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Abstract

A subset of chromosomal translocations related to B cell malignancy in human patients arise due
to DNA breaks occurring within defined 20 to 600 basepair zones. Several factors influence the
breakage rate at these sites including transcription, DNA sequence, and topological tension. These
factors favor non-B DNA structures that permit formation of transient single-stranded DNA
(ssDNA), making the DNA more vulnerable to agents such as the enzyme activation-induced
cytidine deaminase (AID) and reactive oxygen species (ROS). Certain DNA lesions created during
the ssDNA state persist after the DNA resumes its normal duplex structure. We propose that
factors favoring both formation of transient sSDNA and persistent DNA lesions are key in
determining the DNA breakage mechanism.

MULTIPLE FACTORS FAVOR BREAKAGE AT HIGHLY LOCALIZED FRAGILE

ZONES

Chromosomal translocations involving the BCL2or CCND1 loci occur in nearly all cases of
follicular lymphoma and mantle cell lymphoma, respectively [1]. These translocations occur

when a DNA double-strand break (DSB) generated near these oncogenes joins with an
induced DSB created at the immunoglobulin heavy chain (IgH) locus during V(D)J
recombination. While the V(D)J DSBs are initiated by the recombination activating gene
(RAG) complex, the cause and mechanism of DSB formation at the non-IgH loci is
unknown. Translocations involving RAG cutting at the non-IgH sites are not common
(relative to mechanisms discussed below) and are mostly confined to a subset of T-cell
lymphomas [1].

Sequencing data from over 2000 human patient translocations has revealed that DSBs
resulting in neoplastic translocations can arise at some of these non-IgH loci over spans of

tens to hundreds of kilobases, yet are clustered up to 1000-fold more frequently in regions of
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only 20 to 600 bp (Figure 1) [2]. We refer to these focal regions of DSB formation as fragile
zones. The major breakpoint region (MBR) of BCLZ2and the major translocation cluster
(MTC) of CCND1 are two such fragile zones, but several other fragile zones relevant to
chromosomal translocations in other human B cell malignancies have also been described
(Figure 1) [1, 2].

The fragile zones we describe are naturally occurring, meaning they are fragile (DSB-prone)
in wild-type cells and not induced by replication stress. This distinguishes them from
regions known as common fragile sites (FRA sites) that are not generally involved in
chromosomal translocations. In other words, these are breaks that occur in healthy human
patients and are not induced by underlying drug treatment or genetic defects. Therefore,
understanding the mechanism that makes relatively small and defined regions of DNA prone
to DSBs has the potential to reveal the disease etiology at the crossroads of naturally
occurring biological processes and environmental exposure.

We have identified several factors that increase the rate of DSBs occurring within these
fragile zones. Four of the factors affecting fragility are considered here. First, fragile zones
display a transient, non-B conformation containing single-stranded DNA (ssDNA)[3, 4].
Second, the transient sSDNA structures are susceptible to damage from agents such as
reactive oxygen species (ROS) or activation-induced cytidine deaminase (AID)[5]. Third,
this non-B conformation can be stabilized by changes in torsional stress that favor
unwinding of the duplex, thereby increasing the lifetime of the transient structure [6].
Fourth, the rate of lesion repair and the proximity of two or more lesions on each of the two
anti-parallel DNA strands determines the frequency of DSB formation [5].

FORMATION OF SINGLE-STRANDED, NON-B DNA STRUCTURES

We have yet to definitively identify a specific non-B DNA structure because they are likely
to be very short-lived (on the order of milliseconds or less) [6]. We note, however, that many
of the fragile zone sequences have runs of cytosines (C’s) in several locations on the same
strand (C-strings) [1-4]. One consequence of these C-strings on the DNA duplex are
structural and electrostatic changes between the stacked C’s and guanines (G’s) that leads to
a change from the typical B-form helix to a conformation that shifts between B- and A-form
(B/A intermediate) [7]. This state causes increased single-strandedness, evidenced by the
fact that C’s in these regions are more susceptible to reaction with sodium bisulfite under
native conditions (increased accessibility of C’s to bisulfite under non-denaturing conditions
indicates an increased tendency for the C’s not being protected within the duplex and, thus,
not base paired) [4].

