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Proteasome shuttle proteins, DNA Damage Inducible 1 (DDI1) and DNA Damage
Inducible 2 (DDI2), are active in the replication stress response (Kottemann et al., 2018).
Under conditions of replication stress, DDI1/2 function to remove Replication Termination
Factor 2 (RTF2) from the replisome. Persistence of RTF2 at the replisome compromises
the replication stress response, resulting in accumulation of single-stranded DNA,
inefficient replication fork restart, genome instability, and cell death. During unperturbed
replication, RTF2 travels with the replication fork (Kottemann et al., 2018). Here we
examine the function of RTF2 and address why RTF2’s removal from the replisome is
necessary for recovery from replication stress.

We find that loss of RTF2 results in murine embryonic lethality and that RTF2 is
required for normal DNA replication elongation speeds. By isolation of proteins on
nascent DNA (iPOND), replisomes deficient for RTF2 concurrently lack RNase H2, a
heterotrimeric enzyme responsible for removing RNA in the context of RNA-DNA
heteroduplexes. Like RTF2, RNase H2 is necessary for normal replication speed. RTF2-
deficient cells exhibit phenotypes consistent with loss of RNase H2 and an increase in
genome-embedded ribonucleotides, including the accumulation of DNA damage.

In the absence of DDI1/2, the persistence of RNase H2 at a stalled replication fork
also compromises the replication stress response. We show that direct replication restart
is dependent on PRIM1, the primase component of DNA polymerase a. The dependence
on PRIM1 for replication restart is greater than its requirement during processive DNA
replication. Our data suggest there might be a competition between PRIM1 and RNase
H2, which regulates the synthesis and degradation of the RNA primer.

Our data support a model whereby the DDI-RTF2 axis regulates RNase H2 levels
at the replisome during stress. RNase H2 travels with the replication fork to remove
genome-embedded ribonucleotides resulting from random polymerase incorporation or
inefficient Okazaki fragment maturation. However, upon DNA damage and replication
stalling, RNase H2 must be removed from the replication fork to allow for proper restart
using PRIM1-synthesized RNA primers. The work presented here provides a new
perspective on the reorganization of the replisome that is required upon replication stress
and addresses a fundamental need for regulation of replication-coupled ribonucleotide
incorporation during DNA replication and repair.
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Chapter 1: Introduction



1.1 Eukaryotic cell cycle

The continuity of life depends on the accurate duplication of a cell’s genetic
information and the equal division of this genetic material between two daughter cells.
This process is collectively called the cell cycle. The quest to understand how the genetic
information is propagated from one generation to the next began with seminal work from
Watson, Crick, Wilkins, and Franklin that presented a structure of deoxyribonucleic acid
(DNA) which “immediately suggest[ed] a possible copying mechanism for the genetic
material” (Watson and Crick, 1953). This copying mechanism, called DNA replication, is
a complex process conserved from the smallest single-cell prokaryotes to multi-cellular
eukaryotes including metazoans, even though the proteins involved evolved largely
independently (reviewed in (Leipe et al., 1999)).

As organisms increase in complexity, genomes increase in size. For example,
bacterial genomes are composed of approximately 5 million base pairs (bp) (reviewed in
(Land et al., 2015)), whereas mammalian genomes are greater than 5 billion bps
(reference genome is approximately 2.7 billion bps in mice (Church et al., 2009) and
approximately 3.2 billion bps in human (U.S. Department of Energy Office of Science,
2016; Venter et al., 2001)). Larger genomes also have a different structural organization
to package the genetic material inside a cell. For example, prokaryotes contain a single
circular chromosome whereas most eukaryotes contain multiple linear chromosomes.
Mammalian cells thus face additional challenges to the completion of DNA replication in
an accurate and timely manner. To deal with these challenges, mammalian DNA
replication has developed specific machinery, additional switches, and mechanisms of
repair that may not be present in prokaryotes and lower eukaryotes.

In this introductory chapter, | will review the timing of DNA replication within the
cell cycle, the process of DNA replication, and replication-coupled DNA repair. The final
section of the chapter will discuss factors, DNA Damage Inducible 1 (DDI1), DNA
Damage Inducible 2 (DDI2), and Replication Termination Factor 2 (RTF2), which recently
have been identified as important for DNA replication and replication-coupled DNA repair.

1.1.1 The cell cycle and timing of mammalian DNA replication

Mammalian DNA replication is temporally organized within the cell cycle. Four
discrete phases form a full cell cycle: Gap Phase 1 (G1), Synthesis Phase (S), Gap Phase
2 (Gz), and Mitosis (M) (Figure 1.1) (reviewed in (Cooper, 2000)). In G1, the cell is
metabolically active while replication origin licensing occurs at specific sites. The
transition from G1 to S phase ensures that these origins are activated only once per cell
cycle. Once origins fire in S phase, the replication machinery, termed the replisome,
proceeds to unwind and replicate DNA. By G2, DNA synthesis is largely complete and cell
growth continues in preparation for M phase. During M phase, cells undergo cellular
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Figure 1.1. The mammalian cell cycle.
The cell cycle for most cultured mammalian cells occurs over the course of approximately
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overlaid according to their timing in the cell cycle.



division where sister chromatids are aligned on the metaphase plate and are separated
into two daughter cells.

There are several mechanisms in place to ensure that damaged or incompletely
replicated chromosomes are not passed onto daughter cells. Checkpoints are biological
chemical pathways that control transitions from one phase to the next (reviewed in
(Elledge, 1996)). For example, the S-to-Gz checkpoint, monitors the completion of DNA
replication (Rao and Johnson, 1970). This checkpoint is dependent on Ewing’s Tumor-
associated Antigen 1 (ETAA1)-stimulated baseline Ataxia Telangiectasia Mutated and
Rad3 related kinase (ATR) (Bass and Cortez, 2019; Saldivar et al., 2018).

1.2 Eukaryotic DNA replication

Much of our current understanding of eukaryotic DNA replication comes from
experiments in Saccharomyces cerevisiae. While S. cerevisiae has been a fruitful model
system, it does not fully address the complexity of mammalian DNA replication. This
introduction will describe many of the discoveries made in budding yeast while
highlighting key differences in metazoans. DNA replication can be divided into three
phases: initiation, elongation, and termination. These phases will be discussed in turn.

1.2.1 Initiation of DNA replication

Origins of replication are the sites at which DNA replication is initiated. In S.
cerevisiae, these sites are well-defined autonomously replicating sequences (ARS),
containing a common sequence of 11 bps called the autonomous consensus sequence
(ACS). In metazoans, origins of replication are less precisely defined than in yeast and
thus it is more appropriate to refer to mammalian origins of replication as initiation sites.
A stochastic model, in terms of both time and space, in which DNA initiation occurs at
one of many potential sites that is randomly chosen depending on the chromatin context
has been proposed (reviewed in (Leonard and Méchali, 2013)). In both yeast and
metazoans, only a fraction of potential replication initiation sites are used in a given S
phase (Cayrou et al., 2011; Linskens and Huberman, 1988). Initiation of replication occurs
in two stages: the loading of the core helicase late in M and early in G1 (origin licensing)
and the activation of the helicase and replisome assembly at the onset of S phase (origin
activation) (reviewed in (Bell and Dutta, 2002; Masai et al., 2010)).

In yeast, origin licensing requires the pre-replicative complex (pre-RC), which is
composed of the origin recognition complex (ORC), Cell division cycle 6 (Cdc6),
Chromatin licensing and DNA replication factor 1 (Cdt1) and the Minichromosome
maintenance (Mcm) hexamer (composed of Mcm2-7), to assemble at the origins of
replication. The ORC, composed of six subunits (Orc1-Orc6), five of which are related to
ATPase Associated with Diverse Cellular Activities (AAA+) protein family of ATPases,
binds to potential origin sequences and serves as a foundation (Bell and Stillman, 1992).



ORC recruits Cdc6, another AAA+ ATPase. Cdt1 and the mini Mcm2-7 then join the ORC-
Cdc6 complex at the origin sequences. ORC-Cdc6-Cdt1 load Mcm2-7 onto the origin in
a reaction requiring ATP hydrolysis (Bowers et al., 2004; Perkins and Diffley, 1998;
Randell et al., 2006). ORC, CDC6, and CDT1 are also required for MCM2-7 loading in
mammalian cells (Cook et al., 2002; Giordano-Coltart et al., 2005; Rialland et al., 2002;
Takeda et al., 2005). The two hexametric rings of Mcm2-7 are loaded onto double-
stranded DNA (dsDNA) in a head-to-head (amino-to-amino) configuration with the DNA
duplex passing through the central channel of the hexamer (Evrin et al., 2009; Georgescu
et al., 2017; Remus et al., 2009). Experiments in Xenopus laevis extracts suggest that
once Mcm2-7 is loaded, subsequent steps for the initiation of DNA replication do not
require ORC, Cdc6, and Cdt1 (Hua and Newport, 1998; Maiorano et al., 2000; Rowles et
al., 1999) (reviewed in (Bell and Kaguni, 2013)) (Figure 1.2).

Origin activation, defined by the transformation of MCM2-7 into an active helicase,
requires several additional factors. The MCM4-6-7 subcomplex purified from human cells
contains ATP-dependent helicase activity in vitro (Ishimi, 1997; You et al., 1999),
however, MCM2-7, does not have detectable helicase activity, suggesting additional
proteins are required for helicase activation. The Go-Ichi-Ni-San (GINSS!d5-Psf1-Psf2-Psi3)
complex and Cell division cycle 45 (Cdc45) together with Mcm2-7 form the replicative
helicase, collectively referred to as CMG (Cdc45-MCM-GINS) (Gambus et al., 2006;
Moyer et al., 2006). Cdc45 and GINS allosterically remodel the core of the Mcm2-7
complex to allow for helical activity (Costa et al., 2014; llves et al., 2010; Moyer et al.,
2006). The active CMG binds DNA and translocates in the 3’-5’ direction on the leading-
strand template by a pumpjack motion (Yuan et al., 2016).

The process of CMG assembly and activation is stimulated by two protein kinases,
cyclin-dependent kinase (CDK; CDK2 in humans) and DBF4-dependent kinase (DDK;
CDC7-DBF4 heterodimer in humans) and requires several additional regulatory factors.
The regulatory components for CMG assembly in metazoans are divergent from those in
yeast and there has been some debate regarding the functional homologs. The proteins
most likely required for CDC45 loading are CDK2-phosophorylated TRESLIN (Boos et
al., 2011), DBF4-phosophorylated DNA unwinding element binding protein (DUE-B)
(Chowdhury et al., 2010), Mdm2-binding Protein (MTBP) (Boos et al., 2013), and
Topoisomerase Il binding protein | (TOPBP1) (Kumagai et al., 2011). By comparison, little
is known about GINS loading. Factors that facilitate origin activation include MCM10,
RecQ-like Helicase 4 (RECQ4) and Acidic Nucleoplasmic DNA-Binding Protein 1 (AND-
1) (Im et al., 2009). The molecular mechanisms for recruitment of the polymerases in
human cells are still not well understood (reviewed in (Moiseeva and Bakkenist, 2018;
Tanaka and Araki, 2013)).

Several redundant mechanisms prevent the re-licensing of origins in S phase. This
ensures that initiation only occurs once per cell cycle and prevents re-duplication of the
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Figure 1.2. Mammalian DNA replication initiation.

(A) To begin origin licensing, ORC binds to potential origins sequences. Subsequently
CDC6 associates with ORC. MCM2-7 in association with CDT1 join the ORC-CDC6
complex. In yeast, hydrolysis of ATP on Cdcé6 leads to “loading” of the MCM complex and
release of Cdt1. Dissociation of Cdc6 from the origin and hydrolysis of ATP associated
with the ORC completes pre-RC assembly. (B) Once MCM2-7 is loaded onto the origin,
conversion into an active CMG helicase requires CDC45 and GINS. CDK- and DDK-
dependent signaling stimulate active replication. There are many additional layers of

regulation to prevent re-duplication.




genome without an intervening mitosis. Since the mechanisms to prevent re-duplication
in metazoans differ from those in yeast, | will focus solely on those relevant to metazoans.

Negative regulation can degrade or inhibit factors required for firing, such as
ORC1, CDC6, and CDT1. ORC1, the required scaffold for licensing, is selectively
degraded during S phase by both cyclin A-Cyclin Dependent Kinase 1 (CDK1)-dependent
and CDK1-independent mechanisms and it is resynthesized solely during the M-to-
G1phase transition to regulate assembly of the licensing complex (Kreitz et al., 2001; Li
and DePamphilis, 2002; Li et al., 2004; Mendez et al., 2002; Natale et al., 2000; Ohta et
al., 2003; Tatsumi et al., 2003). Regulating the availability of CDC6 also prevents re-
licensing as CDC6 is required for helicase loading. CDC6 is degraded following
ubiquitination by the anaphase promoting complex (APC)/CCPH1 ligase in G1 (Mendez and
Stillman, 2000; Petersen et al., 2000). In S and Gz, degradation of CDC6 is mediated by
CRLA4CPT2 and SCFCyelinF respectively (Clijsters and Wolthuis, 2014; Walter et al., 2016).
In addition, CDK-dependent phosphorylation of CDC6 exposes a nuclear export signal
promoting its export from the nucleus (Delmolino et al., 2001; Fuijita et al., 1999; Jiang et
al., 1999; Petersen et al., 2000; Saha et al., 1998). Regulatory mechanisms also limit the
levels of CDT1. CDK-dependent phosphorylation of CDT1 promotes its ubiquitination by
the SCFS2 and DDB1-CUL4 E3 ubiquitin ligase, which subsequently results in CDT
degradation (Kondo et al., 2004; Li et al., 2003b; Liu et al., 2004; Nishitani et al., 2006;
Sugimoto et al., 2004). GEMININ, a protein expressed only in S, G2, and M, also binds
and sequesters CDT1 in an inactive form to inhibit erroneous CDT1 function (Cook et al.,
2004; Tada et al., 2001; Wohlschlegel et al., 2000; Wu et al., 2014; Yanagi et al., 2002).

Positive regulation of ORCs, CDT1, and CDCB, is also important to promote DNA
replication initiation. A recent report shows that OBI1-dependent ubiquitination of ORC3
and ORC5 promotes origin firing (Coulombe et al., 2019). Despite GEMININ’s role in
negative regulation, GEMININ simultaneously stabilizes and accumulates CDT1 for firing
(Ballabeni et al., 2004). USP37 deubiquitinates CDT1 to promote helicase loading
(Hernandez-Perez et al., 2016). Cyclin E/CDK2 phosphorylation of CDC6 inhibits
APC/CCPH-mediated proteolysis of CDC6 (Mailand and Diffley, 2005). It is clear that the
layers of regulation are complex and all of these mechanisms ensure that re-replication
does not occur without an intervening cell division.

DNA replication stress responses, discussed in detail later, inhibit DNA initiation to
induce cell cycle arrest. For example, effectors of DNA replication stress response
pathways promote degradation of Cell Division Cycle 25 A (CDC25A), a phosphatase
crucial for CDK2 activation (Mailand et al., 2000; Sorensen et al., 2003). Active p53 also
induces transcription of p21 which directly inhibits CDK2 activity (Harper et al., 1995).
Valosin-containing protein (VCP)/p97 ubiquitinates and degrades CDT1 upon exposure
to ultraviolet (UV) radiation to inhibit origin firing (Raman et al., 2011).



1.2.2 The replisome and DNA replication elongation

Once initiation has successfully been completed, replication elongation can
proceed. DNA replication is performed by a multi-protein machine, termed the replisome,
which replicates both parental DNA strands at the same time resulting in two semi-
conservative daughter duplexes. All replisomes must contain the following core
components: a DNA helicase, a single-stranded DNA (ssDNA) binding protein, a primase,
DNA polymerases, a pentameric clamp loader, and ring-shaped sliding clamps (reviewed
in (O'Donnell et al., 2013)) (Figure 1.3).

The initiation of synthesis begins when the CMG helicase encircles the leading-
strand and acts to unwind DNA duplexes ahead of the replication fork. Unwinding requires
Replication Protein A (RPA), a ssDNA binding protein, to stabilize ssDNA. RPA is a
heterotrimeric protein complex, made of subunits referred to as RPA70 (70 kDA), RPA32
(32 kDa), and RPA14 (14 kDa), that contains six oligosaccharide/oligonucleotide binding
(OB) folds responsible for sequential binding to the ssDNA in a 5’ to 3’ polarity (de Laat
et al., 1998). RPA is essential for DNA replication initiation and elongation (Fairman and
Stillman, 1988; Wobbe et al., 1987; Wold and Kelly, 1988); (reviewed in (Zou et al.,
2006)).

The primosome, also known as Pol a-primase, is a four-subunit complex wherein
two subunits are responsible for DNA priming activity (PRIM1, PRIM2) and two subunits
are responsible for DNA polymerase a (Pol a) activity (POLA1, POLA2). DNA primase
initiates ribonucleic acid (RNA) synthesis de novo and intramolecularly transfers the
mature RNA primer to Pol a for subsequent extension with deoxynucleoside
triphosphates (dNTPs). During the initiation step, DNA Primase Subunit 1 (PRIM1, also
known as p49) binds to the DNA template and two cognate ribonucleotide triphosphates
(rNTPS), one at the initiation site and the other at the elongation site, and catalyzes the
formation of a dinucleotide (Baranovskiy et al., 2016a; Baranovskiy et al., 2016b;
Copeland and Wang, 1993; Sheaff and Kuchta, 1993). Structural studies suggest DNA
Primase Subunit 2 (PRIM2, also known as p58) binds and holds the RNA-DNA duplex,
the 5’ triphosphate of the RNA primer and 3’ overhang of the DNA template (Baranovskiy
et al.,, 2016b). While PRIM2 holds the RNA-DNA heteroduplex, PRIM1 catalyzes the
attachment of rNTPs to the 3’ end of the developing RNA primer.

Biochemical evidence suggests Pol a-primase does not dissociate from the primer
during the transition from RNA to DNA synthesis and that there is an intramolecular
mechanism of RNA primer transfer between the active sites of primase and Pol a within
the primosome itself (Copeland and Wang, 1993; Kuchta et al., 1990; Sheaff et al., 1994).
The Baranovskiy structure suggests that the nature of this transfer may be the result of a
counting mechanism for determining an optimal RNA primer length. Due to the strength
of the PRIM2 bond with the 5° RNA end, PRIM2’s helical carboxyl terminal domain (CTD)
spirals away from PRIM1. These studies propose that after synthesizing a 9 mer primer,
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During DNA replication elongation, CMG unwinds the DNA duplex creating ssDNA that is
coated by RPA. Subsequently the primase makes and deposits an RNA primer to provide
a 3’-hydroxyl group for the DNA polymerases to continue synthesis. PCNA increases the
processivity of the DNA polymerases and provides a platform for the recruitment of other
factors. The diffuse blue cloud represents over 500 proteins at the replisome, many which
remain functionally undescribed.



steric hindrance between PRIM2’s helical CTD with PRIM2’s amino-terminal domain
(NTD) forces the transfer of the RNA-DNA template to the polymerase subunits. This
model of intramolecular transfer predicts that if the primase components do not
successfully synthesize a 9 mer primer, there is no steric hindrance and the 3’ end of the
primer will not reach Pol a’s active site (reviewed in (Baranovskiy and Tahirov, 2017)).

After the RNA primer is intramolecularly transferred, Pol a then extends up to an
additional 20 nucleotides with dNTPs, yielding an approximately 30-nucleotide chimeric
primer, called the a segment. After synthesis of the a segment, Pol a is replaced with
DNA polymerase € (Pol €) or DNA polymerase & (Pol &). Pol a does not contain
proofreading activity and thus polymerase switching occurs to maintain the fidelity of the
genetic code. Single-molecule analysis using a mutant of Pol a-primase that is able to
produce RNA primers but is unable to extend these primers with dNTPs shows that the
DNA polymerase activity of Pol a-primase is not required for processive synthesis (Lewis
et al., 2019).

The antiparallel structure of the DNA double helix and the 3’-5’ direction of the DNA
polymerases’ catalytic activity confine the mechanism of replication, resulting in leading-
and lagging-strand synthesis. The leading-strand is synthesized in the same direction as
the movement of the replication fork while the lagging-strand is synthesized in the
opposite direction. On the leading-strand, Pol € replaces Pol a on the CTD-tier of CMG
(Bai et al., 2017) and replication elongation proceeds continuously as the CMG helicase
unwinds more DNA ahead of Pol € (Clausen et al., 2015; Miyabe et al., 2011; Nick
McElhinny et al., 2008; Pursell et al., 2007; Sun et al., 2015). On the lagging-strand, Pol
O replaces Pol a for continued synthesis (Bai et al., 2017). The lagging-strand must be
continually primed to provide new 3’ ends for extension as the CMG helicase unwinds
DNA behind Pol &. The lagging-strand is thus synthesized in short fragments, named
Okazaki fragments (OF) (Okazaki et al., 1968; Sakabe and Okazaki, 1966).

The replicative polymerases have high polymerase fidelity due to their structure
resembling a clasped right hand holding a string that creates a tight active site intolerant
of misalignment between the template base and incoming nucleotide. Pol € and Pol &
both contain exonucleolytic activity to further increase their fidelity (Byrnes et al.,
1976);(reviewed in (Pursell and Kunkel, 2008)). However, given the sizes of OFs and
chimeric primers, the Pol a-primase synthesizes up to twenty percent of the lagging-
strand and, therefore, approximately ten percent of the genome is synthesized by a
polymerase without exonucleolytic activity and subject to an increased nucleotide
misincorporation rate. These misincorporated ribonucleotides can be removed by the
mismatch repair (MMR) pathway.

The pentameric clamp loader, Replication Factor C (RFC), is responsible for
loading the sliding clamp, Proliferating Cell Nuclear Antigen (PCNA), at the primer-
template junction (reviewed in (Moldovan et al.,, 2007)). PCNA is a ring-shaped
homotrimer that encircles DNA, tethering the polymerases to DNA and dramatically
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increasing their processivity (the number of nucleotides a polymerase can synthesize
before falling off) (Bravo et al., 1987; Prelich et al., 1987; Tan et al., 1986). PCNA also
serves as a central hub for recruiting and regulating other factors at the replication fork
for a variety of processes. Most interacting partners bind to PCNA via a PIP (PCNA-
interacting peptide) box, generally containing a consensus PIP sequence (Jonsson et al.,
1998; Prestel et al., 2019). The PIP-box sequence of PCNA interacting partners binds to
the hydrophobic pocket on the front face of PCNA, which points in the direction of DNA
synthesis (reviewed in (Boehm et al., 2016; Choe and Moldovan, 2017)).

A minimal set of factors purified from S. cerevisiae can recapitulate DNA synthesis
in vitro, but many additional components are required for efficient replication. For
example, Csm3 (human homolog Timeless-interacting protein (TIPIN)), Tof1 (human
homolog TIMELESS), and Mrc1 (human homolog Claspin (CLSPN)), are a part of the
replisome progression complex (RPC) and facilitate maximal replication speeds in yeast
(Cho et al., 2013; Gambus et al., 2006; Lewis et al., 2017; Masai et al., 1999; Smith-Roe
et al., 2013; Yeeles et al., 2017). Until recently, most biochemical replication experiments
have been performed with naked DNA templates and thus it is important to remember
that DNA replication in mammalian cells occurs in a more complex environment. In vitro
experiments in S. cerevisiae have begun to address replication in the context of
chromatinized DNA and have identified several chromatin remodeling proteins as
essential for achieving maximal replication speeds. These factors include the FACT
complex, Nhp6, INO80, ISW2A, pNuA4, and pSAGA (Kurat et al., 2017). There is a
growing understanding of the complexity of DNA elongation in yeast, but still many of the
proteins identified at the mammalian replisome have yet to be functionally defined. In
human cells, there are over 500 proteins that travel with the replication fork (Alabert et
al., 2014; Dungrawala et al., 2015; Sirbu et al., 2013; Wessel et al., 2019).

While it is easy to imagine DNA replication as a linear process, where two
replication forks generated from the same origin move away from one another, it has been
proposed that DNA replication occurs in specific nuclear structures, called replication
factories. This model of DNA replication proposes that the molecular machinery for
multiple replication forks are brought together at distinct loci (Hozak et al., 1993; Kitamura
et al., 2006). In these replication factories, parental DNA is pulled through and nascent
strands are extruded allowing for the two replication forks generated from the same origin
to remain associated with one another.

1.2.3 Okazaki fragment maturation

Okazaki fragment (OF) maturation, the process by which lagging-strand fragments
are joined together, involves the removal of the RNA primer, either by direct enzymatic
processing or by strand displacement of the RNA primer resulting in a flap that must be
enzymatically processed. To complete maturation, OFs are then ligated. The
mechanisms of RNA primer removal are also relevant to the processing of the leading-
strand primer, albeit at a much lower frequency. In eukaryotes, there are three models of
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RNA primer removal to allow for OF maturation. The usage and interplay between these
pathways are unknown (reviewed in (Balakrishnan and Bambara, 2013; Giannattasio and
Branzei, 2019; Kao and Bambara, 2003)) (Figure 1.4).

