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ABSTRACT
Common fragile sites (CFS) are areas of the genome that tend to break when DNA
replication is stressed or partially inhibited. Breaks at CFS can lead to gene deletions and
amplifications that can result in the genesis of cancer cells. There is controversy about the
mechanism of CFS instability. This study examines whether an AT-rich sequence called a
flexibility peak from FRA16D can induce mitotic recombination events that lead to loss of
heterozygosity (LOH) on chromosome III in Saccharomyces cerevisiae. Two experimental
yeast strains containing flexibility peak Flex1-(AT)15 from FRA16D were compared to a
control strain lacking the Flex1 sequence in their ability to induce mitotic recombination
events, such as reciprocal crossovers (RCOs), break-induced replication (BIR), and
chromosome loss. Overall, Flex1 does not appear to act as a hotspot for mitotic
recombination. Contextual features may be more important factors in the instability of
FRA16D.
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Chapter 1
Introduction and Background
1.1 Fragile Sites and Genomic Instability.
Broadly speaking, fragile sites are areas of the genome that tend to break when DNA
replication is stressed or partially inhibited. Under specific conditions of stressed DNA
replication, classically defined fragile sites in mammalian cells can be visualized as gaps or
breaks in metaphase chromosomes (Durkin and Glover, 2007). Fragile sites are classified
into two broad categories based on features and prevalence: rare fragile sites and common
fragile sites.
Rare fragile sites are so named because they have a prevalence of less than 5% in the
population as opposed to being normal chromosomal features possessed by all individuals
(Sutherland et al., 1998). An important example of a rare fragile site is FRAXA, which is the
cause of the inherited developmental disorder Fragile X Syndrome. In individuals who have
the FRAXA fragile site, many copies (>230) of a CGG trinucleotide repeat are present and
the function of the FMR1 gene is disrupted, whereas normal chromosomes have fewer than
55 copies of the trinucleotide repeat at this locus (Sutherland et al., 1998). The fragile site
FRAXE, also located on the X chromosome, has a similar expanded trinucleotide repeat
structure and is also associated with a mental retardation syndrome (Durkin and Glover,
2007). The CGG/CCG trinucleotide repeats present in this type of rare fragile site are capable
of intra-strand pairing to form secondary structures, such as hairpin loops, under stressed
DNA replication conditions that cause stretches of single-stranded DNA to be exposed (Gacy
et al., 1995). The majority of CGG-expansion rare fragile sites are sensitive to the lack of
folate in tissue culture, a stress that causes replication difficulty (Durkin and Glover, 2007).

Other classes of rare fragile sites exist which are sensitive to other chemical agents in
tissue culture, including bromodeoxyuridine (BrdU) and distimycin A; instead of being
composed of CGG trinucleotide repeats, these rare fragile sites are composed of AT repeat
microsatellites (Durkin and Glover, 2007). In rare fragile site FRA16B, for instance, a 33 bp
microsatellite is expanded to the point where there can be 70 kb of this repeat present
(Sutherland et al., 1998). This type of AT-rich rare fragile site has been demonstrated to form
secondary structures under conditions of replication stress in vitro (Burrow et al., 2010),
which may also have implications for the less well-defined AT-rich sequences that are
present in some common fragile sites.
Common fragile sites are normal chromosomal features and are not characterized by
simple, large trinucleotide or dinucleotide expansions. Some sequence features of common
fragile sites will be described in the discussion of mechanisms of common fragile site
instability below. Common fragile sites are classically defined based on the locations of
breaks after treatment of human lymphocyte cultures with low doses of the drug aphidicolin,
an inhibitor of DNA polymerase α and, to a lesser extent, other DNA polymerases (Glover et
al., 1984). Other drugs, such as hydroxyurea, that affect replication through other
mechanisms can also induce fragile site breaks, but they do so less specifically and reliably.
There are over 70 common fragile sites that have been characterized, but some of them are
more unstable than others under inhibited DNA replication (Durkin and Glover, 2007). All
common fragile sites are stable in cell culture under conditions of normal, unstressed
replication (Durkin and Glover, 2007).
It is under conditions where DNA replication is partially inhibited where breaks at
common fragile sites may potentially become an issue for the cell. The standard way to
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induce replication stress experimentally is to use low doses of the drug aphidicolin (APH),
because CFS are very sensitive to this type of replication stress. Aphidicolin primarily
inhibits DNA polymerase α, the primase responsible for synthesizing DNA primers during
replication. This is particularly important during DNA synthesis of the lagging strand due to
the presence of Okazaki fragments. To a lesser extent, aphidicolin also affects some of the
other polymerases involved in DNA replication, including DNA polymerases δ and ε (Wright
et al., 1994), but not DNA polymerases β or γ (Glover et al., 1984). DNA polymerase α and δ
are polymerases that are important in lagging strand synthesis; DNA polymerase α because
the lagging strand requires a lot of primers, and DNA polymerase δ is the main elongating
polymerase of the lagging strand (Walsh et al., 2012). Even though aphidicolin inhibits
polymerase ε, the main elongating DNA polymerase on the leading strand, as well,
polymerase ε is 6-10 times less sensitive to aphidicolin than the lagging strand polymerases
are (Wright et al., 1994). Thus, aphidicolin-induced replication stress primarily affects the
lagging strand.
Common fragile sites are not fragile in all human cell types. Common fragile sites are
typically studied in lymphocytes, but there can be differences in CFS instability in different
cell types (Letessier et al., 2011). Epigenetically regulated factors such as number of origins
available during DNA replication may play a role in these cell type differences; this is
discussed in more detail below in relation to the mechanisms for CFS instability.
Fragile sites are of interest because the sensitivity of these sites to replication stress
has implications for DNA damage repair and alterations of the genome, including deletions,
amplifications, and translocations. Some human fragile sites are located in or near genes that
are related to cell cycle regulation, and these fragile sites are frequently altered in cancer cell
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lines. Furthermore, fragile sites are frequently altered in precancerous cell lines and early
cancer cells, indicating that events at fragile sites may have a driving role in early tumor
development (Durkin and Glover, 2007). The study of common fragile site instability is
important because common fragile sites, especially the most frequently broken fragile sites,
are often associated with known tumor suppressor genes or oncogenes (O’Keefe and
Richards, 2006). Studies of tumor cell lines show that deletions within common fragile sites
are characteristic of early cancer development (Finnis et al., 2005 and O’Keefe and Richards,
2006). Replication stress under experimental conditions drives deletions within common
fragile site FRA3B that are similar to microdeletions that are commonly found in tumor cells
(Durkin et al., 2008). Instability at fragile sites is thus thought to be a driving force for early
cancer development. In a genome-wide study of preneoplastic cell lines, 88% of copy
number variants detected were found within common fragile sites (Tsantoulis et al., 2008).
Table 1. Overview of some common fragile sites associated with tumor suppressor
genes and proto-oncogenes
Common
Fragile Site
Name
FRA16D

Location

Associated
Gene

16q23.2

WWOX

Size of
Associated
Gene
1.1 Mb

FRA3B

3p14.2

FHIT

1.5 Mb

FRA7G
FRA7I

7q31.2
7q36.2

MET
PIP

126 kb
7.7 kb

Description of
Associated
Gene
tumor
suppressor
tumor
suppressor
proto-oncogene
proto-oncogene

FRA3B and FRA16D are two of the most important human common fragile sites in
regards to cancer development. FRA3B is the most frequently broken common fragile site in
human lymphocytes, the human cell type in which common fragile sites are most studied
(O’Keefe and Richards, 2006). It is located within the 1.5 Mb Fragile Histidine Triad (FHIT)
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gene at 3p14.2. FHIT is a tumor suppressor gene that is frequently deleted in gastric,
esophageal, breast, cervical, and lung cancer cells (Siprashvili et al., 2007). Most of the
aberrations within the FHIT gene found in cancer cells appear to be deletions; there is a
comparatively low frequency of point mutations that disrupt the gene (Siprashvili et al.,
2007). This suggests that the fragile site FRA3B contained within the gene is the source of
these aberrations. It has also been demonstrated that when replication is stressed,
microdeletions are formed within the FHIT gene at FRA3B, and these microdeletions are
similar to the FHIT deletions seen in tumors (Durkin et al., 2008).
The human common fragile site FRA16D is also associated with a tumor suppressor
gene, WW Domain-containing Oxidoreductase (WWOX) at 16q23.2 (Aquelian et al., 2007).
FRA16D is aberrant in many different cancer cell lines, including gastric, esophageal,
prostrate, breast, ovarian, lung, hepatic, bladder, hematopoietic, and others (O’Keefe and
Richards, 2006, and LeTallec et al., 2013). A comparison of primary and metastatic colon
carcinoma cell lines indicated that although the metastatic cell line showed a higher degree of
genomic abnormalities, deletions in FRA16D had occurred early in the process of cancer
progression (Finnis et al., 2005). A study of WWOX expression and gastric adenocarcinoma
found that the WWOX protein was lost in approximately two-thirds of the cell lines.
Interestingly, there was also shown to be a correlation between the expression of FHIT and
WWOX proteins (Aquelian et al., 2004).
An analysis of FRAXB, a fragile site that is not associated with any known tumor
suppressor genes or oncogenes, revealed that it was also aberrant in a small number of cancer
cell lines even though it was not likely to provide an advantage for growth to early tumor
cells (Arlt et al., 2002). This indicates that fragile sites are inherently unstable during the
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process of cancer development, but those that are associated with genes that give
precancerous cells a selective growth advantage have the potential to drive tumorigenesis.
Common fragile site FRA7G at 7q31.2 is not as frequently broken as FRA3B and
FRA16D, but it is located near the MET oncogene (Hellman et al., 2002). In a study of
gastric carcinoma cells, FRA7G was shown to be involved with the amplification of the MET
oncogene by the breakage-fusion-bridge mechanism (Hellman et al., 2002). A study of breast
cancer carcinoma cell lines showed that the same mechanism was a likely cause of the
amplification of the PIP oncogene, an oncogene associated with the common fragile site
FRA7I (Ciullo et al., 2002).
Although reducing the levels of primase available during DNA replication is the
primary method of inducing replication stress experimentally, it is not entirely clear how
common fragile site instability is induced in vivo during early cancer development. One idea
is that the activation of oncogenes induces replication stress in the early stages of cancer
development (Tsantoulis et al., 2008). The activation of oncogenes in early hyperplastic or
dysplastic precancerous cells causes double-strand DNA breaks and triggers the DNA
damage response. Common fragile sites are preferentially affected by this oncogene-induced
replication stress (Tsantoulis et al., 2008).
There are many different proteins that are required for normal DNA replication that
prevent genomic instability at common fragile sites, and when their functions are disrupted,
breaks form at a greater frequency at common fragile sites. Several specialized DNA
polymerases have been shown to be important for the maintenance of fragile site stability,
including DNA polymerase κ (Walsh et al., 2012), DNA polymerase ζ (Bhat et al., 2013),
and DNA polymerase η (Bergoglio et al., 2013). There is some evidence that these
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specialized polymerases, which may have a role in resolving undesirable non-B DNA
secondary structures, are down-regulated in some types of tumors (Walsh et al, 2012).
Cell cycle checkpoint proteins such as Ataxia-Telangiectasia and Rad3-Related
kinase (ATR) (Casper et al., 2002) are necessary for fragile sites to remain stable. Proteins
involved in other aspects of DNA replication, such as the Werner helicase, a helicase which
also possesses 3’ to 5’ exonuclease activity and functions in DNA damage repair (Shah et al.,
2010) and the Mrc1 and Tof1 proteins (Tourrière et al., 2005) are also indispensable for the
maintenance of fragile site stability. If the Werner helicase function is lost, it leads to a
condition called Werner syndrome, which is characterized by premature aging and an
increased predisposition to various types of cancer (Shah et al., 2010). The Mrc1 protein is
both a cell cycle checkpoint protein and a protein that functions during normal DNA
replication to keep the helicase and polymerase in physical association with each other
(Szyjka et al., 2005, and Tourrière et al., 2005). This is by no means an exhaustive review of
the research relating to factors that are required for the maintenance of fragile site stability.
For a more comprehensive overview, see Ozeri-Galai et al., 2012.
Common fragile sites are well conserved evolutionarily and are present in all
mammalian cells, and sequences that behave similarly have also been described in yeast
cells. This high degree of conservation of common fragile sites in eukaryotes suggests some
sort of evolutionary purpose for fragile sites (Durkin and Glover, 2007). It has been
hypothesized that the sensitivity of common fragile sites to replication stress could
potentially act as a sensor that results in activation of the DNA damage response, i.e. the
instability of fragile site sequences may initially be protective before it is deleterious
(O’Keefe and Richards, 2006).
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On yeast chromosome III, Fragile Site 2 (FS2) is a short sequence composed of Ty1
retrotransposons that were shown to be sites of increased double-strand DNA breaks under
replication stress due to decreased DNA polymerase α availability. FS2 is argued to be
analogous to human common fragile sites (Lemoine et al., 2005).
FS2 is composed of two 6 kb Ty1 elements that are inverted in relation to each other
and are separated by a spacer sequence of approximately 280 bp. FS2 was shown to be a
preferred site for the formation of double-strand DNA breaks. It was hypothesized that: 1)
the inverted Ty1 elements of FS2 have the capacity to form secondary structures, such as
hairpin loops, when long stretches of single-stranded DNA form on the lagging strand under
slowed replication and 2) double-strand breaks can occur during the process of resolving this
secondary structure, e.g. with endonuclease activity (Lemoine et al., 2005).
In addition to clearly defined sequence elements such as Ty1 elements and multiple
tRNA genes, sequences in the yeast genome called Replication Slow Zones (RSZs) have also
been described and have been argued to be similar to human common fragile sites. When the
function of a yeast cell cycle protein, Mec1, was disrupted, breaks occurred within these
RSZs (Cha and Kleckner, 2002). Mec1 in yeast is homologous to ATR, a cell cycle
checkpoint protein that is required for maintenance of the stability of common fragile sites in
human cells (Casper et al., 2002).
1.2 Mechanisms of Fragile Site Breakage
There is significant controversy about why common fragile sites break under
replication stress. Unlike rare fragile sites, common fragile sites don’t have sequence features
that are as repetitive and clearly defined as trinucleotide repeat expansions.

