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Abstract
DEFINING SITES OF REPLICATION FORK COLLAPSE CAUSED BY ATR INHIBITION
Nishita K. Shastri
Eric J. Brown
Replication stress, characterized by stalling of DNA replication and the accumulation of abnormal
replication intermediates, has been linked to the genomic instability observed in cancer. Previous studies
have defined specific genomic sequences that are difficult to replicate to be more vulnerable to
replication-associated breaks and rearrangements. However, many of these sequences have been
identified through indirect and potentially biased approaches. To identify DNA sequences that contribute
to replication-associated genomic instability, I will describe genome-wide screens I have performed to
determine the location, sequence, and frequency of replication perturbations within the mammalian
genome upon replication stress. Ataxia telangiectasia and Rad3-related protein (ATR) is a checkpoint
kinase that is a key upstream regulator of the response pathway to replication fork stalling during
replication stress that prevents fork collapse.
Through inhibition of this response pathway in mouse embryonic fibroblasts, my aims are to 1)
characterize regions that lead to frequent replication fork stalling and collapse, and 2) further define
genomic regions that become processed into double-strand breaks. Since replication protein A (RPA)
binds to single-stranded DNA that becomes exposed when replication forks stall, RPA ChIP-Seq has been
performed to map sites of frequently collapsed replication forks; however, not all stalled replication forks
result in breaks. To differentiate a replication fork that has simply stalled from a fork that has become
sensitized to double-strand break formation, I developed and applied a novel and specific break-detection
assay, BrITL. With these complementary approaches to map replication-problematic loci, subsequent
bioinformatics methods have been utilized to characterize features of the identified genomic regions that
make it prone to fork collapse and detrimental DNA break formation when cells experience replication
stress.
While well-established difficult-to-replicate sequences (e.g. triplet and telomere repeats) exhibited
enhanced fork collapse in RPA ChIP’d cells exposed to replication stress, these sequences were
overshadowed by sites composed of previously uncharacterized simple tandem repeats. Circular
dichroism and thermal difference absorption spectra indicate that the most commonly observed simple
repeat at RPA-enriched sites (CAGAGG) folds into a stable intramolecular secondary structure and is
sufficient to stall DNA replication in vitro and in vivo. BrITL analysis confirmed that these repetitive
regions of RPA accumulation are also sites of DNA breakage. Interestingly, a majority of break sites
identified by BrITL do not associate with RPA accumulation, but rather tend to locate around inverted
retroelements that are predicted to form highly stable intrastrand stem-loop structures. Due to the lack of
available ssDNA at these potential hairpin-forming sites, RPA accumulation would be limited. Overall, my
studies represent the first unbiased identification of mammalian genomic sites that are vulnerable to
replication stress and rely on ATR for stability.
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ABSTRACT

DEFINING SITES OF REPLICATION FORK COLLAPSE CAUSED BY ATR INHIBITION
Nishita K. Shastri
Eric J. Brown

Replication stress, characterized by stalling of DNA replication and the
accumulation of abnormal replication intermediates, has been linked to the genomic
instability observed in cancer. Previous studies have defined specific genomic
sequences that are difficult to replicate to be more vulnerable to replication-associated
breaks and rearrangements. However, many of these sequences have been identified
through indirect and potentially biased approaches. To identify DNA sequences that
contribute to replication-associated genomic instability, I will describe genome-wide
screens I have performed to determine the location, sequence, and frequency of
replication perturbations within the mammalian genome upon replication stress. Ataxia
telangiectasia and Rad3-related protein (ATR) is a checkpoint kinase that is a key
upstream regulator of the response pathway to replication fork stalling during replication
stress that prevents fork collapse.
Through inhibition of this response pathway in mouse embryonic fibroblasts, my
aims are to 1) characterize regions that lead to frequent replication fork stalling and
collapse, and 2) further define genomic regions that become processed into doublestrand breaks. Since replication protein A (RPA) binds to single-stranded DNA that
becomes exposed when replication forks stall, RPA ChIP-Seq has been performed to
map sites of frequently collapsed replication forks; however, not all stalled replication
forks result in breaks. To differentiate a replication fork that has simply stalled from a fork
iv

that has become sensitized to double-strand break formation, I developed and applied a
novel and specific break-detection assay, BrITL. With these complementary approaches
to map replication-problematic loci, subsequent bioinformatics methods have been
utilized to characterize features of the identified genomic regions that make it prone to
fork collapse and detrimental DNA break formation when cells experience replication
stress.
While well-established difficult-to-replicate sequences (e.g. triplet and telomere
repeats) exhibited enhanced fork collapse in RPA ChIP’d cells exposed to replication
stress, these sequences were overshadowed by sites composed of previously
uncharacterized simple tandem repeats. Circular dichroism and thermal difference
absorption spectra indicate that the most commonly observed simple repeat at RPAenriched sites (CAGAGG) folds into a stable intramolecular secondary structure and is
sufficient to stall DNA replication in vitro and in vivo. BrITL analysis confirmed that these
repetitive regions of RPA accumulation are also sites of DNA breakage. Interestingly, a
majority of break sites identified by BrITL do not associate with RPA accumulation, but
rather tend to locate around inverted retroelements that are predicted to form highly
stable intrastrand stem-loop structures. Due to the lack of available ssDNA at these
potential hairpin-forming sites, RPA accumulation would be limited. Overall, my studies
represent the first unbiased identification of mammalian genomic sites that are
vulnerable to replication stress and rely on ATR for stability.
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CHAPTER 1: INTRODUCTION
Permanent damage to the cellular genome is constantly limited by evolutionarily
conserved signaling pathways to protect against propagation of critical errors or cell death.
Exposure of cells to UV light, irradiation, increased reactive oxygen species, or toxic
chemicals can lead to altered DNA bases and disrupted DNA metabolic processes. Yet
cells have fine-tuned a series of responses and checkpoints that sense and correct the
ensuing DNA damage in an effective manner. The stage at which the genome is most
vulnerable to errors is during its replication.
Dedicated to efficiently and correctly duplicating the 3 billion base pairs of DNA,
the S-phase of the cell cycle is equipped with resources that mitigate damage to the
genome. Should damage occur, it is this part of the cell-cycle, in addition to G2, that
promotes repair by homologous recombination (HR), a process that preserves accurate
DNA sequences with no loss, in contrast to the error-prone repair mechanism mediated
by non-homologous end-joining (NHEJ). During S-phase, replication forks that encounter
difficult-to-replicate regions of the genome, such as extensive repeat-containing sites, or
that confront DNA lesions, such as damaged DNA bases or ssDNA gaps, induce
polymerase stalling and arrest DNA synthesis. These stalled forks, if not properly
stabilized, can become susceptible to complexes that cleave the region into double-strand
breaks (DSBs). To segregate chromosomes properly in cell division and to ensure correct
replication of the cell’s genetic material in S-phase, the DNA replication checkpoint
response is activated to protect against DSB formation. This allows forks to resume
replication normally and finish DNA synthesis correctly.
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1.1 Replication stress
Replication stress is characterized by an increase in the frequency of stalled
replication forks during DNA synthesis. Evidence of endogenous sources of replication
stress comes from fundamental studies in yeast genomes, which have identified
replication barriers, termed ‘slow zones’, that lead to chromosomal rearrangements under
conditions of replication stress (Cha and Klecker, 2002). Examples of these barriers to
replication include protein-bound DNA, secondary structure-forming DNA, and RNA:DNA
hybrids, or R-loops (Figure 1). The presence of these structures on a strand can
compromise replication fork progression and lead to fork stalling that, in the absence of
proper stabilization and repair, may result in replication fork collapse and double-strand
break formation, which serves as catalysts to rearrangements and mutations (Aguilera
and Garcia-Muse, 2013). Various experiments have delineated several potential classes
of innately susceptible sites in the mammalian genome that may play a crucial role in
genomic instability associated with cancer and various other diseases. These are known
as difficult-to-replicate loci.

DNA-protein barriers

Structure-forming DNA

R loops

2

Figure 1. Hotspots for replication-induced rearrangements (Aguilera and Garcia-Muse,
2013).

Common Fragile Sites
The first class of these difficult-to-replicate loci consists of common fragile sites (CFS).
These are defined as genomic regions that display gaps and breaks on metaphase
chromosomes upon induction of mild replication stress, including treatment with low-dose
aphidicolin, or inhibition of ATR (Casper et al., 2002). Instability at only 20 fragile sites
comprises over 80% of all DNA lesions in lymphocytes following treatment with low-dose
aphidicolin (Glover et al., 1984). In the absence of any concrete defining features, such
as the presence of specific repeats (although these regions tend to be AT-rich) or altered
forms of DNA structure, CFS nevertheless exhibit consistent and frequent events of sister
chromatid exchanges, translocations, and deletions (Glover and Stein, 1987, 1988; Wang
et al., 1997). Largely characterized in lymphocytes, top CFS include FRA3B at 3p14.2 and
FRA16D at 16q23. Common traits of these loci are that they include spans of megabases,
overlap with very large genes (>300 kb), and replicate in late S-phase (Helmrich et al.,
2011; Smith et al., 2007).
Recently, a paucity of replication origins and limited replication initiation was
demonstrated within a CFS to contribute to its fragility (Letessier et al., 2011).
Furthermore, as distinctive cell types exhibit different replication origins and timing, the
fragility of these sites can vary between cell types (Letessier et al., 2011). Since replication
at these regions occurs late in S-phase, the ability to respond to fork slowing before
completion of S-phase is compromised due to a dearth of nearby origins to fire and finish
replication. Therefore, these sites are likely to enter mitosis while still under-replicated,
3

and to become processed as gaps and breaks on condensed metaphase chromosomes.
Most interestingly, CFS are frequent locations of deletions and chromosome
rearrangements in cancer cells, suggesting a key role for these loci in early genomic
instability that contributes to cancer (Smith et al., 2007; Bignell et al., 2010).
DNA repeats
A second class of difficult-to-replicate loci is comprised of DNA repeats. Within this class
are trinucleotide repeats (TNRs), long interspersed nuclear elements (LINEs), short
interspersed nuclear elements (SINEs), and long terminal repeats (LTRs). Repetitive
regions are pervasive in the genome, serving regulatory functions and supporting specific
chromatin architecture. However, due to their repetitive nature, these sites become
increasingly vulnerable to errors under conditions of reduced replicative efficiency.
Tandem TNRs are susceptible to expansions and deletions during replication as a result
of replication slippage or the presence of ssDNA that may allow secondary structure
formation (Pearson et al., 2005). Studies in yeast and human cells have indicated that
long tandem repeats can cause fork stalling as well as increased expansions and
contractions in cells that are deficient in functional replicative components, further
implicating the replication process in their instability (Aguilera and Garcia-Muse, 2013).
Expansion of TNRs beyond a critical length (>35-40 units for CAG repeats; >200 units for
CGG repeats; >100 units for GAA repeats) (Lahiri et al., 2004; Fu et al., 1991; Chutake et
al., 2014) has been linked to genetic instability associated with several diseases, including
Huntington’s, Fragile X syndrome, and Friedreich’s ataxia (Campuzano et al., 1996; Fu et
al., 1991; Mandel and Heitz, 1992; Yudkin et al., 2014; Gerhardt et al., 2016).
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Retroelements such as SINEs and LINEs are liable to generate genomic instability
via a different mechanism. These retrotransposons are normally transcriptionally
repressed, but become increasingly activated upon induction of cellular stress, leading to
greater mobility and insertions at vulnerable sites in the genome. Copy number and mRNA
levels of both LINE-1 and SINE B1 elements have been observed to increase upon onset
of tumor formation in transgenic breast-cancer mice, which escalates further at later
stages of tumor progression (Gualtieri et al., 2013). This indicates that repetitive
sequences in the genome can change the genetic landscape by expanding, contracting,
or inserting themselves into accessible regions because of the enhanced difficulty in
processive and accurate replication through these sequences.
Non-B DNA
Lastly, the third class of difficult-to-replicate sites includes sequences that form non-B DNA
structures. Beyond tandem repeats, this class encompasses motifs in DNA sequences
that induce formation of specific structures, such as G-quadruplexes, hairpins or altered
duplex forms of DNA. These secondary structures have the potential to form during
replication when duplex strands become separated or energy is provided by negative
supercoiling. Stable structure formation has been proven to impede fork progression and
to serve as substrate for structure-specific nucleases that lead to DSB formation
(Lobachev et al., 2002; Lopes et al., 2011). G-quadruplexes are generated by intra- or
inter-molecular interactions between G-rich sequences on one or both DNA strands.
Stabilization of these well-characterized quadruplex forms has been shown to slow the
replication fork and lead to DSB formation and deletions at these regions (Paeschke, K et
al., 2013; Bochman, M et al., 2012).
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Similarly, hairpins and cruciforms, when produced, present a strong barrier to
replicative polymerases that can lead to fork stalling. Specifically, long AT-rich palindromic
regions on human chromosome 11q23 and 22q11 are frequent sites of breakpoint and
translocation events in lymphoblasts and fibroblasts (Kurahashi, H et al., 2000).
Furthermore, ectopic insertion of palindromic Alu sequences in yeast and mammalian cells
has been shown to lead to fork stalling that is dependent upon hairpin formation from the
sequence (Voineagu et al., 2008). Short inverted repeats, with their capability to form
hairpin structures, stimulate breakage and deletion in cells and are enriched at
translocation breakpoint junctions in cancers, demonstrating a role for these structures in
cancer genomic instability (Lu et al., 2015). Besides stalling replication forks, non-B DNA
structures can also decrease repair efficiency due to their altered forms and by preventing
access to important repair proteins. Overall, sequences that have the opportunity to form
non-B DNA structure in instances of ssDNA exposure, such as during replication, can
hinder fork progression and lead to prolonged fork stalling.
In aggregate, these classes of genomic loci have been well-characterized to play
a vital role in cancer and other disease states, suggesting that intrinsic DNA sequence
and structure can be powerful sources of genomic instability due to their difficulties in
replication. However, the contributions of each class of difficult-to-replicate loci under
specific contexts of genomic instability remain insufficiently studied. Particularly, the
relative vulnerabilities of different classes of sequences and the sensitizing or dampening
role of local chromatin features have not been characterized comprehensively.
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1.2 Replication checkpoint response
The induction of replication stress, either by exogenous damaging agents or by
faulty progression through difficult-to-replicate loci, as described above, initiates a
cascade of protective events to deter propagation of resultant errors in DNA synthesis.
Impediments to polymerase progression across a DNA strand can lead to the uncoupling
between the polymerase and the continuously unwinding minichromosome maintenance
(MCM) helicase. This results in exposure of ssDNA between the polymerase and helicase
that becomes coated by a single-stranded DNA binding protein, replication protein A
(RPA). RPA-coated ssDNA recruits the ataxia telangiectasia and Rad3-related protein
(ATR), a checkpoint kinase that is a key upstream regulator of the replication stress
response pathway (Zou and Elledge, 2003; Flynn and Zou, 2011).
Along with its obligate partner, ATRIP, ATR becomes activated to stabilize the
stalled forks by instigating a series of downstream events that promote cell cycle arrest
and fork restart through phosphorylation of effector proteins, predominant of which is
CHK1 (Capasso et al., 2002; Cimprich and Cortez, 2008; Cortez et al., 2001; Zhao and
Piwnica-Worms, 2001). Once activated, CHK1 phosphorylates CDC25A, which causes its
degradation and prevents its interaction with Cyclin A-Cdk1, Cyclin B-Cdk1, and Cyclin ECdk2; this inhibits origins from firing and arrests the cell cycle (Jin et al., 2003; Busino et
al., 2003). CHK1 also phosphorylates CDC25C, which isolates it in the cytoplasm to
prevent its activation of Cyclin B-Cdk1 (Sanchez et al., 1997). This halts cell cycle
progression into M-phase until replication forks can restart (Liu et al., 2000). The
combination of these events allows the cell to respond to the polymerase-stalling lesion
and to resume replication normally within S-phase.
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ATR also promotes protection of stalled forks through regulation of other
substrates, such as SMARCAL1. SMARCAL1 is a DNA annealing helicase that stimulates
fork-reversal of nascent DNA at stalled forks. Its phosphorylation by ATR limits its activity
to minimize aberrant fork structures that are substrates for SLX4-mediated cleavage
(Couch et al., 2013). ATR also promotes fork protection through regulation of repair factors
such as WRN, a RecQ helicase that aids in fork restart and prevents DSBs, possibly by
processing stalled fork intermediates and promoting recombination (Ammazzalorso et al.,
2010).
1.3 Replication fork collapse and recovery
Fork collapse occurs when stalled replication forks are unable to resume
replication, such as through loss of replisome components. Such events become more
likely in the absence of fork-stabilizing functions downstream of ATR signaling.
Inappropriate CDK activation in ATR-deleted cells appears to promote replisome
disassembly; however, these findings may be context-dependent that is incompletely
defined (Ragland et al., 2013; Cobb et al., 2003; De Piccoli et al., 2012; Dungrawala et
al., 2015). In the absence of ATR, aberrantly activated CDK-dependent pathways promote
the premature assembly of endonuclease complexes, such as SLX4-SLX1 or MUS81EME1, that cleave replication forks into DSBs (Fekairi et al., 2009; Sarbajna et al., 2014;
Pepe and West, 2014; Ragland et al., 2013; Szakal and Branzei, 2013; Couch et al.,
2013). DSBs are lethal to a cell, and thus repair pathways become activated to repair them
efficiently.
Formation of DSBs at forks induces ATR-mediated phosphorylation of the histone
variant, H2AX, into γH2AX, which acts as a local marker of DNA DSBs and promotes the
accumulation of various repair factors to the site of damage (Capasso et al., 2002; Brown
8

and Baltimore, 2003; Chanoux et al., 2009). While its complete function is still unknown,
γH2AX is critical for stabilizing the interactions of factors necessary for the repair of the
double-strand break (Rogakou et al., 1998; Rogakou et al., 1999; Furuta et al., 2003;
Chanoux et al., 2009). The spread of γH2AX, which occurs up to several hundred
kilobases on either side of the break point, restructures the chromatin to concentrate repair
proteins to the site of damage (Rogakou et al., 1998; Rogakou et al., 1999; Coster and
Goldberg, 2010). This includes components of repair involved in homologous
recombination that re-establish the replication fork.
Phosphorylated H2AX recruits MDC1, which brings in the E3 ubiquitin ligase,
RNF8 (Coster and Goldberg, 2010). RNF8 catalyzes the addition of ubiquitin molecules
onto H2AX, which accumulates RNF168 and leads to the addition of poly-ubiquitination
chains onto H2AX. These ubiquitin chains subsequently recruit 53BP1, the BRCA1Abraxas-RAP80 complex, and MRN (Mre11-Rad50-Nbs1) to the break site (Jasin and
Rothstein, 2013). Initial 5’-3’ resection of the broken DNA end occurs by Mre11 and CtIP,
and then more extensively by Exo1 and Dna1 nucleases. This allows RPA to bind to the
stretch of ssDNA on the resected strand, with subsequent BRCA2-mediated formation of
Rad51 filaments to replace RPA on the resected strands. The Rad51-coated strand then
invades the nearby complimentary sister chromatid to utilize the homologous template for
synthesis.
In the context of a one-ended break resulting from cleavage at a collapsed
replication fork, break-induced replication (BIR) occurs (Constantino et al., 2014). This
repair process involves the continued synthesis of the invading strand using the sister
chromatid as a template and the catalytic subunit of DNA polymerase δ to finish synthesis
to the end of the chromosome (Constantino et al., 2014). In this way, a collapsed fork is
9

