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CHAPTER |

Introduction

DNA replication is a fundamental process that ensures faithful duplication of
genomic material in every organism (Branzei & Foiani, 2010). Complete and accurate
replication is essential to maintain genome stability. Although DNA replication has very
high rate of fidelity, with less than 1 in a billion errors (Kunkel & Bebenek, 2000), several
sources of endogenous and exogenous sources of stress can lead to DNA damage and
subsequent accumulation of mutations. Exogenous sources of stress include
environmental factors such as ultraviolet (UV) rays (Rastogi et al., 2010), ionizing
radiation (IR) (Santivasi & Xia, 2014), as well as chemotherapeutic agents. While
endogenous sources of damage arise from cellular metabolic processes and lead to
oxidative damage, hydrolysis, alkylation etc. (Moretton & Loizou, 2020). Genome
instability caused by a combination of these sources of damage is a hallmark of cancer
and underlies almost all forms of neoplastic transformation (Negrini et al., 2010).
Mechanisms have evolved to deal with genotoxic stress in order to minimize the
mutations and maintain genome stability, but some of these mechanisms and how they

are deployed are poorly understood.

DNA replication occurs at structures called replication forks, where parental DNA
is unwound and daughter strands are synthesized. Various forms of genotoxic stress

can lead to stalling of replication fork structures. Genotoxic stress and subsequent fork
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Figure 1.1. Cartoon of fork reversal and NSD following genotoxic stress




stalling is complex and involves a variety of pathways that become activated in order to
stabilize forks and restart DNA synthesis. Reannealing and extrusion of nascent DNA
strands to form a four-way junction termed a Reversed Fork (RF) is one of the primary
responses to fork stalling (Zellweger et al., 2015) (Figure 1.1). Fork reversal is thought
to be a mechanism to stabilize a fork before the damage is repaired and synthesis can
be resumed (Berti, Cortez, et al., 2020). Additionally, fork reversal is important for
replication restart following genotoxic stress (Thangavel et al., 2015). However, fork
reversal also creates a substrate that resembles a double-stranded DNA end that can
be subject to processing and degradation (Cortez, 2019). Cells possess mechanisms to
reverse DNA synthesis by degrading the newly synthesized daughter strands (Figure
1.1). This is a highly conserved process across bacteria, viruses, yeast as well as
metazoa. Degradation of newly synthesized DNA in response to genotoxic stress is
termed Nascent Strand Degradation (NSD). Although NSD has been linked to fork
restart (Thangavel et al., 2015), it has also been linked to generating aberrant
chromosomes and promoting genome instability (Schlacher et al., 2011). Thus, itis
unclear how cells elicit NSD and properly regulate the balance between degradation,
reversal and restart. My thesis work has developed an in vitro system to study NSD
and fork reversal in mechanistic detail and answer some of the key questions in the

field.

In this chapter, | will overview vertebrate DNA replication in more detail, discuss
how genotoxic agents induce fork stalling, and overview our current understanding of

responses to fork stalling, mechanisms of fork protection and fork reversal.
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Overview of the mechanism of vertebrate DNA replication

In vertebrates, DNA replication occurs in three distinct phases termed initiation,
elongation, and termination (O'Donnell et al., 2013). During G1 phase of the cell cycle in
vertebrates, pairs of MCM2-7 helicase complexes are loaded onto undefined origins of
replication (Evrin et al., 2009). At the beginning of each S phase, inactive helicase
complexes are converted to an active CMG complex by association of Cdc45 and GINS
factors (llves et al., 2010). Active CMG complexes melt the DNA, generating single-
stranded DNA (ssDNA) at origins and subsequently move away from one another
bidirectionally to begin the elongation phase of DNA synthesis (Bochman & Schwacha,
2015; Li et al., 2015) (Figure 1.2 (A)). Each origin gives rise to two replication forks and
each fork is replicated by a molecular machine termed the ‘replisome’ (Figure 1.2 (B)).
The vertebrate replisome also includes DNA polymerases epsilon (Pole) (Waga et al.,
2001) and delta (Pold), synthesizing leading and lagging strands, respectively, and
polymerase alpha primase (Pola), which generates a template to initiate replication of
both leading and lagging strands during initiation, and continually primes the lagging
strand template during elongation of DNA synthesis (Pellegrini, 2012). The replisome
also includes the processivity and cell cycle signaling factor PCNA and many other
accessory proteins that help coordinate DNA synthesis and coat ssDNA at forks (Sun et
al., 2015). During termination, replisomes from adjacent origins converge and pass
each other, nascent strands are ligated and replisomes are unloaded (Dewar et al.,

2015; Dewar & Walter, 2017).
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Causes and consequences of replication fork stalling

Introduction

Genome duplication is crucial for cellular division and thus, targeting DNA
replication is a very common approach in cancer therapy. Several classes of genotoxic
agents are utilized as chemotherapeutics that cause various types of DNA damage. All
genotoxins broadly inhibit DNA replication. Most forms of genotoxic stress stall
replication forks during DNA synthesis and pose a threat to genome integrity. Fork
stalling can occur due to physical lesions in the DNA such as interstrand crosslinks
(ICLs), DNA-protein crosslinks (DPCs), abasic sites, nicks in the DNA backbone etc.
Additionally, stalling can occur at intact DNA templates due to decreasing pool of
nucleotides (dNTPs) by hydroxyurea (HU) (Bianchi et al., 1986) or blocking of DNA
polymerases by small molecule inhibitors such as aphidicolin (Ikegami et al., 1978) or
CD437 (Han et al., 2016). When forks stall, DNA polymerases are unable to continue
synthesis and this blocks the elongation of the nascent strands. CMG helicase
continues unwinding parental DNA, which can generate excessive parental SSDNA
(Byun et al., 2005; Michael et al., 2000; Zhou & Elledge, 2000). During normal DNA
synthesis, activities of DNA polymerases and the CMG helicase are coupled. However,
during polymerase stalling, CMG helicase continues its enzymatic activity while the
polymerase is not synthesizing nascent DNA. This phenomenon is referred to as
uncoupling and is thought to occur in response to various forms of genotoxins (Byun et

al., 2005; Zellweger et al., 2015). Replication fork uncoupling leads to CMG helicase



slowing. The CMG helicase slows down ~8-10 fold following aphidicolin treatment
(Graham et al., 2017; Sparks et al., 2019). Although helicase progression is slow,
uncoupling still leads to generation of excessive sSSDNA ahead of nascent strands (Byun
et al., 2005) (Figure 1.3). Excessive ssDNA gaps can be mutagenic and thus, it is
important that they are properly processed (Cong et al., 2021; Gambus et al., 2009;
Nedelcheva et al., 2005). Uncoupled forks may undergo several types of processing in
order to restart DNA synthesis such as repriming and subsequent post-replicative gap
filling (Berti, Cortez, et al., 2020). They can also be targeted by structure-specific
endonucleases that can cause fork breakage (Lemacon et al., 2017). Additionally,
uncoupled forks may remodel into four-way junctions (Zellweger et al., 2015). This
phenomenon is termed fork reversal and it is one of the most common responses to fork
stalling. My dissertation work seeks to understand the molecular trigger for fork reversal
and mechanisms that follow. | will explore fork reversal in more detail in the next

section.

Replication fork reversal

Overview of fork reversal

One of the primary responses to fork stalling involves reannealing and extrusion of

nascent DNA strands to generate a four-way junction sometimes termed as a ‘chicken-

foot’” structure or an RF (Zellweger et al., 2015). This is a remarkably frequent

mechanism that is observed in response to a wide variety of replication insults and



allows for replication fork stabilization and lesion bypass following genotoxic stress.
Fork reversal was first observed in 1976 on an electron micrograph and was
hypothesized as a potential model for using the sister nascent strand as a template for
replication when parental template is damaged (Higgins et al., 1976). Back then, it was
referred to as four-pronged replication fork and thought to be highly deleterious and
mutagenic. More recently, fork reversal is seen as a way to stabilize stalled forks in
order to avoid genome instability (Quinet et al., 2017). Fork reversal is a frequent and
controlled process that occurs in response to a wide variety of genotoxins and other

sources of replication stress.

Proteins that catalyze reversal

Fork reversal involves many proteins including a ssDNA binding protein RAD51,
a Fox helicase 1 (FBH1), DNA translocase PICH and SNF family helicases SMARCAL1
(SWI/SNF-related, matrix associated, actin-dependent, regulator of chromatin, and
subfamily A-like 1), ZRANB3 (zinc finger, RAN-binding domain containing 3), as well as
HLTF (Helicase-Like Transcription Factor) (Hishiki et al., 2015). First, | will focus on
SMARCAL1, ZRANB3 and HLTF roles in fork reversal. These enzymes all recognize
different substrates in vitro (Poole & Cortez, 2017), however, their knockdown leads to
some similar phenotypes in vivo, abrogation of fork reversal and excessive NSD
following genotoxic treatment in fork protection deficient cells (Taglialatela et al., 2017).
Mutations in SMARCAL1 cause Schmike immunoosseous dyplasia and it was first

identified as an RPA binding genome maintenance protein overexpression or deficiency



of which led to activation of DNA damage response and hypersensitivity to genotoxins,
respectively (Bansbach et al., 2009; Yuan et al., 2009). SMARCAL1 binds RPA and its
RPA binding domain is essential in fork remodeling functions in vivo (Ciccia et al.,
2009). This observation led to proposing the model that SMARCAL1 remodels forks
with persistent sSDNA gaps at the fork junction (Taglialatela et al., 2017). dsDNA
translocase activity of SMARCALL is also important for fork reversal, putting forth a
model that reannealing of the parental strands drives reannealing of the nascent strands
and fork reversal (Betous et al., 2012). ZRANB3 was first identified as a genome
maintenance protein that localized to damaged forks via PCNA, K63-polyubiquitin chain
interactions and also possesses a structure-specific endonuclease activity, generating
an accessible 3’ OH group of the leading strand template (Weston et al., 2012).
ZRANBS3 interacts with polyubiquitinated PCNA which promotes its fork remodeling
activity (Ciccia et al., 2012; Vujanovic et al., 2017). HLTF is an ATP-dependent DNA
translocase with a ubiquitin ligase activity (Unk et al., 2008). HLTF relies on its HIRAN
domain that can interact with 3° OH and carry out fork reversal (Kile et al., 2015). In the
absence of HLTF, DNA replication fails to slow down under genotoxic stress, which can
lead to genomic instability (Achar et al., 2011; Bai et al., 2020).

FBH1 can catalyze fork regression both in vitro and in vivo (Fugger et al., 2015).
FBH1 contains a helicase domain but also has ubiquitin ligase activity (Chiolo et al.,
2007). FBH1 also controls RAD51 function (Chu et al., 2015), which could be how it
indirectly affects fork regression. More recently, DNA translocase PICH emerged as a
fork reversal factor. PICH together with SUMO E3 ligase ZATT and TOP2A is thought to

drive extensive fork reversal downstream of SMARCAL1, ZRANB3 and HLTF mediated

10



initial reversal (Tian et al., 2021). Roles of RAD51 recombinase in fork reversal will be
further expanded in the following section.

Overall, we know that all these proteins are capable of regressing replication
forks. However, how they function together or how the pathway of choice is determined

under different circumstances remain unclear.

Molecular triggers of fork reversal

Fork reversal allows for global slowing of replication fork elongation. This gives
DNA repair machinery more time to repair or bypass certain lesions. However, reversed
fork overhang also resembles a DNA double-strand break (DSB), which is highly
mutagenic. Replication fork reversal can occur in response to a wide variety of
genotoxic stress that can cause both replication fork stalling and uncoupling. Therefore,
an exact molecular trigger for reversal is unclear. It has been hypothesized that sSSDNA
gaps in the wake of uncoupled forks an provide a platform for loading of fork reversal
enzymes to promote remodeling, however, it has not been formally demonstrated. This
evidence comes from the observation that upon wide sources of genotoxic stress, the
median size of ssDNA stretches measured by EM correlate with the relative abundance
of fork reversal (Zellweger et al., 2015). My thesis work in Chapter IV will identify one of

the molecular triggers of fork reversal, which is replication fork uncoupling.

11
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Replication fork protection

Overview of fork protection

Replication fork protection is a mechanism that protects reversed forks from
aberrant processing (Berti, Cortez, et al., 2020; Hashimoto et al., 2010; He et al., 2018;
Kolinjivadi et al., 2017; Lemacon et al., 2017; Liao et al., 2018; Przetocka et al., 2018a,;
Taglialatela et al., 2017) (Figure 1.4 (A)). Many different DNA repair proteins have been
implicated in fork protection such as BRCA1/2, FANCD2, BOD1L and others (Higgs et
al., 2015; Liu et al., 2020; Schlacher et al., 2012). Genotoxic stress in the absence of
these factors causes NSD of unprotected reversed forks which leads to chromosomal
aberrations and genomic instability. Excessive NSD can be rescued by depleting
enzymes that catalyze fork reversal such as SMARCALL1, ZRANB3, HLTF, FBHL1 or
inhibiting nucleases that carry out NSD such as MRE11, EXO1 and CTIP (Cortez, 2019;
Liu et al., 2020; Taglialatela et al., 2017). NSD can also be rescued by depleting
RAD51, presumably by preventing fork reversal (Berti, Cortez, et al., 2020; Berti, Teloni,
et al., 2020). However, the biochemical mechanisms underlying fork protection and
degradation remain elusive. In this section, | will discuss the discovery and the evolving

model for fork protection in vertebrates.

