partner genes within fragile sites and the role of 

environmental and chemotherapeutic agents in fragile site instability prompted us to 

investigate whether these compounds lead to DNA breakage within RET intron 11.  Our 

results demonstrate that RET intron 11 is sensitive to DNA breakage when exposed to 

low doses of non-cytotoxic environmental chemicals (benzene and DEN) or 

chemotherapeutic agents (etoposide or doxorubicin).  This sensitivity was also detected in 

the form of double-stranded blunt-ended DNA breaks generated by these exposures. 

Further, DNA topoisomerases I and II are involved in the initiation of APH-induced 

DNA breaks at RET.  Using normal human thyroid tissue samples from patients with or 

without RET/PTC, we found that RET/PTC patients have significantly more blunt-ended 

double-stranded breaks at RET intron 11 compared to patients without the 

rearrangements, suggesting that this increased breakage leads to the formation of 

RET/PTC rearrangements. The results suggest that daily, low-dose exposure to 
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environmental fragile site-inducing chemicals or exposure to residual chemotherapy 

agents contributes to the recent increase in thyroid cancer incidences and implicated 

blunt-ended DNA breaks in the formation of RET/PTC rearrangements.  Further, 

benzene, etoposide, and doxorubicin have not been previously shown to induce DNA 

breaks at genes associated with PTC.  The significant increase in blunt-ended DNA 

breaks within RET in normal cells of RET/PTC patients suggests that a test to detect 

DNA breakage at RET could provide an early indication of susceptibility to PTC. 
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II. METHODS 

Cell line and culture condition: 

Human thyroid epithelial cells immortalized by SV-40 (HTori-3) were grown in 

RPMI1640 (Gibco) supplemented with fetal bovine serum (FBS) and 

penicillin/streptomycin. 

 

Tissue Sample Procurement: 

Tissue samples were obtained from Dr. Yuri Nikiforov and the University of 

Pittsburgh Health Sciences Tissue Bank using a protocol approved by the University of 

Pittsburgh Institutional Review Board.  Six paired samples (tumor and normal 

surrounding tissue) were obtained from patients with an RET/PTC+ tumor.  Seven 

samples of normal thyroid tissue were also obtained from patients without PTC.  RT-PCR 

was used to verify the presence of RET/PTC rearrangements in each tumor sample, and to 

confirm lack of RET/PTC1 rearrangement in the surrounding normal tissue or in the 

normal tissue provided by patients without PTC.   

 

Cell treatment and analysis: 

To analyze cell viability, HTori-3 cells (1x10
5
) were plated in 6 well plates and 

treated 18 hours later considering known fragile site-inducing conditions [6].  HTori-3 

cells were treated for 24 hours with 0.4 M APH (Sigma) or various concentrations of 

benzene (Sigma; 0.5-1 mg/mL), DEN (Sigma; 3.5-7 mg/mL), etoposide (Sigma; 0.3-0.5 

M), or doxorubicin (Sigma; 5-10 nM) to determine the optimal dosage for non-cytotoxic 

conditions. Cells were also treated for 24 hours with the topoisomerase inhibitors 
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Betulinic acid (Sigma; BA; 6 nM), Merbarone (Sigma; 3 µM and 100 µM), or CPT 11 

(Sigma; 150 nM or 10 µM) either alone or in combination with 0.4 M APH.  Following 

24 hour treatment, cells were harvested by trypsinization, washed with phosphate-

buffered saline (PBS) and resuspended in PBS containing 2 μg/mL propidium iodide. 

Chemical concentrations were tested at a minimum of two-fold higher than the 

concentration which would be later used for DNA breakage analysis (data not shown).  

To analyze active apoptosis, cells were treated with the chemicals described 

above for 24 hours, harvested and then resuspended in 1X Annexin V binding buffer 

containing Annexin V (BD Biosciences). Early apoptotic cells were then quantified using 

a FACSCalibur flow cytometer and FlowJo software.  

To analyze cell growth, viable HTori-3 cells (1x10
5
) were determined by trypan 

blue exclusion with a hemocytometer, plated and treated with the indicated chemical 

concentrations for 24 hours. Cells were quantified after 24 hours of chemical treatment, 

then washed with PBS and were re-plated in fresh media to recover for an additional 24 

hours in chemical-free media before being quantified again. 

For breakpoint detection, HTori-3 cells (1x10
5
) were plated in 6-well plates and 

treated approximately 18 hours later with 0.4 M APH, 0.5 mg/mL benzene, 3.5 mg/mL 

DEN, 0.3 µM etoposide or 5 nM doxorubicin for 24 hours. HTori-3 cells were also 

treated with the combination of 0.4 M APH and 6 nM betulinic acid, 0.4 M APH and 3 

M merbarone, 0.4 M APH and 150 nM CPT 11 or 0.4 M APH and 150 nM VP16.  

Genomic DNA was isolated from treated cells, along from untreated cells for DNA break 

analyses. 
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Detection and quantification of all DNA breaks by LM-PCR: 

To detect overall DNA breaks including single-stranded nicks and double-

stranded DNA breaks, genomic DNA was isolated from HTori-3 cells or normal thyroid 

tissues of patients, followed by a primer extension using a 5’-biotinylated primer of the 

regions of interest. DNA breaks were then ligated to the asymmetrical duplex LL3/LP2 

linker and isolated using streptavidin beads. Amplification of the DNA breaks was 

achieved through nested PCR of the extension-ligation products for each region of 

interest.  Linker and primer sequences used are described in table 2.1.  For each round of 

nested PCR, primers specific to a gene of interest were used in combination with the 

primer specific to the linker sequence.  PCR products were then resolved by gel 

electrophoresis, and sequenced to verify its identity (Figure 2.1) [21]. Each band 

visualized on the gel represents one break isolated within the gene region of interest.  

DNA breaks are then quantified as DNA breaks per 100 cells.   
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Detection and quantification of double-stranded DNA breaks by LM-PCR: 

To detect only blunt-ended, double-stranded DNA breaks, genomic DNA isolated 

from HTori-3 cells or normal thyroid tissues of patients was directly ligated to the 

asymmetrical duplex LL3/LP2 linker, and ligation mixtures were then purified through 

Sephadex G-100 columns prior to nested PCR. For nested PCR, a primer specific to a .  

PCR products were then resolved by gel electrophoresis, sequenced, and quantified as 

described above (Figure 2.1, [92]). 

To detect all double-stranded DNA breaks, genomic DNA was first incubated 

with E. Coli DNA Polymerase I Large (Klenow) fragment (New England Biolabs) 

followed by heat inactivation at 75C. The Klenow fragment converts double-stranded 

 
 

Figure 2.1: Ligation-Mediated PCR techniques. Diagram depicting various LM-PCR 

procedures used to quantify and visualize DNA breaks.  Left panel depicts LM-PCR 

used to detect all types of DNA breaks.  Right panel depicts LM-PCR procedures used 

to quantify all double-strand DNA breaks, 5’-overhang & blunt-ended DNA breaks, and 

blunt-ended, double-stranded DNA breaks only.  
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DNA breaks with either 5’- or 3’-overhangs to blunt ends through its polymerase and its 

3’-5’ exonuclease activities.  The blunt-ended DNA products were then ligated directly to 

the LL3/LP2 linker.Detection and quantification of the DNA breaks was achieved as 

described above.   

To detect the combination of 5’-overhang and blunt-ended double-stranded DNA 

breaks, genomic DNA was incubated with the Klenow Fragment mutant lacking 3’-5’ 

exonuclease activity (3’-5’ exo-; New England Biolabs). Due to the lack of 3’-5’ 

exonuclease activity, the Klenow fragment mutant will create blunt-ended DNA only 

from 5’-overhang DNA breaks. Therefore, upon direct ligation of the LL3/LP2 linker to 

this DNA, 5’-overhang breaks which have now been blunted as well as endogeneous 

blunt-end DNA breaks can be detected.  Detection and quantification of the DNA breaks 

was achieved as described previously.     

 To verify the ability of the assay to detect the specified type of DNA break, 

genomic DNA from HTori-3 cells was digested with various restriction enzymes (New 

England Biolabs) to generate either single-stranded nicks (by Nt.BstNBI digestion), 5’-

overhang (BbvI digestion), 3’-overhang (BanII digestion) or blunt-ended (HaeIII 

digestion) double-stranded DNA breaks.  This genomic DNA, following digest by all 

four restriction enzymes, was then subjected to the four protocols depicted in Figure 2.1 

and described above. 
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Analysis of Individual Types of DNA Breaks 

For each normal thyroid tissue from patients with RET/PTC rearrangements or 

without PTC, individual types of breaks were determined as follows. To determine the 

amount of single-stranded nicks only, the quantification for all double-stranded DNA 

breaks (from Klenow fragment-treated DNAs) was subtracted from the quantification of 

all DNA breaks.  To quantify 3’-overhang DNA breaks only, the quantification of 5’-

overhang and blunt-ended double-stranded DNA breaks (from 3’-5’ exo- treated DNA) 

were subtracted from the quantification for all double-stranded DNA breaks (from 

Klenow fragment-treated DNAs).  The frequency of 5’-overhang DNA breaks was 

determined by subtracting the quantification of blunt-ended double-stranded DNA breaks 

only from the frequency of 5’-overhang and blunt-ended double-stranded DNA breaks 

(from 3’-5’ exo- treated DNA).   

To determine the ratio of DNA breaks at RET in RET/PTC+ patient samples to 

PTC- patient samples, the quantification for 6 RET/PTC+ individuals was compared to 

the average of the PTC- patient group.   

 

Verification of RET/PTC rearrangement in human thyroid tissue: 

Total RNA was extracted from normal thyroid cells or PTC tumor cells using 

guanidinium thiocyanate-phenol-chloroform extraction. Briefly, tissue was homogenized 

in TRIzol reagent (Life Technologies) using a power homogenizer for 1 minute and 

repeated at least 4 times. Insoluble material was then removed and chloroform was added 

to isolate the RNA followed by addition of isopropyl alcohol to precipitate the RNA. 

Lastly the RNA pellet was washed with 75% ethanol, air dried and resuspended in DEPC 
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treated water (Ambion). Isolated RNA was then used for RT-PCR followed by gel 

electrophoresis to visualize the products and sequencing to verify the correct 

rearrangement was identified. The primers used are listed in table 2.1. 

 

 

Statistical Analysis: 

Where necessary, multiple comparisons analysis was performed using a single-factor 

ANOVA followed by Dunnett’s correction. Otherwise, two-tailed Student’s t-tests were 

used to calculate p-values.  

  

Table 2.1: Primers used for LM-PCR and RT-PCR 

Primer Sequence (5’-3’) 
RET-Round 1 TATCCTGCTCTGCCTTTCAGATGG 

RET-Round 2 AGTTCTTCCGAGATTC 

FRA3B-Round 1 GAAAGCATAAAGTGTGGC 

FRA3B-Round 2 TAACTGCTTATTTTTCCGATGT 

12p12.3-Round 1 TTTCACTTGTATTGATCTCCTTCAT 

12p12.3-Round 2 TTTCCACTGTTTGCCGCATTAT 

G6PD-Round 1 TAGGGCCGCATCCCGCTCCGGAGAGAAGTCT 

G6PD-Round 2 GGCCACTTTGCAGGGCGTCA 

LL4-Round 1 CGAGTTCAGTCCGTAGAC 

LL2-Round 2 GTAGACCATGGAGATCTGAATTC 

ALK-Round 1 CTGCAGCTCCATCTGCATGGCTTG 

ALK-Round 2 GCTCCTGGTGCTTCCGGCGGTAC 

LL3 CGAGTTCAGTCCGTAGACCATGGAGATCTGAATTC 

LP2 GAATTCAGATCTCC 

RET/PTC-forward GCAGGTCTCGAAGCTCACTC 

RET/PTC1-reverse CAAGAGAACAAGGTGCTGAAG 

RET/PTC3-reverse CGGTATTGTAGCTGTCCCTTTC 

Actin-forward GCGGGAAATCGTGCGTGACATT 

Actin-reverse GATGGAGTTGAAGGTAGTTTCGTG 
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III. RESULTS 

 

Environmental chemicals and chemotherapeutic drugs induce significant DNA 

breakage within fragile site genes including RET intron 11. 