able to recover and restart replication through homologous recombination-mediated
repair. Through an overall integrated response, ATR stabilizes stalled forks to prevent
double-strand break formation while phosphorylation of H2AX stimulates fork restart
through homologous recombination if collapse occurs.
1.4 Cancer genomic instability
Cancer has often been described as a disease of the genome, characterized
predominantly by abnormal growth and altered metabolism. These features break the
boundaries of regular cell maintenance and allow the cells to proliferate beyond the normal
capacity of untransformed cells. In this manner, a critical balance is shifted and
homeostasis is lost, leading to a catastrophic state of cancer initiation and progression.
Increased chromosomal instability and improper repair lead to greater levels of mutations
that enhance a cancer cell’s ability to evolve to the point of uncontrolled growth and drug
resistance. How a cell transforms to achieve these features has been under investigation
for decades. What is currently understood is that activation of oncogenes leads to
abnormal growth in which cells cycle rapidly into and through S phase. Under this
accelerated state of proliferation, DNA repair pathways can become less effective against
increasing damage accrued during DNA synthesis, leading to replication stress. This
causes DNA replication to become more reliant on DNA damage checkpoint responses to
maintain genome stability. However, mutations may arise that bypass normally activated
checkpoints, allowing cells that would generally senesce to survive under conditions of
genomic instability. Increased mutagenesis and complex rearrangements that are
advantageous to a cell’s survival then promote clonal outgrowth and expansion to the
detriment of surrounding normal cells.
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Characterizing a cell’s genomic landscape by identifying precisely where DNA
breaks occur in the genome under conditions that cause the cell to propagate in a
deregulated fashion will increase our understanding of cancer etiology. Similarly, such
characterization under conditions that cause a cell to inherit a proclivity for certain
diseases will expand our understanding of the mechanisms of genetic instability that allow
the cell to accrue such damage and display the disease phenotype. While cancer genomic
studies have identified translocation breakpoints and sites of large deletions, these
samples were extracted from a static state of the cancer at a defined stage of its
progression. DSB landscapes from these samples could prove to be different from tumor
samples isolated at earlier stages of cancer initiation and progression. Because of our
incomplete knowledge of genomic features that make certain chromatin regions more
vulnerable to replication stress than others, the study of this question under these different
contexts becomes even more relevant. A proper DNA break-detection assay is thus
necessary to address such questions.
1.5 Break-identification methods
While it is possible to probe for the genomic location of DNA repair proteins to
determine sites of DNA damage, it is but a substitute to query for the actual site of
breakage. Furthermore, spreading of damage sensors and repair factors, such as γH2AX,
may extend to kilobases and even megabases from the actual site of damage (Rogakou
et al., 1998; Rogakou et al., 1999). This decreases precise characterization of the break
site and increases background. Just recently have methods to detect DNA breaks arisen
to address limitations previously imposed by low resolution and signal-to-noise ratio.
LM-PCR
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One of the first methods developed was ligation-mediated PCR, or LM-PCR (Mueller et
al., 2001). In this assay, cleaved DNA is denatured and hybridized to a gene-specific
primer that extends DNA synthesis to the cleaved site, creating a blunt end. To this end,
a linker is ligated. The DNA fragment is denatured again and hybridized to a second genespecific primer that extends DNA synthesis to the linker sequence. PCR then occurs on
these fragments with a linker sequence-specific primer and the second gene-specific
primer. Doing so amplifies the target DNA, which is then sequenced and mapped to the
genome. However, a major limitation to this protocol is that it requires prior knowledge
about the break-proximal genes to recognize the presence of DSBs within the region.
Thus, it cannot identify de novo DNA breaks.
HTGTS-Seq
High-throughput, genome-wide translocation sequencing, or HTGTS-Seq, involves a fixed
‘bait’ DSB that is created by a nuclease at an ectopically inserted recognition site in the
genome (Chiarle et al., 2011). The ‘bait’ DSB is joined in a translocation event by an
endogenously generated DSB. Genomic DNA is sonicated, ends polished, and adaptors
are ligated to allow for PCR amplification through adaptor-specific primers. A 5’
biotinylated primer complementary to the bait sequence synthesizes across the
translocation junction with subsequent selection of the site by streptavidin binding. The
junction is verified by sequencing. However, the efficiency of the assay is biased by the
proximity of DNA ends for translocation and is only able to detect DSBs that translocate.
It is possible that breaks that do not rejoin at all, but that persist, are not detected.
Translocation events are rare and this method may thus necessitate a large amount of
input DNA to be able to detect breaks. Because of these constraints, the assay is not
quantitative.
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BLESS
Breaks labeling, enrichment on streptavidin, and next-generation sequencing, or BLESS,
aims to map DSBs at nucleotide resolution (Crosetto et al., 2013). In this protocol, cells
are harvested and fixed. After sequential lysing of the cell and nuclear membranes, cells
undergo a series of washes before resuspension in a reaction containing T4 DNA
polymerase and T4 polynucleotide kinase (PNK) to blunt DNA ends. On the second day,
cells are incubated overnight in a reaction mixture that ligates DNA ends with a linker.
DNA is then extracted from the nuclear pellets and purified before being digested with the
HaeIII restriction enzyme. Cleaved genomic DNA is subsequently sheared to smaller size
fragments by sonication, and biotinylated DNA is captured through streptavidin-coated
beads. Once attached to the beads, DNA ends are blunted and ligated to a second linker.
The DNA is then eluted by digestion with I-SceI enzyme and PCR amplified for
sequencing. A major setback to this procedure is that it utilizes fixed cells, which generates
considerable breaks on its own, thus resulting in high-level background and low sensitivity.
Break-Seq
This assay was developed in Wenyi Feng’s laboratory (Hoffman et al., 2015). It utilizes
cells embedded in an agarose plug that are saturated in a reaction mixture containing T4
DNA polymerase to catalyze the addition of biotin-14-dATP to DNA ends through an endrepair mechanism. Chromatin is then purified from the plug, sheared to less than 500 bp,
and captured through streptavidin-coated beads. Labeled DNA fragments attached to the
beads are ligated to adaptors and amplified by PCR. The purified PCR products
subsequently undergo paired-end sequencing by Illumina HiSeq. While it aims to discover
de novo breaks in an unbiased manner, this protocol has been known to yield high
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background. The signal-to-noise ratio of aligned tracks is typically low and does not
include input normalization. Sensitivity remains an issue as signal from lower-amplitude
breaks in this assay would likely get masked by high background.
GUIDE-Seq
Genome-wide, unbiased identification of DSBs enabled by sequencing, or GUIDE-seq,
utilizes DNA repair pathways, such as non-homologous end joining (NHEJ), to mediate
the integration of double-stranded oligonucleotides into DSB gaps (Tsai et al., 2015).
Genomic DNA is sheared into ~500 bp and the ends are ligated to an adapter. These
regions are then amplified by PCR utilizing the known sequences of the double-stranded
oligonucleotides along with an additional nested PCR to gain high specificity of the target
regions. However, the accuracy of this method depends upon the repair efficiency of
integrated oligonucleotides at the break site, which may vary depending upon chromatin
structure and sequence. Additionally, only breaks with blunted ends are identified since
the double-stranded oligonucleotides are blunt-ended. Thus, this method is not
quantitative, lending itself to biases towards accessible sites for integration and DSB ends
without 5’ or 3’ overhangs.
End-Seq
End-sequencing is a method recently developed by Andre Nussenzweig’s laboratory to
capture DNA ends (Canela et al., 2016). It is the most sensitive assay to detect break sites
genome-wide to date. However, it has only yet been studied in the context of RAGmediated cleavage in pre-B cells and in thymocytes actively undergoing V(D)J
recombination in G1 cells. In the protocol, at least 15 million cells are harvested and
embedded in agarose plugs, washed and treated with Proteinase K and RNase A before
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subsequently being stored at 4°C for up to 2 weeks. Although the purpose of labeling
double-strand breaks in embedded plugs is to minimize creation of artefactual breaks, a
high background may result. This was observed in our experience, presumably by passive
depurination and depyrimidation events that take place and that are prevented from repair
during the time cells are stored in plugs. In End-Seq, further processing occurs within
these plugs: blunting, A-tailing, and ligation of DNA-damage ends to biotinylated hairpin
adaptor 1. DNA is then purified from the plugs and sheared to 150-200 bp by sonication.
Biotinylated DNA fragments are isolated by incubation with streptavidin beads and endrepaired for ligation to a second hairpin adaptor in preparation for library generation and
deep sequencing. While this method proposes to detect breaks with nucleotide-level
resolution, reads generated from sequences starting at the same base pair can produce
significant amounts of duplicated reads that may incur false-positive peaks without a
proper means of filtering out false duplicates from real duplicates. In addition, this method
has not been proven to work in S-phase cells.
1.6 Significance of defining genomic sites that rely on ATR for stability
In general, DNA breaks create genomic instability, as they often lead to
rearrangements and mutations that promote disease or cancer. Identification of these
break sites through an unbiased and precise method is currently lacking. As ATR is a
critical mediator that preserves genomic stability during replication, and as deletion of ATR
leads to enhanced DNA breaks under conditions of replication stress and oncogene
activation (Schoppy et al., 2012), a study to properly define the landscape and
mechanisms of DNA breakage in the absence of ATR’s activity will be critical.
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Evidence exists to suggest that loss of ATR is sufficient to lead to DSBs.
Inactivation of ATR by ATR deletion, shRNA-mediated gene suppression, and ATR kinase
inhibition leads to an increase in chromosome breaks even in the absence of exogenous
treatments that stall DNA replication (Brown and Baltimore, 2000; Brown and Baltimore,
2003; Chanoux et al., 2009). These breaks can form either stochastically across the
genome during DNA synthesis, or occur preferentially at sites of slowed DNA synthesis.
Suggestive of the latter, breakage at CFS is increased in ATR-suppressed cells. However,
recent evidence indicates that this increase best correlates with the unimpeded
progression of ATR inhibited cells into G2-M phase and the inadvertent cleavage of forks
at sites of incompletely replicated DNA (Ying et al., 2013; Letessier et al., 2011). Indeed,
DNA replication fork progression does not appear to be substantially slowed at CFS, which
complete DNA replication late in S-G2 due to a greater distance between the early firing
origins that flank these instability sites (Letessier et al., 2011). More recently it has been
shown that the full assembly of the SLX4-1 endonuclease complex, which is at least partly
responsible for DSB generation upon ATR inhibition (Ragland et al., 2013; Couch et al.,
2013), occurs at the G2-M phase transition. As of yet, no study to define the landscape
and mechanisms of DNA breakage in the absence of ATR’s activity has been performed.
Data from yeast models suggests that under ATR inhibition some regions of the
genome are more prone to replication-induced DNA damage than others (replication slow
zones) (Cha and Klecker, 2002). But while certain replication stress-vulnerable sites are
known based on yeast genetics and mammalian cytogenetics, there is a lack of knowledge
on regions of the mammalian genome that break preferentially when the replication stress
responses are defective. There is therefore a great need to accurately determine regions
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that are prone to break in the absence of a replication checkpoint response and to
understand why these sites break.
1.7 Aims
Based upon observations of replication-induced rearrangements and genomic
instability that stem from specific regions sensitive to replication stress, I hypothesized
that replication stress is more detrimental to certain regions of the genome than others.
These would be revealed as defined fork collapse sites in the mouse genome.
Furthermore, these sites would be predicted to occur at difficult-to-replicate regions,
specifically at repetitive and structure-forming DNA.
To test this hypothesis, we aimed to capture and characterize highly frequent forkcollapse sites under specific conditions of replication stress. In our model, mouse
embryonic fibroblasts (ATR+/-) were treated with low-dose aphidicolin to induce replicative
stress, and an ATR inhibitor (ATRi) to prevent repair and restart of stalled forks. In the
absence of ATR, forks that have encountered uncoupling between the MCM2-7 helicase
and polymerase are not readily stabilized, leading to increased RPA-bound intermediates
that are an outcome of either stalled forks that have not resolved or resected strands of
DSBs that arise from the collapse of these stalled forks. Sites of persistent fork collapse
in the mouse genome were subsequently isolated and mapped by two methods: RPA
ChIP-Seq, and a novel DNA break-detection assay, BrITL.
Using RPA ChIP-Seq and BrITL, I proposed to identify the locations in the genome
that are rendered most sensitive to ATR inhibition when replication stress is applied and
to determine how DNA sequence at replication-sensitive loci contributes to replicationinduced instability. By characterizing genomic regions that most frequently lead to DSBs
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in the absence of a functional ATR repair pathway under replication stress, I plan to
address how unchecked replication stress can promote distinctive sites of genomic
instability. In doing so, I have been able to identify possible mechanisms by which
decreased genome surveillance can transform a cell under specific stress conditions.
In my first aim, I will describe findings on identified and enriched repeats within
RPA ChIP-Seq peaks specific to the combination treatment of ATRi and aphidicolin
(ATRi+aph) utilizing a developed repeat analysis program called REQer (Repeat
Enrichment Quantifier). From deeply sequenced data generated by RPA ChIP-Seq,
REQer allowed us to dissect the role of repetitive regions in replication stress with greater
depth. While DNA repeats are difficult to quantify through normal ChIP-Seq metrics due
to their non-unique mappability, through REQer, we have developed a method to
characterize the abundance of repetitive elements in the ChIP versus input samples. The
most enriched repetitive sequences were further tested for their ability to cause
polymerase pausing both in vivo and in vitro and were queried for possible formation of
secondary structures, addressing mechanisms by which these sequences may lead to
RPA accumulation and fork collapse under replication stress.
In my second aim, I will describe the development and use of a break-detection
assay termed BrITL (Break Identification by TdT Labeling) to confirm that fork-collapse
sites identified by RPA ChIP-Seq are consequently sites of frequent DNA breakage. By
this study, two categories of sites were discovered in replication-stressed mouse
embryonic fibroblasts: 1) the overlap of peaks from RPA ChIP-Seq and BrITL, and 2)
exclusive BrITL peaks that are not sites of significant RPA accumulation. Due to their
identification in both RPA ChIP-Seq and BrITL, the sites in category 1 were defined as
fork collapse regions that degenerate frequently into double-strand breaks. The subset of
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breaks described in category 2 suggests sites that, by a different mechanism, do not
recruit significant amounts of RPA, but still lead to frequent breakage. Surprisingly, this
subset of breaks was found to associate with inverted sequences composed entirely of
SINE, LINE or LTR retroelements. Structural data analysis indicated that these sites form
highly stable hairpin structures that preclude RPA accumulation.
Herein, I report identification of 173 Replication Perturbed Locations (RPLs) across
the mouse genome caused by ATR inhibition employing RPA ChIP-Seq. These sites were
enriched for specific simple repeats, one of which is implicated in myotonic dystrophy type
II (CAGG/CCTG), but most that have not been previously characterized as difficult to
replicate. Furthermore, triplet repeats commonly associated with disorders in their
expanded states, described previously (GAA/TTC, CAG/CTG, CGG/CCG), were not
found to be significantly enriched in RPL sites. Structural assays on the most common
RPA-associated simple repeat (CAGAGG/CCTCTG) suggested a mechanism of fork
collapse that occurs through the formation of a stable secondary structure. Both in vivo
and in vitro replication stalling assays confirmed that this simple repeat is sufficient to
impede fork progression. Furthermore, a recently developed break-detection assay
termed BrITL recognized consistent breakage occurring at RPL sites associated with
CAGAGG/CCTCTG repeats from ATR inhibition. Moreover, genome-wide BrITL results
identified a greater subset of breaks that were not associated with RPA accumulation.
Instead, a majority of these DNA breaks were centered around SINE, LINE or LTR
elements that were inverted, leading to predicted hairpin structures. This finding was novel
and suggested a new class of sequences highly susceptible to DSBs upon ATR inhibition.
Generally, reliable methods to detect the location of frequently occurring doublestrand breaks in the genome and to examine why they may arise in certain regions over
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others would elucidate how DNA damage under replication stress can promote the
transition of a normal cell into a diseased or cancerous state through a targeted and
specific manner. These studies can provide a more comprehensive understanding of how
the process of mutagenesis transpires as a cancer cell evolves, or how certain
polymorphic sequences primes a cell for genetic instability, leading to more precise
targeting of the abnormal cell’s genome versus that of a normal cell.
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CHAPTER 2: RPA CHIP-SEQ ON REPLICATION-STRESSED MEFs
2.1 Genome-wide identification of RPA-enriched sites caused by ATR inhibition
Unbiased identification of difficult-to-replicate sequences from ATR inhibition
remains incomplete due in large part to the technological limitations of currently available
assays. Early studies in yeast relied on phosphorylation of H2AX (γH2AX), which occurs
up to and beyond 100 kb along chromatin following DSB generation from polymerase
stalling in Mec1-Rad53 (ATR-CHK1 orthologue) suppressed cells (Szilard et al., 2010).
These studies mainly identified regions of large tandem repeats, such as tRNA and rRNA
gene arrays as sites of stalled replication. Other sites either were not detectable or were
not found to be fragile in yeast under replication checkpoint abrogation. Other studies
using higher-resolution DSB-detection methods, such as Break-Seq, identified different
sites that were more closely associated with gene-rich regions (Hoffman et al., 2015).
Finally, a study on mammalian cells characterized sites of fragility upon complete inhibition
of fork progression at early DNA replication origins; in this case, however, ATR inhibition
was only used to bypass the G2/M checkpoint to confirm breakage at these identified sites
by analysis of mitotic spreads (Barlow et al., 2013). Others have used γH2AX to identify
CFS or vulnerable regions of replication progression, but only from aphidicolin treatment
without inhibition of ATR (Harrigan et al., 2011). Currently, no unbiased approach to detect
sites of problematic replication with ATR inhibition has been reported.
In our study, replication stress is induced in passage-immortalized mouse
embryonic fibroblasts (ATR+/-) via treatment with ATR inhibitor (ATRi, 1 µM) accompanied
by a partial inhibitory concentration of aphidicolin (aph, 0.2 μM) to enhance replication
perturbation. At regions of enhanced fork slowing, uncoupling between the MCM2-7
helicase and polymerase occurs more readily, exposing stretches of ssDNA that become
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bound by RPA. Accumulation of RPA-bound sites recruits the replication checkpoint
kinase ATR to stabilize the stalled forks and to promote fork restart (Zou and Elledge,
2003; Cimprich and Cortez, 2008). However, replication intermediates arising from stalled
forks that are normally transient will become persistent when the normal replication stressrecovery process mediated by ATR is inhibited, rendering stalled forks destabilized.
Notably, ATR suppression has been shown to cause chromatid breaks even in the
absence of exogenous stalling agents (Brown and Baltimore, 2000, Brown and Baltimore,
2003), indicating that some regions of the genome may be inherently difficult to replicate.
In this manner, ATR inhibition could be used as a tool to promote replication fork
collapse specifically at these genomic sequences, which putatively stall polymerases and
cause the accumulation of single-stranded DNA. Thus, in conditions where ATR is
inhibited, increased instances of collapsed forks (sites that are no longer able to resume
replication) will be available for capture (Figure 2). Accordingly, for our experiments, cells
were treated with both aphidicolin and a specific ATR inhibitor, ATR-45 (Charrier et al.,
2011). Under these conditions, RPA binds to sites of exposed ssDNA at destabilized forks
resulting from both the uncoupled helicase and polymerase and the resected ends of forks
that degenerate into DSBs (Figure 2). To map these proposed ATR inhibitor-sensitive
sites, we applied RPA-chromatin immunoprecipitation (ChIP) followed by next-generation
sequencing (NGS).
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Figure 2. Schematic of replication stress-induced fork stalling. This scenario arises from
low dose aphidicolin (APH) treatment and ATR inhibition through ATR inhibitor (ATRi),
indicated by the red diamond.