13
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Discovery of fork protection

Fork protection was co-discovered in human cells and Xenopus egg extracts
(Hashimoto et al., 2010; Schlacher et al., 2011). Both studies found unexpected roles
for BRCA2/RAD51 and MRE11 nuclease independent of their canonical functions in
double-strand break (DSB) repair (Holloman, 2011). The proposed mechanism included
stabilization of RAD51 nucleofilaments on the ssDNA gaps behind the fork by BRCAZ2 in
order to prevent nucleolytic processing of the overhang. This was supported by the
evidence that stabilization, but not loading of RAD51 by BRCA2 was required to protect
reversed forks from degradation by MRE11 (Schlacher et al., 2011). The cellular study
hypothesized the role of fork reversal but did not formally test its involvement. In
extracts, a study found that following MMS mediated DNA damage, ssDNA gaps
accumulated on damaged templates in a RAD51-dependent manner(Hashimoto et al.,
2010). When RADS51 binding to chromatin was inhibited using recombinant human
BRC4 peptide, a motif of BRCA2 with a high affinity to RAD51, the number and the
length of gaps increased significantly. Gaps were found to be suppressed by excess
recombinant RAD51, showing the direct requirement for RAD51 recombinase in gap
suppression (Figure 1.4 (B)). These gaps arose in MRE11 nuclease mediated manner.
When MRE11 activity was inhibited by a small molecule inhibitor mirin, substantially
lower amounts of gaps were detected by EM following MMS treatment. This study
concluded that in the absence of RAD51 and the presence of genotoxic stress, MRE11

nuclease degrades nascent DNA behind forks leaving large ssDNA gaps.
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A simultaneously published study in human, mouse embryonic and hamster cells
reported similar findings (Schlacher et al., 2011). They utilized DNA fiber labeling
analysis to monitor the stability of replication forks following hydroxyurea (HU)
treatment, which is a genotoxic agent that inhibits ribonucleotide reductase and
depletes deoxyribonucleoside triphosphate pools, thereby stalling replication forks. DNA
fiber labeling sequentially pulses cells with two nucleotide analogs followed by
genotoxic stress and provides a way to measure the length of replication forks following
stress, as a proxy for degradation (Figure 1.5 (A)). Importantly, this assay cannot
distinguish between leading versus lagging strand degradation because if either of the
two strands are intact, signal appears unchanged (Figure 1.5 (B)). They found that in
BRCA2-deficient cells, IdU tracts shortened over time following HU treatment,
suggesting that nascent DNA was being degraded (Schlacher et al., 2011). This
phenotype could be rescued by using BRCA2-proficient cells. Additionally, they did
structure-function analysis on different domains of BRCAZ2 and found that a highly
conserved C-terminus, which is dispensable for homologous recombination, is essential
for maintaining replication fork stability. Thereby, providing evidence that stabilizing
replication forks following genotoxic stress is done in an HDR independent manner.
They further tested the direct involvement of RAD51 in maintaining nascent replication
tracts following HU treatment. Similarly, to the study in Xenopus egg extracts, they
expressed BRC4 peptide to perturb RAD51 nucleofilament formation, which led to

substantially more degradation of nascent DNA. ATP hydrolysis by RAD51 is required
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for RAD51 dissociation from DNA while allowing association and nucleofilament
formation. Therefore, they expressed the K133R form of RAD51 which is devoid of the
ATPase activity and forms very stable filaments. Expression of this mutant stabilized
replication forks and rescued the protection phenotype, thereby providing evidence that
stabilization of RAD51 filaments by BRCAZ is important for fork stability following
genotoxic stress. This study also showed the involvement of MRE11 nuclease in
nascent strand degradation. They also hypothesized that fork reversal might play a role
in this process but did not formally test it. Most recently, new evidence came to light
showing that the protective function of RAD51 during fork protection largely involves its
capacity to bind dsDNA (Halder et al., 2022), in stark contrast to previous models which
put forth a model that RAD51 coats ssDNA overhang of a reversed fork to protect it
against nucleolytic degradation. The evidence that supported their findings is as follows.
First, they showed that inhibiting dsDNA binding of RAD51 by BRC4 abrogates end
protection. They additionally tested a RAD51 bacterial homolog RecA, which binds
dsDNA poorly, and found that it does not confer protection to DNA ends. Finally, they
show that ssDNA overhangs are dispensable for RAD51 protecting reversed forks
against nucleolytic degradation. However, this study was done in vitro on synthetic DNA
templates using recombinant proteins, which might not accurately represent cellular

circumstances.

These studies laid a foundation for numerous others that explored fork protection

in more detail and found that many more replication and repair factors are involved.

Most of those mechanisms we still do not fully understand. Particularly, how all the
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different fork reversal and fork protection factors function to maintain genome stability

and which contexts are these different pathways deployed in are unclear.

Role of fork reversal in fork protection

Following these initial discoveries, a trio of papers were published reporting
similar findings in both Xenopus egg extracts and human cells and discovering the
involvement of fork reversal in fork protection and nascent strand degradation. The
Xenopus study found that SMARCAL1 mediated fork reversal triggers MRE11 nuclease
mediated nascent strand degradation in the absence of BRCA2 and RAD51 mediated
fork protection (Kolinjivadi et al., 2017). First, they found that BRCA2 promotes binding
of RAD51 to DNA during unperturbed DNA replication. Then they recapitulated earlier
findings, showing that under MMS mediated replication stress, BRCA2 depleted
extracts show ssDNA gaps that are subject to S1 nuclease mediated cleavage.
Importantly, they showed that treatment with aphidicolin, also led to a similar gap
formation phenotype, suppressed by both mirin treatment and rescuing extracts with
recombinant BRCA2 domains. Their novel finding was that following aphidicolin
treatment, they observed reversed fork structures by EM (Kolinjivadi et al., 2017).
Reversed fork frequency was decreased by depleting both SMARCAI1 translocase and
RAD51, and further decreased by co-depleting both factors. Thus, the study concluded
that ssDNA gaps behind the replication fork following genotoxic stress are remodeled
into reversed forks in RAD51 and SMARCAL1 mediated fashion and this reversal

prevents degradation of reversed forks by MRE11 and other nucleases. A study

19



published simultaneously found that in addition to SMARCALL1, other 2 members of the
SNF2 family fork remodelers, ZRANB3 and HLTF are also important for fork reversal
following genotoxic stress in human cells (Taglialatela et al., 2017). They utilized DNA
fiber labeling analysis to measure the length of nascent DNA tracts following HU
treatment. As expected, they found that in cells devoid of fork protection, nascent strand
degradation occurs following genotoxic stress. Importantly, they could rescue
degradation and restore tract length by knocking down ZRANB3, HLTF and
SMARCALL. Another study in the same issue, showed that replication fork slowing and
reversal upon genotoxic stress requires PCNA polyubiquitination and ZRANB3
translocase activity (Vujanovic et al., 2017). Another study also showed that BRCA2
defective cells undergo fork reversal and MRE11 mediated nascent strand degradation
in response to HU treatment. In addition to MRE11, they defined a role for PTIP and

RAD52 proteins in degradation of stalled forks (Mijic et al., 2017).

In addition to fork protection, RAD51 is also important for fork reversal (Zellweger
et al., 2015). A study showed that siRNA-mediated knockdown of RAD51 inhibited fork
reversal upon CPT, MMC and HU induced genotoxic stress (Zellweger et al., 2015).
Several others reported that RAD51 cooperates with SNF2 family translocases to carry
out fork reversal (Betous et al., 2012; Ciccia et al., 2012; Kile et al., 2015; Vujanovic et
al., 2017; Zellweger et al., 2015). Importantly, RAD51 has been reported to be
necessary for fork reversal in all genetic backgrounds of fork protection loss (Liu et al.,
2020). Although the mechanistic role of RAD51 in protection of reversed forks is more

well understood, how it catalyzes fork reversal remains elusive. One important finding is
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that amount of RAD51 protein determines fate of stalled forks (Bhat & Cortez, 2018).
Higher cellular levels of RAD51 are required for fork protection than fork reversal, so
when RAD51 is partially knocked down, stalled fork reversal and degradation can still
take place, but reversed forks are deprotected (Bhat et al., 2018). Additionally, RAD51
small molecule inhibitor BO2 which inhibits RAD51 nucleofilament assembly and foci
formation, blocks fork protection (Taglialatela et al., 2017) but does not inhibit fork
reversal, providing further mechanistic insight on how roles of RAD51 during these two

processes are distinct.

Fork protection in chemosensitivity

In addition to fork protection, BRCA1/BRCA2 and RAD51 proteins play a key role
during error-free DSB repair by homologous recombination. Patients with mutations in
these proteins are predisposed to breast, ovarian and pancreatic cancers. Cells devoid
of these proteins, as well as patients with mutations are very sensitive to DNA
damaging agents such as cisplatin and poly(ADP-ribose) polymerase (PARP) inhibitors.
Since the discovery of the roles of BRCA1/2 and RADS51 in fork protection and fork
reversal beyond their canonical functions in HR, scientists have been curious to know
how defective fork stability affects chemotherapy sensitivity and whether restoration of
fork stability can confer chemoresistance. Mouse and cellular studies showed that
restoring fork protection correlates with chemotherapy resistance in HR deficient
settings (Ding et al., 2016; Dungrawala et al., 2017; Ray Chaudhuri et al., 2016;

Yazinski et al., 2017). One particular study, found a causal relationship between
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restoring fork protection and gaining chemoresistance (Ray Chaudhuri et al., 2016).
However, some studies have shown that restoration of fork protection has no effect on
modulating chemosensitivity (Feng & Jasin, 2017). Overall, the majority of the
chemoresistance can be attributed to restoration of homologous recombination, but fork

protection also serves a role (Dias et al., 2021).
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Nascent Strand Degradation

Overview of NSD

Nascent strand degradation is a complex mechanism that occurs downstream of
genotoxic stress. Small amounts of degradation could be beneficial to promote fork
restart however, excessive degradation leads to genome instability and chromosomal
aberrations. NSD can be carried out by many different nucleases in different genetic
backgrounds. Below | will discuss our current understanding of NSD in the presence or

absence of fork protection.

NSD in the absence of fork protection

In the absence of fork protection factors, genotoxic stress causes excessive
NSD. One of the initial studies that discovered fork protection, also found that excessive
NSD leads to aberrant chromosomal structures during metaphase such as radial and
broken chromosomes (Schlacher et al., 2011). Importantly, they were able to rescue the
chromosomal abnormalities by inhibiting NSD by inactivating MRE11 nuclease.
Interestingly, accumulation of these aberrant chromosomal structures, did not lead to
increased cell death, suggesting that BRCA2 deficient cells upon genotoxic stress will
be able to undergo increased mutagenesis without compromising survival. Subsequent

studies showed that loss of many other proteins such as FANCD2, ABRO1, BODL1L,
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VHL, FANCA, EXD2, and 53BP1 also leads to aberrant degradation by MRE11, CTIP
and DNA2 nucleases (Espana-Agusti et al., 2017; Higgs et al., 2015; Higgs & Stewatrt,
2016; Liu et al., 2020; Nieminuszczy et al., 2019; Xu et al., 2017). How these different
fork protection factors function together and whether there are multiple fork protection

pathways that function in response to different insults are unclear.

NSD in the presence of fork protection and fork restart

In addition to NSD that occurs in the absence of fork protection, degradation of
nascent DNA strands has also been observed in wild-type (WT) cells under the
conditions of prolonged HU stalling (Thangavel et al., 2015). This form NSD is driven by
DNAZ2 nuclease (Zheng et al., 2020) and WRN helicase, is antagonized by RAD51 and
does not involve MRE11, EXO1, EXD2 or CTIP nucleases. This mode of degradation is
thought to be important for fork restart after genotoxic stress. However, it is unclear
whether this controlled NSD occurs in the presence of fork protection or whether they
are two separate pathways deployed under different conditions. It is also unclear
whether NSD under fork protection proficient conditions can only occur after 8+ hours of
stalling or whether it is a primary response to stalling and leads to fork recovery. My

thesis work will explore this further.
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NSD and fork reversal

Replication fork reversal and NSD are tightly linked. All known modes of NSD
can be fully inactivated by knockdown of fork reversal factors, which serves as an
indirect readout for fork reversal being required for NSD. However, a question still
remains of whether NSD can occur in the absence of fork reversal and whether fork
reversal is a necessary entry point for nucleolytic degradation of newly synthesized
DNA (Berti, Cortez, et al., 2020) (Figure 1.6) My thesis work in Chapter VIl will address

iIs unanswered question.

Summary of the current model for fork reversal and NSD

Below is the current model of stalled fork processing in vertebrates. Stalled forks
are remodeled into reversed forks, which are subject to fork protection to guard them
against aberrant nucleolytic processing. Nascent strand degradation can also occur in
fork protection proficient cells after prolonged fork stalling, and this is thought to be
important for fork restart. Reversed forks are thought to be necessary entry points for
nascent strand degradation. However, key mechanistic questions about fork reversal
and nascent strand degradation remain. For instance, what is a molecular trigger for
fork reversal? Is NSD ever deployed as a first response to genotoxic stress? Are these
other substrates for NSD? What is the fate of the replicative helicase during fork
reversal and NSD? My thesis work aimed to address these questions by developing an

in-vitro system using cell-free Xenopus egg extracts.
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Xenopus egg extracts to study DNA replication and repair

Xenopus egg extracts provide an excellent system to study DNA replication and
repair in mechanistic detail. These cell-free extracts contain all necessary components
to carry out in vitro DNA replication (Lebofsky et al., 2009) and have been used to
discover many fundamental processes, including fork protection(Hashimoto et al.,
2010). Broadly, oocytes are isolated from female frogs and processed into cytosolic and
nuclear extracts which provide means for DNA licensing, and DNA replication,
respectively (Figure 1.7). Custom plasmid DNA templates, as well as chromosomal
DNA can be efficiently replicated in extracts. | will explore the utility of the Xenopus egg

extract system in more detail in Chapter Il
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Thesis Project

Genotoxic stress stalls replication forks during DNA replication and causes fork
reversal and NSD. Over the last decade, numerous studies have identified and
characterized fork protection, NSD and fork reversal and they have identified many
tumor suppressor proteins that function in these pathways. These processes are crucial
to maintain genome stability in response to genotoxic stress, however our mechanistic
understanding on how they are triggered or carried out is limited. One big question in
the field is precisely which aspect of fork stalling triggers NSD? Uncoupling has been
correlated with fork reversal and NSD, but it has not been formally demonstrated that
uncoupling can trigger NSD. In addition, it is unclear what DNA structures are targeted
for degradation and whether fork reversal is a necessary entry point for resection. It is
possible that different substrates can be degraded, and degradation of Y-shaped forks
might precede or even promote fork reversal. Another gap in our knowledge of these
mechanisms is what is the fate of the replicative helicase during NSD and fork reversal?
CMG helicase translocates on ssDNA of the leading strand template and fork reversal
creates a four-way double stranded junction which is theoretically incompatible with
CMG binding. Does CMG unload from the fork prior to fork reversal? If so, what are the
mechanisms that promote unloading and how can efficient restart be ensured to
safeguard genome integrity? Conversely, does CMG stay bound to the fork structure
during fork reversal and if so, does it get trapped in a sSSDNA bubble or translocates on
dsDNA somehow avoiding triggering ubiquitination and unloading? Most importantly, is

NSD a primary response to fork stalling or does it only occur following impaired fork
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protection and a very prolonged stalling? How physiological is this process? These are
all important questions that conventional approaches lack the temporal and spatial
resolution, as well as sensitivity to answer. My thesis project has focused on initially
developing an approach to study fork reversal and NSD, and subsequently answering
key mechanistic questions about these fundamental biochemical processes which are
outlined above. | sought to develop a system that synchronized replication forks in order
to study the dynamics of NSD and fork reversal in mechanistic detail. In Chapter II, |
provide the methods that we used to develop the assays in order to study NSD and fork
reversal. In Chapter Ill, | describe the development of the biochemical system to study
NSD and fork reversal in Xenopus egg extracts. In Chapter 1V, | describe the results
validating that our approach can trigger and monitor NSD that is in line with what has
been described in the literature. In Chapter V, | describe our novel findings that fill some
of the crucial gaps in the literature. In Chapter VI, | overview my thesis findings and
discuss the implications and future directions of my work. First, | observed that NSD is
an initial response to replication fork stalling. Then, | showed that replication fork
uncoupling, but not stalling, is a trigger for both NSD and fork reversal. Additionally, |
discovered that Y-shaped forks, in addition to reversed forks, can be substrates for NSD
and that degradation of canonical Y-shaped forks precedes degradation of reversed
forks. Finally, my work has showed that replicative helicase CMG remains bound to
DNA throughout NSD and fork reversal and that impaired helicase unloading does not
impair NSD. Overall, my thesis has made significant contributions to understanding the

molecular triggers and mechanisms of fork reversal and NSD and has provided a new
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method for further elucidating how various genotoxic agents affect replication fork

stability.
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CHAPTER Il

MATERIALS AND METHODS

Xenopus egg extracts

Xenopus egg extracts were prepared from Xenopus laevis wild-type males and
females (Nasco) as previously described (Lebofsky et al., 2009) and approved by
Vanderbilt Division of Animal Care (DAC) and Institutional Animal Care and Use

committee (IACUC).