In the first model, RNA-DNA primers are hydrolyzed directly by the ribonuclease
H2 (RNase H2) complex (Qiu et al., 1999b) (Figure 1.4A). RNase H2 cleaves all
ribonucleotides of the RNA primer except the last one (between the 3’-most rNTP and
initial ANTP) which is removed by a 5° DNA exonuclease, either flap endonuclease 1
(FEN1) or exonuclease 1 (EXO1) (Liu et al., 2017). In yeast, RNase H2 can degrade the
RNA primer (Murante et al., 1998; Turchi et al., 1994). However, deletion of RNase H2,
RNase H1, or the combination of both, does not cause an obvious phenotype and thus
the processing by RNase H2 is judged to be a backup pathway of OF processing in S.
cerevisiae (Chen et al., 2000; Ohle et al., 2016; Qiu et al., 1999b). The contribution of
RNase H2 to OF removal in the mammalian system has yet to be convincingly assessed.

In the other two models (Figure 1.4B,C), RNA-DNA primers are displaced by Pol
0, creating a single-strand DNA flap. These flaps, either short (2-10 nucleotides) or long
(>20 nucleotides), are differentially processed based on their length. The short flap
pathway is thought to be the predominant pathway of OF maturation. The short flap
structure is cleaved by FEN1. It has been proposed that the interaction between Pol &’s
3’ exonuclease and polymerase activities limits forward movement of 2-3 nucleotides and
thus several cycles of Pol &-driven removal and gap-filling coupled with Fen1-mediated
flap cleavage occur until the o segment is completely removed (Garg et al., 2004; Jin et
al., 2003; Jin et al., 2001; Maga et al., 2001).

In the event that strand displacement synthesis becomes uncoupled from flap
cutting, an alternative model is proposed. This third model (Figure 1.4C), the long flap
pathway, differs from the short flap pathway due to an increase of the flap size perhaps
because of a missed cleavage opportunity (Zaher et al., 2018). These long flaps are
recognized and bound with RPA, which inhibits the flap endonuclease activity of FEN1,
but recruits DNA2 and stimulates DNA2 nuclease activity to cleave the flap to a shorter
size (Ayyagari et al., 2003; Bae et al., 2001; Bae and Seo, 2000; Kao et al., 2004; Zaher
et al., 2018). The now short flap is then processed using the short flap pathway. The long
flap pathway’s relevance to the mammalian system remains unclear as there is no strong
evidence for a role of DNA2 in OF maturation analogous to its role in yeast. It is unknown
at what rate long flaps are generated in the mammalian system, whether FEN1 and EXO1
alone can process them, or whether additional factors are needed for their resolution.
Once the RNA primer is removed from the preceding OF and Pol & has synthesized the
intervening region with DNA, DNA ligase | (LIG1) functions to seal the nick between OFs.
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Figure 1.4. Models of RNA primer removal and Okazaki fragment maturation.

RNA primers must be removed from newly synthesized daughter strands to allow for the
OFs to be ligated together, producing a fully replicated lagging-strand. There are three
models of RNA primer removal. (A) RNase H2 can cut 5’ to any genome-embedded
ribonucleotide. Since RNase H2 does not have activity on the 3’ end, Fen1 or Exo1
function to fully remove the primer cutting the 3’ end of the DNA-embedded
ribonucleotide. (B,C) Both the short flap and long flap pathway rely on Pol 6—dependent
displacement of the RNA primer on the preceding OF. The short flap undergoes
nucleolytic processing by Fen1. The long flap must first be degraded from the 5’ end by
Dna2 until a short flap that can be processed by Fen1 is generated.
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1.2.4 Termination of DNA replication

DNA replication termination occurs when two replication forks progressing
bidirectionally encounter each other moving in opposite directions. Previously thought to
be a passive process, recent characterization of termination suggests there is active
disassembly of the replisome (reviewed in (Bailey et al., 2015; Dewar and Walter, 2017)).

Studies from X. laevis and S. cerevisiae suggest a mechanism of replisome
disassembly. DNA replication termination does not occur until converging CMGs pass
one another, providing a way to avoid premature replisome disassembly (Dewar et al.,
2015). Disassembly of the replisome requires cullin ubiquitin ligase (E3)-dependent
ubiquitination of MCM7 (K-48 chains) occurs. This ubiquitin chain is recognized by
VCP/p97, resulting in the removal of MCM7 from chromatin (Dewar et al., 2017; Maric et
al., 2014; Moreno et al., 2014) and the inactivation of the CMG helicase. This process
emphasizes the importance of proteasome-mediated turnover of replication factors
(Figure 1.5A).

Similar to initiation, termination is generally stochastic, however, there are
examples of precise DNA termination sites. These sequences can be sequence-specific
replication fork barriers, such as Ter sites in S. cerevisiae (Hidaka et al., 1989), the
Replication Termination Site 1 (RTS1) site in Schizosaccharomyces pombe (Dalgaard
and Klar, 2001), or rDNA loci in mammalian cells (Little et al., 1993). Polar termination of
DNA replication occurring in the rDNA locus is dependent on the cis-acting factors, TTF1
(human homolog of S. pombe Rtf1), TIPIN, and TIMELESS (Gerber et al., 1997) (Figure
1.5B).

1.3 Replication-coupled DNA repair

DNA replication is a highly regulated process whereby the genetic information is
duplicated. The replication machinery encounters many challenges that threaten the
transmission of genetic information in an accurate and timely manner. The term
“replication stress” encompasses the diverse ways that progression of the replisome may
be hindered, slowed or completely stalled (reviewed in (Zeman and Cimprich, 2014).
Since replication stress obstructs the completion of accurate and efficient replication, the
cell has mechanisms to repair lesions that contribute to replication stress. While repair
can occur outside of S phase, these lesions also need to be addressed promptly during
DNA replication.

Replication-coupled DNA repair refers to the mechanisms that process DNA
damage and replication challenges in coordination with the replisome to maintain genome
stability (reviewed in (Cortez, 2019)). This section will discuss various sources of
replication stress that threaten the fidelity of DNA replication. | will discuss how cells
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Figure 1.5. Mammalian DNA replication termination.

(A) General replication termination requires active removal of the MCM7 subunit of the
CMG complex. This removal is dependent on Cullin E3 (Cullin RING Ligase 2 associated
with Leucine Rich Repeats 1 (CRL2L™) in X. laevis)) K-48 ubiquitination and VCP/p97
extraction of MCM7. (B) Replication termination at site-specific barriers is also an active
process. At the mammalian rDNA array, replication termination prevents head-on
collisions between the replication and transcription machinery. Site-specific termination
occurs at specific loci. In the case of the rDNA replication fork barrier, Sal boxes and
flanking sequences direct the location of termination. Cis-regulatory factors, such as TTF-
1 (Rtf1 in S. pombe), TIPIN, and TIMELESS, promote replication termination at these
sites.
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respond to these challenges, and how stalled replication forks are restarted. The inability
to deal with these challenges is a genome-destabilizing event. As mentioned throughout
this section, mutations in proteins involved in the processes to maintain genome stability
often result in human disease.

1.3.1 Sources of replication stress

There are many endogenous sources of replication stress. Changes in the DNA
template, including damaged bases, and mis-incorporated nucleotides or ribonucleotides,
must be removed and the DNA strand must be repaired during DNA replication to ensure
faithful transmission of the genetic material (reviewed in (Ganai and Johansson, 2016)).
Bases damaged by oxidation, deamination, or alkylation, among other modifications, may
induce mutation. Mis-matched nucleotides can also be incorporated into the DNA nascent
strand, which occurs more frequently on the lagging-strand than the leading-strand due
to Pol a’s lack of exonuclease activity. Dedicated cellular pathways exists to remove these
lesions outside of S phase, however, their persistence during replication presents
challenges to the replicative polymerases and/or results in genomic instability and
mutation. Lesions that pause the replicative polymerases and completely block replication
include unrepaired damaged bases or base modifications, such as abasic sites, and
larger obstacles like R-loops, transcribing RNA polymerases, unusual DNA structures,
interstrand crosslinks (ICLs), and DNA-protein complexes (DPCs). While some lesions,
such as ICLs and DPCs, were thought to also block the replicative helicase, evidence is
accumulating to show that the helicase can bypass these lesions (Huang et al., 2013;
Huang et al., 2019; Sparks et al., 2019), leaving polymerase stalling as the main challenge
to overcome.

Replication stress is exogenously induced using replication stress-inducing drugs
or radiation. Examples of these chemicals include hydroxyurea (HU), which depletes
nucleotide pools by inhibiting ribonucleotide reductase ((Akerblom et al., 1981; Dresler
and Stein, 1869; Reichard and Ehrenberg, 1983); reviewed in (Singh and Xu, 2016));
aphidicolin, which directly inhibits B-family polymerases (Baranovskiy et al., 2014;
Bucknall et al., 1973; Cheng and Kuchta, 1993; lkegami et al., 1978); Mitomycin C (MMC),
and Cisplatin (Siddik, 2003), which both induce ICLs, among other chemicals. Exposure
to UV radiation can inhibit replication fork progression. In response to these insults, cells
have repair mechanisms to help respond, recover and resume DNA replication.

1.3.2 Aberrant incorporation of ribonucleotides

Aberrant incorporation of ribonucleotides into genomic DNA, estimating about one
ribonucleotide incorporation event per ~ 0.7kb replicated DNA, is one of the largest
endogenous sources of replication stress in the cell (Sparks et al.,, 2012). rNTPs are
structurally similar to dNTP but contain an additional hydroxyl (-OH) group on the 2’
position of the ribose sugar. This additional hydroxyl group makes the rNTP base far more
labile and capable of generating breaks. The most abundant source of genome-
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embedded ribonucleotides is from the repeated RNA priming of the lagging-strand during
DNA replication (reviewed in (Kuchta and Stengel, 2010)). Cells have developed
processes (described in section 1.2.5) to remove these ribonucleotides from OFs, ideally
making the presence of ribonucleotides transient.

In addition to RNA primers, the replicative polymerases can incorporate rNTPs
during elongation synthesis, albeit at a lower frequency than dNTPs due to their steric
gate (Table 1) (Brown and Suo, 2011; Clausen et al., 2013; Goksenin et al., 2012; Nick
McElhinny et al., 2010); (reviewed in (Williams et al., 2016)). An overabundance of INTP
pools relative to dNTP pools also causes DNA polymerases to incorporate rNTPs into the
nascent strands (Yao et al., 2013). In eukaryotic cells, the concentrations of rNTPs are
approximately two orders of magnitude higher than dNTPs (Nick McElhinny et al., 2010).

Other primases, such as Primase and DNA-directed Polymerase (PRIMPOL)
(Garcia-Gomez et al.,, 2013) and polymerases, such as translesion synthesis (TLS)
polymerases, incorporate rNTPs during DNA repair pathways (Bergoglio et al., 2003;
Cavanaugh et al., 2011; Cilli et al., 2015; Crespan et al., 2016; Donigan et al., 2014;
Gosavi et al., 2012; Nick McEIhinny and Ramsden, 2003; Pryor et al., 2018); (reviewed
in (Williams et al.,, 2016)). Persistence of single genome-embedded ribonucleotides
causes replication slowing due to intrinsic limitations of the polymerases to synthesize
across ribonucleotides efficiently (Watt et al., 2011).

1.3.3 Ribonucleotide excision repair

The ribonucleotide excision repair (RER) pathway functions to remove single DNA-
embedded ribonucleotides in the genome. Biochemically, RER can be reconstituted in
vitro with RNase H2, PCNA, Pol &/Pol € and Fen1/Exo1 purified from S. cerevisiae
(Sparks et al., 2012). In vivo, RNase H2 activity is essential for recognizing and removing
ribonucleotides from RNA-DNA hybrids to prevent the accumulation of single genome-
embedded ribonucleotides (Reijns et al., 2012).

RNase H proteins were first described in 1969 as enzymes that hydrolyze the RNA
strand of RNA-DNA hybrids (Stein and Hausen, 1969). In eukaryotes, there are two
classes of RNase H enzymes with distinct biochemical properties and substrates: Type 1
and Type 2 (Ohtani et al., 1999). Together they are implicated in the resolution of RNA-
DNA hybrids in a variety of contexts, including R-loops, OF primers, and single DNA-
embedded ribonucleotides (reviewed in (Cerritelli and Crouch, 2009)).

Type 1 enzymes are designated RNase H1 in eukaryotes (RNASEHI in
prokaryotes). All eukaryotic RNase H1 enzymes have highly conserved regions at their
N- and C-termini separated by a variable sequence. The N-terminus contains a hybrid
binding domain (HBD) showing a 25-fold preference for RNA-DNA hybrids compared to
dsRNA (Nowotny et al., 2008). In humans, RNASEH1 is an endonuclease that requires
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Table 1.1. Ribonucleotide Incorporation Rates

Polymerase Ribonucleotide Incorporation Rate
Pol £ 1 rNTP per every 1250 dNTPs
Pol 6 1 rNTP per every 5000 dNTPs
Pol a 1 rNTP per every 625 dNTPs

*rates estimated in S. cerevisiae (reviewed in (Williams et al., 2016))
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three or four consecutive DNA-embedded ribonucleotides for efficient cleavage (Nowotny
et al., 2007). Type 2 enzymes are designated as RNase H2 in eukaryotes (RNASEHII in
prokaryotes). Type 2 enzymes, heterotrimers in eukaryotes and monomers in
prokaryotes, have a unique ability to recognize and cleave the 5’-phosphodiester bond of
a single ribonucleotide embedded in a DNA strand (Eder et al., 1993). Purified RNase H2
from Archaeoglobus fulgidus demonstrates that RNase H2 prefers junction substrates
(similar to OFs) and cleaves 5’ to the ribonucleotide (Bubeck et al., 2011). While RNase
H2 has some overlapping functions with RNase H1, RNase H1 is generally implicated in
the removal of R-loops (Cerritelli et al., 2003; Lima et al., 2016) while RNase H2 is
primarily implicated in the removal of RNA primers in OFs or single ribonucleotides (Eder
and Walder, 1991; Eder et al., 1993; Murante et al., 1998; Reijns et al., 2012; Turchi et
al., 1994).

In mammals, the RNase H2 complex, composed of RNASEH2A, RNASEH2B, and
RNASEH2C, is essential (Reijns et al., 2012). The individual subunits of the RNase H2
complex are diverse in terms of both primary structure and function. RNASEH2A serves
as the catalytic core of the complex. RNASEH2B and RNASEH2C are non-catalytic
accessory subunits (Chon et al., 2009). RNASEH2B contains a PIP-box thought to
localize the RNase H2 complex to PCNA and the replication fork (Bubeck et al., 2011;
Chon et al., 2009) while RNASEH2C spans the interface between RNASEH2A and
RNASEH2B. RNase H2 may also be recruited to the replication fork in a PCNA-
independent manner (Kind et al., 2014). The RNase H2 complex, unlike RNASEH1,
travels with the replication fork machinery (Alabert et al., 2014; Dungrawala et al., 2015;
Wessel et al., 2019).

In S. pombe, neither rnh1 (RNase H1), rnh201 (RNase H2 catalytic subunit), nor
the combination of both is required for growth; therefore, these genes are not essential in
yeast (Ohle et al.,, 2016). Despite RNase H2 not being essential in yeast, unlike in
metazoans, yeast models are useful to understand RNase H2’s function. A separation of
function mutation in RNase H2, termed the ribonucleotide excision repair defective (RED)
allele (P45D/Y219A) was identified in yeast (Chon et al., 2013) and parallel mutations
were made in mammalian cells (P40D/Y210A) (Uehara et al., 2018; Zimmermann et al.,
2018). This mutant retains catalytic activity, albeit reduced, against RNA-DNA hybrids,
but not single DNA-embedded ribonucleotides. In yeast, alleles of rnh202 (homolog of
RNASEH2B) in which expression of the proteins was restricted to either the S or G2/M
phase of the cell cycle were generated (Lockhart et al., 2019). Cells with S phase-
restricted expression of rnh202 and a mutant allele of the catalytic subunit of Pol
€ (pol2M644G@G), which increases the ribonucleotide incorporation rate 10x, were sensitive
to hydroxyurea, whereas cells with G2/M phase-restricted expression of rnh202 and
pol2M644G were not, suggesting RNase H2 expression in G2/M phase, not S phase, is
required to tolerate genome-embedded ribonucleotides (Lockhart et al., 2019). It is
unknown whether this is also the case in mammalian cells.
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In the absence of RNase H2, yeast, mice, and human cells accumulate millions of
single genome-embedded ribonucleotides (Kim et al., 2011; Reijns et al.,, 2012;
Zimmermann et al., 2018). As a compensatory mechanism, topoisomerase 1 (TOP1)
processes these ribonucleotides on the leading-strand. In this reaction, the tyrosine
residue of TOP1 covalently binds the 3’ terminal phosphate of the ribonucleotide, forming
a TOP1 cleavage complex. The TOP1-phosphate bond is prone to attack from the
adjacent 2’ -OH groups of the ribose moiety, resulting in TOP1 release and the creation
of a 2’,3’ cyclic phosphate (Kim et al., 2011). This 2’,3’ cyclic phosphate is recognized by
Poly [ADP-ribose] polymerase 1 (PARP1). Downstream processing of this 2,3’ cyclic
phosphate can result in gaps and double-strand breaks and consequently 2-5 nucleotide
base deletions are generated (Kim et al., 2011; Sekiguchi and Shuman, 1997; Sparks
and Burgers, 2015; Williams et al., 2013; Zimmermann et al., 2018).

In mice, loss of the RNase H2 complex leads to embryonic lethality, which is
attributed to elevated DNA damage and reduced cellular proliferation during gastrulation
(Hiller et al., 2012; Lima et al., 2016; Reijns et al., 2012). Loss of Rnase2b, specifically in
basal cells of mouse skin epithelium, is implicated in squamous cell carcinoma (Hiller et
al., 2018). In humans, pathogenic variants in any of the three RNase H2 subunits result
in Aicardi-Goutieres Syndrome (AGS), a disease first described in the 1980s when Jean
Aicardi and Francgoise Goutiéres reported eight children from five families with early onset
encephalopathy characterized by basal-ganglia calcification, white matter abnormalities,
chronic cerebrospinal fluid (CSF) lymphocytosis and raised levels of interferon alpha
(IFN-a) in the CSF (Aicardi and Goutieres, 1984; Lebon et al., 1988). Since then, disease
causing pathogenic variants have been identified in several genes, including all 3 subunits
of RNASEH2, Three prime repair exonuclease 1 (TREX1), SAM and HD Domain
Containing Deoxynucleoside Triphosphate Triphosphohydrolase (SAMHD1), Interferon
Induced With Helicase C Domain 1 (/FIH1), and Adenosine Deaminase RNA Specific
(ADAR) (Oda et al., 2014; Rice et al., 2007; Rice et al., 2009; Rice et al., 2012). Finally,
frequent deletion of RNASEH2B occurs in metastatic prostate cancer and chronic
lymphocytic leukemia (Zimmermann et al., 2018). There are no known cancer
associations for RNASEH2A or RNASEH2C, but The Cancer Genome Atlas and
cBioPortal show that amplifications of RNASEH2A and RNASEH2C occur more
frequently than deletions across various cancer types.

1.3.4 S phase-specific DNA damage responses

A universal response to replication fork stalling is often the formation of stretches
of ssDNA. This ssDNA may be a result of functional polymerase-helicase uncoupling that
occurs when the polymerase stalls and the replicative helicase continues to unwind
dsDNA (Byun et al., 2005). RPA binds ssDNA and serves as a recruitment platform for
many factors, including ATR interacting protein (ATRIP), which facilitates the association
of ATR (Zou and Elledge, 2003) (Figure 1.6), a member of the phosphoinositide 3- kinase
(PI3K)-related protein kinases (PIKKs) family, which includes ataxia-telangiectasia
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mutated (ATM) and DNA dependent protein kinase, catalytic subunit (DNA-PKcs)
(reviewed in (Saldivar et al., 2017)).

The persistence of ssDNA facilitates downstream activation of ATR (Figure 1.6).
Activation of ATR requires additional proteins, TOPBP1 and ETAA1. RAD9-RAD1-HUSH1
(9-1-1) complex binds at the 5’-ended ssDNA-dsDNA junction and recruits TOPBP1 for
ATR activation (Delacroix et al., 2007; Lee et al., 2007a). Long patches of ssDNA facilitate
recruitment of ETAA1 (through RPA binding) (Bass et al., 2016; Haahr et al., 2016)
(Figure 1.6). ETAA1 and TOPBP1 function in parallel pathways to activate ATR, but
recent data suggest that ETAA1 may be more important for controlling cell division
processes unrelated to DNA damage response pathways, such as regulation of the
spindle assembly checkpoint (Bass and Cortez, 2019).

Persistence of RPA-bound ssDNA also results in the phosphorylation of RPA. The
PIKKs phosphorylate distinct sets of RPA residues in response to replication stress. ATR
primarily functions to phosphorylate RPA32 on serine residue 33 (P-RPA S33). Although
DNA-PKcs is classically defined as a factor important for non- homologous end joining
(NHEJ) repair of double-strand breaks (DSBs), DNA-PKcs has also been implicated in
the response to replication stress and functions to phosphorylate RPA32 on serine
residues 4 and 8 (P-RPA S4/8) (Ashley et al., 2014; Liaw et al., 2011; Liu et al., 2012)
and threonine residue 21 (P-RPA T21). Hyperphosphorylation of RPA, including P-RPA
S4/8, is important for checkpoint signaling and Checkpoint Kinase 1 (CHK1) activation
(Liu et al., 2012).

ATR orchestrates multiple downstream events in response to replication stress,
including cell cycle arrest, global origin firing suppression, local origin activation, DNA
repair, and replication fork restart. These downstream responses are largely dependent
on the activation of CHK1 by ATR-dependent phosphorylation on serine residues 317
and 345 (P-CHK1 S317 and P-CHK1 S345) (Zhao and Piwnica-Worms, 2001). CHK1
facilitates several responses, including the degradation of CDC25A as previously
mentioned in Section 1.2.1. (Falck et al., 2001; Sorensen et al., 2003), to inhibit DNA
replication initiation globally. ATR, however, also promotes origin firing locally (Ge and
Blow, 2010; Maya-Mendoza et al., 2007; Petermann and Caldecott, 2006; Petermann et
al., 2006; Petermann et al., 2010b). Thus ATR’s ability to suppress new origin firing
distally, but activate origins locally, allows for replication to continue (reviewed in (Saldivar
et al., 2017)).

1.3.5 Direct replication fork restart pathways: re-priming, translesion synthesis and
template switching

When a replication fork stalls, it must be rescued by another replication fork or

restarted in a timely manner to allow for the completion of DNA synthesis. Since only a
portion of potential replication origins are used in a given S phase, the activation of
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Figure 1.6. Replication stress and ATR activation.

(A) Many sources of replication stress stall replicative polymerases and completely block
nascent strand synthesis. Polymerase-helicase uncoupling results in generation of
ssDNA at replication forks. (B) RPA binds ssDNA and serves to recruit ATRIP. ATRIP
binding facilitates ATR association, but ATR activation requires TOPBP1 or ETAA1. The
9-1-1 checkpoint complex binds at the 5’-end of the ssDNA-dsDNA junction and recruits
TOPBP1 whereas RPA recruits ETAA1, localizing the activation of each to distinct regions
of the replication fork. The active ATR kinase phosphorylates downstream targets to
facilitate a replication stress response.
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‘dormant’ origins allows for completion of DNA replication without removal of the blocking
lesion, bypass of the lesion, or restart of the stalled replication fork (Ge et al., 2007). The
newly fired origin completes replication upon collision with the compromised replication
fork (Figure 1.7). In the event that no dormant origins are available in the region of
replication stalling, an alternative pathway must be employed to restart DNA replication.
| will refer to direct replication restart as the ability to restart a replication fork without
disassembly of the replisome or replication fork breakage.

Several pathways have been proposed to promote direct replication restart of the
compromised replication fork, including re-priming downstream of the lesion, lesion
bypass with the use of translesion synthesis (TLS) polymerases, or lesion bypass via
template switching (TS) (reviewed in (Berti and Vindigni, 2016; Heller and Marians, 2006;
Petermann and Helleday, 2010; Yeeles et al., 2013)). Though TLS and TS can function
at the replication fork itself as modes of lesion bypass, most studies address these
pathways in the context of post-replicative repair.

A reversed fork substrate is an important intermediate replication structure that
forms at a stalled replication fork. Fork reversal is an active remodeling of the replication
fork, where the branch migrates backward to form a “chicken foot” structure and the
nascent strands anneal to each other (Sogo et al., 2002). It has been hypothesized that
reversed forks are intermediate replication fork structures that assist in replication fork
restart upon treatment with genotoxic agents without fork breakage. For example, fork
reversal can stabilize the stalled replication fork until a distal origin can rescue it.
Secondly, reversed forks also provide the ability to restart replication by placing a blocking
lesion back in the context of dsDNA where repair pathways can recognize and remove
the lesion. Restoration of a normal fork in this context will allow replication to efficiently
restart. Finally, fork reversal can allow for TS to bypass the lesion and subsequently
restore and restart the replication fork.