Because tandem repeats have been implicated previously in fork stalling (Lahiri et
al., 2004; Campuzano et al., 1996; Fu et al., 1991; Mandel and Heitz, 1992), we reasoned
that the sonication fragment sizes typically used for NGS (200-300 bp) would be too short
to contain non-repeat containing sequences that could be mapped to the reference
genome. Therefore, RPA-coated chromatin was initially sonicated to 500-2,000 bps for
RPA-ChIP retrieval, and retrieved DNA was then sonicated further to fragment sizes better
suited for NGS (200-300 bp, Figure 3). This approach increased the likelihood that fork
collapse due to repetitive DNA sequences could be mapped to the reference genome
through unique sequences adjacent to the repeats. RPA ChIP-Seq was also performed
on DMSO-only treated (UT) controls. Pre-ChIP input DNAs from each condition were
isolated and sequenced as normalization controls.

Sonication
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cross-link
Re-sonicate
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Sequence and
align reads

Polish ends and
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Illumina Primer 1
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Figure 3. Schematic of RPA ChIP-Seq method. Cross-linked chromatin is sonicated into
large fragments (<4 kb) and immunoprecipitated with an RPA-32 antibody. Samples are
then reverse cross-linked and sonicated into smaller fragments (200-300 bp). DNA ends
are polished, adaptor-ligated and PCR-amplified with Illumina primers into a library for
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next-generation sequencing through the Illumina HiSeq platform. Reads generated from
a 100 bp single-end sequencing run are aligned to the reference mouse genome.

Following alignment to the reference genome and normalization by input DNA of
RPA ChIP-Seq reads from mouse fibroblast cells treated with either DMSO or 1 μM ATR45 (ATRi) and 0.2 μM aphidicolin for 18 hours, loci characterized by statistically significant
read enrichments (>4-fold over input, p-value <10-3) in both of 2 biological replicates were
identified. For enrichment analysis, the biological replicates and inputs of each
experimental condition underwent an irreproducibility rate (IDR) analysis (Landt et al.,
2012) with the MACS2 peak-calling program (Zhang et al., 2008) to give the final peak list
per condition. IDR thresholds of >0.05 were used for self-consistency and comparison of
biological replicates, and >0.005 for pooled-consistency analysis. Peaks that passed IDR
thresholds were further filtered to select those with p-value <10-3 and that were above 4fold enriched over input. Regions within 2 kb of one another were merged. The final peak
list per condition was generated as a set intersection with and subtraction from the DMSOcontrol peak list.
In total, 173 sites of significant and specific RPA enrichment were identified in the
ATRi+aph18hrs condition that were not observed in the DMSO-treated controls (Figure 4).
Defined accumulations of reads within the coverage track of the ATRi+aph18hrs RPA ChIP
in Figure 4 represent peaks that are not observed in the coverage track of the DMSOtreated (UT) RPA ChIP. Peaks in the ATRi+aph18hrs tracks were further normalized by both
its own input and the untreated control, their sustained read enrichment indicating that
these RPA-binding sites are specific to the treatment conditions and thereby
representative of replication stress (Figure 4).
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Figure 4. RPA ChIP-Seq coverage and ratio tracks on different chromosomes. Top row
displays the coverage track of ATRi+aph18hrs (RPA ChIP); the second row displays the
coverage track of UT (RPA ChIP); the third row displays the ratio track of ATRi+aph18hrs
over its input (RPA ChIP/Input), using 500 bp bins. Symbols above select peaks indicate
the identification of the peak under different experimental conditions. For zoomed-in
tracks, the top row depicts the ratio track of combined replicates of ATRi+aph18hrs over
combined replicates of its input (RPA ChIP/Input); the second row depicts the ratio track
of combined replicates of UT over combined replicates of its input (RPA ChIP/Input); the
third row depicts the ratio track of combined replicates of ATRi+aph18hrs over combined
replicates of UT (RPA ChIP/RPA ChIP). Ratio tracks were generated using 750 bp bins.
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To further refine and classify the RPA enrichment sites rendered vulnerable to
replication fork collapse by ATR inhibition, three additional ATRi-treatment conditions were
examined by RPA ChIP-Seq. These conditions included: 1) 9 hr treatment (ATRi+aph9hrs),
2) ATRi in combination with suppression of the replisome factor TIMELESS
(ATRi+shTIM1), and 3) ATRi treatment alone (ATRi 18hrs). TIMELESS is a protein in
complex with TIPIN that has a role in fork protection, the down-regulation of which leads
to replisome dysfunction and increased levels of ssDNA (Smith et al., 2009). As displayed
in Figure 4, considerable peak overlaps were observed between different conditions of
ATR-inhibited cells. Interestingly, few treatment-dependent differences were observed in
the sites identified under these various conditions, and each of these sites was a subset
of those identified by the ATRi+aph18hrs condition (Figure 5). Of note, the single
ATRi+shTIM1-specific peak presented some level of read accumulation in the coverage
track of ATRi+aph18hrs, however it was below the 4-fold cut-off. Similarly, two ATRi18hrsspecific peaks presented some level of read accumulation in the ATRi+aph18hrs condition,
but did not pass peak thresholds for ATRi+aph 18hrs. The aggregate data sets from these
independent experimental conditions were then used to create tiered categories of
replication fork collapse sites (Figure 6).
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Figure 5. Venn diagram overlap of peaks identified from each ATRi condition.

Of the 173 sites identified in the ATRi+APH18hrs condition (ATRi173), a total of 55
peaks were observed in 2 or 3 additional conditions (ATRi55), and 25 sites (ATRi25) were
identified in all conditions (Figure 6). We defined these ATRi-induced RPA ChIP-Seq sites
as Replication Perturbed Locations, or RPLs, for brevity. Notably, the combined length of
all 173 sites encompassed a small fraction of the total murine genome (<10 -4), indicating
a high degree of specificity. This specificity, as well as our categorization of sites into tiers,
permitted correlation of local genomic characteristics (repeat sequences, gene
expression, and chromatin state) with the degree of ATRi-site vulnerability.
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Figure 6. Tiered categorization of RPL peaks. List of RPL peaks that were detected in all
4 ATRi conditions (ATRi25), in 2-3 ATRi conditions (ATRi55), or in only 1 ATRi condition
(ATRi176 (- ATRi55 and ATRi25)).
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Genomic sites of ATR enrichment were compared to common genomic landmarks:
chromatin state (euchromatic, heterochromatic, and boundary elements), gene location
(transcription start sites and gene bodies) and common sequence elements (transcription
factor binding sites and repetitive sequences). Of the 173 RPLs identified, ~22% were
observed in euchromatin based on DNAse-hypersensitivity, early replication timing and
euchromatin marks (H3K4me3 and H3K27ac). The remaining 78% of sites were observed
in heterochromatin as assessed by a similar approach (DNAse-insensitivity and late
replication timing). Nearly all the sites (112/173) were found outside of gene bodies,
promoters and terminators, roughly reflecting the amount of non-coding DNA in the
mammalian genome (Table 1). Notably, however, 21 of the 173 sites overlapped perfectly
with CTCF binding sites (Table 1, 2, Figure 7) (Martin et al., 2011), which could not be
explained by random coincidence given the low level of genomic coverage of both RPLs
and CTCF binding sites (p-value = 0, Fisher’s Exact Test). Nevertheless, the vast majority
of CTCF sites (>99.9%) did not accumulate RPA following ATRi treatment, indicating that
CTCF binding is not sufficient to cause fork collapse. Instead, the specific simple repeat
sequence itself may influence fork collapse at the identified CTCF binding sites.
Genic
Intron
Percentage of RPLs

Replication
Timing Transition
Regions (TTRs)

CTCF binding
sites

64.3%

41%

12.3%

58.9%*

32%*

1.1%

Exon

35.7%
35.1%

Percentage in mouse
genome

Intergenic

4.1%

41.1%*
37.7%*

3.4%*

*(Yue et al., 2014)

Table 1. Genomic features of RPLs. Table describes the percent of RPL peaks that
overlap with genic or intergenic regions, replication timing transition regions, and CTCF
36

binding sites. The bottom row provides comparison to the observed representation of each
feature in the mouse genome.

RPL peak that overlaps with CTCF binding site
(mm10)
chr3:60045124-60046070
chr5:104330061-104332393
chr6:137002744-137003442
chr6:29747650-29749580
chr10:11352664-11353218
chr13:74528418-74531130
chr15:38975091-38975368
chr17:13550990-13553240
chr17:13305944-13308113
chr5:25818041-25818538
chr13:35038338-35039022
chr6:86329935-86334080
chr6:90513949-90522651
chr6:125414800-125419184
chr9:121927770-121929548
chr11:5169861-5170581
chr16:45352944-45353173
chr19:6813620-6815348
chr2:122377811-122378131
chr4:118221107-118221315
chr7:120835161-120835853

Simple repeat associated with RPL
CACAG/CTGTG
CACAG/CTGTG
CACAG/CTGTG
CACAG/CTGTG
CACAG/CTGTG
CACAG/CTGTG
CACAG/CTGTG
CACAG/CTGTG
CACAG/CTGTG
CACAG/CTGTG, CACACACAG/CTGTGTGTG
CACAG/CTGTG, CACACAG/CTGTGTG
CAGAGG/CCTCTG
CAGAGG/CCTCTG
AGGCAGG/CCTGCCT
CAGG/CCTG
CGGTGCCTGACATACAC/GTGTATGTCAGGCACCG
ACAGACAGG/CCTGTCTGT
TCACCATGCAGGACTTG/CAAGTCCTGCATGGTGA
-

Table 2. Comprehensive list of RPL peaks and associated simple repeats that overlap
with CTCF binding sites.

RPA-ChIP 1

RPA-ChIP 2

CTCF

Figure 7. Overlap of RPL peaks with CTCF binding sites. Coverage tracks from two
biological replicates of ATRi+aph18hrs are depicted with the CTCF ChIP-Seq track from
UCSC genome browser. Green arrows denote overlap between CACAG/CTGTGcentered RPL peaks and CTCF peaks; red arrows denote CTCF peaks that do not
correspond to observable RPL peaks.
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A previous report of RPA accumulation sites, termed ERFS for Early Replicating
Fragile Sites (Barlow et al., 2013), were also examined for overlap with RPLs. ERFS
hotspots are reportedly composed of broad, low-amplitude peak regions that mark clusters
of co-localized RPA, BRCA1 and SMC5 binding and cover approximately 4.7% of the
mouse genome in aggregate (Barlow et al., 2013). A total of 20 out of the 173 identified
RPLs (~12%) were found within ERFS (p-value = 0.0001, Fisher’s Exact Test), and,
although significant, the overlap of these sites likely reflects the breadth of ERFS across
the mouse genome. Moreover, because ERFS were identified in cells synchronized at the
G1/S transition, and thus predominantly mark sites that are adjacent to origins of DNA
replication, considerable overlap was not expected since our RPA-ChIP procedures
sampled the entire mouse genome. Notably, common fragile sites (CFS), megabase-sized
sites of chromatid breaks in M phase, were also not disproportionally enriched in RPLs.
This observation is consistent with recent studies that DNA replication through CFS is
indistinguishable from replication through non-fragile regions and that chromatid breakage
correlates best with a low density of origin firing and continued replication into M phase
(Letessier et al., 2011; Minocherhomji et al., 2015; Ghamrasni et al., 2016).
Despite the lack of correlation with previously characterized chromatin features
and breakage sites, close inspection of raw read enrichment at RPLs revealed two key
characteristics: 1) a seemingly high frequency of various repetitive sequences and
elements (LINE, SINE, LTRs), and 2) a distinct absence of aligned reads at the
approximate center of these peaks, which according to the reference genome, contains
simple tandem repeats of lengths greater than 100 bps (Figure 8). The absence of reads
aligned to long lengths of tandem repeats is expected as reads comprised entirely of these
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repetitive sequences should map to multiple genomic locations and thus be binned by
filtering programs. The position of the simple tandem repeats at the center of the RPL
peaks, as well as the apparent abundance of LINE, SINE and LTR elements within RPL
peaks, led to the hypothesis that such features may contribute to replication fork collapse
at these sites following ATR inhibition.
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Figure 8. RPA peaks along part of chromosome 6 of the mouse genome. Top track depicts
the ratio of RPA ChIP over input for ATRi+aph18hrs. Arrows detail the repetitive elements
present in each RPA peak. A single RPA peak is zoomed in to reveal repetitive regions
within the site of RPA accumulation. Top row depicts the coverage track of ATRi+aph18hrs
(RPA ChIP); the second row depicts the coverage track of its input (RPA Input); and the
third row depicts the coverage track of UT (RPA ChIP). RepeatMasker annotations of
repetitive elements in the specified region are depicted at the bottom. The gap in read
accumulation observed in the coverage tracks overlaps with (CAGAG)n repeats.

In aggregate, of the 173 RPL peaks identified in ATRi+aph18h, 71 were centrally
localized around CAGAGG/CCTCTG simple repeats, 27 were centered around
CACAG/CTGTG repeat sequences, and 3 contained CAGG/CCTG tandem repeats
(Table 3). However, quantification of repeat enrichment in ChIP samples through
sequences derived from the reference genome is not entirely accurate, as the mapping of
highly repetitive regions remains difficult by current standards of reference genome
assembly. Reference assemblies are typically updated and released with new versions
every few years as better methods of covering repetitive regions, such as through longread technology, are applied, indicating the inherent challenges of correctly representing
long stretches of repetitive sequences.
Simple Repeat

Number of RPL
Peaks with Repeat

Length of Repeat
(monomer units)

Number of peaks in Number of peaks in
ATRi55
ATRi25

CAGG/CCTG

3

11 - 618

0

0

CACAG/CTGTG

27

17 - 413

15

1

CAGAGG/CCTCTG

71

9 - 184

22

22

CAGAGT/ACTCTG

1

42

0

1

Table 3. Summary of repeats found enriched in the ATRi+aph18hrs RPA ChIP. The second
column notes the number of RPL peaks that contained the designated simple repeat. The
third column denotes the minimum and maximum range of the repeat length within the
relevant RPL peaks. The fourth and fifth columns denote the number of the repeatcontaining peaks that are a part of the tiered categorization of ATRi-sensitive RPL peaks.
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2.2 REQer: Enrichment of repetitive sequences in RPLs
To evaluate the association of repeats and elements observed within RPL peaks
to the level of RPA enrichment without relying on the reference genome sequence, the
number of reads from retrieved RPA ChIP-Seq samples that contained the observed
elements and tandem repeats were counted. In addition, other repeat-containing genomic
elements and regions, such as ribosomal DNA, tRNA genes, and satellite DNA were also
analyzed. As expected from previous studies in yeast (Brewer and Fangman, 1988;
Gruber M et al., 2000; Weitao T et al., 2003), ribosomal DNA was enriched by two-fold in
ATRi+aph18hrs treated cells compared to vehicle-treated controls (Figure 9). However,
LINE, SINE, and LTR elements, as well as other common genomic repeats, such as tRNA
genes and satellite repeats, were not increased in ChIP retrievals from cells treated with
ATRi and low dose aphidicolin (Figure 9). These data indicate that the apparent
accumulation of LINE, SINE and LTR elements in peak regions were not significantly
enhanced over their genomic representation. Thus, these elements do not appear to be
sufficient to cause replication fork collapse upon ATR inhibition.
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Complex Repeats

Fold over Input

4
UT

3

ATRi + APH

2
1
0

Repeat Family

Figure 9. Complex repeat enrichment in RPA ChIP samples. Bar graph depicts the fold
enrichment values of different families of complex repeats counted and averaged among
replicates from each condition: ATRi+aph18hrs (ATRi + APH) and untreated (UT). These
values were normalized by the total number of reads with at least one reported alignment.

Simple tandem repeats found at peak centers or within RPA-accumulation regions
were also queried for enrichment in RPA-ChIP retrievals. However, accurate quantification
of these repeats within reads required the development of new repeat counting programs,
since southern blot detection of two independent RPLs indicated that repeats within these
sites were polymorphic in length across different mouse strains and some simple tandem
repeats contain frequent repeat interruptions (data not shown).
Therefore, we generated a program that accurately counts the number of repeat
monomers within reads both in tandem and in aggregate (REQer, Repeat Enrichment
Quantifier). As monomer count within a read increases, a larger fraction of the read is
comprised of monomers until the maximum length of the read is reached. The presence
of various simple repeats within reads from RPA-ChIP retrievals normalized by the counts
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observed in respective input reads was directly quantified, bypassing the need for
alignment to the reference genome. Sequenced reads from each sample, after adapter
trimming, were just below 100 bp in length. Duplicate reads were removed and three
biological replicates were combined for each condition: ATRi+aph18hrs RPA-ChIP,
ATRi+aph18hrs Input, Untreated (DMSO) RPA-ChIP, and Untreated (DMSO) Input.
Repeats found within RPL peaks, as well as those that previous studies had shown
to be difficult to replicate, were tested for enrichment by REQer. In the first analysis, the
program measured the occurrences of increasing tandem lengths of each simple repeat
and its complement within all sequencing reads of each condition and their respective
inputs. The graphed quantifications are displayed in Figure 10.
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Figure 10. Tandem simple repeat analysis of RPA ChIP-Seq samples. Analysis was
performed on sequencing reads from combined biological replicates of each condition:
ATRi+aph18hrs (ATRi + APH) and untreated (UT). The occurrences of specified tandem
monomers of each repeat within all sequencing reads of combined replicates were
measured and graphed. The x-axis depicts the range of tandem units of the repeat queried
and the y-axis depicts the frequency of the occurrences as a percentage of total monomer
count of the repeat present in the reads of the combined replicates (top row). At each
specified number of tandem monomers, the ratio of the ATRi + APH value over its input
and of the UT value over its input was graphed to depict fold over input enrichment (bottom
row). P-values were obtained at 95% confidence interval using the Kolmogorov-Smirnov
test between the distributions of ATRi+aph 18hrs and its input and are indicated.