Plasmid Construction and Preparation

pJD145, pJD156, and pJD90 were described previously(Dewar et al., 2015). To
create pJD161 (p[lacOx25]-Xhol-[lacOx25]) DNA oligonucleotides JD0120
(GTACAAGTAAATCAGAGCCAGATTTTTCCTCCTCTCGGAATTGTGAGCGGATAACA
ATTCCCTCGAGCCAATTGTGAGCGGATAACAATTGGAAGTGCAGAACCAATGCATG
CAGGAGATTTGAC) and JDO121 (GT
ACGTCAAATCTCCTGCATGCATTGGTTCTGCACTTCCAATTGTTATCCGCTCACAAT
TGGCTCGAGGGAATTGTTATCCGCTCACAATTCCGAGAGGAGGAAAAATCTGGCT
CTGATTTACTT) were annealed to create a DNA fragment that contained a Xhol site
flanked by a lacO sequence on each side. The JDO120/JD0O121 duplex was then cloned

into the BsrGl site of pJD90 (p[lacOx24]). This cloning procedure regenerated the BsrGl
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site, which was then used as the target for insertion of a BsrGI-BsiWI fragment from
pJD90 that contained 24 tandem lacO repeats. The resulting plasmid was then digested
with BsrGl and BsiWI to create a fragment containing 50 tandem lacO repeats with a Xhol
site in the middle. This fragment was inserted into the BsiWI site of pJD145 to yield

pJD161.

DNA replication in Xenopus egg extracts

High Speed Supernatant (HSS) was supplemented with nocodazole (3 ng/ul) and
ATP regenerating system (ARS; 20mM phosphocreatine, 2 mM ATP and 5 ng/ul
creatine phosphokinase) then incubated at room temperature for 5 minutes. To license
plasmid DNA, 1 volume of ‘licensing mix’ was prepared by adding plasmid DNA to HSS
at a final concentration of 15 ng/ul, followed by incubation at room temperature for 30
minutes. NucleoPlasmid Extract (NPE), extract was supplemented with ARS, DTT (final
concentration: 2 mM), [a-32P]dATP (final concentration: 350 nM) and diluted to 45% in
1X Egg Lysis Buffer (ELB, 250 mM Sucrose, 2.5 mM MgCI2, 50 mM KCI, 10 mM
HEPES, pH 7.7). To form a replication barrier, LacR was bound to lacO repeats as
previously described. To initiate replication, 2 volumes of NPE mix were added to 1
volume of Licensing mix. Replication forks were stalled at the LacR-bound lacO array
and then released by IPTG addition as described previously(Dewar et al., 2015).
Reactions were stopped by addition of 10 volumes Extraction Stop Solution (0.5% SDS,
25 mM EDTA, 50 mM Tris-HCI, pH 7.5). Samples were subsequently treated with

RNase A (final concentration: 190 ng/ul) and then Proteinase K (909 ng/ul) before either
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direct analysis by gel electrophoresis or purification of DNA as described previously

(Dewar et al., 2015).

For most experiments pJD156 (p[lacOx32]) was used as the template for
replication. For the experiments in Fig. 3F-H and Supplemental Fig. S4J-K pJD161
(p[lacOx25]-Xhol-[lacOx25]) was used. pJD145 (p[CTRL]) did not contain a lacO array,
which allowed it to fully replicate in the presence of LacR, and was used as a loading
control because its small size allowed it to be readily distinguished from pJD156 and
pJD161. In most experiments, pJD145 was added to the licensing mix at a final
concentration of 1 ng/ul and the plasmid replicated prior to induction of NSD due to the
absence of any LacR array. Radiolabeled pJD145 was added to NPE at a concentration
of 1 ng/ul prior to initiation of DNA replication and the plasmid did not replicate because

it had not undergone prior licensing of the DNA.

Aphidicolin from Nigrospora sphaerica (Sigma-Aldrich) was dissolved in DMSO
and added to reactions at a final concentration of 330 uM. Mirin (Selleckchem) was
dissolved in DMSO and added to reactions at a final concentration of 500 uM. C5
(AOBIOUS) (Liu et al., 2016) was dissolved in DMSO and added to reactions at a final
concentration of 3.5 mM. NMS-873 (Selleckchem) was dissolved in DMSO and added
to reactions at a final concentration of 200 yM. For drugs dissolved in DMSO the final

reaction concentration of DMSO was 4% (V/V).

Protein Purification
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Biotinylated LacR was expressed in Escherichia coli and purified as described

previously (Dewar et al., 2015).

Nascent Strand Degradation assays

To monitor DNA synthesis, samples were separated on a 1% agarose gel at 5
V/cm. Radiolabeled DNA was visualized by phosphorimaging to measure incorporation
of radiolabeled nucleotides. Signal was quantified using ImageQuant (GE Healthcare)

and ImageJ and normalized to the loading control in each lane.

To monitor NSD, samples were purified and then digested with 0.4 U/ul Xmnl in
CutSmart Buffer (NEB) for 30 minutes at 37°C and then separated on a 1% agarose gel
at 5 V/cm. Radiolabeled DNA was detected by phosphorimaging and Double-Y signal

was quantified and normalized to pJD145 signal, which served as a loading control.

To monitor disappearance of intact nascent strands, purified NSD intermediates
were digested with 0.4 U/ul Alwnl (NEB) in CutSmart Buffer (NEB) for 1 hour at 37°C.
Digest was stopped by adding EDTA to a final concentration of 30 mM. Reaction was
then prepared for electrophoresis by adding Alkaline Loading Buffer 6X (EDTA, Ficoll,
Bromocresol green, Xylene Cyanol and NaOH (10N)) to a final concentration of 1X.

Nascent strands were then separated on a 1.5% denaturing alkaline gel at 1.5 V/cm.
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Denaturing gel was then neutralized by gentle agitation in 7% TCA solution and

radiolabeled DNA was detected by phosphorimaging as described above.

Antibodies & Immunodepletions

Antibodies targeting Xenopus CDC45, MCM6 and RPA were previously
described (Dewar et al., 2017), as were antibodies targeting Xenopus SAMHD1(Coquel
et al., 2018) and FAN1(Klein Douwel et al., 2014). Antibody (i) targeting Xenopus
SMARCAL1 was raised against a peptide of CKRRKIDDYFAL (New England Peptide
3850) while antibody (ii) was previously described (Kolinjivadi et al., 2017).
Immunodepletions were performed as described (Heintzman et al., 2019), but with three
rounds of depletion instead of two. Antibodies targeting human RAD51 (AB63801) were

obtained from Abcam.

2D gel electrophoresis

2D gels were performed as described with slight modifications (Heintzman et al.,
2019). Briefly, purified DNA was digested with Xhol and Dralll (Fig. 4H) or Xmnl (all
other gels) and digested DNA was separated on a 0.4% agarose gel at 1 V/cm for 22
hours. A second dimension gel containing 1.2% agarose and 0.3 pg/ml ethidium
bromide was cast over the first dimension gel slice and separated at 5 V/cm for 12
hours at 4°C. Radiolabeled DNA was then detected by phosphorimaging as described

above.
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Nick translation of DNA

To radiolabel parental DNA strands, 60 ng/ul plasmid DNA was resuspended in
1X NEB Buffer 2.1 and treated with 0.5 U/ul Nt.BbvClI at 37°C for 1 hour, followed by
heat inactivation at 80°C for 20 minutes. To perform nick translation the reaction was
supplement with 0.5 volumes of dNTPs (12.5 mM each of dCTP, dGTP, dTTP), 3 U/ul
E. coli DNA Polymerase 1, and 0.33 mM [a3?P]-dATP in 1X NEB Buffer 2.1 and
incubated at 16°C for 10 minutes then on ice for 5 minutes. Nick-translated DNA was
purified into 10 mM Tris-HCL, pH 8.0 using micro Bio-Spin columns (Bio-Rad) and used

for replication and NSD assays.

Plasmid pull downs

Plasmid pull downs were performed as previously described (Dewar et al., 2017).

siRNA knock downs

siRNAs targeting MRE11, DNA2, and RAD51 were previously described (Liu et

al., 2020). siRNAs targeting PICH (L-031581-01), HLTF (L-006448-00), FBH1 (L-

017404-00), FAN1 (L-020327-00), and SAMHD1 (L-013950-01) were ON-TARGETplus

siRNA from Horizon. siRNA targeting ZRANB3 was s38488 from ThermoFisher.

SMARCAL1 was targeted using SIRNA GCUUUGACCUUCUUAGCAA. All siRNA
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transfections were performed using DharmaFECT reagents according to the

manufacturer’s instructions. Experiments were performed 3 days after transfection.

DNA fiber analysis in human cells

DNA fiber spreading experiments were performed as described previously(Liu et
al., 2020). Cells were labeled with 20 uM CldU followed by 100 yM IdU for 20 min each,
then treated as indicated with the following concentrations of drugs: aphidicolin (10 pM,
unless otherwise indicated), RAD51 inhibitor BO2 (25 uM), DNAZ2 inhibitor C5 (20 uM),
MRE11 inhibitor Mirin (20 uM), HU (4 mM). Following stretching and fixation on glass
slides, DNA was denatured in 2.5 M HCI for 80 min, washed three times with
phosphate-buffered saline (PBS), and blocked in 10% goat serum/PBS with 0.1% Triton
X-100 for 1 hour. Slides were immunoblotted with 1% (v/v) rat anti-CldU antibody
(Abcam ab6326) and 1% (v/v) mouse anti-ldU antibody (BD B44) for 2 hours, then
washed 3 times with PBS followed by 0.4% (v/v) secondary antibody incubation for 1
hour. Slides were then washed with PBS 3 times, then mounted with prolong gold
without DAPI 508 (Invitrogen P36930). Fibers were imaged using a Nikon Ti-DH
immunofluorescence microscope. At least 100 fibers were counted for each sample.
Statistical analyses were performed using Prism. For experiments with more than two
samples, a Kruskal-Wallis test was used and corrected for multiple comparisons. A two-
tailed t test was used to compare two samples with normally distributed data. P-values
are reported in the figures. Non-significant comparisons are indicated as ‘ns’. No

statistical methods or criteria were used to estimate sample size or to include/exclude
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samples. All experiments were performed at least twice and a representative

experiment is shown.
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CHAPTER Il

Developing a biochemical system to study NSD and fork reversal in

Xenopus egg extracts

Overview of the cell-free Xenopus egg extract system

The cell-free Xenopus egg extracts have been used to study a variety of cellular
processes that led to many discoveries. More specifically, the egg extract system
described in this chapter (Walter et al., 1998) supports in vitro DNA replication using the
full set of vertebrate cellular proteins. Using this approach, all stages of replication can
be monitored in detail using custom DNA templates. First, plasmids are incubated in
high-speed supernatant (HSS), which contains soluble interphase proteins and supports
‘licensing’ of DNA or loading of the inactive Mcm2-7 complexes onto replication origins
by ORC, CDC6 and CDT1 (Figure 3.1 (A, i)). HSS contains very low concentrations of
CDK and DDK kinases, which are essential to ‘fire’ origins or initiate DNA replication. In
order words, incubating plasmid DNA in HSS resembles the G1 phase of the cell cycle.
To trigger replication initiation, reactions are supplemented with Nucleoplasmic Extract
(NPE), which contains a high concentration of nuclear factors and CDK and DDK
kinases. This results in the activation of Mcm2-7 complexes by association of Cdc45
and GINS forming the CMG helicase (CDC45-MCM2-7-GINS) and replication forks are
established (Figure 3.1 (A, ii)). Subsequent incubations of plasmid DNA in HSS and

NPE results in a single round of DNA replication, strictly enforced by destruction of Cdtl
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Figure 3.1. Analysis of DNA replication in Xenopus egg extracts

(A) Overview of plasmid DNA replication in extracts. (B) Samples from (A)
were separated on an agarose gel and visualized by autoradiography. (C)
Quantification of total signal from (B).
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at the onset of DNA synthesis (Arias & Walter, 2005) (Figure 3.1 (A, i-v)). Replication is
visualized by separating radiolabeled plasmids on a native agarose gel (Figure 3.1 (B))
(Kavlashvili & Dewar, 2022). At early timepoints, most of the signal is present as a
smear corresponding to different sizes of theta structures (Figure 3.1 (B, lane 1)), an
intermediate formed during replication of circular DNA templates. Later, all the signal is
present as nicked circular monomers (nCM) and supercoiled circular monomers
(scCM), suggesting that every plasmid got fully replicated (Figure 3.1 (B, lanes 2-4)).
Overall, the Xenopus egg extract system allows for mechanistic analysis of different

stages of DNA replication and multiple DNA repair processes.

Triggering NSD in extracts

To determine whether NSD can be triggered in Xenopus egg extracts, we
examined the stability of nascent DNA strands after stalling forks. To this end, we
replicated plasmid DNA and labeled nascent DNA strands by inclusion of radiolabeled
nucleotides (Figure 3.2 (A (i))). We simultaneously pre-radiolabeled a smaller control
plasmid and supplemented NPE with it, thereby inhibiting the licensing and replication of
the control (Figure 3.2 (A (ii))). Shortly after initiation, we supplemented the reactions
with aphidicolin, a small molecule inhibitor of DNA polymerases which induces fork
stalling by inhibiting DNA polymerases (Couch et al., 2013; Toledo et al., 2013) and has
previously been shown to induce fork reversal and NSD in Xenopus egg extracts
(Figure 3.2 (A) (Kolinjivadi et al., 2017). Aphidicolin also mimics the effects of HU, which

is the most commonly used reagent to trigger NSD in cells (Higgs et al., 2015; Liu et al.,
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2020; Schlacher et al., 2011; Thangavel et al., 2015). In contrast with HU, however,
aphidicolin does not induce reactive oxygen species (ROS) accumulation in the nucleus
(Somyajit et al., 2021). | will discuss the implications of ROS in NSD in Chapter VIII. In
addition, Xenopus egg extracts contain high pre-existing pools of nucleotides and thus
are insensitive to HU treatment. Samples were withdrawn at different timepoints,
purified and digested to remove all topological effects and quantify the total radioactive
signal relative to a loading control (Figure 3.2 (B)). In vehicle treated extracts,
radioactive signal increased and then plateaued, as expected for completion of single
round of replication (Figure 3.2 (C lanes 1-5, D-E). In contrast, signal in aphidicolin
treated extracts was reduced by 60 minutes and almost completely absent at 120
minutes, indicating that nascent strands got degraded (Figure 3.2 C lanes 6-10, D-E).
This was an interesting observation. In contrast to published studies, we observed that
NSD is an immediate response to fork stalling in Xenopus egg extracts. We therefore
wanted to formally demonstrate that only nascent strands were being degraded and the
parental template remained intact to formally demonstrate that NSD is an immediate

response to stalling.