1.3.5.1 Re-priming

Re-priming, the process of synthesizing a primer downstream of a lesion, was first
conceptually proposed in studies from Escherichia coli that found an accumulation of
ssDNA in nucleotide excision repair (NER)-deficient cells that continued to replicate
following UV irradiation (lyer and Rupp, 1971; Rupp and Howard-Flanders, 1968). Re-
priming is an effective mechanism to resume synthesis directly at the replication fork, but
it also leaves behind gaps of ssDNA that need to be repaired post-replicatively. The
mechanistic details of re-priming in mammalian cells require further elucidation.

Re-priming is dependent on the Archaeo-Eukaryotic Primase (AEP) superfamily of
proteins, which are responsible for synthesizing new primers (Figure 1.7B). In mammals,
there are only two identified members of the AEP superfamily: PRIM1 (the primase
catalytic subunit of DNA Polymerase a (Pol a)-primase) and PRIMPOL. The factors
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Figure 1.7. Replication fork restart pathways in response to stress.

(A) ATR-dependent activation of a ‘dormant’ origin can rescue a stalled replication fork to
allow for completion of DNA synthesis. In the absence of fork rescue, the compromised
replication fork must be restarted to continue DNA synthesis. Direct replication fork restart
may occur via (B) PRIM1- or PRIMPOL-dependent re-priming, (C) translesion synthesis,
or (D) template switching. (E) In mammalian cells, fork reversal, mediated by HLTF,
ZRANB3, SMARCAL1, FBH1, and RADS51 contributes to template switching and
replication fork restart. (F) In the absence direct replication restart, replication forks may
collapse. DSBs can be generated when the replisome encounters a SSB and upon
nucleolytic cleavage. Replication can be restarted with the use of BIR- or HR-dependent
pathways.
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determining the usage of PRIM1 or PRIMPOL for re-priming may be complex, but a
favorable model is that usage differs depending on the location of the lesion in either the
lagging- or leading-strand template.

Evidence suggests that re-priming occurs efficiently on the lagging-strand for
lesion bypass. In bacteria, abasic sites on the lagging-strand do not impede replication in
vitro (Higuchi et al., 2003; Mclnerney and O'Donnell, 2004), demonstrating that the ability
to synthesize a new OF is a successful method of lesion bypass and replication fork
restart. In Saccharomyces cerevisiae, experiments that reconstitute DNA replication on
templates containing blocking lesions show that lesions on the lagging-strand, but not the
leading-strand, can be efficiently re-primed by Pol a-primase (Taylor and Yeeles, 2018).
However, Pol a-primase-dependent re-priming on the leading-strand can occur at a
subset of stalled forks (Taylor and Yeeles, 2018; Taylor and Yeeles, 2019). PRIM1 travels
with the replication fork as a component of Pol a-primase and is responsible for the
continued synthesis of RNA primers on the lagging-strand. Thus it is not surprising that
PRIM1 functions in re-priming, specifically on the lagging-strand. In Xenopus laevis egg
extracts, Pol a-primase is hyper-loaded at stalled replication forks by TOPBP1 (Parrilla-
Castellar and Karnitz, 2003; Yan and Michael, 2009) and this hyper-loading results in a
slight accumulation of small nascent DNAs (Van et al., 2010). Re-priming may also
contribute to the activation of ATR by providing 5’ ssDNA-dsDNA junctions (MacDougall
et al., 2007; Van et al., 2010), furthering the stabilization and repair of stalled replication
forks. The contribution of Pol a-primase-dependent re-priming remains to be assessed
in response to replication fork stalling in mammalian cells.

Re-priming may also occur on the leading-strand. The first evidence of re-priming
to restart replication on the leading-strand came from in vitro reconstituted DNA
replication studies when it was shown the E. coli replisome has the inherent capacity to
“skip” over multiple leading-strand lesions via re-priming (Yeeles and Marians, 2011,
2013). Unlike bacteria, biochemical studies in yeast show that re-priming by the
replication fork-associated proteins, specifically Pol a-primase, on the leading-strand is
inefficient (Taylor and Yeeles, 2018). Since these studies rely on biochemical
reconstitution of DNA replication, it is unknown if there are other factors that promote
efficient re-priming on the leading-strand. Incubation of DNA templates with human
extracts show that bypass of a thymidine dimer can occur on the lagging- or leading-
strand (Svoboda and Vos, 1995) suggesting there are mechanisms to bypass a lesion on
the leading strand. However, restart in these extracts does not necessarily occur through
re-priming as whole cell extracts contain many factors that could be related to the other
pathways of restart. Recently, PRIMPOL has implicated in direct replication restart via re-
priming in mammalian cells and its function may be most relevant for leading-strand lesion
bypass (Bianchi et al., 2013; Garcia-Gomez et al., 2013; Mouron et al., 2013; Schiavone
et al., 2016; Wan et al., 2013).

PRIMPOL is a 560 amino acid (AA) protein that contains an N-terminal AEP-like
catalytic domain with the conserved |, Il, Il motifs and a UL52-like zinc finger that support
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its polymerase and primase activities (lyer et al., 2005; Rechkobilit et al., 2016). In addition
to retaining the classical primase activity to synthesize primers using rNTPs, PRIMPOL
is unigque in its ability to also synthesize primers using dNTPs (Bianchi et al., 2013; Garcia-
Gomez et al., 2013). The primase activity of PRIMPOL is dependent on a template T and
on rATP or dATP as a starting nucleotide (Bianchi et al., 2013). In vitro studies also
demonstrate that PRIMPOL has TLS polymerase activity (Bianchi et al., 2013; Garcia-
Gomez et al., 2013; Makarova et al., 2018; Martinez-Jimenez et al., 2015; Mouron et al.,
2013; Zafar et al., 2014). PRIMPOL exhibits low fidelity DNA synthesis, lacking 3’-5’
exonuclease activity (Guilliam et al., 2015; Martinez-Jimenez et al., 2015; Mislak and
Anderson, 2016; Zafar et al., 2014).

Cellularly the biological relevance of PRIMPOL activity remains an active area of
research, especially in regard to re-priming at stalled replication forks. PRIMPOL is
present in most compartments of the cell — cytosolic, nuclear and mitochondrial matrix
(Garcia-Gomez et al., 2013). Cells are viable without PRIMPOL, but exhibit a growth
defect (Mouron et al., 2013). Loss of PRIMPOL induces sensitivity to replication stress-
inducing agents, including MMS, cisplatin and UV (Bianchi et al., 2013; Kobayashi et al.,
2016), suggesting it is important in the replication stress response. In mammalian cells,
PRIMPOL is crucial for restarting replication forks after exposure to UV radiation and
BPDE treatment (Bianchi et al., 2013; Mouron et al., 2013; Piberger et al., 2019). Data on
the role for PRIMPOL in replication fork restart after treatment with HU is contradictory in
the literature with the Wan and Mouron studies, but not the Ercilla study, showing a role
for PRIMPOL in replication restart after HU-induced stalling (Ercilla et al., 2019; Mouron
et al., 2013; Wan et al., 2013).

Separation of function mutations for PRIMPOL activity have been helpful to
decipher PRIMPOL’s biological role in vivo. A double mutation in the zinc-finger element
in the CTD (C419G/H426Y) abolishes its primase activity while preserving polymerase
function (Mouron et al., 2013). Mutation of the two catalytic carboxylate residues
(D114A/E116A) disrupts both catalytic activities (Bianchi et al., 2013; Garcia-Gomez et
al., 2013; Mouron et al., 2013). A point mutation of Y89D retains primase activity while
reducing polymerase activity (Keen et al., 2014a; Zhao et al., 2013). A mutation that
retains primase activity while completely abolishing polymerase activity has not yet been
identified (Keen et al., 2014b), but the identification of such a mutation would be greatly
beneficial to further decipher PRIMPOL’s cellular function. Complementation of
PRIMPOL-deficient cells with mutant PRIMPOL cDNA constructs suggests that
PRIMPOL'’s re-priming function, not its TLS polymerase function, is biologically relevant
in regard to the replication stress response. For instance, the expression of the primase-
deficient PRIMPOL constructs cannot rescue phenotypes associated with loss of
PRIMPOL, including increased cell death upon treatment with replication stress-inducing
agents and the inability to restart replication after replication stress (Keen et al., 2014b;
Kobayashi et al., 2016; Mouron et al., 2013; Quinet et al., 2019; Schiavone et al., 2016).
These data are consistent with a model where PRIMPOL restarts stalled replication forks
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by re-priming downstream of a blocking lesion. Re-priming is an effective mechanism to
resume replication.

1.3.5.2 Translesion synthesis

Translesion Synthesis (TLS) is a process where the replicative polymerases are
replaced with TLS polymerases to insert and extend bases opposite of a given DNA lesion
at the replication terminus (Figure 1.7B). Mammalian TLS polymerases include Y- (Pol n,
Pol 1, Pol k, Rev1), B- (pol ¢, composed of Rev3, Rev7, PolD2, and PolD3 (Lee et al.,
2014)), A- and X-family DNA polymerases (Pol v, Pol 6, Pol B, Pol A, and Pol u) family
polymerases. The Y- and B-family polymerases function in lesion bypass. After the DNA
lesion has been bypassed, displacement of TLS polymerases with replicative
polymerases resumes high fidelity replication. Therefore, TLS polymerases possess the
ability to restart a replication fork by synthesizing across damaged bases. Although TLS
provides a mechanism to restart replication, it is a mutagenic process. For example, the
error rate of TLS polymerases can be up to 1 in every 102 incorporated nucleotides
compared to the replicative polymerases that make 1 error per 104105 incorporated
nucleotides (reviewed in (McCulloch and Kunkel, 2008)). It has been proposed that TLS
can occur at or behind the replication fork, though the knowledge of which factors function
directly at the replication fork is still limited (Diamant et al., 2012; Elvers et al., 2011;
Quinet et al., 2019; Quinet et al., 2014; Tonzi et al., 2018)(reviewed in (Sale et al., 2012)).

Lesion bypass is a two-step process that includes: (1) insertion by the Y-family
polymerases and (2) extension by pol ¢ (Johnson et al., 2000; Lee et al., 2014) or Pol k
(Haracska et al., 2002; Jha and Ling, 2018; Washington et al., 2002). During insertion,
the TLS polymerase accommodates the lesion in its active site to direct dNTP
incorporation. Y-family polymerases can tolerate bulky lesions due to their capacious
active sites and the absence of proofreading activity (Biertimpfel et al., 2010). Y-family
polymerases are remarkably diverse in their substrate specificity and respond to particular
cognate lesions (reviewed in (Sale, 2013)). For example, biochemical evidence shows
Pol n can synthesize across from cyclobutane pyrimidine dimers and intra-strand
crosslinks (Masutani et al., 2000; Masutani et al., 1999; McCulloch et al., 2004; Zhao et
al., 2012), Pol k across from polycyclic aromatic hydrocarbon-induced adducts,
(Rechkoblit et al., 2002; Suzuki et al., 2002; Zhang et al., 2000a), and Pol 1 across from
8-oxo-guananine (Tissier et al., 2000; Zhang et al., 2001; Zhang et al., 2000b), among
others. Rev1 is a DNA-template dCMP transferase that can place a dCMP opposite of an
abasic site (Lin et al., 1999). TLS polymerases generally tolerate bulky adducts, but Pol
K has also been shown to be required for efficient replication fork restart in response to
hydroxyurea (Tonzi et al., 2018). The mechanistic details regarding how the right
polymerase is selected for the target lesion are still being resolved, but this process could
be dependent on the identity of the DNA lesion, specific interactions with other factors at
the site of the lesion, or the availability of TLS polymerases present at a given lesion.
During extension, the TLS polymerase accommodates the abnormal lesion-dNTP duplex
for further synthesis.
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The potential mutagenicity of the TLS polymerases necessitates their regulation,
both at the recruitment and displacement level. Central to TLS regulation is the RAD18-
and RAD6-dependent mono-ubiquitination of PCNA on Lys164, which increases PCNA’s
affinity for TLS polymerases at stalled replication forks (Hoege et al., 2002; Kannouche
et al., 2004; Stelter and Ulrich, 2003). CRL4¢% and RNF8 can also catalyze mono-
ubiquitination of PCNA, but may play a minor role in doing so (Terai et al., 2010; Zhang
et al., 2008). PCNA is de-ubiquitinated by USP1, USP7, and USP10-dependent
mechanisms (Huang et al., 2006; Kashiwaba et al., 2015; Park et al., 2014).
PCNAK164R/K184R mytant mouse embryonic fibroblasts can still support 25-30% of TLS
synthesis, suggesting there are other mechanisms to control the use of TLS polymerases
(Hendel et al.,, 2011). This includes post-translational modifications of the TLS
polymerases themselves (Bienko et al., 2005; Bienko et al., 2010) and protein
interactions, such as that between PAF15 and Pol n or REV7 and TRIP13 (Clairmont et
al., 2020; Povlsen et al., 2012). TLS polymerases have low processivity, which likely
facilitates their removal and replacement by the replicative polymerases.

1.3.5.3 Template switching and fork reversal

Template switching (TS), first conceptually proposed in 1976 by Higgins et. al., is
a homologous recombination-based method of lesion bypass that allows the replication
fork to use an alternate DNA source, most commonly the newly synthesized daughter
strand on the sister chromatid, as a template instead of the damaged parental strand
(Figure 1.7D) (Higgins et al., 1976). Site-specific replication fork barriers, such as the
Replication Termination Sequence 1 (RTS1) site in S. pombe, have been useful to
determine the molecular mechanisms for direct replication fork restart via TS, also
referred to replication-dependent recombination (RDR) or homologous recombination-
restarted replication (HoRReR) (Jalan et al., 2019; Lambert et al., 2010; Lambert et al.,
2005; Miyabe et al., 2015; Mizuno et al., 2009; Nguyen et al., 2015). Replication restart
at the RTS1 occurs within S phase without the generation of a double-strand break (DSB)
(Ahn et al., 2005; Lambert et al., 2010; Mizuno et al., 2009), but this type of restart can
still be mutagenic (Iraqui et al., 2012; Lambert et al., 2010).

The data from experiments using the RTS1 site have generated hypothetical
models of replication fork restart via TS. The first model proposes the stalled replication
fork is regressed into a reversed fork. In a second model, the replication fork backtracks
without annealing the nascent strands. Nucleolytic activities of Mre11-Rad50-Nbs1-Ctp1
and Exo1 can process either of these structures, exposing a ssDNA tail (Teixeira-Silva et
al., 2017). Rhp51Radst can then promote invasion of ssDNA tail into a homologous duplex
to form a D-loop and subsequently, DNA Polymerase & extends the 3’ end of the invading
strand (Miyabe et al., 2015). In yeast, Rad22Rad52 functions to displace RPA and facilitates
loading of Rhp51Radst Rad22Rad52 also possess its own strand annealing activity that can
mediate Rhp51Radsi-independent recombination (Lambert et al., 2010). DNA helicases,
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Pfh1 and Srs2, are also required for replication restart at the RTS1 (Inagawa et al., 2009;
Jalan et al., 2019; Lambert et al., 2010).

Mechanisms of TS dependent on Rad52 and Rad51 also occur in S. cerevisiae
(Gangavarapu et al., 2007; Prakash, 1981), but experimental models often focus on TS
as occurring behind the fork, necessitating bypass of the lesion by another mechanism
such as re-priming (Fumasoni et al., 2015; Giannattasio et al., 2014; Vanoli et al., 2010).
Much less is known about mechanisms of TS at the replication fork in S. cerevisiae, but
if they exist, they are likely dependent on Rad5-generated intermediate structures
(Blastyak et al., 2007; Minca and Kowalski, 2010).

Evidence TS as a mechanism of direct replication restart is starting to accumulate
in mammalian cells but requires much further investigation. There is a RAD51-dependent
mechanism of rapid fork restart that not involve the generation of a DSB, suggesting a
RAD51-dependent TS mechanism exists in mammalian cells at the replication fork
(Petermann et al., 2010a). Mechanisms of replication restart by TS have the potential to
be error-free, but can also be a source of complex genomic rearrangements when a
nascent strand invades a distal replication bubble rather than its sister chromatid (Lee et
al., 2007b).

In mammalian cells, it has been proposed that fork reversal and subsequent fork
restoration largely accounts for TS-dependent replication restart (Figure 1.7E). Data from
electron microscopy shows fork reversal occurs in ~25% of replication forks upon
exposure to a variety of replication stress-inducing agents (Zellweger et al., 2015). In vivo
fork reversal is catalyzed by fork reversal enzymes, including SWI/SNF Related, Matrix
Associated, Actin Dependent Regulator Of Chromatin, Subfamily A Like 1 (SMARCAL1),
Zinc Finger RANBP2-type Containing 3 (ZRANB3), and HLTF (Bétous et al., 2012;
Blastyak et al., 2010; Ciccia et al., 2012; Kile et al., 2015; Taglialatela et al., 2017;
Vujanovic et al.,, 2017; Yuan et al.,, 2012) and is promoted by RAD51 recombinase
(Zellweger et al., 2015). FBH1 can also catalyze fork reversal in vivo (Fugger et al., 2015).

The location and stability of the replisome during fork reversal is unknown.
Evidence suggests that the replisome remains stably bound at sites of nascent DNA
during replication fork stalling (De Piccoli et al., 2012; Dungrawala et al., 2015). Recently
single-molecule analysis suggests that CMG can rapidly diffuse on dsDNA, but can
transition back onto ssDNA for continued fork progression (Wasserman et al., 2019).
Based on this finding, it is possible that in the event of replication fork stalling the CMG
may be transitioned onto dsDNA to allow for fork reversal.

There likely exists a balance between replication fork reversal and restoration, but
the mechanistic details of these processes are still being resolved (Figure 1.8). It is
possible that the replication fork remodelers, SMARCAL1, ZRANB3, and HLTF, can
restore a reversed fork to a replication fork as has been shown in vitro (Bétous et al.,
2013; Chavez et al., 2018). While SMARCALT1 can restore both leading- and lagging-
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Figure 1.8. Replication fork restoration pathways.

To resume DNA replication, a reversed fork can be restored to allow for bypass of a
lesion. (A) Fork remodeling proteins can catalyze fork restoration. When the nascent
leading-strand is longer than the nascent lagging-strand, SMARCAL1-dependent fork
restoration is stimulated by RPA. HLTF and ZRANB3 can only weakly catalyze this
substrate, and while they can catalyze fork restoration when the nascent lagging-strand
is longer than the nascent leading-strand, this reaction is inhibited by the presence of
RPA. (B) The RECQ family helicases can also promote fork restoration. RECQL1 has
fork restoration activity. WRN functions epistatic with DNA2 to promote replication restart.
A reversed fork processed by WRN and DNA2 can be restored through branch migration
or homology-directed restoration. BLM promotes fork restoration, but the mechanistic
details have yet to be determined. (C) Homology-directed restoration may rely on
classical homologous recombination factors: BRCA2 and RAD51. BRCA2 functions to
load RAD51 onto the ssDNA overhang and subsequently RAD51 mediates strand-
invasion and D-loop formation. Whether RAD52 plays a role in fork restoration at an intact
stalled replication fork is unknown.
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strand gapped forks, RPA stimulates and enforces the specificity of SMARCAL1 to only
restoration the fork when the nascent leading-strand is longer that the nascent lagging-
strand (Bétous et al., 2013). ZRANBS3 and HLTF show preference for restoration of forks
where the nascent lagging-strand is longer than that of the leading-strand, but this activity
is inhibited by RPA (Bétous et al., 2013; Chavez et al., 2018). This model also predicts
that 5’-3’ nucleolytic resection is required for SMARCAL1-dependent replication fork
restoration (Bétous et al., 2013).

The RecQ family of helicases may also promote replication fork restoration.
RECQL1’s helicase activity promotes the restart of replication forks reversed by various
types of replication stress (Berti et al., 2013; Zellweger et al., 2015). PARP PARylation
inhibits RECQL1 fork restoration activity to prevent premature restart of the regressed
forks (Berti et al., 2013). Another RecQ family helicase, WRN, is also required for
restoration of a reversed fork, and this restoration is dependent on DNA2-mediated
processing of the reversed fork (Machwe et al., 2011; Thangavel et al., 2015). RECQLA1-
and WRN-dependent restart likely function in independent pathways of replication fork
restoration as RECQL1 limits DNA2-mediated nucleolytic resection (Thangavel et al.,
2015). BLM may also function in fork restoration as it can catalyze fork restoration in vitro
and is required for fork restart in vivo (Davies et al., 2004; Davies et al., 2007; Machwe et
al., 2011; Sidorova et al., 2013). Other factors may also contribute to directing RecQ-
dependent fork restoration. RIF1 was found to be enriched at stalled replication forks to
prevent degradation of reversed forks by DNA2 and promote replication restart
(Mukherjee et al., 2019). Authors propose that this mechanism preserves the reversed
fork as a substrate for RECQL1-dependent fork restoration, but it remains to be tested
whether RECQL1 and RIF1 are epistatic with each other. It is unclear exactly how the
RecQ family helicases restart a reversed replication fork. RECQL1 may unwind the
daughter strand duplex to promote branch migration-assisted re-establishment of a
functional replication fork (Berti et al., 2013). Like RECQL1, BLM and WRN may also
promote branch migration or, unlike RECQL1, they may promote homology-dependent
repair (HDR) (Bugreev et al., 2007; Nimonkar et al., 2008; Sidorova et al., 20183;
Sturzenegger et al., 2014; Thangavel et al., 2015). It is also possible that WRNIP1, WRN
and DNA Polymerase &, form a complex to promote DNA synthesis (Leuzzi et al., 2016;
Tsurimoto et al., 2005).

Restoration of reversed forks is also catalyzed by proteins required for HDR, such
as BRCA2, RAD51, and RAD52. Since BRCA2 and RAD51 have multiple functions at
reversed fork substrates, including promoting fork reversal (RAD51) (Zellweger et al.,
2015) and protecting the regressed nascent strands (BRAC2 and RAD51) (Mijic et al.,
2017; Schlacher et al., 2011), teasing out their exact role in fork restoration is difficult.
HDR requires much higher levels of RAD51 than those required for fork reversal or
nascent strand protection (Dungrawala et al., 2017). RAD52 has been shown to promote
replication fork restart after extensive (>6 hours) treatments with replication stress-
inducing agents (Sotiriou et al., 2016), but not with shorter (<2 hours) treatments (Hromas
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et al., 2017; Kelso et al., 2019) and thus may be unlikely that RAD52 plays a role in HDR-
dependent restoration of reversed forks without the generation of a DSB.

Molecular switches exist to induce fork reversal and TS. In both yeast and
mammalian cells, TS is driven by PCNA poly-ubiquitination. In yeast, PCNA poly-
ubiquitination requires Rad6-Rad18 and Ubc13-Mms2-Rad5 (Branzei et al., 2008; Hoege
et al., 2002; Torres-Ramos et al., 2002). Similarly, RAD6-RAD18, UBC13-MMS2 and the
human ortholog of Rad5, Helicase-like Transcription Factor (HLTF), as well as SNF2
histone linker PHD RING helicase (SHPRH), are responsible for poly-ubiquitination of
PCNA in mammalian cells (Lin et al., 2011; Masuda et al., 2012; Motegi et al., 2008; Unk
et al., 2008; Unk et al., 2006) and this poly-ubiquitination of PCNA drives replication fork
reversal (Ciccia et al., 2012).

1.3.5.4 Pathway Choice

In mammalian cells, evidence is accumulating that re-priming, TLS, and TS are
independent pathways. For example, co-depletion of PRIMPOL and TLS polymerases
(Pol n and pol Q) leads to a synergistic increase in sensitivity to replication stress-inducing
agents, suggesting re-priming and TLS function independently (Bianchi et al., 2013;
Kobayashi et al., 2016). In addition, fork reversal (and TS) is independent of re-priming
and TLS (Fumasoni et al., 2015; Piberger et al., 2019; Quinet et al., 2019). Consistent
with this, Pol k-deficiency results in nascent strand degradation in response to HU
suggesting replication fork reversal (and TS) occurs in the absence of TLS (Tonzi et al.,
2018). In the absence of PRIMPOL and Pol n, there is an accumulation chromatin-bound
RADS51, suggesting that either fork reversal or HDR occurs in the absence of re-priming
or TLS (Bianchi et al., 2013). Loss of POLDIP2 decreases the usage of TLS and increases
the usage of TS (Tsuda et al., 2019). While it is clear that re-priming, TLS, and TS are
independent pathways, the extent to which the pathways are interchangeable and the
factors controlling pathway usage require further investigation.

The molecular mechanisms of pathway choice between re-priming, TLS, and TS
are likely complex. Whether the DNA lesion is located on the leading- or lagging-strand,
may direct repair. Re-priming by Pol a-primase theoretically should be able to account for
the majority of lagging-strand restart as DNA Polymerase a-primase is readily available
as part of the replisome. However, specific evidence of this dependence on Pol a-primase
in mammalian cells has yet to be reported. On the leading-strand, the decision whether
to re-prime with PRIMPOL, bypass the lesion with a specific TLS polymerase, or bypass
the lesion by fork reversal and TS is more complex.