 Intron 11 of the RET gene, the major patient breakpoint region [84-87], is 

sensitive to low doses of aphidicolin (APH), a classic fragile site-inducing condition [21]. 

DNA breakage at this region, under fragile site-inducing conditions, leads to the 

formation of RET/PTC rearrangements [21]. Many fragile site-inducing chemicals such 

as benzene and DEN are encountered daily and are associated with an increased risk of 

thyroid cancer [59, 61, 93]. In order to mimic daily, low level exposure to environmental 

chemicals, we used a cell viability assays to determine optimal, non-cytotoxic dosages of 

benzene and DEN. Cell viability following 24 hour treatment with each chemical was 

determined using propidium-iodide stain (PI) followed by flow cytometry analysis. 

Further, the number of cells undergoing active apoptosis was determined by analysis of 

Annexin V staining.  Treatment of human thyroid epithelial cells (HTori-3) with 0.5 

mg/mL benzene or 3.5 mg/mL DEN for 24 hours did not cause a loss of cell viability as 

measured by analysis of PI stain or induce apoptosis, as measured by flow cytometry 

analysis of annexin V staining (Figure 3.1 A & B). Cell growth, measured by trypan blue 

exclusion over a period of 48 hours, was not perturbed following the same chemical 

treatment conditions (Figure 3.1C). 

 Therefore, these conditions were used to determine whether RET intron 11 was 

sensitive to DNA breakage upon exposure to non-cytotoxic levels of benzene or DEN. 

HTori-3 cells were treated with 0.5 mg/mL benzene, 3.5 mg/mL DEN, or 0.4 M APH 

(as a positive control) for 24 hours before being harvested for LM-PCR analysis of all 
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types of DNA breaks, including single-stranded nicks, and double-stranded DNA breaks 

with 5’-overhangs, 3’-overhangs and blunt-ends (Figure 2.1, left panel [21]).   

 

 

 

 

 
Figure 3.1: Cell survival of HTori-3 following treatment with APH, benzene, 

DEN, etoposide or doxorubicin.  (A) Cell viability following 24 h chemical 

treatment was determined by propidium-iodide (PI) stain and measured using flow 

cytometry.  The percentage of live cells (PI negative) relative to untreated was 

determined for each chemical treatment.  *p<0.01 as compared to untreated following 

analysis with Dunnett’s correction. (B) The number of HTori-3 cells undergoing active 

apoptosis following 24 h chemical treatment was determined using Annexin V stain 

and measured by flow cytometry.  The percentage of non-apoptotic cells (Annexin 

negative) relative to untreated is depicted. *p<0.01 as compared to untreated following 

analysis with Dunnett’s correction.  (C) The amount of cell growth following 

treatment was quantified using a hemocytometer.  Cells were counted at the time of 

plating (0 h), after 24 h treatment (24 h), or allowed to recover for an additional 24 h 

after chemicals were removed (48 h). All assays are represented by the average of at 

least 3 replicates with error bars representing standard deviations.  
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Both benzene and DEN induced significantly higher DNA breakage at RET 

compared to untreated cells (Figure 3.2A & B).  Also, the frequencies of DNA breakage 

induced by either of these chemicals was similar to that induced by APH, which we have 

shown leads to the formation of RET/PTC rearrangements [21]. FHIT, encompassing the 

fragile site FRA3B [94], also showed a significant increase in breakage upon treatment 

with either chemical, while the non-CFS, G6PD region [18], was insensitive to fragile 

site induction by these environmental chemicals as well as APH (Figure 3.2B).   

Next, we investigated the induction of blunt-ended double-stranded breaks within 

RET intron 11 by these chemicals, since this type of break could be an immediate 

precursor in the formation of rearrangements. Genomic DNA from treated or untreated 

cells was subjected to a modified LM-PCR procedure detecting only blunt-ended breaks 

(Figure 2.1, right panel). Treatment with either benzene or DEN significantly increased 

the number of blunt-ended double-stranded DNA breaks in this region as compared to 

untreated cells (Figure 3.2C).  Further, blunt-ended double-stranded DNA breaks within 

FHIT were also significantly increased compared to untreated cells, but with no 

difference in the G6PD region.  This result suggests that benzene and DEN induce fragile 

site-specific breakage within human thyroid epithelial cells and demonstrate the 

sensitivity of human thyroid epithelial cells to low-dose chemical exposures. This 

induction of DNA breakage at RET further suggests a role for these long-term, low-dose 

chemical exposures in the recent rise of thyroid cancer incidence.   
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Figure 3.2: Frequency of DNA breakage within RET, FHIT, and G6PD regions in 

HTori-3 cells after 24 h treatment with APH, benzene, DEN, etoposide or 

doxorubicin.  (A) Representative agarose gel depicting DNA breaks induced at RET 

following 24 h chemical treatment.  Lanes 1-4 depict DNA breaks from untreated cells, 

lanes 5-8: APH treated, lanes 9-12: benzene treated, lanes 13-16: DEN treated, lanes 

17-20: etoposide treated, & lanes 21-24: doxorubicin treated. The M lane is a 100 bp 

molecular weight ladder.  Each lane represents a separate PCR reaction using DNA 

from approximately 1300 cells.  (B) The breakage frequency is represented as all DNA 

breaks per 100 cells which includes single-stranded nicks, 5’-overhang, 3’overhang and 

blunt-ended double-stranded DNA breaks.  (C) The frequency of only blunt-ended 

double-stranded DNA breaks per 100 cells after 24 h treatment.  Both assays are 

represented by the average of at least 3 replicates with error bars representing standard 

errors.  Asterisks indicate significance less than 0.05 (p<0.05) after Dunnett’s 

correction as compared to the respective untreated sample.  
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Treatment of primary tumors with chemotherapy regimens including 

topoisomerase II inhibitors such as etoposide or doxorubicin has been previously linked 

to secondary cancers including PTC [64-66].  Using previous pharmacokinetic studies to 

mimic residual low dose following chemotherapy administration [95, 96], we treated 

HTori-3 cells with various concentrations of each drug for 24 hours and analyzed cell 

viability, apoptosis and cell growth.  Figure 3.1 shows that 0.3 µM etoposide or 5 nM 

doxorubicin did not induce significant cell death or apoptosis, and cell growth was not 

hindered.  To validate these assays, cells were treated with 10 µM etoposide in order to 

induce a loss of cell viability, induction of apoptosis and to perturb cell growth (Figure 

3.1).   

Next, we examined the overall DNA breaks in HTori-3 cells after 24 hour 

treatment with 0.3 µM etoposide or 5 nM doxorubicin. Both chemicals significantly 

increased breakage within intron 11 of RET as well as in FHIT (Figure 3.2A & B) even at 

these low non-cytotoxic doses.  Treatment with either drug, however, did not induce 

significant breakage within G6PD, again suggesting the specific sensitivity of DNA 

fragile sites to these drugs. Importantly, these low dose concentrations are approximately 

300-1000-fold lower than the concentrations found in the plasma of patients immediately 

after chemotherapy treatment [95, 96] demonstrating the deleterious consequences to 

cells which are not killed by treatment with chemotherapeutic agents.   

Further, we specifically examined blunt-ended double-stranded DNA breakage 

induced after exposure to either chemical.  The results show that these low-dose 

chemotherapy drugs also induce significant blunt-ended DNA breakage within intron 11 

of RET, and within FHIT (Figure 3.2C).  This suggests that cells are still susceptible to 
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DNA damage in these regions when exposed to a residual dose of chemotherapy 

treatment, and the significant amount of blunt-ended double-stranded breaks could serve 

as a direct substrate to generate cancer-specific rearrangements. Therefore, DNA 

breakage at these sensitive fragile regions may be a useful metric to monitor for therapy-

related secondary cancers.   

 

DNA topoisomerases I and II participate in the initiation of APH-induced DNA 

breaks at RET 

 DNA topoisomerases play a critical role in replication and transcription, and 

recognize DNA secondary structures [97-99] similar to those found at fragile sites, 

suggesting their involvement in initiating common fragile site breakage. To directly test 

this hypothesis, HTori-3 cells were co-treated with APH and topoisomerases catalytic 

inhibitors or APH and the topoisomerase poison CPT11 to examine the effect on DNA 

breakage frequency.  Topoisomerase catalytic inhibitors block DNA cleavage by the 

enzyme, therefore, if topoisomerases participate in the initiation of the DNA breakage 

induced by APH within RET intron 11, the inhibitors would be expected to decrease this 

break frequency.  Two catalytic inhibitors, betulinic acid (BA) and merbarone were 

chosen.  Betulinic acid inhibits DNA cleavage by topoisomerase I by sequestering it in 

the nucleoplasm [100]. Merbarone, an inhibitor of DNA topoisomerase II [101] interacts 

with the enzyme to prevent DNA scission [102].    

Optimal dosages of BA or merbarone were determined in combination with APH 

treatment in HTori-3 cells, such that significant levels of cell death or early apoptosis 

were not induced,  and cells were able to divide and replicate their DNA (Figure 3.3). 
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HTori-3 cells were treated with APH in combination with BA or merbarone up to 30 nM 

or 10 μM, respectively (data not shown), to ensure that cell viability was not perturbed at 

a range of concentrations. Further, the cell cycle profile of the cells treated with the 

combination of chemicals shows a similar pattern as that for aphidicolin treatment alone 

(Figure 3.3D). Using these established conditions, co-treatment of cells with APH and 

BA or merbarone significantly decreased the level of APH-induced DNA breakage 

within RET intron 11 (Figure 3.4A). 

Next, to further verify the involvement of DNA topoisomerases in the initiation of 

APH-induced breakage at RET, HTori-3 cells were treated with the combination of APH 

and the topoisomerase I or II poison, CPT11 or VP16, respectively.  Topoisomerase 

poisons prevent topoisomerase from re-ligating DNA following cleavage; therefore, if 

topoisomerase I and/or II are involved in APH-induced breakage at RET, the combination 

treatment should induce significantly increased DNA breakage.  The optimal dose of 

APH in combination with CPT11 or VP16 treatment in HTori-3 cells was also 

determined such that significant levels of cell death were not induced and cells were able 

to replicate their DNA (Figure 3.3).  Further, HTori-3 cells were again treated with a 

range of chemical concentrations to ensure that cell viability was not perturbed until 

much higher dosages (data not shown).  Similar to the combination treatment with 

catalytic inhibitors, the cell cycle profile of cells treated with APH in combination with 

CPT11 show a similar pattern as that for APH alone (Figure 3.3D). Using these 

conditions, co-treatment of cells with APH and low-dose VP16 (150 nM) did not 

significantly increase APH-induced DNA breakage at RET, possibly due to insufficient 

inhibition of topoisomerase II. However, co-treatment of cells with APH and low-dose 
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CPT11 (150 nM) demonstrated a significant increase in APH-induced DNA breakage at 

RET (Figure 3.4B). Together, our results demonstrate that DNA topoisomerase I and II 

are involved in initiating APH-induced DNA breakage within RET intron 11. 
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Figure 3.3: Cell survival of HTori-3 cells following drug treatment. (A) The level of 

HTori-3 cell death following treatment with APH and/or topoisomerase inhibitor drugs 

was determined using a propidium iodide (PI) stain and measured using flow cytometry. 