To test whether this degradation corresponded to both strands or only nascent
strands, and ensure that we were observing true NSD, we radiolabeled the parental
strands instead of nascent strands. We again replicated radiolabeled plasmid DNA,
without inclusion of free radiolabel in the reaction, and supplemented them with
aphidicolin shortly after initiation to stall the forks. We then purified and digested DNA

and quantified total radioactive signal against the loading control (Figure 3.3 (A)).
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Figure 3.2. Nascent strand degradation is an initial response to fork
stalling in extracts

(A) To stall replication forks in vitro, plasmid DNA was replicated using
Xenopus egg extracts and newly-synthesized nascent strands were
radiolabeled by inclusion of [a-32P]dATP. In this system, plasmid templates
replicate semi-synchronously from a single origin per plasmid. 6 minutes after
initiation, reactions were treated with aphidicolin, to stall DNA synthesis, or
vehicle control. As a loading control (Ctrl) the reactions include a smaller
plasmid that was radiolabeled prior to the experiment and did not undergo
replication. (B) DNA structures from (d) were purified and digested with Xmnl,
which cuts the plasmid once. (C) Samples from (e) were separated on an
agarose gel and visualized by autoradiography. Time after aphidicolin addition
is indicated. (D) Quantification of DNA synthesis from (g) normalized to the
maximum signal across all time points and conditions. Mean + S.D., n=3
independent experiments. (E) Quantification of DNA synthesis in (g)
normalized to the maximum signal for each condition across all time points.
Mean = S.D., n=3 independent experiments.
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(A) To test whether degradation in Figure 3.2 corresponded to both strands or

nascent strands only, pre-radiolabeled plasmid DNA was replicated using Xenopus
egg extracts. 6 minutes after initiation, DNA synthesis was inhibited by the addition
of Aphidicolin, similarly to Figure 3.2. (B) Xmnl digested molecules were separated

on an agarose gel and visualized by autoradiography. As a loading control (Ctrl)

the reactions include a smaller radiolabeled plasmid that did not undergo

replication. (C) Quantification of (B) as in Figure 3.2 (D). Mean £ S.D., n=3
independent experiments. (D) Quantification of (B) as in Figure 3.2 (E). Mean *

S.D., n=3 independent experiments.
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Parental strand signal was relatively stable with only a small difference between
aphidicolin and vehicle treatment, suggesting that degradation we observed
corresponded to NSD (Figure 3.3 (B-D). Our data show that NSD occurs rapidly after

fork stalling and thus is an initial response to fork stalling in vertebrates.

NSD is an initial response to fork stalling in human cells

We were surprised by our observation that NSD occurs so rapidly after
aphidicolin addition (Figures 3.2 & 3.3). Our data suggests that in extracts, NSD is an
immediate and first response to fork stalling. In cells, however, NSD occurs in either fork
protection deficient cells (Cortez, 2019; Costanzo, 2011; Liu et al., 2020; Przetocka et
al., 2018b; Rickman et al., 2020; Schlacher et al., 2011) or after prolonged high dose
HU treatment (Thangavel et al., 2015). In fact, HU is the most commonly used
genotoxin to stimulate NSD in cells. HU induced NSD is thought to be a consequence of
fork stalling. However, recent literature has shown that HU also induces formation of
ROS (Somyaijit et al., 2017). ROS were reported to be required for NSD(Somyajit et al.,
2021). Therefore, we wanted to test whether NSD took place in human cells following
the treatment with aphidicolin, which induces fork stalling by inhibiting DNA
polymerases, but does not induce oxidative stress (Somyaijit et al., 2021). In order to
measure NSD in human cells, we used the DNA fiber labeling approach. This approach
includes pulsing cells with two halogenated nucleotide analogs which are incorporated
into DNA during elongation and subsequently fluorescently labeled to measure tract

lengths as a proxy for length of nascent strands. Importantly, fiber labeling assay does
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Figure 3.4. NSD is an initial response to fork stalling in human cells
(A) U20S cells were pulse-labeled with CldU then 1dU followed by
treatment with the indicated concentrations of aphidicolin so that loss of
the 1dU labeled tracks could be monitored as a measurement of NSD.
DNA fiber analysis was performed to determine the lengths of CldU and
IdU labeled DNA tracks in each condition. (B) U20S cells were pulse
labeled with CldU and IdU, then treated with the indicated concentrations
of aphidicolin, hydroxyurea (HU) and BO2. DNA fiber analysis was
performed to determine the lengths of CldU and IdU labeled DNA tracks
in each condition. Experiments in Figure 3.4 were performed by
Wenpeng Liu.

46



not offer the resolution to distinguish between leading versus lagging strand degradation
and rather shows when both or neither of the strands are degraded (Figure 1.5 (B)).
U20S cells were pulse-labeled with CldU then IdU followed by treatment with the
indicated concentrations of aphidicolin so that loss of the IdU labeled tracks could be
monitored as a measurement of NSD. We found that increasing doses of aphidicolin,
induced NSD in human cells (Figure 3.4 (A)). This data suggests that fork stalling by
aphidicolin is sufficient to trigger NSD in U20S cells without inactivation of any fork
protection proteins or induction of oxidative stress. Interestingly, aphidicolin induced
NSD in a dose-response manner with 4 yM and above concentrations being sufficient to
trigger NSD. We then measured NSD side by side using HU alone, HU in conjunction
with RAD51-1 BO2 as a positive control and aphidicolin. Co-addition of the RAD51-1 BO2
with HU has previously shown to trigger NSD, as the B02 treatment inactivates fork
protection. As expected, HU+B02 treatment led to extensive NSD, as previously shown
(Taglialatela et al., 2017). In contrast, increasing concentrations of HU did not result in
any detectable NSD, which is consistent with previous literature showing that HU alone
in fork protection proficient settings leads to limited degradation (Thangavel et al.,
2015). 10 uM Aphidicolin treatment however led to the same level of NSD as HU
treatment and the RAD51-1 addition (Figure 3.4 (B)). These data show that fork stalling
by aphidicolin alone, without imposing any metabolic stress on cells, leads to extensive

NSD as is observed in fork protection deficient cells under genotoxic stress.

This exciting finding that NSD is an immediate response to fork stalling in

Xenopus egg extracts, that we recapitulated in human cells prompted us to develop an
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Figure 3.5. 2-D Gel analysis of early replication
structures

(A) 2-D gel schematic of replication structures. (B)
DNA structures from Figure 3.2 (B, lane 1) were
purified and digested with Xmnl, which cuts the
plasmid once, separated by 2-D gel electrophoresis
and visualized by autoradiography.

48



in vitro system in extracts to mechanistically dissect NSD. As | previously mentioned,
cellular approaches of measuring NSD such as fiber labeling assays do not offer the
high temporal and spatial resolution that is necessary to understand key mechanistic
details about this process. We sought to develop a system that would allow us to study
NSD by monitoring the entire population of forks over time and measuring both signal
intensity and the shape of DNA molecules undergoing resection and remodeling. To this
end we designed a synchronous, biochemical approach to study NSD in Xenopus egg

extracts, which | describe in more detail below.

A synchronous biochemical approach to study NSD

Our approach to stall forks shortly after initiation resulted in a heterogenous
population of replication forks that were replicated to different extents and stalled at
different locations as demonstrated by a smear of thetas throughout the lane (Figure 3.2
(C, lane 1)). To formally demonstrate that the population of forks at early timepoints was
extremely heterogenous, we purified and digested replication intermediates and
analyzed them by 2-D gel electrophoresis. This method allowed us to monitor the size
and shape of replication intermediates and distinguish between Double-Ys, Bubbles that
arise from origin firing events, as well as control linear plasmid. When we analyzed the
2-D gel, we found that the signal was distributed throughout the Double-Y and Bubble
arcs, corresponding to some forks just initiating replication and others being farther

along, demonstrating heterogeneity (Figure 3.5 A-B).
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Figure 3.6. Schematic of triggering synchronous and localized
uncoupling

(A) A schematic of plasmid DNA harboring a LacR array and a control
plasmid without a LacR array being replicated using Xenopus egg extracts
and subsequent induction of uncoupling by aphidicolin and IPTG treatment.

50



In order to carefully monitor NSD with high temporal and spatial resolution, we
needed to come up with a way to synchronize replication forks. To this end, we utilized
a site-specific reversible replication barrier (Dewar et al., 2015). We pre-incubated a
plasmid containing Lac operator sequences (lacO) with Lac Repressor (LacR) and then
replicated it in Xenopus egg extracts (Figure 3.6 (A, i-ii)). This approach allows
replication forks to arrest at both sides of the LacR barrier, thereby synchronizing them.
When forks arrive at the LacR array, this gives rise to a 8 structure, as expected(Figure
3.6 (A, iii)). To induce uncoupling — forks arrested at the LacR array were treated with
aphidicolin and reactions were simultaneously supplemented with IPTG to disrupt the
LacR array and allow uncoupling of the replicative helicase, as it occurs when HU is
used in cells (Figure 3.6 (A, iv)). Upon aphidicolin and IPTG treatment, 8s were
converted to 6* structures (Figure 3.7 (B, lanes 1-2)). These structures arose from
reannealing of unwound parental DNA strands in detergent treated samples and the
mobility shift of 8s to 6*s shows that uncoupling occurred (Figure 3.7 (A,iii-iv)). We
confirmed that the mobility shift corresponds to uncoupling by digesting 8s and 6*s with
Topoisomerase Il alpha (Top2) which removes catenanes (Figure 3.7 (D)). While 8s
were unaffected by Top2 treatment, 6*s shifted back up to the original mobility,
suggesting that mobility shift occurred due to compensatory catenane formation after
uncoupling (Figure 3.7 (D, lanes 1-3, 2-4)). These data demonstrate that we have

developed a system to trigger site specific uncoupling.

To remove any topological effects and definitively identify replication fork

structures, we purified the DNA and performed restriction digest to visualize replication
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Figure 3.7. Induction of synchronous and localized nascent strand
degradation

(A) Plasmid DNA harboring a LacR array was replicated using Xenopus
egg extracts and dATP[a-32P] was added to label newly-synthesized
DNA strands. Once forks were localized at the LacR barrier, replication
was restarted by addition of IPTG, which removed the LacR barrier, and
replication forks were stalled by addition of aphidicolin. (B) Samples from
(A) were separated on an agarose gel and visualized by
autoradiography. As a loading control (Ctrl) the reactions include a fully-
replicated plasmid. (C) Quantification of 8 structures and supercoiled
monomers (SC) from (b). Mean + S.D., n=3 independent experiments.
(D) DNA structures from (A) were treated with human topoisomerase |l
(hTop?2) or buffer control, then separated on an agarose gel and
visualized by autoradiography.
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fork structures (Figure 3.8 (A)). This method allowed us to visualize Double-Ys and
linear replication products over time and measure their abundance to the levels of the
loading control. Double-Ys disappeared over time without any appreciable increase in
linear products of replication, suggesting that nascent DNA strands got degraded
(Figure 3.8 (B)). Accordingly, the majority of the nascent DNA signal was lost (Figure
3.8 (C)). Collectively, these results show that we have developed a synchronous
biochemical approach to induce NSD. In the next chapter, | will validate that the NSD
we observed in extracts involves the same nuclease and fork remodeling events as

previously described in the literature.
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Figure 3.8. Visualization of nascent strand
degradation in extracts

(A) Samples from Figure 3.9 (A) were digested with Xmnl
to allow unambiguous identification of replication
intermediates (RIs) and linear products of replication
(Lin). (B) Samples from (A) were separated on an
agarose gel and visualized by autoradiography. (C)
Quantification of Rl and Lin structures in (B). Mean
S.D., n=5 independent experiments.
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CHAPTER IV

NSD INVOLVES DNA2 EXONUCLEASE AND FORK REVERSAL

Introduction

In a previous chapter, | describe how | have developed an in vitro system to
study NSD in Xenopus egg extracts. All previous modes of NSD that have been
described in the literature involve either DNA2 or MRE11 nucleases, as well as
replication fork remodeling into reversed forks. These enzymes canonically function
during DSB repair where MRE11 initiates resection and DNA2 carries out long-range
resection (Paudyal et al., 2017). In this chapter, | will describe how we validated that the
NSD we are observing corresponds to the NSD that has been previously described in

the literature and involves the same factors and molecular events.

NSD involves the DNA2 exonuclease in extracts

NSD that has been described in the literature typically involves DNA2 or MRE11

exonucleases (Figure 4.1 (A)). To determine which exonuclease was involved in the

NSD we observed, we used small molecule inhibitors C5 (DNA2-i) and Mirin (MRE11-i)
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Figure 4.1. Characterization of MRE11 and DNAZ2 activities during
NSD

(A) Cartoon depicting the roles of MRE11 and DNAZ2 in resection at
double-strand breaks and reversed forks. (B) Cartoon of linear
radiolabeled DNA incubated in Xenopus egg extracts in the presence of
MRE11 inhibitor (MRE11-i) or DNAZ inhibitor (DNA2-i) or both. (C)
Samples from (B) were separated on an agarose gel and visualized by
autoradiography. (D) Quantification of total signal from (C). Mean + S.D.,
n=3 independent experiments.
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inactivating their targets, we first targeted DNA2 and MRE11 during DSB resection,

which involves both of these enzymes in egg extracts and is blocked by simultaneously
inactivating both nucleases (Figure 4.1 (A)). We first radiolabeled and subsequently
linearized plasmid DNA to generate a linear substrate for resection (Figure 4.1 (B)).
Then we incubated linear radiolabeled DNA in Xenopus egg extracts and monitored
their degradation, as a read-out for the extent of resection (Figure 4.1 (C)). In vehicle
treated extracts, the control linear substrate was rapidly degraded, as expected. We
also observed several additional products that arose from end-joining of resected
molecules. The combined treatment with DNA2-I and MRE1-1 almost completely
blocked resection, while individual addition of these inhibitors partially inhibited
resection, as expected (Figure 4.1 (D)). This assay demonstrated that both DNA2-I and

MRE1-1 were able to efficiently block their targets in Xenopus egg extracts.
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Figure 4.2. Nascent strand degradation involves DNA2 but not MRE11 in
extracts

(A) Forks were localized to a LacR barrier and NSD was induced by addition of
IPTG and aphidicolin in the absence or presence of MRE11-i and DNA2-i. Purified
DNA was subjected to restriction digest so that replication fork structures could be
visualized as RIs. (B) Samples from (A) were separated on an agarose gel and
visualized by autoradiography. (C) Quantification of RI signal from (b). Mean *
S.D., n=3 independent experiments.
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presence of either MRE11-I, DNA2-I or both. We replicated plasmid DNA containing
LacR Array in the presence of radionucleotides to label the daughter strands and then
induced uncoupling by addition of IPTG and aphidicolin. Simultaneously we either
included Vehicle, MRE11-1, DNA2-I or both. We then purified and digested the DNA to
identify Double-Ys (Figure 4.2 (A)). In Vehicle treated extracts, we observed efficient
NSD. DNA2-I treatment blocked the majority of NSD while MRE11-I treatment has little
to no effect either alone, or in combination with DNA2-1 (Figure 4.2 (B-C)). These data

suggest that NSD involves DNA2 exonuclease in Xenopus egg extracts.

