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Abstract

The Drosophila follicle cell amplicons are a well-established model system of origin firing, and
have been extensively used to investigate the cis and trans-acting elements that govern origin
regulation in metazoan development. Precisely timed origin initiation from defined genomic
locations also has made the amplicons a powerful model system to delineate control of
replication fork progression. We utilized this system to survey fork progression across diverse
genomic positions from amplicons generated at ectopic genomic positions. Comparative genome
hybridization (CGH) analysis reveals fork progression varies with the position of insertion,
indicating fork movement is influenced by sequence, chromatin and/or chromosome architecture.
Additionally, we have developed a slope analysis tool to measure changes in fork progression
between different amplicons, as well as within a single amplified site. Together the CGH survey
and slope analysis can be used to discover positions that are inhibitory to fork progression and
delineate intrinsic sources of fork stalling across the genome. Furthermore, we utilized the
amplicons to investigate the consequences of re-replication on fork stability. We find that
double-strand breaks (DSBs) are generated at positions of active replication forks, supporting the
model that head-to-tail collisions between adjacent replication forks generate DSBs during re-
replication. A single fork collision and collapse event would block all subsequent forks,
suggesting efficient break repair is required for continued fork movement at the amplicons. To
define the pathways responsible for maintaining re-replication fork elongation, we developed the
half-maximum distance analysis to measure global fork progression at each site of re-replication
in the absence of various DNA damage response (DDR) and repair components. We find that
fork progression is reduced in various DDR mutants, suggesting the DNA damage response is
essential to maintain overall fork movement during re-replication. We also have begun to define
the mechanisms of DSB repair during re-replication, and find the preferred pathway is influenced
by repair efficiency and amplicon position. Our analysis thus establishes the Drosophila follicle
cell amplicons as a re-replication model system and suggests that DSB repair pathway choice
during re-replication is governed by genomic position, reaction kinetics and repair pathway
competition.

Thesis Supervisor: Terry L. Orr-Weaver
Title: Professor of Biology



Dedicated to my family
Jeffrey, Becky and Kristen Alexander

And to my best friend
Matt Thoman



Acknowledgments

Thank to my advisor Terry Orr-Weaver for her mentorship and support throughout my time in the lab.
When I first joined Terry’s lab, the idea of pursuing a novel scientific question was both exciting and
daunting, and I often felt I was not capable of leading my own research project. However, through Terry’s
patient guidance I not only learned how to approach scientific problems, but also how to be confident in
my own ideas. This confidence was in large part through Terry’s emphasis on writing and presentation.
Although often stressful at the time, I'm now extremely grateful that I was able to take charge of writing
my own paper and to have had so many opportunities to present my research. I’'m also grateful for the
collaborative research environment that Terry fosters in her lab. I’ve always respected Terry’s philosophy
that each student and postdoc should have complete ownership of their research project, yet at the same
time has established an environment that encourages us to be intellectually involved in all projects going
on in the lab. This balance is not commonly encountered in science, and is one attribute that makes
Terry’s lab such a great place to work and grow intellectually.

I also want to thank my committee members Steve Bell and Adam Martin who both served on my
committee from the beginning of my graduate work. Their advice and input was instrumental in the
direction of my project, and I am very grateful for their continued interest in my research. I also want to
thank Steve for allowing me to be a part of his lab’s weekly meetings and journal clubs. Especially
valuable were the ‘Super Journal Clubs’; I think it’s safe to say that I passed my preliminary exam largely
from what I learned at the Bell lab SJC sessions.

Thank you to all the current and previous Orr-Weaver lab members who I’ve worked with. Each of you
has contributed to my growth as a scientist and helped with my project in some way, from fly genetics to
PCR woes, data analysis and life advice. I owe a great deal of my success in grad school to Jared
Nordman, whose mentorship was instrumental for the development of my project. Thank you to Bory
Petrova, Masatoshi Hara, Jessie Von Stetina, Iva Kronja and Emir Aviles Pagan who not only were
always helpful in the lab, but also are a wonderful group of friends. I want to especially thank Brain Hua
and Belinda Pinto, whose friendship has helped me through the many ups-and-down of grad school.

Grad school has been a rewarding yet challenging time, and I am immensely grateful to all my friends and
family who supported me throughout this process, but also reminded me to step back and enjoy life. A
special thank you to Amanda Bathalon Pouliot, Rachel Hewes, Phyllis Wall, Allie Smith Desjardins and
Kerie Ridlon Larochelle for your many years of friendship, for all the fun you’ve made me have, and for
keeping me grounded during these grad school years. Thank you to my sister and oldest friend, Kristen
Alexander. Your monthly visits to Boston during my time in grad school are memories I will always
cherish. Thank you for always believing that I’'m “wicked smaht” especially when I didn’t feel smart at
all. Above all, thank you for reminding me of where I come from and the person [ want to be.

Thank you to my parents Jeffrey and Becky Alexander. You have always pushed me to be my best
possible self, and have instilled in me the drive I needed to get through grad school. I’ve always been
inspired by your work ethic and determination through adversity, and aspire to live by your example.
Thank you for always believing in me, and for your endless love and support.

Thank you to my best friend and boyfriend Matt Thoman who has been by my side through this
entire ride. Your love, support and friendship has kept me going through grad school and other
difficult times. I still consider convincing you to go out with me in the 9" grade to be of my
greatest accomplishments; little did I know then that you would shape the person I grew up to be.
Thank you for choosing to spend your life with me.



TABLE OF CONTENTS

Chapter One: Introduction 6
Assembly & Structure of the Eukaryotic ReplicationFork .~~~ 7
Impediments to Replication Fork Progression_ 13
Repair of Stalled & Collapsed Replication Forks . 19
Re-replication: How origin deregulation impairs fork integrity 27
Modeling Fork Progression & Re-replication during Drosophila Follicle Cell

APl At ON 33
UMM Y 37
References 38

Chapter Two: Methods for Discovering Positions of Differential Fork Progression 52
Abstract 53
Introduction. 54
Results

A Survey of Replication Fork Progression at Diverse Genomic Positions_____ 57
Characterization of the Amplicon Inversion ocelliless 61

Slope of the Amplification Gradient Identifies Positions of Altered Fork
PO S S 0N 65
Discussion_ 66
Experimental Procedures 72
ACKNOWIedgemMONtS 75
References 75

Chapter Three: Replication Fork Progression during Re-replication requires the DNA

Damage Checkpoint and Double-Strand Break Repair . 80
UMY A Y 81
Results & Discussion

Fork instability and double-strand breaks occur during amplification____ 82
The DNA damage response is essential for fork progression
after re-replication 96
Double-strand break repair is required for continued fork progression
during re-replication 102
CoNCIUSIONS 108
Experimental Procedures 108
Accession Numbers 113
ACKNOWIedgemMeNtS 113
References 113

Chapter Four: Several Mechanisms contribute to Double-Strand Break Repair

during Re-replication 117
Abstract 118
Introduction 119



Results
End-joining repair is required for continued fork progression during

TP I CAtION 122

Repair by homologous recombination inhibits follicle cell re-replication
(oK ProgresSION 127
Fork progression is reduced in two Break-Induced Replication mutants 134
Discussion 134
Experimental Procedures 141
AcCKNOWledgementS 142
References 143
Chapter Five: Conclusions and Perspectives 148
Repair of Re-replication Double-Strand Breaks by Break-Induced Replication 150
Re-replication fork repair by Nonhomologous End Joining (NHEJ) . 158
References 159



Chapter One:
Introduction



Complete and accurate duplication of DNA at each S-phase is required to maintain genome
integrity between cell divisions. This is accomplished by exquisite control of the DNA
replication program at the level of origin firing and coordination with replication fork
progression. Genome stability requires that fork elongation is complete across every
chromosome. However, not all genomic positions are replicated equally. Both DNA damage and
intrinsic properties of the chromosome can slow or prevent passage of the replication fork.
Failure to alleviate these blockades can lead to incomplete genome duplication, resulting in
chromosome breakage, fusions and rearrangements.

Many of the components that constitute the replication fork are well-defined, and recent
proteomics analyses have cataloged fork components during normal elongation as well as stress
conditions. Increasing evidence suggests that replication forks recruit repair components even
during unstressed replication, suggesting this system is well poised to respond to fork
impediments. Despite this, fork collapse and resulting DNA damage are observed under a variety
of conditions that block fork elongation. Although significant advances have been made, the
mechanisms that maintain fork stability and repair damaged forks are still under investigation.
This chapter summarizes the structure of the replication fork, as well as known sources of fork

instability and the mechanisms employed to repair damage generated by fork collapse.

Assembly & Structure of the Eukaryotic Replication Fork

In G1 of the cell cycle, origins of replication are bound by the pre-Replication Complex
(pre-RC). This complex includes the Origin Recognition Complex (ORC), which directly binds
to the DNA (Bell & Stillman 1992), Cdc6, Cdtl and the Mcm2-7 complex (Bell & Dutta 2002).

Cdt1 recruits Mcm2-7 to ORC and Cdc6 bound origins, and in vitro studies show that both Cdc6



and Cdtl quickly disassociate once Mcm2-7 is stably loaded (Ticau et al. 2015). The Mcm2-7
complex is sequentially loaded as a head-to-head double-hexamer onto the double-stranded DNA
(dsDNA) origin to facilitate bi-directional fork movement (Evrin et al. 2009, Remus et al. 2009,
Gambus et al. 2011, Ticau et al. 2015). Once assembled, the origin is said to be licensed.

Replication origin activation in S-phase requires sequential activity of DDK (Dbf4-
dependent kinase) and S-phase CDK to recruit the helicase components and other regulatory
factors that facilitate unwinding and form the replisome (Heller et al. 2011). DDK and CDK
phosphorylation events lead to the recruitment of Cdc45 and the GINS complex (S1d5, Pifl, Pif2
and Pif3), respectively, which together with Mcm2-7 comprise the CMG helicase that unwinds
the double-stranded DNA for replication (Gambus et al. 2006, Moyer et al. 2006, Pacek et al.
2006, Heller et al. 2011). Assembly of the helicase is also dependent on the regulatory
components Sld2, S1d3, S1d7 and Dbp11 in budding yeast and TopBP1/Mus101, RecQL4/RecQ4
and Treslin/Ticrr in higher eukaryotes; together with the CMG and Pole, these components
comprise the pre-Initiation Complex (pre-IC) (Tanaka and Araki 2013).

Another essential replication factor is Mcm10; however its role in origin activation remains
controversial. Some studies show that Mcm10 is not essential for CMG assembly, but is required
for DNA unwinding at the origin (van Deurson ef al. 2012, Kanke et al. 2012, Watse et al.
2012). However, recent studies show that Mcm10 directly binds to Mcm2-7 (Douglas and
Diffley 2016) and facilitates separation of the Mcm2-7 double-hexamer (Quan et al. 2015).
Additionally, Mcm10 was shown to promote association of Cdc45 and GINS with Mcm2-7 in
early S-phase, suggesting it may coordinate helicase assembly and activation (Perez-Arnaiz ef al.
2016).

Assembly of the pre-IC and origin melting is accompanied by activation of the CMG



helicase and polymerase recruitment. Helicase activation requires that the Mcm2-7 complex
transition from encircling double-stranded DNA (dsDNA) as part of the pre-RC (Evrin et al.
2009, Remus et al. 2009) to single-stranded DNA (ssDNA) as part of the replication fork (Fu et
al. 2011). The CMG helicase translocates along the leading strand, supporting a model in which
the DNA is unwound by steric exclusion from the Mcm2-7 central channel (Fu et al. 2011). The
exposed ssDNA on the lagging strand is coated by RPA (Adachi & Laemmli 1992, 1994). This
allows Pola-primase to associate (Tanaka & Nasmyth 1998, Mimura et al. 2000, Walter and
Newport 2000) and synthesize 8-15 nucleotide long RNA primers (Conway & Lehman 1982 [1],
[2]).

Replacement of Pola-primase by Pold is mediated by PCNA loading (Johnson & O’Donnell
2005). PCNA binds to Pold and Pole and enhances their processivity by preventing diffusion
away from the replication fork (Tan et al. 1986, Prelich et al. 1987, Lee et al. 1991, Maga &
Hiibscher 1995, Einolf & Guengerich 2000). The chemistry of nucleotide synthesis necessitates
that nucleic acids are synthesized in the 5° to 3’ direction. Therefore, whereas the leading strand
is continuously replicated, the lagging strand is replicated piecemeal in 100-400 nucleotide units
called Okazaki fragments that are then ligated together (Okazaki et al. 1968, Johnson &
O’Donnell 2005). Pole replicates the leading strand (Pursell et al. 2007), and Pold is recruited
after origin unwinding to replicate the lagging strand (Nick McElhinny ef al. 2008). Replication
of the leading and lagging strands are coordinated with helicase unwinding in a large protein
complex called the replisome; together the replicating DNA and replisome constitute the

replication fork (Fig. 1) (Johnson & O’Donnell 2005).



Figure 1. Summary of the Eukaryotic DNA Replication Fork

Cdc45, Mcm?2-7 and GINS complex comprise the CMG helicase that unwinds the double-
stranded DNA. Leading strand synthesis is shown on top and is accomplished by Pole. Lagging
strand synthesis is depicted below. Pola-primase synthesizes 8-15 nucleotide long RNA primers
along the lagging strand. Synthesis of the lagging strand is performed by Pold. PCNA binds to
Pold and Pole to enhance processivity. The nucleosome remodelers FACT and ASF1 bind to
Mcm2-7 to coordinate removal of nucleosomes with the oncoming replication fork. ASF1 also
cooperates with CAF-1 to deposit new H3-H4 tetramer behind the elongating fork. (Illustration

by Steven Lee/graphiko.com).
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Fork progression must also be coordinated with disassembly of nucleosomes ahead of the
fork and re-establishment of nucleosomes and the chromatin state on newly synthesized DNA.
Nucleosome deposition is coordinated with fork elongation by interactions between histone
chaperones and fork components (Shibahara & Stillman 1999, Moggs et al. 2000, Groth et al.
2007, Huang et al. 2015). The CAF-1 chaperone binds PCNA and deposits newly synthesized
H3-H4 tetramers (Smith & Stillman 1989, Shibahara & Stillman 1999, Moggs et al. 2000,
Winkler et al. 2012). Transport of new H3-H4 dimers to CAF-1 at the fork involves several
chaperones, including ASF1, which directly binds CAF-1 and H3-H4 dimers (Mello ef al. 2002,
English et al. 2006, Natsume et al. 2007). ASF1 also interacts with the Mcm2-7 helicase via an
H3-H4 bridge (Groth et al. 2007, Jasencakova et al. 2010, Huang et al. 2015), and it can deposit
H3 variants as well as canonical H3 (Huang et al. 2015). ASF1 binds histones with modifications
associated with parental and newly synthesized H3, suggesting it may evict old histones ahead of
the fork as well as bring in new ones (Groth ef al. 2007, Jasencakova et al. 2010). The histone
chaperone FACT binds to Mcm2-7 (Gambus et al. 2006, Tan et al. 2006), as well as Pola
(Wittmeyer & Formosa 1997); this chaperone is involved in nucleosome remodeling and
displaces H2A-H2B dimers from nucleosomes ahead of the replication fork (Winkler ef al. 2011,
Tsunaka et al. 2016). Numerous other chaperones also are involved in building nucleosomes, as
well as re-establishment of chromatin marks on newly synthesized histones (Alabert & Groth
2012).

In the past five years, several methodologies have been developed for the capture of active
replication forks and assessment of associated protein components (Sirbu et al. 2011, Kliszczak
et al. 2011, Lopez-Contreras et al. 2013, Sirbu et al. 2013, Alabert et al. 2014). Isolation of

proteins bound to nascent DNA (iPOND) and DNA-mediated chromatin pulldown (DM-ChP)
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use the thymidine analog EdU and click chemistry (Salic & Mitchison 2008) to pulldown DNA
fragments into which EdU is incorporated (Sirbu ef al. 2011, Kliszczak et al. 2011). Short pulses
of EdU followed by fixation allows selective pulldown of components at active replication forks
(Sirbu et al. 2011, Lopez-Contreras et al. 2013, Sirbu et al. 2013). An EdU pulse followed by a
thymidine chase resulted in pulldown of mature chromatin marks and the responsible remodelers
(Sirbu ef al. 2011, Lopez-Contreras et al. 2013). Additionally, iPOND analysis of forks in the
presence of HU detected known checkpoint proteins at stalled forks (Sirbu et al. 2011, Sirbu et
al. 2013). When fork collapse is induced by long HU exposure or ATR knockdown, high levels
of double-strand break (DSB) repair components are pulled down (Sirbu et al. 2011, Sirbu et al.
2013). A similar approach termed nascent chromatin capture (NCC) incorporates biotin-dUTP
rather than EdU into replicating DNA (Alabert et al. 2014). Combining these techniques with
mass spectrometry methods has allowed for proteomics analysis of active, stalled and collapsed
replication forks as well as chromatin maturation (Kliszczak et al. 2011, Lopez-Contreras et al.
2013, Sirbu et al. 2013, Alabert et al. 2014). One of many interesting findings of these
experiments is that several checkpoint and repair proteins travel with undamaged replication
forks (Sirbu ef al. 2011, Sirbu ef al. 2013, Alabert et al. 2014). These results suggest that forks
are poised to deal with stalling throughout S-phase. This property may be essential as forks
proceed through difficult-to-replicate regions of the genome, and for timely response to DNA

damage and exogenous fork stress.

Impediments to Replication Fork Progression

Once replication forks are established, there are numerous challenges that the forks may face

before replication is completed. DNA damage such as interstrand crosslinks cannot be unwound,
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and protein-DNA crosslinks form barriers to the CMG helicase (Fu et al. 2011); these lesions
require specialized pathways to repair and/or bypass (Duxin et al. 2014, Zhang et al. 2015).
Other forms of damage, such as UV and MMS-induced damage, block replication and cause
uncoupling of the CMG helicase and polymerases (Byun et al. 2005), similarly to chemical
inhibition of polymerase activity by aphidicolin (Walter and Newport 2000). Additionally, the
dNTP and histone supply must be coordinated with fork elongation for proper S-phase
progression and fork stability (Bonner et al. 1988, Nelson et al. 2002, Mantiero ef al. 2011, Poli
et al. 2012, Mejlvang et al. 2014). It has been shown that disruption of the origin activation
timing program leads to dNTP depletion, causing slowed fork elongation, fork stalling and
checkpoint activation (Mantiero et al. 2011, Poli et al. 2012). These studies highlight the
importance of the replication program in coordinating fork elongation with a steady supply of
raw materials for DNA synthesis.

It has been widely observed that specific regions of the genome are particularly prone to
damage in the presence of replication stress, indicating endogenous characteristics of the DNA
sequence and chromatin structure can be problematic to fork progression; these regions are
termed fragile sites. Fragile sites are formally defined as positions of constriction or breakage on
metaphase chromosomes after exposure to replication stress (Glover et al. 1984), and can be sub-
divided into rare (RFCs) and common fragile sites (CFSs). CFSs are positions that exhibit
fragility across most individuals of a population, and the frequency of breakage is referred to as
CFS expression (Debatisse et al. 2012). It is thought that CFSs are inherently difficult to
replicate, as CFS expression is seen when the ATR checkpoint is inhibited in the absence of
exogenous stress (Casper et al. 2002). Similarly, replication slow zones (RSZs) in yeast are

prone to fork stalling and DNA breaks in the absence of the ATR homolog Mecl (Cha &
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Kleckner 2002). However, increased stalling fork stalling is not observed across all metazoan
CFSs (Palumbo ef al. 2010, Letessier et al. 2011). Instead, there is a collection of characteristics
that are common but not universal among CFSs: slow fork progression and/or frequent fork
stalling, actively transcribed genes during replication, late replication timing and lack of
replication origins (Debatisse et al. 2012, Ozeri-Galai et al. 2012).

Various forms of repetitive DNA can form DNA secondary structures in the single stranded
DNA formed on the lagging strand during replication, which blocks the replication fork (Mirkin
& Mirkin 2007). Slow replicating CFSs contain AT-dinucleotide repeats (Reid et al. 2000,
Zlotorynski et al. 2003, Mitsui et al. 2010), which exhibit hyper flexibility and can form DNA
secondary structures at AT-dinucleotide repeats (Mirkin & Mirkin 2007). Replication forks
frequently stall at these AT repeats and lead to DNA breaks in the absence of replication stress,
and stalling is enhanced in the presence of aphidicolin (Zhang & Freudenreich 2007, Shah et al.
2010, Ozeri-Galai et al. 2011). Direct tandem repeats (DTR) are a well-documented source of
inherited chromosome fragility and are the source of RFCs. It has been shown that various
trinucleotide repeats cause fork pausing and reversal at these secondary structures, and pausing
events frequently correspond to break formation (Follonier ef al. 2013, Liu ef al. 2013, Gerhardt
et al. 2014). One extensively studied example is G-quadruplexes (G4’s), highly stable secondary
structures that form at stretches of G-rich DNA. G4’s have been implicated in regulating gene
expression (Maizels and Gray 2013) and origin selection (Besnard et al. 2012, Hoshina et al.
2013, Valton ef al. 2014) in metazoan cells, yet paradoxically pose a threat to genome stability
by blocking replication forks. Replication across G4’s requires specialized helicases such as
FANCIJ (London et al. 2008, Wu et al. 2008, Schwab et al. 2013) and Pifl (Sanders 2010,

Paeschke ef al. 2011, Sabouri et al. 2014).
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Fragile sites are prevalent in Drosophila endocycling tissues. The endocycle is a cell cycle
variant composed of consecutive S and G-phases in the absence of mitosis, resulting in increased
cell ploidy (Spradling & Orr-Weaver 1987). Replication of heterochromatin is actively repressed
during the endocycle (Spradling & Orr-Weaver 1987). This reduces the copy number of
heterochromatic sequences compared the overall cell ploidy, and is known as under-replication.
Certain euchromatic regions are also under-replicated during the endocycle in a tissue-specific
manner (Nordman et al. 2011, Sher et al. 2012). The DNA damage marker YH2Av is present
throughout under-replicated sites of salivary gland chromosomes (Fig. 2A), indicating there is
persistent double-strand break formation at these sites (Andreyeva et al. 2008, Nordman et al.
2014). Additionally, the observation that YH2Av is present across entire under-replicated
domains rather than at the borders indicates that replication forks are not completely blocked, but
destabilized as they progress through these regions (Nordman et al. 2014).