The percentage of live cells (PI negative) relative to untreated cells was determined for 

each treatment. Treatment with 100 μM Merbarone induced significant cell death 

(*P<0.01 following analysis with Dunnett’s correction). (B) The number of HTori-3 cells 

actively undergoing apoptosis following treatment with APH and/or topoisomerase 

inhibitor drugs was determined using AnnexinV stain and measured using flow 

cytometry.  The percentage of non-apoptotic cells (AnnexinV negative) relative to 

untreated cells was determined.  (C) The level of cell growth following treatment with 

APH and/or topoisomerase inhibitor drugs was determined by quantification using a 

hemocytometer.  Cells were counted at the time of plating (0 hrs), after 24 hour treatment 

(24 hrs), or allowed to recover for an additional 24 hours after chemicals had been 

removed (48 hrs). (D) Cell cycle profile was determined for each treatment using PI stain 

and measured using flow cytometry.  All assays represent the average of at least four 

experimental replicates with error bars representing standard deviations. 
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Figure 3.4: Effect of DNA topoisomerase inhibitors on APH-induced DNA 

breakage at RET. (A) HTori-3 cells were treated with 0.4 μM APH in combination 

with the topoisomerase I and II catalytic inhibitors, 6 nM betulinic acid (BA) or 3μM 

merbarone, for 24 hours. LM-PCR was used to detect DNA breaks within RET intron 

11. The frequency of DNA breakage within RET intron 11 following 0.4 μM APH 

treatment combined with 6 nM betulinic acid or 3 μM merbarone significantly 

decreases compared to APH treatment alone (*P ≤ 0.01), to levels similar to untreated 

cells. (B) Co-treatment of HTori-3 cells with APH and CPT11 significantly increased 

the level of DNA breakage within RET intron 11 relative to APH treatment alone (*P≤ 

0.001). The level of DNA breakage for each treatment was measured using LM-PCR 

and averaged over at least three independent experiments. Significance was calculated 

using a single-factor ANOVA followed by Dunnett’s correction. Error bars represent 

standard deviations. 
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Frequency of RET breakage in RET/PTC patient normal tissues is predictive of 

RET/PTC rearrangements. 

The presence of RET/PTC rearrangements in patients suggests prior chemical and 

environmental agent exposures and/or unfavorable DNA repair phenotypes, which cause 

breakage in the RET intron 11 region. Therefore, we hypothesize that the sensitivity of 

RET intron 11 signals the net balance of individuals’ exposure to environmental factors 

and unfavorable phenotypes, and can predict the likelihood of RET/PTC rearrangements. 

If indeed RET breakage can indicate a potential to form the rearrangements, normal cells 

of patients with RET/PTC driven tumors should have higher DNA breakage at RET than 

patients without the rearrangements.  

To test this, normal thyroid tissue surrounding RET/PTC+ tumors was compared 

with normal thyroid tissue from patients with benign nodules (PTC-). First, total RNA 

was isolated from each tumor tissue to verify the presence of RET/PTC rearrangement in 

the tumor. Then, total RNA was isolated from normal tissue of six patients with 

RET/PTC rearrangements and seven patients with benign nodules, and a lack of 

RET/PTC rearrangement in these thyroid tissues was verified by RT-PCR (data not 

shown). Genomic DNA was also isolated from each normal tissue, and DNA breakage 

within RET was evaluated.   

Using the procedure of detecting only blunt-ended, double-stranded DNA 

breakage (Figure 2.1, right panel), we found that normal cells surrounding RET/PTC+ 

tumors have significantly increased frequency of blunt-ended DNA breaks within RET 

intron 11, as compared to the normal thyroid cells from patients without RET/PTC 

(p<0.001) (Figure 3.5A & B).  Figure 3.5A depicts a representative agarose gel 
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demonstrating this difference that was observed between the two patient groups.  This 

significant increase in DNA breakage was specific to RET intron 11, as there were no 

significant differences in the breakage frequency within FHIT, 12p12.3, G6PD or ALK.  

Interestingly, rearrangements involving the ALK gene have been found in up to 10% of 

thyroid cancer cases [103], therefore, the lack of a significant difference in the ALK 

region between our patient groups demonstrates the specificity of RET/PTC 

rearrangement formation following increased DNA breakage at RET. Also, no difference 

in DNA breaks at FHIT/FRA3B region was observed between these two sample groups, 

indicating that individuals susceptible to RET/PTC rearrangements might not have 

globally susceptible fragile sites, but have fragile site breaks specific to the individual’s 

translocation. These results suggest that DNA breakage at specific fragile sites could be a 

valuable indicator for potential formation of chromosomal rearrangements participated by 

these sites.   

Next, by analyzing all types of DNA breakage within RET in each of the normal 

tissues from the two patient groups, we found that there was no significant difference in 

the frequency of breakage between these two groups (Figure 3.5C).  There was also no 

significant difference in total DNA breakage between groups, when analyzing FHIT, or 

two non-CFS control regions, 12p12.3 or G6PD [18]. This indicates that specifically 

blunt-ended DNA breaks are increased in the normal cells of patients with RET/PTC 

driven tumors, and suggests that blunt-ended, double-stranded DNA breaks contribute to 

the formation of RET/PTC rearrangements.   
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Figure 3.5: Frequency of DNA breakage in normal thyroid cells from RET/PTC+ 

or PTC- patients. (A) Representative gel depicting blunt-ended, double-stranded DNA 

breaks at RET in normal cells of RET/PTC+ patients compared to PTC- patients. Lanes 

1-12 depict DNA breaks from normal cells of RET/PTC
+
 patients, and lanes 13-24: 

DNA breaks from normal cells of PTC
-
 patients.  Each lane represents a separate PCR 

reaction using DNA from approximately 1300 cells. The M lane is a 100 bp molecular 

weight ladder.   (B) The frequency of blunt-ended double-stranded DNA breaks per 100 

cells within RET, FHIT, 12p12.3, G6PD, or ALK regions.  Data represents the average 

from 6 RET/PTC+ patient tissues and 7 PTC- patient tissues within each region.  (C) 

The frequency of all DNA breaks per 100 cells includes single-stranded nicks, 3’-

overhang, 5’-overhang and blunt-ended double-stranded DNA breaks within RET, 

FHIT, 12p12.3 or G6PD regions.  Both plots are represented by the average of at least 3 

experimental replicates with error bars representing standard deviations.  Asterisk 

represents p<0.001 as compared to PTC- within RET.  
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Blunt-ended DNA breaks are the only type of double-stranded DNA breaks 

increased in normal cells of patients with RET/PTC driven tumors compared to 

PTC- patients. 

 In addition to single-stranded DNA nicks, there are three types of DNA double-

stranded break ends: staggered-ends with either 5’- or 3’-overhangs and blunt-ends. We 

notice that when comparing the amount of overall DNA breaks at RET intron 11 to that of 

blunt-ended double-stranded breaks, a significant portion of DNA breaks in each patient 

tissue were not blunt-ended double-stranded DNA breaks (Figure 3.5B compared to A). 

DNA double-stranded breaks must occur for the formation of chromosomal 

rearrangements, therefore, this prompted us to examine the distribution of DNA breaks 

among these four types of break ends, and to shed light on the possible substrate required 

for the formation of RET/PTC rearrangements.   

We utilized the polymerase and exonuclease activities of the Klenow fragment of 

E. Coli DNA polymerase I to convert both 5’- and 3’-overhang to blunt-ended double-

stranded breaks, and the Klenow fragment mutant (3’-5’ exo-) lacking 3’-5’ exonuclease 

activity to convert only 5’-overhang ends to blunt ends. The number of DNA breaks 

detected from treatment of genomic DNA with these enzymes followed by the blunt-end 

double-stranded detection protocol (Figure 2.1, right panel) allows us to detect all four 

types of DNA breaks.  To test the feasibility of our methods, genomic DNA from HTori-

3 cells was digested with various restriction enzymes to generate either single-stranded 

nicks (by Nt.BstNBI digestion), 5’-overhang (BbvI digestion), 3’-overhang (BanII 

digestion) or blunt-ended (HaeIII digestion) double-stranded DNA breaks. The digested 

DNAs were subjected to the four protocols listed in Figure 2.1. In the RET intron 11 
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region, all three double-stranded breaks were detected as expected in Klenow fragment-

treated DNA (Figure 3.6, lane 2), and only 5’overhang and blunt-ended breaks were 

measured in Klenow (3-5’exo-)-treated samples (Figure 3.6, lane 3).  Lanes 1 and 4 

showed expected products for all four types of breaks and blunt-ended breaks, 

respectively, when using the all break detection method and the blunt end detection 

method. All four products were verified by Sanger sequencing to be located at the 

expected restriction enzyme cut sites in RET intron 11. These results demonstrate the 

specificity of our assay to detect single-stranded nicks, 3’-overhang, 5’-overhang and 

blunt-ended double-stranded DNA breaks.   

 

 

 

Figure 3.6: DNA breaks formed after restriction enzyme digestion of genomic 

DNA. Genomic DNA from HTori-3 cells was treated with Nt.BstNBI, HaeIII, BanII, 

and BbvI and breaks were detected at the RET intron 11 region.  A representative 

agarose gel is shown. Lane 1 shows all 4 DNA breaks detected by the all break method, 

lane 2 displays all three types of double-stranded DNA breaks detected in the Klenow 

fragment-treated DNA, lane 3 depicts 5’-overhang and blunt-ended double-stranded 

DNA breaks in the Klenow fragment (3’-5’ exo-)-treated DNA, and lane 4 depicts only 

blunt-ended double-stranded DNA break by the blunt-ended breaks detection method.  

Lane M is a 100 bp molecular weight ladder.   
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Applying these procedures to measure DNA breaks within RET intron 11 from the 

normal thyroid cells surrounding RET/PTC driven tumors and from patients without PTC, 

no significant difference between the two patient groups was observed in the amount of 

all 4 types of DNA breaks combined (Figure 3.7A).  Similarly, there was no difference 

when analyzing all double-stranded DNA breaks  (Figure 3.7B) or in the frequency of the 

combination of 5’-overhang and blunt-ended double-stranded DNA breaks (Figure 3.7C).  

Next, the frequency of each individual type of DNA break was calculated.  No significant 

difference was observed when comparing single-strand DNA breaks, 3’-overhang or 5’-

overhang DNA breaks between the two patient groups (Figure 3.7D-F). Blunt-ended, 

double-stranded DNA breaks are the only type of DNA break increased in normal thyroid 

cells of patients with RET/PTC driven tumors compared to PTC- patients (Figure 3.7G). 

This observation suggests that blunt-ended double-stranded DNA breaks may be the 

direct substrate required for rearrangement formation, and that a test for blunt-ended 

double-stranded DNA breakage at RET could offer an early indication of susceptibility to 

PTC.  