The B/A intermediate and any mismatches will favor breathing, potentiating the formation
of higher-order single-stranded structures [4]. One such structure is slipped-strand DNA
where, following strand separation, directly repeated sequences can re-anneal out of register
such that the top strand of an upstream repeat anneals with the bottom strand of a
downstream repeat [6] (Figure 2). Since they are less thermodynamically stable than a
duplex structure, these slipped structures are expected to be transient and short-lived,
quickly snapping back into register. While formed, however, they create regions of ssSDNA
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on both strands. The C-strings within fragile zones not only affect the structure of the
duplex, but also act as direct repeats. Furthermore, other closely-spaced direct repeat
sequences of 6 to 8 bp are also present at the MBR and MTC fragile zones. Thus, the C-
strings and the direct repeats are two elements that distinguish fragile zones from other
regions in the genome, though there may be others (see Outstanding Questions). Such
elements increase the likelihood of forming vulnerable non-B, slipped-stand DNA
structures.

Outstanding Questions

. What additional genetic and epigenetic elements distinguish fragile zones
from other CpG containing sites in the genome?

. Are the non-B DNA structures at different fragile zones similar to one another
or do they include a range of various non-B DNA structures?

. By altering the sequence of fragile zones, can we alter the chemical probing
profile or susceptibility to DSB formation?

. In non-lymphoid cells, what non-B DNA structures and enzymes are
important for DSBs and translocations?

. What are the various factors that generate the localized torsional strain that
favors non-B DNA conformations?

. Do certain heritable or acquired genetic defects predispose an individual to
cancers involving breaks at fragile zones?

Other non-B structures are possible, such as triplex or G quadruplex [8, 9], but these
structures require the disruption and unwinding of much greater lengths of duplex DNA,
markedly reducing the likelihood of their formation. Another structure that can form is an R-
loop, which forms when a newly transcribed RNA strand reanneals with the template DNA
to form an RNA:DNA hybrid that results in a single-stranded non-template DNA strand [10,
11]. R-loops may be relevant to long fragile zones, such as the 2 kb region in MYC [12, 13].
However, the non-B structure at the 20 to 600 bp zones survives RNase H treatment, ruling
out an R-loop at these zones [3, 4]. Thus, a slipped-strand structure is a simpler and more
thermodynamically favored non-B structure.

Importantly, we have shown that transcription through any DNA sequence increases the
propensity for breakage by >10-fold in a sensitive yeast genetic assay [5]. Transcription
separates two DNA strands. If this occurs in a sequence with C-strings, the B/A intermediate
conformation and repetitive C’s would favor slipped-strand formation. Many of the human
fragile zones occur in known regions of transcription, including the MBR at the BCL2 locus
and the intronic E2A at the 7CF3locus. However, this is not true for all breakage sites as the
BCL 2intermediate and minor breakpoint cluster regions (icr and mcr) are not known to be
transcribed in humans and neither is the BCLI MTC (Figure 1). Therefore, for a subset of
DSBs, other factors must be as important as transcription in the human genome, or,
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alternatively, low levels of spurious transcription from variable start sites or non-coding
transcripts may be responsible.

SOURCES OF DAMAGE THAT TARGET ssDNA

Bases in duplex DNA are more protected from some types of damage than bases in SSDNA
because of the stacking intrinsic in a double helical structure. Indeed, the enzyme activation-
induced cytidine deaminase (AID) requires a SSDNA substrate because of its binding site
[14], and it preferentially targets the C in WRC (W = adenine or thymine, R = purine)
sequences for deamination to uracil (U) [15, 16]. AID is thought to be a major source of
DSB induction at the MBR and MTC fragile zones since analysis of translocation breakpoint
junctions from over 2,000 human patients suffering a variety of hematopoietic malignancies
revealed that a majority of DSBs occur near C’s vulnerable to AID when DNA is single-
stranded [2].

While AID expression is highest in mature B cells undergoing class switch recombination
(CSR) and somatic hypermutation (SHM), sufficient levels of AID are present in pro-B and
pre-B cells to lead to DSBs at the fragile zones [1, 17]. Why translocations involving the
MBR and MTC fragile zones occur in pre-B cells, where they join with J segments of
unrepaired VV(D)J events, and not in mature B cells, where they could potentially join with
unrepaired DSBs initiated by AID in the IgH switch regions, is not entirely clear. Zones that
do form translocations with the IgH switch regions, such as MYC and BCLS, are larger (>2
kb) than the MBR and MTC zones, and the breaks are more often at WGCW sequences
rather than CpG [18]. This suggests a slightly different breakage mechanism [1].
Additionally, selection of the translocation product may be a factor, as joins involving J
segments place the IgH P enhancer near the oncogenes associated with the MBR and MTC
zones while joins with switch regions would put this enhancer on the other reciprocal
chromosome [2].