	
  

8	
  

There are several hypotheses proposed to explain the instability of fragile sites. One
hypothesis is that sequence features of common fragile sites, such as AT-richness and
flexibility peaks, are capable of forming secondary structures, which lead to the formation of
breaks. Another hypothesis is that contextual features of common fragile sites, such as the
poor availability of origins of replication in the region of CFS, are responsible for fragile site
breaks when replication cannot be completed before the cell divides. The replication and
transcription machinery may collide because CFS tend to lie within large genes, leading to
disrupted replication. CFS may lie within a transition region between early and latereplicating chromosomal regions, leading to instability. Other factors, such as replication
timing, histone hypoacetylation, nucleotide pool depletion by early-replicating fragile sites,
may also contribute to CFS instability.
None of these mechanisms are mutually excusive, but their relative importance is
controversial. The first two hypotheses described have been explored most in the literature. It
is possible that different common fragile sites may be affected more or less by these different
mechanisms due to differences in sequence and contextual factors.
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Figure 1. Resolution of secondary structures at stalled replication forks. Decreased levels of
the primase DNA polymerase α lead to long stretches of single-stranded DNA on the lagging
strand. AT-rich sequences (or trinucleotide repeats in the case of folate-sensitive rare fragile
sites) may form stable secondary structures. If replication continues, single-strand gaps can
form, which result in a template switch to a homologous chromosome and a crossover or
non-crossover resolution. If the secondary structure leads to replication fork collapse, a oneended hairpin-capped double-strand break or a hairpin-capped two-ended double-strand
break can form. These double-strand breaks are resolved by cleavage of the hairpin,
resection of the DNA, and invasion of a region of homology, leading to crossovers, noncrossovers, or break-induced replication.
In the sequence-mediated or secondary structures hypothesis, common fragile sites
contain sequence features that contribute to their instability. This is a similar model to the
model described for rare fragile sites with trinucleotide or dinucleotide repeats. Although
common fragile sites do not have as many simple repeats, they tend to contain repetitive ATrich sequences (Durkin and Glover, 2007), which may self-pair to form hairpins and other
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secondary structures during replication stress when long stretches of single-stranded DNA
form due to decreased DNA polymerase α availability. The mechanism for the resolution of
these secondary structures at stalled replication forks is shown in Figure 1.
AT-rich sequences called flexibility peaks within the common fragile sites FRA7H
and FRA3B were discovered by Mishmar et al. (1998). As defined by Mishmar et al. (1998),
flexibility peaks are regions of DNA with a twist angle between the stacked bases that is
greater than a threshold of 13.7°. It was hypothesized that these sequences had increased
potential to form secondary structures, and this launched investigation into how flexibility
peaks contributed to fragile site instability. Flexibility peaks were identified to be repetitive
AT-rich sequences (Zlotorynski et al., 2003). These computational studies and others
identified a correlation between flexibility peaks and common fragile sites, but did not
examine the impact of flexibility peaks on CFS instability.
Zhang and Freudenreich (2007) conducted a study that provided experimental
evidence that flexibility peaks from human common fragile site FRA16D are likely important
sequence features that contribute to the instability of common fragile sites. When a single
flexibility peak from FRA16D, Flex1, was inserted into a Yeast Artificial Chromosome
(YAC) system, it was observed to cause breaks in the YAC; replication fork stalling caused
by the flexibility peak was also observed. In addition, the number of consecutive AT repeats
appeared to be positively correlated with the frequency of breaks and the degree of
replication fork stalling (Zhang and Freudenreich, 2007). This study is the most direct piece
of evidence to date that supports the hypothesis of the importance of flexibility peaks in CFS
instability.
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Other studies support the idea that sequence features contribute to fragile site
instability, although they do not necessarily provide evidence for the importance of flexibility
peaks. It was found that Bacterial Artificial Chromosomes (BACs) carrying FRA3B
sequence, when integrated into ectopic sites in the genome of human cells, would cause
breaks and chromosome rearrangements (Ragland et al., 2008). This strongly suggests that in
FRA3B, the sequence is inherently unstable. However, they did not find that flexibility peaks
from FRA3B were sufficient to explain the inherent instability of these sequences in the
BACs, as the FRA3B BACs and the control sequence BACs had similar AT richness (>60%)
and a similar number of consecutive AT repeats. One of the two control BACs contained four
flexibility peaks, but neither BAC showed a high number of breaks when inserted in ectopic
locations (Ragland et al., 2008). This study supports the hypothesis that the sequence of
FRA3B plays a role in its instability, but it is unknown which sequence features, if not
flexibility peaks, are contributing to this instability. It is also clear from other research that
sequence is not the only factor contributing to the instability of FRA3B and contextual
factors, such as density of origins of replication and other epigenetically determined cell
type-dependent factors, also play a role (Letessier et al., 2011).
In a study mapping secondary structures in FRA3B and FRA16D using the Mfold
program that predicts secondary structure formation when DNA is single-stranded, it was
found that these predicted regions of fragility corresponded to some deletions in certain
cancer cell lines (Dillon et al., 2013). The Flex1 flexibility peak from FRA16D was found to
be frequently deleted in certain cancer cell lines with deletions within the FRA16D sequence,
but whether the flexibility peak is directly involved in the formation of these deletions is
unclear (Finnis et al., 2005). These studies show a correlation between flexibility peaks from
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FRA3B and FRA16D and deletions in cancer cell lines, but whether the flexibility peaks
have a mechanistic importance is unclear.
In the fragile site FRA16C, replication forks were shown to stall at sequences that
were AT-rich (Ozeri-Galai et al., 2011). The fact that fragile site instability increases when
DNA polymerases that are involved in resolving non-B DNA secondary structures are
removed (DNA pol ζ, η, κ), also supports the “secondary structures” hypothesis (Walsh et
al., 2012; Bhat et al., 2013; and Bergoglio et al., 2013). Although these studies suggest that
sequence features can play a role in human common fragile site instability, there is a large
gap in knowledge of the relative importance, cause, and mechanism of this.
The study of flexibility peaks in isolation remains difficult. In one study of a YAC
containing FRA3B sequence, it was noted that although breaks were not directly located at
flexibility peaks, it was difficult to gauge the amount of resection of the DNA that had
occurred and the precise location of the original break was unclear (Casper et al., 2012).
The other major hypothesis for why fragile sites break is that contextual factors,
namely the availability of origins of replication during stressed DNA replication, are
responsible for fragile site instability (Figure 2). Fragile site regions are hypothesized to be
relatively origin-poor compared to non-fragile regions (Letessier et al., 2011). Under
replication stress conditions, more origins of replication are normally fired to make up for the
slowed progression of replication forks and complete DNA replication before the cell divides
(Ozeri-Galai et al., 2011). However, in fragile site regions, it is often the case that additional
origins are not fired in response to replication stress. This was demonstrated for FRA16C
(Ozeri-Galai et al., 2011) and FRA3B (Letessier et al., 2011).
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Figure 2. Origin paucity and the formation of DNA breaks at fragile sites under replication
stress due to incomplete DNA replication. Common fragile site sequences may contain fewer
origins of replication than non-fragile regions. Under normal replication, both fragile sites
and non-fragile regions can complete replication; however, under replication stress,
replication cannot be completed in fragile sites before the cell divides. Origins are
epigenetically regulated and the number of origins available in a particular region may
differ in different cell types.
Within FRA3B, DNA replication at origins of replication was less efficient than DNA
replication at origins of replication in non-fragile regions of DNA, and under aphidicolininduced replication stress all possible origins within FRA3B were used (Palakodeti et al.,
2009).
Origins of replication are set epigenetically and not by sequence in human cells.
Therefore, there can be differences in different human cell types in terms of the number of
origins available for DNA replication under replication stress. For example, FRA3B is fragile
under replication stress in lymphocytes but not fibroblasts. It was demonstrated that in
lymphocytes, additional origins of replication were not fired in FRA3B under replication
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stress, but additional replication origins were fired under replication stress in FRA3B in
fibroblasts (Letessier et al., 2011). The fact that a frequently broken common fragile site such
as FRA3B can be fragile in one cell type and not another under replication stress conditions
suggests that sequence factors are less important than contextual factors in causing CFS
instability. However, research showing that FRA3B sequence is inherently unstable when it
is inserted into ectopic locations in the genome contradicts this (Ragland et al., 2008).
A genome-wide analysis of features which may contribute to common fragile site
instability found that origin density and timing of replication were not significant statistical
predictors of fragile site instability (Fungtammasan et al., 2012), but this is just a correlation
and does not provide insight into the mechanism involved.
There are other factors besides origin paucity of fragile sites and the presence of ATrich sequences that may potentially influence fragile site stability. FRA3B has been shown to
be a late-replicating area of the genome (Wang et al., 1997). Early replicating fragile sites
(ERFSs) have also been characterized that are more responsive to hydroxyurea replication
stress than aphidicolin replication stress (Barlow et al., 2013). These early-replicating sites
tend to fire more origins of replication. It has been suggested that these ERFSs may even
contribute to the instability of common fragile sites that replicate later by premature
depletion of available nucleotide pools and replication fork collapse (Barlow et al., 2013).
The fact that many common fragile sites are associated with large genes (Le Tallec et al.,
2013) means that it is possible that collisions can occur between the DNA replication
machinery and transcription machinery (Helmrich et al., 2011). Histone hypoacetylation has
been shown to be a characteristic of fragile site regions (Jiang et al., 2009). Alu repeats have
also been shown to be associated with some common fragile sites (Tsantoulis et al., 2008,
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and Fungtammasan et al., 2012). Common fragile sites are also hypothesized to lie in the
transition regions between early and late-replicating chromosome bands (Achkar et al.,
2005). These hypotheses are less explored in the research than the two major hypotheses
described here, but at this point their role cannot be discounted. It is clear that the reasons
why fragile sites break may be varied and numerous. It is often difficult to separate the
effects of sequence factors from contextual factors unless sequences are inserted in an
ectopic location.
1.3 Breaks at Common Fragile Sites and Mitotic Recombination.
Many questions remain about how fragile site instability results in events that can
lead to tumorigenesis. The molecular events involved in the formation of breaks at fragile
sites are not entirely clear. It is thought that under replication stress, single-strand breaks or
double-strand breaks eventually form at common fragile sites, which may then be repaired by
homologous recombination pathways. Under replication stress, it has been shown that protein
components of double-strand break repair pathways, including Rad51 and phosphorylated
DNA-dependent protein kinase (DNA-PKcs), accumulate at fragile sites along with other
indicators of double-strand break formation (Schwartz et al., 2005).
It was found that the ATM kinase that responds to double-strand breaks, primarily
during the G1 cell cycle checkpoint, was not an important factor in regulation of fragile site
stability, whereas the ATR kinase that acts during the S and G2/M cell cycle checkpoints
when replication forks are stalled, was indispensable for maintaining fragile site stability
(Casper et al., 2002). Thus, double-strand breaks can eventually form, but stalled replication
forks are more likely to be important earlier events. However, double-strand breaks may play
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a role in early events to a lesser degree; ATM was later demonstrated to play an independent
role in maintaining fragile site stability in the absence of ATR (Ozeri-Galai et al., 2008).
When DNA damage in the form of single-strand gaps or double-strand breaks occurs
at common fragile sites, homologous recombination pathways are used to attempt to repair
the break (Llorente et al., 2008). Homologous recombination pathways are also important in
the restart of stalled replication forks under replication stress (Carr and Lambert, 2014).
Breaks at common fragile sites that lead to homologous recombination tend to occur
in S or G2 phase of the cell cycle (Casper et al., 2002, Rosen et al., 2013, Song et al., 2014).
Homologous recombination pathways used to repair a double-strand break can lead to
reciprocal crossovers (RCOs), break-induced replication (BIR), and local gene conversion
(GC) tracts. Deletions or chromosome loss can also occur if the homologous recombination
pathways are unsuccessful in repairing the break (Figure 3).
The use of regions of homology to repair a double-strand break or a stalled replication
fork can potentially be detrimental because it can lead to loss of heterozygosity (LOH). In the
case where the locus in question is a tumor suppressor gene, as is the case with FRA3B,
FRA16D, and several other common fragile sites, loss of functional copies of these genes can
have detrimental consequences due to the role of these genes in cell cycle regulation.
In one study of radiation-induced DNA damage, it was possible to quantify and
compare the expected number of double-strand DNA breaks for the level of radiation
exposure and the observed events that cause LOH. Under an amount of ionizing radiation
(100 Gy) that would be expected to cause approximately 35 double-strand breaks, an average
of 2.4 LOH events were detected per cell (St. Charles et al., 2012). Clearly, most of the
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induced breaks were repaired without LOH, but LOH is not rare as a result of the response to
induced double-strand breaks.