Combined, our results demonstrate that fragile site genes involved in the 

formation of cancer-specific chromosomal rearrangements are particularly susceptible to 

DNA breakage including double-stranded DNA breaks upon exposure to low-dose, non-

cytotoxic levels of environmental chemicals or chemotherapeutic agents. Further, 

increased DNA breakage at these sensitive genes may increase the likelihood of the 

formation of carcinogenic rearrangements such as RET/PTC1.  The sensitivity of these 

regions may therefore be useful as a tool to examine susceptibility of rearrangement 

formation.   
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Figure 3.7: Detection of single-stranded, 3’-overhang, 5’-overhang and blunt-ended 

double-stranded DNA breaks at the RET intron 11 region in normal thyroid cells 

from RET/PTC+ or PTC- patients. (A) The breakage frequency is represented as all 

DNA breaks per 100 cells, which includes single-stranded nicks, 3’,-overhang, 5’-

overhang and blunt-ended double-stranded DNA breaks. (B) The breakage frequency of 

all double-stranded DNA breaks/100 cells.  All d.s includes 3’-overhang, 5’-overhang 

and blunt-ended DNA breaks. (C) The breakage frequency of 5’-overhang and blunt-

ended, double-stranded DNA breaks/100 cells. (D) The frequency of single-stranded 

DNA breaks/100 cells. (E) The breakage frequency of 3’-overhang DNA breaks/100 

cells. (F) The frequency of 5’-overhang DNA breaks/100 cells. (G) The breakage 

frequency of blunt-ended, double-stranded DNA breaks/100 cells. Data depicts the 

average DNA breaks from 6 RET/PTC+ patient tissues and 7 PTC- patient tissues from 

at least 3 experimental replicates of each.  Box plot depicts 25
th

 & 75
th

 percentile and 

median.  Whiskers represent the 5
th

 and 95
th

 percentile.  Asterisk represents p<0.001 as 

compared to PTC-. 
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IV. DISCUSSION 

 

In this study, we examined whether fragile site breakage could be used to assess 

the consequence of long-term, low-dose chemical exposure and predict susceptibility to 

chromosomal rearrangement formation.  We found that low-dose, non-cytotoxic exposure 

to two common environmental chemicals, benzene and DEN, generate significantly more 

DNA breaks within RET intron 11 compared to untreated cells (Figure 3.2). We also 

found that both benzene and DEN induced significantly more blunt-ended double-

stranded DNA breaks within RET intron 11 at a rate similar to that of APH treatment, 

which we have shown can lead to RET/PTC rearrangements [21]. A previous study 

demonstrated that H2O2 can induce DNA double strand breaks and contribute to 

RET/PTC rearrangements [104], also suggesting the role of chemical exposures on DNA 

breakage at RET.  Therefore, our study demonstrates the importance of investigating 

these and other low-dose environmental chemicals and their role in the increasing 

incidence of thyroid cancer. Further, our results suggest the need for more sensitive tests 

to screen environmental chemicals, as genes within fragile sites are particularly 

susceptible to damage.     

DNA topoisomerase I has been previously implicated in common fragile site 

instability, however, there have been confounding results [105, 106].  These previous 

studies examined fragile site stability as disruptions on metaphase chromosomes while 

we have detected fragile site breakage as specifically single and double strand DNA 

breaks.  Using topoisomerase catalytic inhibitors, our results demonstrate that 

topoisomerase I and II are involved in the initiation of APH-induced DNA breakage at 

RET intron 11.  Further, using co-treatment of APH with the topoisomerase poison, 
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CPT11, we further implicate the role of DNA topoisomerase I in initiation of these APH-

induced breaks (Figure 3.4).  Combined with these previous studies, our data provides 

strong evidence for the involvement of DNA topoisomerases in common fragile site 

breakage at RET.  

Differences in gene expression patterns in different cell types have been 

suggested to influence fragility in a cell type-specific manner [107-109].  To address this, 

we examined the effect of low-dose exposure to benzene, and DEN on breakage at RET 

in CD34
+
 hematopoetic stem/progenitor cells (HSPCs) as well as HTori-3 cells. Our 

results show that both benzene and DEN induce significantly more breakage compared to 

untreated cells in HSPCs to a similar extent as treatment of HTori-3 cells (Appendix 

Figure 3 and Figure 3.2). Expression of RET is similar in both HSPCs and HTori-3 cells 

[110], however, interestingly topoisomerase I and IIβ are overexpressed in both cell types 

by 3-17 fold compared to the average of all tissues [110].  Combined with our data, this 

futher suggests that topoisomerase expression patterns may influence fragility.   

Various studies have demonstrated that NHEJ or MMEJ are the DNA repair 

pathways required to generate chromosomal translocations in human cancers [75-78, 80-

83]. The types of DNA break ends can influence the characteristics of rearrangement 

fusion points [83]. Sequences at the fusion points of RET/PTC rearrangements often 

demonstrate short deletions or duplications [84-87].  The significant amount of blunt-

ended double-stranded DNA breaks found in normal cells of patients with RET/PTC 

rearrangements (Figure 3.5) could represent the immediate substrates for the NHEJ 

pathway to form rearrangements.  Knockdown of components within the NHEJ pathway 

decreased the formation of TMPRSS2 fusion transcripts in human prostate cells which 
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demonstrates NHEJ as the major repair mechanism required to generate fusion genes 

[77]. Combined, our data suggest that the combination of environmental and dietary 

exposures or chemotherapy treatments with an unfavorable genotype for DNA repair 

could cause DNA fragile site breakage leading to oncogenic chromosomal 

rearrangements (Figure 3.8).   

 

 

 

 
 
Figure 3.8:  DNA fragile site breakage reflects the combination of exposures and 

DNA repair processes and may be used as a DNA diagnostic tool.  The 

combination of long-term, low-dose environmental chemical exposure, dietary 

chemical exposure and/or chemotherapy treatment may overwhelm the available DNA 

repair processes tipping the balance towards DNA fragile site breakage and formation 

of oncogenic chromosomal translocations.  DNA fragile site breakage could therefore 

be a useful DNA diagnostic tool for individual susceptibility to the formation of 

chromosomal translocations.  This tool could be used to tailor chemotherapy treatment, 

monitor high-risk patients, or screen for carcinogenic chemicals. 
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Secondary cancers following chemotherapy and radiation treatment are a known 

risk [111] and the ability to better monitor and predict deleterious consequences 

following treatment of primary cancer is needed.  Here, we found that low dose etoposide 

and doxorubicin, at levels 300-1000 fold lower than those found in the plasma of patients 

following chemotherapy [95, 96], can cause a significant increase in DNA breakage at 

genes in fragile sites such as RET and FHIT (Figure 3.2). The low concentrations used in 

our study mimic the residual conditions in which cells survive chemotherapeutic 

treatment but are still exposed to these drugs.  These results indicate that DNA breakage 

at genes within fragile sites can occur in surviving cells with a potential to form cancer-

causing gene rearrangements found in secondary cancers.  Therefore, the capability of 

detecting DNA breakage at cancer-specific rearrangement-participating gene regions will 

be important for patients about to undergo chemotherapy. Identifying those at high risk 

before chemotherapy begins would be a great advantage, because treatment using less 

DNA damaging agents could possibly be selected.  For example, treatment for a variety 

of tumors often involves treatment with topoisomerase II poisons such as Doxorubicin 

which have been previously linked with secondary cancers such as leukemia.  Prior to 

therapy, analysis of DNA fragile site breakage could provide important insight into which 

patients would be at higher risk for chromosomal rearrangements leading to secondary 

cancers such as these.   

While diagnostic techniques for detecting cancer formation have greatly 

improved, there is still an urgent need of additional biomarkers for cancer susceptibility 

at the earliest stages.  Our results demonstrate that normal thyroid cells of patients with 

RET/PTC driven tumors have significantly increased blunt-ended, double-stranded DNA 
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breaks specifically within RET and suggest that this difference could be utilized to predict 

the propensity to form RET/PTC rearrangements. This specific sensitivity of RET may be 

due to differences in individual DNA repair and individual variation in single-nucleotide 

polymorphisms within the RET intron 11 region.  This genetic variation could cause RET 

to be particularly difficult to repair in the human patient tissues which were tested.  A test 

to detect DNA breakage at RET could offer an early indication of susceptibility to PTC, 

and facilitate prompt prevention and timely treatments. It could be used to evaluate 

individuals at high risk for PTC, either due to environmental exposures and/or 

unfavorable genotypes. A diagnostic tool to measure individual susceptibility to PTC 

could improve early detection and possible long-term clinical outcomes. Further, more 

than half of cancer-specific recurrent chromosomal rearrangements possess DNA 

breakpoints located within at least one fragile site [5]. Therefore, the use of a DNA test 

for DNA breakage within fragile regions could be expanded to other breakage-sensitive 

regions in the genome to predict the propensity to form a variety of cancer-specific 

rearrangements involving these genes (Figure 3.8). This susceptibility test would be 

widely helpful to tailor chemotherapy regimens and particularly to provide physicians 

with information on which patients may be particularly susceptible to secondary cancer 

formation following adjuvant chemotherapy. Specifically, prior to treatment, this DNA 

test could be used to look for increased fragile site breakage in oncogenic genes known to 

be associated with secondary cancers and therefore would provide more information on 

the risks and benefits of the recommended therapy.   Further, this DNA test could be used 

to monitor high-risk populations and patients in remission, or to improve screening tests 

for other environmental toxins and stress factors. 
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Our study provides important insight into the potential for low-dose exposure to 

environmental chemicals to induce fragile sites and promote the formation of DNA 

breaks at genes involved in cancer specific chromosomal rearrangements.  It also 

provides a foundation for using DNA fragile site breakage to predict susceptibility to 

chromosomal rearrangements, which would be valuable to monitor high risk patient 

groups, tailor chemotherapy regimens, and increase the sensitivity of screening for 

carcinogenic chemicals. These results also further implicate canonical NHEJ as the major 

repair mechanism required to generate chromosomal translocations founds in cancers 

such at PTC. The next step to advance these results and develop a DNA diagnostic test 

would be to recapitulate these results in peripheral blood mononuclear cells (PBMCs) of 

patients with RET/PTC driven tumors compared to healthy individuals.  Previous 

research has demonstrated that the activity of DNA repair enzymes such as OGG in 

PBMCs is a sufficient surrogate for DNA repair activity in lung tissues [112].  As fragile 

site breakage is the result of the combination of detrimental exposures and insufficient 

DNA repair processes, this suggests that PBMCs may also serve as a sufficient surrogate 

for the analysis of fragile site breakage in a variety of tissues.  To expand on these results 

and confirm the use of DNA fragile site breakage as a tool to predict chromosomal 

rearrangements in a variety of solid tumors would be immensely valuable in advancing 

the field of clinical oncology diagnostics.   
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ABSTRACT 

Hematopoietic stem and progenitor cells (HSPCs) give rise to all of the cells that make 

up the hematopoietic system in the human body, making their stability and resilience 

especially important. Damage to these cells can severely impact cell development and has 

the potential to cause diseases, such as leukemia. Leukemia-causing chromosomal 

rearrangements have largely been studied in the context of radiation exposure and are 

formed by a multi-step process, including an initial DNA breakage and fusion of the free 

DNA ends. However, the mechanism for DNA breakage in patients without previous 

radiation exposure is unclear. Here, we investigate the role of non-cytotoxic levels of 

environmental factors, benzene and diethylnitrosamine (DEN), and chemotherapeutic 

agents, etoposide and doxorubicin, in generating DNA breakage at the patient breakpoint 

hotspots of the MLL and CBFB genes in human HSPCs. These conditions represent 

exposure to chemicals encountered daily or residual doses from chemotherapeutic drugs. 