The x-axis displays the number of tandem units of the repeat, with the highest
range signifying the maximum number of times a repeat of particular length can occur
within a 90 bp sequence read. The y-axis displays the frequency of each tandem monomer
length as the percentage of total monomer count of the repeat sequence in the combined
replicates. Notably, triplet repeats, which have previously been shown to impede DNA
replication and cause an increased reliance on ATR orthologues for stability when
expanded, were only mildly enriched in ATRi+aph 18hrs RPA-ChIP reads, consistent with
their wild-type lengths (Figure 10). These include common triplet sequences implicated in
various disease-states (e.g. expanded CGG/CCG repeats in fragile X syndrome,
expanded CAG/CTG repeats in Huntington’s disease, and expanded GAA/TTC repeats in
Friedreich’s ataxia), all of which did not result in significant differences between the ChIP
retrieval and input, indicating little effect of these repeats on fork collapse (Figure 10).
Telomere repeats (TTAGGG), which have also been demonstrated to be difficult to
replicate and require ATR for fork stability (Sfeir et al., 2009), were enriched approximately
2-fold by the ATRi+aph18hrs condition (Figure 10). Notably, simple tandem repeats that
demonstrated the greatest levels of enrichment were made up of monomers that had not
been previously noted as difficult to replicate (Figure 10). Enrichment levels for each
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simple repeat are summarized in Figure 10. These repeat monomers included hexameric
and pentameric repeats: CAGAGG/CCTCTG, CAGAGT/ACTCTG, and CACAG/CTGTG
(Figure 11). The shortest monomer that was significantly enriched in RPA ChIP-Seq
retrievals, CAGG/CCTG, is the same repeat known to cause human myotonic dystrophy
type 2 (Liquori et al., 2001). However, the two RPL peaks that harbored a little over 300
and 600 tandem runs of the repeat in the mouse genome were not in the murine myotonic
dystrophy type 2-associated gene, but instead were found in non-genic regions.

Contiguous Simple Repeats
18

Fold over Input

16
14
12
10
8

UT
ATRi + APH

6
4
2
0

Simple Repeat

Figure 11. Tandem simple repeat enrichment in RPA ChIP samples. Bar graph depicts
the average fold-enrichment values at the highest level of difference between the ChIP
retrieval and input for ATRi+aph18hrs (ATRi + APH) and untreated (UT) conditions.

REQer was next used to quantify simple repeat enrichment without necessitating
tandem occurrence of the repeats. Consideration of simple repeats that permit slight
interruptions of intervening sequence would address the importance of repeats that only
occur continuously to cause fork collapse. The reference genome sequence at certain
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RPL sites suggests that partial interruption within repetitive sequences is occurring. Thus,
by a second analysis through REQer, focus was placed on non-contiguous repeat
enrichment. Reads were categorized by the aggregate monomer count of each simple
repeat within a read. Their frequency was graphed as the fraction of reads within each
condition that contained the specified amounts of repeat monomers (Figure 12). By this
method of analysis, the distribution of CACAG/CTGTG repeats in RPA ChIP-Seq
retrievals is significant (p-value < 0.005, Kolmogorov-Smirnov test), indicating that the
increased occurrence of CACAG/CTGTG sequences within a distinct region, even if it is
not tandem, is still sufficient to lead to RPA accumulation and fork collapse.
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Figure 12. Non-contiguous simple repeat analysis of RPA ChIP-Seq samples. Analysis
was performed on sequencing reads from combined biological replicates of each
condition: ATRi+aph18hrs (ATRi + APH) and untreated (UT). Sequencing reads were
categorized by the aggregate monomer count of each repeat within a read, allowing for
intervening sequence between repeats. Their frequency was calculated as the fraction of
reads within the total number of reads from combined replicates that contained the
specified amounts of repeat monomers (top row). At each specified number of total
monomers per read, the ratio of the ATRi+aph18hrs value over its input and of the UT value
over its input was graphed to depict fold over input enrichment (bottom row). P-values
were obtained at 95% confidence interval using the Kolmogorov-Smirnov test between the
distributions of ATRi+aph18hrs and its input and are indicated.
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Notably, some of the most highly enriched repeats in ATRi+aph18hrs RPA-ChIPSeq retrievals according to REQer (Figures 10, 11 and 12), such as CAGAGG/CCTCTG
and CACAG/CTGTG (hereon abbreviated as CAGAGG and CACAG repeats), were also
observed in the largest number of RPL peaks (Table 3). To determine if the number of
repeats correlates with replication fork collapse upon ATRi treatment, we assessed the
lengths of CACAG and CAGAGG repeats across the mm10 reference genome. This
analysis demonstrated a significantly higher monomer count of these repeats in RPLs than
what was observed across the genome, thus indicating that greater repeat lengths
increase the incidence of fork collapse following ATRi treatment (Figure 13).
CAGAGG
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Monomer Count

Monomer Count

CACAG

CACAG
P: 9e-12

CAGAGG
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100
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Figure 13. Comparison of repeat length in RPLs to repeat length in the genome. Box-plot
depicts representation of CACAG and CAGAGG repeats in the mouse genome compared
to representation of the repeats in RPL peaks from ATRi+aph18hrs-treated cells. Black dots
denote each occurrence of the repeat in the genome at the observed monomer count; red
dots denote each occurrence of the repeat in the RPL peaks at the observed monomer
count. This analysis utilized the RepeatMasker database's annotation of known repeats to
intersect their locations with RPL peaks. The amount of intersection was compared to
randomly shuffled peaks. P-values were calculated by Wilcoxon signed–rank test and are
indicated.

Of note, some repeats found enriched in RPA ChIP-Seq retrievals from ATRitreated cells were imbedded within extensive stretches of repeats of similar but distinct
50

sequences (e.g. CAGAGT/ACTCTG occurring adjacent to CAGAGG/CCACAG repeats).
These repeat orthologues were only found in a fraction of RPLs that contained more
frequently observed repeats, and thus were not essential for fork collapse. These
associations suggest that rare variant repeats, such as CAGAGT, might be “passenger
repeats” that become enriched during retrieval due to fork collapse from difficulties in
replicating other more problematic and extensive repeats, such as CAGAGG.
Nevertheless, these repeat concurrences made linking replication fork collapse to any
specific repeat more ambiguous and implied the need for additional methods to examine
the role of each repeat in fork collapse.
Overall, analysis of raw sequencing reads from RPA ChIP-Seq samples identified
lengthier simple repeats as novel regions of replication fork collapse in cells experiencing
replication stress from ATRi and aphidicolin treatment. It has been previously speculated
that replication fork slowing occurs preferentially at common fragile sites and expanded
triplet repeat sequences. These data, however, suggest that a new and distinct class of
sequences is prone to fork collapse, namely pentameric and hexameric simple repeats
that occur in tandem or with partial interruption, indicating that the inherently complicated
features of longer repeats may drastically compromise smooth progression of the
replication fork through the region.
2.3 Simple tandem repeats in RPLs form stable intrastrand structures
The enrichment of RPA within RPLs is consistent with the normal means of ATR
activation and reliance on it for fork stability (Shechter et al., 2004; MacDougall et al.,
2007; Flynn and Zou, 2011). Generation of ssDNA can be the product of impeded
polymerase progression, elevated nascent strand resection at forks with intact parental
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strands, or resection of DSBs at replication forks after collapse (Zegerman and Diffley,
2009). The need for ATR at these sites to prevent site-specific accumulation of RPA
indicated that some defect in DNA replication might precede and promote ATR activation.
The Polα, Polδ and Polε replicative polymerase complexes can be impeded by
numerous abnormalities, including abasic sites, damaged bases, and the formation of
intrastrand secondary structures (Aguilera and García-Muse, 2013). However, the
prominent enrichment of simple tandem repeats at ATRi-sensitive sites suggested the
possibility that these sequences could either be more vulnerable to damage or more prone
to form intrastrand secondary structures when disassociated from their complementary
strands. Repeat-dense regions, particularly upon unwinding of DNA duplexes, may
physically impede progressing polymerases at the replication fork by forming secondary
structures. Because of the numerous examples of simple tandem repeats forming
secondary structures, we examined the structure-forming potential of synthetic
oligonucleotides (oligos) of the repeat sequences identified within RPLs.
Synthetic single-stranded oligos of RPL repeats found to be enriched in RPA-ChIP
retrieval (Table 4) were examined by native polyacrylamide gel electrophoresis (PAGE)
after one annealing cycle of heating and re-cooling to room temperature (Figure 14). A
single dominant band was observed for most of the oligos, and each of these
demonstrated greater mobility than expected based on their length (Figure 14), which is
an indicator of the formation of a compact intrastrand secondary structure. The presence
of well-defined bands suggests that the structures are uniquely folded. (CAGAGT) 15 was
the only sequence that showed a significantly slow-moving band, which could be attributed
to loosely bound dimer. Notably, three purine-rich oligos, CAGAGG, CAGAGT, and
CAGAGAGG, exhibited greater electrophoretic mobility than oligos encoding their
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complementary strands (Figure 14), suggesting that the purine-rich strands of these
repeats have more structure-forming potential than their pyrimidine-rich complements.

Figure 14. Non-denaturing 12% PAGE gel of repeats listed in Table 4. The gel was run in
1x TBE supplemented with 3 mM MgCl2 for 160 minutes at 150 V. The DNA bands were
visualized with Stains All. Samples were prepared in 100K2Mg buffer (10 mM lithium
cacodylate pH 7.2, 100 mM KCl and 2 mM MgCl2).

To more conclusively determine the ability of these repeats to form stable
secondary structures, the specific folding of the repeat-containing oligos was examined by
circular dichroism (CD) scans and thermal difference spectra (TDS), which quantify base
interactions, uniformity of structure, and enthalpic stability (Table 4).

53

Table 1. DNA sequences and their biophysical parameters.
Sequence

nt

TDS (nm)

CD: molar ellipticity, M-1cm-1
(lmax, nm)

Tm, °C
Heating

∆H, kJ/mol
heating

5’- (CAGG)22 -3’

88

-

88

NF

-

5’- (CACAG)18 -3’

90

5’- (CTGTG)18 -3’

90

276

5’- (CAGAGT)15 -3’

90

262.5

5’- (ACTCTG)15 -3’

90

269

5’-(CACAGG)15 -3’

90

5’-(CCTGTG)15 -3’

90

266
259 (shoulder)
278
236

-324 ± 20 (280.6)
182 ± 52 (261)
375.2 ± 5.3 (284)
-317.4 ± 3.4 (254.6)
575 ± 27 (289)
654 ± 34 (280)
-543 ± 80 (253)
90. ± 1.0 (291)
82 ± 24 (243)
-296 ± 17 (264)
48.9 ± 0.2 (280.3)
-76.9 ± 3.7 (267)
97.3 ± 0.4 (249)
317 ± 15.3 (280)
-334 ± 40 (241.3)
255 ± 4.2 (277.5)
-318 ± 26 (248)
158 ± 9 (285.3)
317 ± 8 (261.3)

NF

5’- (CCTG)22 - 3’

269
256
277
241
265

5’-(CAGAGAGG)11 -3’

88

260

728 ± 68 (262.5)
373 ± 12 (276)

46.4 ± 0.6
209.7 ± 6.6
hysteresis 4.4°C

5’-(CCTCTCTG)11 -3’

88

280
235 (shoulder)

NF

-

5’-(CAGAGG)15-3’

90

55.6 ± 0.9

223 ± 13

5’-(CCTCTG)15 -3’

90

444 ± 22 (279)
-251.5 ± 9.2 (251.5)
1097 ± 69 (261)
-686 ±12 (241)
shoulder (276)
shoulder (291)
444 ± 28 (282.5)
-200 ± 7 (253)

NF

-

279

48.9 ± 0.5
100. ± 6
hysteresis 3.8°C
50.4 ± 1.2*

NF

-

NF

-

NF

-

51.5 ± 1.1
282.6 ± 13.4
hysteresis 5.3°C

*transition is not well defined. The values of ∆H and hysteresis cannot be accurately determined

Table 4. Biophysical parameters of RPL repeat sequences. TDS – thermal difference
spectra; CD – circular dichroism; for both CD and TDS, maxima and minima on the curve
are reported. Tm Fit – melting temperature obtained using fitting procedure that assumes
temperature independent enthalpy (e.g. ∆H = const, heat capacity, Cp = 0). NF stands for
no fit. Repeat number for tandem sequences was adjusted to maintain the constant length
of 88-90 nt.

The stability of the repeat-containing oligos was determined in CD and UV-vis
melting studies (Table 4). Thermal difference spectra were generated by subtracting UVvis spectra taken at 90°C from those taken at 4°C. The TDS signature of pyrimidine-rich
strands with their maxima at ~280 nm and shoulders at ~235 nm was consistent with DNA
self-complementary duplex with 50-100% GC content (Mergny et al., 2005). The TDS
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signature of purine-rich strands with their maxima at ~260 nm could not be assigned to
one particular secondary structure.
Circular dichroism (CD) wavelength scans were also performed to detect the
characteristic signatures of secondary structures formed by the sequences tested. The
CD scan of all the oligos displayed varied and mostly unusual folding. The values of molar
ellipticity at the wavelength for the most intense band was used to correlate the extent of
DNA folding (Figure 15).

Figure 15. CD molar ellipticity of RPL repeat sequences. Absolute values of CD molar
ellipticity for the most intense peak (different in each case) are shown as a proxy for the
amount of structural folding of the DNA. Only 5 out of the 12 DNA sequences
demonstrated clear melting transition. Melting temperatures obtained for those cases used
non-linear fit assuming a two-state system and are shown above the relevant graph bar.
Experiments were completed in 100K2Mg buffer (10 mM lithium cacodylate pH 7.2, 100
mM KCl and 2 mM MgCl2). The data are represented as mean +/- SEM.
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Oligos with the highest values of molar ellipticity were CACAG (Δε = 645 M-1cm-1),
CAGAGG (Δε = 1097 M-1cm-1), and CAGAGAGG (Δε = 728 M-1cm-1), and were assumed
to be the most folded. During melting, only a few sequences displayed clear transitions to
allow determination of Tm (Figure 15, Table 5). The three purine-rich repeats with
extensive secondary structure exhibited stability substantially higher than 37°C (CACAG:
Tm = 49°C, ∆H = 100 kJ/mol; CAGAGG: Tm = 56°C, ∆H = 223 kJ/mol; CAGAGAGG: Tm =
46°C, ∆H = 209 kJ/mol). Their melting transition was reversible or nearly reversible
(hysteresis was small, <5°C), implying that the structures formed were unimolecular
(intrastranded). Importantly, with the exception of CACAGG, oligos encoding the
complementary strand of these repeats neither appeared to have uniform structures based
on their weak CD signature, nor displayed clear melting transition (Table 4 and Figure 15)
and, as such, were probably mostly unstructured. While other repeats also exhibited some
features of structure formation or stability (Table 4), our combined data suggested that
CACAG, CAGAGG and CAGAGAGG demonstrated characteristics of unimolecular
secondary structure formation more so than other repeats found in RPLs.
The CAGAGG repeat demonstrated the highest stability and uniformity in structure
formation (Table 4 and Figure 15), and notably, it was also observed frequently in RPL
peaks (Table 3). For these reasons, we further characterized the requirements for
structure formation of this repeat sequence. By CD signature and thermal stability, we
observed that no fewer than five tandem units of CAGAGG were required to generate
stable secondary structure (Figures 16, 17, 18, 19 and Table 5). The CD signature with a
major peak at ~260 nm and two prominent shoulders at 276 and 291 nm was unusual and
did not correspond to any commonly known DNA secondary structure (Figure 16).
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Figure 16. CD wavelength scans normalized per CAGAGG repeat. Scans show strength
of CD signal as a proxy for the amount of structural folding of the DNA. CA2 = (CAGAGG)2;
CA4 = (CAGAGG)4; CA5 = (CAGAGG)5; CA6 = (CAGAGG)6; CA10 = (CAGAGG)10; CA15
= (CAGAGG)15. Peak maxima are annotated above the curves. Experiments were
completed in 100K2Mg buffer (10 mM lithium cacodylate pH 7.2, 100 mM KCl and 2 mM
MgCl2).

The superposition of CD signature for (CAGAGG)5-(CAGAGG)15 (Figure 16)
suggested that each (CAGAGG)n oligo, when folded, consisted of the same basic
structural units. Interestingly, the melting temperature did not increase significantly for
oligos with n > 5, reaching only 56 ± 1°C for (CAGAGG)15 (Figure 18, Table 5). This finding
indicated that a minimum of five CAGAGG repeats were required to form the basic
structural unit; oligos with a higher number of repeats most likely contain multiple structural
units that do not interact significantly with each other (‘bead-on-a-string model’).
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Figure 17. Representative CD melting curves for (CAGAGG)n (n = 4, 5, 6 and 10). Melting
curves demonstrate the reversibility of melting transition. Experiments were completed in
100K2Mg buffer (10 mM lithium cacodylate pH 7.2, 100 mM KCl and 2 mM MgCl2).

Figure 18. Graph of melting temperatures obtained in UV-vis melting studies at different
monomer lengths of the CAGAGG repeat. Experiments were completed in 100K2Mg
buffer (10 mM lithium cacodylate pH 7.2, 100 mM KCl and 2 mM MgCl2).
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*CA4

Tm, °C,
heating
23 ± 4

Tm, °C,
cooling
24 ± 3

ΔH, kJ/mol,
heating
98 ± 3

CA5

47.1 ± 1.4

48.3 ± 0.8

117 ± 9

CA6

51.1 ± 1.3

50.5 ± 0.4

95 ± 14

CA10

54.2 ± 1.8

54.5 ± 1.8

166 ± 14

CA15

55.6 ± 0.9

56.6 ± 1.4

222 ± 3

Repeat

*the structure is too unstable for accurate determination of Tm.

Table 5. UV-vis melting data on increasing lengths of CAGAGG repeat. Tm values,
obtained by both heating and cooling, and change in enthalpy are summarized.
Experiments were completed in 100K2Mg buffer (10 mM lithium cacodylate pH 7.2, 100
mM KCl and 2 mM MgCl2).

Figure 19. Non-denaturing 12% PAGE gel of CA5, CA10, and CA15. Samples were in
1xTAC buffer supplemented with 3 mM MgCl2 run at 140 V for 115 minutes. The DNA
bands were visualized with Stains All. CA5 = (CAGAGG)5; CA10 = (CAGAGG)10; CA15 =
(CAGAGG)15. Samples were prepared in 100K2Mg buffer (10 mM lithium cacodylate pH
7.2, 100 mM KCl and 2 mM MgCl2).

To confirm the unimolecular nature of the secondary structure formed by
CAGAGG, we measured CD spectral changes and thermal stability across a >20-fold
change in concentration for (CAGAGG)5 and (CAGAGG)10 (Figures 20 and 21). Figure 20
displays overlay of normalized UV-vis melting data for (CAGAGG)10 at varying strand
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concentrations. The graph presented in Figure 21 depicts CD scans at 4°C of the samples
after UV-vis melting. At all concentrations tested, the measured values were invariable
(Figures 20 and 21), supporting a unimolecular nature of the structural unit. These results
signify that CAGAGG tandem repeats observed in RPLs, averaging over 100 monomer
units, can form secondary structures at physiological temperatures and ionic
compositions.

Figure 20. Overlay of normalized UV-vis melting data for (CAGAGG)10 at varying strand
concentrations, shown in the legend. Experiments were completed in 100K2Mg buffer (10
mM lithium cacodylate pH 7.2, 100 mM KCl and 2 mM MgCl2).
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Figure 21. CD scans at 4C for (CAGAGG)10 at varying strand concentrations post UV-vis
melting. Experiments were completed in 100K2Mg buffer (10 mM lithium cacodylate pH
7.2, 100 mM KCl and 2 mM MgCl2).