When a lesion is present on the leading-strand, PCNA modification, ubiquitination
or small ubiquitin-like modification (SUMOylation), might be a central determinant for
which factors are recruited to the replication fork (Masuda et al., 2018; Mohiuddin et al.,
2018). As mentioned in the previous sections, PCNA mono-ubiquitination promotes TLS,
whereas PCNA poly-ubiquitination promotes TS. Recent biochemical analysis suggests
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a mechanism for pathway choice via distinct modes of PCNA poly-ubiquitination,
including both en bloc transfer of a pre-formed poly-ubiquitin chain and step-by-step
ubiquitin elongation processes (Masuda et al., 2018). Other factors have been shown to
stimulate PCNA ubiquitination in response to specific types of damage, such as SIVAT1,
NBS1, FANCD2, RAD51, PARP10, and chromatin remodelers, BAF180 and ZBTB1
(Chen et al., 2016; Han et al., 2014; Kim et al., 2014; Nicolae et al., 2014; Niimi et al.,
2015; Yanagihara et al., 2011). PIAS1- and PIAS4-dependent SUMOQylation of PCNA can
also direct repair to TS (Mohiuddin et al., 2018). The wide variety of responses that occur
at stalled replication forks may be dependent on the timing of recruitment of the proteins
involved and the type, location, and duration of replication stress. More work is required
to understand if and how a stalled replication fork favors a certain response.

1.3.5.5 Fork Collapse

Fork collapse is defined as the formation of a DSB at the replication fork. At the
replication fork, single-strand breaks (SSBs) can be converted to DSBs after fork passage
(Hashimoto et al., 2011). In the absence of appropriate and timely restart of a stalled
replisome, the replication fork is susceptible to breakage and double-strand breaks
(DSBs) can be generated from nucleolytic cleavage (Hanada et al., 2007). This includes
cleavage of reversed replication forks by MUS81 structure-specific endonuclease
(MUS81) and cleavage of the nascent-nascent duplexes at a deprotected (RAD51- or
BRCAZ2- deficient) reversed forks (Bhat et al., 2018; Schlacher et al., 2011; Schlacher et
al., 2012; Wang et al., 2015a) (Figure 1.7F).

Replication forks can be restarted after breakage by homologous recombination-
mediated mechanisms, including break-induced replication (BIR). BIR, a form of TS
requiring replication fork breakage, resumes DNA synthesis using a modified replisome
assembled on a migrating D-loop. BIR requires the presence of proteins, including
POLD3 and RAD52 (Bhowmick et al., 2016; Costantino et al., 2014; Sotiriou et al., 2016).
Upon DSB formation at a collapsed fork, other pathways may be employed to recover
and restart replication; for example, a RAD51-dependent mechanism has been
demonstrated that is distinct from classical DSB repair can also promote replication fork
recovery (Petermann et al., 2010a).

1.4 The DDI-RTF2 axis

Our laboratory recently discovered a mechanism to cope with replication stress
dependent on proteasomal “shuttle” proteins, DNA Damage Inducible 1 (DDI1) and DNA
Damage Inducible 2 (DDI2). Proteasomal “shuttle” proteins are responsible for
transporting cargo from one area in the cell to the proteasome for degradation (Elsasser
et al., 2002); (reviewed in (Saeki, 2017). The loss of DDI1/2 from human cells results in
a defective replication stress response, which led to the hypothesis that there are factors
at the replication fork that DDI1/2 function to remove. Replication Termination Factor 2
(RTF2) was identified as one of these factors degraded in a DDI1/2- and proteasome-
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dependent manner (Kottemann et al., 2018). Under normal conditions, RTF2 travels with
the replication fork, but when the replication fork encounters replication stress, RTF2 must
be removed to resume replication. This removal allows cells to appropriately recover from
replication stress (Figure 1.9).

1.4.1 DNA Damage Inducible 1 and DNA Damage Inducible 2

DDI1 and DDI2 are paralogs, with human DDI2 sharing more similarities to S.
cerevisiae Ddi1 (scDdi1; no homolog has been identified in S. pombe), suggesting DDI2
likely gave rise to DDI1 through a retrotransposition event (Siva et al., 2016). DDI1 and
DDI2 are “shuttle” or adaptor proteins in the same family as RAD23A and RAD23B that
deliver poly-ubiquitinated substrates to the regulatory part of the 26S proteasome.
Proteasomal shuttle proteins possess an N-terminal ubiquitin-like domain (UBL) that
binds to the 26S proteasome and a C-terminal ubiquitin-associated domain (UBA)
responsible for binding ubiquitin chains (Bertolaet et al., 2001; Kang et al., 2006). DDI1
and DDI2 both contain a conserved N-terminal UBL domain and a C-terminal retroviral
aspartyl protease (RVP) domain but lack a UBA domain. However, the DDI’s UBL domain
facilitates binding both to ubiquitin receptors and ubiquitin, fulfilling the bifunctional
requirement for shuttle proteins to transport a substrate from its original location to the
proteasome for degradation (Nowicka et al., 2015) and may imply DDI1 and DDI2
dimerize.

Functionally, human DDI1 and DDI2 are not well studied. While DDI1 and DDI2
share some functional similarities with their yeast homolog, Ddi1, they are also involved
in distinct processes. scDdi1 has been shown to function in cell cycle control, (Clarke et
al., 2001; Liu and Xiao, 1997), endo- and exo-cytosis (Gabriely et al., 2008), and protein
trafficking (Gomez et al., 2011). These functions have yet to be described for the human
homologs. In addition, Addi1 yeast barely exhibit sensitivity to most replication stress-
inducing agents, while human cells depleted of DDI1 and DDI2 show striking sensitivity
to same agents (Kottemann et al., 2018; Svoboda et al., 2019). Like human DDI1 and
DDI2, scDdi1 has been proposed to function as a proteasomal shuttle, but it responsible
for degradation different substrates, including the HO nuclease (Kaplun et al., 2005) and
the UFO1 protein (lvantsiv et al., 2006; Voloshin et al., 2012).

Recent work from our laboratory discussed the importance of DDI1/2 as
proteasomal shuttle proteins in mammalian cells. DDI1/2 is responsible for RTF2
degradation at the replisome under conditions of replication stress. Under conditions of
DDI1/2-depletion, RTF2 is not actively removed from the replication fork and cells exhibit
sensitivity, accumulation of ssDNA, deficient fork replication restart and chromosomal
breakage upon treatment with drugs that induce replication fork stalling (Kottemann et al.,
2018) (Figure 1.9C). These phenotypes are ameliorated upon knockdown of RTF2.
Understanding if RTF2’s removal is ubiquitin-dependent is an area of active research in
our laboratory.
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Figure 1.9. The DDI-RTF2 axis.

(A) Replication Termination Factor 2 (RTF2) travels with the replisome during
unperturbed replication. The placement of RTF2 in this diagram does not represent its
physical location, as there is not enough evidence to yet determine where it is located.
(B) Upon replication stress, DNA Damage Inducible 1 (DDI1) and DNA Damage Inducible
2 (DDI2) are proposed to bind and remove RTF2 from the replication fork for proteasome-
mediated degradation. We postulate this mechanism is ubiquitin-dependent. RTF2
removal allows for proper recovery from replication stress and replication fork restart. (C)
In the absence of DDI1/2, RTF2 is stabilized at the replication fork under conditions of
stress. This stabilization results in a compromised response to replication stress and an
inability to restart replication.
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1.4.2 Replication Termination Factor 2

RTF2 is well-conserved with the exception that no homolog has been identified in
S. cerevisiae. This may explain why it has not been studied in replication since S.
cerevisiae has been the predominant model system for mechanistic replication studies.
Human RTF2 consists of 306 AAs and contains a Rtf2 domain (classified in PFAM as
clan “Really Interesting New Gene (RING)” CL0229 that consist of RING/U-box-like
domains) (Figure 1.10). RING/U-BOX domains are zinc fingers mainly found in E3
ubiquitin/ small ubiquitin-like modifier (SUMO)-ligases. This central domain contains a
C2HC2 motif (in mammalian: C5) that most similarly resembles a SP-RING finger. In
RING fingers, four cysteine residues are required to chelate one Zn?* ion. Biochemical
assays for the Rtf2 domain’s activity remain inconclusive. Though no other domains have
been formally assigned, computational analyses suggests RTF2 may also contain a SAP
domain from AA position 40-90 as well as potential SUMO-interacting motifs (SIM) and
SUMOylation sites. RTF2 is also predicted to contain a nuclear localization signal (NLS)
in AA position 199-204 (Sontheimer, 2011).

In S. pombe, (spRItf2) Rtf2 is a 240 AA protein that lacks a portion of the C-terminus
compared to mammals (Figure 1.10). In yeast, Rtf2 has primarily been implicated in
mating type switching. Mating type switching is a programmed DNA rearrangement,
responsible for switching the mating type of yeast to either plus (P) or minus (M). Recent
evidence suggests this process requires two ribonucleotides, referred to as the imprint,
that stalls replication forks initiated from a mat1 telomere-distal origin (Figure 1.11)
(reviewed in (Singh, 2019; Yamada-lnagawa et al., 2007)). This replication barrier is
referred to as the mat1-pausing site (MPS1). Swi and Swi3 are implicated in pausing at
the MPS1 along with Mrc1, Swi7 and Mcm10 (Dalgaard and Klar, 2000; Singh et al., 2019;
Singh and Klar, 1993; Zech et al., 2015). The imprint is established in the first round of
DNA replication (lagging-strand product) and in the subsequent round of DNA replication,
the imprint, a single-stranded nick or gap, is converted to a DSB that triggers homologous
recombination, a process that requires many more factors to determine appropriate donor
selection. To optimize mating type switching, DNA replication is also blocked from the
mat1 centromere-distal origin at the RTS1 barrier and thus DNA replication proceeds
unidirectionally and ensures only leading-strand synthesis reaches the imprint. If the
lagging-strand encounters the imprint, a DSB would not be formed. Factors involved in
termination at the RTS1 site include Rtf1, Swi1, and Swi3 (Dalgaard and Klar, 2000;
Eydmann et al., 2008; Inagawa et al., 2009). Rtf2 also contributes to the site-specific
replication termination at the RTST7 site as Artf2 cells display a pausing defect, but how
Rtf2 terminates replication forks is unknown (Inagawa et al., 2009). It is unclear how Rtf2’s
function in this system relates to RTF2’s role in mammalian cells.

Artf2 yeast cells were examined to identify non-RTS1-dependent functions. Artf2

cells are not sensitive to most replication stress-inducing agents (HU, UV, camptothecin)
but they display a minor sensitivity to alkylating damage (Inagawa et al., 2009). These
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caenorhabditis_elegans EVKSS---NCHVCGGPYDATKMVILNPEPEQLELYKLKWEAEKAEKAAAKKDKAKKTAEK 203
drosophila_melanogaster QIKGSVASTCPLCQAAYSVEDVVVLNGNEEDMELMRVKMEMRAAKRKS SKKDKKSAKKVE 204
schizosaccharomyces_pombe QFGEK-~--MCFQCNQVYEEKDVIPINPNAEQLKTLSKRLLDLALSEKTHSLNKASKKSNK 191
arabidopsis_thaliana EVKSS---SCLVCHADVKDSDKIVINGTEEEVDLLRERMEEEKAKLREKKGVSK-~-KSK- 279
clarias_magur EVKTE---ICHKCGDPFQEDDIVMLNCNREEQEKLQKAMEERRAKAKAVKKSKKNKVAET 207
. * * + 2k s
homo_sapiens SVSK======- PDV-SEEAPGPSKVKTGKPEEASLDSREKKTNLA--PKSTAMNESSSGK 256
mus_musculus CASK======= PGT-TQDSAGPSKVKSGKPEEADPDPREKKSTPA--PRGAATNGSASGK 257
caenorhabditis_elegans MEAAASLAAGSGGEASSVAPGPSGSGVGKHVDLKKK-—===—=—m—e—ee LEIAKLTGGS 249
drosophila_melanogaster VK-mmm e AEPAEEQEPV----ASTSKA--AAAEKPTTSTKTKAVAPVKRLGAVN 247
schizosaccharomyces_pombe NGDK------ -KRKHVSKSNSKHAKHE LRTNRMLDGE 221
arabidopsis_thaliana NGAA--VVA--————m e e e DTGAKVAKR QIEDGN 301
clarias_magur AFKS======~| Q---DAEAPGPSGSS~-~-KPVKPIAA 231
homo_sapiens AGKPP--CGATKRSIADSEESE---AYKSLFTTHSSAKRSKEES--AHWV-~— 299
mus_musculus VGKPP--CGALKRSIADSEESE---TYKSIFTSHSSAKRSKEES--AHWV===—===— 300
caenorhabditis_elegans TS-EK-KAEKRKANTDIQSDPTTSDTYKKLFTTCEAAKNKT--~--EGHWVTYNPLYY~~~ 300
drosophila_melanogaster AMQODP-ELKRLKSDFSVAKDPKASDVYKSLFTSHKTEKDQE~~~~RAHWVTYNPFYN--— 299
schizosaccharomyces_pombe NVemm e KSETSVTDMERVKRVKI---— 240
arabidopsis_thaliana VNGNGITVKKFK-AADKVPVNATKEVYASLFTSSKKKSDFRETYS-CRSLPLGRN=-—~— 354
clarias_magur 00 ———————- AGSKRSOQDMEEKSELQIYLHISQLCQAFKRPDVQLGYPHTLPLLRATLLVP 283

homo_saplins “';:g:z'gg' ggg shown to be ubiquitinated in human or mouse
mus_musculus - —CF-
caenorhabditis _elegans = = = ——m—m—m——mee 300 part of C2HC2 motif predicted SUMOylation consenus

drosophila_melanogaster 299 predicted SUMO interaction predicted SUMOylation nonconsenus
schizosaccharomyces_pombe 240 W potential PIP box identifed as SUMOylated in human
arabidopsis_thaliana 354 o ’ q ’ .

clarias magur SLFKKKKFKIFL 295 potential E2-interacting Characterized Mutations

Figure 1.10. Alignment of primary sequences of RTF2 orthologs.
RTF2 is highly conserved in mammalian cells. Several key residues are highlighted as
indicated in figure.
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e ® Vs -
Swi1, Swi3 Swi1, Swi3, Mrc1 K-region
Rif1 Rtf2 RTS1 MPS1 Swi7, Mcm10 ( transcriptionally silenced)
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Figure 1.11. Mating type switching.

In S. pombe, one round of replication establishes an imprint (yellow triangle), a single
strand nick of gap, whose generation may be the dependent on the synthesis of two
ribonucleotides by Swi7 and Mcm10. In the second round of replication, leading-strand
synthesis (from replication fork 1) stops at this modification, converting the single-
stranded nick or gap into an one-ended DSB. The stalling at the MPS1 site is dependent
on Swil, Swi3, and Mrc1. The resulting free DNA end invades the silent cassette
containing the information for the opposite mating type. D-loop formation allows for
extension of this locus to resolve recombination. DNA replication proceeding from the
mat1 centromere-distal side (replication fork 2) is stopped to optimize this process. Swii,
Swi3, Rtf1 and Rtf2 have been implicated in DNA replication termination at the RTS1.
This block ensures that leading-strand encounters the imprint, allowing for DSB formation.
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results suggest in yeast, Rtf2 plays a minor role at replication forks stalled at damaged
bases. Rtf2 and PCNA were shown to interact (albeit weakly and transiently) with yeast-
two hybrid assays and immunoprecipitations (Inagawa et al., 2009). This interaction may
suggest that Rtf2 localizes to the replication fork. Mammalian RTF2 also contains a region
that resembles a non-canonical PIP (Figure 1.10), but the function of this region has yet
to be empirically tested.

Unrelated to DNA replication, Rtf2 has been implicated in RNA splicing in
Arabidopsis thaliana (atRTF2). atRtf2 has an N-terminal extension of 80 AA that is only
weakly conserved on the AA sequence level. This N-terminal domain is important for plant
viability (Sasaki et al., 2015). A role for atRTF2 in pre-mRNA splicing was identified using
a green fluorescent protein (GFP)-dependent splicing assay. In addition, RNA sequencing
(RNA-seq) in the Rtf2 null mutants reveals increased intron retention consistent with
genome-wide splicing defects (Sasaki et al., 2015). Since atRTF2’s function in RNA
splicing is dependent on the N-terminal domain that is not conserved in higher eukaryotes
this may be a plant-specific role of RTF2.

Strikingly, except for our recent report (Kottemann et al., 2018), there have been
no functional studies of RTF2 in mammalian cells. Screens using Clustered regularly
interspaced short palindromic repeats (CRISPR) or RNA inference (RNAi) methodologies
indicate that RTF2 is essential in cells (Fraser et al., 2000; Hart et al., 2015; Wang et al.,
2015b).

1.5 Objectives

While it is clear that the DDI-RTF2 axis is important for the cellular response to
replication stress, little is known about the mechanistic details surrounding this pathway.
Despite identifying RTF2 as a component of the mammalian replisome, it remains
unexplored why RTF2 travels with the replication fork but is removed upon replication
stress. Perturbations in replication and the response to replication stress have been
consistently linked to human health and therapeutics. Dissecting the function of RTF2
may be clinically relevant.

The objectives of this study are: (1) to understand the endogenous function of
RTF2 at the replication fork, (2) to determine why RTF2 must be removed from the
replisome upon replication stress and, (3) to uncover how removal of RTF2 promotes
recovery from replication stress.
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Chapter 2: RTF2 is necessary for in vivo viability, cellular
proliferation, and DNA replication
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2.1 Introduction

While RTF2 has been identified at the replication fork (Alabert et al., 2014;
Dungrawala et al., 2015; Kottemann et al., 2018; Wessel et al., 2019), the function of
RTF2 in mammalian cells has not been systematically characterized. Loss-of-function
genetic approaches are powerful tools to interrogate the function of a gene. Thus, the
strategy to understand the role of RTF2 on an organismal and cellular level relied on the
creation of a loss-of-function model. In this section, the experimental approach, based on
mouse genetics, to develop a system whereby RTF2 expression can be removed in a
conditional manner is described. Phenotypes, especially DNA replication defects, of mice
and cells devoid of RTF2 were examined and the results of these studies are reported
here.

2.2. Results

2.2.1 RTF2 is necessary for in vivo viability and cellular proliferation

A conditional RTF2 knockout (KO) model was generated in Mus musculus. Mouse
embryonic stem cells (MESCs) carrying a Rtf2im'akoMP)Wisi gllele (Knockout Mouse
Project (KOMP) repository) were injected into albino embryos to generate chimeric mice
(Figure 2.1). The presence of this allele, Rtf2im1akOMP)Wisi: referred to as Rtf2sr, was
confirmed with long range polymerase chain reactions (PCRs) on genomic DNA isolated
from the mESCs, followed by Sanger sequencing of the amplified products (Figure 2.1).
Chimeras with greater than 50% black coat color were bred against C57BL6/J (Jackson
Labs) mice to generate Rtf2+51r mice. These mice were subsequently bred with mice
expressing recombinase flippase (Flp) and mice expressing Causes recombination (Cre)
recombinase, to generate Rtf2+2exon3 mice with germline deletion of exon 3. The loss of
exon 3 will herein be referred to as Rtf2 as this loss is predicted to result in early truncation
of the Rtf2 transcript (Figure 2.1). The presence of Rtf2+, Rtf2stop, Rtf2lox, and Rtf2 alleles
were identified and confirmed in genomic DNA extracted from mouse tail tips with
genotyping PCRs (Figure 2.2).

Heterozygous intercrosses (Rtf2+- x Rtf2+) were performed to determine the
Mendelian ratios of the offspring. Ninety-eight pups were obtained from nineteen crosses,
averaging 5.2 pups per litter (44.4% female, 55.5% male). Of ninety-eight progeny
analyzed, no homozygous Rtf2 pups or embryos at 10.5 days post coitum (dpc) or
beyond were observed (Figure 2.3A). In addition, Rtf2” blastocysts isolated on 3.5 dpc
and grown over several days in vitro did not hatch (Figure 2.3D). These results indicate
RTF2 is essential for embryonic development.

Rtf2+* mice did not display any visible defects and were born at the expected

Mendelian ratios (Figure 2.3A). No differences in growth, as assessed by body weight,
were observed between wild type (Rtf2++) and heterozygous (Rtf2+*) mice (Figure 2.4).
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Figure 2.1. Schematic of conditional Rtf2 knockout allele in Mus musculus.

(A) mESCs from the KOMP repository containing a Rtf2 allele targeted with a Lac operon
Z (LacZ) and Neomycin resistance (NeoR) selection cassette flanked by flippase
recognition target (FRT) sites in between exon 2 and exon 3. Exon 3 is flanked by locus
of X(cross)-over in P1 (loxP) sites. This allele is designated Rtf25p as it has potential to
disrupt the Rtf2 gene. The selection cassette can be removed with Flp expression to
generate a Rtf2°x allele. Exon 3 can then be removed with Cre expression, herein referred
to as Rtf2. Removal of exon 3 is predicted to result in a truncated protein at AA 57. There
are no common alternative splice variants of Mus musculus RTF2. The next methionine
to start a new transcript is located at AA 128. Expression of this N-terminally truncated
transcript would lack the C-terminus including the first cysteine of RTF2’s predicted
functional C2HC2 RING motif (cysteine residues are present at AA positions: 121, 140,
142, 157 and 159). We expect this transcript is degraded by nonsense mediated decay.
(B) The presence of the targeted RTF2 allele in mESCs was confirmed using long-range
PCRs performed on genomic DNA. 5’ sequence: Forward primer in exon 1 and reverse
primer flanking in the first FRT sequence and subsequent genomic sequence (light gray).
3’ sequence: Forward primer flanking the LacZ cassette and subsequent genomic
sequence and reverse primer downstream of the 3’ LoxP site (dark gray). Sanger
sequencing of PCR products confirmed the presence of the FRT and LoxP sites (not
shown). (C) A grade “A” chimera male mouse (indicated) with greater than 90% of black
coat color was mated with two C57BL6/J females to produce Rtf2+5p mice.
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Figure 2.2. Confirmation of targeted Rtf2 alleles.

(A) Schematic of Rtf2 allele indicating genotyping primers and predicted product sizes.
(B) Representative genotyping PCR products run on 0.8% agarose gel and stained with
EtBr. PCR1 discriminates between Rtf2+ and Rtf2ox alleles (blue); PCR 2 discriminates
between Rtf2+*/Rtf2l°x and Rtf2- alleles (green); PCR3 detects the presence of the Rtf2stor
allele (red).
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Figure 2.3. The loss of RTF2 in mice results in early embryonic lethality.

(A) Rtf2*- mice were intercrossed. Of ninety-eight pups, no viable Rtf2” mice were born.
These results significantly differ from the expected Mendelian ratios of 25% Rtf2++, 50%
Rtf2+-, and 25% Rtf2-, when assessed with a chi-squared test. In addition, no Rtf2"
embryos from 10.5 to 14.5 dpc were genotyped. Chi-square and p-values indicated. (B)
Uterine horns from Rtf2*" females mated with Rtf2* males on indicated dpc. Arrows
indicate resorbed embryos. Genotypes of embryos indicated on right. (C) Rtf2+str mice
were intercrossed. Of thirty-six pups, no Rtf2sior’stor mice were born. These results
significantly differ from the expected Mendelian ratios of 25% Rtf2++, 50% Rtf2+5r, and
25% Rtfzstor’siop when assessed with a chi-squared test. Chi-square and p-values
indicated. (D) Blastocysts were isolated at E3.5 and grown in vitro over the course of four
days. Images were taken each day. The number of hatched blastocysts for each given
Rtf2 genotype is listed on the right.
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Figure 2.4. Rtf2 heterozygous mice do not display growth defects.

Rtf2++mice and Rtf2+- were weighed at given days. There are no statistically significant
changes between the genotypes. For each point, n>2 mice. n for given genotypes, male
Rtf2++ = 14, male Rtf2*" = 34, female Rtf2++ = 15 and female Rtf2+ = 21.
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Based on the hypothesis that the selection cassette may partially disrupt the Rtf2 allele,
Rtf2+stp mice were intercrossed to examine the Mendelian ratios of hypomorphic mice.
Hypomorphic Rtf2stor/stor mice were also inviable (Figure 2.3C).

Since we could not study other phenotypes associated with loss of RTF2 in vivo,
a conditional cell culture system was generated. Rtf2++, Rtf2+'ox, Rtf2lox/ox and Rtf2-/x
mouse embryonic fibroblasts (MEFs) were isolated from the appropriate crosses. Multiple
MEF lines from individual mothers were isolated and used as biological replicates.
Primary, SV40 Large T antigen (SV40)-immortalized and Rtf2”-clonal cell lines generated
from SV40-immortalized Rtf2/ox MEFs after infection with pMMP Hit & Run Cre
recombinase were characterized. Despite RTF2 being essential in mice, RTF2-null clonal
cell lines were isolated and this isolation was dependent on the SV40-immortalization.
These clones grew very slowly and displayed phenotypes consistent with the bulk
populations of RTF2-deficient cells as discussed below.