Exposure of HSPCs to non-cytotoxic levels of environmental chemicals or 

chemotherapeutic agents causes DNA breakage at preferential sites in the human 

genome, including the leukemia-related genes MLL and CBFB. Though benzene, 

etoposide, and doxorubicin have previously been linked to leukemia formation, this is the 

first study to demonstrate a role for DEN in the generation of DNA breakage at leukemia-

specific sites. These chemical-induced DNA breakpoints coincide with sites of predicted 

topoisomerase II cleavage. The distribution of breakpoints by exposure to non-cytotoxic 

levels of chemicals showed a similar pattern to fusion breakpoints in leukemia patients. 

Our findings demonstrate that HSPCs exposed to non-cytotoxic levels of environmental 

chemicals and chemotherapeutic agents are prone to topoisomerase II-mediated DNA 
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damage at the leukemia-associated genes MLL and CBFB. These data suggest a role for 

long-term environmental chemical or residual chemotherapeutic drug exposure in 

generation of DNA breakage at sites with a propensity to form leukemia-causing gene 

rearrangements. 

Keywords: CBFB, Fragile Site, Hematopoietic Stem Cells, Leukemia, MLL, 

Topoisomerase II
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INTRODUCTION 

 Leukemia is one of the leading causes of male and female cancer deaths in the 

United States. Most leukemias are thought to originate in hematopoietic stem or 

progenitor cells and are typically associated with a variety of genetic alterations, 

including gene rearrangements or copy number variations [1]. The formation of gene 

rearrangements that cause leukemia is a multi-step process, including the initial double-

stranded DNA breakage and subsequent joining together of the gene pairs. Ionizing 

radiation has been shown to cause rearrangement-generating DNA breakage, but in 

patients without previous exposure to radiation, the mechanism is unknown. However, 

exposure to a number of environmental chemicals and chemotherapeutic agents has been 

linked to development of leukemia, making it one of the most common types of cancer 

induced by a variety of cancer-causing agents [1]. Interestingly, many of these same 

chemicals, including benzene, induce the expression of chromosomal fragile sites, 

suggesting a potential mechanism for generation of DNA breakage that leads to gene 

rearrangement [2]. While the two chemotherapeutic drugs etoposide and doxorubicin 

have not previously been linked directly to fragile site breakage, inhibition of their 

therapeutic target, DNA topoisomerase II, has been suggested to play a role in fragile site 

instability [3]. 

Chromosomal fragile sites are regions of the genome susceptible to breakage 

under conditions of replication stress. Fragile site breakage is typically induced in the 

laboratory by treatment of cells with low doses of the DNA polymerase inhibitor, 

aphidicolin (APH). Low-dose APH exposure leads to expression of over 230 fragile sites 

in human cells [4]. In addition to APH, fragile sites are prone to break following 
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exposure to many chemicals, including environmental and chemotherapeutic agents 

(reviewed in [5]). Therefore, understanding both the mechanism for, and consequences 

of, fragile site breakage following exposure to such chemicals will be important in 

guiding treatment decisions and preventing exposures that may cause human disease. 

 Fragile site breakage is associated with a number of human diseases, including 

cancer. Many gene rearrangements and copy number variations in cancer occur at genes 

located within fragile sites [6, 7]. The most frequently expressed fragile site, FRA3B, is 

located within the tumor suppressor FHIT, and exposure of cells to APH induces 

submicroscopic deletions within FHIT that are consistent with those seen in numerous 

cancers, including esophageal, breast, and small-cell and non-small cell lung carcinomas 

[8]. Furthermore, exposure of human thyroid cells to fragile site-inducing conditions 

leads to formation of the RET/PTC rearrangement that causes papillary thyroid carcinoma 

[9]. In addition to the RET/PTC rearrangement in papillary thyroid carcinoma, over half 

of cancer-causing gene rearrangements contain at least one gene located within a fragile 

site [10]. A large number of these rearrangements are associated with various leukemias, 

such as acute myeloid leukemia and acute lymphoblastoid leukemia, suggesting a role for 

fragile site breakage in leukemogenesis. Two leukemia-associated genes located within 

fragile sites are MLL, located within FRA11G, and CBFB, located within FRA16C. DNA 

breakage within MLL can lead to rearrangement with over 120 partner genes, resulting in 

acute leukemias with typically poor prognosis [11]. MLL rearrangements are found in 

approximately 10% of leukemias [12] and 25% of therapy-related AML [13]. Mapping of 

patient breakpoints has identified a breakpoint cluster region (BCR) spanning exons 8-12, 

with de novo breakpoints within a 3-kb region between exons 9 and 11, and therapy-
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related leukemia breakpoints clustering at the intron 11/exon 12 junction [11, 14]. DNA 

breakage within CBFB can lead to the inv(16) and related t(16;16)(p13;q22) 

rearrangement found in approximately 10% of all de novo acute myeloid leukemias. All 

CBFB breakpoints involved in these rearrangements have been mapped to intron 5, and 

all are associated with the M4Eo subtype [15, 16]. Many studies have demonstrated that 

rearrangement formation within hematopoietic stem and progenitor cells (HSPCs) can 

promote the formation of leukemia [17-20]; however, the role of fragile site breakage in 

the generation of these rearrangements has yet to be investigated.  

HSPCs are the cells from which all cells of the hematopoietic system are derived 

[1]. These cells are capable of self-renewal and differentiation into mature blood cells 

found throughout the body. While HSPCs are typically found in the bone marrow, they 

are able to move throughout the peripheral blood to a number of tissues at low levels, and 

also are released in larger numbers in response to cytokines, growth factors, and under 

conditions of stress or myelosuppression [21-23]. The mobility of these cells throughout 

the body may leave them susceptible to exposure to DNA damaging agents, such as 

environmental chemicals or chemotherapeutic agents, which have the potential to lead to 

leukemogenesis.  

The location of leukemia-associated genes within common fragile sites and the 

role of environmental chemicals and chemotherapeutic agents in fragile site instability, 

leukemogenesis, and topoisomerase interaction prompted us to investigate whether these 

compounds cause DNA breakage at leukemia-associated fragile sites. The sensitivity of 

the BCRs of MLL and CBFB to the environmental chemicals, benzene and 

diethylnitrosamine (DEN), or the chemotherapeutic agents, etoposide and doxorubicin, in 
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human CD34
+
 HSPCs was determined by ligation-mediated PCR (LM-PCR). The 

nucleotide positions of chemical-induced breakpoints were mapped to sites of 

topoisomerase II cleavage, using DNA secondary structure predictions and sequence 

analysis. The distribution of chemical-induced breakpoints in our studies was compared 

to that of fusion breakpoints found in leukemia patients. The results suggest a role for 

topoisomerase II in breakage at leukemia-associated fragile sites in human CD34
+ 

HSPCs 

in response to chemical agents linked to leukemogenesis, such as benzene, etoposide and 

doxorubicin, and also DEN, which has not been previously connected to leukemogenesis.  
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MATERIALS AND METHODS 

Cells and Culture Conditions 

Experiments were performed using primary human CD34
+
 bone marrow stem and 

progenitor cells (ALLCELLS), grown in Hematopoietic Growth Media (Lonza) 

supplemented with StemSpan CC100 (StemCell Technologies) containing IL-3, IL-6, 

Stem Cell Factor and FLT-3 ligand. 

 

Cell Treatments and Analyses 

To analyze cell viability, human CD34
+
 cells (1x10

5
) were plated in 12-well plates and 

treated immediately with chemical concentrations as indicated in the text for 24 hours. 

Cells were collected, washed with phosphate-buffered saline (PBS; Invitrogen), and re-

suspended in PBS containing 2 μg/mL propidium iodide. Cell viability was determined 

using a Becton Dickinson FACSCalibur flow cytometer (BD Biosciences). Various 

concentrations of benzene (0.5 mg/mL to 1 mg/mL), diethylnitrosamine (DEN, 1.5 

mg/mL to 3.0 mg/mL), etoposide (150 nM to 10 μM), and doxorubicin (5 nM to 700 nM) 

were examined to determine the optimal dosage for the treatment of CD34
+ 

cells. 

To analyze active apoptosis, CD34
+ 

cells (1x10
5
) were plated and treated as above for 24 

hours. Cells were then washed with PBS and re-suspended in 1X annexin V binding 

buffer. Annexin V (BD Biosciences) was then added to each sample and incubated in the 

dark for 15 minutes. Early apoptotic cells were quantified using a FACSCalibur flow 

cytometer. 
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To analyze cell growth, viable CD34
+ 

cells (0.65x10
5
) were determined by trypan blue 

exclusion using a hemocytometer, plated, and treated in 12-well plates. Cells were 

harvested after 24 hours, washed with PBS, and re-plated with fresh media. Cells were 

again quantified while re-plating and after they had been allowed to recover for an 

additional 24 hours in chemical-free media. 

To analyze cell cycle progression, CD34
+
 cells (5x10

5
) were plated and treated with the 

chemical concentrations indicated in the text for 24 hours. Following treatment, cells 

were collected, washed with PBS and fixed in ethanol. Cells were then resuspended in 

PBS containing RNase and propidium iodide for 20 minutes in the dark. Subsequently, 

the cells were analyzed using a FACSCalibur flow cytometer to determine DNA content.  

 

DNA Breakpoint Detection by LM-PCR 

To detect DNA breaks, genomic DNA was isolated from human CD34
+
 progenitor cells 

following treatment for 24 hours and compared with untreated cells. Blunt-ended double-

stranded DNA breaks were detected and quantified as described previously [9], with 

modifications as follows. Genomic DNA was directly ligated to the asymmetrical duplex 

LL3/LP2 linker, and ligation mixtures were then purified through Sephadex G-100 

columns prior to nested PCR. To amplify the ligated DNA breaks, linker-specific primers 

LL4 and LL2 were used in combination with region-specific primers in the first and 

second rounds of nested PCR, respectively (Appendix Table 1). The final PCR products 

were then resolved by gel electrophoresis and sequenced to identify the breakpoint 

location adjacent to the LL3/LP2 linker sequence. 
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DNA Secondary Structure Prediction 

DNA secondary structure formation was determined using the Mfold program [24], 

which predicts and assigns free energy values based on the potential of single-stranded 

DNA to form stable secondary structures. Segments of 300-nt were analyzed sequentially 

with a 150-nt shift along a 15.7 kb region (chr11: 118,348,501-118,364,250) spanning the 

MLL BCR or the entire chromosome 11 (human genome build 37.2). The most stable 

predicted secondary structure was used to analyze the location of chemical-induced DNA 

breaks within the patient BCR of MLL.  

 

Chemical Breakpoint Mapping to Topoisomerase II cleavage Sites 

Chemical-induced breakpoints were determined by Sanger sequencing following LM-

Appendix Table 1: Primers used for LM-PCR detection of DNA breakpoints 

Primer Sequence (5’-3’) 

RET-Round 1 TATCCTGCTCTGCCTTTCAGATGG 

RET-Round 2 AGTTCTTCCGAGATTC 

FRA3B-Round 1 GAAAGCATAAAGTGTGGC 

FRA3B-Round 2 TAACTGCTTATTTTTCCGATGT 

12p12.3-Round 1 TTTCACTTGTATTGATCTCCTTCAT 

12p12.3-Round 2 TTTCCACTGTTTGCCGCATTAT 

CBFB-Round 1 ACCACCTAAATTGGAACCAGGACTA 

CBFB-Round 2 AGGACTAGGGTCTTGTTGTCTTCTTGC 

MLL-i1-Round 1 CCCTCCTCCCTTTCACAGATTACCTC 

MLL-i1-Round 2 GTGTTACTCCTAGGGCAGTTTTCCTCT 

MLL-i9-Round 1 CCATTGGAGAGAGTGCTGAGG 

MLL-i9-Round 2 CCTGCTTATTGACCGGAGGT 

MLL-i10-Round 1 TGGGTTTAGCGCTGGGAGAGCTTTG 

MLL-i10-Round 2 AGGTCACTGTTTGTGAACTGACTGC 

MLL-e12-Round 1 ATGCCCAAGTCCCTAGACAAAATGGTG 

MLL-e12-Round 2 GTCTGTTCACATAGAGTACAGAGGCAACTA 

G6PD-Round 1 TAGGGCCGCATCCCGCTCCGGAGAGAAGTCT 

G6PD-Round 2 GGCCACTTTGCAGGGCGTCA 

LL4-Round 1 CGAGTTCAGTCCGTAGAC 

LL2-Round 2 GTAGACCATGGAGATCTGAATTC 
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PCR. The breakpoints were then mapped to topoisomerase II cleavage sites based on 

preferential cleavage on consensus sequences or predicted DNA secondary structures. 