Figure 3. Loss of heterozygosity due to deletion or homologous recombination following a
double-strand DNA break on a chromosome. Only one chromosome is shown; one homolog
is red and the other is white so that exchange of genetic material between the homologs can
be seen. Reciprocal crossover may occur with or without associated local gene conversion.
Due to random distribution of the chromosomes during mitosis, RCO uncomplicated by gene
conversion results in LOH 50 percent of the time.
There have not been many studies exploring the contribution of fragile sites to mitotic
recombination events leading to LOH. Spontaneous mitotic recombination events have been
studied on chromosome V of S. cerevisiae (Barbera and Petes, 2006, and Lee et al., 2009).
On yeast chromosome V, replication stress due to treatment of the cells with hydroxyurea, a
drug that disrupts available nucleotide pools during DNA replication, caused an increase in
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observed mitotic recombination events (Barbera and Petes, 2006). A genome-wide study
examined the effect of UV radiation and ϒ-radiation on LOH in diploid yeast cells. This
study found that both types of radiation could induce LOH events at a much lower exposure
than is required to impair viability of the cells (St. Charles, 2012). These studies of
spontaneous and radiation-induced events provide a foundation for future studies to explore
the role of fragile sites on mitotic recombination events that lead to LOH.
Mitotic recombination events are not evenly initiated along chromosomes. It is
possible to map hotspots of mitotic recombination. Mapping of S. cerevisiae chromosome V
revealed preliminary evidence of one modest mitotic recombination hotspot (Lee et al.,
2009). A similar study of S. cerevisiae chromosome IV that mapped several mitotic
recombination hotspots revealed that inverted Ty elements on this chromosome were a
spontaneous mitotic recombination hotspot under unstressed replication conditions (St.
Charles and Petes, 2013).
A recent study by Rosen et al. examined the effect of a yeast fragile site, FS2, on
mitotic recombination (2013). In this study, it was shown that under replication stress caused
by low levels of DNA polymerase α, FS2 was a hotspot for mitotic recombination events that
led to LOH, including reciprocal crossovers and break-induced replication. Under replication
stress, there was a 12-fold increase in all mitotic recombination events leading to LOH in the
FS2-containing diploid strain compared to unstressed replication conditions. A 10-fold
increase in crossovers, a 6-fold increase in BIR events, and a 5-fold increase in chromosome
loss events were also observed. When the locations of the BIR and RCO events were
mapped, the events were found to be sharply clustered at the SNPs directly flanking fragile
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site FS2 (Rosen et al., 2013). These event peaks were unambiguously located around the
fragile site.
Because yeast fragile site FS2 was shown to be a hotspot for mitotic recombination
events leading to loss of heterozygosity, this allows us to examine whether sequence from
human common fragile sites is also capable of acting as a mitotic recombination hotspot and
causing events that lead to loss of heterozygosity. It is not known whether sequence from
common fragile sites can induce mitotic recombination events, but we do have indication that
trinucleotide repeat expansions can act as mitotic recombination hotspots. One study of
sequence involved in the human disease Friedreich’s Ataxia examined whether trinucleotide
repeat expansions, similar to those found in rare fragile sites, could cause mitotic
recombination events in a yeast system (Tang et al., 2011). They found that the expanded
(GAA)n(TTC)n trinucleotide repeats present in this disease greatly increased mitotic
recombination leading to loss of heterozygosity. The (GAA)230(TTC)230 version increased
mitotic recombination leading to LOH nearly 10,000-fold compared to average yeast
sequence, and was a clear strong mitotic recombination hotspot (Tang et al., 2011).
The importance of sequences such as flexibility peaks in human common fragile site
instability is controversial, with few studies providing unequivocal support for the
mechanistic importance of these sequences. If a flexibility peak from a human common
fragile site could be shown to be a strong mitotic recombination hotspot in S, cerevisiae,
similar in magnitude to the effect of FS2 on mitotic recombination, this would provide
support for the hypothesis that flexibility peaks were an important factor in the instability of
common fragile sites.
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There are several advantages to using a yeast system for this study. First, yeast cells
are much easier and faster to culture and manipulate than human lymphocytes or fibroblasts,
which are typically used to study common fragile sites, but they are still eukaryotic and have
many features of DNA replication in common with human cells. Second, using a yeast
system makes it possible to take a flexibility peak from a human common fragile site and
examine its role divorced from contextual factors, such as human origins of replication,
having an additional effect. This makes it possible to examine the mechanisms for why
human common fragile sites are unstable during replication stress in more detail.
1.4 Purpose of Study
This study examines the effect of a flexibility peak, Flex1, from human common
fragile site FRA16D on the frequencies of mitotic recombination events in a yeast system. It
partially addresses two broad questions.
First, since yeast native fragile site FS2 was shown to be a hotspot for mitotic
recombination events (Rosen et al., 2013), will the sequence from a human common fragile
site similarly act as a mitotic recombination hotspot? Although mitotic recombination events
that cause LOH may potentially drive cancer development, the connection between human
common fragile site instability and mitotic recombination leading to LOH is underexplored.
Second, there is still considerable controversy in the field of fragile site research
about the relative importance of the various mechanisms that may contribute to fragile site
instability. Are sequence factors such as AT-rich flexibility peaks important causes of
instability at common fragile sites? The insertion of Flex1 into a yeast system will allow us to
examine whether the sequence of this flexibility peak from FRA16D significantly contributes
to the instability of this fragile site when it is stripped of its context within the human
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genome (e.g., human origins of replication and location within a very large gene). If this
sequence is inherently unstable and causes an increase in mitotic recombination events in our
system, flexibility peaks are likely to be instigators of human common fragile site instability
under lagging strand replication stress. If the presence of this AT-rich sequence does not
contribute to an increase in mitotic recombination events, it is more likely that factors other
than AT-rich flexibility peaks are more important causes of fragile site instability under
replication stress. This is not the first study of this particular flexibility peak (Zhang and
Freudenreich, 2007), but it is the first time that it has been studied in the context of mitotic
recombination and loss of heterozygosity.
Common fragile sites FRA3B and FRA16D are both good choices of fragile sites to
use for this study, as they are the two most commonly broken fragile sites in human
lymphocytes, and they are the two most studied common fragile sites. FRA16D is a good
candidate for a common fragile site that may be unstable due to sequence features because it
is broken in many different types of cancer cell lines (Le Tallec et al., 2013) and is thus less
likely to be influenced by cell-type-dependent factors than common fragile sites that are
broken in fewer cell lines.
For this study, a flexibility peak from FRA16D, Flex1, was selected based on a
previous study of this flexibility peak, which indicated that it increased break frequency in a
yeast artificial chromosome (YAC) under replication stress and caused replication fork
stalling in yeast transformed with a plasmid containing the flexibility peak (Zhang and
Freudenreich, 2007). Although I chose to focus on FRA16D, I also helped to construct a
strain containing a flexibility peak from FRA3B, which is currently being studied by another
student in the lab, using the experimental design outlined in Chapter 2.

	
  

22	
  

Flex1 is a 300 to 500 bp flexibility peak located within the common fragile site
FRA16D; it has a twist angle of >16°, making it the most flexible and potentially unstable
flexibility peak within the fragile site. Flex4 and Flex5p, other flexibility peaks located
within FRA16D, have twist angles of approximately 14° and are slightly longer at 1,349 bp
and 2,054 bp in length, respectively (Zhang and Freudenreich, 2007).
Flex1 is naturally polymorphic, and is known to contain up to 88 consecutive AT
repeats (Finnis et al., 2005). Four versions were described by Zhang and Freudenreich
(2007), called Flex1-(AT)5, Flex1-(AT)14, Flex1-(AT)23, and Flex1-(AT)34. Zhang and
Freudenreich (2007) cloned large and small sequence fragments from human common fragile
site FRA16D into yeast artificial chromosomes (YACs). The first three variations listed have
identical sequences except for the number of consecutive AT repeats, whereas Flex1-(AT)34
has some additional sequence differences. Flex1-(AT)5, Flex1-(AT)14, and Flex1-(AT)23 all
showed an increase in break formation under replication stress when the sequence was
present in a YAC, whereas the Flex1-(AT)34 version did not (Zhang and Freudenreich,
2007). It was hypothesized that the Flex1-(AT)34 repeat has a higher break frequency, but
tends to form a large cruciform secondary structure that inhibited telomere capping of broken
YACs so that they were not quantifiable in their assay of YAC break frequencies (Zhang and
Freudenreich, 2007). An analysis of replication intermediates on a 2-dimensional gel showed
that more replication intermediates were present as the number of AT repeats of Flex1
increased, suggesting that replication forks were stalled the most in Flex1-(AT)34, followed
by Flex1-(AT)23, followed by Flex1-(AT)14 and Flex1-(AT)5 (Zhang and Freudenreich,
2007).
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We chose to study the Flex1-(AT)14 version because it showed a higher break
frequency under replication stress than Flex1-(AT)5 and Flex1-(AT)34, and because it was
easier to synthesize the sequence with 14 consecutive AT repeats than 23 AT repeats. When
the original plasmid was ordered based on sequence from Zhang and Freudenreich (2007), it
was ordered with 15 consecutive AT repeats instead of 14. This is unlikely to make a
significant difference in the flexibility of the sequence. The Flex1 sequence we used will be
referred to as Flex1-(AT)15.
Here, we inserted the flexibility peak Flex1-(AT)15 into haploid yeast strains, mated
to create diploid yeast strains for experimentation, and verified by sequencing that the
flexibility peak had been inserted into the yeast strain in its original form with the correct
number of AT repeats. We then performed directly comparable mitotic recombination
experiments with the yeast strains containing the flexibility peak and a control yeast strain
lacking a flexibility peak by inducing replication stress and selecting sectored colonies in
which loss of heterozygosity occurred. Then, the sectored colonies were analyzed to map out
the mitotic recombination events that have occurred and compare frequencies of mitotic
recombination events between the strains with and without the flexibility peak. We find that
the flexibility peak does not conclusively elevate the number of mitotic recombination events
leading to LOH compared to the control strain lacking the flexibility peak, and the flexibility
peak does not act as a hotspot for mitotic recombination events on chromosome III. This
particular flexibility peak is not likely to be an important stimulus of mitotic recombination
events leading to LOH.
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Chapter 2
Materials and Methods
2.1 Construction of Yeast Strains Used For Mitotic Recombination Experiments.
A. Design of Plasmid Containing Flexibility Peak From Common Fragile Site
FRA16D.
In order to study the influence of a flexibility peak from FRA16D on the frequency of
mitotic recombination events, we focused on a flexibility peak, Flex1, that was previously
demonstrated to cause breaks when studied in a different, YAC-based system by Zhang and
Freudenreich (2007). Zhang and Freudenreich (2007) studied four variants of Flex1, called
Flex1-(AT)5, Flex1-(AT)14, Flex1-(AT)23, and Flex1-(AT)34. We chose to focus on the
(AT)14 version of Flex1 instead of the (AT)23 version, which showed the highest frequency
of breaks and more replication fork stalling than the (AT)14 version in the Zhang and
Freudenreich study, because this sequence was technically easier to synthesize than the one
with 23 AT repeats. We designed and ordered a plasmid containing the synthesized Flex1
sequence from Biomatik USA.
Using a plasmid allowed us to increase the efficiency of the strain construction
process by transforming the Flex1 sequence into a haploid yeast strain in a single step
without having to PCR amplify the flexibility peak sequence. The potential problem with
PCR amplification of the Flex1 sequence is that it is possible for replication slippage to occur
at the stretch of consecutive AT repeats, leading to an alteration in the number of AT repeats
in the PCR products. Replication slippage at direct repeats is caused by DNA polymerase
pausing and temporarily dissociating from the DNA, which may result in the deletion of AT
repeats if the repeats are skipped on the template strand when replication resumes or the

	
  

25	
  

amplification of AT repeats if replication resumes at a repeat on the template strand that has
already been replicated before the polymerase dissociation (Viguera et al., 2001).
After PCR amplifying the Flex1 sequence, it would have also been necessary to
transform the product into a yeast strain in multiple steps because it is not possible to select
for the successful transformation of the Flex1 sequence directly. It would have been
necessary to do either a two-step transformation or ligate the product to a marker gene before
inserting the construct in a yeast strain. For a two-step transformation, a gene cassette
containing several selectable marker genes is first transformed into a yeast strain at a specific
locus and successful transformants are selected based on the phenotypic effects of the
selectable marker genes. These transformed strains are then transformed with the Flex1
sequence at the same locus, and successful transformants are then selected based on having
the original phenotype, signifying that the gene cassette is no longer present.
To ligate the product to a selectable marker gene, the marker gene is also PCR
amplified, the two PCR products are ligated in a reaction with DNA ligase, the product is gel
purified, and then the purified product is transformed into yeast and selected by phenotype.
The PCR amplification of flexibility peaks and the two-step transformation were attempted
unsuccessfully before plasmids were ordered.
An ampicillin-resistant plasmid was designed which contains: 150 bp of
Saccharomyces cerevisiae chromosome III DNA centromere-proximal to the future target of
insertion at base pair 216,472, the full Flex1-(AT)15 sequence, 1,234 bp of URA3 gene
sequence from Kluyveromyces lactis, and 150 bp of yeast chromosome III sequence
centromere-distal to the eventual insertion target (Table 2). The proximal yeast target
sequence is base pair 216,322 to base pair 216,472 on chromosome III. The distal yeast target
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sequence is base pair 216,473 to base pair 216,623 on chromosome III. The 150 bp regions
of chromosome III homology allow for the insertion of the construct at the desired locus
during the yeast transformation, essentially by a double-crossover mechanism. The URA3
gene is used as a marker to select for yeast colonies that have been successfully transformed
with the construct, although it is not possible to verify with certainty that the Flex1-(AT)15
sequence is intact at this step.
The plasmid was also designed with unique restriction enzyme sites so that it could be
modified for future use as a vector with different sequences after cutting out the Flex1
sequence with SapI and SacI (Figure 4). As part of the quality control process at Biomatik
USA, the plasmid was verified by digesting with HindIII. There are two HindIII cut sites on
the plasmid, yielding a 1,925 bp fragment and a 2,885 bp fragment (Figure 4).
Table 2. Flex1-(AT)15 and Flex1 scramble sequences. The AT repeats of Flex1 are
bolded; the AT repeats are disrupted in the scramble sequence. Both sequences are the same
length and have the same relative base content.
Flex1-(AT)15
310 bp
~68% overall
AT-richness
Flex1 scramble
310 bp
~68% overall
AT-richness
URA3
from K. lactis
1,234 bp
	
  

TGAAAAAACC
ATGGTGGTTG
GTGTTGATCT
CAGTTCTGGA
TGTGTTAATT
ATATAGTAAT
TTCAATATTT
TATATATATA
AAATTATGAT
TGAGGACTCC
TAAGAGAATG
AGTTCAAGAT
TCCGAAATTA
GTATGGTAAT
TGTTGAGCCT
CGAGTATCTA
CGGAGACAAT
AAAGGTACTC
AGATCGGTCT
ACACATTACT

Sequence
AAGCTCATAG AATAGAAACA
CTGGGGCTAG GGGGTCAGTG
AAGGGTTCAA ACTTCTCGTT
GATCTAATGT ACAGCATGAG
AATTCGATTG TGATAATCAT
CAAATCATTA CTTTATAGAC
ATTTTTCAAT TATATATATA
TTTAAAGCTG TCATGGAAAG
ATGGTTGCTT TCTGTACCTT
TTTTAGGTTT ATATTAACGG
ATAGCATTCA ATTACAACTA
CGATAAAGTG TTGATGTAAG
AACATTTTAT TAAAGGAAAT
ATTGGAATAT GCTTGTTGGT
GTATCATAAA AAGACTGCAA
GATATGAATG TATCGTACAT
CATATGGGAG AAGCAATTGG
GGTACATAAA TATATGTGAT
GCATTGGATG GTGGTAACGC
TGCCTCGAGC ATCAAATGGT

GAGAGTGAGA
AAGTGGGGAG
AATAATAAAC
TGGTGATGGA
TACACAATGT
CCTGAATATA
TATATATATA
GCAAGATGTA
TGCTAAGGTG
ATTTAATAAT
GACGTCATAG
AAGCATATAA
GAGTAATAAG
ATTAGGGAAC
AAGATAGAAA
TCTGGGTAGA
ATTTTTTTAC
GGTTATTCGT
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“Proximal Yeast
Target”
chromosome III
sequence;
proximal to
target at 216,472
150 bp
“Distal Yeast
Target”
chromosome III
sequence; distal
to target at
216,472

GGATCTATAT
GGTGACACTT
TTGATGTTAT
TTGTGATTGG
CAATACACTC
TCATATACCA
CATCGAAACT
TTTGTGTGCT
TTGAAACTTG
TGAAAACACA
GGGTACTGTC
AAGTTCTTGA
GTAACACAGT
TATCGCAGAA
ACTGGTGCTG
AAGAGGTCAC
TGAATTGTCT
ACTAAGGGTA
TCGTTATTGG
AGAAGAAGGG
GGTTTAGACG
GAACCGTCGA
CATTGTTGGC
AAGGTTGAAG
CGTACCAAAA
GAAACTTAAT
ACCTGCATTG
CTGCAGGGCG
CGAGTGACAT
AATGGGCAAT
TAACATCACT