Collectively, these data demonstrate that the repeats most commonly found within
RPLs are the same ones that form the most stable secondary structure independently in
vitro.
2.4 Simple tandem repeats in RPLs lead to fork stalling in vitro and ex vivo
To investigate whether the structure-forming repeat sequences enriched in RPLs
were sufficient to cause replicative polymerase pausing, an in vitro primer extension assay
was performed that models DNA synthesis on the lagging strand of the replication fork.
Single-stranded DNA templates, containing either the (CAGAGG)15 tract or its pyrimidinerich complement, (CCTCTG)15, were incubated with the recombinant four-subunit human
DNA polymerase δ holoenzyme (Pol4/PCNA/RFC; Pol HE) complex, which is loaded
adjacent to a radiolabeled primer interface by the RFC1-5 complex. After nascent stand
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extension that was primed 68 nucleotides upstream of the inserts, products were
separated on a denaturing polyacrylamide gel and visualized by autoradiography (Figure
22). Defects in nascent strand extension are indicated by the accumulation of products at
the sites of polymerase obstruction.

!=![CAGAGG]15,!
[CCTCTG]15,!Pur/Rich!or!Pyr/
Rich!Scrambled!Control!

!

d
d

Figure 22. Schematic of in vitro primer-extension assay. ssDNA templates containing
repeat inserts [(CAGAGG)15 or (CCTCTG)15] or scrambled control inserts [purine-rich or
pyrimidine-rich] are hybridized to a radiolabeled primer, initiating DNA synthesis 68 nt
upstream of the inserts. Pol δHE DNA synthesis products are separated by denaturing
polyacrylamide gel electrophoresis, alongside a dideoxynucelotide sequencing ladder
generated from the same template. After Phosphorimager analyses, DNA sequences that
are inhibitory to Pol δHE synthesis are identified by the increased accumulation of reaction
products at a specific position.

Notably, the purine-rich strand (CAGAGG) caused substantial accumulation of
reaction products directly adjacent to the repeats insertion site, indicating pausing of the
Pol δHE complex directly at the interface with the (CAGAGG) 15 repeat template (Figure
23). This outcome was contrasted by smooth progression of DNA synthesis over the
pyrimidine-rich template (CCTCTG), as indicated by the absence of terminated reaction
products.
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Figure 23. Representative images of Pol HE reaction products. Left panel: (CCTCTG)15
and (CAGAGG)15 insert-containing templates; Right panel, two separate purine-rich
scrambled control insert-containing templates. Control lanes are indicated (-Pol, No
Polymerase; Hyb, Primer-template hybridization. TACG, Dideoxy sequencing ladder.
Percent Extension is the total number of extended DNA molecules divided by extended
molecules plus unextended primer molecules. Triangle represents increasing Pol HE
reaction time (3 – 15 minutes). Numbers 1 – 5 on the right panels indicate positions of Pol
δHE pause sites within purine-rich scrambled control inserts that correspond to short
hairpin structures.

Termination probabilities, normalized by sequence length, were calculated to
quantify the extent of pausing at different regions among the different templates under
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similar Pol δHE percent extensions. Termination of the Pol HE complex immediately
upstream of the (CAGAGG)15 insert was 22-fold greater than that observed immediately
upstream of the complementary (CCTCTG)15 repeat, and 9- to 12-fold greater than that of
the purine-rich scrambled controls (Fig. 5C; p<0.0001, 2 way ANOVA) (Figure 24).
Notably, we observed no increase in Pol HE termination within the repetitive
(CAGAGG)15 or (CCTCTG)15 inserts themselves (Figure 24). To determine if these
different outcomes were due solely to purine and pyrimidine base enrichments in these
templates, the nucleotide sequence of repeat-containing templates were scrambled to
generate two purine-rich and two pyrimidine-rich controls and tested similarly. In all cases,
an increase in termination at the interface of the purine-rich insertion was not observed
(Figures 23 and 24). These data indicate that CAGAGG repeats, but not the CCTCTG
complementary repeat, is sufficient to stall the Pol δHE complex (Figures 23 and 24),
which correlates with the relative structure-forming properties the corresponding oligos.

Figure 24. Pol HE termination probability. Termination probability was quantitated after
ImageQuant analyses of Phosphorimager scans, and is defined as the ratio of the number
of DNA molecules within a region of interest to this number plus all longer DNA molecules.
Termination probability was normalized to the number of nucleotides in each region. The
data are represented as mean +/- SEM of three independent polymerase reactions for
each template.
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To measure the ability of the CAGAGG repeats to impede DNA replication ex vivo,
a perfect 105 repeat stretch of CAGAGG was amplified from a RPL peak at
chr7:35944716-35946239 (mm9 coordinates) and subcloned into the pML113 plasmid
system (Follonier et al., 2013) at both SV40 origin-proximal and origin-distal sites and in
both orientations (Figure 25). A scrambled CAGAGG synthetic sequence was generated
and similarly subcloned as a control. These plasmids were then transfected into TAgexpressing U2OS cells to stimulate replication from the SV40 origin. Replicated plasmid
DNA (Dpn I-resistant) was isolated and replication intermediates were resolved by neutralneutral 2D gel electrophoresis with Southern blot detection (Figure 25).
(CAGAGG)
forward

(CAGAGG)
reverse

SCR
reverse

SCR
forward

Ori-proximal
Untd
EB1

EB2

EB1

EB2

EB3

EB4

Aph

EB4

Figure 25. 2D gel of replication intermediates arising from replication through
(CAGAGG)105 in ori-proximal vector. Right: Schematic of the ori-proximal vectors. The
pML113 parent vector encodes the bidirectional SV40 origin (triangles) and the SV40 large
T-antigen (Tag), which are sufficient to support episomal plasmid replication in human
cells (Follonier et al., 2013). The endogenous termination zone has been mapped between
the EcoRI sites. A 630 bp cassette containing (CAGAGG) 105 tandem repeats was cloned
in two orientations (forward/reverse) relative to the origin. As controls, a scrambled
sequence of the same nucleotide composition and length (SCR) was similarly cloned in
both orientations. Left: Representative 2D gels. Cells were transfected with ori-proximal
vectors, and either untreated (none) or treated with 0.6M aphidicolin (Aph) after 24 hours.
Episomal DNA was isolated 48 hours after transfection. Replicated DNAs were digested
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with DpnI, EcoRI (RI) and Eco NI (NI). Purified replication intermediates were separated
by 2D neutral-neutral gel electrophoresis, followed by transfer to a nylon membrane and
Southern hybridization using the indicated probe from plasmid pML113 (no insert). Arrows
denote accumulated double-Y structure intermediates in repeat-containing vectors.

2D gel electrophoresis is a method to separate out replication intermediates based
on the size and shape of the structures formed at the replication fork. Replicated DNA that
has been purified and digested are first run out on an agarose gel and separated by mass,
or how far replication has proceeded (1n to 2n), utilizing a low percentage agarose and
low voltage. Once resolved by molecular weight, the DNA is then run out on a second
dimension gel that separates the samples by structure, utilizing a high percentage
agarose, high voltage, and high concentration of ethidium bromide. This increases the
mobility of the samples and thus resolution by molecular shape as the DNA migrates
through the gel. Replication structures related to the replication fork proceeding through a
particular DNA sequence are often observed by this method as Y arcs, bubble arcs, or
double-Y arcs.
2D gel results demonstrated that repeats inserted at origin-proximal sites led to the
generation of migration products that were consistent with double-Y structures (Figure 25).
Specifically, distinct replication intermediates were observed emanating from the top of
the simple Y arc from either (CAGAGG) repeat orientation (Figure 25). However, no
accumulation of products was observed on the ascending arm of the Y at the position of
the repeat inserts. Because the replication termination zone (where the left and right forks
converge) of the pML plasmids is present between the EcoRI sites (Follonier et al., 2013),
we interpret the aberrant products to be double-Y intermediates, generated by replication
fork stalling on both sides of the inserted repeat region (Huberman, 1997). In this case,
slowing or stalling of the left fork before or within the repeats results in the right fork
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traveling past the natural RI-RI termination zone and terminating instead within the
fragment analyzed (Figure 26). Therefore, the simple Y pattern is converted to a doubleY pattern, with forks present at both ends of the fragment. Treatment of transfected cells
with 0.6M aphidicolin for 24 hours increased the abundance of double-Y migration
products in the repeat-containing vectors. (Figure 25).
In contrast, simple Y structures were observed for replication through the
scrambled control inserts, as expected, even after aphidicolin treatment of transfected
cells to induce replication stress (Figure 25).
2.6 kb
R1

N1

Insert

ori

(CAGAGG) Inserts

Scrambled Inserts

1N

1N

2N

2N

Figure 26. Schematic of replication through ori-proximal vectors. Top cartoon depicts
position (203 bp) of (CAGAGG) or scrambled control inserts relative to the bidirectional
origin of replication. Dashed red line indicates the center of the RI-NI fragment (1.5N size),
the expected apex of a simple Y arc. Right cartoon illustrates replication fork barrier (RFB)
index quantitation. The index is defined as the number of partially replicated DNA
molecules present within double Y structures (red) divided by the number present in >1.5N
simple Y structures (blue).

To quantitate this novel replication pattern, we calculated the replication fork barrier
(RFB) index, defined as the number of partially replicated (>1.5N) DNA molecules present
within double-Y structures divided by the number of partially replicated molecules present
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in simple Y structures (Figure 27). The presence of the CAGAGG repeats increased the
RFB index two- to three-fold over the corresponding scrambled control inserts, and this
stalling differential is enhanced five-fold by aphidicolin-induced replication stress (Figure
27).

Figure 27. Quantitation of the RFB index after ori-proximal vector replication in U2OS cells.
EB1 = (CAGAGG) forward; EB2 = (CAGAGG) reverse; EB3 = SCR forward; EB4 = SCR
reverse. The data are represented as mean +/- SEM.

To confirm the presence of a replication fork barrier, we moved the repeats to a
location 2.7 kb distant from the SV40 origin (Figure 28). Under this experimental design,
the repeats would be present on the descending arm of the simple Y arc. In untreated
cells, we observed a faint double-Y spike emanating from the descending arm at the
position expected of the repeats. Treatment of cells with 0.6M aphidicolin (Aph) further
enhanced the presence of double-Y intermediates (Figure 28). These results are similar
to those for the ori-proximal vector, and are consistent with slowing of the right fork within
the repeat sequence, such that the two replication forks now terminate within the fragment
analyzed.
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Figure 28. 2D gel of replication intermediates arising from replication through
(CAGAGG)105 in ori-distal vector. Left: Schematic of the ori-distal vectors. The 630 bp
(CAGAGG)105 cassette was cloned at the BamHI site, in two orientations
(forward/reverse). In this vector, the repeats are located 2.7 kB from the origin. Right:
Representative 2D gels. The experiment was carried out as described in (A), except that
the purified DNAs were digested with DpnI, PpuMI, and SacII, and the SacII to EcoNI
fragment from pML113 was used as a probe.

Altogether, the results of these experiments further corroborated that CAGAGG
repeats are sufficient to cause replication fork stalling.
In summary, RPA ChIP-Seq results identified 173 distinct regions of significant
RPA accumulation, or RPLs, that were specific to replication stress conditions caused by
ATRi and low-dose aphidicolin treatment. By a program developed to accurately quantify
enrichment of diverse repeats in RPA ChIP-Seq reads (REQer), previously
uncharacterized simple repeat sequences were discovered to be enriched and prevalent
among these sites of significant RPA accumulation. The most frequent of these repeats,
CAGAGG, was shown to form a highly stable and unique intramolecular secondary
structure by various structural assays, suggesting a role for structure formation in fork
collapse. Tandem occurrence of this simple repeat was further proven to be sufficient to
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pause the polymerase and stall progressing replication forks both in vitro and in vivo. Thus,
by employing RPA ChIP-Seq on mouse cells experiencing replication stress through
aphidicolin treatment in the absence of a functional ATR response pathway, we have been
able to reveal a genome-wide view of regions most prone to fork stalling and collapse.
These fork collapse sites were demonstrated to occur prevalently at regions of dense
CAGAGG and CACAG simple repeat regions, indicating these sites to be most difficult to
replicate under these conditions.
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CHAPTER 3: BrITL ON REPLICATION-STRESSED MEFs
3.1 Development and validation of BrITL, DNA break-detection assay
As previously described, RPA molecules accumulate on ssDNA present at
destabilized forks that maintain intact parental strands and at forks that get cleaved and
processed into resected breaks. Thus, retrieving RPA-bound sites through RPA-ChIP
cannot differentiate between stalled replication forks and resected DSBs. Because the 3’
hydroxyl at the terminal base of blunt and resected DSBs may be relatively accessible in
comparison to native chromatin, we reasoned that a combination of cell permeabilization
immediately after cell harvest and biotin-end labeling by terminal deoxynucleotidyl
transferase (TdT) could be sufficient to label DSB ends for retrieval. This method would
demonstrate that RPL sites are prone to breakage, indicative of fork collapse sites
becoming vulnerable to fork-processing events that lead to cleavage in the absence of
ATR’s protective function. To address this hypothesis, we developed a method termed
BrITL (Break Identification by TdT Labeling), which labels and retrieves genomic regions
at the site of DNA breakage.
BrITL is an assay that aims to detect de novo DNA breaks genome-wide while
minimizing artefactual breaks that can arise from cell lysis and genomic extraction by
labeling DNA breaks directly in permeabilized cells. In this assay, ~2-3 million cells with
induced replicative stress and accumulated DNA damage are harvested, permeabilized,
and incubated in a reaction mixture containing biotin-16-ddUTP in the presence of TdT,
which catalyzes the addition of the biotinylated nucleotide to the ends of double-strand
break fragments, with a preference for 3’ overhangs. By labeling breaks within cells
directly (prior to lysis and treatment with Proteinase K), we minimize the occurrence of
passive and induced breaks during processing and are able to obtain a much higher
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signal-to-noise ratio of endogenous break sites. After extraction of genomic DNA from the
cells, DNA is sonicated to a size range that dictates the resolution of break sites (0.2-2
kb). By allowing the upper limit of fragment sizes to be 2 kb, we increase the likelihood
that repetitive DNA sequences can be mapped to the reference genome through unique
sequences adjacent to the repeats. Biotin-labeled DNA ends are next selected by
interaction with streptavidin-coated beads in a binding buffer that greatly enhances
attachment of kilobase-size DNA fragments to the streptavidin. After washes to remove
non-specific binding, labeled DNA fragments are eluted from the beads by treatment with
Proteinase K and SDS. Isolated DNA is further purified for analysis by qRT-PCR or
prepared into a library for next-generation sequencing (Figure 29). In this manner, DSBs
are tagged in vivo and pulled down for downstream sequence analysis.

ATRi + APH
(18 hrs)

Cell

Streptavidin

Biotin-16-ddUTP

+ Proteinase K
+ SDS Streptavidin

Mouse
Fibroblasts
Label DSB ends with
Induce replication
stress and harvest cells biotinylated nucleotide in
permeabilized cells

Extract genomic DNA,
sonicate to 0.2-2kb, and
select by streptavidin

Illumina Primer 1
Illumina Primer 2

Adaptors

Polish ends and
ligate adaptors

PCR amplify

Elute from streptavidin
and re-sonicate

~200 bp

Sequence and align reads

Figure 29. Schematic of BrITL method. Cells treated with 1 µM ATRi and 0.2 µM
aphidicolin for 18 hours (ATRi+aph18hrs) are harvested and incubated in a reaction mixture
with terminal deoxynucleotidyl transferase (TdT) and biotin-16-ddUTP. Genomic DNA
containing the labeled DNA ends are extracted from the cell and sonicated to a size range
between 0.2-2 kb. Labeled fragments are selected by binding to streptavidin-coated
beads. Non-labeled DNA fragments are washed off. Biotinylated DNA fragments are
eluted from the beads by treatment with Proteinase K and SDS. DNA is purified and re75

sonicated to 200 bp. DNA ends are polished, adaptor-ligated and PCR-amplified with
Illumina primers into a library for next-generation sequencing through the Illumina HiSeq
platform. Reads generated from 100 bp single-end sequencing run are aligned to the
reference mouse genome.

Validation by I-PpoI cleavage:

To validate BrITL as a sensitive break-detection assay, a generated site-specific break in
the genome served to test BrITL’s capacity to label and isolate the break region from cells.
I-PpoI is a restriction enzyme with a cleavage recognition sequence in the 45S rDNA
repeats, which contain about 200 copies in the genome (Gibbons et al., 2015). Murine
embryonic fibroblasts were engineered to express the I-PpoI endonuclease fused to an
unstable FKBP12 mutant (Goldstein et al., 2013) and a modified form of the estrogen
receptor (ERT2) that binds specifically to 4-hydroxytamoxifen (4-OHT). The FKBP12derived destabilization domain targets the protein for degradation unless bound to the
FKBP12 Shield-1 ligand. The inclusion of the ERT2 domain causes the expressed protein
to translocate to the nucleus upon binding to 4-OHT. This system thus allowed conditional
nuclear expression of the I-PpoI restriction enzyme through combinatorial treatment of
Shield-1 and 4-OHT (Figure 30). Cells from the parental line and cells expressing the
construct were treated with 1 µM Shield-1 and 0.5 µM 4-OHT for 14 hours to stabilize and
activate the I-PpoI fusion protein before collection for BrITL analysis.
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Degraded
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I-PpoI
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Figure 30. Experimental schematic of induced site-specific break at I-PpoI site. A break
induced at the I-PpoI cleavage sequence (designated by the red line) within rDNA repeats
serves as a read-out for the ability of BrITL to label and isolate DNA DSB ends. Cells were
transduced with a construct conditionally expressing the I-PpoI restriction enzyme through
Shield-1 stabilization and 4-hydroxytamoxifen (4-OHT)-mediated nuclear localization.
Cells either expressing or not expressing the construct were treated with 1 µM Shield-1
and 0.5 µM 4-OHT for 14 hours before being harvested for BrITL.

Genomic sites that surround endogenous mammalian I-PpoI sites were then
quantified in biotin-DNA retrievals by qRT-PCR as a percent of total DNA present in the
input material. Primers were designed for regions at increasing distances from the I-PpoI
cleavage site on the rDNA sequence. BrITL qRT-PCR results demonstrated a substantial
increase in detection of genomic DNA nearest the I-PpoI cleavage site in biotin-DNA
retrievals from cells in which the I-PpoI fusion protein was induced (Figure 31). The
amount of I-PpoI DNA fragments retrieved by this method represented approximately 3%
of the total number of I-PpoI sites present in the starting material, which includes in rDNA
sequences within silenced chromatin and detected despite competent DSB repair (Figure
31). In comparison, biotin-DNA retrievals from untreated cells and those not expressing
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the I-PpoI fusion protein exhibited no significant enrichment of DNA at these I-PpoI
proximal regions (Figure 31). Regions 20 kb away from the I-PpoI endonuclease site were
also not readily detected, even in I-PpoI-induced cells (Figure 31). These data indicate
that this native chromatin break-detection method is capable of retrieving DSB ends
efficiently and specifically.

4

I-PpoI BrITL
qRT-PCR

Percent of Input

3.5

UT

3

4-OHT +Shield-1

2.5

I-PpoI +4-OHT +Shield-1

2
1.5
1
0.5
0

Distance from I-PpoI site

Figure 31. BrITL qRT-PCR of genomic regions surrounding the I-PpoI site. Primer sets
were used at specified distances from the I-PpoI cleavage site on the rDNA fragment
relative to the start of transcription, denoted on the x-axis. The y-axis quantifies the biotinlabeled fragments pulled down, represented as the percent of input. Samples include UT
(DMSO treatment of parental cell line), 4-OHT + Shield-1 (4-OHT + Shield-1 treatment of
parental cell line), and I-PpoI + 4-OHT + Shield-1 (4-OHT + Shield-1 treatment of cells
expressing the I-PpoI construct). The data are represented as mean +/- SEM.