Under-replication is dependent on Suppressor of Under-Replication (SuUR), and SuUR
mutants both restore copy number and alleviate DNA damage (Fig. 2A) (Belyaeva ef al. 1998,
Andreyeva et al. 2008, Nordman et al. 2011, Sher ef al. 2012, Nordman et al. 2014). Although
euchromatic under-replicated regions are tissue-specific, loss of SuUR uniformly restores
replication across all tissues and positions (Nordman ef al. 2011). Fork progression during
follicle cell amplification is also regulated by SuUR (Sher ef al. 2012, Nordman et al. 2014).
Gene amplification occurs at six loci in the follicle cells by repeated origin activation, and
generates a gradient of amplified DNA visible by comparative genome hybridization analysis
(Fig. 2B). Fork movement is enhanced at the amplicons by about 30% in SuUR mutants, whereas

SuUR overexpression nearly halves the distances fork traverse (Fig. 2B) (Nordman et al. 2014).
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Figure 2. SuUR is a Developmentally Regulated to Destabilize Replication Forks

(A) CGH and yH2Av ChIP-seq in Drosophila salivary glands (top) Underreplicated regions
exhibit extensive DNA damage that is dependent on SuUR-mediated fork instability. Copy
number is restored and YH2Av reduced at underreplicated sites in a SuUR mutant. Salivary gland
DNA was hybridized with diploid embryonic DNA to microarrays. ChIP-seq peaks were called
by MACS2.

(B) CGH at DAFC-66D in wild-type and SuUR mutants. Fork progression at follicle cell
amplicons is enhanced in the absence of SuUR (middle) and inhibited in SuUR overexpression
lines (bottom). DNA from stage 13 egg chambers was competitively hybridized with diploid
embryonic DNA to microarrays with approximately one probe every 125bp. The log2 ratio of
stage 13 DNA to embryonic DNA is plotted on the y-axis.

(Adapted from Nordman et al. 2014)
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SuUR is localized to under-replicated regions of salivary gland polytene chromosome
spreads (Andreyeva et al. 2008) and associated with repressive chromatin in Drosophila cell
culture (Filion et al. 2010), suggesting SuUR may block fork progression by promoting a
repressive chromatin state. However, more recent evidence shows that SuUR binds the CMG
helicase component Cdc45 and travels with elongating forks during follicle cell amplification
(Nordman et al. 2014). These results suggest SUUR destabilizes forks rather than acting as a
replication barrier (Nordman et al. 2014). Although full-length SuUR has no known human
homologs, the N-terminus is homologous to the SWI/SNF family ATPase/helicase domain
(Makunin et al. 2002). However, residues essential for ATP binding and hydrolysis are not
conserved. It therefore remains an intriguing possibility that catalytically-dead SWI/SNF

homologs could function in other organisms to developmentally regulate fork progression.

Repair of Stalled & Collapsed Replication Forks

Obstructions to replication fork progression cause fork stalling and increase the likelihood of
fork collapse and breakage. Stalled forks can resume replication once the barrier or fork stress is
alleviated. Replication fork stalling can lead to uncoupling of the CMG helicase and DNA
polymerases (Walter and Newport 2000, Byun et al. 2005). Uncoupling results in extended RPA
tracks on exposed ssDNA and initiates a checkpoint response (Zou & Elledge 2003, Byun et al.
2005). ATR binds to the RPA-coated ssDNA via its binding partner ATRIP (Zou & Elledge
2003). TopBP1 (Mus101 in Drosophila, Dbp11 in yeast) signaling from stalled forks recruits the
Rad9 — Radl — Husl (9-1-1) complex (Yan & Michael 2009), and interaction with Rad9
facilitates activation of ATR by TopBP1 (Kumagai et al. 2006, Delacroix et al. 2007, Lee et al.

2007). iPOND and NCC experiments showed that TopBP1 travels with elongating forks in the
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absence of fork stress (Sirbu et al. 2013, Alabert ef al. 2014), poising it as a first responder to
replication stress. ATR activation leads to phosphorylation of several substrates in the DNA
damage response, including Chkl (Liu et al. 2000, Zou et al. 2002); activated Chkl then
prevents initiation of origins nearby stressed replication forks (Ge & Blow 2010). Loss of ATR
activity in cells exposed to hydroxyurea (HU) was shown to reduce the enrichment of replisome
components on replicating DNA, suggesting the ATR checkpoint stabilizes the fork during
replication stress (Cobb et al. 2003). However, more recent studies reveal the replisome is
maintained on DNA in the absence of the ATR checkpoint (De Piccoli et al. 2012). The authors
find that the GINS subunit Psfl is phosphorylated by ATR in response to HU, and suggest the
checkpoint functions to regulate replisome function rather than stability (De Piccoli et al. 2012).
If stalling is prolonged, the replication machinery can disassemble in a process known as
fork collapse. EM studies in yeast found that HU treatment in the absence of Rad53/Chk2 leads
to the accumulation of ssDNA at replication forks and reversed forks (Sogo et al. 2002). These
reversed forks are known as ‘chicken-foot’ structures. Fork reversal was long thought to be the
result of failed checkpoint response to fork stalling. However, a recent study in human cell
culture demonstrated that fork reversal is a common response to various replication perturbations
when the checkpoint is intact (Zellweger et al. 2015). Fork reversal also is observed at
trinucleotide repeats (Follonier ef al. 2013), suggesting chicken-foot structures can form during
unperturbed replication at hard-to-replicate sequences. Formation of reversed forks is dependent
on PARP-1 regulation of the RECQI helicase, as well as Rad51 (Zellweger et al. 2015). Other
papers have also demonstrated a role for Rad51 and other homologous recombination (HR)
components in fork stabilization independent of DSB repair (Lomonosov et al. 2003, Petermann

et al. 2010, Pathania et al. 2011, Schlacher ef al. 2011, Gonzalez-Prieto et al. 2013, Hashimoto et
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al. 2015). Additionally, proteomic studies of active replication forks found Rad51, BRCA1 and
BRCAZ2, among other repair components, are bound to replication forks in the absence of fork
stalling or collapse (Sirbu et al. 2011, Sirbu ef al. 2013, Alabert ef al. 2014).

When forks cannot be repaired, collapse generates single-sided double-strand breaks (DSB)
that require the DSB repair response. Several components are recruited to the break site upon
DSB formation. Mrel1-Rad50-Nbsl (MRN, MRX in yeast) binds to DSBs and recruits ATM
(Lee & Paull 2005). Inactive ATM forms a dimer; recruitment to DSBs leads to
autophosphorylation and dimer dissociation, activating the kinase activity of the two monomers
(Bakkenist & Kastan 2003). Upon activation, ATM phosphorylates multiple DSB response
targets including Chk2 and H2AX (Rogakou et al. 1998, Ahn et al. 2000, Matsuoka et al. 2000).
The histone variant H2AX (H2A in yeast, H2Av in Drosophila) is phosphorylated in response to
DSB formation up to 50kb on either side of the break in yeast and several megabases in
mammalian cells (Rogakou ef al. 1998, Madigan et al. 2002, Schroff et al. 2004, Iacovoni et al.
2010). The phosphorylated histone is known as YH2AX and serves as a docking platform for
DSB repair proteins (Celeste ef al. 2002, Celeste et al. 2003, Ward et al. 2003).

The cell has multiple pathways to repair DSBs, and pathway decision is ultimately
determined by end resection of the break. Both the phase of the cell cycle and levels of accessory
proteins influence whether nucleases have access to the DSB, thus dictating the repair pathway
winner. During S-phase, when replication forks are actively elongating daughter DNA strands,
S-phase CDK activity promotes break resection (Aylon ef al. 2004, Ferreira & Cooper 2004, Ira
et al. 2004, Bennardo et al. 2008, Yun & Hiom 2009, Chen et al. 2011, Tomimatsu et al. 2014).
CDK promotes activity of the exonuclease CtIP, and with MRN mediates limited resection of the

DSB ends exposing 3’ ssDNA overhangs (Bennardo et a/. 2008, Yun & Hiom 2009). Extensive
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break resection also is mediated by CDK activity via EXO1 (Chen et al. 2011, Tomimatsu et al.
2014). In addition to CDK regulation, resection is dictated by competition between BRCA1 and
53BP1 for access to the DSB. Both BRCA1 and 53BP1 are concentrated at DSBs by YH2AX
(Celeste et al. 2003, Ward et al. 2003), but they also antagonize each other’s recruitment
(Escribano-Diaz et al. 2013). BRCAT1 forms a complex with CtIP during S and G2 and promotes
DSB resection (Yu & Chen 2004, Yun & Hiom 2009, Escribano-Diaz et al. 2013). However,
during G1/GO of the cell cycle 53BP1 prevents BRCA1 and CtIP access to DSBs and thus blocks
resection-mediated repair (Escribano-Diaz et al. 2013). It therefore seems that the antagonistic
relationship between 53BP1 and BRCAL1 helps to integrate cell cycle regulation of DSB repair
pathway choice.

Limited resection by MRN and CtIP commits the break to homologous recombination (HR)
or alternative end joining (alt-EJ) repair pathways (Yun & Hiom 2009, Truong et al. 2013). More
extensive resection by EXO is required for HR repair (Yun & Hiom 2009, Truong et al. 2013).
During HR repair, BRCA2 mediates the recruitment Rad51 and facilitates the replacement of
RPA with Rad51 filaments (Yuan et al. 1999, Moynahan et al. 2000, Jensen et al. 2010, Liu et
al. 2010). Rad51 then mediates the search for homologous sequences and strand invasion
(Mcllwraith et al. 2000), using the homologous strand as a template for repair (Fig. 3).

One subtype of HR is break-induced replication (BIR), in which one end of a broken
chromosome copies a homologous template to the end of the chromosome. The first evidence for
BIR in eukaryotes came from experiments in S. cerevisiae, showing that 35% of DSBs were
repaired in the absence of Rad51 (Malkova et al. 1996). Surviving cells did not show evidence
for traditional HR, but rather became homozygous for markers between the breakpoint and

closest telomere (Malkova ef al. 1996). These repair products supported a mechanism by which
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Figure 3. Pathways of Double-Strand Break Repair

Resection of the DSB commits repair to homologous recombination (HR) or alternative end
joining (alt-EJ) repair pathways. (left) Alt-EJ by microhomology-mediated end joining (MMEJ)
requires Pol 0 align or template short microhomologies, generating deletions and insertions. The
ends are then ligated together by the LigaselIl/XRCCI1 complex. (middle) HR repair requires
BRCA2 to recruit Rad51 and facilitates filament formation along the resected DNA. Rad51
filaments search for homologous sequences and initiate strand invasion to restore the exact
sequence to the break site. (right) Resection is blocked in nonhomologous end joining (NHEJ) by
Ku70-80 binding. The Ku70-80 heterodimer recruits the DNA-PKcs and together this complex
brings the broken DNA ends together. The XRCC4-DNA Ligase IV complex is recruited and

catalyzes DSB ligation. (Illustration by Steven Lee/graphiko.com).
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one end of the DSB is repaired via strand invasion of the homologous template followed by
replication up to 100 kb to the end of the chromosome (Malkova et al. 1996). Later studies
provided evidence for distinct Rad51-dependent and independent pathways (Signon et al. 2001,
Davis & Symington 2004), of which the Rad51-dependent pathway is much more efficient
(Davis & Symington 2004, Malkova et al. 2005). BIR is only preferred over HR repair when
one side of the break shares homology with the repair template (Malkova et al. 2005).

BIR in S. cerevisiae also requires many of the components present at S-phase replication
forks, consistent with the hypothesis that BIR establishes new processive forks for repair. Using
PCR to monitor repair products, it was found that temperature-sensitive mutants in Cdtl, Mcm2-
7, Cdc45, GINS, Dpbll, SId3, Mcm10, Pola and Pold all reduce the efficiency of BIR at the
restrictive temperature (Lydeard et al. 2007, 2010). Absence of PCNA and the clamp loader RFC
also eliminate BIR (Wilson et al. 2013). Although Pole is not required for initiation of BIR, it is
necessary for processive replication (Lydeard et al. 2007). BIR also requires the DDK subunit
Cdc7 (Lydeard et al. 2010); DDK activity recruits Cdc45 and S1d3 to replication origins in G1
(Heller et al. 2011, Deegan et al. 2016), and therefore may have a similar role in recruiting these
fork components during BIR. Interestingly, BIR repair products appear at the same frequency in
the permissive and restrictive temperatures in ORC and Cdc6 temperature-sensitive mutants
(Lydeard et al. 2010). Together, these results support the hypothesis that BIR establishes
processive replication forks in the absence of an origin. In addition to canonical fork
requirements, the appearance of BIR repair products also depends on the nonessential Pold
subunit Pol32 (Lydeard ef al. 2007), and the Pifl helicase is required for long-range synthesis
during BIR (Saini ef al. 2013, Wilson ef al. 2013, Vasianovich et al. 2014).

BIR also was demonstrated in human cell lines under conditions of replication stress,
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suggesting it was used to repair collapsed replication forks (Costantino ef al. 2014). The authors
also found that BIR generated duplications and rearrangements. A model for the generation of
copy number variations proposed a form of BIR that relies on microhomology annealing, termed
microhomology-mediated BIR (MMBIR), in repair of collapsed replication forks (Hastings et al.
2009). MMEJ was later described in budding yeast, and was shown to generate complex
chromosome rearrangements (Sakofsky et al. 2015). Indeed, complex rearrangements and copy
number variations consistent with BIR and MMBIR are observed across human cancers and
other genomic diseases (Hastings et al. 2009).

If only limited resection of the break occurs, alt-EJ can be used to repair the break (Yun &
Hiom 2009, Truong et al. 2013). One form of alt-EJ is microhomology-mediated end joining
(MMEJ), which joins together microhomologies exposed by resection. The broken ends are
efficiently ligated together by Ligase III with its binding partner XRCC1 (Fig. 3) (Liang et al.
2008, Sharma et al. 2015, Lu et al. 2016), but Ligase I can partially compensate for loss of
Ligase III in MME]J repair (Lu ef al. 2016). MMEJ requires DNA Polymerase 0 (Pol 0), encoded
by mus308 in Drosophila (Chan et al. 2010, Kent ef al. 2015, Mateos-Gomez et al. 2015). Pol 0
binds to ssDNA on both ends of a DSB and aligns short 4-10bp microhomology sequences (Fig.
3) (Chan et al. 2010, Kent et al. 2015). Microhomologies also can be generated by Pol 0,
resulting in insertions templated from sequences outside the break site (Chan et al. 2010, Yu &
McVey 2010, Hogg et al. 2012, Kent et al. 2015). MMEJ a highly error prone pathway,
generating deletions and insertions at the break site from microhomology alignment and
extension (Chan ef al. 2010, Yu & McVey 2010, Hogg ef al. 2012, Kent et al. 2015, Mateos-
Gomez et al. 2015).

Nonhomologous end joining (NHEJ) repair directly joins the two broken ends of a DSB,
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often leading to small deletions (Jeggo 1998). The first step in the pathway is Ku70-80 binding
to blunt DNA ends (Fig. 3) (Dvir et al. 1992, Yoo & Dynan 1999, Walker et al. 2001). In
vertebrates, Ku70-80 recruits the DNA-dependent protein kinase catalytic subunit (DNA-PKcs)
to form the DNA-dependent protein kinase (DNA-PK) (Dvir et al. 1992, Gottlieb & Jackson
1993). Ku70-80 binding and DNA-PK activity prevents resection of the DSB (Pierce et al.
2001), thus blocking other repair pathways. Binding of the DSB ends by Ku70-80 and DNA-
PKecs also is required to bring the broken DNA ends in close proximity (Graham ef al. 2016). Ku
binding recruits the XRCC4-DNA Ligase IV complex (Nick McElhinny et al. 2000) which
together with X4 and DNA-PK activity promotes close association of the two broken ends
(Graham et al. 2016). Ligase IV then catalyzes ligation of the DSB ends, and this reaction is
enhanced by XRCC4 (Fig. 3) (Grawunder et al. 1997). NHEJ is active throughout the cell cycle,
but competition from resection-mediated pathways during S and G2 make it more prevalent

during G1.

Re-replication: How origin deregulation impairs fork integrity

Replication initiation is tightly regulated with the cell cycle to ensure each origin fires only
once per cell cycle (Bell & Dutta 2002). In budding yeast, CDK activity prevents re-replication
by inhibiting multiple components of the pre-RC at several levels of regulation. Phosphorylation
of Orc2 and Orc6 by CDK prevents pre-RC formation (Nguyen et al. 2001, Wilmes et al. 2004).
CDK phosphorylation events inhibit Cdc6 transcription (Moll ef al. 1991); direct
phosphorylation of Cdc6 promotes ubiquitination by SCF thus leading to its degradation by the
proteasome from late G1 to S-phase (Drury ef al. 1997, Drury et al. 2000), and then in mitosis

prevents Cdc6 from loading Mcm2-7 (Mimura et al. 2004). Finally, CDK phosphorylation
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exports Cdtl and Mcm2-7 from the nucleus (Labib et al. 1999, Nguyen et al. 2001, Tanaka &
Diffley 2002, Liku et al. 2005). CDK activity also prevents re-replication in metazoans by
targeting multiple pre-RC components, although the mechanisms differ between model
organisms. One common and major regulator of pre-RC activity is Geminin, which binds to and
sequesters Cdtl to prevent Mcm2-7 from being loaded at origins (Wohlschlegel et al. 2000,
Quinn et al. 2001, Tada et al. 2001, Cook et al. 2004). Depletion of Geminin is sufficient to
induce re-replication in Drosophila and human cell culture experiments (Mihaylov ef al. 2002,
Melixetian et al. 2004, Zhu et al. 2004, Zhu & Dutta 2006, Ding & MacAlpine 2010).
Overexpression of its target Cdtl in human cells and Drosophila (Vaziri et al. 2003, Thomer et
al. 2004) and addition of recombinant Cdtl to Xenopus cell extract also causes re-replication
(Arias & Walter 2005, Li & Blow 2005, Maiorano et al. 2005, Davidson et al. 2006).

Origin re-firing in a single S-phase activates the DNA damage checkpoint (Mihaylov ef al.
2002, Vaziri et al. 2003, Melixetian et al. 2004, Zhu et al. 2004, Archambault ef al. 2005, Green
& Li 2005, Li & Blow 2005, Davidson ef al. 2006, Neelsen et al. 2013), generates DSBs (Green
& Li 2005, Davidson et al. 2006, Zhu & Dutta 2006, Finn & Li 2013, Neelsen et al. 2013) and
causes DNA fragmentation (Melixetian ef al. 2004, Green & Li 2005, Davidson et al. 2006,
Neelsen ef al. 2013). Re-replication forks exhibit inhibited elongation and only progress 30-35kb
from the origin (Ngyuen et al. 2001). Consistent with this observation, re-replication doesn’t
result in full replication of the genome and generates cells with ploidies between incremental
doubling values (Melixetian et al. 2004, Zhu et al. 2004, Green & Li 2005, Tanny et al. 2006,
Ding & MacAlpine 2010). If the DNA damage checkpoint is blocked, cells enter mitosis with
partially re-replicated DNA, resulting in cells with sub-G1 ploidy (Mihaylov et al. 2002) and

chromosome breaks and fusions (Melixetian et al. 2004). Origin re-firing within repetitive
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sequences leads to copy number expansions (Green et al. 2010, Finn & Li 2013), and re-
replication near centromeres increases the rate of aneuploidy (Hanlon & Li 2015). These types of
chromosomal aberrations are common across numerous human cancers (Abbas & Dutta 2013).
Additionally, Cdtl overexpression drives oncogenic transformation in cell culture and tumor
formation in mouse models, and it is observed in various human cancers cell lines (Arenstonand
et al. 2002, Karakaidos et al. 2004, Xouri et al. 2004, Seo et al. 2005). Together these
observations strongly suggest that the same mechanisms used to artificially induce re-replication
in the laboratory, as well as the consequences for genome instability, are physiologically relevant
to cancer progression.

DSBs and chromosome fragmentation generated during re-replication are consistent with
predicted products of head-to-tail collisions between adjacent replication forks (Fig. 4)
(Davidson et al. 2006). This is supported by the observation that broken DNA fragments are
generated around an origin after re-replication is induced (Finn & Li 2013). The pattern of repeat
expansion during re-replication also is consistent with a forks-chasing-forks model of DSB
formation (Green et al. 2010, Finn & Li 2013). Such collisions require that re-replication forks
can progress faster along the newly synthesized DNA and thus catch-up with the forks in front
(Davidson et al. 2006). Indeed, nascent DNA 1is in an immature chromatin state for up to 20
minutes after replication that is more susceptible to nuclease degradation (Hildebrand & Walters
1976). Immature chromatin behind the first replication fork could thus be easier to disassemble
as the re-replication forks arrive.

Other data suggest that DSBs formed by re-replication occur in the absence of fork
collisions. RNA1 depletion of Emil in human cells, an APC/C inhibitor that prevents Geminin

degradation during S and G2 (Machida & Dutta 2007), generates ssDNA gaps along the DNA
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Figure 4. The fork collision model of DSB generation by re-replication

Collisions between back-to-back replisomes (green) would generate a double-strand break (DSB)
behind the second replication fork (arrow). (A) A single origin re-initiation event could lead to
DSB formation at a collision site. (B) Multiple origin re-initiations would increase the frequency
of fork collisions and thus the number DSBs formed. Fork collisions are expected to be

stochastic, and may occur at only a subset of forks as shown here.
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before detectable re-replication occurs (Neelson et al. 2013). The authors propose that de-
regulated origin firing leads to unrepaired gaps in the first round of replication, which causes
fork collapse and DNA fragmentation when re-replication forks meet these gaps on the template
strand. Gaps also were reported when recombinant Cdtl was added to Xenopus extracts, however
the appearance of gaps in relation to the onset of re-replication was not reported (Neelsen ef al.
2013). It is therefore possible that the cause of DSBs during re-replication is dependent on the
mechanism and timing of origin deregulation.