CACGTGATTT
TTAGCTTTGA
CTAAAGTCAT
GCCATTTTGT
CCGTCAATTA
GTAGAGCTGA
TTTACGTTTA
TCTCTTGACG
TTGAAACGTT
CGTTGATATC
GTTCCATTGA
TATTTGAGGA
CAAATTACAA
TGGTCTGATA
GTATTGTTGC
CAAAGAACCA
TCCAAGGGTT
CCGTTGATAT
GTTCATTGCT
TTTGATTGGC
ACAAAGGCGA
CGAAGTTGTA
AGAGGACTTT
GTGAAAGATA
GAGAATCAGC
AGAACAAATC
GCACGGTGCA
ACCAATACTT
ATACAGTAAC
ATCTCACTAC
GTATGATCTC

GCTTAAGAAT
CATGATTAAG
TTCAACTATC
GAAAGCCAGT
GTTGCACCAT
GACTCATGCA
ATGGATGAAA
TTCGTTCGAC
GGGTCCATAC
TTGGATGATT
AAGCATTGGC
CAGAAAATTC
TATACATCGG
TCACCAACGC
TGGCTTGAAA
AGGGGATTAT
CTCTAGCACA
TGCAAAGAGT
CAGAACGATA
TAATCATGAC
TGCATTGGGT
AGTGGTGGAT
TCGCCAAGGG
CAGAAATGCT
GCTCCCCATT
ACATATTTAA
ACACTCACTT
CAATGAAGAT
AACAACAATG
TGTACTCCCA
ATTCTTTCTG

TGTCGTTCAT
CTCATCTCAA
TAAGATGTGG
ACGCCAGCGT
GTCCACAAAA
AGTCCGGTTG
AGAAGACCAA
TGATGAGCTA
ATTTGCCTTT
TCAGTTATGA
AGAGAAATAC
GCCGATATCG
GCGTTTACCG
CCACGGGGTT
CAAGGTGCGC
TGATGCTTGC
CGGTGAATAT
GATAAAGATT
TGGGAGGAAG
CCCAGGTGTA
CAGCAGTACA
CAGATATCAT
TAGAGATCCT
GGATGGGAAG
AATTATACAG
TCTAATAGCC
CAAC
GCTGCAAGAA
ACAGGTCACT
AGGAAGACTA

CAATTATTGC
CAAAAGAGTC
AATTTTCGAC
ATACACGTTT

ACGCCTCCTC
ATTACAACGA
AAAATGTATA
TTTTAATACT

GTGAGTAGTG ACCGTGCGAA
GGAAATAGAA GAAAATGAAA
GTCATTTCTA TCAATAACGT
ATCTATATTG

150 bp
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Figure 4. Map of plasmid containing the full Flex1-(AT)15 construct. The ampicillin
resistance gene and E.coli origin of replication are present in the pBMH vector sequence.
The proximal yeast target (PYT) and distal yeast target (DYT) sequences are 150 bp regions
of homology to yeast chromosome III around the eventual site of insertion of the construct.
Plasmid maps were drawn with Savvy (www.bioinformatics.org/savvy/). The
ampicillin resistance gene is present in the pBMH vector sequence.
In addition, a Flex1 scramble sequence (Table 1) was ordered from Biomatik USA
(Wilmington, DE) in an ampicillin-resistant pBMH plasmid vector. This sequence is the
same length and has the same base content (and thus the same AT-richness) as Flex1(AT)15, but the bases have been randomized. The intended purpose of the Flex1 scramble
sequence was to be able to distinguish between Flex1 with 15 consecutive AT repeats and a
sequence with the same AT-richness as Flex1 but with the consecutive AT repeats disrupted.
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This plasmid does not contain the URA3 gene or the 150 bp of centromere-distal yeast target
sequence, but it still contains the centromere-proximal yeast target sequence. The
modification of this plasmid is described in section 2.2G.
B. Transformation of Flex1-(AT)15 Plasmid into Competent E. coli.
4 µg of Flex1-(AT)15 construct lyophilized plasmid was received from Biomatik
USA (Wilmington, DE) and resuspended in 40 µL 1X TE buffer. 5 µL of a 1:10 working
stock (50 ng plasmid) was transformed into One Shot® Mach1™-T1R Chemically
Competent E. coli cells (Invitrogen Technology, by Life Technologies, Carlsbad, CA)
according to the manufacturer’s standard transformation protocol. 25 µL, 50 µL, and 100 µL
of the transformation mix were plated onto 3 LB+AIX selective plates (Table 3), which allow
for blue/white colony selection, and the plates were incubated at 37 °C overnight. White
ampicillin-resistant colonies were selected and three were streaked out for single colonies
onto LB+AIX plates. Three pure isolates were inoculated into 6 mL LB+Ampicillin liquid
cultures (Table 3) and incubated at 37 °C overnight with shaking at 200 rpm. 5 mL of each
culture was used to harvest the plasmid; the other 1 mL was used to freeze down 20%
glycerol stocks for long-term storage at -80 °C.
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Table 3. Composition of the media used for experiments.
Media Name
YPR + Low Galactose
(0.005% Galactose)
(YPR + LG)

YPR + High Galactose
(0.05% Galactose)
(YPR + HG)

Synthetic Raffinose + High Galactose –
Uracil
(SR + HG – Ura)

Luria Broth + Ampicillin
(LB+ Amp)

Luria Broth + Ampicillin + Xgal + IPTG
(LB + AIX)

Ingredients in IL/ Special Instructions
10 g yeast extract, 20 g peptone, 30 g
raffinose, 1 L deionized water
30 g agar if making plates
Autoclave
Add 0.250 mL 20% galactose after cooling to
65 °C
10 g yeast extract, 20 g peptone, 30 g
raffinose, 1 L deionized water
30 g agar if making plates
Autoclave
Add 2.5 mL 20% galactose after cooling to
65 °C
1.7 g yeast nitrogen base without amino acids
and without ammonium sulfate, 5 g
ammonium sulfate, 30 g raffinose, 1 L
deionized water, 30 g agar for plates
Autoclave
Add 2.5 mL 20% galactose and 1.4 g amino
acid –Ura dropout mix after cooling to 65 °C
10 g tryptone, 5 g yeast extract, 10 g NaCl, 1
L deionized water
Adjust pH to 7.5 with NaOH
Autoclave
Add 100 mg Ampicillin/L after cooled to 65
°C
10 g tryptone, 5 g yeast extract, 10 g NaCl, 1
L deionized water
Adjust pH to 7.5 with NaOH
Autoclave
Add 100 mg Ampicillin/L, 1 mL of 3% Xgal,
and 1 mL 100 mM IPGT after cooled to 65
°C
Plates are light-sensitive; bag and wrap in
foil after solidified (~3 hours)

Plasmid was harvested from each liquid bacterial culture using the QIAGEN QIAprep
Spin Miniprep Kit. To verify that each plasmid was the correct size, two restriction enzyme
digests were performed. In one reaction, 500 ng of each plasmid was cut with SacI (New
England Biolabs), a restriction enzyme that cuts at one location on the plasmid (Figure 4) and
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results in a single 4,810 bp fragment. In the other reaction, 500 ng of each plasmid was cut
with BanI (NEB), a restriction enzyme that cuts in 4 different locations on the plasmid
(Figure 4), resulting in 4 fragments of the following lengths: 730 bp, 1,097 bp, 1,231 bp, and
1,752 bp.
C. Linearization of Plasmids for Yeast Transformation.
For transformation into yeast chromosome III, the circular plasmids were linearized.
1µg of one of the verified plasmids was digested with SapI (NEB), which has two cut sites on
the plasmid, both outside of the Flex1-(AT)15 construct (Figure 4). Cutting the plasmid with
SapI results in a 4,496 bp fragment, which contains the construct, and a 314 bp fragment
which only contains vector sequence. After verifying the successful linearization of the
plasmid with gel electrophoresis, the remaining product of this reaction was transformed into
a haploid yeast strain. It was not necessary to purify the extraneous band before using the
product for transformation, because this 314 bp band lacks the sequence homology that
would allow it to be transformed into a yeast strain, and it also lacks the URA3 marker that
allowed us to select successfully transformed colonies.
D. Transformation of Flex1-(AT)15 Construct into Yeast Strain AMC 333.
The Flex1-(AT)15 construct was transformed into the haploid MATa EAS18derivative (Sia et al., 2001) S. cerevisiae strain AMC 333 (Table 4). The flexibility peak was
inserted at base 216,472 on chromosome III. AMC 333 has the marker gene NAT replacing
both Ty1 elements of the yeast native fragile site FS2 so it is not present to act as a mitotic
recombination hotspot (Rosen et al., 2013).
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Table 4. Strain construction and relevant genotypes of haploid and diploid S. cerevisiae
strains.
Strain Name

	
  

EAS18
Y328

Haploid or
Diploid
haploid- MATa
haploid- MATa

AMC 333

haploid- MATa

Y662-Y670

haploid- MATa

YJM789
AMC 326

haploid- MATα
haploid- MATα

Y671
(Y662 x
AMC 326)

diploid

Y672
(Y663 x
AMC 326)
Y673
(Y664 x
AMC 326)
Y603
(AMC 333 x
AMC 326)

diploid

MATa
MATa ura3-52 ade2-1
III273292::SUP4-o
KanMX-GAL-POL1
MATa ura3-52 ade2-1
III273292::SUP4-o
KanMX-GALPOL1fs2::NAT
MATa ura3-52 ade2-1
III273292::SUP4-o
KanMX-GAL-POL1
fs2::NAT
III216472::AT(15)+URA3
MATα
MATα ura3 ade2-1
fs2::NAT
KanMX-GAL-POL1
MATa/MATα ura352/ura3 ade2-1/ade2-1
III273292::SUP4-o/
III273292
KanMX-GAL-POL1/
KanMX-GAL-POL1
fs2::NAT/ fs2::NAT
III216472::AT(15)+URA3/
III216472
same as Y671

diploid

same as Y671

diploid

Relevant Genotype

MATa/MATα ura352/ura3 ade2-1/ade2-1
III273292::SUP4-o/
III273292
KanMX-GAL-POL1/
KanMX-GAL-POL1
fs2::NAT/ fs2::NAT

Source or
Construction
(Sia et al., 2001)
EAS18-derived
(Rosen et al., 2013)
transformation by
AMC of Y328 with
fs2::NAT
Described in
Materials and
Methods.
(Wei et al., 2007)
YJM789-derived
(Rosen et al., 2013)
Described in
Materials and
Methods.

Described in
Materials and
Methods.
Described in
Materials and
Methods.
Described in
Materials and
Methods.
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Linearized plasmid was transformed into haploid S. cerevisiae strain AMC 333.
During the transformation process, the excess plasmid vector is not inserted into the yeast
strain due to the mechanism of recombination at sequences homologous to chromosome III at
each end of the construct (Figure 5).

Figure 5. Transformation of Flex1-(AT)15 construct into yeast by double crossover between
homologous regions. Plasmids were designed with 150 bp homologous regions to yeast
chromosome III sequence. PYT= proximal yeast target, DYT= distal yeast target. Grey lines
represent crossing over between regions of homology during the transformation.
Transformed yeast strains have Flex1-(AT)15 and URA3 inserted between the regions of
homology at base 216,472 (216 kb label). The genes shown are not to scale; Flex1 is 310 bp
and URA3 is >1.2 kb.
The smaller plasmid fragment is not inserted into the yeast strain for the same reason.
The primer sets used for PCR-based verification of successful insertion of the Flex1-(AT)15
construct showed amplified products in the three haploid yeast strains shown; these were
later used to create the three experimental diploids Y671, Y672, and Y673. The control
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haploid strain does not show these product bands, and instead has the product band designed
to only give product if the insert is not present (Figure 6). Primers were designed using the
Primer 3 program (http://www.frodo.wi.mit.edu/), the UCSC genome browser
(http://genome.ucsc.edu/), and the known sequence of the construct (Table 5).
AMC 333 cells were transformed with either 250 ng or 400 ng of linearized plasmid
according to standard LiAc yeast transformation protocol (Gietz et al., 1992). The
transformation mix was plated directly onto selective plates lacking uracil, SR+HG-Ura
plates (Table 3).
The Flex1-(AT)15 construct contains the URA3 gene, which encodes for an enzyme
in the pyrimidine biosynthetic pathway (Flynn and Reece, 1999). AMC 333 is a uracil
auxotrophic yeast strain. Only cells that have been transformed with the Flex1-(AT)15
construct, and thus contain the URA3 gene, will grow on media lacking uracil. Transformants
were selected and streaked out for single colonies on non-selective media, our standard YPR
+ HG media with raffinose and high galactose (Table 3), to ensure purity of the isolates.
Single colonies were patched back onto SR+HG-Ura plates to verify that they could grow on
a uracil-deficient medium.
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Figure 6. Primers used to verify insertion of Flex1-(AT)15 construct into AMC 333. Flex1 is
located at base 216,472 (labeled 216 kb) if the strain is transformed. Locations of primer
annealing are indicated by orange arrows. PYT= proximal yeast target, DYT= distal yeast
target. Diagram not to scale; Flex1 is 310 bp and URA3 is >1.2 kb. The distance between
P758 and P761 is >2.3 kb in the transformed strain (too large to amplify with GoTaq Green
polymerase).
Table 5. Primers used to verify insertion of Flex1-(AT)15 construct into AMC 333.
Primer set

P758 and
P759
P760 and
P761
P758 and
P761

	
  

5’-3’ Forward
primer sequence &
location

5’-3’ Reverse
primer
sequence &
location
ATGGTCTTCCA
CAACACCTCC
AGCAAAACG
CCACTTCACA
Chr III- centromere Within Flex1
proximal to target
sequence
TGGGAAGCGTAC GTGGCCAGAC
CAAAAGAG
CTTGAATGAT
Chr III- centromere Within URA3
distal to target
sequence
ATGGTCTTCCA
GTGGCCAGAC
AGCAAAACG
CTTGAATGAT
Chr III- centromere Chr IIIproximal to target
centromere distal
to target