The consensus sequences are [5’-(no A) (no T) (A/no C) (-) (C/no A) (-)(-) (-) (-) (no T) 

(-) (T/no G) (C/no A) (-)-3’], where breakage occurs between nucleotides five and six 

[25], and the consensus sequence [5’-(A) (T) (T) (A/T)- 3’], where the breakage occurs 

before the first nucleotide [26]. DNA secondary structures of each region were predicted 

using the Mfold program to analyze the DNA sequence spanning from 50-bp upstream to 

1000-bp downstream of the second round PCR primer in 300-nt segments with sequential 

shifts of 150-nt. Topoisomerase II cleaves DNA hairpins one nucleotide from the 

junction of the 3’-base of a hairpin stem with single-stranded DNA [27], and also cleaves 

within the single-stranded DNA loop of the hairpin structure [28]. We applied these 

criteria to determine the cleavage sites on the structure with the most favorable free 

energy value. 

 

Statistical Analysis 

P-values were calculated using two-tailed Student’s t-tests.  
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RESULTS 

The classic fragile site-inducing chemical, APH, causes DNA breakage at the BCR of 

genes involved in leukemia-associated gene rearrangements. 

 

 Because the location of the leukemia-associated genes MLL and CBFB are 

mapped to known fragile sites, we examined whether low-dose APH (a classic fragile 

site-inducing condition) induces DNA breaks within the BCRs of MLL and CBFB in 

human CD34
+
 HSPCs derived from the bone marrow of healthy donors. To determine 

DNA break frequency within the BCRs of MLL (exons 8-12) [11], and CBFB (intron 5) 

[16], HSPCs were treated with 0.4 M APH for 24 hours, and the genomic DNAs from 

both the treated and untreated cells were subjected to LM-PCR, by ligating to a linker. 

The linker-attached DNAs were isolated, amplified by two rounds of nested PCR, 

visualized by agarose gel electrophoresis (Appendix Figure 1A), and sequenced to locate 

the breakpoints. Each lane on the gel represents the DNA breaks from approximately 

1300 cells, and each band observed on the gel corresponds to a break found within the 

region of interest. Three regions within the BCR of MLL were examined (MLL i9, MLL 

i10, MLL e12; Appendix Figure 4). Treatment of HSPCs with low-dose APH induced 

significantly higher DNA breakage within the BCRs of MLL and CBFB, compared to 

those in the untreated cells (Appendix Figure 1B). The intron 9 (MLL i9) and intron 10 

(MLL i10) regions, both of which are located within the de novo leukemia patient 

breakpoint clusters, displayed significant sensitivity to APH in HSPCs. Investigation of 

the intron 11/exon 12 junction (MLL e12), the cluster site of the therapy-related leukemia 

breakpoints, found that while APH induces DNA breakage at this site, the overall amount 
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of breakage within this region is higher than all other regions studied, even without APH 

treatment, suggesting an inherent fragility at this site. Breakage within intron 5 of CBFB 

following APH treatment was significantly higher than in untreated cells. The FHIT gene 

encompassing fragile site FRA3B, the most fragile site in the genome [29], also showed a 

significant increase in breakage upon APH treatment, while non-fragile regions at 

chromosome 12p12.3 and G6PD [30] were insensitive to fragile site induction. These 

results demonstrate that the exposure of HSPCs to APH induces the formation of DNA 

breaks within the BCRs of both MLL and CBFB, and these regions are therefore within 

bona fide fragile sites in HSPCs. 

Intron 11 of the RET gene, located within fragile site FRA10G and involved in the 

thyroid cancer-causing RET/PTC rearrangement [31], is also sensitive to APH in HSPCs 

(Appendix Figure 1B). However, overall breakage within RET occurred at a much lower 

level than at MLL or CBFB in HSPCs (p<0.01), suggesting a molecular basis for 

occurrence of leukemia-causing gene rearrangements, with leukemia-associated genes 

showing an increased susceptibility to breakage compared to non-leukemia-associated 

genes. 
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Appendix Figure 1: LM-PCR detection of DNA breaks generated in human CD34+ 

cells after treatment with APH. (A) DNA breaks formed in intron 9 of MLL, the non-

fragile 12p12.3 region, and intron 4 of FHIT were detected by LM-PCR. A representative 

gel is shown. Lanes 1–12 represent breaks in DNA from untreated cells, lanes 13–24 

represent breaks detected in DNA from cells treated with APH. Each lane represents a 

separate PCR reaction using DNA from approximately 1300 cells. The M lane is a 100 bp 

molecular weight ladder, and bands below 100 bp correspond to primer dimers. (B) The 

frequency of DNA breakage in untreated cells, or cells treated with APH in the regions 

depicted in (A) as well as intron 10 and exon 12 of MLL, intron 5 of CBFB, and intron 

11 of RET. The breakage frequency is presented as DNA breaks per 100 cells, and is the 

average of at least 3 experimental replicates with error bars representing standard errors. 

Asterisks mark p < 0.05 as compared to the respective untreated samples.  
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Environmental chemicals and chemotherapeutic drugs induce DNA breakage in 

BCRs of MLL and CBFB in human CD34
+
 HSPCs. 

 

 Many fragile site-inducing environmental chemicals are encountered daily, 

including benzene, found in cigarette smoke and gasoline fumes, and DEN, found in 

cigarette smoke, pesticides, and foods such as cured meats [2]. Interestingly, exposure to 

benzene is strongly linked to leukemia formation [1].   

Here, optimal dosages of benzene and DEN for the 24-hour treatment of HSPCs 

were first determined by cell viability assay (Appendix Figure 2A), such that significant 

levels of cell death were not induced, in order to mimic daily low level exposure to 

environmental chemicals. Treatment of HSPCs with 0.5 mg/ml benzene or 1.5 mg/ml 

DEN did not induce apoptosis, as measured by flow cytometric analysis of annexin V 

staining (Appendix Figure 2B). Cell growth, measured by trypan blue exclusion, was not 

perturbed following treatment with benzene but showed a delay upon DEN treatment 

(Appendix Figure 2C). Further, treatment of HSPCs with benzene or DEN did not perturb 

cell cycle progression (data not shown). 

To investigate whether exposure of HSPCs to non-cytotoxic levels of benzene and 

DEN can cause DNA breakage at the leukemia-related genes MLL and CBFB, HSPCs 

were treated with 0.5 mg/mL benzene or 1.5 mg/mL DEN for 24 hours, and breakage 

within the BCRs of MLL and CBFB was analyzed by LM-PCR. In the MLL and CBFB 

BCRs, both benzene- and DEN-induced breakage was significantly higher than in 

untreated cells (Appendix Figure 3). The frequencies of DNA breakage induced by 

benzene or DEN in the BCRs of MLL and CBFB were similar to that of APH-induced 



76 

 

breakage, as MLL e12 was the most fragile site. Interestingly, benzene and DEN induced 

different amounts of breakage across the sites within MLL and CBFB, suggesting that 

diverse cis and/or trans factors are responsible for breakage at each site.  

 
Appendix Figure 2: Characterization of human CD34+ cell survival, and growth, 

following treatment with APH, benzene, DEN, etoposide, and doxorubicin. (A) Cell 

viability was determined by propidium-iodide stain, and measured using flow cytometry, 

after treatment with various concentrations of chemicals. (B) The number of cells 

undergoing active apoptosis following treatment with chemicals was determined using 

Annexin V stain and measured by flow cytometry. (C) The level of cell growth following 

treatment was determined by quantification using a hemocytometer. Cells were counted 

at the time of plating (0 h), after 24 h treatment (24 h), or allowed to recover for an 

additional 24 h after chemicals had been removed (48 h). Data (A–C) is represented by 

the average of at least 3 replicates with error bars representing standard deviations. 
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The RET region had a similar, significant increase in DNA breakage following 

exposure to benzene and DEN, though at significantly lower levels than MLL and CBFB 

(p<0.01). The 12p12.3 non-fragile region was insensitive to benzene; however, DEN 

caused a significant increase in breakage. Another non-fragile region, G6PD, was not 

susceptible to significant breakage by either chemical. These results demonstrate the 

sensitivity of leukemia-associated fragile sites in HSPCs to benzene exposure, suggesting 

a role for environmental factors in generation of DNA breakage at leukemia-causing 

genes through a fragile site-mediated mechanism. While DEN exposure caused an 

increase in breakage at MLL and CBFB, the non-fragile 12p12.3 region was also sensitive 

to the treatment, but the G6PD region was not.  Therefore, the breakage from DEN-

induced exposure is not limited to fragile sites, and perhaps other factors contribute to the 

sensitivity of the 12p12.3 region. 

 

  

 
Appendix Figure 3: The frequency of DNA breakage in human CD34+ cells after 

24 h treatments with fragile site-inducing chemicals or chemotherapeutic drugs 

at the MLL i9, MLL e12, CBFB i5, FHIT, RET, 12p12.3, and G6PD regions. The 

breakage frequency is given as DNA breaks per 100 cells, and is the average of at 

least 3 replicates with error bars representing standard errors. Asterisks mark p < 0.05 

as compared to the respective untreated samples. 
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Treatment of primary tumors with chemotherapy regimens containing etoposide or 

doxorubicin are linked to formation of secondary, or therapy-related, leukemias [1]. 

While several chemotherapeutic agents are known to cause breakage at fragile sites [32], 

etoposide and doxorubicin have not previously been studied in this regard. Using 

pharmacokinetic studies as a guide to mimic residual dose from chemotherapy 

administration [33, 34], we treated HSPCs with various concentrations of etoposide or 

doxorubicin for 24 hours. Appendix Figure 2 A-C show that 0.15 µM etoposide or 5 nM 

doxorubicin did not induce cell death, and cell growth was not affected.  

 Next, we examined DNA breakage resulting from exposure of HSPCs to 0.15 µM 

etoposide or 5 nM doxorubicin for 24 hours, and found that these low doses of drugs 

caused significant breakage at introns 9, and exon 12 of MLL, as well as intron 5 of 

CBFB, relative to untreated cells. The exon 12 region of MLL is linked to topoisomerase 

II-dependent breakage, due to the presence of a putative topoisomerase II recognition 

motif [14, 35-37]. Therefore, the high level of breakage induced by etoposide, a 

topoisomerase II inhibitor, reflects the sensitivity at this site and confirms the 

involvement of DNA topoisomerase II. More importantly, the concentration of etoposide 

used in our studies is 100~1000-fold lower than in previous in vitro studies [35, 37] and 

about 300~1000-fold lower than in the plasma of patients immediately after receiving 

treatment [33, 34]. These results suggest that cells able to survive chemotherapy regimens 

are still susceptible to DNA breakage in leukemia-associated genes when exposed to a 

residual dose of the treatment. While many of the cells exposed to chemotherapeutic 

drugs at doses typically used in therapy are killed, cells in circulation that are not killed 
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are at risk of adverse effects due to exposure to low-dose and non-cytotoxic levels of 

these drugs. 