3.2 Simple tandem repeats in RPLs undergo double-strand breakage
While RPA ChIP-Seq identifies sites of frequent fork collapse by the accumulation
of RPA molecules at ssDNA present at uncoupled replication forks or at resected ends of
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DNA breaks, the method cannot confirm the actual presence of DNA breaks at a collapsed
fork. We hypothesized that fork-collapse sites are also sites of breakage due to their
increased instability in the absence of a functional ATR response pathway. To examine if
ATRi-induced RPA enrichment at RPLs is associated with DSBs, ATRi+aph18hrs cells were
analyzed by BrITL-qPCR utilizing primers designed for 4 different sites of significant RPA
accumulation that contain specific repeats: (CAGAGG/CCTCTG) n, (CAGG/CCTG)n,
(CACAG/CTGTG)n, and (CAAAA/TTTTG)n. As quantified by qRT-PCR, BrITL retrieved
substantial levels of DNA from the chosen peaks only when cells were treated with
ATRi+aph18hrs, not DMSO (Figure 32). Notably, the highest levels of detection were
invariably at sites adjacent to the simple tandem repeats enriched in RPLs (Figure 32).
This data indicates that DSBs occur at tandem repeats of (CAGAGG/CCTCTG)n,
(CAGG/CCTG)n, and (CAAAA/TTTTG)n specifically as a result of ATRi and aphidicolin
treatment (Figure 32).
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Figure 32. BrITL qRT-PCR of RPA-enriched sites centered around (CAGAGG/CCTCTG)n,
(CAGG/CCTG)n, (CACAG/CTGTG)n, and (CAAAA/TTTTG)n repeats. For each RPL site,
primer sets were designed at specified distances from the central repeat region, denoted
on the x-axis. The y-axis quantifies the biotin-labeled fragments retrieved, represented as
percent of input. Samples include UT (DMSO treatment), and ATRi+aph18hrs. The data are
represented as mean +/- SEM.

One exception to these observed trends correlated with a RPL site that exhibited
extensive (CACAG/CTGTG)n repeats (Figure 33). At this site, no BrITL peaks were
observed adjacent to the (CACAG/CTGTG)n repeat region, although a general increase
of retrieved DNA at every location tested was observed in the ATRi+aph18hrs condition
compared to DMSO-treated controls, indicative of an overall enhancement of instability
throughout all regions assayed (Figures 32 and 33). These data indicate that some
repeats may lead to RPA accumulation but do not readily cause breaks, at least ones that
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are detectable by BrITL. These data suggest that RPA accumulates at specific repeat
sequences that are difficult to replicate upon ATR inhibition, and break generation at these
sites is frequent, but not inevitable.
BrITL - qRT-PCR
RPA Peak Chr17: 14Mb

Percent of Input

0.6
0.5
UT

0.4

ATRi + Aph

0.3
0.2
0.1
0

Distance from 'CACAG' repeats

Figure 33. BrITL qRT-PCR of RPA-enriched site centered around (CACAG/CTGTG)n
repeats. Primer sets were designed at specified distances from the central repeat region,
denoted on the x-axis. The y-axis quantifies the biotin-labeled fragments retrieved,
represented as percent of input. Samples include UT (DMSO treatment), and
ATRi+aph18hrs. The data are represented as mean +/- SEM.

Together, this data demonstrates that in the presence of the fork-slowing agent,
aphidicolin, RPA accumulates at extensive CAGAGG/CCTCTG repeat sites that are
difficult to replicate, likely due to the structure-forming properties of the purine-rich strand
and the exposed ssDNA of the complimentary pyrimidine-rich strand. In the absence of
the stabilizing function of ATR, these sites become increasingly susceptible to cleavage
and DNA breaks. Interestingly, however, persistent breaks are not observed at
CACAG/CTGTG repeat regions even though they accumulate significant amounts of RPA.
The mechanisms that relate to such a stark difference between the ability of these two
distinct repeats to lead to DNA breakage are still under scrutiny. One possibility is greater
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freedom to form structures under the contexts of their surroundings in the genome. As
indicated by the location of RPA peaks, CACAG/CTGTG repeat sites are more likely to
overlap with CTCF-binding sites. It is conceivable that the presence of a protein complex
surrounding the repeat sequences may protect against accessibility to structure-specific
nucleases, or may even prevent the likelihood of structure formation. Structural data on
these
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stable
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reveal
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structure

than

CACAG/CTGTG repeats, suggesting that the amount of structure formation may play a
role in break induction. Another possibility for the difference in frequency of DNA break
formation stems from our previous findings on the tandem occurrences of these repeats.
While CAGAGG/CCTCTG-centered RPA accumulation sites were comprised of lengthy
contiguous repeat sequences, CACAG/CTGTG-centered sites were more likely to contain
interruptions of intervening sequences. This may hinder perfect structure formation or
decrease its stability, making it formidable for fork progression, but less likely to attract
structure-specific nucleases for DNA cleavage.
3.3 BrITL-specific sites are composed of hairpin-forming inverted retroelements
BrITL applied to the ATRi+aph18hrs and DMSO-treated cells next underwent deepsequencing to reveal genome-wide sites of DNA DSBs. Following alignment to the
reference genome and normalization by input DNA of BrITL reads, loci characterized by
statistically significant read enrichments (>4-fold over input, p-value <10-3) in both of 2
biological replicates were identified. For enrichment analysis, the biological replicates and
inputs of each experimental condition underwent an IDR analysis (Landt et al., 2012) with
the MACS2 peak-calling program (Zhang et al., 2008) to give the final peak list per
condition. IDR thresholds of >0.05 were used for self-consistency and comparison of
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biological replicates, and >0.005 for pooled-consistency analysis. Peaks that passed IDR
thresholds were further filtered to select those with p-value <10-3 and that were above 4fold enriched over input. Regions within 2 kb of one another were merged. The final peak
list per condition was generated as a set intersection with and subtraction from the DMSOcontrol peak list.
In aggregate, 224 peaks, or break sites, were identified by BrITL. Of those, 17
overlapped with RPL sites (~8%), 13 of which spanned extensive CAGAGG/CCTCTG
repeats (Figure 34). However, the remaining BrITL peaks did not coincide with RPAenriched regions. This suggests a mechanism of fork collapse that differs from that at
break sites with abundant RPA formation. Limited RPA accumulation implies reduced
amounts of ssDNA. This suggests that as a replication fork slows down through these
sequences, specific structures may form on either separated duplex strand that contain
minimal ssDNA, or that preclude exposure of ssDNA, yet that leads to heightened fork
stalling and cleavage.
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Figure 34. Overlap of BrITL and RPA peaks in the ATRi+aph18hrs condition. Accumulation
of reads observed in both BrITL and RPA ChIP-Seq coverage tracks of ATRi+aph18hrs
retrievals but not in the respective inputs or untreated controls indicates treatment-specific
RPA enrichment and breakage. This site contains a region marked by an absence of reads
that spans tandem CAGAG repeats (denoted by black arrow).
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Consistent with this, of the 224 break sites, 147 overlapped with inverted repeats
that have the potential to form hairpins, constituting ~66% of the total break sites and 71%
of RPA-low break sites. M-fold, an online program that predicts DNA secondary structure
and its melting temperature based on input sequences, displayed these inverted elements
to form hairpin structures with an average melting temperature of 79°C at physiological
salt concentrations of 135 mM Na+ and 1 mM Mg2+ (Zuker, 2003).
Inverted repeats that on a duplex DNA form cruciform structures have been shown
to influence various biological processes, including DNA replication and transcription.
These structures are sites of binding by histones and HMG proteins, critical components
of chromatin architecture (Rampakakis et al., 2010; Brázda et al., 2011), as well as by
regulatory enzymes such as PARP-1, which can bind to promoter-specific cruciforms and
affect transcriptional regulation (Potaman et al., 2005). Moreover, inverted repeats tend to
occur not only near promoter regions, but also replication origins, at which altered
supercoiled states from cruciform formation may aid in replication initiation (Pearson et
al., 1996). Besides influencing the local supercoiled state of DNA, cruciform extrusion is
energetically favored in events that generate negative supercoiling. The transition of
duplex DNA to cruciform structures may also occur as certain proteins, such as PARP-1,
binds to inverted repeat sequences (Chasovskikh et al., 2005). Thus, there are
physiological functions for inverted sequences in the genome and their resulting non-B
DNA structure.
However, long inverted sequences can induce chromosomal instability and
genomic rearrangements (Wang and Leung, 2006), as evidenced by the frequent
localization of inverted sequences at breakpoint junctions. Hairpins are capable of stalling
replication forks. An in vitro study utilizing an oriC plasmid DNA replication system
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containing a single origin and a 246 bp inverted sequence demonstrated the formation of
hairpins from the sequence on both the leading and lagging strand ahead of the replicating
fork

(Lai

et

al.,

2016).
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endonuclease/exonucleause, SbcCD (bacterial Mre11/Rad50 homologue), were sufficient
to block DNA synthesis and lead to fork pausing (Lai et al., 2016). Studies on human cell
lines revealed numerous deletions in the center of palindromic AT-rich regions (PATRRs)
and their increased rate of involvement in genomic rearrangements, signifying that
PATRRs are fragile (Kurahashi et al., 2006). It is speculated that the weaker inter-strand
bonds in the AT-rich sequence is conducive to strand dissociation, while the non-AT-rich
regions at either end provides an anchor-like stability for the extruding cruciform structure,
creating an intermediate that precedes DNA breakage and translocation (Kurahashi et al.,
2006; Inagaki et al., 2009). It has been observed that the proportion of PATRR that forms
a cruciform is linked to the amount of rearrangements that occur (Inagaki et al., 2009).
Additionally, PATRRs often display size polymorphisms in humans, which affect the
likelihood of secondary structure formation and translocation frequency, further
demonstrating a correlation between cruciform extrusion and sensitivity to breakage and
error-prone repair (Kurahashi et al., 2006).
To determine the prevalence of inverted repeats in the genome that exhibit
features specific to BrITL break sites centered around such sequences (length of stemloop is between 300-600 bp, loop region is <100 bp, and the structure folds in 135 mM
Na+ and 1mM Mg2+), all putative inverted repeats in the mouse genome matching those
criteria were documented (Table 6). A total of 100,492 sites were recognized (Table 6).
This data set reveals many more sites than those identified by BrITL, suggesting that the
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presence of an inverted sequence is not enough to induce breakage under replication
stress.
Chromosome # of IR regions Chromosome size (Mb)
1
6,345
195
2
7,753
182
3
4,371
160
4
7,204
157
5
7,098
152
6
5,267
150
7
6,730
145
8
5,491
129
9
5,504
125
10
4,679
131
11
7,432
122
12
4,329
120
13
3,633
120
14
3,791
125
15
4,148
104
16
3,179
91
17
4,343
95
18
2,935
91
19
2,641
61
X
3,619
142

Table 6. Inverted repeats in mouse genome. These inverted repeats are of length 300600 bp, with loop region <100 bp, and for which the structure folds in 135 mM Na+ and 1
mM Mg2+.

However, while the incidence of inverted repeats within BrITL-specific sites was a
critical finding, another key feature was the composition of the hairpin stem regions, which
consisted exclusively of a pair of retroelements (SINEs, LINEs, or LTRs) from the same
family, one on each stem (Figure 35). Interestingly, a major tendency towards SINE B1 or
B2 elements was observed at these stem-loop sites (Figure 35).
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Figure 35. BrITL peaks at inverted SINEs. Accumulation of reads observed at two
separate genomic regions in BrITL coverage tracks of ATRi+aph18hrs but not in UT
indicates treatment-specific break sites. These high-density reads are centered around
regions containing a pair of SINE elements (denoted by black arrows) that form a stable
hairpin structure predicted by M-fold.

In humans, only a single SINE element, the Alu family, is active, while mouse
genomes consist of four unique SINE families: B1, B2, ID, and B4. B1 and B2 SINE
elements are the major SINE families in mouse, occupying ~1.3% of the genome, with
around 150,000 and 90,000 copies, respectively (Hasties, 1989). The B1 element is
derived from a portion of the 7SL RNA gene and the B2 element evolved from a tRNAlys
gene (Hasties, 1989; Okada, 1991). The length of SINEs is relatively short: B1 is on
average 140 bp long and B2 is on average 190 bp. Their short length necessitates a DNA
copy of itself utilizing a reverse transcriptase transcribed from LINEs and LTRs. LINEs are
similar to SINEs, but are typically 7,000 bp in length and can encode their own reverse
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transcriptase. LTRs are derived from and exist on either end of a provirus, functioning to
integrate the viral sequence into the host genome.
SINEs, LINEs and LTRs are mobile elements of the genome that integrate
preferentially within accessible chromatin regions, capable of causing mutations in coding
regions. Alu elements in humans have been recurrently observed at breakpoint junctions
of small deletion variants (de Smith et al., 2008). But while they are prevalent in the
genome, retroelements and their function remain poorly understood. Normally repressed
by methylation, retroelements become activated upon cellular stress and in human
diseases (Gualtieri et al., 2013). Mechanisms for their upregulation under these conditions
remain unknown. However, one study discovered that increased expression of a SINE
inverted repeat with sequence homology to an intron within the BRCA1 gene
downregulates BRCA1 mRNA levels via an siRNA pathway, indicating a novel role for deregulated SINE transcripts in silencing the expression of other genes (Peterson et al.,
2013). While there is extensive knowledge about SINEs, LINEs, and LTRs in the genome,
and a developing understanding of their potential roles, no study has yet focused on
inverted retroelements and their presence or function in the genome.
The finding that most RPA-low break sites consists singularly of inverted
retroelement sequences adds a distinguishing feature to this subset of breaks. It allows
us to further filter the identified inverted repeats in the genome by excluding sites that are
not generated by retroelements and for which the Tm of the resulting hairpin is <70°C. By
doing so, we can determine whether inverted retroelements that generate stable hairpin
structures with high melting temperatures are sufficient to induce DSBs wherever they
may be in the genome under conditions of ATR inhibition and low-dose aphidicolin
treatment.
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However, if we find that even after such filtering, there is no correlation of the
identified genomic regions to breakage, this would indicate that other factors might
promote DSBs at these BrITL sites. One possibility is the role retroelement transcription
may play. It has been previously observed that with cellular stress, retroelements become
increasingly expressed and mobile, lending towards instability (Gualtieri et al., 2013). In
addition, transcription would involve DNA duplex unwinding and exposure of ssDNA,
which would provide an opportunity for these hairpins to form and to subsequently stall
oncoming replication forks. It is an interesting possibility for which future studies to test
such mechanisms can be explored.
Altogether, this study has provided the first demonstration of a unique class of
repeats, inverted retroelements, in comprising a major fraction of DNA breaks arising from
replication stress, revealing a strong inclination for these structural-prone elements to stall
replication forks and cause DSBs. Of the remaining breaks that do not accumulate RPA
nor form hairpins by inverted retroelements, little is currently known on the mechanisms
behind their breakage. However, their characterization remains a future study.
Overall, analysis of replication-stressed MEFs by a specific DNA DSB-detection
assay, BrITL, revealed that defined sites of RPA accumulation in the genome under
conditions of replication stress caused by low-dose aphidicolin treatment and inhibited
ATR were also sites of persistent breakage, while other sites under the same conditions
were not. This suggests that certain genomic features differentially affect the level of fork
breakage. Sequence composition appeared to be the most distinctive driver of fork
collapse and subsequent DSB formation, as RPA-enriched sites centrally localized around
CAGAGG/CCTCTG tandem repeats were more likely to result in DNA breaks. In contrast,
while CACAG/CTGTG repeat regions recruited similar levels of RPA molecules under
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replication stress, it was not detected by BrITL as sites of frequent breakage. This pattern
suggests that the greater ability of CAGAGG/CCTCTG tandem repeats to form stable
secondary structures correlates with DNA breakage, indicating that secondary structure
formation plays a key role in fork collapse and DSB formation.
Surprisingly, genome-wide BrITL analysis further demonstrated the existence of a
larger fraction of DNA breaks that were not accompanied by RPA accumulation,
suggesting fork collapse without significant ssDNA formation. These sites were enriched
for inverted retroelement sequences that are predicted to generate long, thermally stable
stem-loop structures on both strands. By M-fold prediction, the average melting
temperature of these structures was 79°C, indicative of great sequence homology
between the inverted repeats and, thus, greater stability of the formed structure. Increased
ssDNA exposure upon fork slowing with aphidicolin treatment would augment the
likelihood of the extrusion of these structures, resulting in fork stalling, consistent with our
ability to detect these sites under aphidicolin treatment and ATR inhibition. Why these
sites tend to break more frequently than other regions is still under examination. The highly
stable formation of these stem-loops, as indicated by the generally high melting
temperatures, could be one driving factor. Any instance of ssDNA exposure would make
it extremely likely that the inverted sequences would anneal to each other, perhaps more
so than to its complimentary strand. Such instances appear during transcription or
replication. These hairpin structures, in turn, would be favored substrates for various
structure-specific nucleases, such as MUS81-EME1/2 and SLX4-SLX1 (Muñoz et al.,
2009; Sarbajna et al., 2014; Pepe and West, 2014), resulting in heightened levels of
breakage and subsequent detection by BrITL.
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These findings demonstrate the discovery of a complex set of replication-sensitive
regions identified genome-wide in an unbiased manner that, while it provides a plethora
of novel information, also leaves us with outstanding questions. Why do only some RPAenriched sites break, and others do not? What is the mechanism of breakage at BrITL
sites that are neither enriched for RPA nor for inverted retroelements? While these sites
in question consist of a minor fraction of DNA breaks under these conditions, their cause
for breakage would open a new avenue of research.
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CHAPTER 4: CONCLUSIONS AND FUTURE DIRECTIONS