The generation of DSBs during re-replication poses the question of how these breaks are
repaired. In Drosophila and human cell culture, Rad51 foci form after Geminin depletion
(Melixetian et al. 2004, Zhu & Dutta 2006), suggesting the HR repair pathway is activated to
repair broken forks. Another study in human cell culture reported 53BP1 foci appear overlapping
with YH2AX when re-replication is induced, suggesting NHEJ repair (Neelson et al. 2013).
However, these studies only report on markers of one repair pathway and do not test whether
there 1s a preferred mechanism of repair. In two human cell culture lines, knockdown of the HR
components Rad51, BRCA1 and CtIP reduced cell proliferation when Cdtl was overexpressed,
whereas knockdown of the NHEJ components Ku70 and XRCC4 had no effect (Truong et al.
2014). Interestingly, knockdown of the MMEJ component Lig3 also reduced proliferation,
although to a lesser extent than HR factors (Truong ef al. 2014). Using GFP reporter constructs
for HR and MME] repair after re-replication, the authors find the percent of GFP positive cells
increases upon Cdtl overexpression; this frequency is not altered by knockdown of Ku70 or
XRCC4, suggesting NHEJ does not compete for repair in these cells (Truong et al. 2014).

In S. cerevisiae, HR pathway mutants rad52 and rad59 are synthetically lethal in re-

replicating strains, as are the three components of the MRX complex mrell, rad50 and
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xrs1(Archambault et al. 2005). In budding yeast, the MRX complex is involved in both NHEJ
and HR repair (D’Amours & Jackson 2002); however, mutations in the NHEJ components
vku70, yku80 and dnl4 (lig4) are viable in re-replicating strains, suggesting MRX is functioning
in HR repair during re-replication (Archambault et al. 2005). Repeat expansion after re-
replication in S. cerevisiae occurs via single-strand annealing (SSA) repair and is genetically
dependent on rad52, radl and msh3, but not rad51 or dnl4 (Green 2010, Finn 2013). The
frequency of re-replication induced aneuploidy is halved in rad52 mutants, and tripled in dn/4
mutants; these results demonstrate that both the HR and NHEJ pathways are active and compete
to repair DSBs generated by re-replication (Hanlon & Li 2015).

Studies from multiple model systems suggest a variety of pathways can be used to repair
DSBs generated during re-replication. Resection-dependent pathways including HR, SSA and
MME]J are the most commonly observed, consistent with re-replication occurring in S and G2
phase of the cell cycle when resection is most efficient (see previous section). However,
signatures of NHEJ repair are also reported (Neelson ef al. 2013, Hanlon & Li 2015). Therefore,
as with general DSBs, pathway choice for repair of re-replication DSBs could be the result of

pathway competition influenced by the cell cycle phase and exonuclease access to the break site.

Modeling Fork Progression & Re-replication during Drosophila Follicle Cell Amplification

The follicle cells of Drosophila melanogaster undergo re-replication from defined origins as
a developmental strategy to enhance gene expression. The follicle cells are somatic cells that
form a single-cell epithelial layer around the nurse cells and oocyte. Together, these three cell
types make up the egg chamber. One of the primary functions of the follicle cells is to produce

and secrete large quantities of eggshell proteins, which is accomplished in just a few hours

33



(Spradling & Mahowald 1979, Waring & Mahowald 1979). To meet protein production demands
the follicle cells increase the copy number of eggshell protein genes by repeated activation of
adjacent replication origins (Spradling & Mahowald 1980). Gene amplification occurs at six loci
in the follicle cells, termed Drosophila Amplicons in Follicle Cells (DAFCs) (Claycomb et al.
2004, Kim et al. 2011). The DAFCs have specific replication origins that utilize the same
machinery as in canonical S-phase (Landis 1997 et al., Landis & Tower 1999, Henderson et al.
2000, Whittaker et al. 2000, Schwed et al. 2002). Bidirectional fork movement away from the
origin produces a gradient of amplified DNA spanning approximately 100kb at each DAFC (Fig.
5) (Claycomb et al. 2004, Kim et al. 2011). Electron microscopy studies demonstrated that re-
replicated DNA is maintained in the chromosome, forming an onion-skin structure (Osheim et
al. 1988). Amplification occurs after follicle cell proliferation has ceased, and therefore onion-
skin structures do not pose a threat to future divisions.

Drosophila egg chambers are divided into 14 developmental stages based on their distinct
morphologies, each of which lasts for a defined period of time. This enables isolation of the
follicle cells at specific times in development by ovary dissection. Over the course of egg
chamber development, the follicle cells undergo two major transitions into alternative cell cycles.
In stages 1-6 they proliferate via the canonical cell cycle. At stage 7 the follicle cells stop
dividing, but enter the endocycle and increase their genome ploidy from 2C to 16C. In stage 10A
the follicle cells cease whole genome replication, and at stage 10B initiate amplification
synchronously throughout all the follicle cells of a given egg chamber (Calvi ef al. 1998).

The precise timing and location of origin firing at the DAFCs enables us to isolate
replication forks at specific points after origin initiation and track their progression in real-time

(Claycomb et al. 2002, Park et al. 2007). Replication forks can be directly visualized by
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Figure 5. CGH Profiles of the Drosophila Follicle Cell Amplicons

CGH of the DAFCs in the wild-type strain OrR. DNA from stage 13 egg chambers was
competitively hybridized with diploid embryonic DNA to microarrays with approximately one
probe every 125bp. Chromosomal position is plotted on the x-axis, the log2 ratio of stage 13

DNA to embryonic DNA is plotted on the y-axis.
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introducing a nucleotide analogue (Calvi et al. 1998, Claycomb et al. 2002), providing the
necessary resolution to measure the distance between forks and observe events occurring at sites
of active replication. Measurements of fork progression in BrdU-labelled follicle cells revealed
that forks move more slowly during amplification than in endocycling or S-phase (Claycomb et
al. 2002), consistent with other re-replication systems (Ngyuen et al. 2001). Fork progression
also can be measured by comparative genome hybridization (CGH), which provides a detailed
view of the gradient of amplification at each DAFC (Claycomb et al. 2004, Kim ef al. 2011). The
shape of the CGH gradient is reflective of replication fork progression, making it a powerful tool
to pick out positions of altered fork progression and compare fork elongation between different

genetic backgrounds.

Summary

Here I present work utilizing the Drosophila amplification system to study fork progression
across diverse chromosome positions and understand mechanisms of fork instability and repair
during re-replication. Taking advantage of the amplification gradients generated by the DAFCs,
we have measured fork progression by CGH at different genomic positions from ectopic
amplicon origins. We have developed two analyses to quantify fork progression for comparison
across different positions and genetic backgrounds: slope analysis and half-maximum distance.
The slope analysis will enable the discovery of sequence and chromatin motifs that alter fork
elongation. The half-maximum distance was used to dissect pathways that maintain fork stability
during re-replication. We show that like other re-replication systems, the DAFCs generate DSBs.
We find that these breaks are located at active re-replication forks, supporting the fork collision

model of DSB generation during re-replication (Fig. 4) (Davidson et al. 2006). Additionally, we
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present evidence that the DNA damage response maintains fork progression during re-
replication. Our results also indicate multiple pathways can repair re-replication DSBs, and the
contribution of each pathway to productive fork progression is influenced by repair kinetics and

restrictions from the developmental timeline.
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Abstract

Replication fork progression must be tightly monitored to ensure complete duplication of the
genome. However, certain sequence and chromatin features are problematic to fork elongation,
creating regions that are prone to fork pausing and collapse. Here we utilize the Drosophila
Amplicon in Follicle Cells (DAFCs) to track fork progression and identify genomic regions that
impede fork progression. Using Comparative Genome Hybridization (CGH) analysis, we
surveyed fork progression across diverse genomic positions from P-element-derived ectopic
DAFCs. This analysis revealed that the size and shape of the amplification gradients are
influenced by the position of insertion, suggesting some sites harbor sequence and/or chromatin
motifs that promote fork instability. An inversion within DAFC-7F, known as the ocelliless
mutation, moves the replication origin to an adjacent cytological position and generates an
ectopic amplicon. CGH reveals fork progression is altered on either side of the inversion
breakpoint, demonstrating both repressed and enhanced fork progression from the origin.
Repressed fork movement across the inverted DAFC-7F region indicates inhibition is not at the
sequence level. To systematically define changes in fork progression, we have developed an
analysis to discover and calculate distinct slopes along the amplification gradients generated
from CGH analysis. Pairing this slope analysis with our collection of CGH data will create a
platform to investigate aspects of the sequence, chromatin and chromosome structure that

promote fork instability.
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Introduction

Replication fork stability is essential to ensure complete genome duplication at each S-
phase. Incomplete replication causes DNA damage resulting in either cell death or chromosomal
aberrations (Ozeri-Galai et al. 2012, Abbass & Dutta 2013, Nordman & Orr-Weaver 2015).
However, specific regions are highly susceptible to fork stalling and DNA breaks, especially in
the presence of replication stress, revealing fork progression is not equal throughout the genome.
These difficult-to-replicate regions are observed as positions of constriction or breakage on
metaphase chromosomes after exposure to replication stress, and are referred to as fragile sites
(Glover et al. 1984). Common fragile sites (CFSs) are positions that exhibit fragility across the
population and the frequency of fragility is termed CFS expression (Debatisse et al. 2012). There
are a variety of features associated with CFS expression including slow fork progression and/or
frequent fork stalling, active transcription during S-phase, late replication timing and lack of
‘back-up’ or dormant replication origins (Debatisse et al. 2012, Ozeri-Galai et al. 2012).
Although not all CFSs exhibit fork pausing rates above the rest of the genome (Palumbo et al.
2010, Letessier et al. 2011), others undergo extensive fork stalling even in the absence of
replication stress and are reliant on the ATR checkpoint to prevent CFS expression (Casper ef al.
2002, Zhang & Freudenreich 2007, Shah et al. 2010, Ozeri-Galai et al. 2011).

Fragility is also a feature of repetitive DNA, which can form secondary structures that block
the replication fork (Mirkin & Mirkin 2007). Frequent fork stalling is observed at both di- and
trinucleotide repeats, which leads to breaks when aggravated by exogenous fork stress (Zhang &
Freudenreich 2007, Shah et al. 2010, Ozeri-Galai et al. 2011, Follonier et al. 2013, Liu et al.
2013, Gerhardt et al. 2014). Repetitive stretches of G-rich DNA can form highly stable G-

quadruplexes (G4’s). Although G4’s appear to play important roles in gene expression and
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metazoan origin selection (Besnard et al. 2012, Hoshina et al. 2013, Maizels and Gray 2013,
Valton et al. 2014), these structures block replication forks and require specialized helicases
including FANCJ and Pifl to maintain fork stability (London et al. 2008, Wu et al. 2008,
Sanders 2010, Paeschke et al. 2011, Schwab et al. 2013, Sabouri et al. 2014).

Fragile sites are generated in Drosophila endocycling cells by a phenomenon termed under-
replication. During the endocycle, replication is repressed across heterochromatic sequences and
tissue-specific euchromatic positions, resulting in reduced copy number at these sites compared
to total cell ploidy (Spradling & Orr-Weaver 1987, Nordman et al. 2011, Sher et al. 2012). The
DNA damage marker YH2Av is present throughout under-replicated sites of salivary gland
chromosomes, highlighting the fragility and wide-spread fork instability throughout these
regions (Andreyeva et al. 2008, Nordman et al. 2014).

Under-replication is dependent on Suppressor of Under-Replication (SuUR). SuUR mutants
both restore copy number and alleviate DNA damage uniformly across all positions of under-
replication in all tissues analyzed (Belyaeva et al. 1998, Andreyeva et al. 2008, Nordman et al.
2011, Sher et al. 2012, Nordman et al. 2014). Additionally, SuUR is recruited to active forks and
regulates their progression during follicle cell amplification (Sher et al. 2012, Nordman et al.
2014). Forks advance about 30% further in SuUR mutants, whereas SuUR overexpression cuts
fork progression nearly by nearly 50% (Nordman et al. 2014). The SuUR N-terminus exhibits
homology to the SWI/SNF family ATPase/helicase domain, but residues essential for ATP
binding and hydrolysis are not conserved (Makunin et al. 2002). This leaves the question of
whether catalytically-dead SWI/SNF homologs have evolved across the animal kingdom to
developmentally regulate fork stability.

The follicle cells of Drosophila melanogaster are an ideal system to study metazoan DNA
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replication that is under tight developmental control. These are somatic cells of the ovary that
secrete large quantities of eggshell proteins in just a few hours. To meet protein production
demands the follicle cells increase the copy number of eggshell protein genes by repeated
activation of adjacent replication origins (Spradling & Mahowald 1980). Gene amplification
occurs at six loci in the follicle cells, termed Drosophila Amplicons in Follicle Cells (DAFCs).
The DAFCs have specific replication origins that utilize the same machinery as in canonical S-
phase (Claycomb & Orr-Weaver 2005). Bidirectional fork movement away from the origin
produces a gradient of amplified DNA spanning approximately 100kb at each DAFC (Claycomb
& Orr-Weaver 2005).

Drosophila egg chambers are divided into developmental stages based on their distinct
morphologies, each of which lasts for a defined period of time. This enables isolation of the
follicle cells at specific times in development by ovary dissection. Origin firing at the DAFCs
begins at a specific stage in development, stage 10B, across all follicle cells of a given egg
chamber in the absence of genome-wide replication (Calvi ef al. 1998). The precise timing and
location of origin firing enables us to isolate replication forks at specific points after origin
initiation and track their progression in real-time (Claycomb ef al. 2002, Park et al. 2007).

Here we utilize ectopic amplicons derived from P-element insertion and inversion of DAFCs
sequences to model fork progression at various chromosome positions. We find that fork
progression does vary with genomic position, and even identical sequences exhibit altered fork
movement when placed at ectopic sites. Additionally, we developed a slope analysis tool that
discovers breakpoints along the CGH gradients in order to systematically define positions of

altered fork progression.
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Results
A Survey of Replication Fork Progression at Diverse Genomic Positions

Follicle cell amplicons were previously generated at ectopic sites by P-element insertion of
the DAFC-66D region encompassing the amplification control element (4CE3) and the origin of
replication (orif) (deCicco & Spradling 1984, Orr-Weaver & Spradling 1986, Orr-Weaver et al.
1989, Carminati et al. 1992). The ACE3 sequence element is sufficient to induce amplification
with the same tissue and developmental specificity as the endogenous locus (Carminati et al.
1992). Each ectopic amplicon line was named for the transgene construct used for P-element
transformation, and multiple insertions of the same transgene were sequentially numbered. For
example, lines A430,5-8 and A;¢Os;-1 were generated from different transgenes, while lines
A10031-1 and A;¢O31-13 were generated from the same transgene inserted at different ectopic
sites. All transgenes contain the rosy gene for a selectable marker. The R7.7 and A4g0s
transgenes were generated from a 7.7kb fragment of DAFC-66D that includes ACE3, orif, and
the chorion genes s/8, s15 and s/9 (Orr-Weaver & Spradling 1986, Orr-Weaver et al. 1989).
S6.9 has a 3.8kb fragment of DAFC-66D containing ACE3, oriff, sI18 and s15 with the E. coli
lacZ gene fused to the 3' untranslated region of s/5 (deCicco & Spradling 1984). The A430:s
transgene is a derivative of R7.7 with the E. coli lacZ gene fused to the 3' untranslated region of
s18 (Orr-Weaver & Spradling 1986). The M9 construct contains a tandem array of nine 440bp
fragments of ACE3 (Carminati et al. 1992).

Previous studies found that the number of origin firings is heavily influenced by the position
of insertion (Orr-Weaver & Spradling 1986, Orr-Weaver et al. 1989, Carminati et al. 1992);
however the extent of replication fork movement was not assessed at different insertion sites. To

investigate how these replication forks progress through ectopic chromatin, we analyzed the

57



amplification gradients of several DAFC-66D transgenes inserted at various positions by
Comparative genome hybridization (CGH). CGH allows us to visualize global replication fork
progression across each of the DAFCs. Follicle cell DNA is labeled and competitively hybridized
to an array containing probes covering the Drosophila genome or specific positions of interest.
The DNA copy number is measured over chromosomal position, providing a detailed view of the
gradient of amplification at each DAFC (Claycomb et al. 2004, Kim et al. 2011). The shape of
this gradient is reflective of replication fork progression. Uninhibited forks can traverse longer
distances before the next origin firing and allows forks to spread out from one another; this
results in a gradual decrease in copy number on the CGH gradient. Conversely, if progression is
impeded then adjacent forks pile up as origin firing continues. This generates back-to-back forks
in close proximity, resulting in a rapid decrease in copy number over short distances. CGH
analysis is therefore a powerful tool to find sites of altered replication fork progression.

CGH analysis revealed that fork progression, like origin firing, varies with the position of
insertion (Fig. 1). However, it is important to note that the size of the gradients is not correlated
with copy number at the origin. We compared the gradients to endogenous DAFC-66D; this
amplicon covers an approximately 150kb region, and copy number decreases symmetrically
within the first 30kb on either side of the origin (Fig. 1, top). There are three major variations in
fork progression: 1) Symmetric fork progression to approximately 50kb from either side of the
center, as seen for M9, A430,3-2 and A430,5-8. Although these gradients are smaller than DAFC-
66D, they are comparable to the other endogenous DAFCs (Kim et al. 2011); 2) Reduced total
fork progression, in which the gradient only spans 50-70kb, in lines A;9Os;-1 and -13. This is
smaller than any of the endogenous sites, revealing these insertion positions are restrictive to

fork progression; 3) Asymmetric fork progression, where copy number decreases more rapidly
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Figure 1. Amplification profiles of ectopic DAFC-66D transgenes

CGH of endogenous DAFC-66D in OrR. DNA from stage 13 egg chambers was competitively
hybridized with diploid embryonic DNA to microarrays containing probes for select genome
regions spaced approximately every 125bp (top). CGH of DAFC-66D transgenes inserted at
various ectopic locations. DNA from stage 16C follicle cells or stage 13 egg chambers was
competitively hybridized to microarrays containing probes for most of the genome spaced
approximately every 250bp. DNA from two different transgene lines were competitively
hybridized to a single array. Gradients in gray were used as the control DNA in the CGH
analysis making the actual CGH values negative. All gradients are displayed as positive to allow
for direct comparison between transgenes. Chromosomal position is plotted on the x-axis, the
log2 ratio of DNA copy number is plotted on the y-axis. Blank spaces in the gradients are

genomic regions for which there are no probes on the CGH array.
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on one side of the gradient than the other. The most striking asymmetry is observed in R7.7-6, in
which copy number drops off sharply to the left while steadily decreasing to the right. Some
asymmetry is also visible in S6.9-5, A430,5-7 and A¢O3;-1.

Collectively, our survey of ectopic amplification gradients has discovered regions that are
restrictive to fork progression. These results suggest that there are sequence, structural and/or
chromatin features inhibit fork movement. Additionally, ectopic amplicons that exhibit
asymmetrical fork progression reveal that localized sequence or chromatin motifs can slow fork

progression directly adjacent to a site that is permissible to fork elongation.

Characterization of the Amplicon Inversion ocelliless

A unique ectopic amplicon was generated by an inversion in DAFC-7F, known as ocelliless.
This inversion was first characterized as female-sterile due to impaired amplification at DAFC-
7F (Spradling & Mahowald 1981). The approximate breakpoints of the inversion were mapped
to DAFC-7F and the adjacent cytological position 84 (Spradling & Mahowald 1979, 1981).
Southern blotting indicated amplification was abolished at endogenous DAFC-7F sequences that
were not disrupted by the inversion, but strikingly the endogenous 84 region adjacent to the
breakpoint now underwent amplification (Spradling & Mahowald 1981). This inversion thus
generates an ectopic amplicon independently of P-element insertion. Amplification levels were
measured across a portion of the ocelliless amplicon (Spradling & Mahowald 1981) revealing
copy number gradually decreases on either side of the origin, as is observed at the endogenous
DAFCs. However, copy number was not measured to the end of the amplification gradient and
thus the extent of fork progression into the 84 region is unknown.

We first mapped the exact inversion coordinates by sequencing across the approximate
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breakpoints and found the inverted sequence spans just over 152kb from chrX: 8,370,443 within
DAFC-7F to chrX: 8,522,653 from region 84. No sequence was recovered from the
approximately 1kb regions chrX: 8,369,604 - 8,370,442 or chrX: 8,522,654 - 8,524,024,
indicating these regions were deleted during repair of the inverted DNA fragment. (All
coordinates are from the dm3 Drosophila genome annotation).

To measure fork progression across the ocelliless amplicon, CGH was done with the above
inversion coordinates included in the analysis. We found that fork movement is altered on both
sides of the gradient. Forks moving into the 84 region reach nearly 100kb distance from the
origin, revealing the first example of enhanced fork progression at an ectopic site (Fig. 2A).
Conversely, the left side of the ocelliless amplification gradient, which contains sequences that
undergo amplification up to 50kb from the origin at the endogenous DAFC-7F, exhibits reduced
fork progression to approximately 25kb in the context of the inversion (Fig. 2A). qPCR revealed
that although the level of amplification is reduced in the inversion, the developmental timing of
origin firing is maintained (Fig. 2B). These results are consistent with previous Southern blot
analysis (Spradling & Mahowald 1980) and confirm that the gradient size is not the result of
delayed origin initiation. Therefore fork movement into the DAFC-7F side of the inversion is
decreased independently of the primary sequence.

Previous genome-wide mapping of the Origin Recognition Complex (ORC) in 16C follicle
cells showed that ORC binds the DAFCs in 10-30kb domains around the amplification peaks
(Kim et al. 2011). We mapped the ORC binding sites in ocelliless follicle cells by ChIP-seq to
test if ORC is also recruited to the inversion over a large binding domain. The inversion
coordinates revealed that the ORC binding domain at DAFC-7F mapped in wild-type OrR (Kim

et al. 2011) is moved to the 84 region in ocelliless; this is consistent with our CGH results and
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Figure 2. Characterization of amplification and fork progression at the DAFC-7F inversion
ocelliless

(A) Amplification gradient and ORC2 binding profile of ocelliless. (top) CGH of OrR at DAFC-
7F is shown with ORC2 ChIP-chip peaks below (Kim ef al. 2011). (bottom) CGH of ocelliless
inversion with ORC2 ChIP-seq peaks below. Inversion breakpoints are shown as red lines with
the exact coordinates written above. DNA from stage 13 egg chambers was competitively
hybridized with diploid embryonic DNA to microarrays with approximately one probe every
250bp. Chromosomal position is plotted on the x-axis, the log2 ratio of DNA copy number is
plotted on the y-axis. MACS was used for ChIP peak-calling with p < 1E-5.

(B) Amplification timing at was measured at the peak of amplification in ocelliless and OrR.
Both profiles correspond to the same origin sequence, which is moved to 84 in ocelliless. Copy
number is relative to the nonamplified polalpha locus in stage 1-8 egg chambers. Error bars are
standard error of three technical replicates.