To ablate RTF2 in MEFs, cells were transduced with a retrovirus expressing Cre
recombinase (pPMMP Hit & Run Cre or pWZL Cre-hygro). Post-infection, RTF2 expression
was barely detectable by western blot or quantitative reverse transcription PCR (RT-
gPCR) in Rtf2/ox and Rtf2'olox MEFs, demonstrating inducible loss of RTF2 (Figure 2.5A-
D). Rtf2+/ox MEFs expressed intermediate levels of RTF2 (Figure 2.5A-D). These data
support that Rtf2 expression is abrogated in the Rtf2 mouse model. RTF2-deficient MEFs
were transduced with a wild type mouse Rtf2 (mRtf2) cDNA. Cells lacking RTF2 exhibited
a significant growth defect that was rescued upon expression of the wild type mRtf2 cDNA
(Figure 2.6A-C). Based on the in vivo and in vitro data, we conclude RTF2 is required for
cellular and organismal growth.

Cells without RTF2 exhibited abnormal nuclear morphology, including
multinucleated cells and cells with multiple micronuclei (Figure 2.7A,B). To examine the
source of these abnormal nuclei, GFP-H2B was expressed in RTF2-deficient cells and
imaged every 5 minutes (Figure 2.7C). This revealed that the abnormal nuclei are likely
a result of inappropriate cell division as there was an increase in abnormal mitoses (Figure
2.7C,D). Cells without RTF2 also took about 10-15 minutes longer to complete mitosis
than wild type cells. The accumulation of abnormal nuclei was suppressed by treatment
with RO-3306, a potent specific inhibitor of CDK1 (Vassilev et al., 2006) that traps the
cells in G2 and prevents them from entering M phase (Figure 2.7E). This data suggest
that the increase in abnormal nuclei is a result of aberrant cellular division.

2.2.2 RTF2 is necessary for efficient DNA replication

Given that RTF2 is identified as a component of the replisome, (Alabert et al., 2014;
Dungrawala et al., 2015; Kottemann et al., 2018; Wessel et al., 2019), we hypothesized
that RTF2 functions in DNA replication. Cell cycle profiles were assessed after labeling
Rtf2 MEFs with 5-Ethynyl-2-deoxyuridine (EdU), a thymidine analog (Figure 2.8). In
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Figure 2.5. Induction of RTF2 loss in MEFs.

(A) Immunoblot showing that cell lysates isolated from primary MEFs infected with pMMP
Hit & Run Cre recombinase retrovirus (96 hours post-infection) lack RTF2 expression. (B)
Representative RT-gPCR of relative Rtf2 mRNA transcript levels in primary MEFs using
primers flanking exons 5 and 6. Cell lysates were prepared 96 hours post-infection with
pMMP Hit & Run Cre recombinase. Expression was normalized against g-actin. Error
bars indicate standard deviation. (C) Immunoblot showing cell lysates isolated from SV40-
immortalized MEFs expressing cDNA for HA-FLAG-empty-vector (+ EV) or HA-FLAG-
mouse-RTF2 (+ mRTF2) infected with pWZL Cre-hygro retrovirus (96 hours post-
infection). (D) Representative RT-qPCR of relative Rtf2 mRNA transcript levels in SV40-
immortalized MEFs 72 hours post infection with pWZL Cre-hygro retrovirus. Expression
was normalized against g-actin. Error bars indicate standard deviation. (E) Immunoblot
showing that cell lysates isolated from SV40-immortalized Rtf2” + EV MEF clones lack
RTF2 expression compared to Rtf2”- + mRTF2 MEF clones. Clones were isolated from
Rtf2/ox MEFs infected with pMMP Hit & Run Cre. After infection, cells were single cell
cloned and stable Rtf2- MEF clones were obtained. These clones were infected with
indicated HA-FLAG-tagged retroviruses. (F) Representative RT-qPCR of relative Rtf2
mRNA transcript levels in SV40-immortalized Rtf2- MEF clones + EV or + mRTF2.
Expression was normalized against S-actin. Error bars indicate standard deviation.
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Figure 2.6. Loss of RTF2 induces a growth defect in vitro.

(A) Representative growth curves of primary MEFs with or without infection of Hit & Run
Cre recombinase retrovirus. 50,000 cells of the indicated genotypes were plated per well
of a 6-well dish. Cells were counted on subsequent days. Error bars indicate standard
deviation. (B) Representative growth curves of SV40-immortalized MEFs expressing
cDNA for HA-FLAG-empty-vector (+ EV) or HA-FLAG-mouse-RTF2 (+ mRTF2) infected
with pWZL Cre-hygro retrovirus. 25,000 cells of indicated genotypes were plated per well
of a 6-well dish. Cells were counted on subsequent days. (C) Representative growth
curves of SV40-immortalized Rtf2- MEF clones + EV or + mRTF2. 25,000 cells of
indicated genotypes were plated per well of a 6-well. Cells were counted on subsequent

days.
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Figure 2.7. RTF2-deficient cells have abnormal nuclei as a result of defective
mitoses.

(A) Representative images of DAPI-stained nuclei in SV40-immortalized MEFs after
infection with pWZL Cre-hygro (120 hours). (B) Quantification of abnormal DAPI-stained
nuclei in images shown in A. Averages plotted from three biological replicates. Error bars
indicate standard deviation. (C) Representative mitoses from SV40-immortalized Ritf20x
MEFs after infection with pWZL Cre-hygro (120 hours). Top panel represents a normal
mitosis. Bottom three panels represent examples of mitoses generating micronuclei,
nuclear holes and binucleated cells. (D) SV40-immortalized MEFs expressing GFP-H2B.
Cells were imaged every 5 minutes for 24 hours. Quantification of abnormal mitoses. (E)
Representative images of DAPI-stained nuclei in SV40-immortalized MEFs after infection
with pWZL Cre-hygro (120 hours) were treated with CDK1 inhibitor (RO-3306) for an
additional 24 hours to prevent mitosis and collected 144 hours post-Cre infection. (F)
Quantification of abnormal DAPI-stained nuclei in images shown in E. Averages plotted
from two biological replicates.

Error bars indicate standard deviation.
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Figure 2.8. RTF2-deficient cells exhibit an S phase defect.

(A) Representative cell cycle profiles from flow cytometry of primary MEFs after infection
with Hit & Run Cre recombinase retrovirus (72 hours). Cells were pulsed with EdU for one
hour prior to collection and fixation. Newly replicated DNA is represented on the y-axis in
logarithmic scale. Total DNA content is represented on the x-axis in linear scale.
Percentage of cells in S phase is shown in the top left corner of each plot. (B)
Representative cell cycle profiles from flow cytometry of SV40-immortalized MEFs
expressing cDNA for HA-FLAG-empty-vector (+ EV) or HA-FLAG-mouse-RTF2 (+
mRTF2) infected with pWZL Cre-hygro retrovirus (120 hours post-infection). (C) Mean
G1, S, and G2 populations from B. Error bars represent standard deviation; n=3,
biological replicates.
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primary RTF2-deficient cells, there was a significant decrease in the S phase (EdU
positive) population (Figure 2.8A). In SV40-immortalized cells, RTF2-deficient cells
exhibited a population that did not reach peak EdU intensity, incorporating less EdU at a
comparable total DNA content in mid-S (Figure 2.8B). The SV40-immortalized RTF2-null
cells showed a decrease in the percentage of cells in the S phase population and an
increase in the G2 population, but neither of these changes reached statistical
significance (Figure 2.8C). While the cell cycle profiles were different between primary
and immortalized, there was a consistent S phase defect. To further assess the S phase
population, cells were grown on coverslips and pulsed with EAU for one hour (Figure 2.9).
Cre-infected Rtf2/ox EdU positive cells exhibited a significant decrease in mean nuclear
gray value of EdU (Figure 2.9). Together these data suggest a defect in DNA synthesis.

To examine this S phase defect at a single-molecule level, replication forks lengths
were directly assessed using DNA combing (Figure 2.10A). A significant decrease in
replication fork tract length was observed in RTF2-deficient cells and this defect could be
complemented upon expression of a mRtf2 cDNA (Figure 2.10B-D). This defect was more
pronounced in the RTF2-deficient primary MEFs; replication tract lengths were
approximately 40% shorter in RTF2-deficient primary MEFs compared wild type cells and
tract lengths were approximately 25% shorter in RTF2-deficient SV40-immortalized MEFs
compared to wild type cells. Replication without RTF2 was slower and inter-origin
distance was decreased (Figure 2.11A), but the replication forks around origins were
symmetrical (Figure 2.11B), suggesting that replication forks are stable without of RTF2.

While expression of a wild type Rtf2 cDNA complemented the replication defect,
we wanted to test the necessity of key residues, specifically the cysteines in RTF2’s RING
domain, in the observed replication function. Expression of Rtf2 cDNA constructs with
mutation of a single cysteine residue of the RING motif to alanine (C121A, C140A, C142A,
or C160A) complemented the replication defect, whereas mutation of two or more
cysteine residues to alanine did not (C140A/C142A, C121A/C160A,
C121A/C140A/C142A, C121A/C140A/C142A/C157A, C121A/C140A/C142A/C157A/
C160A, C121A/C140A/ C142A/C160A (Figure 2.12), suggesting the RING domain,
particularly its ability to use four cysteines to chelate an Zn?+ ion, is important for RTF2’s
function in DNA replication.

Previous reports in Arabidopsis thaliana suggest RTF2 has a role in intron
retention (Sasaki et al., 2015). Using paired-end RNA-seq, we did not detect any
significant changes in global intron retention, defined as the percent of reads mapping to
introns (Figure 2.13A). Single-ended RNA-seq also did not show a large difference in the
transcriptional profile of RTF2-deficient MEFs as only 64 genes were significantly
differentially expressed (Figure 2.13B).
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Figure 2.9. Loss of RTF2 results in decreased DNA synthesis.

(A) Representative immunofluorescence images cells in primary MEFs after infection with
Hit & Run Cre recombinase retrovirus (72 hours). Cells were pulsed with EdU for 1 hour
prior to fixation. Nuclei are outlined in dashed lines based on DAPI staining. * indicated
EdU positive cells in the Rtf27°x + Cre sample. (B) Representative quantification of mean
nuclear gray value of EdU from EdU positive cells from A. Each dot represents Edu
positive one cell. Mean for each sample shown with red line. n>100 for each sample.
****P <0.0001, ns, not significant, Kruskal-Wallis ANOVA with a Dunn’s post-test. (C)
Representative immunofluorescence images as described in A in SV40-immortalized
MEFs expressing cDNA for HA-FLAG-empty-vector (+ EV) or HA-FLAG-mouse-RTF2 (+
mRTF2 ) after infection with pWZL Cre-hygro retrovirus (120 hours). (D) Representative
quantification of mean nuclear gray value of EdU from EdU positive cells from C. Each
dot represents one EdU positive cell. Mean for each sample shown with red line. n=55 for
each sample.

****P <0.0001, ns, not significant, Kruskal-Wallis ANOVA with a Dunn’s post-test.
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Figure 2.10. RTF2 is necessary for normal DNA replication speed.

(A) Experimental schematic of DNA combing. Cells were labeled with 1dU for 30 minutes,
washed, and then labeled with CldU for 30 minutes. Cells were then collected, and DNA
was combed onto silanized glass coverslips, fixed, denatured and immunodetected.
Progressing forks are defined as those that have both IdU and CldU incorporation as
seen on the left. (B) Representative experiment showing replication tract lengths of
progressing fork species from primary MEFs after infection with Hit & Run Cre
recombinase retrovirus (72 hours). Each dot represents one replication tract. Mean tract
length and fork speeds using a conversion factor of 2kb/um/minute are listed above each
sample. Each dot represents one replication tract. Mean for each sample shown with red
line. n=200 for each sample. ****P<0.0001, ns, not significant, Kruskal-Wallis ANOVA
with a Dunn’s post-test. (C) Representative experiment showing replication tract lengths
of progressing forks from SV40-immortalized MEFs expressing cDNA for HA-FLAG-
empty-vector (+ EV) or HA-FLAG-mouse-RTF2 (+ mRTF2) after infection with pWZL Cre-
hygro retrovirus (120 hours). Each dot represents one replication tract. Mean for each
sample shown with red line. n>200 for each sample. ****P<0.0001, ns, not significant,
Kruskal-Wallis ANOVA with a Dunn’s post-test. (D) Representative experiment showing
replication tract lengths of progressing forks from SV40-immortalized Rtf2- MEF clones
+ EV or + mRTF2. Each dot represents one replication tract. Mean for each sample shown
with red line. n>300 for each sample. ****P<0.0001, ns, not significant, t-test.
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Figure 2.11. RTF2-deficiency affects inter-origin distances, but not replication fork
symmetry.

(A) Representative experiment showing the length of inter-origin distances (IOD)
measured within replication clusters from primary MEFs after infection with Hit & Run Cre
recombinase retrovirus (72 hours). Mean for each sample shown with red line. n>30 for
each sample. *P<0.05, **P<0.01, ns, not significant, Kruskal-Wallis ANOVA with a Dunn’s
post-test. (B) Representative experiment showing fork symmetry from primary MEFs after
infection with Hit & Run Cre recombinase retrovirus (72 hours). Replication initiation sites
were identified as species where the second label (CldU) flanks the first label (IdU). Left
fork length is plotted against right fork length. Lines represent arbitrary cutoffs for
replication forks with symmetry less than 2 and greater than 0.5. Percentages in the
bottom right corner represent the percentage of asymmetrical forks.
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Figure 2.12. RTF2’s RING domain is necessary for DNA replication.

(A) Schematic of RTF2 protein. Mouse and human RTF2 contain 5 cysteines that are
predicted to function as part of the RING domain. These cysteine residues were mutated
to alanine residues in various combinations. C1A represents C121A where as C23A
represents C140A/C142A, etcetera. (B) Representative immunoblots of whole cell lysates
isolated from SV40-immortalized Rtf2- MEF clones expressing indicated mRTF2 mutant
constructs. (C) Representative quantification of mean nuclear gray value of EdU from
EdU positive cells in SV40-immortalized Rtf2”- MEF clones expressing indicated RTF2
RING mutant constructs. Each dot represents one EdU positive cell. Mean for each

sample shown with red line. n>60 for each sample.
****P <0.0001. ns, not significant, Kruskal-Wallis ANOVA with a Dunn’s post-test.
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Figure 2.13. RTF2-deficient MEFs do not display global intron retention or gene
expression defects.
(A) Percent of reads from paired-end RNA-seq mapping to introns. Genotypes are
indicated for SV40-immortalized MEFs expressing cDNA for HA-FLAG-empty-vector (+
EV) or HA-FLAG-mouse-RTF2 (+ mRTF2) after infection with pWZL Cre-hygro retrovirus
(120 hours). (B) Volcano plot showing logiop-values against logzfold change for the
significant differentially expressed genes as calculated by DESeqg2. Genes with logzfold
change >1 and p adjusted-value <0.05 averaged across the two sets of SV40-immortalized
MEFs are shown. These results indicate 57 genes significantly downregulated and 7
genes significantly upregulated. n=3 for each set of MEFs, biological replicate.
Comparison is between aligned single-end reads from Rtf2*+ and Rtf27°x SV40-
immortalized MEFs infected with Hit & Run pMMP Cre retrovirus (72 hours).
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2.3 Summary of Findings and Outlook

Together, these data demonstrate the importance of RTF2 for organismal viability,
cellular proliferation, and DNA replication. The results from attempting to generate a
mouse model indicate RTF2 is required very early in development. Since we were unable
to isolate any normal proliferating Rtf2” blastocysts, RTF2 is likely required in the first
few cell cycles. However, an increased sample size of blastocysts is needed to determine
statistical significance. While Cre recombinase was expressed in mice from the ubiquitous
Ella promoter, the model was established in a manner to allow for deletion of RTF2 in
specific tissues in the future. Mice expressing Cre driven from tissue-specific promoters
are commercially available. Those of interest include the K14 (expression in all basal cells
of skin epithelium including hair follicles) or Vav (expression in hematopoietic lineages)
promoters. K14-driven Cre expression may help to assess RTF2’s contribution to
squamous cell carcinoma as has been published for RNase H2 (Hiller et al., 2018). Vav-
driven Cre expression will determine if there is a defect without RTF2 in the hematopoietic
compartment, where cells are highly proliferative and heavily rely on DNA replication.

There were no striking phenotypes associated with decreased levels of RTF2, as
both Rtf2*- mice and Rtf2+" cells retained similar phenotypes to Rtf2++ genotypes,
suggesting that RTF2 is not haploinsufficient. The cell may need minimal levels of RTF2
to sustain normal proliferation and DNA replication rates. Transient knockdown of RTF2
with short-interfering RNAs (siRNAs) did not elicit growth and replication defects (data not
shown), suggesting that very little RTF2 is necessary for cellular viability.

The phenotypes were consistent across different isolations of MEFs as well as
between primary, immortalized, and clonal MEF lines. The immortalization with SV40,
however, did lessen the replication defect. SV40-LT is a helicase that mediates viral DNA
replication and its overexpression could impact general DNA replication (Borowiec et al.,
1990; Cheng et al., 2009; Li et al., 2003a). RTF2-deficient cells may progress through
mitosis, despite not being able to complete it appropriately, because of the SV40-
immortalization which inhibits p53. The abnormal nuclear morphology in RTF2-deficient
cells could be a result of premature mitotic entry with under-replicated and DNA damage.
The cellular growth defect seen without RTF2 could be attributed to two possible causes:
(1) decreased proliferation rate and/or (2) increased cell death. Slower replication fork
speeds in the absence of RTF2 may contribute to a decreased proliferation rate. We
cannot rule out the possibility that cell death also contributes to the slow growth as we
have not examined the activation of programmed cell death pathways.

Single-molecule DNA fiber visualization assays have proven to be a powerful tool
in mammalian cells to address fundamental replication processes. Two predominant
methods are currently used in the field, but they have several differences. In the first
method, DNA fibers, a cell mixture is dropped onto glass slides and lysed. The slides are
then tilted to stretch the DNA. In the second method, cells are embedded in agarose plugs
before lysis and proteinase K digestion. After melting and digesting the plugs, ‘naked’
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DNA is stretched at a fixed rate onto glass slides. The main difference in the DNA fiber
technique is the lack of proteinase K digestion and a fixed stretching factor. This means
that chromatin is present, which can influence DNA stretching, and stretching is variable
between slides. DNA combing removes the confounding artifacts associated with the
presence of chromatin and ensures a constant stretching rate. The work presented in this
thesis solely employed the use of the DNA combing technique.

We observed a decrease of replication fork speed concurrent with decreased inter-
origin distance (increased origin firing) and fork symmetry in RTF2-deficient cells.
Increased origin firing could be a passive response to replication slowing. The increase
in replication origin firing did not fully compensate for the slow replication speed, as the
EdU immunofluorescence and cell cycle assays both show a bulk decrease in EdU
intensity. The symmetry of the replication forks around origins implies the replication fork
slowing is not the outcome of a stochastic impediment to replication. This makes it unlikely
the slow replication in RTF2-deficient cells is a result of collision with the transcription
machinery.

While the data presented here indicate the importance of RTF2’s RING-finger
domain, it remains unclear what functional activity this domain performs to maintain
RTF2’s role in DNA replication. The data presented are consistent with the hypothesis
that any four of the five cysteine residues in the RTF2 RING-finger domain are required
for RTF2’s replication function. The data showing that single cysteine mutations (C121A,
C160A or C140A, C142A) rescue the replication defect whereas combined double
mutations (C121A/C160A or C140A/C142A) do not establish the requirement for four
cysteines. The ability to complement the replication defect is not dependent upon the
variability in expression levels of these constructs. This is most clearly demonstrated with
a comparison between the expression of the C140A mutant construct and the
C121A/C160A mutant construct. Both constructs are expressed at similarly low levels,
but the single mutant rescues the replication defect whereas the double mutant does not.
Understanding the function of this RING finger will require further biochemical analysis.

These results also indicate that there is not an RNA splicing defect in the absence
of RTF2, in contrast to the role for RTF2 in RNA splicing reported in A. thaliana. We
cannot exclude the possibility that some individual transcripts may be alternatively
spliced, but there was no evidence that global changes were occurring. The RNA-seq
results indicated specific genes were differentially regulated; however, there were no
observable patterns, either based on chromosomal location or gene ontology, among the
significant differentially expressed transcripts.
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Chapter 3. RTF2’s function during unperturbed replication is
dependent on RNase H2
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3.1 Introduction

Experiments described in the previous chapter indicate a role for RTF2 in normal
DNA replication, but the mechanism of RTF2 function at the replication fork is unknown.
In this chapter, discovery-based approaches were used to determine where and how
RTF2 contributes to replisome function, including an examination of the changes in
proteome of replication forks in the absence of RTF2 and the proteins directly interacting
with RTF2. Together these data sets suggest that a complex previously identified at the
replication fork, RNase H2 (Alabert et al., 2014; Dungrawala et al., 2015; Wessel et al.,
2019), could be important for RTF2’s function during replication. In this chapter, we
explore this possibility and address the necessity of RNase H2 for normal DNA replication
as well as the convergence of the phenotypes in cells deficient for RNase H2 or RTF2.

3.2 Results

3.2.1 RTF2 interacts with and recruits RNase H2 to the replication fork

To identify the mechanism behind the observed replication defect in RTF2-
deficient cells, we employed isolation of proteins on nascent DNA (iPOND) (Dungrawala
and Cortez, 2015; Sirbu et al., 2013) to examine the changes in the proteome at the
replication fork in the absence of RTF2. Cells were pulsed with EdU, based on timing
normalized for DNA replication tract lengths (Figure 3.1A) and the proteome associated
with the nascent DNA was examined using liquid chromatography-mass-spectrometry
(LC-MS). While peptides corresponding to replisome components, such as the MCM2-7
complex and PCNA, were identified, no peptides from the RNase H2 complex were
detected in RTF2-null MEFs (Figure 3.1B). To validate RNase H2’s dependence on RTF2
for replisome localization, nascent DNA proximity ligation assay (nPLA), a method to
detect the presence of proteins at nascent DNA, was used (Taglialatela et al., 2017).
nPLA showed a decrease of RNASEH2A, the catalytic subunit, at the replication fork in
the absence of RTF2 (Figure 3.1C,D). Total levels of RNase H2 remained unchanged in
cells lacking RTF2 by western or RT-qPCR (Figure 3.2), suggesting that RTF2 is
necessary for RNase H2’s presence at replication forks.

To catalog RTF2’s network of protein interactions, several LC-MS-based discovery
experiments were performed (Figure 3.3). This included immunoprecipitation of two
different RTF2 constructs: (1) exogenous overexpression of N-terminal GFP-tagged
RTF2 cDNA (Figure 3.3A) or (2) CRISPR-generated N-terminal GFP-tagged RTF2 cDNA
construct incorporated at the Rtf2 locus to replace the endogenous gene (Figure 3.3C-G,
Sunandini Sridhar). LC-MS-based analysis of the RTF2-immunoprecipitated lysate
yielded identification of many interacting factors (Figure 3.3B, H). Components of the
MCM helicase and RPA also co-immunoprecipitated with RTF2, confirming RTF2’s
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Figure 3.1. RTF2-deficient MEFs exhibit a concurrent loss of RNase H2 from the
replication fork.

(A) Schematic depicting iIPOND experimental setup. Cells were pulsed with EdU for
differential times to normalize replication tract lengths. (B) Peptide Spectral Match values
from SV40-immortalized Rtf2- MEF clones expressing cDNA for HA-FLAG-empty-vector
(+ EV) or HA-FLAG-mouse-RTF2 (+ mRTF2). (C) Representative images from PCNA-
stained nascent proximity ligation assay (nPLA). This assay has been optimized to detect
the amount of protein at the replication fork by labeling with short pulses of EdU. Rtf2” +
mRTF2 MEFs were labeled for 4.5 minutes and Rtf2” + EV MEFs were labeled for 6
minutes with EdU to normalize replication tracts. EAU was biotin-clicked and coverslips
were incubated with mouse anti-biotin and rabbit anti-RNASEH2A. Antibody-coupled
sense and anti-sense probes are detect the light chains of rabbit and mouse IgG,
respectively. PLA signal represents RNASEH2A co-localizing with nascent DNA based
on probe proximity. Cells were co-stained with PCNA to determine actively replicating
cells. (D) Quantification of RNASEH2A-Biotin Foci in PCNA positive cells. Cells were
binned by the number of foci and percentage of cells in each bin is plotted.
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Figure 3.2. Total RNase H2 levels are unchanged in RTF2-deficient cells.

(A) Immunoblot of whole cell lysates isolated from primary MEFs infected with Hit & Run
Cre recombinase retrovirus (72 hours) showing RNASEH2A and RNASE2C protein
levels. (B,C) RT-gPCR analysis of mouse Rnaseh2a or mouse RItf2 expression in
indicated cells normalized to S-actin expression. Error bars represent standard deviation.
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Figure 3.3. RTF2 interacts with components of the replication fork and the RNase
H2 complex.