Next we wanted to ensure that neither inhibitor inhibited uncoupling. To this end,
we performed the same experiment but we did not digest NSD intermediates and
separated them on the agarose gel (Figure 4.3 (A)). We observed that neither inhibitor
prevented uncoupling (Figure 4.3 (B)). Collectively, these data show that NSD we

observe involved DNA2 but not MRE11, consistent with previously published literature.

NSD involves the DNA2 exonuclease in human cells

Since aphidicolin alone has never been reported to induce NSD in cells, we

decided to also investigate whether DNA2 had a role in aphidicolin induced NSD in

cells. To this end, we treated U20S cells with siRNAs against MRE11 and DNA2 and

both. Subsequently, we treated cells with aphidicolin and monitored NSD by DNA fiber
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labeling analysis. We observed that siRNA knockdown of DNA2, but not MRE11
rescued NSD, as expected based on our data in Xenopus (Figure 4.4 (A)). We then
validated our siRNA knockdown results with the same small molecule inhibitors we used
in extracts. Aphidicolin treated U20S cells experienced rampant NSD as expected,
which was rescued by DNA2-I but not MRE11-l, as expected based on our previous
results (Figure 4.4 (B)). Importantly, as a control we treated cells with HU + B02 to
trigger NSD in the absence of fork protection which is mediated by MRE11 nuclease. As
expected, MRE11-1 blocked NSD in this setting (Figure 4.4 (B)). Collectively, our data
show that in both Xenopus egg extracts and human cells, NSD that is triggered by

aphidicolin involves DNA2 exonuclease.
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4.3. DNA2 and MREL11 inhibitors do not inhibit uncoupling
(A) Forks were localized to a LacR barrier and NSD was induced by
addition of IPTG and aphidicolin in the absence or presence of

MRE11-i and DNA2-i. (B) Samples from (A) were separated on an
agarose gel and visualized by autoradiography.
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NSD involves fork remodeling

We next wanted to examine other aspects of NSD. NSD typically involves
replication fork reversal (Bhat & Cortez, 2018; Kolinjivadi et al., 2017; Schlacher et al.,
2011; Thangavel et al., 2015; Zellweger et al., 2015). To test whether this was also the
case in our experiments, we triggered uncoupling as previously described, purified and
digested the DNA and performed 2-D gel electrophoresis in order to monitor different
DNA structures formed during NSD (Figure 4.5 (A)). 2D gel electrophoresis separates
DNA structures based on their relative size and shape, allowing to distinguish various
replication intermediates such as bubbles that arise from origin firing, double-ys which
represent canonical replication forks, linear replication products as well as repair
intermediates such as holliday junctions, hemicatenanes, reversed forks etc (Figure 4.5
(B)). At early timepoints, radiolabeled DNA signal was broadly distributed throughout the
bubble and double-y arcs, due to initiation of replication throughout the plasmid (Figure
4.5 (B(i))). When replication forks arrested at the LacR barrier and before induction of
NSD, majority of the signal was present as a discrete spot on the double-Y arc,
corresponding to forks localized to the barrier (Figure 4.5 (B(ii))). Interestingly, we also
observed a small population of forks that did not represent canonical fork structures and
corresponded to remodeled forks. After NSD was induced, abundance of Double-Ys
rapidly declined while remodeled forks increased ~3 fold, indicating that Double-ys were

being converted to remodeled forks (Figure 4.5 (B(iii))). Importantly, the frequency of
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Figure 4.4. Nascent strand degradation involves DNA2 but not
MRE11 in cells

(A) U20S cells were transfected with the indicated siRNA, pulse
labeled with CldU and 1dU, then treated with aphidicolin. DNA fiber
analysis was performed to determine the lengths of IdU and CldU
labeled DNA tracks in each condition. (B) U20S cells were pulse
labeled with CldU and 1dU, then treated with either aphidicolin, or
hydroxyurea combined with RAD51-i. MRE11-i, DNA2-i, or vehicle
control were also added, as indicated. DNA fiber analysis was
performed to determine the lengths of IdU and CldU labeled DNA
tracks in each condition. Experiments in Figure 4.4 were performed
by Wenpeng Liu.
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to remodeled forks. Additionally, the mobility of both structures decreased over time,

indicating that both structures included partially degraded molecules (Figure 4.5 (B(iv))).
Thus, we observed that NSD causes progressive remodeling of replication forks (Figure
4.5 (C)). These data show that canonical replication forks undergo some form of

remodeling throughout NSD, but it does not definitively show that fork reversal is taking

place.

Migration of remodeled forks did not correspond to canonical Holliday junctions
or hemicatenanes and is potentially consistent with fork reversal (Figure 4.6 (A, i-ii)).
However, here we are observing two forks simultaneously. Migration patterns of two
forks where one or both of the forks are reversed are not well documented in the
literature. In addition, one of the forks could represent a D-loop or a hemicatenane and
migrate as a remodeled fork. From this data it is unclear whether remodeled forks
correspond to reversed forks. In order to formally identify the identity of the remodeled

forks, we used two independent approaches outlined below.

Remodeled forks correspond to reversed forks

Previous approach of monitoring remodeling fork structures on 2D gels included

Double-Y structures where each molecule contains 2 forks. DNA structures resulting

from reversal of one or both of the forks of a Double-Y molecule are currently undefined

so a clear assignment could not be made. Furthermore, remodeled forks could in
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Figure 4.5. Nascent strand degradation involves fork remodeling

(A) Cartoon depicting the different DNA structures formed during replication of plasmid
DNA harboring a LacR array and induction of NSD. The structures depicted arise from
restriction digest using an enzyme that cuts the plasmid template once. (B) 2-D gel
migration pattern of the DNA structures depicted in (A). The blue spot on the Double
Y-arc (DY-arc) indicates the expected migration of DY structures localized to the LacR
array. DNA structures from (A) were analyzed by 2-D gel electrophoresis and
visualized by autoradiography. T=0 is the point at which IPTG and aphidicolin were
added. DY, bubble (Bbl), and remodeled fork (RF) structures are indicated. (C)
Quantification of DY and RF structures from (B) as a percentage of replication
intermediates (RIs) at each time point. Mean = S.D., n=3 independent experiments.
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both forks. In order to definitively identify the identity of remodeled forks, first we tested

whether they corresponded to four-way junctions, consistent with fork reversal. To
examine this, we treated the Double-Y and remodeled fork species with RuvC enzyme,
which cleaves reversed forks and Holliday junctions, but not hemicatenanes or other
replication fork structures. RuvC treatment has essentially no effect on Double-Y
structures, as expected, but reduced the abundance of remodeled forks by ~5-fold
(Figure 4.7 A-B). This data shows that remodeled forks contain four-way junctions and
thus either correspond to reversed forks or replication forks followed by a Holliday

junction i.e. D-loops.

To further distinguish between these possibilities, we took advantage of the fact
that migration pattern of reversed forks and D-loops during 2-D gel electrophoresis is
well defined for molecules that contain only a single fork structure. We therefore utilized
a different plasmid with a second restriction digest site in the middle of the LacR array.
We treated NSD intermediates with a pair or restriction enzymes to yield two replication
forks of differing sizes that could be separated by gel electrophoresis (Figure 4.8 (A)).
This approach allowed us to detect the large fork only and thus determine whether
remodeled forks correspond to reversed forks. We induced NSD as previously
described, purified and digested DNA to yield two forks and separated them on 2-D gels
(Figure 4.8 (B)). Shortly after initiation, signal was distributed between bubble and Y-
arcs, due to initiation of replication throughout the plasmid (Figure 4.8 (C(i))).

Immediately prior to NSD, most signal was present as a discrete spot on the Y arc,

66



0 4 W_ = w_5=  wm_q = w L —_

Holliday Junction Hemicatenane Reversed Fork Hemicatenane D-loo
4 & Y-shaped fork & Y-shaped fork & y.shapeﬂ fork
1D Size 1D Size 10 Size 1D Size

N i i
& f &

Bubble-Arc ? \ Bubble-Arc]
"\ ™ -

\ L)
X-Spike| ¢ x-Spike|d % X-Spike| !
U o * U

()

(ii) Cre (iii) Ctie (iv)

Figure 4.6. Schematic of how different DNA replication and
repair intermediates migrate on 2-D gels

67



forks was observed immediately prior to NSD. Importantly, this species migrated mid-

way down the X spike in the expected position for a reversed fork and not along the Y-
arc, as would be expected for a D-loop. Surprisingly, this species did not increase in
abundance during NSD in contrast to the remodeled forks observed previously. Instead,
we observed two additional species during NSD that also migrated along the X-spike
with a similar mobility to reversed forks (Figure 4.8 (C(iii))). These species almost
completely disappeared following DNA2-i treatment, which also led to a corresponding
increase in RF signal (Figure 4.8 (C(iv))). Thus, during NSD reversed forks are
generated that are normally degraded by DNA2. Overall, these data show that NSD
induced by our approach involves progressive conversion of replication forks to
reversed forks, which are then degraded by DNAZ2. Collectively, these data validate that
NSD we are observing corresponds to NSD that is physiologically relevant and occurs
in cells. Furthermore, the new approaches of monitoring NSD gives us more
mechanistic insight into this process and allows us to answer questions posed by the

current models.

Requirements for fork remodeling enzymes

We next wanted to test whether fork reversal is involved in aphidicolin induced
NSD we had observed in cells. We therefore tested the role of canonical fork reversal
enzymes. To this end, U20S cells were treated with siRNA targeting SMARCAL1,
ZRANB3, HLTF, FBH1, and PICH and then DNA fiber analysis was performed to

monitor and measure NSD. siRNA knockdown of SMARCAL1, FBH1 and PICH reduced
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Figure 4.7. Remodeled forks are four-way junctions

(A) Samples from Figure 4.5 were treated with buffer or RuvC and
analyzed by 2-D gel electrophoresis. (B) Quantification of DYs and RFs
following RuvC treatment in (A) expressed relative to the abundance of
each structure in the buffer treated condition and as relative to total
signal on each gel.
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human cells (Figure 4.9 (A)). Interestingly, knockdown of ZRANB3 and HLTF did not

affect NSD. This is surprising because these enzymes have always been reported to
cooperate with SMARCALL1 to carry out fork reversal in other NSD contexts.

To test this observation in extracts, we immunodepleted SMARCAL1L and cross
validated the depletion with a published antibody that has previously shown to interfere
with fork reversal (Figure 4.10 (A)). Then we triggered NSD in mock versus SMARCAL1
depleted extracts (Figure 4.10 (B)). To our surprise, NSD in Xenopus egg extracts did
not involve SMARCAL1, suggesting that other fork reversal enzymes might operate
(Figure 4.10 (C-D)). We therefore conclude that aphidicolin induces NSD and fork
reversal in human cells and Xenopus egg extracts but not that in extracts only a subset
of cellular pathways might operate. Further studies are needed to identify which of the
cellular pathways operate in extracts during NSD. | will expand upon this topic in the

discussion in Chapter VIII.
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Figure 4.8. Remodeled forks migrate as reversed forks

(A) An approach to analyze a single fork by 2-D gel electrophoresis. (B)
Cartoon depicting the same structures in Figure 4.5 after restriction digest
using two different enzymes to release a single large fragment. (C) 2-D gel
migration pattern of the DNA structures depicted in (B).The blue spot on the
Y-arc indicates the expected migration of Y structures localized to the LacR
array. The red spot indicates the expected migration of reversed fork
structures arising from the Y structures within the black spot. DNA structures
from (B) were analyzed by 2-D gel electrophoresis and visualized by
autoradiography.
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CHAPTER V

UNCOUPLING TRIGGERS NSD AND FORK REVERSAL

Introduction

In previous chapters, | described the development and validation of the in vitro
synchronous system to study NSD in Xenopus egg extracts. In chapter V, | will use the
previously defined and validated approach to answer some key mechanistic questions
that current models pose about NSD and fork reversal and uncover novel findings. First,
we sought to identify the molecular trigger for NSD. Although it has been hypothesized
that uncoupling leads to NSD, uncoupling also rapidly leads to helicase slowing
(Graham et al., 2017; Sparks et al., 2019) and stalling. Therefore, stalling of the
replicative helicase rather than uncoupling per se could be a trigger for NSD. In this
chapter | describe an approach to distinguish between stalled and uncoupled forks and

identification of the trigger for NSD and fork reversal in Xenopus egg extracts.

Both Strands are degraded

NSD in cells involves degradation of both nascent leading and lagging strands.

This is evident from the complete disappearance of the nascent DNA tract in response
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appear intact. We wanted to test whether this was the case in our in vitro Xenopus egg

extract system as well. To this end, we used an approach outlined below. We digested
and subsequently separated NSD intermediates on a denaturing gel, separately
monitoring the nascent strands from the large fork and the small fork. This model
outlines different possible outcomes from this experiment (Figure 5.1). In (i) both leading
and lagging strand are degraded simultaneously and synchronously, which should
result in disappearance of RWS before LWS. In (ii) lagging strands only are degraded
synchronously, which should result in persistence of ~50% of RWS and LWS until the
leading strand are degraded by nuclease activity that initiated at lagging strands of the
opposite fork. This would result in biphasic kinetics of degradation. In (iii) lagging
strands only are degraded asynchronously, which should result in loss of RWS and

LWS at the same rate.

To test which one of these outcomes was the case in our in vitro Xenopus egg
extract system, NSD DNA intermediates were purified, restriction digested and then
separated on an agarose gel under denaturing conditions (Figure 5.2 (A)). This
approach allowed us to get a very high sensitivity read out and monitoring of intact
nascent strands (Kavlashvili & Dewar, 2022). This served as a more direct read out for
the onset of NSD rather than measurement of the total Double-Y signal. Upon addition
of IPTG and aphidicolin, intact nascent strands were readily lost and degraded strands

could be visualized (Figure 5.2 (B)). The disappearance of essentially all intact strands
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Figure 5.2. Both strand are degraded

(A) Forks were localized to a LacR barrier and aphidicolin was
added in the absence or presence of IPTG. Purified DNA was
restriction digested to yield leftward strands (LWS) and rightward
strands (RWS) of different sizes. (B) Samples from (A) were
purified and separated on an alkaline denaturing agarose gel and
visualized by autoradiography. (C) Quantification of LWS and
RWS as a % of signal at T=0. Mean = S.D., n=3 independent
experiments.
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indicated that both leading and lagging strands were being degraded. Further
analysis of both nascent strands confirmed that both strands were degraded (Figure 5.2
().
Thus NSD we observe involves degradation of both nascent strands, as previously

reported in the literature.