(C) Amplification gradient of ocelliless (top) and ocelliless; SuUR (bottom). CGH scale is shown
on the left. DNA from stage 13 egg chambers was competitively hybridized with diploid
embryonic DNA to microarrays with approximately one probe every 250bp. Chromosomal

position is plotted on the x-axis, the log2 ratio of DNA copy number is plotted on the y-axis.
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previous findings that amplification is abolished at the endogenous 7F position (Spradling &
Mahowald 1981). The ChIP-seq results reveal that the ORC binding domain is maintained over
endogenous DAFC-7F sequences that are moved in the inversion. Consistent with previous
observations, our results show that both ORC binding (Austin 1999) and developmental timing
of origin firing (Spradling 1981, Kalfayan 1985, Orr-Weaver 1989, Carminati 1992) are
regulated by cis-regulatory elements within the ocelliless inversion.

The ocelliless CGH data show that replication forks move further in the ectopic 84 region
than at the endogenous DAFCs. One possibility is that these forks escape negative regulation by
the fork inhibitor Suppressor of Under-Replication (SuUR). It is interesting that fork progression
is enhanced at 84 in ocelliless to a similar extent as that observed the endogenous DAFCs in a
SuUR null mutant (Sher et al. 2012, Nordman et al. 2014). To test the 84 region escapes SuUR-
mediated repression, we measured fork progression in an oc, SuUR double mutant by CGH
analysis. Consistent with previous observations, fork progression is enhanced equally across the
ocelliless ectopic amplicon (Fig. 2C). This result shows that the enhanced fork movement at §4
is not caused by absence of SuUR, but rather the result of chromatin structure and/or sequence

motifs that permit greater fork progression from the origin.

Slope of the Amplification Gradient Identifies Positions of Altered Fork Progression

Our CGH data from ectopic amplicons across the genome revealed variations in fork
progression at ectopic sites. Additionally, inspection of CGH profiles from the endogenous
DAFCs indicates there are differences in fork progression between these positions. To quantify
fork progression along the amplification gradient, we developed an analysis to measure the rate

of copy number decrease, or slope, along both sides of each amplification gradient. This analysis
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utilizes a regression model with segmented relationships to divide each amplification gradient
into the left and right sides and calculate their individual slopes. We find the slope is not uniform
across all six DAFCs, nor is it equal on either side of the gradient within a single DAFC (Table
1). Moreover, the segmented model can find positions where the slope changes within one side
of the gradient, called breakpoints, and tests the breakpoint significance using the Davies’ test
(Muggeo 2003). This analysis shows that five of the six DAFCs contain breakpoints along one
side of the gradient (Fig. 3, Table 1). A notable example is DAFC-66D, in which the right side of
the gradient can be divided into three distinct slopes (Fig. 3, bottom left). It is striking that a
roughly 5kb region is particularly inhibitory to fork progression, as highlighted by the steep
slope, between two regions of similar fork progression. Together, these results indicate not only
that fork progression varies between the six endogenous DAFCs, but also the forks do not always

move uniformly throughout a single amplified region.

Discussion

The collection of CGH profiles from ectopic amplicons presented here illustrates how
chromosome position influences fork progression. Analysis of both sequence and chromatin
elements at these ectopic sites will shed light on characteristics of hard-to-replicate regions and
potential replication barriers. The ocelliless CGH profile reveals a striking asymmetry in fork
progression on either side of the origin not seen for any of the ectopic amplicons generated by P-
element insertion. The observation that the endogenous DAFC-7F sequences exhibit reduced
fork progression in the context of the inversion suggests slow fork movement in this region is
caused by some aspect of the chromatin or the chromosome architecture. Additionally, forks

moving into the ectopic 84 region do not appear to experience the same restrictions as those on
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Table 1. Slo

pes and breakpoints along the six DAFCs from OrR 16C follicle cell CGH data

DAFC Left slope (copy | Right slope (copy Location of Slopes between

number/position) | number/position) | breakpoints with | breakpoints, left
p<0.05 (bp) to right
22B 4.396E-05 -3.258E-05 1881239 1.155E-05
5.488E-05
30B 1.848E-05 -3.741E-05 9574472 -2.153E-05
-7.350E-05
34B 4.845E-05 -4.580E-05 (none)

62D 2.577E-05 -2.850E-05 2243222 5.030E-05
1.531E-05
66D 6.751E-05 -7.892E-05 8745842 -4.713E-05
8752932 -11.86E-05
-5.978E-05
7F 4.872E-05 -5.613E-05 8355576 6.581E-05
-0.1911E-05
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Figure 3. Slope analysis at the six DAFCs from OrR 16C follicle cell CGH data

Each array probe is represented by the center coordinate and plotted against the normalized copy
number, shown by black dots. Red lines show the average regression line for the left and right
sides of the amplification gradient. The segmented regression lines are displayed in blue or green
over the regions of altered slope. Chromosomal position is plotted on the x-axis, the log2 ratio of

DNA copy number (as measured by CGH) is plotted on the y-axis.
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the other side of the gradient. This reveals that fork inhibition is restricted to the region between
the inversion breakpoints. Furthermore, fork movement is enhanced in the 84 region of ocelliless
relative to endogenous DAFCs. Fork progression is increased even more in the absence of the
fork destabilizer SuUR. Therefore increased fork progression in 84 is not due to absence of
SuUR activity, but may be the result of a chromatin and/or sequence landscape that is easier to
replicate through.

CGH profiles of P-element derived ectopic amplicons indicate the position of insertion
influences fork progression. It is possible that some of the observed changes in the CGH
gradients are caused by differences in the transposon constructs. It is important to note that
amplification of the transposons themselves is not included on the CGH gradients. Only
endogenous sequences at the insertion positions contain probes that hybridize to ectopic
amplicons and are visibly amplified after array normalization. Since different ectopic lines were
competitively hybridized and normalized against each other, copy number of DAFC-66D probes
is close to 1 in this array data. S6.9 and A;¢Os3; contain the additional E.coli lacZ sequences,
whereas both S6.9 and M9 constructs are missing large regions of DAFC-66D. It is possible that
these extra and/or deleted sequences could affect forks even as they progress outside of the
transgene sequence, either independently or via interactions with the surrounding insertion site.
A more extensive survey from identical transgenes is required to determine whether fork
progression is influenced solely by insertion position.

The slope analysis presents a powerful tool to quantify and compare fork progression at
different genomic positions, as well as to pinpoint coordinates where fork movement changes.
The breakpoints within the endogenous DAFCs reveal that fork progression can change over

short distances. This is especially apparent for DAFC-66D, which exhibits three distinct slopes
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along a single arm of the CGH gradient. The steepest slope between the first and second
breakpoints spans only 5kb, and is sandwiched between two regions of similarly reduced slope.
This indicates fork progression is strongly inhibited within the Skb window, but forks that escape
this region experience a more permissible environment. This suggests sequence motifs or sudden
changes in the chromatin structure could alter fork movement here. It is possible that DNA
secondary structures cause frequent fork pausing in this region of DAFC-66D, which would
result in the observed steep slope. The six endogenous DAFCs sequences were searched for
predicted G4 motifs (Menendez et al. 2012), but only a few isolated instances were discovered;
no G4’s were predicted in DAFC-66D (data not shown). However, G4’s could be looked for
directly using a specific antibody (Schaffitzel et al. 2001, Biffi et al. 2013) which would reveal
whether these structures form during amplification.

Analysis of fork progression at positions of re-replication presents an interesting opportunity
to study mechanism of chromosome fragility under condition of replication stress. Replication
forks generated during re-replication move only a fraction of the distance covered by normal S-
phase forks (Nguyen et al. 2001), and indeed previous measurements at the DAFCs showed these
forks progress much slower than those generated during endocycles or mitotic S-phase
(Claycomb et al. 2002). Additionally, re-replication during S-phase activates the DNA damage
checkpoint and generates double-strand breaks (Mihaylov et al. 2002, Melixetian et al. 2004,
Zhu et al. 2004, Green & Li 2005, Davidson et al. 2006, Finn & Li 2013, Neelsen et al. 2013),
which were suggested to be the result of collisions between adjacent replication forks (Davidson
et al. 2006). Therefore, genomic positions of slow fork movement are expected to increase the
frequency of collisions, thus exacerbating damage and making such sites especially fragile

during re-replication. The combination of our CGH survey with the slope analysis offers a
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perfectly poised tool to discover sequence and chromatin features that are particularly toxic

during re-replication, as well as under general conditions of replication stress.

Experimental Procedures

Fly Strains

All wild-type measurements were made with the Oregon-R (OrR) strain. DAFC-66D ectopic
amplicon lines were previously described (Orr-Weaver & Spradling 1986, Orr-Weaver et al.
1989, Carminati et al. 1992). The ocelliless stock, oc'/FM7, was obtained from the Bloomington

Stock Center.

Isolation of 16C Follicle Cells by FACS

Follicle cells were isolated as described previously (Lilly & Spradling 1996) with the
following modifications. Ovaries were dissected in Grace’s media while transferring to ice.
Ovaries were digested in Smg/mL collagenase in Grace’s media. The cell pellet was resuspened
in 10pg/mL DAPI in PBS. 16C follicle cells were isolated by FACS using a MoFlo flow

cytometer.

Comparative genome hybridization

Arrays were done from 16C follicle cells isolated by FACS from S6.9-5, R7.7-6, A430,5-8
and M9 ectopic amplicons. Stage 13 egg chambers were hand sorted for the As3025-7, As3O02s-8,
A100s1-1, A19031-13 and ocelliless arrays. Ovaries were dissected from fattened females in
Grace’s media. Approximately 100 stage 13 egg chambers were hand sorted per experiment and

stored at -80'C. OrR embryos were collected for 2 hours and stored at -80'C. Egg chambers were

72



thawed in 300pL ChIP lysis buffer and embryos in 1% SDS in TE. Egg chambers and embryos
were dounced for 10 strokes using a Type B pestle. DNA was fragmented from all follicle cell,
egg chamber and embryo preparations by sonication in a Biorupter300 (Diagenode) at 4 C for 10
cycles of 30sec on 30sec off at maximum power. DNA was digested in 4/ul and Rsal and labeled
using Invitrogen’s BioPrime labeling kit. DNA was hybridized to custom Agilent tiling arrays
with probes approximately every 250 basepairs. For DAFC-66D transgenes, DNA from two
different transgene lines were competitively hybridized to a single array. DNA from ocelliless
stage 13 egg chambers was competitively hybridized with OrR embryonic DNA. Array intensity
was LOESS normalized and smoothed by genomic windows of 1 kb using the Ringo package in

R (Toedling et al. 2007).

Sequencing ocelliless inversion breakpoints

DNA was isolated from whole flies homozygous for oc’. Primers were designed based on
approximate breakpoints determine by restriction site mapping (Spradling & Mahowald 1981).
The wupstream  breakpoint at 7F was amplified using the primers: 5’-
GGACTACAAGTTCGTGGATGAT (forward) and 5-CTCGACGAAGCCTCATAAATAC
(reverse). The downstream breakpoint at 84 was amplified using the primers: 5°—
GAATAATGGCCTGTGTTGAGAC (forward) and 5’-AACACACACGACACAGACAGAC
(reverse). PCR products were purified using the Qiagen PCR purification kit and sent to
Genewiz, Inc. for Sanger sequencing. Sequences were aligned to chromosome X: 8284453 —

8585812 from the Drosophila dm3 genome annotation using DNASTAR Lasergene SeqMan Pro.
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Quantitative real-time PCR

Ovaries were dissected from fattened females in Grace’s media. Approximately 60 egg
chambers were hand sorted from each stage per experiment and stored at -80°'C. Egg chambers
were thawed in 300uL. ChIP lysis buffer and homogenized. DNA was fragmented by sonication
in a Biorupter300 (Diagenode) at 4'C, 10 cycles of 30sec on 30sec off at maximum power. Copy
number was measured by relative quantitative PCR using stage 1-8 egg chambers as the

calibrator sample and the non-amplified polalpha locus as the endogenous control.

ChIP-sequencing

Ovaries were dissected from fattened ocelliless homozygous females in Grace’s media and
fixed in 4% formaldehyde for 15 minutes. A total of 3,000 stage 10 egg chambers were sorted by
hand and stored at -80°C. To isolate follicle cell nuclei, egg chambers were resuspended in
500uL. mHB buffer (0.34M sucrose, 15.0 mM NaCL, 60.0 mM KCL, 0.2mM EDTA, 0.2mm
EGTA, 0.5% NP-40, 0.15mM spermidine, 0.15mM spermine). Egg chambers were dounced 10
strokes and filtered with 40pm nylon filter and spun for 5 minutes at 500 x g (Lui ef al. 2012).
The follicle cell nuclei pellet was suspended in 300puL. ChIP lysis buffer (50mM HEPES/KOH
pH 7.5, 140mM NaCl, Imm EDTA, 1% Triton X-100, 0.1% Na-Deoxycholate). Chromatin was
fragmented by sonication in a Biorupter300 (Diagenode) at 4'C for 30 cycles of 30sec on 30sec
off at maximum power. Supernatants were incubated overnight in 1:250 anti-dmORC2 serum
(Steve Bell). Chromatin was pulled down with Dynabeads magnetic beads (1:1 ratio of A and G
beads, ThermoFisher Scientific). Crosslinks were reversed by overnight incubation in 1% SDS at
65'C overnight, and DNA isolated by phenol-chloroform extraction. Libraries were made using

the NEBNext Ultra DNA Library Prep (#E7370) according to the manufacturer’s instructions.
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Libraries were sequenced on the Illumina Hi-Seq 2000. Peaks were called using MACS with p <

1E-5 and FDR < 5%, normalizing to input.

Slope analysis

Segmented regression analysis was used to find breakpoints along the left and right sides of each
DAFC from OrR 16C follicle cell CGH data (Kim et al. 2011). Each probe along the
amplification gradients was assigned a single genomic coordinate at the center of the probe. The
CGH value, or DNA copy number, for each probe was plotted against the center coordinate.
Every DAFC was divided into left and right sides using a regression model with segmented
relationships, as implemented by the R package 'segmented'. Each side of the DAFC was then
examined for potential breakpoints, as indicated by a change of slope, again using a segmented
model. Davies' test was used to assay the significance (p<0.05) of any potential breakpoint, after

which the slope on each side of the breakpoint was calculated (Muggeo 2003).
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Summary

Replication origins are under tight regulation to ensure activation occurs only once per cell
cycle (Bell & Dutta 2002, Abbas & Dutta 2013). Origin re-firing in a single S-phase leads to the
generation of DNA double-strand breaks (DSBs) and activation of the DNA damage checkpoint
(Mihaylov et al. 2002, Melixetian et al. 2004, Zhu et al. 2004, Green & Li 2005, Davidson et al.
2006, Abbas & Dutta 2013). If the checkpoint is blocked, cells enter mitosis with partially re-
replicated DNA that generates chromosome breaks and fusions (Melixetian et al. 2004). These
types of chromosomal aberrations are common in numerous human cancers, suggesting re-
replication events contribute to cancer progression. It was proposed that fork instability and
DSBs formed during re-replication are the result of head-to-tail collisions and collapse of
adjacent replication forks (Davidson et al. 2006). However, previously studied systems lack the
resolution to determine whether the observed DSBs are generated at sites of fork collisions. Here
we utilize the Drosophila ovarian follicle cells, which exhibit re-replication under precise
developmental control (Spradling & Mahowald 1980, Calvi et al. 1998, Claycomb & Orr-
Weaver 2005) to model the consequences of re-replication at actively elongating forks. Re-
replication occurs from specific replication origins at six genomic loci, termed Drosophila
Amplicons in Follicle Cells (DAFCs) (Claycomb et al. 2004, Claycomb & Orr-Weaver 2005,
Kim et al. 2011). Precise developmental timing of DAFC origin firing permits identification of
forks at defined points after origin initiation (Claycomb et al. 2002, Park et al. 2007). Here we
show that DAFC re-replication causes fork instability and generates DSBs at sites of potential
fork collisions. Immunofluorescence and ChIP-seq demonstrate the DSB marker yH2Av is
enriched at elongating forks. Fork progression is reduced in the absence of DNA damage

checkpoint components and nonhomologous end-joining (NHEJ), but not homologous
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recombination. NHEJ appears to continually repair forks during re-replication to maintain

elongation.

Results & Discussion

Fork instability and double-strand breaks occur during amplification

Drosophila marks DSBs by phosphorylation the H2Av histone tail, forming yH2Av
(Madigan et al. 2002), which can therefore be used to monitor DSB generation. The nuclear
localization of YH2Av was visualized by immunofluorescence in amplifying follicle cells using a
phospho-specific antibody. Follicle cells were co-labeled with the thymidine analog ethynyl
deoxyuridine (EAU), which specifically marks the DAFCs due to the absence of genome-wide
replication (Calvi et al. 1998, Claycomb et al. 2002). Drosophila egg chambers are divided into
developmental stages based on their distinct morphologies, each of which lasts for a defined
period of time. This enables isolation of the follicle cells at specific times in development by
ovary dissection. Origin firing at the DAFCs begins at stage 10B across all follicle cells of a
given egg chamber (Calvi ef al. 1998). At this stage EdU is visible in single foci corresponding
to each DAFC origin and the surrounding forks (Fig. 1A, C) (Calvi et al. 1998, Claycomb et al.
2002). By stages 12 and 13, the origin of the most highly amplified site, DAFC-66D, no longer
fires, but existing replication forks continue to travel; this results in the resolution of two
adjacent EdU foci around the DAFC-66D origin, called the double-bar structure (Claycomb et al.
2002). (Fig. 1A, F).

We found that intense YH2Av staining directly overlaps with sites of EdU incorporation in
all amplifying follicle cells observed (Fig. 1B-G). In stage 10B when replication forks have just

begun to progress away from the origin, YH2Av was already visible at each EdU focus (Fig. 1B,
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Figure 1. Markers of DNA damage and replication fork stress co-localize with sites of re-
replication.

(A) The onion skin model of amplification. EAU is drawn in red overlaying sites of actively
replicating DNA. EdU labeling during origin initiation and fork progression in stage 10B results
in incorporation throughout the amplicons (left). In stage 13 when forks continue to progress
without further origin firing events, EdU incorporation gives rise to the double-bar structure
(right).

(B-G) Immunofluorescence images of stage 10B (B-D) and 13 (E-G) follicle cell nuclei reveal
the double-strand break marker yYH2Av (D, G) co-localizes with EAU (C, F). As forks progress in
stage 13 and EdU incorporation forms the double-bar structure (F), the YH2Av signal also
resolves into to double-bars (G). This co-localization pattern was present in every follicle cell
nucleus of every egg chamber observed (53 stage 10Bs and 49 stage 13s). (B, E) Merged image
with EdU is shown in red, YH2Av in green, DAPI in blue. Each image is a single plane of a
follicle cell nucleus. The prominent EQU focus corresponds to DAFC-66D (arrows). Scale bars,
Ipm.

(H-M) RPA immunofluorescence reveals direct overlap with EdU in stage 10B (H-J) and 13 (K-
M) follicle cells. RPA follows the pattern of fork progression highlighted by EdU, resolving into
a double-bar structure in stage 13 (M). This co-localization pattern was present in every follicle
cell nucleus of every egg chamber observed (51 stage 10Bs and 60 stage 13s). (H, K) Merged
image with EdU is shown in red, RPA in green, DAPI in blue. Each image is a single plane of a
follicle cell nucleus. The prominent EAU focus corresponds to DAFC-66D (arrows). Scale bars, 1

um.
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D). Strikingly, in stage 13 YH2Av resolved into a double-bar pattern overlapping EdU (Fig. 1E,
G). These results demonstrate that DSBs are generated during amplification. Additionally, the
resolution of YH2Av into double-bars in stage 13 strongly suggests that DSBs are occurring at
the active replication forks and that these breaks are repaired as the forks progress.

The YH2Av localization pattern was confirmed using a second antibody (Fig. 2A) (Lake et
al. 2013). The antibody specificity was verified in H2Av*“" mutant follicle cells, in which the
only form of H2Av expressed lacks the phosphorylation site (Clarkson et al. 1999). No YH2Av
signal was detected during any stage of amplification in H24v*" follicle cells (Fig. 2B). To
confirm the observed DNA damage was not generated by EAU incorporation, follicle cells were
co-labelled for YH2Av and the DAFC fork marker DUP (Fig. 2C) (Claycomb et al. 2002). Here
YH2Av signal overlapped with DUP as single foci in stage 10B and double-bars in stage 13, as
was seen with EdU.

To determine if the YH2Av signal at the DAFCs is generated by DSBs or single-stranded
DNA (ssDNA), staining was done in follicle cells lacking ATR and ATM activity (Fig. 2D-F).
Both activated kinases phosphorylate H2Av; ATR is activated in response to extended RPA
tracks on ssDNA, whereas ATM is specifically activated by DSBs (Harper & Elledge 2007). In
the absence of either single kinase, YH2Av localization was the same as in wild-type follicle cells
(Fig. 2E, F). However, when neither kinase was active, YH2Av was completely absent (Fig. 2D).
This demonstrates that both ssDNA and DSBs generate YH2Av during re-replication.

To confirm our results with YH2Av staining, we sought to localize RPA as a second marker
of fork stalling and damage. RPA forms long tracks on single-stranded DNA caused by fork
stalling, as well as after resection of DSBs (Byun et al. 2005, Jazayeri et al. 2006). RPA staining

therefore marks both fork stress and sites of DSB repair. Similar to YH2Av, we found that strong
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Figure 2. yYH2Av and RPA localization are specific to sites of re-replication

(A) Immunofluorescence for YH2Av using a mouse-monoclonal antibody shows the pattern of
co-localization with EdU is nearly identical to that seen with the commercial antibody. YH2Av
stains as a single focus in stage 10B (top right), and again is seen to resolve into double-bars in
stage 13 (bottom right). Merged image with EdU is shown in red, YH2Av in green, DAPI in blue
(left). Each image is a single plane of one nucleus. Scale bars, 2 pm.

(B) yH2Av immunofluorescence in H2Av'" follicle cells using the commercial antibody
displays no signal during amplification. The EdU signal is identical to what is observed in wild-
type follicle cells in both stages 10B (top middle) and 13 (bottom middle), but no YH2Av signal
was detected in this phosphorylation mutant (right). Merged image with EdU is shown in red,
YH2Av in green, DAPI in blue (left). Each image is a single plane of one nucleus. Images were
taken at exposures equal to that of wild-type images (Fig. 1). No signal was detected at higher
exposures (not shown). Scale bars, 2 pm.