(A) Immunoprecipitation with GFP from HEK 293Ts expressing GFP-Empty Vector (+ EV)
or GFP-human-RTF2 (+ hRTF2). The GFP-hRTF2 construct is predicted to be 63.8 kDa.
(B) GFP was immunoprecipitated from the chromatin fraction of cell lysates with GFP
nanobodies isolated from cells in A. Peptide Spectral Match count (#PSM) and Area
Under the Curve (AUC) from LC-MS for given proteins averaged across two biological
replicates. (C) Schematic of CRISPR-Cas9 targeting of a plasmid containing homology
arms to the 5’ and 3' untranslated region’s (UTR) of Rtf2 flanking a GFP-AID-hRTF2
cDNA at the endogenous RTF2locus in HEK 293Ts. sgRNAs were designed to cut within
the 5’ and 3’ UTRs. Successfully edited clones were isolated. (D) Genotyping analysis of
wild type and CRISPR-Cas9 targeted GFP-AID-RTF2 HEK 293Ts. Schematic represents
genotyping primers that were used to amplify the endogenously tagged locus; Forward
primer recognizes RTF2 promoter region upstream to the GFP-AID-hRTF2 insert and
reverse primer recognizes an RTF2 exonic region. The primer pair amplifies a wild type
RTF2 allele of 1124 bp and the GFP-tagged allele of 2571 bp. (E) Flow cytometry analysis
of wild type and CRISPR-Cas9 targeted GFP-AID-RTF2 HEEK293Ts. (F) Representative
immunofluorescence of CRISPR-Cas9 targeted GFP-AID-RTF2 293Ts. Cells were fixed
and stained with anti-GFP antibodies. (G) Immunoprecipitation with GFP antibodies from
wild type and CRISPR-Cas9 targeted GFP-AID-RTF2 HEK 293Ts. Membranes were
immunoblotted with RTF2 antibody. The GFP-AID-hRTF2 construct is predicted to be
90.5 kDa. (H) GFP was immunoprecipitated with GFP antibodies from wild type and
CRISPR-Cas9 targeted GFP-AID-RTF2 HEK 293Ts in C-F. #PSM and AUC from LC-MS
for given proteins averaged across two biological replicates.
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presence at the replication fork. RNASEH2A was also among one of the top unique
interactors of RTF2 identified by co-immunoprecipitation followed by LC-MS and was not
detected in controls. These interactions, confirmed with co-immunoprecipitations followed
by western blots, were not sensitive to benzonase treatment, a nuclease that hydrolyzes
dsDNA, suggesting that the interactions are not mediated through both proteins binding
to DNA (Figure 3.4). WAPL, a component of cohesion at the replication fork, did not co-
immunoprecipitate with RTF2 indicating the specificity of the identified RTF2-RNASEH2A
interaction (Figure 3.4).

To biochemically test these interactions, His14-GFP-hRTF2 and His14-SUMO-
hRTF2 constructs were expressed in E. coli and purified (Figure 3.5A-C). The His14-
SUMO-hRTF2 construct exhibited fewer degradation products and, therefore, was
chosen for further purification. The His14-SUMO tag was cleaved with Ubiquitin-like-
specific protease 1 (Ulp1) and untagged RTF2 was purified with size exclusion
chromatography followed by an additional step where the supernatant was run over a
His-affinity gel column to remove any free His14-SUMO or undigested His14-SUMO-
hRTF2. RTF2 eluted with a high 260 peak on size-exclusion chromatography suggesting
RTF2 may bind DNA or RNA (data not shown). /n vitro biochemical immunoprecipitations
show interaction between hRTF2 and the hMCM2-7 complex (Gift from the late J.
Hurwitz) that is not dependent on DNA (Figure 3.5D). The FLAG beads-only control
immunoprecipitation results in some background signal, which necessitates further
examination of this interaction (Figure 3.5D).

3.2.2 Similar phenotypes in the absence RTF2 or RNase H2

We hypothesize that loss of RNase H2 from the replication fork in RTF2-deficient
cells leads to the replication defect characterized in Chapter 2. To examine if the loss of
RNase H2 is responsible for the phenotypes seen in RTF2-deficient MEFs, replication
was assayed in cells deficient for RNASEH2A, the catalytic subunit of RNase H2. Like
RTF2-deficient cells, RNASEH2A knockout (KO) HCT116 p53“ cells, RNASEH2A KO
Hela cells (Zimmermann et al., 2018), and BJ cells depleted of RNASEH2A with siRNAs
exhibited phenotypes consistent with the replication defect observed in RTF2-null cells,
including slow growth, a significant decrease in mean nuclear gray value of EAU and
shorter replication fork track lengths (Figure 3.6). Expression of a wild type RNASEH2A
cDNA rescues the decreased mean nuclear gray value in HeLa RNASEH2A KO cells to
levels comparable to those observed in wild type cells (Figure 3.6A,C, Nicolas Blobel
complemented the RNASEH2A KO cells). Knockdown of RNASEH2A in RTF2-null cells
did not further diminish the mean nuclear gray of EdU, indicating that RNase H2 and
RTF2 may function in the same pathway in regard to DNA replication (Figure 3.6G,H).

We next sought to assess whether RTF2-deficient cells exhibit phenotypes

consistent with RNase H2 deficiency. An increased single genome-embedded
ribonucleotide burden is observed in Rnaseh2b’p537 MEF cells (Reijns et al., 2012).
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Figure 3.4. Validation of RTF2 interactions by western blot.
(A) Immunoblots from co-immunoprecipitations in HEK 293Ts with an RTF2 antibody. (B)

Immunoblots from co-immunoprecipitations in HEK 293Ts with an RNASEH2A antibody.
(C) Immunoblots from co-immunoprecipitations in wild type and CRISPR-Cas9 targeted
GFP-AID-RTF2 HEK 293Ts. GFP-AID-RTF2 was immunoprecipitated with a GFP

antibody.
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Figure 3.5. Biochemical reconstitution of RTF2 interaction with the MCM complex.
(A) Coomassie stained acrylamide gel showing expression from E. coli cells and
purification of Histidine 14-GFP-RTF2 construct. (B) Coomassie stained acrylamide gel
showing expression and purification of His14-SUMO-RTF2 construct. (C) Coomassie
stained acrylamide gel showing purification of His14-SUMO-RTF2 construct before and
size-exclusion chromatography and column clean-up.
Biochemical co-immunoprecipitations. RTF2 and MCM7 are detected with antibodies.

after Ulp1 digestion,

MCM5 is flag tagged.
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Figure 3.6. Loss of RNase H2 results in replication elongation defect.

(A) Immunoblot of RNASEH2A expression in whole cell lysates of indicated cells. (B)
Growth curves of indicated cells. 50,000 cells of indicated genotypes were plated per well
of a 6-well dishes in triplicate. Cells were counted on subsequent days. Error bars
represent standard deviation. (C) Mean nuclear gray value of EdU in EdU positive cells
in indicated cells. Cells were pulsed with EdU for 1 hour prior to fixation. Each dot
represents one EdU positive cell. Mean for each sample shown with red line. n>100 for
each sample. ****P < 0.0001, t-test (HCT116) or Kruskal-Wallis ANOVA with a Dunn’s
post-test (HeLa). (D) Replication tract lengths in CRISPR-edited Hela cells. Each dot
represents one replication tract. Mean for each sample shown with red line. Fork speeds
using a conversion factor of 2kb/um/minute are listed above each sample. n>140 for each
sample. ****P < 0.0001, Kruskal-Wallis ANOVA with a Dunn’s post-test. (E) RT-qPCR
analysis of human RNASEHZ2A expression in indicated cells normalized to GAPDH
expression. Error bars represent standard deviation. (F) Mean nuclear gray value of EdU
in EdU positive cells in BJ cells transfected with indicated siRNAs. Cells were pulsed with
EdU for 1 hour prior to fixation. Each dot represents one EdU positive cell. Mean for each
sample shown with red line. n>100 for each sample. ****P < 0.0001, Kruskal-Wallis
ANOVA with a Dunn’s post-test. (G) RT-gPCR analysis of mouse Rnaseh2 expression in
indicated cells normalized to S-actin expression. Error bars represent standard deviation.
(H) Mean nuclear gray value of EdU in EdU positive cells in SV40-immortalized Rtf2"
MEF clones transduced with indicated shRNAs. Cells were pulsed with EdU for 1 hour
prior to fixation. Each dot represents one EdU positive cell. Mean for each sample shown
with red line. n>100 for each sample. ns = not significant, Kruskal-Wallis ANOVA with a
Dunn’s post-test.

RH2A = RNASEH2A, P = Parental, WT = wildtype, EV = empty vector, Luc = Luciferase,
NT = Non-targeting
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The persistence of genome-embedded ribonucleotides causes replication-dependent
DNA damage as a result of inappropriate TOP1-processing. In the absence of RNase H2,
TOP1-dependent processing induces poly-ADP-ribosylation and increased yH2AX
staining (Kim et al., 2011; Niu et al., 2016; Reijns et al., 2012; Sparks and Burgers, 2015;
Williams et al., 2013; Zimmermann et al., 2018) (Figure 3.7A). Similarly, cells without
RTF2 exhibited increased poly-ADP-ribosylation (Figure 3.7B,C) and increased S phase-
specific yH2AX staining (Figure 3.7D,E).

3.3 Summary of Findings and Outlook

iPOND is a powerful tool to identify changes at the replication fork and the ability
to compare data from iPOND with another discovery data set, the proteome associated
with RTF2, allowed for systematic filtering of factors that may be regulated by RTF2 at
the replication fork. The combination of these techniques allowed for the identification of
RNase H2 as a potential effector of RTF’s function during DNA replication.

While LC-MS and co-immunoprecipitation analyses indicated that RTF2 and
RNASEH2A interact, these studies would also benefit from biochemical evidence. It is
unknown whether this interaction is direct or indirect. An indirect interaction could be
mediated through another protein and if this is the case, it would be important to identify
this intermediary. LC-MS analysis also revealed an increased number of peptides from
the MCM2-7 complex associating with RTF2 and biochemical evidence suggested that
this interaction may be direct. It is tempting to hypothesize that the interaction of RTF2
with the MCM2-7 complex localizes RTF2 to the replication fork. These studies would
benefit from mutational analysis to pinpoint the residues necessary for the interaction.

We purified human RTF2 to use for biochemical experiments. hRTF2 was
expressed and purified in E. coli. The stability of hnRTF2 was augmented with the addition
of a SUMO tag. While the purification yielded a reasonably clean fraction, a contaminating
band around 70 kDa still remained after Upl1 digestion, size-exclusion, and column clean-
up (Figure 3.5C). The identity of this contaminating band could be a common bacterial
chaperone, and if so, additional ATP and KCI washes may remove it. The ability to purify
RTF2 extends to other species, as we have also purified X. laevis RTF2 (data not shown).
Purification of xRTF2 was used to immunize a rabbit and generate an xRTF2-specific
antibody that could be used to deplete RTF2 from cell-free xenopus extracts used to
reconstitute DNA replication in vitro (Lebofsky et al., 2009) and study DNA replication
without RTF2. Purification of specific RTF2 mutants would further elucidate how RTF2
functions at the replisome.

As introduced in Chapter 1, RNase H2 is thought to be recruited to the replication
fork through RNASEH2B’s PIP-box (Bubeck et al., 2011). There may be an additional
mechanism for RNase H2 recruitment to the replication fork independent of RNASEH2B’s
PIP box (Kind et al., 2014). Our results suggest RTF2 is needed to support RNase H2’s

80



A B Primary MEFs
- Cre +Cre

Top1
: Top1 . Top1 ; + § S + 5 3
0 0 0 Rif2. 3 ¥ S % §F
E / | E 7 RTF2| e o mm o
OHV D M= (0o = < ADP
0=p-0 S o OH O/p\/ PADPr o '
| o
o} o) -TUBULIN | o s s s s |
| 2,3’ cyclic phosphate| D Primary MEFs
Rtf2:  +/+ +/lox -/lox
R TOP1 processing é
_— N
I
>
C E
;307 Hkkk |
g ; *kkk
> ~2.5] ‘G 5 4000, —
22, S5
.04 29
33 € 53000
o> 1.5 > C
A 53
T 3 1.0 o |
83 0 I I s O 2000
X o | :|: I o
0 05 R W - on S
3 0 _ . 2 < 1000
-+ x + x c X
MR S Y 2 8 3%
-Cre +Cre 5 Rtf2: +/+ +/lox -/lox +/+ +/lox -/lox
Primary MEFs - Cre + Cre

Primary MEFs

Figure 3.7. RTF2-deficient cells exhibit increased DNA damage consistent with the
persistence of genome-embedded ribonucleotides.

(A) Schematic of TOP1-mediated ribonucleotide processing in the absence of RNase H2.
(B) Representative immunoblot of whole cell lysates in primary MEFs infected with Hit &
Run Cre (72 hours) showing poly-ADP-ribosylation. (C) Average densitometry plots from
3 experiments. Error bars represent standard deviation; n=3, biological replicates. (D)
Representative immunofluorescent images of yH2AX staining in of primary MEFS after
infection with Hit & Run Cre (72 hours). (E) Mean nuclear gray value of yH2AX from D.
Cells were labeled with EAU 1 hour prior to fixation and stained with Click-I1t EAU Alexa-
488 to determine the cells in S phase. Each dot represents one cell. Mean for each
sample shown with red line. n>90 per sample. ****P < 0.0001, Kruskal-Wallis ANOVA
with a Dunn’s post-test.
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localization to the replication fork. Whether RTF2 and PCNA cooperate or function
independently to support RNase H2 localization to the replisome has yet to be
determined.

Our data suggest that the RNase H2 complex is necessary for normal replication
speed, however, whether catalytic activity against RNA-DNA hybrids or single DNA-
embedded ribonucleotides is required for RNase H2’s function in DNA replication is under
ongoing investigation. Expression of an RNASEH2A (P40D/Y210A) ribonucleotide
excision repair defective (RED) mutant cDNA, which cannot excise single DNA-
embedded ribonucleotides, but cleaves RNA-DNA hybrids cannot rescue the PARPI
sensitivity of RNASEH2A KO cells. This model suggests that PARPI sensitivity is the
result of PARP1 trapping on TOP1-processed single genome-embedded ribonucleotides
(Zimmermann et al., 2018). If single genome-embedded ribonucleotides are responsible
for the replication slowing, expression of an RNASEH2A RED or an RNASEH2A
(D34A/D169A) Catalytic Dead mutant cDNA would not rescue the replication defect in
RNASEH2A KO cells.

RTF2-deficient and RNase H2-deficient cells share similar DNA damage
phenotypes, including increased poly-ADP-ribosylation, and S phase-specific yH2AX. We
speculate these phenotypes are a result of DNA-embedded ribonucleotides. TOP1-
dependent processing of ribonucleotides in the absence of RNase H2 could be the cause
of the poly-ADP-ribosylation and yH2AX. Knockdown of TOP1 in an RTF2-deficient
background would determine the causal relationship if YH2AX and pADPr levels returned
to normal. Unresolved DNA damage in RNase H2-deficient cells may result in the
formation of micronuclei. Micronuclei, which arise during mitosis from lagging
chromosomal DNA and chromatin bridges, are sufficient to activate the cGAS/STING
pathways in these cells (Bartsch et al., 2017; Mackenzie et al., 2016; Mackenzie et al.,
2017). This is hypothesized to contribute to the etiology of AGS, a disease caused by
pathogenic variants in any of the RNase H2 subunits that presents with severe
inflammatory responses (Bartsch et al., 2017; Mackenzie et al., 2016; Mackenzie et al.,
2017). It should be determined if the cGAS/STING pathway is active in the absence of
RTF2 as abnormal nuclei and mitotic defects were observed in the absence of RTF2 as
presented in Chapter 2.

Loss of Rtf2 or Rnaseh2b (resulting in loss of the entire complex) results in
embryonic lethality in mice (Reijns et al., 2012), indicating Rtf2, Rnaseh2a, Rnaseh2b,
and RnasehZ2c are essential genes. The embryonic lethality associated with the loss of
RNase H2 occurs later than that associated with the loss of RTF2. This suggests there
could be other functions for RTF2 outside of its role in regulating RNase H2 levels at the
replication fork and that role still needs to be studied. In the next chapter, | will further
study RTF2’s function in regulating RNase H2 levels at the replisome and | will genetically
place RNase H2 in the DDI1/RTF2 pathway.
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Chapter 4: Coordination of RTF2, RNase H2, and PRIM1 in the
replication stress response and replication fork restart
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4 1 Introduction

Recent single-molecule DNA fiber analysis suggests many additional factors
function in direct replication restart from HU. For example, BAP1 promotes replication
restart by recruiting INO80 as INO8O is required for replication restart (Lee et al., 2019;
Vassileva et al., 2014). In yeast, Ino80 facilitates PCNA ubiquitination (Falbo et al., 2009),
but whether INO80 has a similar function requires in mammals further examination.
Another studied observed that EXD2-deficient cells exhibit inefficient fork restart
(Nieminuszczy et al., 2019), but how exactly EXD2 facilitates fork restart is unknown.
Studies from our laboratory indicate DDI1/2-mediated removal of RTF2 from the
replication fork is also required for fork restart in response to HU-induced stalling
(Kottemann et al., 2018). When DDI1 and DDI2 are depleted, cells exhibit an abnormal
replication stress response due to the stabilization of RTF2 at the stalled replication fork
(Kottemann et al., 2018). In this chapter, we explore how DDI1/2 and RTF2 coordinate
replication fork restart.

Given the data in Chapter 3 indicating RTF2 interacts with RNase H2 and is
necessary to localize RNase H2 to the replication fork, we hypothesized that the inability
to recover from replication stress in the absence of DDI1/2 is also due to the stabilization
of RNase H2 at stalled replication forks. This led us to assess the function of RNase H2
during the replication stress response. As RNase H2 is a ribonuclease H, its preferred
substrates are DNA-embedded ribonucleotides, such as single ribonucleotides, R-loops
or RNA primers. Since RNA-dependent priming is required for normal replication, we
hypothesize that RNA primers are also important for restarting stalled replication forks
and that inappropriate stabilization of RNase H2 at stalled replication forks may result in
the hydrolysis of these primers. This led us to consider the contribution of RNA primases
for replication restart in the DDI-RTF2 pathway was also assessed. The results of these
studies are reported here.

4.2 Results

4.2.1 Regulation of RNase H2 coordinates the response to replication stress.

Identification of the interaction between RNase H2 and RTF2 and loss of RNase
H2 from the replication fork upon removal of RTF2 led us to examine whether RNase H2
was also a mediator of the response to replication stress. DDI1/2-depleted cells show
increased sensitivity to replication stress-inducing agents, including HU, aphidicolin,
MMC and gemcitabine that can be rescued by RTF2 depletion (Kottemann et al., 2018).
We tested if knockdown of RNase H2 using siRNAs against the catalytic subunit,
RNASEHZ2A, could rescue the replication stress phenotypes associated with DDI1/2-
deficiency. Indeed, knockdown of RNASEH2A rescued the sensitivity of DDI1/2-depleted
cells to increasing doses of HU to the same degree as siRTF2 transfection (Figure 4.1A).
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Figure 4.1. RNase H2 knockdown rescues the cellular sensitivity and increased P-
RPA S4/8 signal observed upon treatment with replication stress-inducing drugs
in the absence of DDI1/2 .

(A) Graph showing survival of U20S cells transduced or transfected with indicated shRNA
and siRNA, respectively, and treated with indicated HU doses. Cells were treated 72
hours after transfection for 24 hours prior to release into fresh medium. Error bars
represent standard deviation. (B) Immunoblots of whole cell lysates isolated from U20S
cells transduced or transfected with indicated RNAi reagent and treated with 0.5 mM HU
(72 hours prior to the start of the experiment). 0 = untreated, 20 = 20 hour treatment, R8
= 20 hour treatment followed by 8 hour release into fresh media. Immunoblots show loss
of RTF2 and RNASEH2A in indicated siRNA lanes (Lanes 4-6 and 13-15 for RTF2, Lanes
7-9 and 16-18 for RNASEH2A).

RH2A = RNASEH2A.
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Cells depleted of DDI1/2 also display an increase in ssDNA formation as shown
by elevated BrdU signal under non-denaturing conditions, higher chromatin-associated
RPA staining, and elevated P-RPA S4/8 signaling during low dose HU treatment (0.5
mM), which slows the replication fork without completely stopping it (Kottemann et al.,
2018). Using these conditions, knockdown of DDI1/2 induced phosphorylation of P-RPA
S4/8 (Figure 4.1B, Lane 11 and 12) that was suppressed upon knockdown of RNASEH2A
(Figure 4.1B, Lane 17 and 18). The extent of this suppression was similar to that seen
when RTF2 was depleted in the DDI1/2-deficient background (Figure 4.1B, Lane 14 and
15). The increased P-CHK1 S345 in DDI1/2-depleted cells was unchanged upon
knockdown of either RTF2 or RNASEH2A in the DDI1/2-deficient settings (Figure 4.1B).

In single-molecule DNA fiber assays, DDI1/2-depleted cells exhibited a decrease
in the percentage of forks that restart as well as a decrease in the efficiency of restart (the
length of the replication tract after restart) after release from HU treatment (Kottemann et
al., 2018). Here, we assessed replication restart defects using a modified DNA combing
assay. Cells are labeled with two uniquely detectable thymidine analogs (IdU and CidU)
for different times, where the second analog (CldU) is pulsed twice as long as the first
(IdU) (Figure 4.2A). To assess replication restart efficiency after stress, replication forks
are then completely stalled with a high dose of HU (4 mM) between the first (IdU) and
second labels (CldU). Following removal of HU, the tract length of the second analog
(CldU) is measured and compared to the tract length of the first analog (IdU) as a proxy
for replication restart efficiency (Figure 4.2A). The expected ratio of the thymidine analogs
(CldU:1dU) without HU treatment is 2 whereas DDI1/2-depleted cells show a reduction in
this ratio upon release from treatment with HU, indicating a replication fork restart defect.
The fork restart defect observed upon treatment with HU in DDI1/2-depleted cells is
rescued upon knockdown of RNASEH2A to the same extent as knockdown of RTF2
(Figure 4.2C). Control experiments did not indicate any differences in replication restart
efficiency without HU treatment (Figure 4.2B).

As discussed in Chapter 1, one consequence of an inability to restart replication
forks is replication fork collapse and breakage. If unresolved, these breaks can contribute
to an increase in chromosome breaks, which can be visualized in metaphase spreads.
Highly damaged metaphases were observed in DDI1/2-deficient cells when grown in the
presence of HU or aphidicolin (Kottemann et al., 2018). Knockdown of RNASEH2A, like
knockdown of RTF2, suppressed the chromosome breaks observed with depletion of
DDI1/2 (Figure 4.3).

Since RNase H2-deficiency rescued the replication stress-induced phenotypes
associated with DDI1/2 deficiency, we next tested whether the other member of the
ribonuclease H family, RNASEH1, could also function in the response to replication
stress. Knockdown of RNASEH1 in a DDI1/2-deficient background could not fully
suppress the induction of P-RPA S4/8 (Figure 4.4A) nor rescue the decreased fork restart
efficiency (Figure 4.4B) despite knockdown to approximately 10% of wild type levels
(Figure 4.4C).
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Figure 4.2. DDI1/2 promote efficient replication restart by modulating RNase H2
levels.

(A) Experimental schematic and representative images of fork restart assay assessed
using DNA combing using thymidine analogs, IdU and CIdU. (1) Given the pulse of the
second label, CldU, is twice as long as the first, IdU, the expected ratio of the CldU:IdU
analogs without HU treatment is 2. (2) During 4 mM HU treatment, all progressing
replisomes are stalled. Co-incubation of CldU with HU shows that there is no new DNA
synthesis. (3) Upon removal of HU, the length of the second label, CldU, can be compared
to that of the first label, IdU, as a proxy for replication restart efficiency. (B,C) Ratio of
CldU to IdU tract lengths in U20S cells transduced or transfected with indicated RNAI
reagent (72 hours prior to the start of the experiment). Labeling schematic indicated
above plots. Each dot represents one replication tract. Mean ratios indicated above each
sample and with red lines. n>150 for each sample. Outliers removed with ROUT (1%). *P
< 0.05, ***P<0.001 ns, not significant, Kruskal-Wallis ANOVA with a Dunn’s post-test.
RH2A = RNASEH2A.
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Figure 4.3. RNase H2 deficiency rescues genome stability in the absence of DDI1/2.
(A) Representative DNA metaphase spreads from U20S cells after replication in the
presence of low-dose aphidicolin for 40 hours. Metaphase spreads were categorized into
three classes of breakage severity normal (<10 breaks); damaged (10-20 breaks); and
highly damaged/uncountable (>20 breaks). (B) Representative quantification of the
percentage of metaphase spreads in each category described in A in U20S cells
transduced or transfected with indicated RNAi reagents (112 hours prior to the start of the
experiment). n>50 for metaphases scored in each sample.
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Figure 4.4. RNase H1 knockdown does not rescue phenotypes associated with
DDI1/2-deficiency .