Herein I have described the identification of Replication Perturbed Locations
(RPLs), sensitized by exposure to low-dose aphidicolin and ATR inhibition, from two
complementary genome-wide approaches. RPA ChIP-Seq recognizes sites in the
genome at which forks frequently stall, retaining an intact fork structure, and at which forks
get processed into resected breaks. However, as RPA molecules are recruited to ssDNA
present under both conditions, RPA ChIP-Seq cannot distinguish between these two
outcomes. Our second assay, BrITL, specifically retrieves sites at which stalled forks
undergo frequent double-strand break formation. This method further classifies collapsed
forks as sites of persistent breakage and thus regions of greater instability.
We have found that ATR inhibition does not cause replication fork collapse
uniformly across the genome, but rather at highly specific sites. Importantly, sites
observed using ATRi in combination with slowed polymerase progression (low dose
aphidicolin treatment) were not substantially different from ATR inhibition combined with
TIMELESS suppression or ATR inhibition alone. This overlap between the two different
conditions indicates that helicase-polymerase uncoupling, by whatever mechanism, leads
to a reliance on ATR at highly specified sites, even if that uncoupling occurs from DNA
sequences that are difficult to replicate in the absence of externally enforced replication
abnormalities. Fork collapse generally correlated with the ability of RPL-associated simple
tandem repeats to form secondary structures in vitro. Notably, the most troublesome
sequences found to cause replication fork collapse were not those that were described
previously to form structures and impede DNA replication when expanded, but rather were
repeated sequences that were less studied, if at all, for their replication effects. Finally, we
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found that RPA accumulation at some of the most prevalent repeat-containing sites were
prone to DSB generation, as detected by BrITL. Overall, these studies have identified a
new class of difficult-to-replicate sequences that are highly dependent on ATR function for
stability during DNA replication.
4.1 RPA ChIP-Seq identification of fork-collapse sites
While it is known that ATR loss leads to increased DNA damage, our results
indicate that in the absence of a functional ATR pathway, RPA accumulates at specific
sites throughout the genome that represent defined areas of fork collapse. In total, 173
sites of significant RPA accumulation were identified in the ATRi+aph18hrs condition. The
majority of these sites, termed RPLs, were characterized by extensive simple tandem
repeats (92%), many of which were reflected by central regions of unaligned reads.
Indeed, RPA peaks exhibiting the highest signal intensity (top 50%) were characterized
by the inclusion of such simple tandem repeats (82 out of 85 peaks).
One striking feature of simple tandem repeats associated with RPLs is the lack of
literature noting their instability and the relative absence of other simple tandem repeats
that have been previously characterized as difficult to replicate. The one exception to this
general characteristic is the CAGG/CCTG repeat found within 3 RPLs in the ATRi+aph18hrs
condition. The presence and expansion of this repeat within intron 1 of the human
myotonic dystrophy type 2 gene (CNBP) is causative of the disease, however, the RPLassociated repeat was not observed within the mouse orthologue of this gene. According
to the murine reference genome, CAGG/CCTG monomer repeats range from 11 to 618
units at associated RPLs, indicating that expansive stretches of this human microsatellite
repeat are unstable following ATR inhibition. Similarly, it seems likely that triplet repeats
and other sequences that have previously been shown to impede DNA replication and
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cause fork collapse (Lahiri et al., 2004; Campuzano et al., 1996; Fu et al., 1991; Mandel
and Heitz, 1992; Takai et al., 2003; McNees et al., 2010) upon ATR suppression might
collapse if expanded beyond the threshold length associated with disease onset (Orr and
Zoghbi, 2007). Our study demonstrates that a different subset of repeats in the wild-type
mammalian genome are one of the causes of genomic instability following ATR inhibition.
Notably, our data indicate that fork collapse following ATR inhibition generally
correlates with the ability of RPL-associated simple tandem repeats to form secondary
structures. The predominant structure-forming tandem repeat identified in RPLs was
(CAGAGG)n, a sequence that is predicted to form only weakly stable B-type DNA
structures by common programs (Zuker, 2003). However, while the TDS and CD
signatures of (CAGAGG)n repeats showed strong secondary structure formation, these
were not consistent with any known DNA structure according to principal component
analysis of the CD signatures of over 60 previously characterized B-form or non-B-form
DNA structures (personal communication, Dr. Brad Cairns, University of Louisville).
Interestingly, many of the RPL-associated repeats exhibited a similar sequence pattern:
C, followed by a variable intervening region, such as (AG), and ending with G (e.g. CAGG,
CAGAGG, CACAG).

Further biophysical characterization of these sequence-related

repeats will be of interest to determine if they form similar structures.
An interesting discovery was that while (CAGAGG)n forms secondary structure and
impedes DNA replication, its complementary strand (CCTCTG)n does not. This distinction
implies that structure formation may only occur after repeat unwinding and will form on
just one of the two strands. Because POL epsilon is associated with the MCM2-7 helicase,
relatively short stretches of ssDNA will form between the N-terminal face of MCM2-7 barrel
and POL epsilon. In contrast, significant lengths of ssDNA are expected to form on the
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lagging strand template upon unwinding at the C-terminal front of MCM2-7 and passage
over the helicase for subsequent priming and gap filling. Notably, we observed that RPL
peaks exhibited asymmetric signal intensity on either side of repeat regions, implying that
forks primarily encountered these repeats from the high-signal intensity side. Accordingly,
the vast majority of such asymmetric peaks had (CAGAGG)n enriched on the lagging
strand template (88%). While further research will be required to prove this model, these
data are consistent with the dependence of fork stability on ATR due to difficulties in
lagging strand synthesis.
4.2 BrITL identification of fork-collapse and break sites
BrITL analysis indicated that at some frequency, a fraction of RPLs culminates into
DSBs, particularly at (CAGAGG)n repeat-containing sites. DNA breaks can occur as a
potential consequence of replication fork collapse in mammalian cells (Cimprich et al.,
2008). Recently, we and others demonstrated that a significant fraction of increased
H2AX phosphorylation in response to ATR deletion is dependent on the SLX4endonuclease (Ragland et al., 2013; Dungrawala et al., 2015). SLX4 forms a
heterodimeric complex with SLX1 and serves as a scaffold for two other endonuclease
heterodimers, MUS81-EME1 and ERCC1-XPF. This complex is fully assembled through
phosphorylation of members by the CDK1-AURKA-PLK1 axis during transition into mitosis
both in yeast and mammals (Sarbajna et al., 2014; Pepe and West, 2014; Szakal and
Branzei, 2013; Ragland et al, 2013). Thus, ATRi-mediated replication fork collapse into
breaks could simply involve the persistence of daughter strand gaps formed at replication
forks followed by cleavage by prematurely activated SLX4-endonuclease complex.
Although the model above is attractive, one notable exception is the limited ability
of RPLs harboring (CACAG)n repeats to be detected by BrITL. This lack of detection
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occurs despite having comparable levels of RPA enrichment as at (CAGAGG) n-containing
RPLs, which were readily detected by BrITL. It is not clear whether the BrITL-refractory
nature reflects a decreased persistence of breaks, for example, from rapid HR-mediated
restart, or relates to decreased vulnerability to break formation. Regarding the latter
possibility, it is conceivable that (CAGAGG)n sequences are processed into structures that
are more amenable to endonuclease cleavage, such as through the formation of Holliday
junctions.

However, neither single nor double X-spikes were observed by 2D gel

electrophoresis from (CAGAGG)n-mediated fork stalling. Nevertheless, these findings
indicate that RPLs can be classified into at least two distinct categories: those that break,
and those that do not. The diversity of outcomes rendered by these repeats expands the
complexity of fork collapse mechanisms beyond protein-mediated responses and now
includes sequence content as a determining factor.
Surprisingly, it was discovered that the greater majority of break sites identified by
BrITL (66%) did not accumulate significant amounts of RPA, suggesting limited availability
of ssDNA at these sites of fork collapse. Most of these regions (71%) were revealed to be
centrally localized around pairs of inverted retroelements (SINEs, LINEs, and LTRs) that
are predicted to form highly stable hairpin structures that may be favorable substrates for
cleavage by Holliday junction resolvases, such as SLX4-1 and MUS81-EME1. The
classification of these sites as sources of frequent double-strand breakage from replication
stress could be used to correlate regions of the genome that would be involved in genomic
rearrangements and deletions under these contexts, providing evidence on the most
relevant mechanisms of genomic instability that are active under these conditions. While
inverted retroelements were observed in 71% of RPA-low break sites, a common
characteristic or association among the remaining break regions remains undetermined.
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Overall, this study has been the first to identify such elements as ATRi-sensitive and
susceptible to DSB formation.
4.3 Models for fork-collapse
In the context of our experimental conditions, treatment of mouse embryonic
fibroblasts (ATR+/-) with a low dose of aphidicolin leads to polymerase slowing and greater
tracts of ssDNA at replication forks. This can enhance formation of secondary structure by
simple repeats, such as CAGAGG, on the exposed ssDNA. While present on either the
leading or lagging strand of a replication fork, the structure on one strand exposes ssDNA
on the complementary strand, which recruits RPA. This structure, particularly in the
absence of the stabilizing function of ATR, can become susceptible to structure-specific
nucleases mentioned above that catalyze cleavage and DSB formation. A scenario may
arise whereby an intact structure on the cleaved strand could preclude efficient strand
invasion and homologous recombination repair, leading to a persistent break. This model
is described in Figure 36.
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Figure 36. Model for fork collapse at (CAGAGG)n repeats. Putative structure formed by
(CAGAGG)n repeats is shown, its presence depicted as either on the leading or lagging
strand of the replication fork. The MCM2-7 helicase is depicted ahead of polymerases δ
and ε of the lagging and leading strand, respectively. Red arrows indicate sites of cleavage
by structure-specific nucleases after structure formation.

For those breaks that do not accumulate significant levels of RPA, exposure of
ssDNA at replication forks by aphidicolin treatment can lead to extrusion of hairpins at
sequences that contain inverted repeats, which can stall the polymerase. The helicase
may continue to unwind DNA at the fork, leading to generation of hairpins on the
complementary strand and complete stalling of the fork. Extruded hairpins or cruciforms
can become susceptible to structure-specific nucleases that cleave the structure, leading
to DSB formation. The resultant hairpin or cruciform structure can preclude the formation
of RPA molecules at the collapsed fork due to limited exposure of ssDNA, thus accounting
for insignificant RPA accumulation at these sites. This model is described in Figure 37.
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Structure formation on lagging strand

Structure formation on leading strand
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Figure 37. Model for fork collapse at inverted retroelements. Putative hairpin structures
formed by inverted repeats is shown, its presence depicted as either on the leading or
lagging strand of the replication fork. The MCM2-7 helicase is depicted ahead of
polymerases δ and ε of the lagging and leading strand, respectively. Red arrows indicate
sites of cleavage by structure-specific nucleases after structure formation.

4.4 Perspectives
It has been reported that activation of different oncogenes, such as Ras or cyclin
E, leads to considerable genomic instability in the form of chromosome fragmentation that
promotes a defined landscape of fragile sites in the genome (Miron et al., 2015).
Interestingly, the landscape of fragile regions differs from that conferred by aphidicolin
treatment and additionally varies between different activating oncogenes (Miron et al.,
2015). Thus, diverse forms of replication stress are proposed to occur from distinctive
circumstances of abnormal replication, affecting the selection and rate of fragile site
expression (Miron et al., 2015). This suggests deviating effects on the genome under
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unique conditions of replication stress. It would therefore be of great interest to identify the
various landscapes of break sites promoted under different sources of replication stress,
including those caused by activating oncogenes.
A variety of recent studies have pointed to “replication stress” as a cause of agerelated pathologies; however, the mechanisms underlying these associations have
remained obscure (Burhans and Weinberger, 2007). In one recent study, ribosomal
repeats were implicated as a cause of stem cell aging (Flach et al., 2014). Other studies
have implicated extreme replicative demand as being associated with age-related
pathologies, such as tissue regeneration after injury (Burhans and Weinberger, 2007;
Ruzankina et al., 2007; Ruzankina et al., 2009). It is interesting to speculate that repeat
regions identified in these studies might cause replication fork collapse under urgent
compensatory renewal and that these breaks and the ensuing DNA damage response
could erode stem cell potential. Consistent with this possibility, triplet repeat expansions
have been associated with pathologies related to those observed with advanced age (Orr
and Zoghbi, 2007). Whether expansions of the simple tandem repeats described here will
accelerate tissue degeneration with age and other age-related pathologies, such as
cancer, has yet to be examined.
To conclude, our findings on highly specific localization of break sites generated
by ATRi treatment has implications for cancer treatment. ATRi has entered Phase II
clinical trials for the treatment of a variety of cancers. Although it is evident that the role of
ATR in replication fork stability and cell cycle checkpoint control are central to the
mechanism of ATRi action, difficult-to-replicate sequences that create a reliance on ATR
function are part of that mechanism. The identification of such sites in different cancer
types following single-agent treatment or combination with other targeted therapies and
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chemotherapeutics may lead to new genomic pharmacodynamic biomarkers as well as a
better understanding of the mechanism of action. In this light, it is intriguing to speculate
that cancer cell-associated expansions of repetitive sequences that rely on ATR for
stability may serve as predictive biomarkers of benefit from ATRi-based therapies.
Accordingly, synthetic lethality with ATRi would not be based on defects in gene products,
but rather with the genome itself.
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APPENDIX
Cell lines - MEF 4-3 cells (Smith et al., 2009); Tim KD MEF 4-3 cells (Smith et al., 2009);
I-PpoI MEF 4-3 cells were generated by transducing retrovirus expressing the fusion IPpoI restriction enzyme from the pBabe-ddIPpoI plasmid (Addgene plasmid #49052) into
MEF 4-3 cells.

Cell treatments - MEF 4-3 cells were treated with either DMSO or 1 µM ATR-45 (Charrier
et al., 2011) and 0.2 µM aphidicolin (Calbiochem, CAS 38966-21-1) for 18 hrs; 1µM ATR45 and 0.2 µM aphidicolin for 9 hrs; 1 µM ATR-45 for 18 hrs; and 0.2 µM aphidicolin for
18 hrs. I-PpoI MEF 4-3 cells were treated with 1 µM Shield-1 (Wandless lab, Stanford),
and 0.5 µM 4-hydroxytamoxifen (4-OHT, EMD) for 14 hrs to induce nuclear expression of
I-PpoI. Parental MEF 4-3 cells were similarly treated with 1 µM Shield-1 and 0.5 µM 4OHT for 14 hrs as a control.
Cell culture – All cells were grown in Dulbecco modified Eagle’s medium (DMEM,
Mediatech) supplemented with 10% fetal bovine serum (FBS, Benchmark, Gemini
BioProducts), L-glutamine (2 mM, Mediatech), and streptomycin/penicillin (100 U/ml,
Thermo Fisher Scientific).
RPA ChIP-Seq - For each immunoprecipitation reaction, 15 x 106 cells were trypsinized,
collected, spun down and re-suspended in 25 mL PBS.

Cell were fixed in 1%

formaldehyde for 10 minutes at 37˚C and the reaction was stopped by adding glycine to
1% final concentration. The cell pellet was washed in 10 ml PBS and subsequently resuspended in 1 ml cold PBS. The pellet was then lysed in lysis buffer (50 mM HEPES pH
7.9, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% NPZ40, 0.25% Triton X-100) for 10
minutes on ice. The nuclei were recovered by spinning and washing twice (10 mM Tris-Cl
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pH 8.1, 200 mM NaCl, 1 mM EDTA pH 8.0, 0.5 mM EGTA pH 8.0). The nuclei were resuspended in 1 ml shearing buffer (0.1% SDS, 1 mM EDTA, 10 mM Tris pH 7.6), and
chromatin sheared using Covaris S220 to <4 kb using parameters according to the
company hand book. Buffer (0.1% SDS, 1 mM EDTA, 10 mM Tris pH 7.6, 11% Triton X100, 1.1% Na-DOC) was added to 1/10 volume

to keep the sample

in

Radioimmunoprecipitation assay (RIPA) buffer.
Dynabeads Protein A beads were pre-bound the night before by mixing 1 ml PBS,
10 µl 100 mg/ml BSA in PBS, 20 µg anti-RPA32 antibody (NA19L, Oncogene), and 10 µg
bridging antibody, rotating overnight at 4˚C. The next day, the beads were washed as
follows: 2x with 1 ml of RIPA buffer, 2x with 1 ml of RIPA buffer + 0.3 M NaCl, 2x with 1
ml of LiCl buffer (0.25 M LiCl, 0.5% NP-40, 0.5% NaDOC, store at 4˚C), 1x with 1 ml of
TE (pH 8.0) + 0.2 % Triton X-100, 1x with 1 ml of TE (pH 8.0). The beads were then
incubated with Proteinase K at 65˚C to reverse cross-link. DNA was extracted using
phenol-chloroform and precipitated with ethanol/sodium acetate. Pellets were resuspended in TE (pH 8.0) and processed for downstream qPCR analysis and NGS library
preparation.

BrITL - For each BrITL reaction, ~2 x 106 cells were trypsinized and collected in an
Eppendorf tube. Cells were washed with PBS, permeabilized in 0.1% Triton-X-100 in PBS
for 5 minutes on ice and subsequently washed with 0.01% Triton-X-100 in PBS. Cells
were incubated in a reaction containing 20 µM ddNTPs (Affymetrix, 77126) in 1X NEBuffer
2 for 5 minutes at 37°C. The reaction was stopped with 20 mM EDTA. Cells were washed
four times with 0.01% Triton-X-100 in PBS before resuspending the cell pellet in a reaction
mixture containing 2.5 mM CoCl2 (Roche, 11243306001) and 27 µM biotin-16-ddUTP
(Enzo Life Sciences, ENZ-42813) in 1X TdT buffer (Roche, 11243276001). Upon addition
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of 150 units of TdT (Roche, 03333566001), the end-labeling reaction proceeded for 1 hour
at 37°C. Cells were then washed twice with 50 mM EDTA in 0.01% Triton-X-100 in PBS.

To lyse the cell pellet, TNE buffer (50 mM Tris-HCl pH 7.4, 100 mM NaCl, 0.1 µM
EDTA) was added together with 10% SDS and 10 mg/ml Proteinase K for incubation
overnight at 37°C. The next day, genomic DNA was extracted using phenol/chloroform
followed by ethanol/sodium acetate precipitation. The pellet was re-suspended in TE (pH
8.0). Sonication occurred in the Biorupter (Diagenode) for 2 minutes on medium setting
to obtain 0.2-2 kb fragments.

After sonication, the samples were purified with Ampure XP beads (Beckman
Coulter, A63880), utilizing 0.8x SPRI:DNA ratio. Washed and dried beads were incubated
with EB buffer and left at room temperature for up to an hour before placing at 4°C
overnight. The next day, the eluate was retrieved from the beads and brought up to 100
µl volume with TE. From this volume, 15 µl was aliquoted into a separate tube containing
85 µl TE and stored at 4°C to serve as the input. The rest of the sample was brought up
to 200 µl with TE and proceeded to the next steps for retrieval.

Selection of biotin-labeled DNA fragments was performed with the Dynabeads
KilobaseBinder kit (Life Technologies, 601-01). For this, 25 µl of streptavidin-coated
magnetic beads were washed twice with 200 µl Binding buffer containing 5 µg/ml tRNA.
The beads were then mixed in 200 µl sample plus 200 µl Binding buffer and left at room
temperature on a rotating wheel for 2 hrs. The samples were then placed against a
magnetic stand and the supernatant discarded. The beads were washed twice with wash
buffer (10 mM Tris-HCl pH 7.5, 1 mM EDTA, 2 M NaCl) with 5 minute rotations at room
temperature for each wash. The beads were then transferred to a new tube containing
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wash buffer with 4 µg/ml tRNA and subsequently washed in distilled autoclaved water
twice. The washed and dried beads were then re-suspended in TE. To these samples,
20 µg boiled RNase A was added. Samples were incubated at 37°C for 30 minutes to
remove RNA contaminants.