(C) Co-immunofluorescence of DUP and YH2Av confirm DSBs track with active replication
forks in the absence of EdU incorporation. Both DUP (middle) and YH2Av (right) form a single
focus in stage 10B (top) and resolve into double-bars in stage 13 (bottom). Merged images with
DUP shown in red, YH2Av in green, DAPI in blue (left). Each image is a single plane of one
nucleus. Scale bars, 2 um.

(D-F) There is no detectable YH2Av signal in the absence of ATR and ATM activity. The
Drosophila homologs of ATR and ATM are mei-41 and tefu, respectively. YH2Av staining was
done in a mei-41 null and fefi temperature sensitive line, mei-41°°; tefu®™. (D) After 24 hours
at the restrictive temperature there is no detectable YH2Av in mei-417°; tefu®™? follicle cells at

stage 10B or 13. (E) mei-417°; tefu™™*/TM3 follicle cells lack ATR activity, but have one
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functional ATM allele. (F) mei-417/FM7; tefu®™* follicle cells lack ATM activity, but have one
functional ATR allele. In both single mutants (E and F) yH2Av staining is visible in the same
pattern observed in wild-type follicle cells, overlapping sites of EAU incorporation. These results
show that both ATM and ATR activity generate YH2Av at the DAFCs, demonstrating YH2Av
marks DSBs and single-stranded DNA at these sites of re-replication. Merged images with EAU
shown in red, YH2Av in green, DAPI in blue (left). Each image is a single plane of two to four
nuclei. Scale bars, 5 pm.

(G) Immunofluorescence in endocycling follicle cells reveals YH2Av is not specific to EdU-
positive cells. Background signal is detected in all endocycling cells regardless of cell cycle
stage (top right). Compare to YH2Av immunofluorescence during re-replication in stage 10B
from the same experiment taken at equal exposures (bottom right). Merged images with EAU
shown in red, YH2Av in green, DAPI in blue (left). Each image is a single plane of three nuclei.
Scale bars, 5 um.

(H) RPA immunofluorescence in endocycling follicle cells reveals this marker does not overlap
with sites of EAU incorporation. Some background signal is observed in all nuclei regardless of
cell cycle stage (top right). Compare to RPA immunofluorescence during re-replication in stage
10B from the same experiment taken at equal exposures (bottom right). Merged images with
EdU shown in red, YH2Av in green, DAPI in blue (left). Each image is a single plane of three to

four nuclei. Scale bars, 5 pm.
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RPA staining directly overlapped with sites of EAU incorporation during all amplification stages
observed (Fig. 1H-M). Additionally, RPA resolved into a double-bar structure in stage 13,
following the pattern of EdU (Fig. 1M). Together the RPA and yYH2Av results indicate
replication forks stall and collapse during re-replication at the DAFCs.

To confirm that the RPA and yH2Av signals observed were not general markers of DNA
replication, we examined staining in earlier follicle cells undergoing S-phase. Prior to the onset
of amplification, the follicle cells undergo three endocycles (Calvi ef al. 1998). The endocycle is
an alternative cell cycle that undergoes consecutive G- and S-phases without an intervening
mitosis. S-phase of the endocycle resembles that of a canonical S-phase in that origins fire only
once per cell cycle, and therefore do not exhibit re-replication (Nordman et al. 2011). Although
diffuse nuclear staining was detected for both RPA and yH2Av, neither signal was specific to
EdU positive cells (Fig. 2G-H). This shows that neither RPA nor YH2Av can be detected at
replication forks during S-phase in the absence of fork stress. There was YH2Av at genomic
regions outside the DAFCs during amplification stages, which was absent in staining controls
(Fig. 2B, D) indicating it is specific and generated in response to DNA damage. The appearance
of YH2Av throughout the nucleus during the endocycles is consistent with previous observations
that DSBs occur in the heterochromatin in follicle cells (Hong ef al. 2007, Mehrotra et al. 2008).
The yYH2Av staining that is not coincident with the amplicons also is at heterochromatin as
evidenced by intense DAPI staining.

To evaluate YH2Av localization at the DAFCs and across the genome at the molecular level,
we analyzed YH2Av enrichment by ChIP-seq. Enrichment was assessed in both stage 10B and 13
follicle cell nuclei to observe changes in YH2Av accumulation at the initial and final points in

amplification. The same ChIP-seq experiment was done from H2Av*¢T follicle cells to control
p q €Xp

89



for non-specific antibody binding (Fig. 4). To determine where YH2Av is enriched along each
DAFC, the position of YH2Av peaks was compared to Comparative Genomic Hybridization
(CGH) analysis from wild-type egg chambers. CGH analysis measures the DNA copy number
over chromosomal position, and demonstrates that fork progression expands the amplification
gradient of each DAFC between stages 10B to 13 (Fig. 3, first and third lines). Comparison of
ChIP-seq with the CGH gradients enabled us to analyze the YH2Av enrichment profile relative to
the active replication forks.

We found that yYH2Av was significantly enriched at all six DAFCs in both stages compared

to enrichment across the genome and in the H24v*"

control (Table 1). The ChIP-seq enrichment
profiles shifted from a single broad region of enrichment in stage 10B to two adjacent peaks on
either side of the origin in stage 13, reflecting the double-bar structure seen by yYH2Av
immunofluorescence at DAFC-66D (Fig. 3, second and fourth lines). Previous analysis of
DAFC-66D measured a 70kb gap between the double-bars by stage 13 (Claycomb et al. 2002),
much larger than the gaps between YH2Av ChIP-seq peaks. However, previous measurements
were made at individual follicle cells, whereas the ChIP-seq data is averaged across 3x10° cells.
Co-localization of YH2Av staining and EdU indicate YH2Av is at active replication forks (Fig.
1E-G). Therefore the reduced double-bar distance measured by ChIP-seq is likely the result of
the large population average.

Interestingly, the resolution provided by ChIP-seq revealed enrichment at DAFC-66D is
resolved into double-bars by stage 10B. In stage 13, the positions are maintained with increased
levels of enrichment. We propose that fork stress and accumulation of DSBs in the double-bar

structure early at DAFC-66D increases the frequency of fork collisions in those same positions.

Therefore YH2Av enrichment is enhanced over the same sequences, rather than spreading away
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Figure 3. yYH2Av enrichment at the DAFCs during re-replication stages.

CGH and yH2Av ChIP-seq from OrR stage 10B and 13 follicle cells at each of the six DAFCs.
Chromosomal position is indicated above each panel. CGH profiles are the log2 ratio (0-5) of
egg chamber to embryonic DNA (first and third lines). ChIP-seq enrichment is the RPM of
ChIP/input (0-26) for 1kb windows sliding every 100bp, and is the geometric mean of two

biological replicates (second and fourth lines). Genomic coordinates are displayed above.
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Figure 4. yYH2Av peaks are specific to the phosphorylated histone

yH2Av ChIP-seq from H2A4v'“" stage 10B and 13 follicle cells at each of the six DAFCs. CGH
data is from OrR stage 10B and 13 egg chambers. Chromosomal position is indicated above each
panel. CGH profiles are the log2 ratio (0-5) of egg chamber to embryonic DNA (first and third
lines). ChIP-seq enrichment is the RPM of ChIP/input (0-26) for 1kb windows sliding every
100bp, and is the geometric mean of two biological replicates (second and forth lines). Genomic

coordinates are displayed above.
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Table 1. YH2Av ChIP-seq enrichment at the OrR DAFCs is significantly different from the

genome and H2A4v'“T DAFCs (Relating to Figure 2)

Enrichment of YH2Av at each DAFC was compared to genome-wide enrichment by taking the

median of the log,(RPM ChIP/RPM input) windows across each individual DAFC and the entire

genome. This analysis was done for OrR and H24v'“" ChIP, stages 10B and 13.

median of log;(RPM ChIP/RPM input) density distributions

OrR stage 10B | H24v"'“" stage 10B | OrR stage 13 | H2Av'“" stage 13
genome 0 -0.04 -0.05 0
DAFC-22B 1.16 -0.50 1.91 -0.24
DAFC-30B 1.94 -0.16 2.69 0.55
DAFC-34B 2.39 0.19 3.51 0.27
DAFC-62D 2.00 0.05 2.79 0.08
DAFC-66D 1.98 0.04 2.98 0.76
DAFC-7F 2.10 0.15 2.92 0.72

*all DAFC medians are significantly different from the genome median
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from the origin between stages 10B and 13. Together our ChIP-seq and cytological results
demonstrate extensive fork stalling and DSBs occur at the active replication forks during re-

replication.

The DNA damage response is essential for fork progression after re-replication

DSBs are generated from the earliest point of amplification in stage 10B, yet replication fork
progression is still continues until the end of follicle cell development in stage 13. This suggests
that the DNA damage response (DDR) and DSB repair may be essential for continued fork
movement during re-replication. To test the requirement for repair at active replication forks, we
measured fork progression at the DAFCs in several DDR mutants by Comparative Genomic
Hybridization (CGH) analysis (Chapter2, Fig. 5). The shape of the amplification gradients
generated by CGH is reflective of replication fork progression. A gradual decrease in copy
number indicates uninhibited fork movement, whereas a rapid decrease indicates fork movement
is impeded (Fig. 5A). CGH analysis is therefore a powerful tool to compare fork progression
between different mutant lines. CGH analysis was performed at each site of re-replication except
DAFC-22B; this site is a strain-specific amplicon (Kim ef al. 2011), and therefore could not be
compared across different genetic backgrounds. The number and timing of replication initiation
events was first measured for each mutant by quantitative PCR. None of the mutants analyzed
significantly affected replication initiation (Fig. 5D), confirming that any changes in the
amplification gradients are not due to altered initiation kinetics. Additionally, fork progression
was measured in appropriate controls to rule out changes in fork progression due to differences

in genetic backgrounds (Fig. 6A and 8A).
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Figure 5. Fork progression is reduced in the absence of DDR components.

(A) Blocked fork progression causes adjacent forks to pile up, resulting in close spacing as
demonstrated by the replication forks highlighted in red (top). This is reflected in the CGH
gradient by a sharp decrease in copy number. An example of one such region is highlighted in
red on the wild-type DAFC-66D gradient (bottom).

(B) CGH of DAFC-66D from DDR mutants reveals impaired replication fork progression. DNA
from stage 13 egg chambers was competitively hybridized with diploid embryonic DNA to
microarrays with approximately one probe every 125bp. Chromosomal position is plotted on the
x-axis, the log2 ratio of stage 13 DNA to embryonic DNA is plotted on the y-axis. In all mutants
shown, the amplification gradient exhibits a rapid decrease in copy number compared to the wild
type (top).

(C) The half-maximum distance was calculated in the wild-type and mutant backgrounds for
each DAFC. Each half-maximum value is the average of three biological replicates. Significance
measured by the Dunnett test for multiple comparisons, asterisks indicate p<0.05 and n.s.
indicates not significant.

(D) The level of amplification was measured at the DAFC-66D origin of replication in each DSB
signaling and repair mutant by quantitative real-time PCR. The copy number in stages 10B and
13 egg chambers is relative to the nonamplified rosy locus. Error bars are standard error of three
replicates. None of the mutants were significantly different from the wild type as measured by

the Dunnett test for multiple comparisons.
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Figure 6. CGH reveals impaired replication fork progression at every DAFC in DDR
mutants

(A) The half-maximum distance was calculated in c¢hk2”%/CyO heterozygous siblings of chk2"”
and compared to OrR wild type for each DAFC. All chk2"°/CyO half-maximum distances were
statistically the same as OrR. The chk2"°/CyO heterozygotes are significantly different from
chk2™ at three of the five DAFCs. Significance measured by the Dunnett test for multiple
comparisons, asterisks indicate p<0.05.

(B) DNA from stage 13 egg chambers was competitively hybridized with diploid embryonic
DNA to microarrays with approximately one probe every 125bp. Chromosomal position is
plotted on the x-axis, the log2 ratio of stage 13 DNA to embryonic DNA is plotted on the y-axis.

Copy number decreases more rapidly at all DAFCs in each mutant background compared to wild

type.
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CGH analysis was done for a collection of mutants previously shown to be involved in
various stages of the DDR: H2AV*“", mus101”', chkl' and chk2"® (Madigan et al. 2002, Harper
& Elledge 2007, Kondo & Perrimon 2011). To measure fork progression quantitatively, we
calculated the half-maximum distance for each DAFC from the wild-type and DDR mutant CGH
data. The half-maximum distance is the number of basepairs between the left and right position
of half-maximal copy number. Since inhibited fork movement causes a more rapid decrease in
copy number, a reduced half-maximum distance indicates fork progression is impeded. The half-

maximum distance was significantly reduced at nearly all DAFCs in the H2AV*“", mus10

Iz
grp’ (chkl)" and chk2"® mutant follicle cells (Fig. 5B-C, 6B). Together these results show that
impairing the DNA checkpoint prevents complete fork progression, suggesting that checkpoint-
mediated fork stabilization and repair are utilized during re-replication.

One site, DAFC-30B, does not exhibit a significant decrease in the half-maximum distance
in H24v*“" or chkl’ (Fig. 5C). This site only undergoes two origin firings before the completion
of stage 10B (Claycomb et al. 2004). It is likely that because this site completes re-replication at
the earliest stages, these forks have enough time to repair and progress close to the wild-type
distance by stage 13 even when DDR signaling is dampened.

It 1s well established that activation of Chkl during S-phase prevents late origin firing
(Abbas & Dutta 2013). However, the number of origin firings at each DAFC was unaffected by
loss of Chkl (Fig. 5D). It has been shown that Chk1 does not globally block origin firing, but
rather limits new initiations to origins nearby stressed replication forks (Ge & Blow 2010).

Therefore, it is not surprising that activation of the DNA damage checkpoint does not influence

origin activation at the DAFCs. It is more likely that amplification results from the ability of
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these origins to escape re-initiation controls, rather than inactivity of the DNA damage

checkpoint.

Double-strand break repair is required for continued fork progression during re-
replication

To elucidate the mechanism of repair, fork progression was measured in mutants known to
be defective in specific repair pathways. The half-maximum distance was measured in the null
mutants spnd”” (Rad51 homolog) (Staeva-Vieira et al. 2003) and brca2*? (Klovstad et al. 2008)
to test the role of homologous recombination (HR), and liglV’* (McVey et al. 2008) to examine
nonhomologous end joining (NHEJ) in repair after re-replication. We found that the half-
maximum distance at each DAFC was significantly decreased in ligl?V’*, but not spnd””’ or
brea2®? follicle cells (Fig. 7, 8B). We demonstrated the effect was specific to loss of liglV by
testing the parental strain in which the excision was generated (Fig. 8). These results indicate HR
is dispensable, whereas NHEJ is utilized for DSB repair during re-replication. The dependence
of fork progression on DSB repair machinery further demonstrates that re-replication generates
DSBs at the active replication forks, and these breaks must be repaired for subsequent forks to
continue elongating.

The half-maximum measurements from DDR and /ig/}V mutants show only a 25-30%
decrease in fork progression at each re-replicated site, rather than a complete replication block.
There are two possible explanations for this effect: 1) each signaling and repair component is
required to repair 30% of breaks that form on every copy of re-replicated DNA; or 2) DSBs are
generated on 30% of the amplified strands. The former explanation seems unlikely for this

collection of mutants, which represent diverse functions at different stages of DNA damage
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Figure 7. LiglV is utilized for DSB repair during re-replication.

(A) CGH of DAFC-66D reveals impaired replication fork progression in the /ig/ 1% but not the

spnd®

or brea2®” mutants. DNA from stage 13 egg chambers was competitively hybridized
with diploid embryonic DNA to microarrays with approximately one probe every 125bp.
Chromosomal position is plotted on the x-axis, the log2 ratio of stage 13 DNA to embryonic
DNA is plotted on the y-axis.

(B) The half-maximum distance was calculated in the wild-type and mutant backgrounds for
each DAF'C. Each half-maximum value is the average of three biological replicates. Significance

measured by the Dunnett test for multiple comparisons, asterisks indicate p<0.05. The spnd””

and brca2*° mutants are not significantly different from wild type.
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Figure 8. CGH reveals impaired replication fork progression at every DAFC in a liglV
mutant

(A) The half-maximum distances were calculated in the P-element insertion strain DNL4“"/%%
used to generate /igll’%. The half-maximum distance is significantly different at each DAFC
between the two lines, confirming reduced fork progression in /igl?V’% is not a feature of the
strain background. Significance measured by the Sidak test for multiple comparisons, asterisks
indicate p<0.05.

(B) DNA from stage 13 egg chambers was competitively hybridized with diploid embryonic
DNA to microarrays with approximately one probe every 125bp. Chromosomal position is
plotted on the x-axis, the log2 ratio of stage 13 DNA to embryonic DNA is plotted on the y-axis.

Copy number decreases more rapidly at all DAFCs in the ligl?V'® mutant, whereas spnA”” and

brea2®C resemble the wild-type gradient.
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detection and repair. We therefore prefer the latter argument, which can be explained by
replication fork collisions. Such collision events are expected to be stochastic, and will not occur
at the same position on each copy of DNA in every cell. Additionally, this variation in break
position is averaged across all the copies of amplified DNA in each 16C cell and the
approximately 100,000 cells per CGH experiment, explaining why copy number decreases as a
gradient rather than a sharp drop at sites of damage. In addition to replication fork collision, it is
possible the DAFC replication forks are inherently unstable.

Our results indicate that the NHEJ repair pathway is utilized to maintain fork progression at
the DAFCs, whereas inhibition of HR has no significant effect. These results are supported by a
recent study that found deletions within DAFC-66D from amplification stage follicles, consistent
with end-joining repair (Yarosh & Spradling 2014). HR is often the preferred repair mechanism
when homologous sequences are available to copy (Ciccia & Elledge 2010). The follicle cells
undergo endocycles prior to amplification, increasing the genome ploidy to 16C (Calvi et al.
1998). This increase in genome content, coupled with amplification, provides many identical
copies of the DAFCs available for HR repair. It was thus initially surprising that the follicle cells
instead utilize the mutagenic NHEJ pathway. It is possible that the presence of too many
templates is problematic for HR repair, and generates DNA structures that could actually slow
repair and fork progression. Repair by NHEJ is also much faster than HR (Ciccia & Elledge
2010), allowing the cells to repair the damage as soon as possible so that replication forks can
continue. The presence of multiple broken DNA ends within the DAFCs would also provide
many substrates for NHEJ repair. Additionally, because the follicle cells are sloughed off the
oocyte soon after amplification ends, potential mutations produced by NHEJ will not have

deleterious effects for the organism. We propose that fast kinetics, coupled to the terminal
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differentiation of the follicle cells, make NHEJ the ideal mechanism to repair damage generated

during re-replication.

Conclusions

The gene amplification system is a well-established model of DNA replication. We establish for
the first time that the gene amplification also is ideal to study how DNA damage is generated and
repaired during re-replication. The resolution of the DAFC system enabled us to visualize DSBs
directly at active forks, providing more direct evidence for the cause-and-effect relationship
between re-replication and DSB generation. We show that loss of various checkpoint and repair
components impairs fork progression, illustrating that checkpoint signaling is essential for repair
of forks that are damaged during re-replication. Additionally, we propose that the DAFCs are a
model of general fork instability that can be used to elucidate the pathways responsible for

maintenance of fork progression under replication stress.

Experimental Procedures

Fly Strains

All experiments were done in the wild-type strain Oregon-R (OrR) unless otherwise noted.
Analysis of spn4 was done in a trans-heterozygous combination over a deletion that removes the
spnd gene: spnd”/Df(3R)X3F. The mus101”" allele is a separation of function mutant in which
Mus101(TopBP1) can initiate replication but is defective in checkpoint signaling (Kondo &
Perrimon 2011). The mus101”, Df(3R)X3F and tefu"™"* (Silva et al. 2004) stocks were obtained
from the Bloomington stock center. The w, P{w", H2Av"'"}; H24v*'" strain (Clarkson 1999) was
provided by Kim McKim (Rutgers University). The alleles spnd””, grp’and chk”® (Staeva-Vieira

et al. 2003, Fogarty et al. 1994, Abdu et al. 2002) were provided by Trudi Schupbach (Princeton
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University). The brea2XC, ligIV'* and DNL4*"'%*%7 (Klovstad et al. 2008, McVey et al. 2004)

ID3

alleles were obtained from Mitch McVey (Tufts University). The mei-41~" null allele (Laurencon

et al. 2003) was provided by Norbert Perrimon (Harvard Medical School).

Immunofluorescence and EdU labelling

OrR and w, P{w", H2AV"}; H24v*"’ females were fattened for two days on wet yeast at
room temperature. Females from the mei-417°/FM7; tefu™™%/TM3 stock were fattened for 3 days
at 18'C, then moved to 29°C for 24 hours on fresh wet yeast. All ovaries were dissected in room
temperature Grace’s media. Ovaries were incubated in 50uM EdU in Grace’s media for 30
minutes, fixed in 4% formaldehyde for 15 minutes, then permeabilized in PBX (0.1% TritonX in
PBS) for 30 minutes. EAU detection was done using Invitrogen’s Click-iT EdU Alexa Fluor 555
Imaging Kit following the manufacturer’s instructions. Ovaries were blocked for one hour at
room temperature (1% bovine serum albumin, 2% natural goat serum in PBX), then incubated in
antibody overnight at 4'C. YH2Av antibody (Rockland, 600-401-914S) and RPA serum (Marton
et al. 1994) were diluted 1:1000; the mouse monoclonal YH2Av antibody (Lake ef al. 2013) was
diluted 1:2000. FITC-conjugated secondary antibody was used at a concentration of 1:200,
followed by DAPI staining.

For DUP immunofluorescence, OrR females were fattened for two days on wet yeast at
room temperature. Ovaries were dissected in room temperature Grace’s media, fixed in 8%
paraformaldehyde for 5 minutes, and then permeabilized in PBX (0.1% TritonX in PBS) for 2
hours. Ovaries were blocked for one hour at room temperature (1% bovine serum albumin, 2%
natural goat serum in PBX), then incubated at 4'C overnight in 1:1000 yH2Av antibody

(Rockland, 600-401-914S) and 1:200 affinity purified guinea pig anti-DUP (Whittaker et al.
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2000). Ovaries were incubated in 1:200 donkey anti-rabbit-FITC and 1:1000 donkey anti-guinea
pig-Cy3, followed by DAPI staining.