Size of product
if transformed
265 bp

Size of
product if
not
transformed
absent

449 bp

absent

None-too large
to amplify with
GoTaq

812 bp
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The transformation of AMC 333 with the Flex1-(AT)15 construct was verified by
PCR using four different primers in three combinations (Figure 6).
To extract DNA from each transformant for PCR, yeast cells scraped from a patch on
a plate with a pipet tip were mixed into 40 µL of sterile deionized water, boiled at 100 °C for
6 minutes in a thermocycler, and then immediately transferred to -80 °C for 10-15 minutes.
After thawing, the boil-freeze samples were mixed then spun down in a mini one-speed
tabletop centrifuge to pellet the cell debris.
PCR was run with 5 µL GoTaq Green (Promega Corporation, Madison, WI), each
primer at a 0.4 µM final concentration, and 4 µL supernatant from the boil-freeze in a 10 µL
reaction volume. Cycling for the reaction was 94 °C for 2 minutes, followed by 35 cycles of:
94 °C denaturation for 30 seconds, 50 °C annealing for 30 seconds, and 72 °C extension for 1
minute, followed by a final 6-minute extension step at 72 °C. This standard PCR protocol is
hereafter referred to as “Colony PCR”. PCR-verified transformants were frozen down as
strains Y662-Y670, and the first three were selected to proceed with the creation of diploid
yeast strains for experimentation.
E. Mating Transformed Strains Y662-664 to AMC 326 to Create Diploid Strains.
After the successful transformation of the Flex1-(AT)15 construct into a haploid yeast
strain, the next step was to mate this MATa yeast strain with a MATα haploid yeast strain,
AMC 326, to create our diploid experimental strains. AMC 326 is a YJM789-derived strain
(Wei et al., 2007) that, like AMC 333, has both Ty1 elements of yeast native fragile site FS2
replaced by the NAT gene. The strains were mated by growing them together on a nonselective plate for 6 hours, streaking this mixture for single colonies, and then selecting a
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pure colony with a colony morphology consistent with diploids. The diploid colonies appear
larger than the haploid colonies after two days of growth at 30 °C and these particular diploid
strains will typically have pink coloration.
The successful mating of Y662-Y664 to AMC 326 to create diploids was verified by
Colony PCR using existing mating type primers, which were designed by Dr Anne Casper.
The primer pair 5’-TGTGGCATTACTCCACTTCAAG-3’ and
5’TGTCATCCGTCCCGTATAGC-3’ give a 593 bp product if the MATa locus is present,
and the primer pair 5’-TGTCTTGTCTTCTCTGCTCG-3’ and
5’TGTCATCCGTCCCGTATAGC-3’ give a 492 bp product if the MATα locus is present.
Diploid strains will show PCR products on a gel for both MAT locus primer sets, whereas
haploid strains will show a product band for only one MAT locus primer set.
A verified diploid colony was chosen that originated from each haploid strain crossed
with AMC 326, and these were frozen down as experimental diploids Y671, Y672, and
Y673. Diploids Y671 and Y672 are the diploid strains used in the mitotic recombination
experiments that follow.
Control diploid Y603 was similarly created by mating haploids AMC 333 and AMC
326. Y603 is isogenic to the experimental diploids Y671 and Y672 and only differs from
these strains because it lacks the Flex1 and URA3 construct at base pair 216,427.
F. Sequence verification of Flex1-(AT)15.
Although we verified that the correct markers were present during each step of strain
construction, it was not possible to verify that the sequence of the flexibility peak, especially
the AT repeats, remained intact during this process. To verify that the Flex1-(AT)15 insert
was present in its intended form with the correct number of AT repeats present in the
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flexibility peak, the region was amplified by PCR and then sequenced. The primer set
(forward) 5’-GATGCTGCAAGAACGAGTGA-3’, (reverse) 5’TTACCACCATCCAATGCAGA-3’ was used to amplify around the Flex1 sequence in the
experimental diploid yeast strains with Colony PCR. The forward primer P764 lies within the
centromere-proximal 150 bp region of yeast chromosome III homology. The reverse primer
P765 lies within the URA3 gene. The product of these two primers is 554 bp long. If the
insert is not present at all within the yeast strains, the product will not be present.
This PCR verified the presence of the insert in all three experimental strains but not
control strain Y603. The PCR product was gel purified with a QIAGEN QIAquick Gel
Extraction Kit. The purified PCR product was inserted into a pCR™2.1-TOPO® plasmid
vector (Invitrogen TOPO® TA Cloning® Kit, by Life Technologies, Carlsbad, CA) using
4µL PCR product and following the manufacturer’s standard protocol.
Plasmids were then transformed into One Shot® Mach1™-T1R Chemically
Competent E. coli cells (Invitrogen Technology, by Life Technologies, Carlsbad, CA)
according to the manufacturer’s standard transformation protocol. 50 µL of the
transformation mix was plated onto LB+AIX plates and incubated at 37 °C overnight. Four
individual white colonies were selected for each strain (Y671, Y672, and Y673) and streaked
out onto LB+AIX plates for single colonies. One single colony from each isolate was
inoculated into 6mL LB+Ampicillin liquid cultures and incubated at 37 °C overnight. A
plasmid harvest of each culture was conducted using a QIAGEN QIAprep Spin Miniprep Kit.
Plasmids at a concentration of 100 ng/µL were sent to Eton Bioscience Inc. (San Diego, CA)
for sequencing. The plasmids were sequenced in two sequencing reactions using the Eton
universal primers M13F(-21) and M13R Reverse.
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G. Creation of the Flex1 Scramble Plasmid.
A plasmid containing a scrambled Flex1 sequence was also created, although it was
not used to create experimental yeast strains for experiments due to time constraints.
Comparing the effects of the Flex1 scramble sequence to the Flex1-(AT)15 sequence would
allow us to distinguish between the effects of the overall GC-richness of the flexibility peak
and the arrangement of the bases, especially the consecutive AT repeats. 3 µg of the
ampicillin-resistant pBMH plasmid containing the Flex1 scramble sequence (Table 1) and 5
µg of the complete plasmid containing the full Flex1-(AT)15 construct were cut in separate
reactions with the NEB restriction enzymes SapI and SacI (Figure 8). The large 3 kb
fragment containing the Flex1 scramble sequence and plasmid vector sequence was gel
purified with a QIAGEN QIAquick Gel Extraction Kit and then ligated to the gel purified 1.4
kb fragment containing only the URA3 gene and the 150 bp distal yeast target sequence with
T4 DNA ligase. The ligated plasmid was then transformed into E. coli as described above for
the other plasmid. Plasmid was harvested and cut with XhoI (NEB) to verify that the plasmid
was the correct size; fragments without the Flex1 scramble sequence would only have one
4.7 kb fragment, whereas plasmids containing the Flex1 scramble sequence would yield a 4.1
kb large fragment and a 613 bp smaller fragment. All seven isolates appeared to contain
plasmids that were correctly assembled. At this point, the bacterial strains containing the
Flex1 scramble plasmid were frozen as glycerol stocks at -80 °C. Some construction details
of the Flex1 scramble plasmid have been omitted because experiments were not performed
on these strains.
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Figure 7. Map of the original plasmid containing the Flex1 scramble sequence. The
ampicillin resistance gene and E.coli origin of replication are present in the pBMH vector
sequence. The proximal yeast target (PYT) sequence is present, but the distal yeast target
(DYT) sequence is not present in this plasmid. Cutting the plasmid with SacI and SapI opens
up the plasmid so that it can be ligated with the URA3 and DYT sequence from the Flex1(AT)15 plasmid.
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.
Figure 8. Map of the assembled Flex1 scramble plasmid after ligation. The ampicillin
resistance gene and E.coli origin of replication are present in the pBMH vector sequence.
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2.2 Mitotic Recombination Experiments with Y671, Y672 and Y603
A. Description of Experimental and Control Strains.

Figure 9. Experimental and control starting diploid yeast strains. Only chromosome III is
shown. The chromosome III homolog labeled “YJM” is derived from the YJM789 haploid
strain (Wei et al., 2007). The homolog labeled “SGD” is derived from the EAS18 haploid
strain (Sia et al., 2001). Gene locations on Chr. III are denoted in parenthesis (kb). All
strains are isogenic; the control strain Y603 lacks the flexibility peak insert at base pair
216,472. Both strains are GAL-POL1/GAL-POL1; this galactose-regulatable promoter on
the POL1 gene on chromosome XIV allows us to induce replication stress experimentally by
regulating polymerase levels. Both strains are ade2-1/ade2-1; this nonsense mutation of the
ADE2 gene on chromosome XV results in red coloration of the cells due to a buildup of an
intermediate pigment. The SUP4-o gene at base 273,292 allows for readthrough of the stop
codon inserted in ADE2, resulting in a lack of red pigment. The Chr. III homolog containing
SUP4-o is labeled white, and the homolog lacking SUP4-o is labeled red.
The experimental diploids Y671, Y672, and Y673 were presumed to be identical to
each other, but only Y671 and Y672 were used for mitotic recombination experiments. The
control diploid, Y603, is identical to the experimental diploids except for the Flex1-(AT)15
construct has not been inserted at base 216,472 (Figure 9).
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B. Induction of Replication Stress.
In our system, the presence of the yeast cell wall makes the cells impermeable to
aphidicolin, the DNA polymerase inhibitor typically used to induce replication stress
experimentally in mammalian cells (Cooley and Mishra, 2000). Thus, instead of using a drug
to induce replication stress by inhibiting lagging strand polymerases, we control the levels of
polymerase α available to the cells using a galactose-regulatable promoter.
The GAL1/10 promoter is directly fused to the POL1 gene in GAL-POL1 strains so
that the promoter controls the transcription of the polymerase α catalytic subunit, Pol1p
(Lemoine et al., 2005). Varying the amount of galactose present in the media results in
changes in the amount of Pol1p that is transcribed; low levels of galactose (0.005% of the
media volume) result in a decrease in available polymerase due to the decreased transcription
of the Pol1p catalytic subunit to one tenth of the wild type level, whereas high media levels
of galactose (0.05%) result in a three-fold increase in polymerase levels compared to the wild
type polymerase levels (Lemoine et al., 2005).
Low galactose conditions cause a large increase in DNA replication stress compared
to the wild type. High galactose conditions also cause a small increase in DNA replication
stress compared to the wild type due to the excess Pol1p (Lemoine et al., 2005), potentially
due to an imbalance in available polymerase α subunits. However, this effect is small
compared to the magnitude of the DNA replication stress caused by the lack of Pol1p
subunits under low galactose conditions. Lemoine et al. (2005) used an illegitimate mating
assay as an indicator of the effects of replication stress compared to wild-type strains. In this
study, GAL-POL1 strains had a 3-fold elevated frequency of illegitimate mating under high
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galactose conditions and a 210-fold elevated frequency of illegitimate mating under low
galactose conditions.
All GAL-POL1 strains are grown in standard yeast media with high or low galactose
and raffinose (Lemoine et al., 2005) instead of dextrose (Table 3).
C. Overview of Experimental Protocol.
All mitotic recombination experiments were carried out with the same general
protocol. The strain (Y671, Y672, or Y603) was grown on YPR+High Galactose agar plates
then inoculated into a 5 mL YPR+High Galactose liquid culture and grown overnight at 30
°C. During this stage of the experiment, DNA replication is relatively unstressed. The cells
were pelleted, washed with 10 mL of sterile deionized water to remove any galactose present,
then resuspended in 10 mL YPR+Low Galactose liquid media to induce DNA replication
stress. This culture was grown in a shaking incubator at 30 °C for 6 hours. At the end of the
6-hour incubation period, the optical density of a 1:5 dilution of the culture at a wavelength
of 600 nm was quantified with a spectrophotometer. Serial dilutions were made in YPR+Low
Galacose media until a target of 5,000-7,500 cells/mL was reached. 100 µL of this dilution
was plated onto YPR+High Galactose agar plates and grown at 30 °C for 4-5 days until
colonies with good color differentiation appeared. The total number of yeast colonies was
counted by hand and recorded.
D. Identification of Red/White Sectored Colonies.
In order to visually screen for mitotic recombination events, we used a modified
version of a system developed for mapping spontaneous reciprocal crossovers on yeast
chromosome V (Barbera and Petes, 2006). All of our diploids are ade2-1/ade2-1 mutants
and lack an enzyme, ADE2, that functions in the adenine biosynthetic pathway. The Ade2p
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enzyme, also called phosphoribosylaminoimidazole carboxylase, catalyzes the 6th step in the
biosynthesis of purine nucleotides (Saccharomyces Genome Database,
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005654). The ade2-1 mutation
creates an ochre stop codon (UAA) within the ADE2 gene. In addition to being adenine
auxotrophs, these ADE2-deficient cells produce a red intermediate pigment, 5’phosphoribosyl-5-aminoimidazole, that builds up within the vacuole of the cells and causes
the cells to be red in color (Saccharomyces Genome Database).
Our starting diploids all have a gene called SUP4-o on the EAS18-derived homolog
of chromosome III at base pair 273,292 (Figure 9). SUP4-o encodes a transfer RNA that
allows for readthrough of the ochre stop codon, allowing for the production of the Ade2p
enzyme, and therefore synthesis of adenine in ade2-1/ade2-1 mutants (Barbera and Petes,
2006). Ochre stop codons present in other genes in our S. cerevisiae strains may also be
bypassed if SUP4-o is present; however, the ade2-1 and SUP4-o system is well established
and standard for yeast experiments that map mitotic recombination events (Barbera and
Petes, 2006 and Rosen et al., 2013).
Because the SUP4-o gene is hemizygous in our diploid, if a recombination event
occurs during S phase of mitosis within the first few divisions of being plated and this event
affects the SUP4-o locus, it causes a color difference in the resulting daughter cells (Figure
10). The resulting colony has a sectored appearance (Figure 11 and Figure 12).
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Figure 10. Mitotic recombination events and the formation of sectored colonies. Homologous
recombination pathways or loss of the SUP4-o-containing homolog lead to the formation of
sectored colonies if there is loss of heterozygosity (LOH) at the SUP4-o locus (labeled “S”).
In both of the gene conversion examples pictured, LOH occurs, but only those that affect the
SUP4-o locus will generate a sectored colony. Reciprocal crossovers (RCOs) lead to LOH in
both daughter cells 50% of the time; the other 50% of the time, the chromosomes segregate
in a way that there is LOH in neither daughter cell.
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Figure 11. The appearance of sectored colonies varies greatly. Row A represents the
appearance of ideal, obviously sectored colonies, which may appear red/white or red/pink.
Row B represents sectored colonies that may occur if a recombination event happens after
the first cell division after being plated; these are included in the calculated event
frequencies. Row C represents colonies with more than one color which are not further
pursued in our analysis. The leftmost colony is a pink/white sectored colony, which can occur
if the homolog that does not contain SUP4-o breaks, but this is not included due to
inconsistent visualization of this type of event. The other colony type in row C (top view
shown in the center, side view on the right) sometimes occur when the cells at the top of
heterozygous colonies are required to run the adenine biosynthetic pathway more because
they are not in contact with the nutrient medium.
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Figure 12. Examples of sectored colonies on a plate. Colony A is a half red, half white
sectored colony. Colony B is a half pink, half red sectored colony. Two sectored colonies are
shown in image C; the left sectored colony is half red and half pink, and the right sectored
colony is approximately 25% red and 75% pink. The colony in image D is ambiguous, but it
would be selected because there is a color difference that does not appear to be at the top of
the colony. The colony in image E is not a sectored colony; it is light pink with slightly
darker pink near the top of the colony center.
The red pigment in SUP4-o heterozygotes is greatly reduced, but not typically absent;
heterozygotes may be various shades of pink or off-white. Homozygotes with two copies of
SUP4-o typically appear to be brighter white than heterozygotes. Another factor that
contributes to color variation in heterozygotes is varying levels of expression of yeast prion
[PSI+], which also has the ability to cause widespread readthrough of stop codons (Liebman
and Derkatch, 1999). The [PSI+] prion is a misfolded and nonfunctional version of the
release factor protein eRF3, also known as Sup35p, that normally binds to stop codons during
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translation (Liebman and Derkatch, 1999). If levels of eRF3 are low due to infection of the
yeast cells with the [PSI+] prion, stop codons can be read through.
In addition to the red/white and red/pink sectored colonies that we screened for, it is
also possible for pink/white sectored colonies to occur if the homolog of chromosome III
without SUP4-o breaks instead of the homolog with SUP4-o. However, visual distinction
between the pink color of heterozygotes and the off-white color of cells with two copies of
SUP4-o is difficult to detect and easily missed, therefore these events were disregarded and
not included in the calculated frequencies when they were found.
Hereafter, sectored colonies may be referred to as “red/white sectored colonies” for
simplicity even though the majority are some variation of red/light pink sectors. This system
is used for visual screening for events only and color information is not used for further
analysis of the recombination events after identification of sectored colonies.
This system allows us to screen for mitotic recombination events that affect the
SUP4-o locus. We cannot identify mitotic recombination events that do not affect the SUP4o locus, such as the patch gene conversion shown in Figure 10, but this system is immensely
useful because we can compare frequencies between strains in stressed conditions compared
to unstressed conditions. All experiments for this thesis were performed under stressed
conditions because previous work had already extensively showed the difference between
stressed and unstressed conditions on various experimental and control strains in this system
(Rosen et al., 2013).
Once red/white sectored colonies were identified by visual screening, a toothpick was
used to isolate each half of the sectored colony and streak the colony out for pure, single
colonies on YPR+High Galactose agar plates and grown at 30 °C for 3-5 days. It is important

