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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 Il 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 Il1-mediated DNA 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.
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1. 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. lonizing 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 1, 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 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,
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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-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;922) 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 human CD34*
HSPCs was determined by ligation-mediated PCR (LM-PCR). The nucleotide positions of
chemical-induced breakpoints were mapped to sites of topoisomerase Il 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 Il 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.

2. Materials and methods

2.1. Cells and culture conditions

Experiments were performed using primary human CD34* bone marrow stem and
progenitor cells (ALLCELLS), grown in Hematopoietic Growth Medium (Lonza)
supplemented with StemSpan CC100 (StemCell Technologies) containing IL-3, IL-6, Stem
Cell Factor and FLT-3 ligand.
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2.2. Cell treatments and analyses

To analyze cell viability, human CD34* cells (1 x 10°) were plated in 12-well plates and
treated immediately with chemical concentrations as indicated in the text for 24 h. Cells
were collected, washed with phosphate-buffered saline (PBS; Invitrogen), and re-suspended
in PBS containing 2 pg/mL propidium iodide. Cell viability was determined using a Becton
Dickinson FACSCalibur flow cytometer (BD Biosciences). Various concentrations of
benzene (0.5-1 mg/mL), diethylnitrosamine (DEN, 1.5-3.0 mg/mL), etoposide (150 nM-10
uM), and doxorubicin (5-700 nM) were examined to determine the optimal dosage for the
treatment of CD34* cells.

To analyze active apoptosis, CD34" cells (1 x 10°) were plated and treated as above for 24
h. 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 min. Early apoptotic cells were quantified using a FACSCalibur flow cytometer.

To analyze cell growth, viable CD34* cells (0.65 x 10°) were determined by trypan blue
exclusion using a hemocytometer, plated, and treated in 12-well plates. Cells were harvested
after 24 h, 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 h in
chemical-free media.

To analyze cell cycle progression, CD34" cells (5 x 10°) were plated and treated with the
chemical concentrations indicated in the text for 24 h. 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 min in the dark. Subsequently, the cells were
analyzed using a FACSCalibur flow cytometer to determine DNA content.

2.3. DNA breakpoint detection by LM-PCR

To detect DNA breaks, genomic DNA was isolated from human CD34" progenitor cells
following treatment for 24 h 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 (Supplemental Table 3). The final PCR products were then
resolved by gel electrophoresis and sequenced to identify the breakpoint location adjacent to
the LL3/LP2 linker sequence.

2.4. 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
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structure was used to analyze the location of chemical-induced DNA breaks within the
patient BCR of MLL.

2.5. Chemical breakpoint mapping to topoisomerase |l cleavage sites

Chemical-induced breakpoints were determined by Sanger sequencing following LM-PCR.
The breakpoints were then mapped to topoisomerase 1l 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) (-)-37], 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 Il 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.

2.6. Statistical analysis

3. Results

p-Values were calculated using two-tailed Student’s t-tests. Multiple comparisons analysis
was performed using a single-factor ANOVA followed by Bonferonni correction.

3.1. 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 UM APH for 24 h, 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 (Fig. 1A and Supplemental Fig. 1), 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 el2; Fig. 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 (Fig. 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 of breakage within this region is higher than all other regions studied, even
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without APH treatment, suggesting an inherent fragility at this site. Breakage within intron 5
of CBFB (CBFB i5) 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 (Fig. 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.

3.2. 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 h treatment of HSPCs were first
determined by cell viability assay (Fig. 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 (Fig. 2B). Cell growth,
measured by trypan blue exclusion, was not perturbed following treatment with benzene but
showed a delay upon DEN treatment (Fig. 2C). Further, treatment of HSPCs with benzene
or DEN did not perturb cell cycle progression (Supplemental Fig. 2).

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 h, 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 (Fig. 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 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 cisand/or trans factors are responsible for
breakage at each site.

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
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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.

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 h. Fig. 2A-C
show that 0.15 M 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 uM etoposide
or 5 nM doxorubicin for 24 h, 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 Il1-dependent breakage, due to
the presence of a putative topoisomerase 11 recognition motif [14,35-37]. Therefore, the
high level of breakage induced by etoposide, a topoisomerase |1 inhibitor, reflects the
sensitivity at this site and confirms the involvement of DNA topoisomerase Il. 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 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 Il consensus
sequences of recognition/cleavage [25,26], we determined the number of predicted
topoisomerase 11 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 33-48
predicted topoisomerase Il consensus sites were present in the sequences, and the FRA3B
sequence contained 36 consensus sites (Supplemental Table 1). Notably, the RET and G6PD
sequences had only 15 and 11 predicted topoisomerase Il consensus sites, respectively,
while the 12p12.3 region contained 67 topoisomerase |1 sites, more than all other regions
analyzed. The number of topoisomerase Il consensus sites could help to explain both the
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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 Il consensus
sites leads to more DNA breakage upon treatment. These results further indicate a critical
role for DNA topoisomerase Il in promoting DNA breakage at leukemia-associated genes in
HSPCs.

3.3. 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 Il 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 (chrll: 118348501-118364250), which includes the
MLL BCR (exons 8 to 12, chrll: 118352430-118359475) (Fig. 4). Within the 7 kb MLL
BCR derived from mapping 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.