(A) Immunoblots of whole cell lysates isolated from U20S cells transduced or transfected
with indicated RNAI reagents (72 hours prior to the start of the experiment) and treated
with 0.5 mM HU. 0 = untreated, 24 = 24 hour treatment, R8 = 24 hour treatment followed
by 8 hour release into fresh media. (B) Ratio of CldU tract to IdU tract lengths in U20S
cells transduced or transfected with indicated RNAI reagents (72 hours prior to the start
of the experiment). Labeling schematic indicated above plot and means indicated above
each sample. n>150 for each sample. Outliers removed with ROUT (1%).***P < 0.001,
ns, not significant, Kruskal-Wallis ANOVA with a Dunn’s post-test. (C) RT-qPCR analysis
of RNASEH1 expression in indicated cells normalized to GAPDH expression. Error bars
represent standard deviation.

Ctrl = Control, RH1 = RNASEH1, RH2A = RNASEH2A.
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Given RNASEH2A or RTF2 knockdown rescued the phenotypes associated with
DDI1/2 depletion, we examined if this decreased response and increased ability to
recover from replication stress in the absence of RTF2 was also observed with normal
DDI1/2 levels. Depletion of RNASEH2A or RTF2 resulted in cellular resistance to HU
(Figure 4.1A) and decreased HU-induced P-RPA S4/8 compared to wild type cells (Figure
4.1B, Lane 2 compared to Lane 5 or 7). Knockdown of RTF2 also induced cellular
resistance to various replication stress-inducing drugs, including HU, aphidicolin, and
MMC (Figure 4.5A), and increased entry into S phase after release from a high dose of
HU (Figure 4.5B,C). Cells depleted of RTF2 also exhibited an increased ability to replicate
in the presence of aphidicolin, MMC and cisplatin (Figure 4.5D, experiment performed by
Molly Kottemann). These data suggest that RTF2 functions across multiple types of
replication stress.

4.2.2 Primase promotes replication restart after release from replication stress

Our results indicate that RNase H2’s removal from the replication fork mediates
recovery from replication stress in DDI1/2-depleted cells, but the underlying reason for
RNase H2’s removal is unknown. We hypothesized that the inability to recover from
replication stress is due to RNase H2 activity at stalled replication forks. A plausible
substrate for RNase H2 activity at stalled replication forks is an RNA-DNA hybrid, for
example, an RNA primer that might be necessary to resume replication. The ability of
RNASEH2A knockdown to rescue DDI1/2-deficient phenotypes could be due to
stabilization of priming events. To test this hypothesis, we systematically examined the
contribution of the two AEP primases, PRIMPOL and PRIM1, in this pathway.

Cells depleted of PRIMPOL alone exhibited an increase in P-RPA S4/8 signal after
an 24 hour low-dose HU (0.5mM) treatment (Figure 4.6A). Levels of P-RPA S4/8 in
DDI1/2-depleted cells were unchanged with co-depletion of PRIMPOL (Figure 4.6A).
Interestingly, knockdown of PRIMPOL did not have an effect on the efficiency of
replication fork restart after release from HU (Figure 4.6B,C), in contrast to its role in fork
restart after UV (Figure 4.6D, Cayla Broton) (Bianchi et al., 2013; Mouron et al., 2013;
Wan et al., 2013).

Next, we examined the role of PRIM1 in response to replication stress. An
increased P-RPA S4/8 signal was induced in cells with knockdown of PRIM1 during an
24 hour low-dose HU (0.5mM) treatment (Figure 4.7A). The appearance of this P-RPA
S4/8 signal exhibited slower accumulation compared to the signal observed when DDI1/2
were depleted (Figure 4.7A). This slower induction of P-RPA S4/8 signal was also seen
upon co-depletion of PRIM1 and DDI1/2 (Figure 4.7A). Although cells depleted of PRIM1
maintained a normal ratio of CldU:ldU in untreated conditions (Figure 4.7B), after release
from HU-induced stalling cells depleted of PRIM1 exhibited a decreased fork restart
efficiency (Figure 4.7B,C). Knockdown of PRIM1 also reverted the rescue of RTF2 or
RNASEH2A knockdown in DDI1/2-depleted cells (Figure 4.7C). Given the length of in
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Figure 4.5. Depletion of RTF2 mitigates response to a variety of replication stress-
inducing drugs.

(A) Cellular survival of BJ cells transfected with siRNA reagents (72 hours prior to the
start of the experiment) and treated with indicated drugs. (B) Representative cell cycle
profiles from flow cytometry of BJ cells transfected with indicated RNAi reagents (72 hours
prior to the start of the experiment). Asynchronous cells were pulsed with EAU for one
hour prior to collection and fixation (left panel). Cells treated with 2 mM HU (2 hours) were
pulsed with EAU in the final hour of treatment (middle panel). After cells were pulsed with
2 mM HU (2 hours), the HU was washed off and cells were pulsed with EdU in fresh
media for one hour (right panel). Newly replicated DNA is represented on the y-axis in
logarithmic scale. Total DNA content is represented on the x-axis. (C) Bar graph showing
percentage of EdU positive cells after recovery from HU in B. Error bars represent
standard deviation. (D) Bar graphs representing EdU positive populations of cell cycle
profiles from flow cytometry in U20S cells transfected with indicated RNAI reagents (72
hours prior to the start of the experiment) and treated with indicated drugs for 20 hours
prior to release into fresh media with EdU for 30 minutes. Error bars represent standard
deviation.

NT = not treated, Aphi = aphidicolin, MMC = mitomycin C.
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Figure 4.6. Knockdown of PRIMPOL elicits increase in P-RPA S4/8 signal without
displaying a replication fork restart efficiency defect in response to hydroxyurea.
(A) Immunoblot of whole cell lysates isolated from U20S cells with indicated RNAI
reagents (72 hours prior to the start of the experiment) treated with 0.5 mM hydroxyurea.
0 = untreated, 24 = 24 hour treatment, R8 = 8 hours post hydroxyurea removal. (B) Ratio
of CldU to IdU tract lengths in indicated U20S cells. Labeling schematic indicated above
plots. Each dot represents one replication tract. Mean ratios indicated above each sample
and shown with red line. n>150 for each sample. Outliers removed with ROUT (1%).
****P<0.0001, ns, not significant, Kruskal-Wallis ANOVA with a Dunn’s post-test. (C) RT-
gPCR analysis of PRIMPOL expression in indicated cells normalized to GAPDH
expression. Error bars represent standard deviation. (D) Percentage of forks that restart
after UV treatment. Percentage of fork rescue was calculated as restarted fork/(restarted
forks + stalled forks). n>250. Ctrl = Control, RH2A = RNASEH2A.
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Figure 4.7. Knockdown of PRIM1, the catalytic subunit of primase, causes
inefficient fork restart.

(A) Immunoblot of whole cell lysates isolated from U20S cells with indicated RNAI
reagents (72 hours prior to the start of the experiment ) treated with 0.5 mM hydroxyurea.
0 = untreated, 24 = 24 hour treatment, R8 = 8 hours post hydroxyurea removal. (B,C)
Ratio of CldU to IdU tract lengths in indicated U20S cells. Labeling schematic indicated
above plot. Each dot represents one replication tract. Mean ratios indicated above each
sample and shown with red line. n>150 for each sample. Outliers removed with ROUT
(1%). *P<0.05, ***P < 0.001, ****P<0.0001, ns, not significant, Kruskal-Wallis ANOVA with
a Dunn’s post-test. (D) RT-gPCR analysis of PRIM1 expression in indicated cells
normalized to GAPDH expression. Error bars represent standard deviation.

Ctrl = Control, RH2A = RNASEH2A.

94



U20s
shControl
siRNA:  Control PRIM1 SiRNA:
HU (0.5mM): 0 24 R8 0 24 R8 HU (0.5mM):
PRPAS4/8| - . | PRPASH|
RPA32

RPAS2 | o - e b - - |

u20S

shDDI2
DDI1 DDI1 + PRIM1

0 24 R8 0 24 R8

shControl
Control

0 24 R8

| e - e - -

a-TUBULIN’ T —— —-| o-TUBULIN | R —— --—#

95

IdU CldU C ldL{ HU (4n’1M) CIdSJ
45 90 45 120 90
o o ~ — M~ <t ~ o Te) N~ (@)
IdU HU (4 mM) Cldu g2 ¥ 2 = ¥ ¥ % ¥R 2N 0
45’ 120’ 90’ ns
! dkk ; ns ‘ 1
8, 8 3 g o Se . —
e I ns_ .
o = o &
56‘ E 050 o
) §4~ % QQ%;? %o
o O
544 ;
E ‘,
O 2]
24
0l s 0
siPRIM1: - + - + siPRIM1:
HUO: - -+ o+ SIRTF2:
shControl/siControl shDDI2/siDDI1
U208
120
5=
2 O100
<2
% 5 80
EG
‘é o 60
~ O
£ 840
O®
>
§E2
O c
4
SiPRIMT: - + + + - + + +
SiRTF2: - - + - - - + -
siRH2A: - - - + - - - +
shCtrl/siCtrl  shDDI2/siDDI1
U20S



knockdown and HU-treatment, these results are confounded by PRIM1’s essential role
DNA replication. To resolve the issues associated with RNAi modification of PRIM1,
several orthogonal approaches, including conditional inhibition or inducible degradation
of PRIM1, were employed to determine PRIM1’s function in replication restart and
contribution to the DDI-RTF2 pathway.

First, we inhibited primase using with Vidarabine-TP, a compound that structurally
resembles adenosine 5’ monophosphate but where the ribose 3’ hydroxyl group is in the
ara orientation (Holzer et al., 2019; Parker and Cheng, 1987; Yoshida et al., 1985) (Figure
4.8A). Vidarabine-TP inhibited replication restart efficiency in wild type cells at high
concentrations (50-100 uM) but did not affect replication restart efficiency at low
concentrations (10 uM) (Figure 4.8B). Low concentrations of Vidarabine-TP reverted the
rescue of replication restart by siRTF2 or siRNASEHZ2A in the DDI1/2-depleted setting
(Figure 4.8C).

Next, an auxin-inducible degron (AID) system was employed to partially degrade
PRIM1 in a relatively short period of 30 minutes (Figure 4.9). The AID system co-opts a
unique plant degradation mechanism, reliant on the plant hormone auxin. Auxin binds the
F-box transport inhibitor response 1 (TIR) protein and promotes the interaction with the
E3 ubiquitin ligase SCF complex, which are universally found in eukaryotes. SCF-TIR1
recruits an E2 ubiquitin conjugating enzyme that polyubiquitylates the degron, resulting
in rapid degradation by the 26S proteasome (Nishimura et al., 2009) (Figure 4.9A). The
endogenous PRIM1 locus was biallelically replaced with a PRIM-AID-mClover allele using
CRISPR (obtained from Nanda Sasi, de Lange lab). A doxycycline-induced HA-TIR1
cDNA construct was retrovirally expressed in these cells. The PRIM1-AID system was
optimized to induce a mild reduction (about 20%) in PRIM1 expression (Figure 4.9B,C).
This reduction resulted in a significant replication fork restart defect, but not a global
replication defect (Figure 4.9B-D). Slight changes in the length of the first thymidine
analog, IdU, did not account for the differences in the CldU:IdU ratios (Figure 4.9E). To
understand the genetic interaction of PRIM1 with the DDI-RTF2 pathway, DDI1/2 were
depleted in RPE PRIM-AID-mClover cells (Figure 4.10). No further reduction in replication
restart efficiency was observed upon combined reduction of PRIM1 and DDI1/2 levels
(Figure 4.10). However, depletion of PRIM1 reverted the rescue of replication restart by
SiRTF2 or siRNASEH2A treatment in the DDI1/2-depleted setting (Figure 4.10),
suggesting that PRIM1 and RTF2/RNASEH2A are working in the same pathway.

These results lead us to consider a model in which a competition occurs between
PRIM1 and RNase H2 at stalled replication forks, where PRIM1 synthesizes the same
RNA primer RNase H2 degrades. We hypothesized that increasing the local
concentration of PRIM1 could outcompete RNase H2 and overcome the fork restart
defect in DDI1/2-depleted cells. To test this hypothesis, PRIM1 was over-expressed in
U20S cells using a lentivirus carrying a HA-FLAG- PRIM1 cDNA construct. The
expression of PRIM1 from this vector was very high compared to endogenous expression
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Figure 4.8. Primase inhibition results in defective replication restart.

(A) Schematic of Vidarabine 5’-monophosphate structure compared to adenosine 5’-
monophosphate. (B) Ratio of CldU to IdU tract lengths in indicated U20S cells. Increasing
concentrations of Vidarabine-TP were added during the 90-minute CldU pulse. Labeling
schematic indicated above plots. Each dot represents one replication tract. Mean ratios
indicated above each sample and shown with red line. n>150 for each sample. Outliers
removed with ROUT (1%). ****P<0.0001, ns, not significant, Kruskal-Wallis ANOVA with
a Dunn’s post-test. (C) Ratio of CldU to IdU tract lengths in indicated U20S cells.
Vidarabine-TP was added during the 90 minute CldU pulse in all samples. Each dot
represents one replication tract. Mean ratios indicated above each sample and shown
with red line. n>150 for each sample. Outliers removed with ROUT (1%). ns, not
significant, Kruskal-Wallis ANOVA with a Dunn’s post-test.

V-TP = Vidarabine-TP.
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Figure 4.9. Auxin-inducible degradation of PRIM1 results in defective fork restart
(A) Schematic of PRIM1-tagged auxin-induced degron system in RPE-hTERT p537,
pRb” cells. HA-TIR1 expression is under the control of a doxycycline-inducible promoter.
(B) Labeling schematic of PRIM1-AID system with combing labeling. Cells were treated
with doxycycline 4 hours and 15 minutes prior to collection. Cells were pulsed as indicated
with drugs according to the schematic for the following times: IdU for 45 minutes, 4 mM
HU for 120 minutes, CldU for 90 minutes, IAA for 120 minutes. (C) Immunoblot of whole
cell lysates isolated from RPE cells with indicated treatments 0.5 mM HU. Percent
decrease in PRIM1-AID-mClover signal by densitometry is indicated. (D) Ratio of CldU to
IdU tract lengths in indicated RPE cells. Each dot represents one replication tract. Mean
ratios indicated above each sample and shown with red line. n>150 for each sample.
Outliers removed with ROUT (1%). *P<0.05, ****P<0.0001, ns, not significant, Kruskal-
Wallis ANOVA with a Dunn’s post-test. (E) IdU lengths in indicated RPE cells. Each dot
represents one replication tract. Mean ratios indicated above each sample and shown
with red line. n>150 for each sample. *P<0.05, ns, not significant, Kruskal-Wallis ANOVA
with a Dunn’s post-test.

dox = doxycycline.
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Figure 4.10. Genetic interaction between PRIM1 and the DDI-RTF2 pathway during
replication restart.

Ratio of CldU to IdU tract lengths in indicated RPE cells. Labeling schematic of PRIM1-
AID system with combing labeling indicated above. Cells were pulsed with indicated drugs
for the following times: doxycycline for 4 hours and 15 minutes, IdU for 45 minutes, 4 mM
HU for 120 minutes, CldU for 90 minutes, IAA for 120 minutes. Each dot represents one
replication tract. Mean ratios indicated above each sample and shown with red line. n>140
for each sample. Outliers removed with ROUT (1%). ****P<0.0001, ns, not significant,
Kruskal-Wallis ANOVA with a Dunn’s post-test.

Ctrl = Control, RH2A = RNASEH2A.
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(Figure 4.11A). Over-expression of PRIM1 rescued the replication restart defect seen
upon depletion of DDI1/2 (Figure 4.11B). These results suggest there is competition
between PRIM1 and RNase H2 at stalled replication forks.

4.3 Summary of Findings and Outlook

The results in this chapter indicate that removal of RNase H2 from the replication
fork is necessary to promote replication restart when DDI1/2 are depleted and suggest
that inappropriate enzymatic activity of RNase H2 at a stalled replication fork is
detrimental to recovery from replication stress. Knockdown of RNase H2 rescued DDI1/2-
deficient phenotypes to the same extent as RTF2 knockdown, suggesting that RTF2 and
RNase H2 function in the same pathway to ameliorate the phenotypes associated with
DDI1/2-deficiency.

The replication stress phenotypes presented in this chapter are consistent with
those previously published for cells depleted of DDI1/2 (Kottemann et al., 2018). Since
our DNA combing studies yielded the same results as those published using DNA fibers
(Kottemann et al., 2018), this suggests that the phenotype is not dependent on changes
in chromatin structure. One benefit of these single-molecule techniques is that they
provide a means to directly assess nascent synthesis changes that rapidly occur in
response to replication stress. Replication stress in this chapter was mostly modeled with
HU treatment, but there are indications that removal of RTF2 (and RNase H2) could be a
universal response to a variety of replication stress-inducing agents (Figure 4.5) and we
propose that this removal is necessary for replication through genomic regions with high
levels of endogenous replication stress.

As discussed in Chapter 3, RNase H2’s localization to the replication fork may be
dependent on the RNASEH2B’s PIP box. Knockdown of RNASEH2B in a DDI1/2-
depleted background should be assessed for the ability to rescue the phenotypes
associated with DDI1/2-deficiency. If RNASEH2B knockdown rescues these phenotypes,
an siRNA-resistant RNASEH2B PIP box mutant (FF>AA) could be expressed in DDI1/2-
depleted cells treated with siRNASEH2B to evaluate the contribution of PCNA-localization
in retaining RNASEH2B at the replication fork. If the PIP box does not contribute to RNase
H2’s localization in the absence of DDI1/2, expression of this mutant would not rescue
the phenotypes associated with DDI1/2-depletion as RNASEH2B would still be retained
at the replisome. However, if the PIP box is required, the expression of this mutant would
still rescue the phenotypes associated with the depletion of DDI1/2.

Similar to the question asked in Section 3.3 regarding the RNase H2 activity
necessary for the normal replication phenotype, it is unknown whether RNase H2’s
inappropriate activity at a stalled replication fork is against single DNA-embedded
ribonucleotides or longer RNA-DNA hybrids, such as RNA primers. Since our data
indicate restart is dependent on PRIM1, it is most likely that RNase H2 is removing RNA
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Figure 4.11. Overexpression of PRIM1 rescues replication restart deficiency
associated with DDI1/2 depletion.

(A) Immunoblot of whole cell lysates isolated from U20S cells indicating PRIM1
expression levels. (B) Ratio of CldU to IdU tract lengths in indicated U20S cells Each dot
represents one replication tract. Mean ratios indicated above each sample and shown
with red line. n>150 for each sample. Outliers identified and removed with ROUT (1%).
**P<0.01, *™**P<0.0001, ns, not significant, Kruskal-Wallis ANOVA with a Dunn’s post-
test.
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primers. We propose that expression of an siRNA-resistant RNASEH2A mutant that
cannot excise single DNA-embedded ribonucleotides (RED mutant) should still rescue
the DDI1/2-associated phenotype when RNASEH2A is depleted whereas expression of
a catalytically inactive RNASEH2A mutant will not. These hypotheses are currently being
tested.

The cleavage of RNA-DNA hybrids at stalled replication forks appears to be a
specific function of RNase H2 as depletion of RNASEH1 did not rescue the fork restart
defect associated with DDI-deficiency. The difference in dependency of RNase H
enzymes could be due to a difference in RNASEH1’s localization. RNASEH1 has not
been identified as part of the replisome, therefore, it may not be located in a location to
interfere with replication restart. To test this hypothesis, replication restart defects could
be assessed in a system where RNASEH1 is artificially tethered to the replication fork.

Our results show cells depleted of PRIMPOL did not exhibit replication restart
defects after HU-induced stalling, indicating there is not a primary role for PRIMPOL in
this type of restart. These results are in accordance with those from the Ercilla study, but
not the Wan and Mouron studies (Ercilla et al., 2019; Mouron et al., 2013; Wan et al.,
2013). The Ercilla study used siRNAs to examine PRIMPOL function in RPE-hTERT cells,
whereas Wan et al. used stably selected shRNAs in HelLa cells and Mouron et al. used
inducible shRNAs in HeLa cells and PRIMPOL KO MEFs. Though not entirely clear why,
the differences in cell lines and methods of depletion may explain why some studies show
a role for PRIMPOL in replication restart after HU-induced stalling and others do not.

We did observe an accumulation of P-RPA S4/8 when PRIMPOL was depleted,
implying there is a contribution of PRIMPOL to the replication stress response, though
this contribution does not occur immediately at the replication fork. These results
collectively suggest that PRIMPOL functions behind the replication fork to promote gap
fill-in as a secondary response to replication stress. Recently, PRIMPOL was shown to
be upregulated after treatment with a high dose of cisplatin and this upregulation helped
cells to recover from a second dose of cisplatin (Quinet et al., 2019), further supporting
the hypothesis that PRIMPOL is a secondary responder.

PRIM1 is essential for replication and thus assessing PRIM1’s function in
replication restart is difficult. While collectively the data suggest a primary role for PRIM1
in replication fork restart, there are caveats to some of our approaches. For example,
siRNAs to PRIM1 may have unintended consequences, especially over a long
experimental time frame. Knockdown of an essential gene in DNA replication may explain
the different dynamics in HU-induced P-RPA S4/8 accumulation in cells depleted of
PRIM1 compared to cells depleted of DDI1/2. Moreover, while chemical inhibition using
Vidarabine-TP is specific to the primase, it is not selective and may have off-target effects
on other polymerases, including the replicative polymerases. The PRIM1-AID system is
beneficial because it can reduce levels of PRIM1 specifically in a relatively short amount
of time, but it is unknown which pools of PRIM1 are affected, those that are free in
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solution, those that are bound to the replication fork, or both. Knowing which pools of
PRIM1 are selectively degraded would help to interpret our results. Both RNAi- and AlID-
meditated depletion of PRIM1 could also result in the loss of other Pol a-primase
components. Examining PRIM2, POLA1, and POLAZ2 levels are necessary to determine
the specificity of PRIM1 depletion. However, this multi-pronged experimental approach
augments confidence in the result that there is a greater reliance on PRIM1 during
replication restart than during general DNA replication.

Our results suggest that PRIM1 and RNASEH2A compete at the replication fork
for an RNA substrate, likely the RNA primer. The results that low doses of Vidarabine-TP
do not inhibit replication restart efficiency but revert the rescue of RTF2 or RNASEH2A
were initially perplexing but fit this competition model. The PRIM1 overexpression
experiments are also consistent with this hypothesis. Biochemical experiments where the
concentrations of PRIM1 and RNase H2 could be titrated will be useful to test this model.

The experiments examining the role of PRIM1 in replication fork restart suggest
that PRIM1 is functioning in a pathway epistatic with DDI1/2, RTF2, and RNase H2. Since
re-priming is occurring directly at the replication fork, PRIM1-dependent replication restart
is likely a rapid process. PRIM1-dependent replication restart would be an efficient first-
line mechanism of restart because the required machinery is already present in the
replisome and immediately available for use. The DDI1/2 removal of RTF2 and RNase
H2 from the replication fork is likely also a rapid mechanism.
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Chapter 5: Discussion
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5.1 The DDI-RTF2 axis

5.1.1 A general model for the DDI-RTF2 axis

DNA replication is vital for the propagation of the genetic material from one cell to
the next, but DNA replication faces many obstacles to complete accurate and timely
duplication of the genome. Here we present DDI1/2 and RTF2 as being indispensable for
DNA replication and recovery from replication stress. Our data support a model whereby
the DDI-RTF2 axis dynamically regulates RNase H2 at the replication fork to control the
excision of genome-embedded ribonucleotides. During unperturbed DNA replication,
RNase H2 travels with the replisome to remove excess ribonucleotides (Figure 5.1A).
This ensures that replication proceeds normally as DNA-embedded ribonucleotides
induce DNA damage and slow the replisome. On the other hand, when the replication
fork stalls, RNase H2 must be removed to allow for proper replication restart (Figure
5.1B). The inability to remove RNase H2 (in a DDI1/2-depleted setting) results in cellular
sensitivity, an accumulation of ssSDNA, deficient fork restart and chromosomal breakage
upon treatment with drugs that induce replication stress. We show that replication fork
restart is dependent on PRIM1, leading to a model whereby inappropriate retention of
RNase H2 at the replication fork degrades PRIM1-synthesized RNA primers that are
necessary for restart.

Our experiments modeled replication stress with exogenous agents, including HU
and aphidicolin. Future experiments will be important to determine the endogenous
function for this pathway, such as hard-to-replicate areas of the genome. These areas
include centromeres, telomeres, and replication fork barriers around the rDNA locus. We
hypothesize that the removal of RTF2 and RNase H2 will be important at these hard-to-
replicate regions where the replication fork may stall.

5.1.2 Replication stress response pathway choice

As discussed in Chapter 1, direct replication restart of a compromised replication
fork can be achieved by re-priming downstream of the lesion, lesion bypass with the use
of TLS polymerases, or lesion bypass via template switching. Our data are consistent
with a direct re-priming mechanism to allow for replication restart at sites of replication
stalling. We show that restart after HU is dependent on PRIM1 and not on PRIMPOL.
Though we did not observe any contribution of PRIMPOL in replication fork restart after
release from HU, we did, however, observe a replication fork restart defect for PRIMPOL
in response to UV radiation as previously reported (Bianchi et al., 2013; Mouron et al.,
2013; Wan et al., 2013). Thus, PRIMPOL-dependent re-priming is relevant to restart
replication in response to UV radiation-induced fork stalling, but not HU-induced fork
stalling. This implies that there are mechanisms to control which primase is selected for
re-priming.
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Figure 5.1. Our model of the DDI-RTF2 axis at the replication fork.