	
  

50	
  

to use a method to consistently identify all sectored colonies so that the results from different
experiments are directly comparable. To avoid underestimation of the number of sectored
colonies, during screening even ambiguous sectored colonies were streaked for isolation.
Colonies with a red dot in the center were not selected, but colonies with a red dot that was
clearly eccentric (Figure 11), and colonies with faint color differences were selected. If the
two halves of a purported sectored colony clearly did not show any color differentiation after
they were isolated and struck out for single colonies, they could potentially be discarded at
this step. If there was any color difference, however slight, then, one single red colony and
one single white colony were selected and expanded on YPR+High Galactose plates.
Glycerol stocks of both halves of each sectored colony were frozen at -80 °C and each was
given a unique name and entered into a mitotic recombination strains log.
It is also important to perform all of the steps up until freezing in a timely manner.
Diploid cells can sporulate in response to nitrogen starvation and nutrient imbalance in the
growth medium over time (Neiman, 2011). Additionally, it is the goal to preserve the initial
recombination event as soon as possible without accumulating other spontaneous mutations
before the colony can be analyzed. As a general rule, after streaking the red and white sides
of sectored colonies, a single colony from each streak was patched on the first day that
colony size and color differentiation was sufficient. If an extra day was necessary, plates
were removed from the incubator and stored at 4 °C for 1-2 days to continue color
development.
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2.3 Analysis of Mitotic Recombination Events
A. Single Nucleotide Polymorphism (SNP) Testing
To analyze the recombination events that occurred in our sectored colonies during
mitosis, we used a modified version of a system developed to map spontaneous reciprocal
crossovers on yeast chromosome V (Lee et al. 2009). The two homologs of chromosome III
in our diploids have a sequence divergence of approximately 0.5% (Wei et al., 2007). We
used nine single nucleotide polymorphisms (SNPs) spread along the chromosome (Table 6)
to create maps of where the chromosomes are heterozygous and where heterozygosity is lost
after a recombination event. This is possible because one homolog will have a restriction
enzyme cut site at a particular SNP locus, whereas the other homolog will not be cut by that
restriction enzyme at the same locus.
Colony PCR was used to amplify a region around a particular SNP, as described in
section 2.1D. There is one primer set used to amplify around each SNP; these primers were
previously developed (Rosen et al., 2013) for other mitotic recombination projects in the lab
(Table 6).
After colony PCR, the appropriate restriction enzyme mix was added directly to the
10 µL volume in the PCR tube. This mix has a 3 µL volume and consists of 1.25 µL sterile
deionized water, 1.25 µL of the appropriate 10X NEB enzyme buffer, and 0.5 µL of the
appropriate restriction enzyme at 10,000 or 20,000 units/ mL (New England Biolabs). For
HinfI, RsaI, and DpnII reactions, there are 5 units of the enzyme in the reaction volume. For
BanI and RsaI reactions, there are 10 units of the enzyme in the reaction volume. The
reaction mixture was incubated at 37 °C overnight to ensure complete digestion of the PCR
product.
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To ensure adequate separation of the product bands, the product is run on a 2%
agarose gel with 0.5X TBE running buffer and visualized with GelRed (Biotium Inc,
Hayward CA). The gels are run at 95 V for 60 to 90 minutes. If three bands are present, the
sample is heterozygous at that SNP. If there is only one band or if there are only two bands,
the sample is homozygous for either the “YJM” YJM789-derived (Wei et al., 2007) or
“SGD” EAS18-derived (Sia et al., 2001) homolog at that SNP locus, depending on which
homolog contains the restriction enzyme site.
A heterozygous control was not included with every round of SNP analysis due to the
sheer volume of colonies analyzed, but the control was run with early gels to help with
interpretation of the band patterns. An incomplete restriction enzyme digest can result in only
one band being present in samples that would have two or three bands had they been fully
digested. However, if this happens, it is very obvious that the pattern does not make sense
during interpretation of the gel results and the sectored colony is re-analyzed. In our
experience, running the restriction enzyme digests overnight instead of over the course of a
few hours is sufficient to avoid this problem. A more common problem is partial failure of
the colony PCR and a complete absence of product bands in some lanes of the gel due to
problems with the boil-freeze step. Any ambiguous, confusing, or missing SNP results are retested.
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Table 6. SNPs used to analyze and map mitotic recombination events on chromosome III.
The homolog listed is the homolog with the restriction enzyme cut site. “YJM” denotes the
homolog derived from yeast strain YJM789 (Wei et al., 2007). “SGD” denotes the homolog
derived from yeast strain EAS18 (Sia et al., 2001).
SNP
Name

Location

SNP 1

120,340

SNP 2

164,273

SNP 3

175,324

SNP 4

193,671

SNP 5

201,157

SNP A

223,672

SNP 6

246,475

SNP 7

289,633

SNP 8

298,875

Forward
Primer
5’-3’

Reverse
Primer
5’-3’

PCR
Product
Size
(bp)
agccggcaaa cactattccggca
452
ttaccaaacc
gctagttgatac
tcgactaaatc
ccaatgatgg
442
gtcgatgctg
gactgggatg
ggcagtaacag aaagtcgtccc
298
gtgcatctacg
acaccctaag
tcacgtcggta
ctttccacgat
351
cttacgaagg
ttgaagacc
tgctgaagtac
gaaccgcatg
428
gtggtgacg
ggcagtttac
taaaccggtc
agacagaacc
369
gggacctatg
ggtccagcag
cgtatcggtcc
tttctcttgcctt
355
ttaaaagtcagc ggtaccttatg
ccgcatacggt gcagttgttgct
466
aaggacagc
gctcaaacg
acgtctgcgg
cctacggtct
353
ctggttgac
tccgcgttg

Restriction
Enzyme
HinfI
MspI
BanI
HinfI
HinfI
DpnII
HinfI
MspI
RsaI

Homolog
Cut/ Cut
Product
Sizes (bp)
SGD
282+170
YJM
288+154
YJM
192+106
YJM
229+122
SGD
250+178
YJM
202+167
YJM
233+100
YJM
284+182
YJM
226+127

SNP 7 (Table 6) is used as an initial screen before the full battery of SNPs is tested. It
is near the location of SUP4-o at base pair 273,292, so it can be used as confirmation that an
event occurred that affected the SUP4-o gene. If both the red and the white half of the
sectored colony are heterozygous at SNP 7, this sectored colony either a false positive in the
visual screening step (e.g. both sides are actually pink), or it could have a point mutation
disrupting the function of the SUP4-o gene. These were not further analyzed and were not
included in the calculation of event frequencies.

	
  

54	
  

B. Analysis of Mitotic Recombination Events
After all nine SNPs were tested for both the red and white half of the sectored colony,
diagrams of the specific mitotic recombination events that occurred were constructed (Figure
13).
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Figure 13. Example SNP diagrams for a BIR event, chromosome loss, and a reciprocal
crossover. Numbers accompanied by circles indicate locations of the 9 SNPs in kb. The red
half of a sectored colony is shown above and the white half is represented below. For each
half of the sectored colony, heterozygosity at a particular SNP locus is indicated by one red
circle and one unfilled circle, two red circles indicates the side of the colony is homozygous
for the YJM789-derived homolog, and two unfilled circles indicates homozygosity for the
other homolog. Flex1 is not present in this strain, and SUP4-o, located 273 kb, is indicated if
it is present.
After all sectored colonies from an experiment were analyzed in this manner, the
frequencies were calculated for total number of events affecting the SUP4-o locus, then
subcategorized into reciprocal crossovers (RCOs), break-induced replication (BIR), and SGD
chromosome loss.
The frequency of chromosome loss and BIR is calculated as the number of these
events that were confirmed, divided by the total number of colonies counted in the
experiment. The frequency of reciprocal crossovers, however, is double the observed number
of RCOs because RCOs that do not lead to loss of heterozygosity at the SUP4-o locus occur
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in equal frequency to those that do based on the probability of random assortment of the
chromosomes during mitotic cell division (Barbera and Petes, 2006).
The frequency of mitotic recombination events and the overall distributions of the
events were compared statistically between the three strains with χ2 contingency tables.
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Chapter 3
Results
3.1 Construction of Experimental Flex1 S. cerevisiae Strains
Experimental diploids were created to investigate whether a flexibility peak from
FRA16D would increase the frequency of mitotic recombination events leading to LOH and
act as a mitotic recombination hotspot. First, the plasmid containing the Flex1 sequence was
transformed into E. coli and the plasmid was harvested from these bacterial strains. All three
plasmid isolates were verified by agarose gel electrophoresis to have the correct number and
size of fragments for both digest reactions before proceeding (Figure 14).

Figure 14. Restriction enzyme digest of 3 plasmid isolates from E. coli isolates containing the
Flex1+URA3+distal yeast target plasmid (Figure 4). Cutting with SacI results in a large
band of approximately 4.8 kb. Cutting with BanI results in 4 smaller bands: 730 bp, 1,097
bp, 1,231 bp, and 1,752 bp.
The 4.8 kb plasmid was then linearized so that it could be transformed into a haploid S.
cerevisiae strain (Figure 15).
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Figure 15. Verification of plasmid linearization. SapI was used to linearize the 4.8 kb
plasmid. The linearized plasmid in the left lane is composed of a 4.5 kb band and a 314bp
band. The uncut plasmid (4.8 kb) runs further on the gel due to supercoiling.
Plasmid digested with SapI was then transformed into haploid S. cerevisiae strain
AMC 333 and the transformants were verified by Colony PCR. Fifteen transformants were
tested, and nine were verified to have the appropriate products with the first two primer sets,
but no product for the third primer set, suggesting successful transformation. In the
untransformed control, the second primer set amplifies a nonspecific product. The size of the
PCR product with the third primer set is off by 200-300 bp from what was anticipated.
However the primers give the anticipated products, and the transformation was later verified
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by sequencing. The first three transformants were selected to proceed with the creation of
diploid yeast strains for experimentation (Figure 16).

Figure 16. PCR to verify correct insertion of Flex1+URA3+distal yeast target construct into
haploid strain AMC 333. Transformed strains show correct product bands (265 bp, 449 bp)
with the first two primer sets. The untransformed AMC 333 control lane shows product with
the third primer set, although it appears to be smaller than the expected size (812 bp), and a
nonspecific product for the second primer set.
After verifying the successful transformation of AMC 333 with the Flex1-(AT)15
construct, the transformed haploid strains were mated to AMC 326 and and verified to be
diploids by mating type PCR (Figure 17). Diploids have product bands for both MAT locus
mating type primer sets.
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Figure 17. Mating type PCR to verify experimental diploids. Diploids were created by
mating haploid strains Y662-Y664 with AMC 326. Diploid strains have both a 593 bp
product with the MATa primer set and a 492 bp product with the MATα primer set. One
isolate from each strain was frozen down and named Y671, Y672, or Y673.
At this point, experimental strains Y671, Y672, and Y673 were constructed and
verified by sequencing (Figure 18). The construction details of the Flex1 scramble plasmid
have been omitted because experiments were not performed on these strains.
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Experimental Strain
Y671
Isolate #2
Sequencing primer:
M13F(-21)

TGAAAAAACC AAGCTCATAG AATAGAAACA
GAGAGTGAGA ATGGTGGTTG CTGGGGCTAG
GGGGTCAGTGA AGTGGGGAGG TGTTGATCTA
AGGGTTCAAA CTTCTCGTTA ATAATAAACC
AGTTCTGGAG ATCTAATGTA CAGCATGAGT
GGTGATGGAT GTGTTAATTA ATTCGATTGT
GATAATCATTA CACAATGTAT ATAGTAATCA
AATCATTACT TTATAGACCC TGAATATATT
CAATATTTATT TTTCAATTAT ATATATATAT
ATATATATAT ATATATATTT AAAGCTGTCA
TGGAAAG (310 bp)

Figure 18. Representative chromatograph and sequence from experimental strain Y671
isolate #2. The forward sequencing primer M13F(-21) was used for this reaction. For each
yeast strain (Y603, Y671, Y672, and Y673), 4 isolates were sequenced with two primers. Data
obtained for all strains was of a similar quality and indicated that the flexibility peak Flex1
sequence was present in all strains with the AT repeats intact. Only one isolate, Y673 isolate
#2, had any variation in the Flex1 sequence, with one additional AT repeat.
It is apparent that the entire Flex1 sequence is intact in all three of our experimental
yeast strains, and the 15 consecutive AT repeats are undisrupted. Y673 isolate #2 is 312 bp
long and has a single additional AT repeat compared to the other isolates, but this is not
likely to be a characteristic feature of this strain as the other three isolates of the same strain
are unaltered from the original sequence. All chromatograms obtained from the sequencing
reactions are of a similar quality to Figure 18 and are unambiguous.
3.2 Results of Mitotic Recombination Experiments.
Mitotic recombination experiments were performed on experimental Flex1 diploid
Y671, the replicate experimental Flex1 diploid Y672, and the isogenic control diploid
lacking Flex1, Y603. 15,264 total colonies were plated for experimental strain Y671 and 44
sectored colonies were analyzed. 15,004 total colonies were plated for experimental strain
Y672 and 114 sectored colonies were analyzed. For the Y603 control strain, 19,885 total
colonies were plated and 51 sectored colonies were analyzed.
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A. SNP Testing.
After mitotic recombination experiments were performed, sectored colonies were
analyzed to determine the types of events that led to loss of heterozygosity at the SUP4-o
locus. Each sector was initially screened for differences at SNP 7, which is close to the
SUP4-o locus. Then, sectored colonies were analyzed with a panel of 8 SNPs (Figure 19).