 Interestingly, 12p12.3 is susceptible to breakage caused by etoposide and 

doxorubicin treatments, while RET and G6PD are not. Using DNA topoisomerase II 

consensus sequences of recognition/cleavage [25, 26], we determined the number of 

predicted topoisomerase II sites within the DNA sequence (1050-bp each) of all regions 

probed by LM-PCR. The 1050-bp regions extended 50-bp upstream and 1000-bp 

downstream from the second round region-specific primer for each region and represent 

the region analyzed in our DNA breakage studies.  We found that within all MLL and 

CBFB regions, a range of 33 to 48 predicted topoisomerase II consensus sites were 

present in the sequences, and the FRA3B sequence contained 36 consensus sites 

(Appendix Table 2). Notably, the RET and G6PD sequences had only 15 and 11 

predicted topoisomerase II consensus sites, respectively, while the 12p12.3 region 

contained 67 topoisomerase II sites, more than all other regions analyzed. The number of 

topoisomerase II consensus sites could help to explain both the sensitivity of the 12p12.3 

region and the insensitivity of the RET and G6PD regions to both etoposide and 

doxorubicin in HSPCs, as the presence of more topoisomerase II consensus sites leads to 

more DNA breakage upon treatment. These results further indicate a critical role for 

DNA topoisomerase II in promoting DNA breakage at leukemia-associated genes in 

HSPCs.  



80 

 

 

The patient BCRs of MLL are predicted to form stable DNA secondary structures 

  

 Stable DNA secondary structure has been suggested to contribute to fragile site 

breakage [32, 38], and it serves as a determinant for DNA topoisomerase II recognition 

and cleavage [27, 28]. To investigate whether DNA secondary structure is responsible for 

DNA breakage in the BCR of MLL, the Mfold program was used to predict the ability of 

the MLL BCR to form stable DNA secondary structure [24]. We analyzed 300-nucleotide 

segments with a 150-nucleotide shift and determined the most stable structures for each 

segment along a 15.7-kb sequence from exon 6 - intron 17 (chr11: 118348501-

118364250), which includes the MLL BCR (exons 8 to 12, chr11: 118352430-

118359475) (Appendix Figure 4). Within the 7-kb MLL BCR derived from mapping 

Appendix Table 2: Number of topoisomerase II consensus sites in regions 

analyzed. 

  TopoII Sites 

MLL 

Intron 1 15 

Intron 9 33 

Intron 10 46 

Exon 12 40 

CBFB 48 

RET 15 

FHIT 36 

12p12.3 67 

G6PD 11 

The number of predicted topoisomerase II cleavage sites within each region of interest, 

as determined by using the consensus sequence [5’-(no A) (no T) (A/no C) (-) (C/no 

A) (-) (-) (-) (-) (no T) (-) (T/no G) (C/no A) (-)-3’], where breakage occurs between 

nucleotides five and six [33], and the consensus sequence [5’-(A) (T) (T) (A)- 3’], 

where the breakage occurs before the first nucleotide [34]. A 1050-bp region 

extending 1000-bp upstream and 50-bp downstream from the second round region-

specific LM-PCR primers from each region of interest were used in the analysis. 
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leukemia patient breakpoints, the sites are not evenly distributed, with de novo 

breakpoints occurring throughout a 3-kb region between exons 8 and 11, and therapy-

related leukemia breakpoints clustering at the intron 11/exon 12 junction [11]. 

Approximately half of the segments (24/49) within the MLL BCR were predicted to form 

stable secondary structures, as their free energy of structure formation was lower than the 

average free energy for chromosome 11. Six out of 49 segments had a predicted free 

energy of structure formation within the most stable 10% of all segments along 

chromosome 11. These structure-forming sites are located in regions that were identified 

as hotspots for breakage in both de novo and therapy-related leukemia [11], with four 

segments located within the de novo breakpoint cluster and two in the therapy-related 

breakpoint cluster. These results suggest that DNA secondary structure could influence 

DNA breakage formation in the patient breakpoint hotspots of MLL. 
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Environmental chemical- and chemotherapeutic agent-induced breakpoints are 

located at predicted DNA topoisomerase II cleavage sites 

 

 In addition to the recognition of consensus sequences in double-stranded DNA, 

DNA topoisomerase II recognizes and preferentially cleaves single-stranded DNA within 

regions that form DNA secondary structures [3, 27, 28, 35]. DNA topoisomerase II 

cleaves DNA hairpins one nucleotide from the 3’-base of the stem, where DNA 

secondary structure and the presence of a double-stranded/single-stranded DNA junction 

at the 3’-base of the hairpin, rather than sequence specificity, are the predominant 

 

Appendix Figure 4: DNA secondary structure prediction within the patient 

BCRs of MLL. The computed lowest free-energy values for the predicted 

secondary structure from 300-nt segments analyzed by the Mfold program, were 

compared to the average free energy of chromosome 11 (−27.1 kcal/mol, horizontal 

orange line) or the most favorable 10% of free energy values on chromosome 11 

(−39.4 kcal/mol, horizontal blue line). The x-axis indicates the MLL region, and the 

y-axis displays the free energy of the predicted structure. The BCR of MLL (exons 

8 to 12, chr11: 118352430-118359475, brown bar) contain a de novo BCR (green 

line), and a therapy-related cluster region (red line) [11,14]. The brown star 

represents the topoisomerase II cleavage hotspot [36,37]. The purple bars designate 

the regions analyzed by LM-PCR: MLL i9, chr11: 118353926-118354976; MLL 

i10, chr11: 118355148-118356198; MLL e12, chr11:118358609-118359659. 
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features recognized by the enzyme [27]. Additionally, human topoisomerase II 

recognizes hairpin structures formed within alpha satellite DNA and cleaves within the 

single-stranded DNA loop region of the hairpin structure [28]. Using these structural 

criteria combined with the consensus sequences, the locations of the etoposide-induced 

breakpoints were first compared with the locations of the predicted topoisomerase II 

cleavage sites in two MLL regions (MLL i9 and MLL e12) and the CBFB region. 

Because etoposide specifically interacts with topoisomerase II to inhibit its re-ligation 

activity, etoposide-induced breakpoints allowed us to verify that topoisomerase II cleaves 

DNA within these regions, and that these cleavage sites correspond to the predicted sites 

generated from considering both consensus sequences and associated DNA secondary 

structure features. A total of 55 etoposide-induced breakpoints located in MLL i9, MLL 

e12 and CBFB regions were analyzed.  We found that 88%, 95%, and 100% of etoposide-

induced breakpoints corresponded to predicted topoisomerase II cleavage sites in MLL i9, 

MLL e12, and CBFB regions, respectively (Appendix Table 3), with the remaining 

breakpoints in MLL i9 and MLL e12 located within three nucleotides of the predicted 

cleavage sites. These results verify the involvement of topoisomerase II in generation of 

DNA breakage within the breakpoint cluster regions of MLL and CBFB and indicate the 

utility of the predicted cleavage sites. For 59 doxorubicin-induced breakpoints, 90%, 

90%, and 83% corresponded to predicted topoisomerase II cleavage sites in MLL i9, MLL 

e12, and CBFB regions, respectively, and greater than 93% were located within one 

nucleotide of predicted topoisomerase II cleavage sites, further supporting the role of 

topoisomerase II in DNA breakage at these regions.  



84 

 

The percentage of benzene and DEN-induced breakpoints mapped to predicted 

topoisomerase II cleavage sites in the MLL e12 (96% and 97%, respectively) and CBFB 

(95% and 90%, respectively) regions indicates a strong influence of topoisomerase II on 

break formation in these regions, compared to those in the MLL i9 region (78% and 64%, 

respectively). In these three regions, while the significantly low frequency of DNA 

breaks was observed in untreated cells compared to those of all treatments (Appendix 

Figure 3), the frequencies of breaks at topoisomerase sites by all treatments were 

significantly higher than in untreated cells (p<0.05) with the exception of benzene-treated 

MLL i9 region (Appendix Table 3, last column). Within the MLL e12 region, 51 of the 

120 breakpoints induced by a combination of all treatments occurred within an 11-nt 

sequence (chr11: 118359356-118359366) containing a previously identified 

topoisomerase II cleavage site [14, 36, 37]. Twenty-three of the fifty-one breaks at this 

site were induced by benzene and DEN, representing 48% of the total benzene and DEN-

induced sites in the MLL e12 region. While the etoposide- and doxorubicin-induced 

breakpoints were expected to map to the topoisomerase II sites, the overlap of benzene 

and DEN-induced break sites with topoisomerase II sites in MLL e12 suggests an 

involvement of DNA topoisomerase II in break formation caused by benzene or DEN 

exposure. Benzene and its metabolites have been shown to interact with topoisomerase II 

[30, 39], but DEN has not been linked to topoisomerase II. Our findings that 97% of 

DEN-induced breaks correspond to topoisomerase II cleavage sites in the intron 11/exon 

12 junction of MLL are the first to suggest a link between DEN and topoisomerase II-

mediated DNA breakage.  
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Appendix Table 3: Frequency of chemical-induced DNA breakpoints located at 

predicted topoisomerase II cleavage sites. 

 
Number of Breaks at 

Topo II Cleavage 

Sitesa 

Total Number of 

Breaks Mapped 

% of Breaks at 

Topo II Sites 

Breaks at Topo II Sites/100 

Cells  SE (p values relative 

to the respective untreated)b 

MLL i9 

Untreated 23 25 92% 0.034  0.004 

APH 16 21 76% 0.052  0.005 (0.010) 

Benzene 18 23 78% 0.043  0.003 (0.102) 

DEN 18 28 64% 0.054  0.009 (0.027) 

Etoposide 15 17 88% 0.055  0.010 (0.024) 

Doxorubicin 19 21 90% 0.050  0.006 (0.022) 

TOTAL 109 135 81% 
 

MLL e12 

Untreated 18 21 86% 0.049  0.008 

APH 22 25 88% 0.074  0.006 (0.011) 

Benzene 26 27 96% 0.083  0.009 (0.006) 

DEN 28 29 97% 0.083  0.008 (0.008) 

Etoposide 18 19 95% 0.097  0.008 (<0.001) 

Doxorubicin 18 20 90% 0.074  0.006 (0.018) 

TOTAL 130 141 92% 
 

CBFB 

Untreated 
12 18 67% 

0.013  0.002 

APH 
20 21 95% 

0.050  0.004 (<0.001) 

Benzene 
18 19 95% 

0.050  0.008 (<0.001) 

DEN 
18 20 90% 

0.046  0.005 (<0.001) 

Etoposide 
19 19 100% 

0.048  0.005 (<0.001) 

Doxorubicin 
15 18 83% 

0.039  0.012 (<0.001) 

TOTAL 
102 115 89%  

a Topoisomerase cleavage sites determined by DNA secondary structures (one 

nucleotide from the junction of the 3_-base of a hairpin stem with single-stranded 

DNA, and within the single-stranded DNA loop of the hairpin structure [27,28]), or 

consensus sequences: [5_-(no A) (no T) (A/no C) (−) (C/no A) (−) (−) (−) (−) (no T) 

(−) (T/no G) (C/no A) (−)-3_ ], where breakage occurs between nucleotides five and 

six [25], and the consensus sequence [5_-(A) (T) (T) (A/T)- 3_ ], where the breakage 

occurs before the first nucleotide [26]. 