Images were captured on a Nikon Eclipse Ti microscope with a Hamamatsu camera and a
Nikon Apo TIRF 100x oil objective. Displayed images were deconvolved using the NIS

elements software.

ChIP-sequencing

Ovaries were dissected from fattened OrR and w, P{w', H2AV'"}); H24v*" females in
Grace’s media and fixed in 4% formaldehyde for 15 minutes. Stage 10B and 13 egg chambers
were sorted by hand and stored at -80°C. A total of 3,000 egg chambers were collected from each
stage per ChIP-seq experiment. Two biological replicates were performed for each sample. To
isolate follicle cell nuclei, egg chambers were resuspended in 500ul. mHB buffer (0.34M
sucrose, 15.0 mM NaCL, 60.0 mM KCL, 0.2mM EDTA, 0.2mm EGTA, 0.5% NP-40, 0.15mM
spermidine, 0.15mM spermine). Stage 10B egg chambers were dounced 10 strokes, stage 13 egg
chambers 20 strokes. Dounced egg chambers were filtered with 40um nylon filter and spun for 5
minutes at 500 x g (Liu 2012). The follicle cell nuclei pellet was suspended in 300uL ChIP lysis
buffer (S0OmM HEPES/KOH pH 7.5, 140mM NaCl, Imm EDTA, 1% Triton X-100, 0.1% Na-
Deoxycholate). Chromatin was fragmented by sonication in a Biorupter300 (Diagenode) at 4 C
for 30 cycles of 30sec on 30sec off at maximum power. Supernatants were incubated overnight
in 1:150 yH2Av antibody (Rockland, 600-401-914S). Chromatin was pulled down with
Dynabeads magnetic beads (1:1 ratio of A and G beads, ThermoFisher Scientific). Crosslinks
were reversed by overnight incubation in 1% SDS at 65°C overnight, and DNA isolated by

phenol-chloroform extraction. Libraries were made using the NEBNext Ultra DNA Library Prep
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(#E7370) according to the manufacturer’s instructions. Libraries were sequenced on the Illumina
Hi-Seq 2000.

Reads were mapped with bowtie setting the seed length to 40, using the option “--best”, and
leaving other settings as default. One kilobase windows were made sliding every 100
nucleotides, and the number of reads overlapping with the windows were counted using
“bedtools coverage” (Quinlan & Hall 2010). The number of reads in each window was divided
by the millions of reads mapped to obtain reads per million (RPM). The RPM from the ChIP was
divided by the RPM of the corresponding input in each window. To avoid divisions by zero, 10
was added to each RPM value before taking the ratio. The two replicates were summarized by
calculating the mean of the log; ratios (ChIP/input).

To assess the statistical significance of enrichment at each DAFC, the distribution of the log,
RPM ChlIP/input values of the windows across the genome was calculated for stages 10B and 13.
The DAFC distributions were obtained from the windows overlapping with the area of 70kb
(st10B) or 100kb (st13), centered at the origin. Enrichment was quantified by comparing the
medians between distributions and statistical significance was determined by the Wilcoxon rank-
sum (WRS) test with continuity correction. The same analysis was done for OrR and H24v"'"

ChIP samples.

Comparative genome hybridization

Ovaries were dissected from fattened females in Grace’s media. Approximately 100 stage 13
egg chambers were hand sorted per experiment and stored at -80'C. OrR embryos were collected
for 2 hours and stored at -80'C. Egg chambers were thawed in 300uL ChIP lysis buffer and

embryos in 1% SDS in TE. All tissues were dounced for 10 strokes using a Type A pestle. DNA
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was fragmented by sonication in a Biorupter300 (Diagenode) at 4'C, 10 cycles of 30sec on 30sec
off at maximum power. DNA labeling done as previously described (Blitzblau et al. 2007). DNA
was hybridized to custom Agilent tiling arrays with probes approximately every 125 basepairs.
Array intensity was LOESS normalized and smoothed by genomic windows of 500bp using the
Ringo package in R (Toedling et al. 2007).

The half-maximum distance was calculated from smoothed CGH data. The half-maximum
point is the genomic coordinate at which the copy number drops to half of the maximum copy
number at the origin. This coordinate was calculated independently for the left and right sides of
the amplification gradient, and the distance between these two points is the half-maximal
distance. This distance was calculated individually for each replicate at each DAFC, and the
average values across three biological replicates are displayed. Half-maximum distances from

chk2"%/CyO and DNL4""'"*% are the average of two biological replicates.

Quantitative real-time PCR

Ovaries were dissected from fattened females in Grace’s media. Approximately 60 egg
chambers were hand sorted from each stage per experiment and stored at -80°'C. Egg chambers
were thawed in 300uL ChIP lysis buffer and homogenized. DNA was fragmented by sonication
in a Biorupter300 (Diagenode) at 4'C, 10 cycles of 30sec on 30sec off at maximum power. Copy
number was measured by relative quantitative PCR using stage 1-8 egg chambers as the

calibrator sample and the non-amplified rosy locus as the endogenous control.
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Accession Numbers

The CGH and ChIP-seq data sets have been deposited in the Gene Expression Omnibus

(http://www.ncbi.nlm.nih.gov/geo/). CGH data sets for wild-type controls are under accession

numbers GSM432742 and GSM1354444. All mutant CGH and all ChIP-seq data sets are under

accession number GSE66691.
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Abstract

Re-replication generates double-strand breaks (DSBs) at sites of fork collisions and causes a
variety of genomic damage including chromosome breakage, fusions, repeat expansion and
aneuploidy. However, the primary mechanism used to repair re-replication DSBs varies across
different experimental systems. Additionally, repair pathway choice appears to contribute to the
nature and severity of chromosome aberrations caused by re-replication events. Using
developmentally regulated re-replication in the Drosophila follicle cells, we have tested the role
of several repair pathways using re-replication fork progression as a readout for DSB repair
efficiency. We previously reported that fork progression is reduced in /iglV'* null mutants,
indicating nonhomologous end joining (NHEJ) is required for efficient DSB repair. Here we
show that the Ku70-80 heterodimer, the essential upstream NHEJ complex, is dispensable for
fork progression at most re-replication sites. This suggests resection-mediated pathway(s)
efficiently repair DSBs when Ku70-80 resection inhibition is alleviated. We find that
microhomology-mediated end joining, which requires limited DSB resection, restores fork
progression in the absence of NHEJ in a site-specific manner. Conversely, we find that fork
progression is enhanced in the absence of both Drosophila Rad51 homologs, spnd and spnB,
revealing homologous recombination repair is active during follicle cell re-replication, but
inhibits fork elongation. In addition, mutants in two break-induced replication components also
exhibit reduced fork progression. Therefore, we find that several DSB repair pathways are active
during re-replication in the follicle cells and their contribution to productive fork progression is

influenced by the genomic position, reaction kinetics and repair pathway competition.
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Introduction

Re-replication generates double-strand breaks (DSBs) (Green & Li 2005, Davidson et al.
2006, Zhu & Dutta 2006, Finn & Li 2013, Neelsen et al. 2013, Alexander ef al. 2015) and can
lead to DNA fragmentation, chromosome breakage and fusions, repeat expansion and an
increased rate of chromosome missegregation (Melixetian et al. 2004, Green & Li 2005,
Davidson et al. 2006, Green et al. 2010, Finn & Li 2013, Neelsen et al. 2013, Hanlon & Li
2015). These types of genomic damage are commonly observed across multiple types of human
cancers (Abbas & Dutta 2013). Re-replication can be induced experimentally by Cdtl
overexpression or depletion of its inhibitor Geminin (Mihaylov et al. 2002, Vaziri et al. 2003,
Melixetian et al. 2004, Thomer et al. 2004, Zhu et al. 2004, Arias & Walter 2005, Li & Blow
2005, Maiorano et al. 2005, Davidson et al. 2006). Overexpression of Cdtl also drives
oncogenic transformation in cell culture and is observed in various human cancers cell lines
(Arenston et al. 2002, Karakaidos et al. 2004, Xouri et al. 2004, Seo et al. 2005). Thus re-
replication events may very well be a source of gene amplification and chromosome aberrations
seen in cancer cells, and thus a major driving force in cancer progression.

Although the damage associated with re-replication has been widely observed, the reported
mechanism of DSB repair varies across the literature. 53BP1, which promotes nonhomologous
end joining (NHEJ) and inhibits homologous recombination (HR) (Ceccaldi ef al. 2016), forms
distinct foci when re-replication is induced (Neelson et al. 2013). Others report Rad51 foci in re-
replicating cells (Melixetian et al. 2004, Zhu & Dutta 2006) or a genetic requirement for HR
genes for repair and cell survival after re-replication (Archambault et al. 2005, Truong et al.
2014). Interestingly, microhomology-mediated end joining (MMEJ) also was shown to be

utilized for repair, although to a lesser degree than HR (Truong et al. 2014).
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The preferred pathway for DSB repair is largely governed by cell cycle stage (Ceccaldi et al.
2016). HR is promoted by S-CDK activity and thus is utilized during S and G2-phases of the cell
cycle (Ceccaldi et al. 2016), consistent with the timing of re-replication events. NHEJ is active
throughout the cell cycle, but is preferred during GO/G1 when there is no competition from HR
(Ceccaldi et al. 2016). Pathway choice is ultimately the result of competition between repair
proteins for DSB substrates, and the winner is influenced by availability and activity of pathway
components. Studies in budding yeast demonstrate that HR and NHEJ compete for DSB repair
after re-replication (Hanlon & Li 2015). The authors found that the frequency of aneuploidy is
increased when re-replication is induced near a centromere and relies on the HR pathway for
missegregation (Hanlon & Li 2015). This frequency is tripled in a NHEJ mutant, indicating that
both HR and NHEJ repair re-replication DSBs (Hanlon & Li 2015). It is likely that HR and
NHE]J, as well as other repair pathways, compete for DSB substrates generated by re-replication
in other model systems as well.

Repair pathway choice may also be influenced by the structure of the DSB. Re-replication is
predicted to generate single-sided DSBs (ssDSBs) when head-to-tail forks collide (Abbas &
Dutta 2013). Break-induced replication (BIR) can be utilized for DSB repair when there is
homology to only one side of the break and establishes a single replication fork (Malkova et al.
1996, 2005, Signon et al. 2001), making this pathway an interesting possibility for repair of
ssDSBs (Kraus et al. 2001, Abbas & Dutta 2013). Additionally, most BIR events require Rad51
(Signon et al. 2001, Davis & Symington 2004); therefore reported genetic requirements for
Rad51 (Truong et al. 2014) and Rad51 foci formation (Melixetian ef al. 2004, Zhu & Dutta
2006) during re-replication may reflect BIR rather than or in addition to HR activity.

Here we utilize the Drosophila ovarian follicle cells, which exhibit re-replication under
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precise developmental control, to define the mechanisms of DSB repair required to maintain fork
elongation during re-replication. Re-replication occurs at six loci, termed Drosophila Amplicons
in Follicle Cells (DAFCs). The DAFCs have specific replication origins that utilize the same
machinery as the canonical S-phase (Claycomb & Orr-Weaver 2005). Bidirectional fork
movement away from the origin produces a gradient of amplified DNA spanning approximately
100kb at each DAFC (Claycomb et al. 2004, Kim et al. 2011). The follicle cells are somatic cells
of the ovary, and are one of three cell types that constitute the egg chamber. Drosophila egg
chambers are divided into developmental stages based on their distinct morphologies, each of
which lasts for a defined period of time. This enables isolation of the follicle cells at specific
times in development by ovary dissection. Origin firing at the DAFCs begins at a specific
developmental stage, 10B, across all follicle cells of a given egg chamber in the absence of
genome-wide replication (Calvi et al. 1998). The precise timing of origin firing permits
identification of replication forks at defined points after replication initiation, allowing real-time
tracking of fork progression (Claycomb et al. 2002, Park et al. 2007). Defined timing of
replication initiation also enables fork progression to be compared between different mutant
lines, making it possible to dissect the pathways involved in maintaining fork elongation after re-
replication events.

Unrepaired DSBs within the DAFCs will block all subsequent replication forks on the same
strand from moving beyond the break site. Therefore, removal of DSB repair pathways utilized
during re-replication will reduce overall fork progression. We previously found that fork
progression at the DAFCs is reduced in the ligl?’® null mutant (Alexander et al. 2015). This
suggests that NHEJ is required to efficiently repair DSBs at damaged re-replication forks in

order to maintain continued fork progression. To further characterize the role of NHEJ in re-

121



replication DSB repair, we measured fork progression in the absence of the Ku70-80
heterodimer. We find that fork progression is unaffected by loss of Ku70-80 at most DAFCs,
indicating resection-mediated pathways compensate for loss of NHEJ. End-joining repair via
MME]J requires limited DSB resection (Chiruvella ef al. 2013, Truong et al. 2013); although loss
of the MMEJ component mus308 does not globally impact fork progression, we find that
simultaneously removing both NHEJ and MMEJ drastically impairs fork progression at two of
the five DAFCs. In addition, we show that the HR pathway is activated at the DAFCs but is
inhibitory to fork progression. Together, these results demonstrate that multiple mechanisms
contribute to DSB repair during re-replication in the follicle cells. We propose that the extent of
fork progression reflects both the kinetics of repair and competition between DSB repair

pathways.

Results
End-joining repair is required for continued fork progression during re-replication

To determine which DSB repair mechanisms are required during re-replication, we
measured fork progression in several end-joining repair mutants using Comparative Genomic
Hybridization (CGH) paired with half-maximum distance analysis. This analysis uses CGH to
measure copy number across each of the DAFCs, followed by calculating the distance between
the left and right sides of half-maximum copy number. Reduced fork progression results in a
more rapid decrease in copy number and therefore lower half-maximum values (Alexander ef al.
2015).

To further test the requirement for NHEJ repair during re-replication, we measured fork

progression in ku70 and ku80 null mutants. Ku70 and Ku80 initiate the NHEJ pathway by
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binding the two broken ends of a DSB and blocking resection-mediated repair (Ceccaldi et al.
2016). To our surprise, the half-maximum distance is significantly reduced in both ku70 and
ku80 at only one of the five sites, DAFC-62D (Fig. 1A, left). This result indicates that loss of ku
gene function affects fork progression in a site-specific manner, unlike the /ig/V” mutant in which
fork progression was equally reduced at all sites of re-replication (Alexander ef al. 2015). We
hypothesize that this discrepancy is due to where these components act in the NHEJ pathway.
Ligase IV is essential for the final step of NHEJ to ligate the broken DNA ends together;
therefore the /ig/V mutant fails to repair DSBs at the final step of the pathway, slowing DSB
repair and consequently fork progression. Conversely, in the absence of the Ku70-80
heterodimer, NHEJ cannot be initiated and a resection-mediated pathway is utilized instead
(Ceccaldi et al. 2016). However, the reduced half-maximum distance at DAFC-62D in ku7(0 and
ku80 indicates the alternative to NHEJ does not efficiently repair DSBs at all sites, suggesting
the back-up pathway may exhibit site specificity.

MME] is an alternative mechanism of end-joining repair that does not rely on classical
NHEJ factors. MMEJ requires limited resection using the same initial machinery as HR to
expose single-stranded DNA ends (Truong et al. 2013). MMEJ requires DNA Polymerase 6 (Pol
0), encoded by mus308 in Drosophila (Chan et al. 2010, Kent et al. 2015, Mateos-Gomez et al.
2015). Pol 6 binds to ssDNA on both ends of a DSB and aligns short 4-10bp microhomology
sequences (Chan ef al. 2010, Kent et al. 2015). Suitable microhomologies can also be generated
by Pol 0, resulting in insertions templated from sequences outside the break site (Chan et al.
2010, Yu & McVey 2010, Hogg et al. 2012, Kent et al. 2015). To test the role of Mus308-
mediated repair during re-replication, we measured fork progression at the DAFCs in a mus308

null mutant, mus308™". The half-maximum distance is not significantly reduced compared to
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Figure 1. MMEJ can compensate for loss of NHEJ to repair re-replication DSBs in a site-
specific manner

(A) The half-maximum distance was calculated in the wild-type and mutant backgrounds for
each DAFC. (left) Half-maximum distances of NHEJ mutants are compared to wild-type. (right)
mus308 and liglV distances are compared to wild-type, liglV; mus308 distances are compared to
liglvV. All liglV; mus308 distances are significantly reduced compared to wild-type. Significance
was measured by the Dunnett test for multiple comparisons, asterisks indicate p<0.05.

(B) CGH at DAFC-7F in wild-type and repair mutants. DNA from stage 13 egg chambers was
competitively hybridized with diploid embryonic DNA to microarrays with approximately one
probe every 125bp. Chromosomal position is plotted on the x-axis, the log2 ratio of stage 13

DNA to embryonic DNA is plotted on the y-axis.
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wild-type OrR at any of the sites except DAFC-7F (Fig. 1A, right). This suggests that the
Mus308 pathway is not the primary mechanism of DSB repair at most of the DAFCs.

The reduced-half maximum at DAFC-7F in mus308 is caused by an asymmetric decrease in
the gradient, in which the copy number decreases more rapidly on the right side of DAFC-7F
(Fig. 1B). Interestingly, the half-maximum distance is significantly reduced at DAFC-7F in the
ku70, but not the ku80 mutant; this is due an asymmetric decrease in copy number at the same
position observed in mus308 (Fig. 1B). It therefore seems that this locus is particularly sensitive
to loss of repair components that do not affect fork progression at all or most other positions.

The mus308 half-maximum distances reveal that the MMEJ pathway is not the primary DSB
repair mechanism during re-replication. This is supported by previous results showing that
absence of /iglV alone is sufficient to reduce fork progression at all DAFCs (Alexander et al.
2015). However, the fact that fork progression is reduced but not completely halted in /igl/V’
mutants suggests there is another repair mechanism that is activated when NHEJ fails. This is
also supported by the results in ku70 and ku80 discussed above. To test if MMEJ can repair re-
replication induced DSBs in the absence of NHEJ, we measured fork progression at the DAFCs
in a liglV; mus308 double-mutant. We found that the half-maximum distance is significantly
reduced compared to the /ig/V single mutant at two of DAFCs, whereas the other three sites are
not significantly different from /ig/V (Fig. 1A, right) (note that all five sites have a reduced half-
maximum distance compared to wild-type). These results indicate that the MMEJ pathway
efficiently repairs DSBs in the absence of NHEJ at some, but not all of the DAFCs. It is
noteworthy that that DAFC-62D and DAFC-7F, the only two sites that require ku80 and/or ku70

for complete fork progression, are unaffected by the additional loss of mus308 in a liglV null
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background. These results suggest that DSB repair at DAFC-62D and DAFC-7F is especially
dependent on the NHEJ pathway.

The CGH measurements show that copy number at the DAFC origins is reduced in /iglV;
mus308, indicating there are fewer origin firing events in the double-mutant (Fig. 1B, 2). To
confirm that the reduced half-maximum distances are not due to a delay in origin firing, we
measured copy number at the DAFCs over development by qPCR. We found that although the
total copy number is reduced, the proper timing of origin firing is maintained (Fig. 3). Therefore,

the half-maximum distances in liglV; mus308 reflect fork progression.

Repair by homologous recombination inhibits follicle cell re-replication fork progression
We previously found that fork progression is not decreased in spnA/Rad51 or brca2 null
follicle cells, from which we concluded that HR is not utilized for repair at the DAFCs.
However, the Drosophila genome contains two Rad51 homologs: the ubiquitously-expressed
gene spnA (Staeva-Vieira et al. 2003) and the ovary-specific gene spnB (Ghabrial ef al. 1998).
The only previously known role for SpnB was in meiotic DSB repair in the oocyte (Ghabrial et
al. 1998). To be confident that we were measuring fork progression in the complete absence of
Rad51 activity, we performed CGH and measured the half-maximum distance across each DAFC
in spnA, spnB double-mutant follicle cells. We found fork progression is increased at all DAFCs
in the double-mutant, although this increase is statistically significant at only three of the five
DAFCs: DAFC-30B, -66D and -7F (Fig. 4). Additionally, re-analysis of all HR mutant data
revealed that the half-maximum distance is also significantly increased in brca? follicle cells at

these same three sites, and at DAFC-66D in spnA single mutants (Fig. 4). These results
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Figure 2. CGH across all DAFCs in NHEJ and MMEJ mutants

CGH at DAFC-30B, -34B, -62D and -66D in wild-type and repair mutants. DNA from stage 13
egg chambers was competitively hybridized with diploid embryonic DNA to microarrays with
approximately one probe every 125bp. Chromosomal position is plotted on the x-axis, the log2

ratio of stage 13 DNA to embryonic DNA is plotted on the y-axis.
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Figure 3. Developmental timing of origin firing is the same in /iglV; mus308 and sibling
controls

The level of amplification was measured at the (A) DAFC-66D (B) DAFC-7F and (C) DAFC-
30B origins of replication in /iglV; mus308 and liglV; mus308/TM3 follicle cells by quantitative
real-time PCR. The copy number is relative to the nonamplified rosy locus with stage 1-8 egg

chambers as the calibrator sample. Error bars are standard error of three technical replicates.
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Figure 4. Loss of HR repair enhances re-replication fork progression

(A) The half-maximum distance was calculated in the wild-type and mutant backgrounds for
each DAFC. Significance was measured by the Dunnett test for multiple comparisons, asterisks
indicate p<0.05.

(B) CGH at DAFC-30B, -34B, -62D, -66D and -7F in wild-type and HR mutants. DNA from
stage 13 egg chambers was competitively hybridized with diploid embryonic DNA to
microarrays with approximately one probe every 125bp. Chromosomal position is plotted on the

x-axis, the log?2 ratio of stage 13 DNA to embryonic DNA is plotted on the y-axis.
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demonstrate that HR is active during re-replication in the follicle cells, and its activity is

inhibitory to replication fork progression.