Approach to inhibit uncoupling

Next we wanted to identify the precise molecular trigger for NSD. Fork stalling by
aphidicolin results in both uncoupling of the replication fork and helicase stalling.
Therefore, it's unclear whether it’s the stalling of the replicative helicase or physical
uncoupling of the polymerase and helicase activities that is a molecular trigger for NSD
and fork reversal. To directly test this, we took advantage of the LacR barrier. While
aphidicolin stalls the polymerases, helicase uncoupling is facilitated by IPTG. Therefore,
we decided to withhold IPTG from one of the reactions, thereby inhibiting helicase
uncoupling (Figure 5.3). This approach allows us to separately monitor stalled versus

uncoupled replication forks.

Uncoupling elicits the onset of NSD

To formally demonstrate whether stalling or uncoupling causes NSD, we used

the approach outlined above. We localized forks to the LacR barrier, added aphidicolin

and either added or omitted IPTG to facilitate or inhibit uncoupling, respectively (Figure
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to uncoupled fork, as expected (Figure 5.4 (B, lanes 5-6)). When IPTG was omitted

however, uncoupling was strongly inhibited, but not fully blocked, as expected based on

prior observations that LacR barrier allows for slow helicase movement (Figure 5.4 (B,
lanes 1-2). Subsequently, we separated stalled or uncoupled nascent strands on a
denaturing gel (Figure 5.4 (C-D). Omission of IPTG, or inhibition of uncoupling, caused
nascent strands to persistent, suggesting that inhibiting uncoupling inhibits the initiation
of resection (Figure 5.4 (E)). We were surprised by this observation and next wanted to

test whether uncoupling leads to more extensive NSD and fork reversal.

Uncoupling elicits NSD

To test whether uncoupling leads to more extensive degradation, we localized
forks to the LacR barrier, added aphidicolin and either added or omitted IPTG to
facilitate or inhibit uncoupling, as previously described (Figure 5.5 (A)). We then
monitored the abundance of Double-Ys in the presence or absence of DNA2-I.
Following IPTG treatment, Double-Ys readily got degraded, corresponding to NSD
which was inhibited with DNA2-1 (Figure 5.5 (B, lanes 11-15). When IPTG was withheld,
overall degradation was dramatically reduced (Figure 5.5 (B, lanes 1-5)) and when
combined with DNA2-I treatment, almost fully blocked (Figure 5.5 (B, lanes 6-10))

(Figure 5.5 (C)). These data show that uncoupling promotes extensive NSD.

Uncoupling elicits fork reversal
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(A) Forks were localized to a LacR barrier and aphidicolin
was added in the absence or presence of IPTG. (B)
Samples from (A) were separated on an agarose gel and
visualized by autoradiography. (C) Forks were localized
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Next we wanted to test whether fork reversal is also stimulated by replication fork
uncoupling, since we found that NSD we observe involves fork reversal. To this end, we
localized forks to the LacR barrier, added aphidicolin and either added or omitted IPTG
to facilitate or inhibit uncoupling, similarly to previous experiments (Figure 5.6 (A)). We
then extracted DNA, digested NSD intermediates and performed 2-D gel analysis to
monitor the abundance of reversed forks during NSD. After 60 minutes of aphidicolin
and IPTG treatment, we observed that Double-Ys had reduced in abundance and
increased in mobility, as expected (Figure 5.6 (B(ii))). In stark contrast, omission of
IPTG essential blocked the accumulation of reversed forks (Figure 5.6 (B(iii))). When we
guantified the percent of reversed forks as a measure of total replication intermediates,
we found that while uncoupling promoted ~3 fold increase in reversed forks, inhibiting
uncoupling fully blocked this accumulation (Figure 5.6 (C)). These data suggests that
replication fork uncoupling promotes fork reversal. Overall, our data show that
replication fork uncoupling can stimulate both NSD and fork reversal. These are novel

insights into NSD and fork reversal.
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Figure 5.5. Uncoupling promotes extensive nascent strand degradation

(A) Forks were localized to a LacR barrier and aphidicolin was added in the
absence or presence of IPTG and DNAZ2-i. (B) Samples from (A) were digested
with Xmnl, separated on a native agarose gel and visualized by autoradiography.
(C) Quantification of RI signal from (B). Mean + S.D., n=3 independent
experiments.
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Figure 5.6. Uncoupling promotes fork reversal

(A) Forks were localized to a LacR barrier and aphidicolin was added in the
absence or presence of IPTG. (B) DNA structures from (A) were analyzed by 2-D
gel electrophoresis and visualized by autoradiography. (C) Quantification of RFs
from (B) as a percentage of replication intermediates (RIs) at each time point.
Mean £ S.D., n=3 independent experiments. (D) Quantification of RFs from (B)
as a percentage of total signal at T=0.
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CHAPTER VI

THE CMG HELICASE IS RETAINED ON CHROMATIN DURING NSD

AND FORK REVERSAL

Introduction

The fate of the CMG replicative helicase during NSD and fork reversal has been a long-
standing question and remains largely elusive. CMG consists of six MCM subunits
(MCM2-7) and forms an active helicase ring together with CDC45 and GINS hetero-
tetramer (Georgescu et al., 2017). CMG translocates on a ssDNA template for leading
strand synthesis (Langston & O'Donnell, 2017). However, fork reversal creates a four-
way dsDNA junction which is in principle incompatible with CMG binding. These are
several models hypothesizing what happens to the helicase during these processes.
One model stipulates that CMG translocates onto double-stranded DNA during fork
reversal (Figure 5.7 (i)). If CMG was to translocate onto dsDNA, this would trigger its
rapid ubiquitylation and proteolysis, which would pose threat to genome stability since
CMG cannot be re-loaded during S-phase. Therefore, there must be a way to retain
CMG onto chromatin. However, unloading of the CMG helicase has also been reported
to be required for fork reversal during ICL repair (Amunugama et al., 2018), and in
principle a second converging fork could rescue the absence of CMG from one fork.

Another model that we considered involves replisome remaining associated with the
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nascent DNA, consistent with the published literature showing the long-term retention of
the replisome under genotoxic stress that can cause fork reversal (Figure 5.7 (ii))
(Dungrawala et al., 2015). In this Chapter, | will describe an assay to monitor the
abundance of replisome components on DNA during NSD and fork reversal and
uncover that CMG remains bound to DNA during these processes, and impaired CMG

unloading does not affect NSD.

The CMG helicase is retained during NSD and fork reversal

Binding of MCM6 and CDC45 during NSD and Fork Reversal

To determine the fate of the replisome during NSD and fork reversal, we utilized
the plasmid pulldown approach. This approach allows for efficient recovery of chromatin
bound proteins during different timepoints of replication (Figure 5.9). To this end, we
induced NSD as previously described and recovered chromatin at different timepoints
and subsequently performed Western blotting to monitor the abundance of replisome
components Cdc45 and Mcmé6 (Figure 5.10 (A)). We also measured the relatively levels
of ssDNA binding protein RPA as a measure of uncoupling and NSD. As expected, RPA
levels accumulated and then plateaued, consistent with the presence of high levels of
ssDNA during both uncoupling and NSD. Importantly, levels of the CMG helicase
components MCM6 and CDC45 were essentially unaltered for the first 60 minutes,
which is when the majority of fork reversal takes place and NSD onset occurs at

essentially all forks (Figure 5.9 (B-C)). This data shows that the CMG helicase remains
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(A) were detected by western blotting.
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bound to DNA during NSD and fork reversal, in contrast with some of the previous

models but in line with other observations.

NSD does not require replisome unloading

Although replisome component association to chromatin was relatively stable at
earlier timepoints of our NSD assays, we noticed an ~25% decrease in MCM6 and
CDC45 signal by 120 minutes (Figure 5.10 (C)). This could be due to full degradation of
subset of plasmids. Alternatively, it could be that subset of NSD events might require
replisome unloading. Although the levels of unloading couldn’t account for all NSD
events, we decided to formally test whether replisome unloading has any role in NSD
that we are observing. To this end, we monitored the onset of NSD by denaturing gel
analysis in the presence of a small molecule inhibitor of p97 (p97-i), which inhibits all
known replisome unloading pathways (Figure 5.10 (A))(Deng et al., 2019; Dewar et al.,
2015). When replication forks were allowed to complete DNA synthesis in the absence
of aphidicolin, p97-I led to retention of MCM6 and CDC45, but not RPA, consistent with
a specific role for p97 in unloading of the replicative helicase but not other replication
fork components (Figure 5.10 (B-C)). When aphidicolin was added and NSD was
induced however, p97-I had little effect on levels of MCM6 or CDC45 (Figure 5.10 (B-

C)). This data is consistent with replisome being largely stable.
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Figure 6.5. Impaired helicase unloading does not affect NSD
(A) NSD was monitored as in Figure 5.4 in the absence or
presence of p97-i. (B) Samples from (A) were separated on an
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(A) Cartoon of different models to explain a role for DNA2 in degrading Y-
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degrades reversed forks to generate Y-shaped forks. In this model the Y-
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in abundance due to less degradation of nascent strands, which is the
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92



degradation compared to the control (Figure 5.11 (A-C)). Overall, our data rule out any
requirement for replisome unloading in the vast majority of the NSD events that we

observe.

93



CHAPTER VII

NSD INVOLVES MULTIPLE SUBSTRATES

Introduction

All current models of NSD suggest that fork reversal precedes NSD. However,
whether fork reversal is a necessary entry point for nucleases remains elusive. Our data
include two very interesting observations that might suggest that reversed forks are not
the only substrates for NSD. Firstly, our 2-D gel analysis showed that the mobility of
canonical Double-Y shaped molecules decreased over time (Figure 5.6 (B(ii))). This
indicates that these over time, Double-Ys are getting smaller, thereby being degraded.
However, this observation could be explained by the fact that degradation of reversed
forks and subsequent attempts of fork restart could convert degraded reversed forks
back to Y-shaped forks, as has been proposed by current models. Second observation
provided more firm evidence that NSD might occur independently of fork reversal. When
we inhibited uncoupling by omitting IPTG from our standard NSD assays, we fully
blocked fork reversal, however small amounts of degradation by DNA2 still occurred
degraded prior to fork reversal. In this Chapter, | will describe an approach to test
whether multiple substrates for NSD exist and subsequently show that both Y-shaped
forks and reversed forks can be substrates for NSD and that degradation of Y-shaped

forks precedes fork reversal.
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Figure 7.2. DNA2 degrades replication forks and reversed forks

(A) Forks were localized to a LacR barrier and NSD was induced by
addition of IPTG and aphidicolin in the absence or presence of DNA2-i.
Purified DNA was subjected to restriction digest so that replication fork
structures could be visualized. (B) Double-Y (DY) and reversed fork (RF)
structures from (a) were separated by 2-D gel electrophoresis. (C)
Quantification of DY structures from (b) as a percentage of total signal at
T=0. Mean = S.D., n=3 independent experiments. (D) Quantification of RF
structures from (d) as a percentage of total signal at T=0.
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Our approach to test whether multiple substrates for NSD exist

To test whether Y-shaped forks can substrates for NSD, in addition to reversed
forks, we used the approach outline below. We envisaged two possible sources of
degraded Double-Y molecules. First, they could arise from degradation of reversed
forks and their subsequent conversion to smaller Y-shaped forks (Figure 5.13 (i-ii)).
Alternatively, they could arise from degradation of Y-shaped forks, without first
converting them to four-way junctions (Figure 5.13 (iii-iv)). To test which of these
scenarios held true in our system, we took advantage of the fact that DNA2 nuclease
carries out degradation. We inhibited degradation by treating extracts with DNA2-I and
monitored the abundance of Double-Ys and Reversed Forks by 2-D gel electrophoresis
(Figure 5.14 (A)). If reversed forks are the only substrates for degradation, we expected
DNAZ2-| treatment to over time increase abundance of reversed forks and decrease the
abundance of Y-shaped molecules, as over time they would become converted to
reversed forks but not degraded. Alternatively, if Y-shaped forks can also undergo

resection, DNA2-I treatment should increase the abundance of Y-shaped forks.

Y-shaped forks are substrates for NSD

We performed an experiment outlined above and monitored the abundance of

Double-Ys and Reversed Forks over 60 minutes, 120 minutes and 240 minutes

throughout NSD (Figure 5.14 (A)). When we did this, we observed that abundance of

Double-Ys was increased by DNA2-| at every timepoint, suggesting that Double-Ys are
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Figure 7.3. NSD can occur in the absence of fork reversal in extracts
(A) Forks were localized to a LacR barrier and aphidicolin was added in
the absence or presence of DNA2-i. IPTG was omitted to retain the intact
LacR barrier. (B) Samples from (A) were separated by 2-D gel
electrophoresis. (C) Quantification of DY structures from (B) as a
percentage of total signal at T=0. Mean = S.D., n=3 independent
experiments. (D) Quantification of RF structures from (B) as a percentage
of total signal at T=0. Mean £ S.D., n=3 independent experiments.
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normally degraded by DNA2 during NSD (Figure 5.14 (B(ii-iv)). We also observed that
the abundance of Reversed Forks were increased at all timepoints (Figure 5.14 (D)).
These data show that both Double-Ys and Reversed Forks are substrates for NSD.
These observations provide novel insight into the mechanism of NSD, showing that fork
reversal is not a necessary entry point for degradation and multiple substrates for

degradation exist.

NSD can occur in the absence of fork reversal in extracts

We previously had observed that Double-Ys can undergo DNA2 mediated
nucleolytic degradation, however, we did those experiments on uncoupled forks which
also undergo reversal. We wanted to formally show that degradation of Double-Ys can
occur even in the absence of fork reversal in extracts. To this end, we took advantage of
the fact that inhibition of uncoupling inhibits fork reversal. We replicated plasmid DNA,
stalled forks at the LacR array, treated extracts with Aphidicolin but omitted IPTG in
order to induce helicase stalling (Figure 5.15 (A)). Then we either added or omitted
DNAZ2-i. We purified DNA and analyzed the NSD intermediates by 2-D gel
electrophoresis (Figure 5.15 (B)). At T=0, majority of the signal was present as a
discrete spot on the double-Y arc, corresponding to forks localized to the barrier, with
small amount of forks present when reversed forks migrate (Figure 5.15 (B(i))). 60
minutes following fork stalling, reversed forks did not accumulate, however Double-Ys
decreased in abundance and increased in mobility, signifying that they were being

degraded (Figure 5.15 (B(ii))). Importantly, DNA2-I treatment did not affect the
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Figure 7.4. NSD can occur in the absence of fork reversal in cells

(A) Western blot confirmation for Rad51 knockdown. (B) HCT116 cells
were transfected with control or RAD51 siRNA, pulse labeled with CldU
and IdU, and then treated with vehicle or aphidicolin. DNA fiber analysis
was performed to determine the lengths of the CldU and IdU labeled DNA
tracks in each condition. (C) U20S cells were transfected with control or
RADS51 siRNA, pulse labeled with CldU and 1dU, then treated with
aphidicolin and/or DNA2-i. DNA fiber analysis was performed to
determine the lengths of the CldU and IdU labeled DNA tracks in each
condition. Experiments in Figure 7.4 were performed by Wenpeng Liu.
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abundance of reversed forks but it increased the abundance and decreased the mobility
of Double-Ys, suggesting that DNA2-| treatment reduced the degradation of Double-Y
molecules (Figure 5.15 (B(iii))). Quantification of these results confirmed that while
abundance of reversed forks were unchanged, DNA2-I treatment increased the
abundance of Double-Ys (Figure 5.15 (C-D)). These data show that Y-shaped forks can

be degraded in conditions where reversed forks do not form in Xenopus egg extracts.