Figure 19. Representative SNP testing gel. This gel shows SNP 1-8 results for two sectored
colonies, SC 1188 and 1189, with a heterozygous control (Y672). The number below each
SNP designation is the location of the SNP along chromosome III (kb). These sectored
colonies are from Y672 Low Gal Experiment #1. For each sectored colony, the red half is
analyzed on the left and the white/pink half on the right. Lower case letters denote
interpretation of the gel; h= heterozygous, y= homozygous for YJM789-derived homolog
(Wei et al., 2007), s= homozygous for SGD (EAS18)-derived homolog (Sia et al., 2001). SNP
7 is tested before this step on a separate gel.
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Figure 19 is a representative example of a fully interpretable SNP testing gel that
shows unambiguous banding patterns. The experimental diploid Y672 was run as a
heterozygous control for comparison. In the gel shown, product was not obtained for SNP1 in
the control lane due to failure of the reaction in that tube, but it is evident that the other
samples tested are heterozygous at SNP1 based on the banding patterns.
The results of this analysis were used to construct diagrams of the events that
occurred in the formation of the sectored colony. SC 1187 (Figure 20) is an example of
chromosome loss. It is more likely that the entire SGD (EAS18-derived) homolog on the red
side was lost than just the right arm of the chromosome; telomere capping of a deletion that
occurred before SNP 1 at 120 kb is not common. BIR events that occurred between the
centromere at base pair 114,501 and the first SNP at base pair 120,340 cannot be excluded,
however. SC 1188 (Figure 21) is an example of break-induced replication (BIR). In this case,
the BIR occurred after SNP 1 at 120 kb and before SNP 2 at 164 kb, leading to loss of
heterozygosity on one side of the sectored colony. SC 1189 (Figure 22) is an example of a
crossover without associated gene conversion. In this case, loss of heterozygosity occurs on
both sides of the sectored colony. The RCO occurred between SNP A at 223 and SNP 6 at
246. There is no detectable gene conversion tract associated with this RCO, but many RCOs
are also associated with gene conversion. Gene conversion tracts that occur completely
between 2 of the 9 SNPs used cannot be detected.
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Figure 20. Representative chromosome loss SNP diagram of Chr. III constructed from a gel
and representation of a sectored colony showing loss of Chr. III on the red side. Numbers
indicate locations of the 9 SNPs in kb. For each half of the sectored colony, heterozygosity at
a particular SNP locus is indicated by one grey circle and one unfilled circle, two grey
circles indicates the side of the colony is homozygous for the YJM789-derived homolog, and
two unfilled circles indicates homozygosity for the other homolog. Flex1 at 216 kb and
SUP4-o at 273 kb are indicated if they are present.
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Figure 21. Representative BIR SNP diagram of Chr. III constructed from a gel and
representation of a sectored colony showing BIR on the red side. Numbers indicate locations
of the 9 SNPs in kb. For each half of the sectored colony, heterozygosity at a particular SNP
locus is indicated by one grey circle and one unfilled circle, two grey circles indicates the
side of the colony is homozygous for the YJM789-derived homolog, and two unfilled circles
indicates homozygosity for the other homolog. Flex1 at 216 kb and SUP4-o at 273 kb are
indicated if they are present.
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Figure 22. Representative RCO SNP diagram of Chr. III constructed from a gel and
representation of a sectored colony showing a RCO leading to LOH on both sides. Numbers
indicate locations of the 9 SNPs in kb. For each half of the sectored colony, heterozygosity at
a particular SNP locus is indicated by one grey circle and one unfilled circle, two grey
circles indicates the side of the colony is homozygous for the YJM789-derived homolog, and
two unfilled circles indicates homozygosity for the other homolog. Flex1 at 216 kb and
SUP4-o at 273 kb are indicated if they are present.
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B. Totals for Mitotic Recombination Experiments.
Reported below are the total number of events analyzed for the mitotic recombination
experiments with control strain Y603 and experimental strains Y671 and Y672, as well as the
frequencies of these events (Table 7). The data from multiple experiments are statistically
combined for analysis of each strain. Y671 and Y672 are intended to be identical
experimental strain replicates, but the data for these strains are reported separately because
the strains were generated independently.
Table 7. Number and frequency of mitotic recombination events observed in strains Y603,
Y671, and Y672 under replication stress (Low Galactose) conditions. Frequencies are
reported x10-5. Data from multiple experiments were combined to obtain the totals for each
strain. The frequency of reciprocal crossovers is calculated as 2*(number of RCOs
detected/total number of colonies). The number in parenthesis is the 95% confidence
interval. The number in brackets is the fold change from strain Y603.
Strain/ Description
Y603- Control
Y671- Flex1
experimental strain
#1
Y672- Flex1
experimental strain
#2

Total
colonies
(n)
19,885
15,264

Total
sectored
colonies
51
44

15,004

114

Strain
Y603
Y671
Y672

	
  

Number of Sectored Colonies
RCO
BIR
Chrom.
Local
loss
GC
5
4

27
22

18
18

1
0

13

43

54

3

Frequency of Mitotic Events Causing LOH (*10-5)
All
RCO
BIR
Chrom.
Local
Mitotic
loss
GC
Events
282 (230- 50.3 (0136
90.5 (60- 5.00(0320)[1.0] 100)[1.0]
(120130)[1.0] 20)[1.0]
160)[1.0]
314 (210- 52.4 (0144
118 (800
470)[1.1] 180)[1.0]
(120170)[1.3]
160)[1.1]
846 (360173 (0287
360(140- 20.0(01190)[3.0] 290)[3.4]
(120550) [4.0]
40)
440)[2.1]
[4.0]
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19,885 total colonies were screened for control strain Y603 and 51 sectored colonies
resulting from mitotic recombination events that led to loss of heterozygosity were verified.
15,264 total colonies were screened for experimental strain Y671 and 44 sectored colonies
with LOH were verified. 15,004 total colonies were screened for replicate experimental strain
Y672 and 114 sectored colonies with LOH were verified. There was no relative difference in
the frequency of events between control strain Y603 and Y671, but there was a 3-fold greater
number of total events in experimental strain Y672 compared to control strain Y603. There
was a 3.4-fold increase in the number of reciprocal crossovers, a 2.1-fold increase in the
number of break-induced replication events, a 4-fold increase in chromosome loss, and a 4fold increase in local gene conversion events that were large enough to be detected with our 9
SNPs.
C. Analysis of Mitotic Recombination Event Frequencies.
All experiments from each strain were combined for analysis to obtain total numbers
of 15,000 colonies or greater. For each strain, a chi-square analysis demonstrated that there
was no statistical difference across the data from multiple experiments performed on the
same strain, so these experiments could be combined. Data from the experimental strains
Y671 and Y672 were not combined because they were independently generated replicate
strains.
Overall event frequencies between the control strain Y603 and experimental strain
Y671 were not statistically different (χ2=0.22, df=1, p=0.6390). The relative proportions of
RCO, BIR, and chromosome loss were not significantly different between the control strain
and Y671 (Fischer’s Exact probability test, df=2, p=0.9097).
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There was a significant 3-fold difference in event frequencies between the control
strain Y603 and the experimental strain Y672 (χ2=44.96, df=1, p<0.0001). However, the
relative proportions of RCO, BIR, and chromosome loss were not significantly different
between the control strain and Y672 (χ2=3.16, df=2, p=0.206). The relative proportion of
crossovers vs. the other two types of events (BIR and chromosome loss) was also the same
between the control strain and Y672 (χ2=0.00, df=1, p=1).
D. Distribution of Mitotic Recombination Events.
The distribution of break-induced replication events (Figure 23) and reciprocal
crossovers and associated gene conversion tracts (Figure 24) was plotted for each strain. The
location indicated for each BIR event is the last heterozygous SNP; the exact point of loss of
heterozygosity was not precisely determined but it is between the last heterozygous SNP and
the adjacent centromere-distal SNP. The last heterozygous SNP is plotted for RCOs without
gene conversion. For RCOs with associated gene conversion tracts, every SNP crossed by the
GC tract is plotted. For control strain Y603, one GC tract unassociated with a crossover that
extends between 193 kb and 289 kb is included in the plot but not diagrammatically
represented below. For experimental strain Y672, three GC tracts unassociated with RCOs
are included in the plot but not diagrammatically represented below; they extend between
175 kb and 289 kb, 120 kb and 289 kb, and 193 kb and 289 kb, respectively.
The flexibility peak Flex1 does not appear to be a strong mitotic recombination
hotspot for BIR or RCO events. Most of the BIR events observed are clustered at 120 kb in
all three strains (Figure 23). There is no peak clustered around the location of Flex1 at 216 kb
in the experimental strains, but the experimental strains show a small peak of activity
between 175 kb and 201 kb. The RCO events are spread out along the chromosome with no
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obvious peaks of activity that would indicate that Flex1 was a mitotic recombination hotspot
(Figure 23).