Fork progression is reduced in two Break-Induced Replication mutants

To test the role of BIR in repair of re-replication DSBs, we measured fork progression in the
BIR mutants pol/32 and pifl. Pol32 is required for BIR (Lydeard et al. 2007) and the Pifl
helicase facilitates processive BIR repair (Wilson 2013 et al., Saini et al. 2013, Vasianovich et
al. 2014). The half-maximum distances are significantly reduced at all DAFCs in pol32 and pifl
follicle cells (Fig. 5). However, both Pol32 and Pifl are involved in other aspects of fork
progression. Pol32 is a non-essential subunit of Pold, but in vitro studies show that polymerase
processivity is reduced in the absence of Pol32 (Burgers & Gerik 1998). In addition, the Pifl
helicase is required for replication across G-quadruplex secondary structures and hard-to-
replicate regions (Sanders 2010, Paeschke et al. 2011, Sabouri et al. 2012, Sabouri ef al. 2014).
However, it is important to note that if fork progression was unaffected by loss of these factors,
BIR could be excluded as a possible repair mechanism. Therefore, although the measured
decrease in fork progression in po/32 and pifi cannot be definitively attributed to BIR repair,

these results warrant further examination of the role of BIR during re-replication.

Discussion

We find that the NHEJ, MMEJ and HR pathways are all activated to repair DSBs generated
by re-replication in the Drosophila follicle cells. We previously found that replication fork
progression at the DAFCs relies on /iglV, suggesting NHEJ is the primary repair pathway during

re-replication. However, we show here that null mutations in Aku80 and ku70 do not decrease fork
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Figure 5. Fork progression is reduced in BIR mutants

(A) The half-maximum distance was calculated in the wild-type and mutant backgrounds for
each DAFC. Significance was measured by the Dunnett test for multiple comparisons, asterisks
indicate p<0.05.

(B) CGH at DAFC-30B, -34B, -62D, -66D and -7F in wild-type and BIR mutants. DNA from
stage 13 egg chambers was competitively hybridized with diploid embryonic DNA to
microarrays with approximately one probe every 125bp. Chromosomal position is plotted on the

x-axis, the log?2 ratio of stage 13 DNA to embryonic DNA is plotted on the y-axis.
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movement at most positions undergoing re-replication. It is likely that loss of the Ku70-80
heterodimer allows for resection of DSBs, creating substrates for other repair pathways. It is well
documented that Ku70-80 binding to DSBs blocks resection by exonucleases, and likewise
resection prevents binding of Ku70-80 (Ceccaldi et al. 2016). Loss of Ligase IV in the presence
of Ku70-80 would simultaneously prevent resection of the DSBs and cause NHEJ to fail at the
final step of the pathway. This abortive NHEJ therefore blocks repair by all possible pathways as
long as Ku70-80 is bound to DSB ends, leading to overall reduced fork progression. Mutations in
mouse /iglV and the ku genes also display different phenotypes on the organismal level. Null
mutations in /ig/V are lethal in mice (Barnes ef al. 1998, Frank et al. 2000), while mutations in
ku70 or ku80 are viable but exhibit growth defects, sensitivity to ionizing radiation, and impaired
V(D)J recombination (Nussenzweig et al. 1996, Gu et al. 1997, Li et al. 2007).

It is surprising that loss of ku70 reduces fork progression independently of 4u80, and only
within an approximately 20kb window within one of the re-replication gradients, DAFC-7F.
Studies in mice revealed some differences in the phenotypes of ku80 and ku70 mutants
(Nussenzweig ef al. 1996, Gu et al. 1997). However, a more recent study showed the phenotypes
are the same when genetic background and growth environment were rigorously controlled (Li et
al. 2007). The ku80 and ku70 mutants analyzed here were generated from different strain
backgrounds, and therefore it is a possibility that the variation in fork progression at DAFC-7F is
a result of strain differences. We think this is unlikely because our analysis was done with a
trans-heterozygous mutant for ku70 and a null mutant over a deficiency for Au80 (see
Experimental Procedures for details). The S155 residue of human Ku70 was shown to be
important for signaling to the DNA damage response (DDR) independent of its role in NHEJ

repair (Fell & Schild-Poulter 2012). Although null mutants of one ku gene typically leads to
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substantially decreased expression of the other (Fell & Schild-Poulter 2015), it is possible that
low levels of Ku70 in ku80 follicle cells could have a role in DDR and account for the difference
in fork movement at DAFC-7F.

Decreased fork progression in ku70 and mus308 mutants is only observed within a defined
region of DAFC-7F. This suggests that this region is especially dependent on end-joining
pathways for repair, and absence of either NHEJ or MMEJ reduces repair efficiency and fork
progression. Additionally, these results show that DAFC-7F is the only site that requires MMEJ
repair when the NHEJ pathway is intact. The C.elegans Pol 6 homolog repairs DSBs generated
by collapse of replication forks at G-quadruplex (G4) secondary structures, and Pol 6 mutants
generate large deletions around G4 positions (Koole et al. 2014). Although modeling based on
the primary sequence did not find G4 motifs at the DAFCs (data not shown), these structures
have not been looked for directly during follicle cell amplification; it is possible that G4 and/or
other secondary structures form when extensive single-stranded DNA is generated during re-
replication. Thus, this region of DAFC-7F may contain sequence motifs that are especially
sensitive to loss of Mus308.

It is curious that there is no additional decrease in the half-maximum distance in /ig/V;
mus308 double-mutant over either single mutant at DAFC-7F. This suggests a third pathway
repairs DSBs at DAFC-7F which is equally efficient in the absence of one or both end-joining
mechanisms. The half-maximum distances in the /iglV; mus308 double-mutant reveal that
DAFC-34B and -62D also are not affected by the additional loss of MMEJ in the absence of
NHEJ repair. Conversely, it appears that MMEJ does repair DSBs at DAFC-30B and -66D and
partially compensates for loss of NHEJ at these sites. MME]J is also utilized for repair after re-

replication in human cells, but with reduced efficiency compared to HR (Truong et al. 2014).
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This is consistent with our observation that MMEJ cannot repair all re-replication DSBs. It is
interesting that DAFC-62D is the only site that exhibits a significantly decreased half-maximum
distance in both ku80 and ku70. These results suggest that NHEJ is the only pathway that can
efficiently repair DSBs and support fork progression at DAFC-62D within the developmental
window of follicle cell amplification. It is also possible that HR dominates repair in the absence
of NHEJ at DAFC-34B and -62D, or in the absence of either end joining pathway at -7F. Indeed,
the half-maximum distance is significantly increased at DAFC-7F in brca2 and spnA, spnB.
Although it is not statistically significant, the half-maximum distances at DAFC-34B and -62D
also are increased in spnd, spnB, indicating HR is active at these three sites. Alternatively,
another untested pathway could be active at DAFC-34B, -62D and -7F. It is important to note
that these possibilities are not mutually exclusive, and several factors likely influence the activity
of different repair pathways at each DAFC.

Increased fork progression in spnA, spnB mutants reveals that HR is active during re-
replication in the follicle cells and competes with NHEJ for DSB substrates. However, the
kinetics of HR likely makes this pathway too slow for productive DSB repair before the end of
follicle cell development. Experiments measuring repair of targeted DSBs estimate HR takes 5-7
hours to complete, whereas NHEJ takes 30-70 minutes (Rapp & Greulich 2004, Mao et al. 2008,
Hicks et al. 2011). Amplification in the follicle cells occurs over a 7.5 hour developmental
window. Our CGH experiments were performed on stage 13 follicle cell DNA, the final stage of
development, which lasts for 1 hour; this places our CGH measurements 6.5-7.5 hours after the
first origin firing. Therefore DSB repair by HR cannot promote fork progression within this

developmental timescale. This is illustrated by the increased half-maximum distances in HR
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mutants. Absence of HR likely directs more DSBs to the faster NHEJ pathway, thus enhancing
overall fork progression.

Measuring fork progression at the DAFCs by CGH is a sensitive and robust tool for the
discovery of factors and pathways required for fork progression. However, it is limited to
pathways with unique genetic components. For example, because Pol32 and Pifl have other
roles in fork progression, we cannot conclusively determine whether BIR is required for repair
based on the reduced half-maximum distances in these mutants. Therefore, other methods are
required to establish the role of BIR in re-replication DSB repair.

Deep sequencing of repair junctions would circumvent these constraints. Analysis of repair
products from amplifying follicle cells would simultaneously reveal all repair pathways utilized
at every site of re-replication. Side-by-side analysis of repair mutants would also shed light on
the back-up mechanisms used for repair, whose products may be too rare or absent in wild-type
samples to detect. A recent study analyzed repair junctions by comparing stage 11-14 egg
chamber DNA to embryonic DNA sequences, and found large deletions throughout DAFC-66D
(Yarosh & Spradling 2014). However, egg chambers include the nurse cells, which are
undergoing apoptosis during these late stages (Cavaliere ef al. 1998). A similar experimental
design using purified follicle cell DNA from amplifying stages (i.e. 10B or 13) compared to pre-
amplification stages (i.e. stage 9) would reveal repair-junctions that result from re-replication
induced DSBs. This analysis would reveal the frequency and site-specificity of repair pathways
utilized during re-replication, as well as for general DSB repair at various chromosomal

positions.
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Experimental Procedures

Fly Strains

Analysis of ku70 was done in the trans-heterozygous combination ku 7075

(Johnson-Schlitz et
al. 2007). Analysis of ku80 was done in a trans-heterozygous combination over a deletion that
removes the ku80 gene: ku80'®/ Df{2L)TE35D-1. All liglV experiments were done with the
ligI'% null allele (McVey et al. 2004). Analysis of BIR was done with the pol32*? (Kane et al.

2012) and pif1'® alleles. The spnAd, spnB double mutant was generated from the spnd”?

(Staeva-
Vieira et al. 2003) and spnB®Y (Ghabrial et al. 1998) alleles, provided by Trudi Schupbach. The
ku80'% mutation was generated by Mitch McVey from an imprecise excision screen using
P{GSV2}GS50089, located in the 5' UTR of ku80. The deletion removes 1360bp 3’ of the P

8" mutants

insertion site, which includes more than half of the coding sequence. The mus30
were generated through the imprecise excision of the P-element P{GD4232}v47606. This allele

contains a 14kb deletion that spans the mus308 gene and its promoter region.

Comparative genome hybridization

Ovaries were dissected from fattened females in Grace’s media. Approximately 100 stage 13
egg chambers were hand sorted per experiment and stored at -80'C. OrR embryos were collected
for 2 hours and stored at -80'C. Egg chambers were thawed in 300uL ChIP lysis buffer and
embryos in 1% SDS in TE. All tissues were dounced for 10 strokes using a Type A pestle. DNA
was fragmented by sonication in a Biorupter300 (Diagenode) at 4'C, 10 cycles of 30sec on 30sec
off at maximum power. DNA labeling done as previously described (Blitzblau et al. 2007). DNA

was hybridized to custom Agilent tiling arrays with probes approximately every 125 basepairs.
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Array intensity was LOESS normalized and smoothed by genomic windows of 500bp using the
Ringo package in R (Toedling et al. 2007).

The half-maximum distance was calculated from smoothed CGH data. The half-maximum
point is the genomic coordinate at which the copy number drops to half of the maximum copy
number at the origin. This coordinate was calculated independently for the left and ride sides of
the amplification gradient, and the distance between these two points is the half-maximal
distance. This distance was calculated individually for each replicate at each DAFC, and the
average values of two biological replicates are displayed. Half-maximum distances from OrR,

lig4' | ku80, pol32" and pifi’® are the average of three biological replicates.

Quantitative real-time PCR

Ovaries were dissected from fattened females in Grace’s media. Approximately 60 egg
chambers were hand sorted from each stage per experiment and stored at -80°'C. Egg chambers
were thawed in 300uL ChIP lysis buffer and homogenized. DNA was fragmented by sonication
in a Biorupter300 (Diagenode) at 4'C, 10 cycles of 30sec on 30sec off at maximum power. Copy
number was measured by relative quantitative PCR using stage 1-8 egg chambers as the

calibrator sample and the non-amplified rosy locus as the endogenous control.

Acknowledgements

We thank George Bell for bioinformatics support with CGH and half-maximum analysis. The

excision screen that generated the mus308™"

allele was performed by Nikolai Renedo. Trudi
Schupbach provided Drosophila stocks. This work was supported by NIH grant GM57940 to

Terry Orr-Weaver and the MIT School of Science Fellowship in Cancer Research.

142



References

Abbas, T., Keaton, M.A., Dutta, A. (2013). Genomic instability in cancer. Cold Spring Harb.
Perspect Biol. 5, a012914.

Alexander, J.L., Barrasa, .M., Orr-Weaver, T.L. (2015). Replication fork progression during re-
replication requires the DNA damage checkpoint and double-strand break repair. Curr. Biol.
25, 1654-1660.

Archambault. V., Ikui, A.E., Drapkin, B.J., Cross, F.R. (2005). Disruption of mechanisms that
prevent re-replication triggers a DNA damage response. Mol. Cell. Biol. 25, 6707-6721.

Arentson, E., Faloon, P., Seo, J., Moon, E., Studts, J.M., Fremont, D.H. Choi., K. (2002).
Oncogenic potential of the DNA replication licensing protein CDT1. Oncogene 27, 1150—
1158.

Arias, E.E., Walter, J.C. (2005). Replication-dependent destruction of Cdtl limits DNA
replication to a single round per cell cycle in Xenopus egg extracts. Genes. Dev. 19, 114—
126.

Barnes, D.E., Stamp, G., Rosewell, 1., Denzel, A., Lindahl, T. (1999). Targeted disruption of the
gene encoding DNA ligase IV leads to lethality in embryonic mice. Curr. Biol. 8, 1395-
1398.

Blitzblau, H.G., Bell, G.W., Rodriguez, J., Bell, S.P., Hochwagen, A. (2007). Mapping of
meiotic single-stranded DNA reveals double-stranded-break hotspots near centromeres and
telomeres. Curr. Biol. /7, 2003-2012.

Burgers, P. M., and Gerik, K. J. (1998) Structure and processivity of two forms of
Saccharomyces cerevisiae DNA polymerase delta. J. Biol. Chem. 273, 19756-19762.

Calvi, B. R., Lilly, M.A., Spradling, A.C. (1998). Cell cycle control of chorion gene
amplification. Genes Dev. /2, 734-744.

Cavaliere, V., Taddei, C., Gargiulo, G. (1998). Apoptosis of nurse cells at the late stages of
oogenesis of Drosophila melanogaster. Dev. Genes Evol. 208, 106-112.

Ceccaldi, R., Rondinelli, B., D’Andrea, A.D. (2016). Repair Pathway Choices and Consequences
at the Double-Strand Break. Trends Cell. Biol. 26, 52-64.

Chan, S.H., Yu, A.M., McVey, M. (2010). Dual roles for DNA polymerase theta in alternative
end-joining repair of double-strand breaks in Drosophila. PLoS Genet. 6, e1001005.

Chiruvella, K.K., Liang, Z., Wilson, T.E. (2013). Repair of double-strand breaks by end joining.
Cold Spring Harb. Perspect Biol. 5, a012757.

Claycomb, J.M., MacAlpine, D.M., Evans, J.G., Bell, S.P., Orr-Weaver, T.L. (2002).
Visualization of replication initiation and elongation in Drosophila. J. Cell Biol. 159, 225-
236.

Claycomb, J.M., Benasutti, M., Bosco, G., Fenger, D.D., Orr-Weaver, T.L. (2004). Gene
amplification as a developmental strategy: isolation of two developmental amplicons in
Drosophila. Dev. Cell 6, 145-155.

Claycomb, J.M., and Orr-Weaver T.L. (2005). Developmental gene amplification: insights into
DNA replication and gene expression. Trends Genet. 27, 149-62.

Davidson, L.F., Anatoily, L., Blow, J.J. (2006). Deregulated replication licensing causes DNA
fragmentation consistent with head-to-tail fork collision. Mol. Cell 24, 433-443.

Davis, A.P., Symington, L.S. (2004). Replication in Yeast RAD51-Dependent Break-Induced
Replication in Yeast. Mol. Cell. Biol. 6, 2344-2351.

143



Fell, V.L., Schild-Poulter, C. (2012). Ku Regulates Signaling to DNA Damage Response
Pathways through the Ku70 von Willebrand A Domain. Mol. Cell. Biol. 32, 76-87.

Fell, V.L., Schild-Poulter, C. (2015). The Ku heterodimer: Function in DNA repair and beyond.
Mutat. Res. Rev. Mutat. Res. 763, 15-29.

Finn, K., Li, J.J. (2013). Single-stranded annealing induced by re-initiation of replication origins
provides a novel and efficient mechanism for generating copy number expansion via non-
allelic homologous recombination. PLoS Genet. 9, €1003192.

Frank, K.M., Sharpless, N.E., Gao, Y., Sekiguchi, J.M., Ferguson, D.O., Zhu, C., Manis, J.P.,
Horner, J., DePinho, R.A., Alt, F.W. (2000). DNA ligase IV deficiency in mice leads to
defective neurogenesis and embryonic lethality via the p53 pathway. Mol. Cell 5, 993-1002.

Ghabrial, A.Ray, R.P., Schupbach, T. (1998). okra and spindle-B encode components of the
RADS52 DNA repair pathway and affect meiosis and patterning in Drosophila oogenesis.
Genes Dev. 12,2711-2723.

Green, B. M., and Li. J.J. (2005). Loss of rereplication control in Saccharomyces cerevisiae
results in extensive DNA damage. Mol. Biol. Cell 76, 421-432.

Green, B.M., Finn, K.J., Li, J.J. (2010). Loss of DNA replication control is a potent inducer of
gene amplification. Science 329, 943-946.

Gu, Y., Seidl, K.J., Rathbun, G.A., Zhu, C., Manis, J.P., van der Stoep, N., Davidson, L., Cheng,
H.L., Sekiguchi, J.M., Frank, K., Stanhope-Baker, P., Schlissel, M.S., Roth, D.B., Alt, F.W.
(1997). Growth retardation and leaky SCID phenotype of Ku70-deficient mice. Immunity 7,
653-665.

Hanlon, S.L., Li, J.J. (2015). Re-replication of a centromere induces chromosomal instability and
aneuploidy. PLoS Genet. 4, €1005039.

Hicks, W.M., Yamaguchi, M., Haber, J.E. (2011). Real-time analysis of double-strand DNA
break repair by homologous recombination. Proc. Natl. Acad. Sci. USA 7108, 3108-3115.

Hogg, M., Sauer-Eriksson, A.E., Johansson, E. (2012). Promiscuous DNA synthesis by human
DNA polymerase theta. Nucleic Acids Res. 40, 2611-2622.

Johnson-Schlitz, D.M., Flores, C., Engels, W.R. (2007). Multiple-pathway analysis of double-
strand break repair mutations in Drosophila. PLoS Genet. 3, e50.

Kane, D., P., Shusterman, M., Rong, Y., McVey, M. (2012). Competition between Replicative
and Translesion Polymerases during Homologous Recombination Repair in Drosophila.
PLoS Genet. 8, e 1002659.

Karakaidos, P., Taraviras, S., Vassiliou, L.V., Zacharatos, P., Kastrinakis, N.G., Kougiou, D.,
Kouloukoussa, M., Nishitani, H., Papavassiliou, A.G., Lygerou, Z., Gorgoulis, V.G. (2004).
Over- expression of the replication licensing regulators hCdtl and hCdc6 characterizes a
subset of non-small-cell lung carcinomas: Synergistic effect with mutant p53 on tumor
growth and chromosomal instability - Evidence of E2F-1 transcriptional control over hCdtl.
Am. J. Pathol. 765, 1351-1365.

Kent, T., Chandramouly, G., McDevitt, S.M., Ozdemir, A.Y., Pomerantz, R.T. (2015).
Mechanism of microhomology-mediated end-joining promoted by human DNA polymerase
0. Nat. Struct. Mol. Biol. 22, 230-237.

Kim, J.C., Nordman, J., Xie, F., Kashevsky, H., Eng, T., Li, S., MacAlpine, D.M., Orr-Weaver,
T.L. (2011). Integrative analysis of gene amplification in Drosophila follicle cells:
parameters of origin activation and repression. Genes Dev. 25, 1384-1398.

144



Koole, W., van Schende, R., Karambelas, A.E., van Heteren, J.T., Okihara, K.L., Tijsterman, M.
(2014). A Polymerase Theta-dependent repair pathway suppresses extensive genomic
instability at endogenous G4 DNA sites. Nat. Commun. 5, 3216.

Kraus, E., Leung, W., Haber, J.E. (2001). Break-induced replication: A review and an example
in budding yeast. Proc. Natl. Acad. Sci. USA 98, 8255-8262.

Li, A., Blow, J.J. (2005). Cdtl downregulation by proteolysis and geminin inhibition prevents
DNA re-replication in Xenopus. EMBO J. 24, 395-404.

Li, H., Vogel, H., Holcomb, V.B., Gu, Y., Hasty, P. (2007). Deletion of Ku70, Ku80, or both
causes early aging without substantially increased cancer. Mol. Cell. Biol. 27, 8205-8214.

Lydeard, J.R., Jain, S., Yamaguchi, M., Haber, J.E. (2007). Break-induced replication and
telomerase-independent telomere maintenance require Pol32. Nature 448, 820-823.

Maiorano, D., Krasinska, L., Lutzmann, M., Mechali, M. (2005). Recombinant Cdt1 induces
rereplication of G2 nuclei in Xenopus egg extracts. Curr. Biol. /5, 146—-153.

Malkova, A., Ivanov, E.L., Haber, J.E. (1996). Double-strand break repair in the absence of
RADS1 in yeast: a possible role for break-induced DNA replication. Proc. Natl. Acad. Sci.
USA 93, 7131-7136.

Malkova, A., Naylor, M.L., Yamaguchi, M., Ira, G., Haber, J.E. (2005). RAD51-Dependent
Break-Induced Replication Differs in Kinetics and Checkpoint Responses from RADS5I1-
Mediated Gene Conversion. Mol. Cell. Biol. 25, 933-944.

Mao, Z., Bozzella, M., Seluanov, A., Gorbunova, V. (2008). Comparison of nonhomologous end
joining and homologous recombination in human cells. DNA Repair (Amst). 7, 1765-1771.

Mateos-Gomez, P.A., Gong, F., Nair, N., Miller, K.M., Lazzerini-Denchi, E., Sfeir, A. (2015).
Mammalian polymerase 6 promotes alternative NHEJ and suppresses recombination. Nature
518,254-257.

McVey, M., Radut, D., Sekelsky, J.J. (2004). End-joining repair of double-strand breaks in
Drosophila melanogaster is largely DNA ligase IV independent. Genetics /68, 2067-2076.

Melixetian, M., Ballabeni, A., Masiero, L., Gasparini, P., Zamponi, R., Bartek, J., Lukas, J.,
Helin, K., (2004). Loss of Geminin induces rereplication in the presence of functional p53.