b p-Values were calculated using two-tailed Student’s t-tests. 
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Distribution of environmental chemical- and chemotherapeutic-induced breakpoints 

resemble those of fusion breakpoints in leukemia patients  

 

While the chemical-induced breakpoints in our study were determined before a 

translocation event, the locations of breakpoints identified in leukemia patients are 

identified following rearrangement. Therefore, to investigate the relationship between the 

chemical-induced breakpoints and subsequent rearrangement processes, we compared the 

locations of the chemical-induced breakpoints with the locations of breakpoints identified 

in leukemia patients containing known MLL rearrangements [11]. Meyer, et al., carried 

out a comprehensive study of leukemia patients with MLL rearrangements and revealed 

patient breakpoints concentrated in the BCR with an uneven distribution [11], which we 

clearly demonstrated in the MLL i9 and MLL e12 regions (Appendix Figure 5). The 

patient breakpoints were located uniformly throughout the MLL i9 region, while a 

peaked pattern of distribution was observed in the MLL e12 region. Upon analyzing 110 

and 120 chemical-induced breakpoints of the MLL i9 and MLL e12 regions, respectively, 

we found a striking similarity in the distribution patterns when compared to patient fusion 

breakpoints. Within the MLL i9 region, no hotspots of chemical-induced cleavage were 

present, as seen among the patient fusion breakpoints. Interestingly, chemical-induced 

cleavage in the MLL e12 region showed a peaked distribution similar to that of patient 

fusion breakpoints but with the hotspot shifted about 250 bp downstream, suggesting a 

subsequent nuclease degradation process after initial cleavage and prior to the fusion 

event. Analysis of reciprocal fusions in patients supports this notion by showing that in 

most leukemia fusions, deletions are observed surrounding the fusion points, with 52% 
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ranging from 1 to 50 bp, 38% from 51 to 600 bp, and 10% from 700 bp to 4.4 kb [11]. 

These data suggest that exposure of MLL to environmental chemicals or 

chemotherapeutic agents, such as those investigated in our study, lead to double-stranded 

DNA breakage with the potential to form leukemia-causing gene rearrangements 

corresponding to those seen in patients. Rearrangement formation at these sites occurs 

through a mechanism in which processing of the free ends of broken DNA can result in 

the loss of up to 4 kb of genomic material. Further investigation of the effects of long-

term exposure to low doses of environmental and chemotherapeutic agents as well as 

their role in leukemogenesis appears to be warranted.  

 

Appendix Figure 5: Distribution of chemical-induced and patient breakpoints 

within the MLL i9 and MLL e12 regions. The location of leukemia patient 

breakpoints [11] and the location of chemical-induced breakpoints from our study 

were placed into 50-bp bins corresponding to the (A) MLL i9 region (389 patient 

breakpoints vs. 110 chemical-induced breakpoints) or (B) MLL e12 region (191 

patient breakpoints vs. 120 chemical-induced breakpoints). The breakpoint frequency 

is presented as a percentage of breakpoints located within each 50-bp bin relative to 

the total breakpoints in the respective 1050-bp region. 
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DISCUSSION 

 Many leukemia-causing gene rearrangements possess fusion breakpoints located 

within at least one fragile site, suggesting the potential for fragile site-mediated instability 

to play a role in leukemogenesis [10]. We found that a classic fragile-site inducing 

condition, low-dose APH, and two known fragile site-inducing chemicals, benzene and 

DEN, generate significantly more DNA breaks at the BCRs of MLL and CBFB, 

compared to those in the untreated cells (Appendix Figures 1 and 3). In addition to the 

chemicals that we used here, fragile sites are sensitive to a range of environmental and 

dietary agents, and chemotherapeutic drugs [5]. Therefore, our study points to the 

importance of investigating these chemicals and their role in inducing DNA breakage in 

leukemia-associated genes, and possibly in leading to disease-causing gene 

rearrangements. Many of these chemicals have demonstrated positive associations with 

the risk of leukemia, while some without a previous link to leukemia, such as DEN, 

appear to be worth investigating. 

Stable DNA secondary structure is suggested to contribute to fragile site 

breakage.  During DNA replication, fragile site-inducing conditions, such as low-dose 

APH, can cause an uncoupling of the helicase complex from the DNA polymerase, 

resulting in long stretches of single-stranded DNA. At fragile sites, this DNA can form 

stable DNA secondary structures that pause polymerase progression and result in DNA 

breakage [40, 41]. Interestingly, the BCR of MLL possesses the potential to form stable 

secondary structures (Appendix Figure 4). Fragile site breakage can also occur during 

transcription, resulting in collision of transcription and replication machinery and 

ultimately leading to DNA instability within these regions [42]. The difference in 
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replication and transcription programs and overall gene expression patterns in different 

cell types appears to influence fragility in a cell type-specific manner [42-46]. Although 

information about the direction of DNA replication along the MLL gene in CD34
+
 cells is 

not available, the MLL gene is highly expressed in CD34
+
 cells. Gene expression data 

from Su, et al., indicates high levels of expression for MLL, CBFB and FHIT in CD34
+ 

cells relative to all tissue and cell types studied, while RET expression was slightly lower 

[47] (Appendix Table 4). It is unknown whether the chemicals investigated in this study 

influence the expression or chromatin organization of MLL, CBFB, or FHIT in CD34
+
 

cells, but the reported high expression of these genes, as well as TOP2A and TOP2B, in 

these cells [47] is consistent with the model proposed for MLL rearrangement formation 

in which transcriptionally active genes are susceptible to topoisomerase IIβ-dependent 

breakage [35].  

 

 

Appendix Table 4: Gene expression data in CD34
+
 cells. 

  

Relative Gene Expression in CD34
+
 Cells 

Value Mean
a 

Fold Overexpression 

MLL 30.20 10.30 2.9x 

CBFB 436.50 88.90 4.9x 

RET 5.05 5.69 0.9x 

FHIT 7.55 4.10 1.8x 

12p12.3  N/A
b 

N/A
b 

N/A
b 

G6PD 27.45 44.2 0.6x 

TOP2A 788.20 81.90 9.6x 

TOP2B 269.40 39.50 6.8x 

Displayed is relative expression of genes studied in CD34
+
 cells, data from [47].  

a
 This value represents the mean expression of each respective gene across all tissues 

analyzed. 
b
 N/A = not available. 
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Topoisomerase II has critical functions in both DNA replication and transcription 

processes. The expression of topoisomerase II isoforms  and  are 10- and 7-fold higher 

in CD34
+
 cells, respectively, than the average for all tissues [47] (Appendix Table 4). 

More recently, MLL rearrangement formation was proposed to involve topoisomerase 

II-dependent DNA breakage in MLL and rearrangement partner genes AF4 and AF9 

within shared transcription factories [35]. Our results similarly suggest a role for 

topoisomerase II in breakage at MLL and CBFB, as treatment with non-cytotoxic 

concentrations of etoposide and doxorubicin caused breakage at the BCRs of both 

leukemia-related genes. The 11-nt hotspot of chemical-induced cleavage that we found 

has been identified by several other studies as a strong topoisomerase II cleavage site [14, 

36, 37]. These results, in combination with the strong association between chemical-

induced breakpoints and predicted topoisomerase II cleavage sites in the MLL e12 and 

CBFB regions (Appendix Table 3), further support a role for topoisomerase II-mediated 

breakage upon exposure to environmental agents.  

The known mechanisms of action for the chemicals used in this study are diverse, 

yet the DNA breakage profiles at each region are strikingly similar. Aphidicolin is an 

inhibitor of DNA polymerases , , and  and is thought to cause breakage at fragile sites 

by exposing long stretches of single-stranded secondary structure-prone DNA that can 

lead to replication fork stall and collapse [48]. Aphidicolin was also recently shown to 

induce fragile site breakage through a topoisomerase II-mediated mechanism [3]. 

Benzene and DEN are carcinogenic environmental chemicals able to cause DNA adduct 

formation, while benzene metabolites hydroquinone and benzoquinone can inhibit 

topoisomerase II [39, 49]. Etoposide and doxorubicin inhibit topoisomerase II by 
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stabilizing cleavage complex formation and preventing DNA re-ligation [50, 51].  All 

chemicals used in our study, with the exception of DEN, are known to interact with 

topoisomerase II to cause DNA breakage. Our study suggests that a topoisomerase II-

dependent mechanism is responsible for breakage within the BCRs of MLL and CBFB, 

and to our knowledge is the first to support a role for topoisomerase II in DEN-induced 

DNA breakage. Our data also suggests multiple determinants for such a topoisomerase II-

dependent mechanism, in which the high number of potential topoisomerase cleavage 

sites provides the basis, and the associated DNA secondary structures and active 

transcription (perhaps collisions of replication and transcription machinery) are an added 

influence for the DNA breakage patterns observed in the BCRs of MLL and CBFB. This 

fits into current working models explaining the mechanism for fragile site breakage in 

which differential gene expression and replication and transcription programs contribute 

to cell type-specific fragility [42-46]. However, further investigation into the interplay of 

these factors will be necessary to understand the generation of leukemia-causing gene 

rearrangements. 

While others have shown the sensitivity of MLL to etoposide in various cell types 

[36, 37], we demonstrated that even at approximately 100-1000-fold lower concentrations 

etoposide can still induce DNA breakage within MLL in primary HSPCs. At higher 

concentrations close to the levels of etoposide used in previous studies, we found that cell 

viability started to decline (Appendix Figure 2A) and affected HSPC survival. The low 

concentrations of etoposide and doxorubicin may mimic the conditions of HSPCs that 

survive chemotherapeutic treatment but are still exposed to low levels of drugs, and thus, 

are prone to breakage at sites with the potential to form leukemia-causing gene 
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rearrangements. Indeed, we found that DNA breakage following exposure of HSPCs to 

low concentrations of environmental chemicals or chemotherapeutic agents occurred at 

MLL and CBFB, which are involved in leukemia-causing gene rearrangements. Several 

studies have investigated the role of DNA repair in response to DNA damage in HSPCs 

and found that CD34
+
 HSPCs are more sensitive to damage than more committed 

progenitor cells [52, 53]. These studies further suggest that HSPCs are prone to undergo 

apoptosis following exposure to ionizing radiation or DNA adduct-forming agents 

compared to mature cells. Our results indicate that although HSPCs are extremely 

sensitive to DNA damage, exposure to non-cytotoxic levels of environmental chemicals 

and chemotherapeutic agents can still induce DNA damage without causing cell death. In 

the context of secondary leukemia formation, HSPCs that are not killed by chemotherapy 

regimens could be exposed to low levels of drugs, leading to breakage at sites like MLL 

or CBFB with the potential to form leukemia-causing rearrangements. As the cells in our 

study remained viable and able to grow and divide following treatment, these DNA 

insults have the potential to perpetuate into daughter cells and lead to leukemogenesis. 
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CONCLUSIONS 

 Long-term exposure to environmental chemicals or chemotherapeutic agents, 

even at non-cytotoxic levels, can be detrimental to human health. The susceptibility of 

human HSPCs to DNA breakage at specific loci, such as within the BCRs of MLL and 

CBFB, has the potential to lead to formation of leukemia-causing gene rearrangements. 

The high frequency of topoisomerase II recognition sites in specific regions and the high 

expression of topoisomerase II in human CD34
+
 HSPCs present a favorable environment 

for breakage following exposure to agents targeting topoisomerase II activity. Further 

understanding of the mechanism for breakage at MLL and CBFB in HSPCs may provide 

a clearer path to prevention or treatment of leukemias with these rearrangements. 
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