Elution of biotinylated fragments bound to streptavidin-coated magnetic beads
occurred by adding 1% SDS and 1 mg/ml Proteinase K to the samples and incubating at
55°C overnight. The next day, DNA was purified by sequential phenol, phenol/chloroform,
and chloroform extraction before subsequent ethanol/sodium acetate precipitation. The
DNA pellet was re-suspended in 50 µl of TE.

qRT-PCR analysis: Real-time PCR was performed on the Applied Biosystems Real-time
PCR detection system. For each primer set, 2 µl of retrieved DNA isolated as described
above and 2 µl of the respective input were used. Primer sequences are described below:

RPA Peak
Genomic
Location
(mm9)

Chr7: 35943530
– 35946581

Chr6: 87722438
– 87728725

Distance
relative
to
'CAGAG
G' repeat
region

Forward Primer (5' -> 3')

Reverse Primer (5' -> 3')

20 kb 5'

GCAAGCCATGGAACTCATCTA

TGGCATGAAGACACCAAGAG

1,260 bp
5'

CCCTGGATGTGGTTGTCATTA

GGAACAGAACTGCTCACAAATG

220 bp 5'

ACACCCAGTGAACCAAAGTAT
AG

CCACCAGTCTTGACTTACTCAC

230 bp 3'

GACAAGTGCCTGAGGGATAAA

ACTCAGGAGACAGAGGGTTAT

530 bp 3'

AGAATCCTCGGGTGGAAATG

CAGTGGCTCCTGTTGTGTAT

20 kb 3'

GCTGAGGCAGGGATAGATTTG

AGGCTTGAGAAGAGTTGAAGATA
AG

20 kb 5'

CCGACTGACCTGTGCTATTT

CATGTGGTTGCTGGGATTTG
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RPA Peak
Genomic
Location
(mm9)
Chr9:12183810
0-121841700

RPA Peak
Genomic
Location
(mm9)
Chr11:5641800
-5644000

RPA Peak
Genomic
Location
(mm9)

1,450 bp
5'

GTGATTGCCACCAAACCTAAT
G

CTGGGAAAGGCAGAGAACTAC

285 bp 5'

CCCAGCACTTGGTAAGTAGAG

AACTCTCGCAGCCGTTTAT

970 bp 3'

GCCCAAGGCTCTACCATAAA

GCCTGGAACCTACCTTCATAC

20 kb 3'

CACAGACACGCACACATAGA

TGCTAGGGCCTGAGAATAGA

Distance
relative
to
'CAGG'
repeat
region

Forward Primer (5' -> 3')

Reverse Primer (5' -> 3')

20 kb 5'

GTGACTTTATCTCCACCGTACT
C

CTACTGGAGTGAACCTGGAATG

460 bp 5'

GCAGCTTGGCTCTGTATCTAT

GTGTGTGTGTTCAGAGGTCTAT

165 bp 5'

CCTGTCTCTGACACAATGTACT
C

CCCAATACACCGCTCCTTT

230 bp 3'

GCCTCTAGTGATACATCTCCTC
TA

GATAAGGCCATCTGCAGTGAT

360 bp 3'

CAAAGTGCCTCTCGCCTAAA

GCCTGGCTTCACAAGGATAG

20 kb 3'

CCTTTGCAGGAAGTAGGTCAA

AGAGATGCCAGGAGCAAATC

Distance
relative
to
'CAAAA'
repeat
region

Forward Primer (5' -> 3')

Reverse Primer (5' -> 3')

20 kb 5'

TCCTTCCATTTCTCTCCATTCC

CACGGTCAATTCGGACTTCT

617 bp 5'

TGGGCTCTGCCTACTTACTA

GCCCTCAGAGAAGAAGAGAATG

300 bp 5'

GGCTGGATTCAAGGCAGTAA

CCTCCCAAGTGCTGAGATTAAA

440 bp 3'

TGGGCAGCGAAGATGAAAT

GCCAAGCCACTCCCTTATT

20 kb 3'

GTGCAGAGACTATGGAGGAAT
G

GCAAAGGATCCTGGGTTGTA

Distance
relative
to
'CACAG'
repeat
region

Forward Primer (5' -> 3')
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Reverse Primer (5' -> 3')

Chr17:
1373767813751955

I-PpoI site in
rDNA
sequence

20 kb 5’

CTTTCTGTGTCCGTGTCCTATC

CACCAACCGTAGAATGGGTATC

1,085 bp
5’

TTCAAGGTGAGAGAGATGGAT
TG

GCCTTCTCCTGTGCTGTATT

600 bp 5’

GAAGTATCAGGCAGCAAGGAA

CTGACTTTGACGGCAGGATAA

0 bp 3’

GCTGTCTCTGCTGTCTGTAATG

GCTACTCTTGTCCCATGTTTCC

500 bp 3’

GCCTCCAGGTTGCCTAAATA

GCTCTCTGTTGCTATGGTGAA

1,400 bp
3’

CCCGCTAATTCCTCTGAAGTC

TCTTCCCTGACTGGTCCTATT

Distance
relative
to I-PpoI
site

Forward Primer (5' -> 3')

Reverse Primer (5' -> 3')

11.5 kb 3'

CACGCTGTCCTTTCCCTATT

GACAGACCCAAGCCAGTAAA

7 kb 3'

CTGAGAAACGGCTACCACATC

GCCTCGAAAGAGTCCTGTATTG

780 bp 3'

ACAGCCTCTGGCATGTTG

GCCAATCCTTATCCCGAAGTTA

70 bp 3'

CTAGCAGCCGACTTAGAACTG

CAGAAATCACATCGCGTCAAC

60 bp 5'

CCTACCTACTATCCAGCGAAA
C

CTACACCTCTCATGTCTCTTCAC

120 bp 5'

GGGAAAGAAGACCCTGTTGAG

GGCCTCCCACTTATTCTACAC

750 bp 5'

GAACGTGAGCTGGGTTTAGA

CTCTCGTACTGAGCAGGATTAC

20 kb 5'

GAAACCAAAGCGACCTGAAAC

CAGCCATCTTGTCTGCTAACT

Bioinformatics Peak-calling: ChIP libraries were sequenced through Illumina HiSeq, generating 100 bp
single-end sequencing reads. Adapter contamination in reads were trimmed using
trimmomatic (Bolger et al., 2014) and reads were checked for quality control using fastqc
(Leggett et al., 2013). Alignment was made to the mm10 reference genome using STAR
Aligner with at most 3 mismatches (Dobin et al., 2013). Reads were initially allowed to be
placed in up to 100 different genomic regions in order to later measure differences in
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regional read accumulation between multi-mapping of a single read with up to 100
placements and mapping of a single read to its most likely genomic placement. In the
context of these experimental regions, measuring the difference between tracks with reads
that can potentially have up to 100 different placements and those with reads that are
placed in their most likely home will reveal enrichment bias toward low complexity regions
(i.e. if it is solely due to the low complexity nature of these regional sequences and not
due to the experimental enrichment).
Reads were then filtered by mapq score 10 to keep the high-confident read
mappings. De-duplication of reads in the aligned tracks took place to increase the
complexity of the read population. Additional alignment-specific quality-control metrics
were conducted, including strand-cross-correlation (Landt et al., 2012), finger-plots
(Ramírez et al., 2016) to gauge mutual back-level of enrichment across samples, Pearson
and Spearman correlations of genomic and enriched regions across samples (≥0.6),
principal component analysis (PCA) for clustering assessment, and a non-arbitrary
estimate of ChIP signal over input tracks using an NCIS-generated normalization ratio
(Liang and Keles, 2012). Black-listed regions in the mm10 genome were filtered out prior
to peak-calling.
For enrichment analysis, the biological replicates and inputs of each experimental
condition underwent an irreproducibility rate (IDR) analysis (Landt et al., 2012) from the
ENCODE project with the MACS2 peak-calling program (Zhang et al., 2008) to give the
final peak list per condition. IDR thresholds of >0.05 was used for self-consistency and
comparison of biological replicates, and >0.005 for pooled-consistency analysis. Peaks
that passed IDR thresholds were further filtered to select those with p-value <10-3 and that
were above 4-fold enriched over input. Regions within 2 kb of one another were merged.
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The final peak list per condition was generated as a set intersection with and subtraction
from the DMSO-control peak list.

Enrichment of complex repeats in RPA ChIP samples: Trimmed fastq reads from each
RPA ChIP-Seq sample that overlapped with different families of complex repeats
(LSU_rRNA, SSU_rRNA, tRNA, etc.) were counted for each family of repeats. These
numbers were then divided by the total number of reads with at least one reported
alignment in each sample. Values from different biological replicates in each condition
(ATRi+aph18hrs and UT) were averaged and normalized by the values calculated in the
respective input samples. The resulting fold over input values for each family of complex
repeats were graphed for each condition.
REQer: To understand simple repeat sequences that may be enriched in the experimental
conditions relative to input, an assessment of the sequence presence within individual
reads was performed. Reads in fastq files were labeled according to how many times a
sequence occurs as a single unit (monomer), or as different tandem units, using a python
script that incorporated regular expressions. This program was called REQer.
Contiguous simple repeat analysis of trimmed and de-duplicated RPA ChIP-Seq
reads from combined biological replicates of each condition (ATRi+aph18hrs and UT) was
conducted by counting the total occurrences of a specified number of tandem monomers
of each repeat within all reads. The frequency of the occurrences was measured as a
percentage of total monomer count of the repeat present in the reads of the combined
replicates. At each specified number of tandem monomers, the ratio of the ATRi+aph18hrs
value over its input and of the UT value over its input was calculated to obtain fold over
input enrichment.
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Non-contiguous simple repeat analysis of trimmed and de-duplicated RPA ChIPSeq reads from combined biological replicates of each condition (ATRi+aph18hrs and UT)
was conducted by categorizing the reads by the total monomer count of each repeat within
a read. Their frequency was calculated as the fraction of reads within the total number of
reads from the combined replicates that contained the specified amounts of repeat
monomers. At each specified number of total monomers per read, the ratio of the
ATRi+aph18hrs value over its input and of the UT value over its input was calculated to
obtain fold over input enrichment.
P-values were obtained at 95% confidence interval using the Kolmogorov-Smirnov
test between the distributions of ATRi+aph18hrs and its input.
Fork-pausing –
Plasmid constructions: 630 bp of CAGAGG tandem repeats were cloned into the BspEI
and BssHII site in the pML113 plasmid in opposite orientations for the origin-proximal
insertion, and into the BamHI site for the origin-distal insertion. Randomized controls of
the same nucleotide composition and length were similarly constructed.
In vitro assay: Templates for polymerase reactions were created by cloning [CAGAGG] 15
repeats into the MCS/BamH1 site of the pGEM3Zf(-) vector. Inserts in two orientations
were isolated in order to purify ssDNA templates of both strands. As controls, randomized
sequences of the same nucleotide composition and length were similarly cloned.
Subsequently, a double G to T mutation at the 5’ BamHI site (GGATCC) and a C to A
mutation at the 3’ BamHI site (CCTAGG) flanking the repeat insert were introduced, in
order to disrupt the potential for G-quadruplex formation between the vector and insert
sequences. For each construct, single-stranded DNA was isolated after R408 helper
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phage infection of plasmid-bearing, SURE cells (e14-(McrA-), Δ(mcrCB-hsdSMR-mrr)171,
endA1, gyrA96, thi-1, supE44, relA1, lac, recB, recJ, sbcC, umuC::Tn5 (Kanr), uvrC [F’
proAB lacIqZΔM15 Tn10]; Agilent Technologies). Small ssDNA preparations from
independent clones were sequenced to verify integrity of the insert prior to large scale
purification of ssDNA templates. Repeat lengths longer than 15 units precluded our ability
to rescue ssDNA of the correct sequence and/or length. DNA synthesis templates were
created by hybridization of a 32P end-labeled oligonucleotide (1:1 molar ratio) that initiates
synthesis 68 nucleotides upstream of the repeat inserts. Reactions contained 100 fmol of
primed ssDNA substrate, 400 fmol PCNA, 1700 fmol RFC, 20 mM Tris HCl, pH 7.5, 8 mM
MgCl2, 5 mM DTT, 40 µg/ml BSA, 150 mM KCl, 5% glycerol, 0.5 mM ATP, and 250 µM
dNTPS, and were preincubated at 37°C for 3 min. Synthesis was initiated upon addition
of 100 fmol purified 4-subunit recombinant human Pol 4 (Zhou et al., 2012). Aliquots
were removed at 3, 7, and 15 minutes, and reaction products were separated on an 8%
denaturing

polyacrylamide

gel and

quantitated

using

a

Molecular

Dynamics

Phosphoimager. A control for the percent of primers productively hybridized to each
primer/template substrate (% Hyb) was performed using excess Exo- Klenow polymerase,
and a background control for primer impurities (no Pol) was performed by incubating
unextended primer/template substrate in reaction buffer without the addition of
polymerase. Dideoxy sequencing reactions were carried out simultaneously with the Pol
HE reactions, using the same primer/template substrates and Sequencase 2.0 (ThermoFisher). Total percent extension was calculated as the amount of total extended DNA
molecules (corrected for percent hybridization and background) divided by this number
plus the amount of corrected primer molecules. The number of DNA molecules within four
regions were determined from the 15 minute reaction using ImageQuant software
116

quantitation: (R1) 68-11 bases 5' to the insert; (R2) 10-1 bases 5’ to the insert; (R3) the
insert; and (R4) all bases 3’ to the insert up to and including the well. After background
correction, the termination probability within each region was calculated as the [number of
molecules within the region ÷ by the number of molecules within the region plus all longer
molecules]. To normalize for the different sizes of Regions 1-3, each region’s termination
probability was divided by the number of nucleotides under consideration. For example,
the termination probability/nt for Region 1 = [molecules in R1 ÷ molecules in
R1+R2+R3+R4] ÷ 58 nucleotides.
Ex vivo assay: The SV40-derived pML113, 114 and 115 vectors (Follonier et al., 2013)
were gifts from Massimo Lopes (University of Zurich). For the ori-proximal vectors, a 630
bp fragment encoding CAGAGG tandem repeats was cloned into the pML114 and 115
plasmids using the MCS/BspEI and BssHII sites, creating plasmids with the repeats in two
orientations. As controls, randomized sequences of the same nucleotide composition and
length were created and similarly subcloned into pML114/115 vectors. For the ori-distal
vectors, the repeats were cloned into the BamHI site of pML113, in two orientations.
Subconfluent U2OS cells (ATCC) were transfected with 5µg vector DNA. To induce
replication stress, cells were treated with 0.6 µM Aphidicolin, 24 hours post-transfection.
For all experiments, DNA was isolated and replication intermediates purified 48 hours
post-transfection, as previously described (Chandok et al., 2011). Purified DNAs were
digested with DpnI, EcoRI, and EcoN1 (ori-proximal) or DpnI, PpuMI, and SacII (ori-distal)
restriction enzymes. Replication intermediates were separated by neutral/neutral
electrophoresis DNA using an 0.4% TBE agarose gel (1V/cm, 14 hr, room temperature)
in the first dimension and a 1% TBE agarose gel (4 V/cm, 6-8 hr, 4˚C) in the second
dimension. (Friedman and Brewer, 1995). Gels were transferred to Hybond-N+
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membranes (Amersham) and hybridized with the indicated

32

P-labeled DNA probe,

according to manufacturer’s instructions. For quantitation, blots were scanned using a
Phosphoimager, and following background correction, the Replication Fork Barrier (RFB)
index was calculated for each 2D image as: RFB = [(double Y arc spike) ÷ (simple Y
descending arm)].

Biophysical Characterization of DNA Secondary Structure -

DNA and buffers for structural studies: All DNA samples were ordered from IDT (Texas,
USA) as HPLC purified samples, dissolved in water at 1 mM final concentration and stored
at -80C. Samples were diluted to the desired concentration into final 10 mM lithium
cacodylate buffer pH 7.2 supplemented with 100 mM KCl and 2 mM MgCl 2 (100K2Mg
buffer). Samples were annealed at 90C for 5 minutes, cooled slowly to room temperature
over the course of 3-4 hrs and equilibrated overnight at 4C. All samples were examined
with circular dichroism (CD) for consistency in folding.

Circular Dichroism (CD) wavelength scans: All experiments were performed on an AVIV
410, AVIV 435, or a Jasco 815 spectropolarimeter with a Peltier heating unit using 1 cm
quartz cuvettes. The accuracy of the external temperature probe was  0.3 K. Each CD
trace was an average of 3 - 5 scans collected from 220 to 330 nm with 1-2 nm bandwidth,
1 nm step, 1 second averaging time at 4ºC. CD data were converted to molar ellipticity
according to the following formula: ∆𝜀 =

𝜃
,
3.298×104 ×𝑙×𝐶

where  represents CD signal in

mdeg, l is cuvette pathlength in cm; and C is DNA concentration in M (per strand). Zero
correction was performed using the average of the data from 320-330 nm.
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When

necessary, the resulting curves were smoothed using a Savitzky-Golay filter with a 13point quadratic function.
CD melting: Thermal denaturation experiments were collected at 261 nm (or max in the
CD wavelength scan) with 2 nm bandwidth, 5 second equilibration time, 1C step, and 15
or 20 second averaging time, and 10 nm bandwidth. The samples were heated from 4 to
95C, maintained at 95C for less than 5 minutes, and then the temperature was
decreased to 4ºC at the same rate. The cooling step was included to determine the
reversibility of folding/unfolding process. Superposition of melting and cooling data
suggested that the folding process was reversible. Thus, melting data were analyzed
assuming a two-state model with constant H (Ramsay and Eftink, 1994). This model
suggests that at any point during melting or cooling only folded and unfolded DNA is
present (no intermediates). Starting and final baselines (assuming to be linear), melting
temperature and enthalpy of unfolding were adjusted to get the best fits.
Molecularity of DNA structures via UV-vis melting: Studies were performed on a Secomam
Uvikon XL spectrophotometer thermostated with an external Julabo F12-ED waterbath.
Samples were prepared in 100K2Mg buffer with concentrations ranging from 1.4 to 23.6
M for CA5 and from 0.3 to 7.6 M for CA10; targeted concentration ratio between the
most dilute and the most concentrated sample was 20. CD scans were collected before
melting to assure correct DNA folding. Samples were placed in cuvettes with 1.0 or 0.2
cm pathlength depending on strand concentration. The temperature was measured with
the temperature sensor inserted in the cuvette holder right next to DNA samples. Cuvettes
were equilibrated at 4C for at least 20 minutes, then the temperature was increased to
80C with 0.2C/min temperature ramp and 1 second averaging time. Subsequently
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samples were cooled back to 4C using the same parameter. Data were collected at 260,
295, and 335 nm (the latter wavelength was used as a reference to factor out instrument
fluctuations). The data were corrected for absorbance at 335 nm, and were either fit using
a two-state model with constant H (same as for CD data) or analyzed using a derivative
method (yields Tm, but no thermodynamic parameters). In the latter case, minima or
maxima on the first derivatives of the melting curves were used as Tm.
Polyacrylamide gel electrophoresis: Native PAGE gels were typically prepared at 12%
polyacrylamide in 1×TAC (50 mM Tris Acetate pH 7.3) buffer supplemented with 3 mM
MgCl2. Running buffer consisted of 1×TAC with 3 mM MgCl2. Gels were cooled with a
water bath and premigrated for 30 minutes at 140 V. Each sample of 10 L contained 3
μg of annealed oligo in 100K2Mg buffer to which 3 µL of 50% w/v sucrose was added
immediately prior to loading. Oligothymidylate markers 5 dTn (where n = 15, 24, 30, 57 or
60, and 90) as well as a 76-nt tRNA were used as internal migration standards. Typically,
gels were run for 3-4 hrs at 140-300V; gel temperature did not exceed 16 °C. Gel was
stained using Stains-All and de-colored under visible light. Gels were visualized on ETNANS ChemiBis 3.2 gel visualization device (using lower light, 580 nm filter) or with iPhone
5 camera.
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