AID is not a nuclease, so how does it cause a DSB? During CSR, the U’s generated by
deamination of C’s are efficiently removed by uracil DNA glycosylase (UDG) to produce an
abasic site that is targeted by AP-endonuclease, which nicks the phosphate backbone. If this
occurs in close proximity on both DNA strands, as is likely for symmetrical CpG sites, the
two nicks become a DSB [11, 19].

In our yeast genetic system, we found that any human sequence that was transcribed also
was targeted by ectopically expressed human AID in a manner that led to a DSB [5].
Furthermore, DSB formation was completely dependent on the presence of functional UDG.
Thus, transcription is a source of sSSDNA, which may account for the increased instability of
transcription measured in our genetic assay.

In addition to AID, we also found reactive oxygen species (ROS) were another source of
damage to ssDNA. By deleting the gene encoding the major peroxiredoxin in yeast (75AI)
we were able to measure how increased levels of ROS affected the breakage rate [5]. Similar
to AID, we found that transcribed regions were significantly more prone to DSBs due to
increased ROS. ROS could directly nick each DNA strand or lead to oxidized bases that are
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excised by glycosylases with DSBs created by subsequent AP-endonuclease or AP-lyase
activity.

TOPOLOGICAL TENSION INCREASES THE LONGEVITY OF TRANSIENT
ssDNA STRUCTURES

Topological tension is another important factor that influences overall breakage propensity.
Bisulfite reactivity is more pronounced at fragile zones on a supercoiled plasmid versus
linearized DNA, indicating that increased torsional stress can lead to a further increase in
single-strandedness at fragile zones [3, 4]. Under conditions of increased negative
supercoiling, the relaxed DNA duplex may be more prone to forming slipped DNA
structures because the negative supercoiling favors unwinding of the duplex. Therefore,
torsional stress may trap transient sSSDNA structures, increasing their lifespan and leaving
them more vulnerable to agents that target sSSDNA. Transcription and promoter orientation
relative to other promoters can lead to changes in supercoiling, and this can likely be further
exacerbated by defects in topoisomerase activity, either due to mutants or drugs that
specifically target the enzymes [20, 21].

In our yeast system, we tested the effect of increased torsional stress by deleting the gene
encoding topoisomerase 1 (7OPJI) [5]. Interestingly, none of the individual factors described
thus far (transcription, AID, ROS) were able to specifically increase the breakage rate in the
inserted human fragile zones relative to the “no insert” control, nor did deletion of 7OP1
alone. It was not until we combined these factors with the fgpZA mutation that we observed
significant effects. Expression of AID in a fgp14 mutant significantly increased the rate of
DSB formation at the MTC fragile zone while combining the fop14 mutant with increased
ROS led to a significant increase in DSBs at the MBR fragile zone. In both cases, the
increases were dependent on transcription opening-up the region of DNA [5]. The increased
torsional stress due to a combination of transcription and loss of 7OPI likely increases the
frequency and the lifespan of slipped-strand DNA structures, allowing a greater opportunity
for AID or ROS to damage the exposed ssDNA.

LONGEVITY OF LESIONS THAT INITIATE TRANSLOCATIONS

Lastly, we can ask if certain types of damage to sSSDNA are more likely to lead to a DSB due
to a slower repair rate, making some lesions more persistent. As stated above, AlID
deaminates C to U, and the U is efficiently processed by UDG, which can act on both single-
and double-stranded DNA, creating an abasic site for AP-endonuclease cleavage. During
CSR, AID has access to abundant ssDNA due to the formation of kilobase-long R-loops at
switch regions, making it more likely that AP-endonuclease nicking occurs on each strand of
the duplex, leading to a DSB. ssDNA formed at fragile zones, however, will be much more
localized and transient, thus a different mechanism of DSB formation may be occurring.

It has been demonstrated that AID can also act within CpG sequences and, importantly, on a
5-methylcytosine (™€C) in CpG sequences, where it deaminates the base to thymine [15, 22].
This leads to a T:G mismatch that can be repaired by thymine DNA glycosylase (TDG) or

methyl-CpG binding protein domain 4 (MBD4), but approximately 2500-fold less efficiently
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than UDG repair of a U:G mismatch [23, 24]. Thus, the T:G mismatch caused by AID acting
at MeC is an example of a persistent or long-lived lesion. As translocation breakpoints in
human patients frequently map at or near CpG sites, which are often sites of MC, persistent
T:G mismatches due to AID expression are likely common in both pre- and mature B cells.