NSD can occur in the absence of fork reversal in human cells

Next we wanted to test whether same holds true in human cells. In order to do
this, we decided to inactive RAD51 recombinase which is involved in all reported NSD
pathways and is thought to be an absolute requirement for fork reversal (Berti, Cortez,
et al., 2020; Bhat & Cortez, 2018; Zellweger et al., 2015). Our previous observations
that NSD can occur prior to fork reversal and in the absence of fork reversal suggested
to us that we might be able to observe RAD51-independent NSD in human cells. To this
end, U20S cells were treated with siRNA targeting RAD51 and NSD was measured by
DNA fiber labeling analysis. We verified that sSIRNA knockdown depleted cellular levels
of RAD51 by Western Blotting (Figure 5.16 (A)). sSiRNA knockdown of RAD51 reduced,
but did not block NSD (Figure 5.16 (B)). This is consistent with RAD51 and fork reversal
independent NSD. We also repeated this experiment in HCT116 cells and the same
observation held true. Furthermore, addition of DNA2-I reduced the amount of NSD

following RAD51 knockdown (Figure 5.16 (C)). These data suggest that fork reversal
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independent NSD occurs in cells treated with aphidicolin, similarly to our prior findings in

Xenopus egg extracts.
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Chapter VIl

DISCUSSION AND FUTURE DIRECTIONS

Summary of Dissertation Work

DNA replication is a fundamental biochemical process that occurs before every
single cell division. Various forms of endogenous and exogenous genotoxic stress
challenge replication forks and pose a threat to the fidelity of this process. These
stresses can arise from endogenous cellular processes such as aldehydes derived from
lipid oxidation and ROS derived from mitochondrial metabolism. These molecules can
cause direct DNA damage that can stall replication forks. In addition, cells are
constantly subject to exogenous sources of stress such as UV light, ionizing radiation as
well as chemotherapeutic drugs that can cause replication fork stalling. In response to
these forms of genotoxic stress, replication forks stall. Properly processing stalled forks
is crucial for resuming DNA synthesis and maintaining genome stability. My thesis work
focuses on understanding the mechanistic underpinnings of two of the most common

responses to fork stalling — fork reversal and nascent strand degradation.

My dissertation work has focused on developing a biochemical system in
Xenopus egg extracts to answer these mechanistic questions. Our work demonstrated
that NSD can be an initial response to fork stalling, which has implications in the

importance of NSD in fork restart. Additionally, we found that NSD and fork reversal are
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stimulated by helicase uncoupling, rather than stalling. Additionally, we showed that
NSD can occur at canonical replication fork structures prior to fork reversal, indicating
that there is an extra degradation step that the current models do not include.
Furthermore, we show that the replicative helicase (CMG) remains bound to DNA
throughout NSD and fork reversal. This observation suggests that CMG continues to
reside on ssDNA during reversal and degradation. This is in support with the model that
the CMG becomes trapped in the ssDNA bubble ahead of the replication fork.
Collectively, the observations of my thesis work inform a new model for NSD and fork
reversal in vertebrates. Many other questions remain that can be addressed by utilizing
the system that | have developed. | will explore them in more detail in the discussion

below.

Are all modes of NSD the same?

NSD can occur in response to many genotoxic agents such as MMC, HU,
aphidicolin, cisplatin etc. NSD can also occur in wild type cells after prolonged genotoxic
stress or cells devoid of one of the many fork protection factors after shorter periods of
genotoxic stress. It can be mediated by many nucleases such as MRE11, DNA2, WRN,
EXO1, CTIP and others. The question arises of how these different modes of NSD are
deployed under different cellular circumstances. In the paragraph below, I will overview
what we currently know about HU versus aphidicolin mediated NSD and how my thesis
findings challenge the recent evidence showing that the oxidative stress rather than

replication fork stalling alone is a trigger for NSD.
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HU is the most common genotoxic agent used to induce NSD in human cells. HU
inhibits ribonucleotide reductase (RNR) thereby reducing the pool of available dNTPs,
which stalls DNA polymerases (Bianchi et al., 1986). In addition to depleting dNTP
pools, inhibition of RNR causes cellular metabolic stress by elevating the levels of
reactive oxygen species (ROS) (Somyaijit et al., 2017). A study found that a short pulse
of low concentrations of HU, while having no effect on dNTP pools, caused marked fork
slowdown and rapid accumulation of superoxide and hydroxyl radicals, which could be
rescued by treatment with ROS quencher NAC. The same study also found that
Peroxiredoxin 2 (PRDX2), a ROS sensor protein, was enriched at forks and interacted
with a replisome accelerator protein TIMELESS. Elevated ROS levels caused
dissociation of both PRDX2 and TIMELESS from chromatin, mitigating the pathological
consequences of DNA replication stress. A subsequent study from the same group
showed that nascent strand degradation triggered by HU in fork protection deficient
cells can be recapitulated by other genotoxic agents that causes ROS accumulation in
the nucleus, such as GluOx, Rotenone and H202 (Somyajit et al., 2021). This study
found that aphidicolin, which stalls forks by inhibiting DNA polymerases, does not
induce accumulation of ROS. They, however, did not find that aphidicolin causes NSD
at the same level of fork stalling as HU. These observations collectively led to them
concluding that metabolic stress, as opposed to fork stalling alone, leads to NSD. In
contrast, my work has shown that aphidicolin alone can lead to rampant NSD response
in both cells and Xenopus egg extracts. Interestingly, work from our collaborators in

Cortez lab has showed that aphidicolin induces NSD in a dose-response manner in
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human cells. It is likely that the dose used in this study was not high enough to induce
NSD. It is evident however that oxidative stress can cause NSD. However, oxidative
stress also rapidly leads to replication fork stalling, which can rapidly lead to uncoupling.
Therefore, future studies are needed to understand exactly what aspect of metabolic
stress leads to NSD and whether it is replication fork uncoupling that follows ROS
accumulation that is an actual molecular trigger for NSD or some other aspect of
metabolic stress. For instance, metabolic stress could trigger a level of fork stalling that
is only seen at higher aphidicolin concentrations. | believe this hypothesis is very likely
to hold true because Timeless/Tipin complex has been hypothesized to be important for
coupling helicase and polymerase activities in cells (Cho et al., 2013) and resist
genotoxic stress (Chou & Elledge, 2006) and their dissociation from replisome could be
a trigger for uncoupling, which could subsequently lead to NSD. Additionally,
Timeless/Tipin in extracts have been shown to be crucial for fork restart following
aphidicolin mediated genotoxic stress (Errico et al., 2007). Additionally, Tipin deficiency
in Xenopus egg extracts leads to accumulation of reversed forks, suggesting that Tipin
coupling activities could normally be restraining uncoupling and inhibiting fork reversal
(Errico et al., 2014). Impaired fork restart has been previously shown to induce
excessive NSD (Thangavel et al., 2015). Therefore, metabolic stress could lead to
dissociation of Timeless and inhibition of fork restart thereby leading to aberrant NSD.
The system that we have developed to study site-specific uncoupling in Xenopus egg
extracts could be easily adapted to include other genotoxins and analyze whether
rampant NSD and fork reversal also occur in response to other insults and whether this

is linked to defective fork restart. Although Xenopus egg extracts are supplemented with
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a reducing agent DTT in order to stabilize enzymes and it remains untested whether

oxidative stress can occur in a reducing environment.

The role of the retention of CMG helicase during NSD and Fork Reversal

CMG unloading from chromatin is a very tightly regulated process. A critical
licensing factor CDT1 is completely proteolytically degraded in order to prevent re-
licensing and re-replication of DNA during S phase of the cell cycle (Zhong et al., 2003).
If CMG is unloaded from chromatin prematurely, this could lead to stretches of
unreplicated DNA and possible mis segregation of chromosomes during mitosis. This
could have catastrophic implications for mitosis, chromatin establishment and genome
stability. In order to avoid premature CMG disassembly, nascent strands at the
replication fork suppresses CMG unloading before DNA replication termination (Deegan
et al., 2020; Low et al., 2020). Uncoupling however dissociates CMG from the nascent
strands, as helicase continues unwinding but the nascent strands are not being
elongated (Byun et al., 2005). Prior work has shown that even under prolonged
genotoxic stress, components of the replisome can be detected by nascent chromatin
capture followed by mass spectrometry and additionally synthesis can be readily
resumed once the genotoxin is washed out, suggesting that forks can restart and CMG
is present (Dungrawala et al., 2015). My work has shown that CMG components remain
bound to DNA during fork reversal and NSD. So an important question is how does
CMG stay bound when the canonical fork structure is altered by either NSD or fork

reversal? One appealing model is that CMG resides in the ssDNA bubble of parental
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DNA ahead of the fork. In principle, CMG could backtrack (Kose et al., 2020) but this
would cause reannealing of parental DNA, which was not observed in our NSD assays.
Another possibility is that CMG could translocate onto dsDNA. However, translocation
of CMG onto dsDNA would trigger its ubiquitylation and removal from chromatin (Dewar
et al., 2017). But the possibility that some mechanism counteracts CMG ubiquitylation
during fork reversal and NSD cannot be discounted. A recent study has found that
eukaryotic CMG helicase has a gate in its ring that allows it to switch from dsDNA to
ssDNA and enables the CMG to vacate the replication fork when uncoupled from the
polymerase (Wasserman et al., 2019). During the gating process, a replisome factor
MCM10 tethers CMG to DNA to ensure it does not get displaced. This study
hypothesized that this form of gate switching could take place during fork reversal,
recombinative repair and/or translesion synthesis. However, how CMG diffusing on
dsDNA in a cellular context would be able to stay on chromatin and escape
ubiquitynation is unclear. The biochemical approach | describe in my thesis could be
used to test the role of MCM10 during fork reversal and NSD and see whether depletion

of MCM10 might lead to premature disassembly of the CMG.

How does uncoupling elicit NSD?

My thesis work shows that uncoupling of the nascent strand synthesis from the

CMG helicase activity stimulates both extensive NSD and fork reversal. This finding

formally confirms the previously reported finding that wide variety of genotoxins cause

both increased levels of uncoupling as well as fork reversal (Zellweger et al., 2015).
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However key questions about the precise molecular trigger for NSD still remain and how
exactly uncoupling promotes NSD and fork reversal is unclear. It is unlikely that
uncoupled replication fork structure itself promotes NSD because a degraded fork could
look identical to an uncoupled fork so there must be other mechanisms and molecular
triggers that promote fork reversal and NSD. There are several possibilities on how
uncoupling promotes NSD and whether or not it is an absolute requirement. | will

discuss these possibilities in more detail below.

Does ssDNA promote NSD?

There are several non-mutually exclusive ways in which ssDNA ahead of the
replication fork can promote NSD and fork reversal. Firstly, ssSDNA ahead of the
uncoupled nascent strands could serve as a loading dock for RPA, RAD51 and fork
remodeling enzymes such as SMARCALL. In addition, physical dissociation of CMG
from the proximity of the nascent strands could provide space for nuclease and/or fork
reversal enzyme entry. Certain length of parental ssDNA could also be necessary in
order to reanneal them and promote fork reversal. Interestingly, my thesis work has
found that even when uncoupling is severely inhibited by a physical barrier to helicase
progression, Y-shaped forks can still undergo degradation but they do not remodel into
reversed forks. This is interesting because in theory, degraded Y-shaped forks should
resemble an initial uncoupled fork. However, degradation of Y-shaped forks when
uncoupling is initially inhibited, does not lead to fork reversal and more excessive

degradation. This probably signifies that initial uncoupling serves some sort of a
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signaling role in addition to generating a certain substrate that then could be degraded
and remodeled. ssDNA can indeed serve as a platform to recruit RPA and activate ATR
kinase signaling. One of the key phosphorylation substrates of ATR is SMARCAL1 and
phosphorylation of SMARCAL1 by ATR leads to limiting aberrant over-reversal of

replication forks to maintain genome stability (Couch et al., 2013).

Is uncoupling an absolute requirement for NSD?

It is clear that uncoupling promotes extensive NSD and fork reversal. However,
whether uncoupling is an absolute requirement for NSD remains unclear. Our
experiments detected NSD even when uncoupling was severely inhibited, but not fully
blocked. A recent study has identified that in addition to HU induced degradation that
occurs in BRCAZ2 deficient cells, ICLs can also experience aberrant hyper resection
(Rickman et al., 2020). Interestingly, this mode of NSD is carried out by DNA-WRN
nuclease-helicase complex, similarly to the NSD that is triggered in fork protection
proficient cells with aphidicolin, as opposed to MRE11. ICLs have been found to stall
the CMG complex, with leading strands stalling ~20-40 nucleotides from the ICL due to
the CMG footprint (Amunugama et al., 2018).Therefore, fork stalling at an ICL should be
incompatible with the type of uncoupling we observe with aphidicolin treatment since
CMG should be unable to bypass an ICL. This suggests that NSD can occur in the
absence of uncoupling. Although ICLs have been considered an absolute roadblock to
DNA replication machinery, recent evidence emerged suggesting that forks might

traverse ICLs in human cells. Using single-molecule approaches, a study showed that
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that inducing ICL formation leads to ATR kinase mediated global fork slowing and this
modulation of fork speed promotes single-fork ICL traverse (Mutreja et al., 2018). Thus,
it is possible that uncoupling could occur following an ICL traverse that could trigger
NSD. Additionally, ICL repair in Xenopus egg extracts has been shown to involve CMG
unloading followed by fork reversal. A study found that when two forks converge onto an
ICL (Zhang et al., 2015), CMG gets ubiquitylated and unloaded followed by FANCI-
FAND2 mediated incisions and ICL unhooking and repair. Importantly, fork reversal
here is inhibited when CMG unloading by p97i is inhibited, suggesting that fork reversal
occurs following CMG unloading. My thesis findings showed that fork reversal can occur
when CMG stays bound to the DNA but it did not rule out that fork reversal cannot occur
when CMG dissociates from the DNA. It would be very interesting to know whether
reversed forks that form in the presence of absence of the CMG complex are subject to

different types of processing or are reversed by a different set of enzymes.

Are post-replicative gaps uncoupled forks or degraded forks?