3.4. Environmental chemical- and chemotherapeutic-induced breakpoints are located at
predicted DNA topoisomerase |l cleavage sites

In addition to the recognition of consensus sequences in double-stranded DNA, DNA
topoisomerase Il recognizes and preferentially cleaves single-stranded DNA within regions
that form DNA secondary structures [3,27,28,35]. DNA topoisomerase Il 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 features recognized by the
enzyme [27]. Additionally, human topoisomerase lla 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 Il cleavage sites in two MLL regions (MLL i9 and
MLL e12) and the CBFB (CBFB i5) region. Because etoposide specifically interacts with
topoisomerase Il to inhibit its re-ligation activity, etoposide-induced breakpoints allowed us
to verify that topoisomerase Il cleaves DNA within these regions, and that these cleavage
sites correspond to the predicted sites generated from considering both consensus sequences
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and associated DNA secondary structure features. A total of 55 etoposide-induced
breakpoints located in MLL i9, MLL e12, and CBFB i5 regions were analyzed. We found
that 88%, 95%, and 100% of etoposide-induced breakpoints corresponded to predicted
topoisomerase Il cleavage sites in MLL i9, MLL e12, and CBFB i5 regions, respectively
(Table 1), 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 Il 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 |1
cleavage sites in MLL i9, MLL el12, and CBFB i5 regions, respectively, and greater than
93% were located within one nucleotide of predicted topoisomerase 1l cleavage sites, further
supporting the role of topoisomerase Il in DNA breakage at these regions.

The percentage of benzene and DEN-induced breakpoints mapped to predicted
topoisomerase Il cleavage sites in the MLL e12 (96% and 97%, respectively) and CBFB i5
(95% and 90%, respectively) regions indicates a strong influence of topoisomerase 11 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 (Fig. 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 (Table 1, 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 (chrll: 118359356-118359366) containing a
previously identified topoisomerase Il 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 Il sites, the
overlap of benzene and DEN-induced break sites with topoisomerase 1l sites in MLL e12
suggests an involvement of DNA topoisomerase Il in break formation caused by benzene or
DEN exposure. Benzene and its metabolites have been shown to interact with topoisomerase
11 [30,39], but DEN has not been linked to topoisomerase Il. Our findings that 97% of DEN-
induced breaks correspond to topoisomerase Il cleavage sites in the intron 11/exon 12
junction of MLL are the first to suggest a link between DEN and topoisomerase I1-mediated
DNA breakage.

3.5. 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
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demonstrated in the MLL i9 and MLL e12 regions (Fig. 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 el2 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% 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.

4. 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 (Figs. 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 (Fig. 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 replication and transcription programs and overall gene expression
patterns in different cell types appears to influence fragility in a cell type-specific manner
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[43-46]. 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] (Supplemental Table 2). This may be related to our observation that
overall breakages within RET occurred at a much lower level than at MLL, CBFB, or FHIT
in HSPCs. 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 113-dependent breakage [35].

Topoisomerase 11 has critical functions in both DNA replication and transcription processes.
The expression of topoisomerase 1 isoforms a and B are 10- and 7-fold higher in CD34"
cells, respectively, than the average for all tissues [47] (Supplemental Table 2). More
recently, MLL rearrangement formation was proposed to involve topoisomerase 13-
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 11
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 |1 cleavage site [14,36,37]. These results, in combination
with the strong association between chemical-induced breakpoints and predicted
topoisomerase Il cleavage sites in the MLL e12 and CBFB i5 regions (Table 1), further
support a role for topoisomerase 11-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 a, 8, 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 I1-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 11 [39,49]. Etoposide
and doxorubicin inhibit topoisomerase Il by stabilizing cleavage complex formation and
preventing DNA religation [50,51]. All chemicals used in our study, with the exception of
DEN, are known to interact with topoisomerase Il to cause DNA breakage. Our study
suggests that a topoisomerase |1-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 Il in DEN-induced DNA breakage. Our data also suggests multiple
determinants for such a topoisomerase I1-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
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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 [43-46]. 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 (Fig. 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 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.

5. 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 Il recognition sites in specific regions and the high expression of
topoisomerase Il in human CD34* HSPCs present a favorable environment for breakage
following exposure to agents targeting topoisomerase Il 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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Refer to Web version on PubMed Central for supplementary material.
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Fig. 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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Fig. 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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Fig. 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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Fig. 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, chrll: 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 Il cleavage hotspot [36,37]. The purple bars designate the regions analyzed
by LM-PCR: MLL i9, chrll: 118353926-118354976; MLL i10, chrll:
118355148-118356198; MLL e12, chrll; 118358609-118359659. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
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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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Frequency of chemical-induced DNA breakpoints located at predicted topoisomerase Il cleavage sites.

Table 1

Page 22

Number of breaks at

Total number of

% of breaks at topo

Breaks at topo 11 sites/100 cells + SE (p values

topo 11 cleavage sites® breaks mapped I1sites  relative to the respective untreated)?
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 el2
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 i5
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

aTopoisomerase 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)©)(€CMoA) () () () () (noT) (=) (T/no G) (C/no A) (-)-37], 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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