These persistent lesions or mismatches are a potential source of instability as activated
Artemis nuclease can recognize these structures [25], albeit at reduced efficiency compared
to overhang structures [26], and create a DSB. Artemis is a structure-specific nuclease that
cleaves at the boundaries of single- and double-stranded DNA [26, 27]. In pre-B and pro-B
cells, when DSBs at the fragile zones occur, Artemis is activated by DNA-PKcs during the
failed attempt to repair the DSB created during V(D)J recombination via non-homologous
end joining (NHEJ) [28]. This activated Artemis is present to cleave at persistent lesions
within fragile zones to generate the second DSB required for translocation formation (Figure
3, Key Figure).

Persistent DNA lesions generated by AID deamination of MC are not amenable to study in
our yeast genetic assay as S. cerevisiae lacks DNA methylation, but our data suggests that
base damage due to increased ROS is another source of persistent DNA lesions [5] (Figure
3, Key Figure). This is based on our results expressing a constitutively active form of
Artemis, Artemis-413 (a 413 amino acid C-terminal truncation mutant also called ARM37)
that does not require DNA-PKcs for endonuclease activity [29-31]. While Artemis-413
expression alone did not lead to an increase in the breakage rate, expressing Artemis-413 in
a tsalA mutant (i.e., increased ROS) led to a synergistic increase in the rate of DSBs. DSBs
occurred at a significantly higher rate in the MBR and MTC fragile zones, indicating these
sequences are vulnerable to formation of these lesions. Since oxidized bases are repaired
more slowly than an incorporated U [32], lesions resulting from increased ROS create a
persistent lesion that Artemis can recognize.

Lesion persistence or longevity is key to Artemis-413 having time to recognize the lesion.
The result of co-expression of AID and Artemis-413 in the yeast system is no different than
expression of AID alone since the U’s are not persistent due to a much higher rate of lesion
processing [5]. Interestingly, by deleting UDG (encoded by UNGI in yeast), U’s will persist
longer in the DNA, and in this context, we see an increase in DSB formation at the MBR
and MTC regions. Furthermore, co-expression of AID and Artemis-413 in an ung1A mutant
significantly increases the DSB rate at some sequences that were not elevated in the absence
of Artemis-413 expression.

By slowing the repair rate, lesions become more vulnerable to DSBs, demonstrating that
lesion longevity is a factor in sequence fragility. Mismatches themselves may be cut by
Artemis or other nucleases, but we reason that mismatches would also increase the fraction
of time that a region of DNA is prone to forming a non-B structure. This may be because a
small distortion (mismatch) favors transitions between a normal and a more extensive non-B
DNA state. Another possibility is that during the repair of an ROS lesion, there may be
obstruction of transcription or presence of proteins that favor the non-B DNA state [5].
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CONCLUDING REMARKS

Transient non-B DNA structures may form during transcription or other strand separation
processes, such as DNA repair. We favor slipped-strand DNA as the simplest such structure.
While these structures may last only milliseconds, this is sufficiently long for AID to
generate T:G mismatches at methyl C’s. When the duplex reforms, the T:G mismatches
persist longer than most mismatches due to slow T:G mismatch repair. Mismatches may be
converted to DSBs if they encounter activated Artemis (Figure 3, Key Figure), which may
arise at another chromosomal location during V(D)J recombination or Ig class switch
recombination. This would represent the two partner chromosomes in a reciprocal
translocation.

In S. cerevisiae, there are no methyl C’s. But ROS generate lesions in transient sSDNA that
are long-lived in the reformed duplex. These can become DSBs either due to attempts to
repair the oxidized lesion or by a structure-specific nuclease recognizing the ssDNA-
containing distortion due to the lesion. Thus, increased ROS recapitulates key aspects of the
process described above in B cells and provides a way to further study DSB mechanisms
involving persistent lesions. ROS may be involved in some DSBs at fragile zones in human
cells but are likely occurring much less frequently than the mechanism involving AID.

In summary, short-lived DNA structures are vulnerable to damage, and when the DNA
duplex reforms, long-lived lesions are the site of DSBs. Future work will be required to fully
test all aspects of this model across a range of biological circumstances (see Outstanding
Questions). Our yeast system provides the opportunity to manipulate known fragile
sequences and test the potential of various sequence elements (C-strings, direct repeats) to
cause DSBs. Furthermore, in-depth meta-analyses may uncover genetic defects that
predispose patients to breaks at lymphoma-related fragile zones, which can then be tested in
our genetic system.
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Highlights

. Topological factors and transcriptional-dependence provide in vivo support
for non-B DNA conformations in human neoplastic fragile zones.