Recently, evidence has emerged showing that the primary toxic lesion that leads
to genomic instability might be ssDNA gaps as opposed to DSBs. Replication fork
protection factors such as BRCA1, BRCA2 and Rad51 have critical roles on ssDNA gap
suppression (Cong et al., 2021; Vaitsiankova et al., 2022; Wong et al., 2020). However,
it is unclear how these gaps are generated and whether they are a function of NSD.
Several lines of evidence suggest that these ssDNA gaps in the wake of the replication

fork could arise independently from fork degradation. First is that gaps arise even under
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low doses of HU treatment, while treatment with the same dose does not lead to NSD
(Panzarino et al., 2021). Also, gaps are still detectable after MRE11 nuclease is
inhibited (Panzarino et al., 2021). However, in contrast to prior models, my thesis work
has found that NSD is an initial and primary response to fork stalling by aphidicolin in
wild type Xenopus egg extracts and human cells. In addition, my work clearly shows
that Y-shaped forks can be subject to degradation, in addition to reversed forks. Thus it
is conceivable that initially gaps arise because NSD is deployed under genotoxic stress
and then those gaps are subject to processing by BRCA1/2, RAD51 and other fork
protection factors. In the absence of fork protection, NSD might generate initial gaps
which are then improperly processed and extensively reversed, leading to excessive
NSD and chromosomal abnormalities. In fact, inactivation of DNA2, which carries out
the NSD that my thesis has described, also inhibits fork degradation in all other genetic
backgrounds — such as BRCA2, FANCD2, ABRO1, FANCA VHL, 53BP1 and BOD1L
knockdown (Liu et al., 2020). This could point to the possibility that NSD functions
upstream of fork protection and generates a substrate that is then processed by fork

protection factors. These are all possibilities that require further testing.

How does NSD lead to fork restart?

My work has showed that NSD is an initial and immediate response to aphidicolin

mediated fork stalling. If a biochemical mechanism is deployed immediately after

genotoxic stress, this might be an indication that this mechanism important for properly

dealing with that type of stress. Based on previous work, my inclination is that NSD is
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important for proper fork restart after the genotoxic stress is cleared, however,
demonstrating this will require further experimentation. Below | will discuss our current
understanding of fork restart following HU mediated genotoxic stress and how the

system | developed could be adapted to study fork restart.

DNA2/WRN mediated fork processing for fork restart

A study that first showed importance of NSD in fork restart demonstrated that after
very prolonged HU mediated genotoxic stress (~8 hours), DNA2 nuclease and WRN
helicase cooperate to degrade reversed forks to promote RECQ1 helicase mediated
fork restart (Thangavel et al., 2015). First, they subjected wild type cells to 8 hours of
HU treatment and measured length of nhascent DNA fibers. They found that DNA2
degrades nascent DNA after prolonged genotoxic stress. Subsequently, they measured
fork restart after prolonged genotoxic stress and found that ~2 fold less forks are able to
restart when DNA2 is knocked down. This study also excluded the role of other
nucleases that have previously been implicated in NSD such as EXO1, MRE11, CTIP
and MUSS81. Similarly to my findings, this study found that inhibiting DNA2 led to an
accumulation of reversed forks measured by EM. Two key differences between my
thesis study and this study is the amount of time genotoxic stress was applied to cells
and the type of genotoxin used (HU versus aphidicolin). | found that NSD occurs rapidly
after aphidicolin treatment and not just after 8 hours of prolonged stress. Importantly,
my assays measuring radioactive signal as a proxy for amount of nascent strands

remaining, are more sensitive than DNA fiber labeling analysis. We are able to detect
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small changes in nascent DNA signal, whereas, a single pixel of a DNA fiber could
represent anywhere from 300 bp to ~ 1kb of DNA (Bianco et al., 2012; Moore et al.,
2022), thereby masking some earlier NSD events. In addition, we compared aphidicolin
versus HU induced NSD in human cells and found that HU does not induce rapid NSD
like aphidicolin. Therefore it will be important to test how NSD that we are observing
contributes to fork restart. We can do this in the in vitro biochemical system that my
thesis work developed and test it in human cells. In extracts, we can perform an NSD
assay and ‘wash out’ aphidicolin and monitor conversion of Double-Ys to fully replicated
linear molecules in the presence of absence of DNA2-i. In cells, we could label with the
first nucleotide analog, then treat cells with aphidicolin, wash out the genotoxic and
subsequently pulse in the second nucleotide analog and measure the amount of
restarted forks. While the cellular approach allows for studying restarted forks, our in
vitro approach would allow us to monitor both restarted and stalled forks that might fail
to restart. This way we can analyze the structure and characteristics of a replication fork
that might fail to resume synthesis. Additionally, fork restart after reversal and
degradation might not initially include DNA synthesis and instead lead to the restoration
of a canonical fork structure. Cellular approaches only measure incorporation of
nucleotides and thus, resumption of synthesis. But our in vitro approach could help us

visualize forks that have been reverted.

Reversed fork conversion to Y-Shaped Forks
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Replication fork restart after reversal and degradation should in theory involve
conversion of reversed forks back to Y-shaped forks. This is thought to be carried out by
RECQ1 helicase (Thangavel et al., 2015). Interestingly, when we induced NSD by
aphidicolin, we saw that all replication forks were progressively converted to reversed
forks, and at later timepoints majority of the signal was present as reversed forks. We
were surprised by this observation because if degraded reversed forks are readily
interconverted between Y-shaped forks and reversed forks, we should have expected a
different distribution of these structures. However, in our experiments aphidicolin fully
blocked DNA synthesis. Therefore, it is possible that conversion of reversed forks to Y-
shaped forks requires DNA synthesis or even a small amount of DNA synthesis. It will
be important to test whether DNA synthesis is required for converting RFs to Y-shaped
forks. We could test this using our in vitro system in extracts. First, we could wash out
high dose of aphidicolin and replace it with a very low dose of aphidicolin that by itself
does not induce NSD but will not allow to forks to elongate at a fast rate and terminate.
Then we can assess structures formed before and after aphidicolin washout and

measure the percentage of RFs and Y-shaped molecules.

What determines the choice between fork protection and NSD?

A key question that arises given that degradation can occur initially at uncoupled

forks, and then following the loss of fork protection factors is — how are these two

pathways connected and does fork protection function during initial NSD? Although,

there is currently no formal evidence that Y-shaped forks can undergo degradation in
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the absence of fork protection factors. Thus, it is possible that deprotected forks only
undergo fork reversal mediated degradation. Literature has broadly defined that DNA2
mediated NSD occurs in wild-type cells after prolonged genotoxic stress or both MRE11
and DNA2 mediated NSD occurs in fork protection deficient cells after shorter genotoxic
insults. An easy explanation could be that DNA2 carries out NSD at uncoupled Y-
shaped forks which then remodel into reversed forks that undergo fork protection.
However, my thesis work has shown that DNA2 can degrade both Y-shaped forks and
reversed forks. Recent literature showed that inactivation of DNA2 inhibits NSD in at
least two distinct fork reversal pathways (Liu et al., 2020), consistent with its role
upstream of fork reversal. Collectively, these observations suggest that DNA2 activity at
uncoupled forks might somehow promote degradation of reversed forks that are
subsequently formed. How this then promotes or counteracts fork protection is unclear.
It is also conceivable that fork protection is a completely separate mechanism that only
occurs in response to metabolic insults from HU but this is unlikely because excessive
NSD in BRCA2 deficient extracts has been documented after treatment with aphidicolin
(Kolinjivadi et al., 2017), which does not induce the accumulation of ROS. It will be
important to test the relationship between the NSD as a primary response to uncoupling
and fork protection proteins that function under genotoxic stress. For instance, does
NSD at uncoupled forks negatively regulate fork protection proteins? Or could it be
possible that NSD is in fact promoting fork protection which occurs downstream and
allows for fork restart after the genotoxic stress is washed out? NSD could in fact be
either positively or negatively regulating fork protection. It could promote protection by

creating a substrate for fork protection proteins to bind and stabilize stalled replication
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forks. Conversely, it could be inhibiting fork protection factors to bind and stabilize
reversed forks. These are all testable hypotheses using the systems | have described in

my thesis.
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APPENDIX A

This appendix contains some unpublished data of the NSD project as well as some

supplemental data showing how some factors are not involved in NSD

SAMHD1 and FAN1 nucleases do not aid DNA2 in NSD

My thesis work focused on NSD that is carried out by DNA2 nuclease. DNA2 hasa 5’ -
3’ exonuclease activity and therefore would be expected to be degrading the nascent
lagging strands during NSD. To identify a 3’ - 5’ nuclease that is functioning during
NSD, we tested two candidate nucleases. SAMHD1 nuclease has previously been
implicated in degrading nascent DNA at stalled forks and restarting DNA synthesis
(Coquel et al., 2018). A second candidate, FAN1, is a part of the Fanconi Anemia
complex and its nuclease activity helps recover stalled forks (Chaudhury et al., 2014).
To test their roles in NSD, we immunodepleted them from extracts (Figure AA.1(A)) and
performed an NSD assay (Figure AA.1(B)). In mock depleted extracts, we observed
NSD, as expected (Figure AA.1(C, lanes 1-5)). In SAMHD1 and FAN1 depleted
extracts, we observed no inhibition of NSD (Figure AA.1(C, lanes 6-15)). These results
are quantified in Figure AA.1 D-E. We also repeated these experiments in cells, using
SiRNAs against SAMHD1 and FAN1 and observed no inhibition of aphidicolin mediated

NSD upon nuclease knockdown, confirming what we saw in extracts (Figure AA.1 (F)).
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Figure AA.1. SAMHD1 and FANL1 are not involved in NSD

(A) Immunodepleted extracts and the corresponding immunoprecipitates
were analyzed by Western blotting to determine the extent of SAMHD1
and FAN1 depletions. (B) Forks were localized to a LacR barrier and NSD
was induced by addition of IPTG and aphidicolin in SAMHD1- and FAN1-
immunodepleted Xenopus egg extracts. Purified DNA was subjected to
restriction digest so that replication fork structures could be visualized
(RIs). (C) Samples from (C) were separated on an agarose gel and
visualized by autoradiography. (D) Quantification of Rl signal from (C). (E)
Quantification of RI signal from an experimental replicate of (C). (F) U20S
cells were transfected with the indicated siRNA, pulse labeled with CldU
and IdU, then treated with aphidicolin. DNA fiber analysis was performed
to determine the lengths of CldU and IdU labeled DNA tracks in each
condition.
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These data collectively suggest that SAMHD1 and FANL1 nucleases are not involved in

NSD that is deployed as a first response to fork uncoupling by aphidicolin.

NSD involves WRN helicase/nuclease

WRN helicase/nuclease cooperates with DNA2 to mediate long-range DNA end
resection (Sturzenegger et al., 2014) and has also been implicated in NSD that DNA2
carries out in response to prolonged HU mediated genotoxic stress (Thangavel et al.,
2015). Therefore we decided to test its role in the NSD that we were observing. To this
end, we induced uncoupling as previously described and treated extracts with DNA2-I,
WRN-I or both and purified and digested DNA to monitor NSD (Figure AA.2 (A)). We
observed NSD in vehicle treated extracts, as expected (Figure AA.2 (B, lanes 1-5)). We
observed that DNA2-| treatment reduced NSD, as previously (Figure AA.2 (B, lanes 5-
8)). To our surprise, WRN-I treatment also reduced NSD to the same extent as DNA2-I
treatment alone (Figure AA.2 (B, lanes 9-12)). Combination of both inhibitors fully
blocked NSD (Figure AA.2 (B, lanes 13-16)). These observations are quantified on a
graph in Figure AA.2 (C). Importantly, our results demonstrate that DNA2 and WRN
cooperate to carry out NSD and their mutual inhibition has additive effect. This is in
contrast to what has been reported in the literature, where DNA2 and WRN are thought
to be epistatic in NSD (Thangavel et al., 2015). It is important to point out that our way
of measuring NSD, can detect when one strand is degraded but the other one is not,

whereas DNA fiber labeling analysis can detect an intact fiber even if either leading or
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Figure AA.2. WRN and DNAZ2 function during NSD

(A) Forks were localized to a LacR barrier and NSD was induced by
addition of IPTG and aphidicolin in DNA2-1, WRN-I or DNA2-I + WRN-I
treated extracts. Purified DNA was subjected to restriction digest so that
replication fork structures could be visualized (RIs). (B) Samples from (A)
were separated on an agarose gel and analyzed by autoradiography. (C)
Quantification of RIs from (B). Mean + S.D., n=3 independent
experiments. v
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Figure AA.3. NSD in extracts does not involve SMARCAL1

(A) Immunodepleted extracts and the corresponding immunoprecipitates
were analyzed by Western blotting to determine the extent of SMARCALL1
immunodepletion. (B) Forks were localized to a LacR barrier and NSD
was induced by addition of IPTG and aphidicolin in SMARCAL1-
immunodepleted Xenopus egg extracts. Purified DNA was subjected to
restriction digest so that replication fork structures could be visualized
(RIs). (C) Samples from (B) were separated on an agarose gel and
visualized by autoradiography. (D) Quantification of RI signal from (C).
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lagging strands are fully degraded. Therefore, additive effects might be masked by

cellular assays that we can detect in extracts.

NSD in extracts does not involve Smarcall

When we previously assessed the requirement of fork reversal enzymes in NSD in cells,
we found that SMARCALL1, FBH1 and PICH knockdowns all partially reduced NSD. We
decided to test whether these enzymes that we have antibodies for in extracts also have
roles in NSD we observe in extracts. To this end, we immunodepleted SMARCAL1 from
extracts (Figure AA.3 (A)) and performed an NSD assay (Figure AA.3 (B)). We validated
the immunodepletion by probing the Western Blot with a previously published antibody
(Kolinjivadi et al., 2017). We surprisingly found no difference in NSD between mock and
SMARCAI1 depleted extracts (Figure AA.3 (C-E)). This result suggests that NSD we

observe in extracts likely reflects only a subset of pathways observed in cells.

Proximity of the converging forks has no effect on NSD

Our assays that measure NSD all use a plasmid with an approximately 1 kb LacR Array.
We wanted to test whether increasing the size of the LacR Array and therefore
increasing the distance between converging forks had an effect on NSD (Figure AA.4
(A)). To this end, we induced NSD on two separate plasmids with 1 and 1.5 kb LacR
arrays, respectively and monitored the abundance of Double-Ys over time (Figure AA.4

(B)). We found that there is no significant difference in the kinetics of NSD when signal
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Figure AA.4. Proximity of converging forks has no effect on NSD
(A) Plasmid DNA harboring a 32xlacO array (p[lacQ]) or a 50xlacO array
(p[lacOx50]) was incubated with LacR then replicated in Xenopus egg
extracts. Once forks were localized to the LacR barrier, NSD was induced
by addition of IPTG and aphidicolin. Purified DNA was subjected to
restriction digest so that replication fork structures (RIs) could be
visualized. (B) Samples from (A) were separated on an agarose gel and
visualized by autoradiography. (C) Quantification of the amount of DNA
degraded in (B). Normalized degradation accounts for the different
backbone sizes of the 50x and 32x lacO plasmids. Mean + S.D., n=3
independent experiments.
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was normalized to total degradation (Figure AA.4 (C)). Therefore, these data show that

the proximity of the converging forks does not affect NSD.
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