J. Cell Biol. 165, 473-482.

Mihaylov, L.S., Kondo, T., Jones, L., Ryzhikov, S., Tanaka, J., Zheng, J., Higa, L. A., Minamino,
N., Cooley, L., Zhang, H. (2002). Control of DNA replication and chromosome ploidy by
Geminin and Cyclin A. Mol. Cell. Biol. 22, 1868-1880.

Neelsen, K.J., Zanini, LM.Y., Mjjic, S., Herrador, R., Zellweger, R., Chaudhuri, A.R., Creavin,
K.D., Blow, J.J., Lopes, M. (2013). Deregulated origin licensing leads to chromosomal
breaks by rereplication of a gapped DNA template. Genes Dev. 27, 2537-2542.

Nussenzweig, A., Chen, C., da Costa Soares, V., Sanchez, M., Sokol, K., Nussenzweig, M.C., Li,
G.C. (1996). Requirement for Ku80 in growth and immunoglobulin V(D)J recombination.
Nature 382, 551-555.

Paeschke, K., Capra, J.A., Zakian, V.A. (2011). DNA replication through G-quadruplex motifs is
promoted by the Saccharomyces cerevisiae Pifl DNA helicase. Cell /45, 678-691.

Park, E.A., MacAlpine, D. M., Orr-Weaver, T.L. (2007) Drosophila follicle cell amplicons as
models for metazoan DNA replication: a cyclinE mutant exhibits increased replication fork
elongation. Proc. Natl. Acad. Sci. USA 104, 16739-16746.

Rapp, A., Greulich, K.O. (2004). After double-strand break induction by UV-A, homologous
recombination and nonhomologous end joining cooperate at the same DSB if both systems
are available. J. Cell Sci. 117, 4935-4945.

145



Sabouri, N., McDonald, K.R., Webb, C.J., Cristea, .M., Zakian, V.A. (2012). DNA replication
through hard-to-replicate sites, including both highly transcribed RNA Pol II and Pol III
genes, requires the S. pombe Pthl helicase. Genes Dev. 26, 581-593.

Sabouri, N., Capra, J.A., Zakian, V.A. (2014). The essential Schizosaccharomyces pombe Pfhl
DNA helicase promotes fork movement past G-quadruplex motifs to prevent DNA damage.
BMC Biol. 72, 101.

Saini, N., Ramakrishnan, S., Elango, R., Ayyar, S., Zhang, Y., Deem, A., Ira, G., Haber, J.E.,
Lobachev, K.S., Malkova, A. (2013). Migrating bubble during break-induced replication
drives conservative DNA synthesis. Nature 502, 389-392.

Sanders, C.M. (2010). Human Pifl helicase is a G-quadruplex DNA-binding protein with G-
quadruplex DNA-unwinding activity. Biochem. J. 430, 119-128.

Seo, J., Chung, Y.S., Sharma, G.G., Moon, E., Burack, W.R., Pandita, T.K., Choi, K. (2005).
Cdtl transgenic mice develop lymphoblastic lymphoma in the absence of p53. Oncogene 24,
8176-8186.

Signon, L., Malkova, A., Naylor, M.L., Klein, H., Haber, J.E. (2001). Genetic Requirements for
RADS51 - and RAD54 -Independent Break-Induced Replication Repair of a Chromosomal
Double-Strand Break. Mol. Biol. Cell 21, 2048-2056.

Staeva-Vieira, E., Yoo, S., Lehmann, R. (2003). An essential role of DmRad51/SpnA in DNA
repair and meiotic checkpoint control. EMBO 22, 5863-5874.

Thomer, M., May, N.R., Aggarwal, B.D., Kwok, G., Calvi, B.R. (2004). Drosophila double-
parked is sufficient to induce re-replication during development and is regulated by cyclin
E/CDK2. Development /317, 4807-4818.

Toedling, J., Skylar, O., Krueger, T., Fischer, J.J., Sperling, S., Huber, W. (2007). Ringo—an
R/Bioconductor package for analyzing ChIP—chip readouts. BMC Bioinformatics §8,. doi:
10.1186/1471-2105-8-221.

Truong, L.N., Li, Y., Shi, L.Z., Hwang, P.Y., He, J., Wang, H., Razavian, N., Berns, M.W., Wu
X. (2013). Microhomology-mediated End Joining and Homologous Recombination share
the initial end resection step to repair DNA double-strand breaks in mammalian cells. Proc.
Natl. Acad. Sci. USA. 110, 7720-7725.

Truong, L.N., Li, Y., Sun, E., Ang, K., Hwang, P.Y.H., Wu, X. (2014). Homologous
recombination is a primary pathway to repair DNA double-strand breaks generated during
DNA rereplication. J. Biol. Chem. 289, 28910-28923.

Vasianovich, Y., Harrington, L.A., Makovets, S. (2014). Break-Induced Replication Requires
DNA Damage-Induced Phosphorylation of Pifl and Leads to Telomere Lengthening. PLoS
Genet. 10, €1004679.

Vaziri, C., Saxena, S., Jeon, Y., Lee, C., Murata, K., Machida, Y., Wagle, N., Hwang, D.S.,
Dutta, A. (2003). A p53-dependent checkpoint pathway prevents rereplication. Mol. Cell 71/,
997-1008.

Wilson, M.A., Kwon, Y., Xu, Y., Chung, W.H., Chi, P., Niu, H., Mayle, R., Chen, X., Malkova,
A., Sung, P., Ira, G. (2013). Pifl helicase and Polo promote recombination-coupled DNA
synthesis via bubble migration. Nature 502, 393-639.

Xouri, G., Lygerou, Z., Nishitani, H., Pachnis, V., Nurse, P., Taraviras, S. (2004). Cdtl and
geminin are down-regulated upon cell cycle exit and are over-expressed in cancer-derived
cell lines. Eur. J. Biochem. 271, 3368-3378.

Yarosh, W., Spradling, A.C. (2014). Incomplete replication generates somatic DNA alterations
within Drosophila polytene salivary gland cells. Genes Dev. 28, 1840-1855.

146



Yu, AM., McVey, M. (2010). Synthesis-dependent microhomology-mediated end joining
accounts for multiple types of repair junctions. Nucleic Acids Res. 38, 5706-5717.

Zhu, W., Chen, Y., Dutta, A. (2004). Rereplication by depletion of Geminin is seen regardless of
p53 status and activates a G2/M checkpoint. Mol. Cell. Biol. /6, 7140-7150.

Zhu, W., Dutta, A. (2006). An ATR- and BRCA1-mediated Fanconi anemia pathway is required
for activating the G2/M checkpoint and DNA damage repair upon rereplication. Mol. Cell.
Biol. 26, 4601-4611.

147



Chapter Five:
Conclusions and Perspectives

148



In this thesis I have established the Drosophila Amplicons in Follicle Cells (DAFCs) as a
model system for re-replication induced damage. We find that double-strand breaks (DSBs) are
coincident with elongating forks, supporting the model that collisions between adjacent
replication forks leads to collapse and DSBs (Davidson et al. 2006). Furthermore, the half-
maximum distance analysis described here measures global fork progression across each DAFC;
this analysis has enabled us to quantitatively compare how loss of various DNA damage
response and repair components influence fork movement. Using fork progression as a read-out
for DSB repair efficiency, we have begun to define the mechanisms of DSB repair during re-re-
plication. Our current results indicate at least three pathways are used for repair, and pathway
choice varies across different positions. Additionally, we find that absence of homologous
recombination (HR) enhances half-maximum distances at the DAFCs, revealing that repair of
DSBs by HR inhibits re-replication fork progression.

It therefore seems that DSB repair pathway choice during re-replication is a complicated
process influenced by genomic position, repair kinetics and developmental timing. Additionally,
the preferred repair mechanism may not be universal across all re-replication systems. We have
not tested the role of all possible repair pathways at the DAFCs, and it is likely that others are
involved. Our current approach limits us to testing pathways that have unique components.
Global examination of mechanisms for re-replication DSB repair will require deep sequencing of
repair junctions in amplifying follicle cells. To be confident that observed junctions are the result
of re-replication induced damage, sequences need to be compared to follicle cells isolated from
the same female just prior to amplification initiation. Although a variety of repair pathways
could be active, only the most efficient will generate detectable junctions. Therefore deep

sequencing in mutants shown to be required for repair, such as liglV, mus308 and liglV; mus308,
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is necessary to increase the frequency of rare repair events. This approach also will provide
valuable insight into the role of primary sequence in pathways choice, not just in the context of
re-replication but for general DSB repair. As we learn more about the components and signatures
of other DSB repair pathways, this dataset could be revisited and complimented with new mutant
analysis. These experiments would provide a comprehensive picture of the factors influencing

DSB repair mechanisms during re-replication and the consequences on genome integrity.

Repair of Re-replication Double-Strand Breaks by Break-Induced Replication

We have not tested the role of break-induced replication (BIR) in repairing re-replication forks
during follicle cell amplification. The fork collision model (Davidson et al. 2006) predicts that
collapsed re-replication forks generate single-sided DSBs (ssDSBs) when a fork meets an
unligated Okazaki fragment on the lagging strand of the fork in front of it (Fig. 1) (Abbas &
Dutta 2013). Studies of BIR at defined DSBs show that this pathway is used when there is
homology to only one side of the break and establishes a single replication fork (Malkova et al.
1996, 2005, Signon ef al. 2001). Therefore BIR is predicted to be the preferred pathway for
repair of ssDSB (Kraus ef al. 2001, Abbas & Dutta 2013). However, the BIR pathway lacks
unique genetic determinants, making it difficult to elucidate the role of BIR repair by measuring
fork progression in repair mutants. Although we have found that mutants in the BIR components
pol32 and pifl significantly reduce fork progression, both of these factors play a role in other
aspects of fork progression (Chapter 4) (Burgers & Gerik 1998, Lydeard et al. 2007, Sanders
2010, Paeschke et al. 2011, Sabouri et al. 2012, Wilson 2013 et al., Saini et al. 2013, Sabouri et
al. 2014, Vasianovich et al. 2014). Therefore, we currently cannot attribute the measured effects

to loss of BIR repair.
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Figure 1. Re-replication is predicted to generate single-sided DSBs where the leading
strand meets an unligated Okazaki fragment

(Top) A single origin initiation on the parental DNA (black) generates two bi-directional forks replication
forks and two daughter strands (blue). The leading strands are shown as one continuous arrow, the
Okazaki fragments of the lagging strands are shown as short head-to-tail arrows.

(Middle) A second initiation from the same origin generates four replication forks that replicate along
both the parental (black) and newly copied (blue) templates. Daughter strands from the second round of
replication are shown in red. Ligated Okazaki fragments are shown as joint head-to-tail arrows.

(Bottom) Forks generated on the right side of the origin are shown. As the leading strand from the second
origin firing (red, continuous arrow) meets the first replication fork, it encounters an unligated Okazaki
fragment on the lagging strand it is using as a template (blue, short arrows). Replication to the end of this

unligated Okazaki fragment generates a DSB at the site of fork collision (gray circle).
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BIR does not rely on the pre-RC components ORC or Cdc6, but does require Cdtl and
Mcm?2-7 helicase to establish new BIR forks in the absence of a replication origin (Lydeard et al.
2010). During canonical origin firing, Cdt1 is removed from the origin by targeted degradation in
S-Phase. In Drosophila, removal of the Cdtl homolog DUP is mediated by CyclinE/CDK2
phosphorylation (Thomer ef al. 2004) and the DUP PIP- box domain (Lee et al. 2010). However,
at the DAFCs DUP escapes degradation and travels with replication forks for the duration of
amplification (Claycomb et al. 2002). During origin firing in stage 10B and 11, BrdU forms a
single focus where it is incorporated at the origin and surrounding forks (Calvi et al. 1998,
Claycomb et al. 2002). By stages 12 and 13, the DAFC-66D origin no longer fires, but existing
replication forks continue to travel; this results in the resolution of two adjacent BrdU foci
around the DAFC-66D origin, called the double-bar structure (Claycomb et al. 2002). Likewise,
DUP resolves into a double-bar structure in stages 12 and 13, coincident with BrdU
incorporation (Claycomb et al. 2002). Conversely, ORC is present only at the origin of
replication and is removed once origin firing is complete (Claycomb er al. 2002). It was
suggested that DUP may be required to stabilize Mcm2-7 at these slow moving re-replication
forks (Claycomb et al. 2002). In the light of more recent data on the requirement for Cdtl in
BIR, an alternative explanation is that fork-associated DUP at the DAFCs is involved in the
establishment of origin-independent replication forks via BIR repair. This would suggest that
DUP is not travelling with elongating forks, but is being recruited as re-replication forks
collapse.

The idea that BIR might be utilized during follicle cell amplification was first proposed
upon the characterization of ORC-independent amplification at DAFC-34B (Kim & Orr-Weaver

2011). This site undergoes two separated rounds of origin firing. In stage 10B copy number
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increases around three-fold and the pre-RC components ORC and Mcm?2-7 localize to the origin.
At stage 13, copy number increases another two-fold and Mcm2-7 is loaded; however, ORC
cannot be detected by ChIP-chip or ChIP-qPCR after stage 10B. It therefore appears the second
origin firing at DAFC-34B is ORC-independent (Kim & Orr-Weaver 2011). The authors
proposed that collapsed forks generated during stage 10B may increase copy number at stage 13
via a BIR mechanism (Kim & Orr-Weaver 2011). We have since shown that DSBs are generated
throughout all six DAFCs in both stage 10B and 13 (Alexander ef al. 2015). Additionally, the
DSB marker YH2Av exhibits the highest enrichment levels at DAFC-34B in stage 13, as
measured by ChIP-seq (Alexander et al. 2015). The enrichment levels are even greater than those
at the highly amplified sites DAFC-66D and DAFC-7F, which should theoretically experience
more fork collision events simply due to the increased number of adjacent forks. This suggests
that forks at DAFC-34B are highly susceptible to fork collapse, and potentially generate more
substrates for BIR repair than the other sites. It would be interesting to measure YH2Av
enrichment profiles from stage 11 and stage 12 follicle cells to determine if the rate of DSB
generation is accelerated at DAFC-34B compared to the other DAFCs.

It is also interesting that fork progression is most strongly affected at DAFC-34B 1is pifl
follicle cells. The half-maximum distance at DAFC-34B is reduced by 50% in pifl compared to
wild-type, whereas the other DAFCs exhibit only a 20-30% reduction (Chapter 4). No other
mutants analyzed thus far reduce fork progression more than 30% at any site (Alexander et al.
2015, Chapter 4). This reveals that DAFC-34B is especially sensitive to loss of the Pifl helicase.
It is an interesting possibility that Pif] may facilitate fork progression independently of BIR at all
DAFCs, while only DAFC-34B requires Pifl for both replication and BIR. Alternatively, Pifl

may be involved in BIR at all re-replication positions, but the increased amount of DSBs (as
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indicated by YH2Av intensity) may make DAFC-34B more sensitive to loss of BIR components.
However, absence of the essential BIR factor Pol32 had no additional effect on fork progression
at DAFC-34B compared to the other sites, suggesting Pifl is functioning independently of BIR at
DAFC-34B.

A combination of conditional alleles could be used to test whether the second round of
origin firing at DAFC-34B occurs by a BIR mechanism. Induced degradation of ORC between
stages 10B and 13 would reveal if the second round of origin firing is indeed ORC-independent.
This system must be sensitive enough to degrade ORC in the 2.5 hour window between stages
10B and 13, so that all stage 10B origin firing events occur normally. To determine if DSBs
generated during stage 10B are essential for amplification in stage 13, reciprocal experiments
would be done in stage 10B to abolish early origin firing and measure copy number later in stage
13. Additionally, the requirement for Cdtl in the establishment of BIR forks (Lydeard et al.
2010) predicts that degradation of DUP after stage 10B would block the second round of
amplification at DAFC-34B. A requirement for DUP, but not ORC, would strongly support a
model in which stage 13 amplification at DAFC-34B occurs by BIR.

Several systems have been developed for targeted degradation of proteins in Drosophila.
GFP fusion proteins can be targeted for degradation using the deGradFP system. Co-expression
of a GFP single-chain antibody fused to the F-box protein Slmb (NSImb-vhhGFP) will bind to
the GFP fusion protein and target it to the SCF for polyubiquitination and subsequent
degradation (Caussinus et al. 2012). NSImb-vhhGFP expression is under UAS control and thus
can be combined with a variety of GAL4 drivers (Caussinus et al. 2012). Although a functional
ORC2-GFP fusion is available (Caussinus et al. 2012), there are currently are no drivers that

specifically turn on after stage 10B. Therefore NSImb-vhhGFP would have to be driven by a heat
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shock promoter, and conditions optimized to drive expression rapidly. Another recently
published system is auxin-inducible degradation, whereby addition of the plant hormone auxin
drives association of proteins containing an auxin-degron to the SCF (Trost et al. 2016). This
system provided a rapid and potentially reversible means for degradation, making it ideal to
target proteins between short developmental stages in the follicle cells.

Targeted degradation of pre-RC components would also be highly informative to test the
role of BIR repair at the other DAFCs. If DSBs are repaired by continued establishment of BIR
forks, degradation of DUP after origin firing would reduce the DAFC half-maximum distances.
It is important to note that these measurements would not be informative at -62D or DAFC-34B,
which undergo origin firing events in stage 13 that recruit DUP (Brian Hua, unpublished data). If
fork progression is reduced at the other four DAFCs, this result could also be explained by a
requirement for DUP in maintaining Mcm?2-7 at amplification forks, as was previously suggested
(Claycomb et al. 2002). However, this model has two major predictions that differ from a BIR
mechanism: 1) immunofluorescence experiments looking at Mcm2-7 localization to DAFC
replication forks will reveal if Mcm2-7 is reduced after DUP degradation, and 2) fork
progression is expected to be abolished in the absence of Mcm?2-7 on all elongating forks.
Conversely, absence of BIR is predicted to affect only a subset of forks that collide and collapse.
This would result in a 20-30% decrease in the half-maximum distance, as seen for other DNA
damage response and repair mutants (Alexander et al. 2015, Chapter 4) rather than a complete
block to fork progression. Comparisons to half-maximum distances after targeted degradation of
an essential fork component, such as PCNA or Mcm2-7, would establish a baseline for expected
distances when fork progression is abolished.

However, the slow kinetics of BIR makes it unlikely to be the preferred mechanism of repair
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at all the DAFCs. Kinetic studies from defined DSBs found that initiation of BIR takes
approximately 2.5 hours longer than HR (Malkova et al. 2005), and the first repair products are
seen 6-9 hours after the break is generated (Lydeard ef al. 2010). Based on our results in HR
mutants, it seems unlikely that BIR would be a productive repair mechanism in the follicle cells.
These studies did find that once BIR forks are established, they progress at speeds comparable to
canonical replication forks (Malkova et al. 2005). Therefore BIR events initiating in early stage
10B could result in productive fork progression by stage 13. It is interesting to speculate that the
delay in origin firing at DAFC-34B is simply the result of BIR initiation kinetics rather than
developmental regulation.

Recent studies demonstrated that fork elongation during BIR occurs via bubble migration,
which is visible by electron microscopy (EM) of replicating DNA and 2D-gel analysis (Saini et
al. 2013, Wilson et al. 2013). The 2D-gel studies found bubble arcs after the initiation of BIR
when only elongating forks are expected to be present, which the authors propose is indicative of
bubble migration (Saini et al. 2013). 2D-gel analysis of replication products within DAFC-66D
found strong bubble arcs within the region known to contain the origin (Heck and Spradling
1990). However, the authors also found faint bubbles outside of the origin region, which they
suggest reflects less efficient usage of other origins during amplification (Heck and Spradling
1990). It 1s possible these faint bubble arcs are actually BIR bubbles like those seen by Saini and
colleagues. Confirmation of migrating bubbles would require 2D-gel analysis of fragments
further out from the origin in stage 12-13 follicle cells, after DAFC-66D origin firing. EM of
studies of the follicle cell amplicons did not report migrating bubble structures (Osheim &
Miller, 1983, Osheim et al. 1988). However, these studies were done with restriction fragments

near the DAFC-66D and -7F origins and localized origin locations by the presence of elongating
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chorion gene transcripts (Osheim & Miller, 1983, Osheim et al. 1988). Additionally, the authors
note that the complex amplification structures made it difficult to obtain spreads for EM (Osheim
et al. 1988). Visualization of the lower copy number amplicons at positions outside of the origin

region could reveal whether migrating bubbles are generated during follicle cell amplification.

Re-replication fork repair by Nonhomologous End Joining (NHEJ)

Our results demonstrate the NHEJ is required for efficient repair of DSBs generated by re-
replication (Alexander et al. 2015, Chapter 4). A recent study in yeast also found that NHEJ is
utilized for repair of re-replication DSBs (Hanlon & Li 2015). Mutations in the DNA-PK
catalytic subunit, required for NHEJ, render Chinese hamster cells sensitive to prolonged
exposure to hydroxyurea, suggesting NHEJ helps repair DSBs at collapsed forks (Lundin et al.
2002). However, collapsed replication forks are predicted to generate ssDSBs, and therefore a
single collapsed fork cannot be repaired by NHEJ. Lundin et al. propose that NHEJ repair joins
two nearby forks, since hydroxyurea is expected to cause extensive fork collapse (Lundin et al.
2002). During S-phase, joining forks in this way would potentially generate large deletions and
chromosome re-arrangements, making use of NHEJ repair toxic to the cell. Truong and
colleagues propose a model by which re-replication bubbles are removed by nuclease processing
and blunt ends on either side are joined by NHEJ (Truong et al. 2014). However, maintenance of
copy number at the DAFCs after origin firing is completed suggests this is not the case
(Spradling & Mahowald 1980, Claycomb et al. 2002, Kim & Orr-Weaver 2011). Additionally,
EM studies show that forks are maintained in an onion skin structure at the amplicons (Osheim
& Miller, 1983, Osheim ef al. 1988).

It is possible that numerous adjacent broken forks generated at the DAFCs provide adequate
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substrate for NHEJ repair. Potential rearrangements within the DAFCs may not be problematic in
the follicle cells, which are terminally differentiated and undergo programmed cell death soon
after amplification ends. However, the resolution of BrdU/EdU thymidine analogs into clear
double-bar structures after origin firing is completed suggests DSB ends are not joined to breaks
across the origin. It is possible that nuclease processing of collapsed forks generates compatible
DSB ends for NHEJ repair. Sequencing repair junctions in wild-type and /iglV follicle cells will

provide important insight into how these breaks are processed and repaired by NHEJ.
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