. Slowly repaired DNA lesions arise because transient non-B DNA structures
are vulnerable to enzymes and agents that create such lesions.

. The slowly-repaired DNA lesions likely are converted to DSBs after DNA
resumes normal duplex structure.

. Exposure to reactive oxygen species may preferentially affect vulnerable
DNA regions and may be important for disease etiology.
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Figure 1. Fragile Zones in Human Lymphoid Chromosomal Translocations
Schematics of the BCLZ2break cluster regions on chromosome 18, the BCL 1 breakpoint

region (which is downstream of the cyclin D1 (CCNDJI) gene) on chromosome 11, Exon 13
of E2A (also known as 7CF3) on chromosome 19, and the CRLF2breakpoint region
upstream of the CRLFZ2 gene on the X chromosome illustrate the accumulation of
breakpoints within the various regions. Breakpoint junctions sequenced from human patients
demonstrate that DSBs anywhere within these regions can result in chromosomal
translocations relevant for various B cell malignancies (red vertical lines represent a mapped
breakpoint), within these regions, however, are regions where breakpoints appear to cluster
in a non-random fashion (red starbursts). In the BCLZ2region (top), relative proportions of
breakpoints at the BCLZ2major breakpoint region (MBR), intermediate cluster region (ICR),
and minor cluster region (MCR) are shown. The MBR is located in the third exon of the
BCL2gene within the 3" untranslated region (UTR), while the ICR and MCR are further
downstream from the translated region. The 175 bp MBR, 105 bp ICR, and 561 bp MCR
account for about 50%, 13%, and 5% of the BCL2translocation breakpoints. Within the
BCL 1 region, the major translocation cluster (MTC) is located about 110 kb from the
CCND1 gene. The 150 bp MTC contains about 30% of breakpoints, whereas the remaining
70% of events are distributed widely over the surrounding 340 kb as recently mapped and
sequenced [33]. In the £2A cluster, which occurs in intron 13 of the £2A gene [34], 75% of
breakpoints occur in the 23 bp £2A cluster, while the surrounding 3 kb only account for
25%. The CRLF2 cluster lies upstream of the CRLF2 gene with 32% of mapped break in the
25 kb region occurring within a 311 bp cluster. These sites of breakpoint accumulation that
range from 23 to 561 bp are termed ‘fragile zones’ and every CG sequence motif in each of
these fragile zones is a hotspot for human translocation [2, 33].
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Figure 2. Sequence-Level View of ssDNA Formation via a Slipped-Strand Structure Leading to
an AID-Induced Persistent Lesion

Transcription or increased torsional stress in C-string sequences that display a B/A
intermediate conformation can lead to transient strand slippage at direct repeats and generate
ssDNA on each strand of DNA. While these transient slippage events may last only
milliseconds or less before returning to a duplex conformation, AID can act to deaminate
either C’s or MC’s within preferred single-stranded target sequences (WRC). The T’s
generated from deamination of M€C’s are removed more slowly than U’s and are thus more
long-lived lesions. After the DNA resumes its duplex conformation, the resulting T:G
mismatch is vulnerable to DNA repair enzymes, such as activated Artemis, that may convert
these to DSBs. For chromosomal translocations that occur in human B cells, Artemis is
activated during DSB repair at chromosome 14 (e.g., during V(D)J recombination or Ig class
switch recombination). Failure to efficiently repair the chromosome 14 break coupled with
simultaneous generation of DSB at a fragile zone can lead to events that favor chromosomal
translocations.
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Figure 3, Key Figure. Model of DSB Formation at Human Fragile Zones
Fragile zones are prone to forming transient, non-B DNA structures based on biochemical

[3, 4], enzymatic [2, 5, 25, 33], and genetic [5] data. Formation of ssDNA in the non-B state
is enhanced by processes that separate the DNA strands (i.e., transcription) and increased
torsional stress. The non-B structures (such as the slipped-strand structure depicted here) are
short-lived, but, while formed, the ssDNA is vulnerable to damage. AID can attack SSDNA
in human B cells and reactive oxygen species (ROS) can more easily oxidize DNA not
protected within a DNA duplex. Oxidized bases generated by ROS and T:G mismatches
generated by AID deamination of 5-methylcytosine represent long-lived, persistent lesions
(relative to the efficient processing of uracil by uracil glycosylase) that, upon collapse of the
non-B structure back to duplex DNA, create distortions recognized by activated Artemis
nuclease and are cleaved. When the persistent lesions are adjacent on opposite strands of the
DNA duplex, this process can result in a DSB.
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