Figure 23. The distribution of BIR events along chromosome III in experimental strains Y603
(A), Y671 (B), and Y672 (C) under replication stress conditions. SNP locations denoted are
in kb. The last heterozygous SNP is plotted. The location of Flex1 at 216 kb in the
experimental strains is denoted with a yellow highlight.
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Figure 24. The distribution of RCO and GC events along chromosome III in experimental
strains Y603 (A), Y671 (B), and Y672 (C) under replication stress conditions. SNP locations
denoted are in kb. For RCOs without associated GC tracts, the last heterozygous SNP is
plotted. For RCOs with GC tracts, every SNP crossed by the GC tract is plotted. The location
of Flex1 at 216 kb in the experimental strains is denoted with a yellow highlight. Beneath
each graph, the location each crossover is represented with a black X. Associated GC tracts
are represented with horizontal dotted lines. Multiple RCOs in one location are denoted with
by the number of RCOs at that location in parentheses. GC tracts without crossovers are
counted in the total number of events crossing each SNP but are not represented below the
graph.
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Chapter 4
Discussion
The purpose of this study was 1) to examine whether the Flex1 flexibility peak from
human common fragile site FRA16D is able to induce mitotic recombination events that led
to loss of heterozygosity on yeast chromosome III and act as a mitotic recombination hotspot,
and 2) to attempt to address a broader question about whether flexibility peaks are important
causes of human common fragile site instability.
This study investigated the role of a flexibility peak from FRA16D in inducing
mitotic recombination events in a yeast system. The system used to evaluate this was based
on well-established methods previously developed for inducing replication stress in S.
cerevisiae (Lemoine et al., 2005), screening for mitotic recombination events (Barbera and
Petes, 2006), and analyzing mitotic recombination events (Lee et al., 2009). These methods
were all used in a study of S. cerevisiae yeast native fragile site FS2 (Rosen et al., 2013),
which this study is modeled after.
In a yeast system, native yeast fragile site FS2 was shown to induce mitotic
recombination events and act as a mitotic recombination hotspot (Rosen et al., 2013). FS2
was shown to elevate mitotic recombination under replication stress conditions
approximately 12-fold, and for both BIR and RCO events, the SNPs directly surrounding
FS2 were obviously involved in the majority of these events (Rosen et al., 2013). FS2 is an
example of an unambiguous mitotic recombination hotspot. An extremely strong mitotic
recombination hotspot is characterized by Tang et al. (2011) in a study of trinucleotide
repeats associated with Friedreich’s ataxia. The version of the sequence containing 230
repeats stimulated mitotic recombination events on S. cerevisiae chromosome V nearly
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10,000-fold (Tang et al., 2011). We would not expect this magnitude of a stimulatory effect
with a common fragile site flexibility peak, but we might expect a strong mitotic
recombination hotspot to look similar to the data for FS2 (Rosen et al., 2013).
Three experimental diploid strains were created to test the hypothesis that Flex1 will
induce mitotic recombination events on S. cerevisiae chromosome III and act as a mitotic
recombination hotspot. These strains were intended to be identical and contain the Flex1(AT)15 flexibility peak from human FRA16D; this was later verified by DNA sequencing.
Two of the strains (Y671 and Y672) were used in experiments to analyze mitotic
recombination events causing loss of heterozygosity. An isogenic control strain lacking a
flexibility peak (Y603) was also analyzed.
There was no difference between the overall event frequencies between the control
strain and Y671. There was also no difference in the relative proportions of each type of
event.
In contrast to this, there was a significant, approximately 3-fold difference between
the overall event frequencies between the control strain and Y672. There was no difference
in the relative proportions of each type of event, however. There was also no difference
between the relative frequency of reciprocal crossovers compared to the other types of
mitotic recombination events in Y672 vs. Y603.
Sequencing of the inserted Flex1 flexibility peak confirmed that all of the
experimental strains contain the full 310 bp Flex1 sequence with the stretch of 15
consecutive AT repeats intact. Therefore, if genetic differences between the Y671 and Y672
experimental strains are the cause of the difference in frequency of mitotic recombination
events under replication stress, these differences are not present in the sequence of Flex1.
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Further analysis of the distribution of the locations of the observed events was
necessary to determine whether the slightly increased frequency (approximately 3-fold) in
total mitotic recombination events seen in the Y672 experiments was caused by the
flexibility peak acting as a mitotic recombination hotspot or if it was more likely to be caused
by other, unidentified features of the strain that are irrelevant to the hypothesis being tested.
In all strains, a larger number of break-induced replication (BIR) and chromosome
loss events were observed compared to the number of reciprocal crossovers and detectable
gene conversions (Table 7). It is known that there are a higher than average number of BIR
events on chromosome III compared to chromosomes IV and V (Rosen et al., 2013).
In control strain Y603, the vast majority of BIR events show loss of heterozygosity
between 120 kb and 164 kb, with a few BIR events occurring at more centromere-distal
positions on the long arm of chromosome III (Figure 23). It is clear from the BIR
distributions that our control strain, Y603, is behaving differently than previously published
similar control strains (Rosen et al., 2013). The overwhelming majority of the BIR events
analyzed occurred between 120 kb and 164 kb; this pattern was not seen in a similar control
strain in a previous study, “control strain #3” under no galactose conditions in Rosen et al.
(2013). The control strain in the previous study (control strain #3) is identical to our control
strain Y603 except the previously published control strain #3 has NAT inserted between the
two Ty elements to destabilize FS2 instead of the NAT gene replacing the Ty elements of FS2
entirely. Y603 is intended to be a better control because although the FS2 Ty elements cannot
interact with each other if FS2 is destabilized, they cannot interact with any other regions on
chromosome III if they are deleted. There is no known reason why deletion of the Ty
elements of FS2 would cause an increase in mitotic recombination events. However, our
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control strain Y603 showed a much higher total event frequency than control strain #3, with
nearly a 3-fold increase. In addition, most of our BIR events were relatively close to FS2,
which is located between our SNPs at 164 kb and 175 kb. Because of this, there was some
concern that FS2 was not properly deleted in control strain Y603. However, we verified
again with PCR that FS2 was deleted and replaced with NAT in both of our starting haploid
strains. If there is something that is causing an increase in BIR events between 120 kb and
164 kb, it is not the presence of FS2. Identifying the cause of this problem is beyond the
scope of this report. Our control strain can still be used to compare the event distribution to
our experimental strains to ask whether Flex1 is a strong hotspot for mitotic recombination
events. However, it cannot be said with confidence that Flex1 has no weak hotspot activity
without increasing the sample size to screen more colonies. Previous studies screened at least
30,000 colonies for each strain (Rosen et al., 2013), but it is difficult to assess the degree that
potential mitotic recombination hotspot activity of Flex1 is masked by the high frequency of
BIR events that occur between 124 and 164 kb (Figure 23).
Experimental strain Y671 shows a similar pattern of BIR events to control strain
Y603, with the vast majority of BIR LOH events occurring between 120 kb and 164 kb, and
a smaller number of BIR events occurring at more centromere-distal positions. The position
of the flexibility peak at 216 kb does not appear to be affecting this distribution (Figure 23).
Experimental strain Y672 also shows a similar distribution of BIR events to the control
strain. A large proportion of BIR LOH events occur between 120 kb and 164 kb. There
appears to be a small peak in both experimental strains centromere-proximal to the location
of Flex1, between the SNPs at 175 kb and 201 kb (Figure 23). These events are clearly not
clustered around the flexibility peak at 216 kb. However, they are nearby, and long-range
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resection of the DNA can occur during break-induced replication, making it difficult to
identify the actual break point (Lydeard et al., 2010). The Flex1 region does not appear to be
a strong recombination hotspot leading to BIR events, compared to clear mitotic
recombination hotspots such as FS2 (Rosen et al., 2013). It is possible that it may be a weak
inducer of BIR events at a centromere-proximal location, and the effect is masked by the
large number of events clustered at 120 kb.
Relatively few RCO events are observed compared to BIR and chromosome loss,
with the greatest number of RCO events occurring in experimental strain Y672. It is clear
from the distributions of these RCO and GC events that there is no strong peak of mitotic
recombination events at the SNPs around the location of Flex1 at 216 kb in either
experimental strain (Figure 24). The distributions of RCOs and GC events in Y603 and Y671
appear to be very similar, with a small peak at 201 kb in Y603 that is probably just due to
there being a small number of events; the flexibility peak is not present in this control strain.
In Y672, although there are a greater number of RCOs and GC events than the other two
strains, the distribution of activity is relatively even, without any major peaks.
These results taken together indicate that the Flex1-(AT)15 flexibility peak sequence
does not conclusively induce mitotic recombination events that result in loss of
heterozygosity under replication stress conditions in these experiments. It is unknown why
experimental yeast strain Y672 showed a 3-fold greater frequency in overall mitotic
recombination events compared to experimental strain Y671 and our control strain lacking
the flexibility peak. This could either be due to some extraneous feature of Y672 increasing
the mitotic recombination frequency in this strain or a feature of Y671 suppressing mitotic
recombination events in this strain.
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One major limitation of this study was that we did not perform mitotic recombination
experiments on experimental strain Y673, but testing another independently generated strain
would provide insight into which of these two scenarios is more likely.
Another limitation of this study is that all experiments were performed under
replication stress conditions. However, a comparison of replication stress conditions to nonstressed conditions has recently been conducted in detail in this same yeast mitotic
recombination system by Rosen et al. (2013), and it was a priority to compare strains
containing the flexibility peak sequence and the control strain lacking the flexibility peak
under replication stress conditions. It would have been a better control to also perform
experiments for each strain under non-stressed conditions.
Additionally, previous studies have screened a larger sample size than used in this
study (Rosen et al., 2013). It would have been ideal to increase the sample size to 30,000 or
more total control colonies and 30,000 or more total colonies from each experimental strain,
especially to increase confidence in the significance of peaks seen in the distributions of the
mitotic recombination events. However, the Y603 control strain results obtained here could
not be combined with other Y603 experiments in the lab because the event frequencies
obtained for this strain, calculated after SNP testing, were significantly different between
different lab members (χ2= 18.2, df=1, p=<0.0001). This is largely due to subjective
differences in the criteria for selection of ambiguous sectored colonies (Figure 11). It has
been determined that it is important at this step to either verify initial selection of sectored
colonies with other lab members working with the same strain, or to only compare your own
data between experiments and strains.
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Another limitation of this study is that it is possible to increase the resolution of this
system and further narrow down the location of mitotic recombination events by testing
additional SNPs located between the 9 SNPs described in this report (Rosen et al., 2013).
Using intermediate SNPs would also allow for detection of gene conversion tracts that occur
between the SNPs that we tested; some of the reciprocal crossovers that we interpreted as not
being associated with gene conversion tracts may potentially be associated with short gene
conversion tracts, for instance. It is also possible that some of the events that were classified
as chromosome loss may have been a BIR event that was initiated between the centromere
and the first SNP that we tested. CEN3 is located at 114,385-114,501 bp on chromosome III.
SNP1 is located at base pair 120,340. Any event that occurred between the centromere and
SNP1 is not detectable unless a SNP between the two is tested. Ideally, more SNPs would
have been tested to narrow down the locations of the mitotic recombination events, but time
constraints to complete this project made this unfeasible.
We also created a Flex1 scramble plasmid that could be used to create another
experimental diploid. Experiments using a strain containing the Flex1 scramble sequence
would allow us to distinguish between the potential effects of the overall low GC-richness of
the Flex1-(AT)15 sequence and the order of bases, including the consecutive AT repeats, that
may be likely to form secondary structures under replication stress conditions. If the
scramble sequence does not induce mitotic recombination events that lead to loss of
heterozygosity but the Flex1-(AT)15 sequence does, this would provide additional
information about the types of sequences that are likely to form stable secondary structures
under replication stress.
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Lastly, there was some concern about the orientation of the genes and yeast origins of
replication surrounding the chosen insertion site for the Flex1-(AT)15 construct in our
experimental diploids (Figure 25).

Figure 25. Diagram (not to scale) of a small portion of Chr. III. The genes
immediately surrounding the insertion site of the Flex1 construct (base 216,472), the nearest
yeast origins of replication (green circles) around the Flex1 construct, and the genes
immediately surrounding the SUP4-o locus (base 273,292), are shown. The location of the 3’
ends of genes and the insertion targets are indicated by a 6-digit number (in bp). The
centromere of the chromosome is not shown; it is located at base 114,501.
DNA replication proceeds bidirectionally from the origins of replication. Yeast
origins of replication, known as autonomously replicating sequences (ARSs), could
potentially pose a problem in our experimental strains if URA3 is transcribed in the opposite
direction of replication due to collisions of the replication and transcription complexes. The
two closest yeast origins of replication to the target site are ARS314 (base 197,378-197,609)
and ARS315 (base 224,816-225,061). Yeast origins are spaced approximately every 40-100
kb along the chromosomes on average (Saccharomyces Genome Database). ARS314 is
further away from the target site than ARS315. ARS314 is an inefficient origin of replication,
known to be active in fewer than 10 percent of cell cycles (Saccharomyces Genome
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Database, http://www.yeastgenome.org/cgi-bin/locus.fpl?locus=ARS314). ARS315 is closer
to the target of insertion (approximately 8.3 kb away) and is a highly efficient origin of
replication in S. cerevisiae, active in approximately 90 percent of cell cycles (Saccharomyces
Genome Database, http://www.yeastgenome.org/cgi-bin/locus.fpl?locus=ARS315). Of the
two, ARS315 is more likely to cause a problem.
The closest genes to the insertion target of Flex1 are RSC6 (base 214,994-216,445)
and THR4 (base 216,697-218,214). Both are transcribed in the same direction as the inserted
URA3 gene (Saccharomyces Genome Database,
http://browse.yeastgenome.org/fgb2/gbrowse/scgenome/?name=chrIII). It is unlikely that the
direction of transcription of URA3 would pose a huge problem to replicate given that it is
oriented in the same direction as several nearby genes. There are 5 verified genes between
the target site at base 216,472 and ARS315, and two of these genes are oriented in the same
direction as URA3 (Saccharomyces Genome Database).
In addition, the URA3 sequence used from K. lactis possesses its native promoter,
which is relatively weak and results in the gene not being continuously transcribed.
Compared to a more efficient promoter, the chance that there would be collision between the
replication and transcription machinery within the URA3 sequence is decreased. Overall, it is
not impossible that these types of collisions could happen and its influence cannot be ruled
out, but there are also not strong reasons to suspect that it is a particularly common problem.
There is considerable controversy in the literature surrounding features of common
fragile sites that cause them to be fragile and form breaks under replication stress. Although
it is not possible to conclude that flexibility peaks play no role in the instability of any fragile
site, it should be noted that fragile site FRA16D is one of the best candidates for a common
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fragile site that might be unstable due to sequence features, especially flexibility peaks. Flex1
is a prominent and clearly defined flexibility peak sequence with a twist angle of >16°. If
Flex1 does not induce mitotic recombination events, it is unlikely that less flexible flexibility
peaks with a twist angle of ~13.7° would have an effect. Flex1 was also shown to be deleted
in many cancer cell lines with FRA16D/WWOX deletions (Finnis et al., 2005). However, this
correlation does not show any kind of causative relationship and it may simply be a function
of location within FRA16D.
FRA16D is also a fragile site that is frequently broken in many different types of
cancer cell lines (O’Keefe and Richards, 2006 and LeTallec et al., 2013). This makes it a
better candidate for a fragile site that may be unstable due to sequence features than fragile
sites that are only broken in a few types of cell lines, because fragile sites that are only fragile
in some cell types are more likely to be regulated by contextual epigenetic factors such as
origins of replication.
Zhang and Freudenreich (2007) studied a Flex1 sequence that was inserted into a
yeast artificial chromosome (YAC) and observed that YACs containing the Flex1 sequence
broke more frequently than YACs containing non-flexible DNA under replication stress.
Flex1 also caused replication fork stalling in yeast carrying Flex1-containing plasmid
sequence (Zhang and Freudenreich, 2007). This study is one of the main pieces of
experimental evidence supporting the hypothesis that flexibility peaks are important in
fragile site instability; earlier studies (Mishmar et al., 1998, Zlotorynksi et al., 2003) were
descriptive of flexibility peaks but did not show a causative effect of flexibility peaks in
inducing fragile site breaks experimentally.
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However, in our yeast system, we observed that the same flexibility peak used in the
Zhang and Freudenreich study, Flex1, did not conclusively induce a greater frequency of
mitotic recombination events than the control strain that lacked the flexibility peak or act as a
mitotic recombination hotspot. We do not have conclusive evidence that Flex1 induces the
type of homologous repair events that are likely to be important in common fragile site
instability in human cells, but we can not rule this out based on this study.
Another key piece of evidence for the sequence-based hypothesis for fragile site
instability, although it did not focus on flexibility peaks specifically, was a study of FRA3B
sequence; when the sequence was inserted in ectopic locations, it still exhibited instability
(Ragland et al., 2008). BACs containing control sequence with the same AT-richness as the
FRA3B sequence showed a lower frequency of breaks at ectopic locations than FRA3B
BACs. Interestingly, one of the control BACs used in that study contained four flexibility
peaks (Ragland et al., 2008).
In a study of yeast artificial chromosomes (YACs) carrying sequence inserts from
human FRA3B and FRA7H, breaks were statistically associated with known flexibility peaks
in FRA3B, but not FRA7H (Fitzsimmons, 2013). Studies of a FRA3B flexibility peak in the
mitotic recombination system used in this report are currently underway.
In the case of FRA3B, instability of the fragile site is also clearly cell-type dependent;
FRA3B is not fragile in fibroblasts due to more origins of replication firing during replication
stress, yet it is fragile in lymphocytes due to a paucity of origins of replication (Letessier, et
al., 2011).
In conclusion, the common fragile site FRA16D flexibility peak Flex1-(AT)15 does
not appear to be a hotspot for mitotic recombination events that lead to loss of
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heterozygosity. These results may contradict previous research that suggests that Flex1 may
be an important factor in the instability of common fragile site FRA16D (Zhang and
Freudenreich, 2007).
Factors that contribute to fragile site instability appear to be complex. Although it is
not possible to completely rule out sequence factors as contributors to fragile site instability,
it appears that the majority of evidence in the literature, including this report, suggests that
contextual factors are more important than flexibility peaks and sequence factors in causing
fragile site instability under replication stress.
We also do not fully understand how common fragile site breaks lead to genomic
instability. Instability at human common fragile sites has been associated with early cancer
development (Ozeri-Galai et al., 2012), but how this process occurs mechanistically is
extremely understudied. It is thought that homologous recombination during mitosis may be
responsible for some of these early events that lead to amplifications and deletions of
important cell cycle regulating genes. It is unknown how replication stress occurs in vivo, but
it has been shown that oncogenic activation causes replication stress in preneoplastic cells
and common fragile sites are preferentially affected compared to non-fragile regions of the
genome (Tsantoulis et al., 2008). It is known that under replication stress conditions,
products of double-strand break repair accumulate around common fragile sites (Schwartz et
al., 2005). It is also known that double-strand breaks are typically repaired with homologous
recombination pathways (Llorente et al., 2008). Homologous recombination pathways are
also used to repair stalled replication forks, which are typical features of common fragile
sites (Carr and Lambert, 2014). These pathways may result in loss of heterozygosity during
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mitotic recombination, but mitotic recombination is not well studied in relation to human
common fragile sites.
More studies of the various mechanisms of fragile site instability among different
fragile sites and the relationship between fragile sites and mitotic recombination events that
lead to loss of heterozygosity are necessary to better understand the importance and
regulation of common fragile sites and the implications for cancer development in humans.
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