(A) During normal replication, RTF2 travels with the replication fork. We propose that this
keeps RNase H2 at the replication fork to remove recently incorporated genomic
ribonucleotides. Without RTF2, RNase H2 is lost from the replication fork and
ribonucleotides are abnormally incorporated into DNA accumulating over several rounds
of replication. Slower replication may be a result of incompetent OF maturation, the
inability of the polymerases to synthesize across ribonucleotides efficiently, and/or the
induction of DNA damage responses. (B) Under replication stress, DDI1 and DDI2
remove RTF2 from the replisomes which also results in loss of RNase H2 allowing cells
to efficiently restart replication PRIM1-dependent manner. If RTF2 and RNase H2 are not
removed, replication forks cannot restart resulting in increased ssDNA and genomic
instability. We propose there is a competition between PRIM1 and RNase H2, which
regulates the synthesis and degradation of the RNA primer. Several possibilities are
drawn for where PRIM1 may be located because it is not known where PRIM1 and RNase
H2 are acting.

*The placement of RTF2 in this diagram does not represent its physical location, as there
is not enough evidence to yet determine where it is located.
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Why there is a difference in dependency on PRIM1 or PRIMPOL for direct re-
priming to rescue DNA synthesis is currently unknown. As discussed in Chapter 4,
differences in dependency could be based on the timing of protein recruitment to the
replisome. Our data suggest PRIM1 direct re-priming in response to HU occurs rapidly at
the replication fork, whereas PRIMPOL response is temporally distal to promote gap fill-
in. Since PRIMPOL has not been identified as part of the replisome (Wessel et al., 2019),
PRIMPOL’s recruitment may be slower in comparison to PRIM1’s recruitment as PRIM1
is constitutively present at the replication fork. Differences in dependency may also be
related to the differential roles of the primases on the lagging or leading-strand. Since
there is a greater reliance on PRIM1 during DNA replication on the lagging-strand due to
the confined nature of DNA synthesis, we speculate PRIM1-dependent restart is a lagging
stand specific recovery pathway. It is possible that PRIM1 is recruited to the leading-
strand upon replication fork stalling, but it is more likely re-priming on the leading-strand
favors the use of PRIMPOL, especially when there is a blocking lesion. A leading-strand
role for PRIMPOL would be consistent with our results and the published data (Bianchi et
al., 2013; Mouron et al., 2013; Wan et al., 2013).

Experimentally deciphering the differences in responses on the leading and
lagging-strands is complex. While DNA combing is a powerful technique, it does not allow
for specific strand visualization. Coupling of leading and lagging-strand synthesis has
been proposed in E. coli and T4 bacteriophage (Graham et al., 2017; Lee et al., 1998). If
this is also true in mammalian cells, a defect in either the leading- or lagging-strand
coupling would result in overall fork dysfunction and prevent the visualization of a defect
in one strand by DNA combing. If strand coupling does not occur in mammalian cells,
differences between the leading- and lagging-strand would result in bimodal DNA
combing data sets. Dissection of the differences in response to replication stress between
the leading- and lagging-strand remains an area for further investigation and could require
single-molecule biochemical assays.

Selection of which primase is employed to restart replication occurs within the
direct re-priming pathway, but other pathways, including TLS and fork reversal, have also
been described as important for direct replication restart. While TLS polymerases are
typically studied for their role in bypassing bulky lesions to resume DNA synthesis,
recently Pol k has shown to be required for efficient replication fork restart in response to
HU (Tonzi et al., 2018). Pol k-deficiency also results in nascent strand degradation in
response to HU suggesting replication fork reversal may occur without Pol k (Tonzi et al.,
2018). This phenotype is different from DDI1/2-depleted cells, as we observe defective
fork restart efficiency, but not nascent strand degradation (Kottemann et al., 2018). If and
how DDI-RTF2-dependent replication restart after HU-induced stalling coordinates with
Pol k-dependent replication restart has yet to be assessed.

Evidence is accumulating that replication fork remodeling, particularly fork

reversal, can function to promote template switching and restart replication after HU. DNA
translocases including SMARCAL1, ZRANB3, and HTLF as well as RAD51 (Bétous et
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al., 2012; Blastyak et al., 2010; Ciccia et al., 2012; Taglialatela et al., 2017; Vujanovic et
al.,, 2017; Yuan et al., 2012; Yusufzai and Kadonaga, 2008, 2010) are implicated in the
catalysis of fork reversal. Understanding whether or not these proteins function
epistatically with the DDI-RTF2 axis will be important to determine the relationship
between re-priming and fork reversal.

The factors governing direct restart pathway choice during restart are still unclear.
We propose a model where PRIM1-mediated re-priming disfavors the use of TLS
polymerases and template switching. Efficient re-priming has been proposed to act in
opposition to fork reversal (Fumasoni et al., 2015; Quinet et al., 2019), but more work is
needed to address the genetic interplay between re-priming and fork reversal as
mechanisms of direct replication restart. There is no available DNA template on a
reversed fork capable of being primed that would promote restart since reversed forks
are double-stranded. This further supports the idea that re-priming and fork reversal are
separate pathways of direct replication fork restart. As discussed in Chapter 1, the
ubiquitin status of PCNA may direct pathway choice. The mechanism by which stalled
replication forks restart may also be dependent on the timing of recruitment of the proteins
involved and the type, location, and duration of replication stress.

The accumulation of ssDNA at stalled replication forks activates ATR. In response
to replication stress, depletion of DDI1/2 generates large stretches of ssDNA, as
measured by increased P-RPA S4/8 signal (Kottemann et al., 2018). The location of this
ssDNA is unknown, but we hypothesize it accumulates at stalled replication forks. The
observation of increased P-CHK1 S345 signal when DDI1/2 are depleted may indicate
that this ssDNA activates ATR, as phosphorylation of CHK1 on S345 is an ATR-
dependent event. Interestingly, the induction of P-CHK1 S345 in DDI1/2-depleted cells is
not suppressed upon knockdown of RTF2 or RNase H2, despite a reduction in ssDNA,
as measured by the decrease in P-RPA S4/8 signal. Since ATR signaling is intact upon
depletion of RTF2 or RNase H2, these data could suggest that there is an independent
mode of ATR activation that is unrelated to the R-RPA S4/8 signal when DDI1/2 are
deficient. It is also possible that activation of ATR signaling associated with DDI1/2
repression is due to the accumulation of ssDNA whereas the activation of ATR signaling
in the absence of RTF2 or RNase H2 is due to the generation of additional 5° ssDNA-
dsDNA TOPBP1-binding sites by PRIM1-dependent RNA priming and extension. These
two alternate possibilities remain to be tested.

5.1.3 PRIM1-dependent priming and re-priming at the replication fork

PRIM1 is required during general DNA replication, but we observed there is an
even greater reliance on PRIM1 during replication stress as discussed in Chapter 4. Our
results lead to several questions regarding the nature of RNA priming during DNA
replication. First, why is there an increased dependency on PRIM1 during replication fork
restart as opposed to during continuous replication? Second, how does RNase H2 ensure
that ribonucleotides are not retained in the nascent daughter strand without disrupting
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normal PRIM1-dependent priming events at the replication fork? Third, is it physically
possible for RNase H2 to access the RNA primer in the Pol a-primase complex?

One hypothesis to resolve the difference in PRIM1 dependency is that replication
fork stalling allows RNase H2 to access substrates that would not be available if the
replication fork is moving at a consistent rate. For example, replication fork stalling could
allow for the Pol a-primase to be dynamically overturned at the replication fork, exposing
the RNA primer for RNase H2 degradation. If Pol a-primase remains stably bound during
continuous replication, the RNA primer would not be exposed. A recent single-molecule
biochemical study may support this hypothesis. It shows that Pol a-primase can be stably
bound to the replisome when no excess Pol a-primase molecules are available in solution
(Lewis et al.,, 2019). When concentrations of Pol a-primase are high and excess
molecules are available, Pol a-primase molecules can be rapidly exchanged (Lewis et
al., 2019). If replisomes moving continually have limited availability of Pol a-primase
molecules and if stalled replisomes have an excess availability of Pol a-primase
molecules, this could explain the why RNase H2 can degrade RNA primers in the ‘stalled’
but not ‘moving’ state. At high concentrations of Pol a-primase, the authors also observed
two molecules of Pol a-primase present at the replication fork (Lewis et al., 2019). The
biological relevance of the second bound Pol a-primase molecule is unknown, but the
authors suggest examining whether this second bound Pol a-primase molecule allows for
efficient bypass across replication obstacles. Increasing the number of Pol a-primase
molecules at the replication fork may fit with our hypothesis that competition occurs
between RNase H2 and PRIM1 at stalled replication forks.

Another possibility to resolve why there is an increased dependency on PRIM1
during replication stress is that PRIM1 is acting outside of the Pol a-primase complex at
a stalled replication fork. While PRIM1 is normally studied as a component of the
primosome, PRIM1 has biochemical RNA primase activity without the other Pol a-primase
components (PRIM2, POLA1, POLA2) (Schneider et al., 1998). It is possible that
additional PRIM1 molecules are recruited to the replication fork upon stalling to
synthesize RNA primers that are extended by any of the replicative polymerases. This
could be tested by examining whether specific inhibition or targeted degradation of
POLAA1, the catalytic subunit of Pol a, results in a replication fork restart defect. If inhibition
of POLA1 does not trigger a fork restart defect, it would suggest that PRIM1 is acting
outside of the Pol a-primase complex. These “non-classical” PRIM1-synthesized RNA
primers may be the relevant substrate required for replication restart and are susceptible
to RNase H2 degradation. This would potentially explain why the localization of RNase
H2 at the replication fork does not interfere with normal DNA replication.

If PRIM1 is acting as part of the Pol a-primase complex during direct replication
restart, it would have to be possible for RNase H2 to access the RNA primer for
degradation if the RNA primer is the target of RNase H2’s activity. It is not clear from
structural data whether RNase H2 can physically contact an RNA primer in the Pol a-
primase complex. PRIM1 continually establishes three hydrogen bonds with the growing
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3’- rNTP end of the RNA primer, but this is a relatively weak association of PRIM1 with
the RNA-DNA heteroduplex. The helical CTD of PRIM2 forms thirteen hydrogen bonds
with the template, the majority of which are located near the RNA-DNA junction, and six
hydrogen bonds with the 5’ triphosphate of the RNA primer, resulting in a very stable
association. There appear to be no other contacts between PRIM2 and the RNA primer
except for a stacking interaction between His-303 and the base of the 5 rNTP
(Baranovskiy et al., 2016a; Baranovskiy et al., 2016b). Therefore, the majority of the
interactions between primase and the RNA primer are found on the 3’ and 5’ ends of the
RNA primer, leaving the middle of a 9 mer primer exposed (Baranovskiy et al., 2016a;
Baranovskiy and Tahirov, 2017; Baranovskiy et al., 2016b). It is tempting to speculate
that the open architecture of the primase/DNA-RNA complex, where contacts with both
the minor and major grooves are absent, could leave primers susceptible to nuclease
activity especially when the replisome is stalled. However, the mechanism of
intramolecular transfer may shield primers from nucleolytic degradation. The hypothesis
that RNase H2 could access and degrade these RNA primers remains to be empirically
tested.

There are many species of RNA-DNA hybrids, including R-loops, RNA primers, or
single DNA-embedded, that could be the substrate of RNase H2 at a stalled replication
fork. Based on the results showing a dependence on PRIM1 for replication restart, we
hypothesize RNA primers are the predominant substrate which RNase H2 degrades at a
stalled replication fork. RNase H2-dependent removal of the PRIM1-synthesized RNA
primers would result in replication fork stalling. Removal of R-loops would logically
promote, not prevent, replication restart because R-loops can block the replication
machinery. Thus, RNase H2 is likely not removing R-loops at stalled replication forks as
their presence would prevent replication restart. It is possible single DNA-embedded
ribonucleotides could be RNase H2'’s substrate and the experiments proposed in Chapter
4 to examine the RNase H2 separation of function mutant that does not have catalytic
activity against single-embedded ribonucleotides while retaining activity against longer
RNA-DNA hybrids, will help to identify the substrate of RNase H2 at stalled replication
forks.

5.1.4 RNase H2 processing of genome-embedded ribonucleotides during normal DNA
replication

RNase H2-dependent removal of RNA-DNA hybrids is vital for normal DNA
replication. The RNA-DNA substrate processed by RNase H2 during unperturbed DNA
replication may be different from that which is removed during stalled replication. Here |
will discuss which RNA-DNA hybrid species, whether R-loops, RNA primers, or single
DNA-embedded, is most likely removed by RNase H2 during normal DNA replication. R-
loops are a source of replication stress and, therefore, RNase H2-dependent removal of
these lesions would promote normal DNA replication. The accumulation of R-loops would
result in fork asymmetry (Gan et al., 2011). However, RTF2-deficient cells do not exhibit
fork asymmetry, indicating that the replication forks are stable even without the presence
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of RTF2 and RNase H2. Therefore, our data are inconsistent with R-loops being the
substrate RNase H2 processes during normal DNA replication. RNase H2-dependent
removal of RNA primers required for normal DNA synthesis would be unfavorable during
normal DNA replication. Thus, we suspect RNA primers are not the substrates that RNase
H2 removes during normal DNA replication. Loss of RNase H2-mediated removal of
single genome-embedded ribonucleotides could explain the replication slowing and DNA
damage phenotypes observed in the absence of RTF2. During normal DNA replication,
we favor a model where RNase H2 catalyzes the removal of single DNA-embedded
ribonucleotides. This will be tested with experiments examining the RNASEH2A
separation of function mutant as described in Chapter 3.

Our observation of replication slowing when RNase H2 is lost from the replication
fork suggests DNA-embedded ribonucleotides disrupt DNA replication. How does the
accumulation of ribonucleotides behind the replication fork result in slower replication?
One hypothesis is that inefficient removal of RNA primers during Okazaki fragment
maturation interferes with Pol & progression and synthesis on the lagging-strand, resulting
in a strand-specific replication slowing. A second possibility is that multiple rounds of
replication result in the accumulation of single genome-embedded ribonucleotides. These
ribonucleotides may accumulate from several sources, including incorporation by the
DNA polymerases, inefficient Okazaki fragment maturation, and/or DNA repair (Bergoglio
et al., 2003; Brown and Suo, 2011; Cavanaugh et al., 2011; Cilli et al., 2015; Clausen et
al., 2013; Crespan et al., 2016; Donigan et al., 2014; Gosavi et al., 2012; Nick McEIhinny
and Ramsden, 2003; Nick McElhinny et al., 2010; Pryor et al., 2018). These
ribonucleotides remain in the genome in the absence of RNase H2. In this setting,
replication slowing is the result of an intrinsic inability of the polymerases to synthesize
across a ribonucleotide at an efficient rate as it is known that high levels of ribonucleotides
in the template strand impedes replication fork progression (Watt et al., 2011). Finally,
TOP1 can compensate for the loss of RNase H2 and remove genome-embedded
ribonucleotides (Kim et al., 2011; Sekiguchi and Shuman, 1997; Sparks and Burgers,
2015; Williams et al., 2013; Zimmermann et al., 2018). TOP1-dependent removal of
ribonucleotides generates DNA lesions, stimulates PARP1 activity, and induces poly-
ADP-ribosylation, all of which may hinder the replisome. Therefore, in the absence of
RNase H2, the presence of single-embedded ribonucleotides in the genome may also
induce replication slowing as the result of inappropriate TOP1-dependent removal of
ribonucleotides.

5.1.5 Regulation of RTF2, RNase H2, and other nucleases at the replication fork

Our data indicate that RTF2 and RNase H2 travel with the replisome and are
required during normal replication but must be removed upon replication stress. We do
not fully understand the mechanisms that exist to regulate RTF2 and RNase H2’s
localization, retention, and removal at the replication fork.
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How RTF2 is normally recruited to the replication fork is unknown. Our results
suggest RTF2 could be recruited through interaction with the MCM2-7 complex. If
residues essential for the interaction are identified and mutated, future experiments could
determine whether RTF2 is recruited to the replication fork without MCM2-7 interaction.
These experiments would resolve the function that the MCM2-7 complex has in the
recruitment of RTF2 to the replication fork. It is also possible that RTF2 is recruited to the
replication fork via PCNA. RTF2 contains a “non-canonical’ PIP box sequence (Figure
1.10), however, we have not been able to observe a strong, reproducible interaction
between RTF2 and PCNA. If an RTF2 cDNA carrying a mutation in RTF2’s putative PIP
box cannot be recruited to the replication fork, this may indicate that PCNA mediates
RTF2 localization. The function of PCNA in recruitment of RTF2 to the replication fork
requires further investigation.

The nature of DDI1/2-dependent removal of RTF2 during replication stress also
requires further exploration. The ability of DDI1 and DDI2 to shuttle RTF2 to the
proteasome likely requires ubiquitination of RTF2. If, where, and how RTF2 becomes
ubiquitinated during replication stress is an area of active investigation in our laboratory.
Identifying the specific E3 ligase responsible for ubiquitinating RTF2 and the specific
RTF2 residues that become modified will provide opportunities to modulate this pathway.
RTF2 contains a RING domain, which we have shown to be important for RTF2’s function
in unperturbed DNA replication. It has been speculated that this domain could have E3
ubiquitin or SUMO ligase activity (Inagawa et al., 2009). So far the function of this domain
has not been biochemically tested. If this domain is shown to have E3 activity, it is
possible that RTF2 could ubiquitinate itself

Similarly, further investigation is required to understand the regulation of RNase
H2 levels at the replication fork. Localization of RNase H2 at the replication fork can be
facilitated by PCNA-dependent (RNASEH2B’s PIP Box) (Bubeck et al., 2011), PCNA-
independent (via RNASEH2A) (Kind et al., 2014), or an RTF2-dependent mechanism.
The coordination between these pathways is unknown. Our results indicate RNase H2 is
lost from the replication fork specifically but retained on the whole-cell level in the absence
of RTF2. Cells depleted of RTF2 provide a way to study the loss of RNase H2 in DNA
replication without confounding effects from complete cellular loss of RNase H2.

Though our data suggest RTF2 sustains levels of RNase H2 at the replication fork,
the mechanism by which RTF2 provides this regulation is unknown. Future experiments
will be important to determine whether the interaction between RTF2 and RNase H2 is
direct or indirect. Identifying whether the interaction is direct can provide insight into the
mechanism of RTF2 regulation of RNase H2 at the replication fork. If direct, it will be
important to determine which component of the RNase H2 complex mediates the
interaction. Systematic truncation mutations of RTF2 and RNase H2 subunits could
identify the required regions for the interaction and lend further insight into the mechanism
of RNase H2 regulation by RTF2. If the RTF2 and RNase H2 interaction is indirect, there
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could exist a mediator protein of this interaction. PCNA, which interacts with
RNASEH2B’s PIP box and is a central hub in DNA replication, could be one such factor.

Since we have identified RTF2 RING mutants that do not rescue the replication
defect, these mutants could be assessed for their ability to bind to the RNase H2 complex.
If the mutants retain the ability to bind RNase H2, this would suggest that there is some
other active function associated with this domain to sustain RNase H2 levels at the
replication fork. As previously stated, this domain could have ubiquitin or SUMO ligase
activity, but this remains to be functionally tested. If one of these biochemical activities
exists, it is possible that RTF2 regulates RNase H2 via post-translational modification.

In addition to RNase H2, other nucleases travel with the replisome and have
specific roles to maintain general DNA replication. For example, multiple nucleases,
including FEN1, DNA2, and EXO1, are implicated in OF maturation and processing RNA
primers on the lagging-strand. Without these nucleolytic activities, DNA damage ensues.
Poly(ADP-Ribose) polymerase functions to sense unprocessed and un-ligated OFs in
cells (Hanzlikova et al., 2018), which is consistent with data that loss of RNase H2 or
FEN1 inhibition is synthetically lethal with PARP inhibitors (Hanzlikova et al., 2018;
Zimmermann et al., 2018). Since the induction of DNA damage in the absence of RTF2
is likely due to RNase H2 loss from the replication fork, it remains to be determined
whether RTF2 loss is also synthetically lethal with PARP inhibition.

Based on our data regarding the regulation of RNase H2 at the replication fork, we
speculate that the activity of other nucleases involved in OF maturation, including that of
FEN1, DNA2, or EXO1, may need to be regulated at stalled replication forks. Upon EXO1
depletion, we observed partial suppression of the increased P-RPA S4/8 signal
associated with DDI1/2-depletion (data not shown). FEN1 and DNA2 knockdown alone
induced P-RPA S4/8 making any DDI1/2 co-depletion studies uninterpretable (data not
shown). EXO1 has 5’ to 3’ exonuclease activity as well as RNase H activity (Lee and
Wilson, 1999; Orans et al., 2011; Qiu et al., 1999a). Unrestrained EXO1 activity has also
been implicated in nascent DNA resection at reversed forks (Lemacon et al., 2017). Since
we do not observe DNA resection in DDI1/2-depleted cells (Kottemann et al., 2018), we
think this activity of EXO1 is irrelevant in our system. EXO1, DNA2, and FEN1’s role in
direct replication restart requires further investigation.

The main replisome components are stable upon replication stress (Dungrawala
et al., 2015), but it is becoming increasingly evident that accessory factors are
dynamically altered upon replication fork stalling. Certain factors are restrained, such as
DNA2, MRE11, and EXO1, by replication fork protection activities of BRCA1, BRCAZ2, or
RAD51 (Lemacon et al., 2017; Schlacher et al., 2011; Schlacher et al., 2012; Wang et al.,
2015a). Our work suggests that removal of nucleases may also be vital to replication fork
protection as we hypothesize ubiquitin-mediated removal of RTF2 results in RNase H2
removal from the replication fork. Future work will be important to address a more
complete profile of the proteasomal shuttle-dependent protein turnover events at the DNA
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replication fork during normal replication and during recovery from replication stress.
Turnover events provide a rapid mechanism of responding to DNA insults. By
understanding the complex dynamics and regulation of supportive replisome-associated
proteins, in addition to the major components, we will have a more complete picture of
replication stress responses.

5.1.6 Clinical implications of the DDI-RTF2 axis

The results from these studies have implications for human health. First, these
data may provide a better understanding of AGS, a disease associated with mutations in
any of the RNase H2 subunits. AGS has been a useful diagnostic label, but a larger
umbrella grouping of Mendelian disorders associated with an up-regulation of type | INF
signaling has been proposed, termed “type | interferonopathies" (reviewed in (Crow,
2011)). The type | INF response seen in patients with mutations in RNase H2 is also
demonstrated in hypomorphic mouse models (Mackenzie et al., 2016; Pokatayev et al.,
2016). It is hypothesized that cytosolic nucleic acid species, reminiscent of viral nucleic
acids, stimulate type | INF expression resulting in AGS pathogenesis (Gunther et al.,
2015; Mackenzie et al., 2017); (reviewed in (Rodero and Crow, 2016)). Given RTF2-
deficient cells exhibit similar mitotic defects to RNase H2-deficient cells, a type | INF
response should be examined in the Rtf2 mouse model driven by tissue-specific
promoters, such as the Vav promoter, discussed in Chapter 2. Further work to address
the origin of the cytosolic nucleic acids that stimulate type | INF and how this stimulation
leads to pathogenesis is of the utmost importance to understanding the disease etiology
of type | interferonopathies.

Our data suggest that mutations in RTF2 could lead to type | interferonopathies.
To date, there are no characterized human mutations in RTF2 and thus any disease
phenotype is unknown. Upon pursuit of these experiments, RTF2 had not yet been
studied in the mammalian system and thus more work is needed to understand RTF2’s
relevance to human health. Eleven of the eighteen genes associated with type |
interferonopathies have known roles in nucleic acid metabolism and signaling (reviewed
in (Rodero and Crow, 2016)). Interestingly, patients with splicing mutations in POLA1, the
catalytic subunit of Pol a, are diagnosed with X-linked reticulate pigmentary disorder
(XLPDR), a primary immunodeficiency with auto-inflammatory features. This disorder is
characterized as a type | interferonopathies despite presenting distinctly from the other
type | interferonopathies (Starokadomskyy et al., 2016). It will be interesting to follow how
this umbrella grouping of Mendelian disorders grows and whether it will include the
addition of more proteins involved in the DDI-RTF2 axis.

Genome instability also drives cancer development and therapy resistance.
Understanding the regulation and consequences of genomic ribonucleotides continues to
be a relevant topic for cancer development as deficiencies in RNASEH2B are associated
with metastatic prostate cancer and chronic lymphocytic leukemia in humans
(Zimmermann et al., 2018) and drive the development of squamous cell carcinomas in
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mice (Hiller et al., 2018). Since genome-embedded ribonucleotides are a source of
PARP-trapping lesions, it has been suggested that PARP inhibitors may be of therapeutic
value in RNASEH2B-deficient cancers. Future studies may be important to determine
RTF2’s contribution to cancer development.

Targeting DNA replication and replication stress pathways in cancer cells has been
the mainstay of cancer treatments. In the 1940s, the discovery of nitrogen mustard, an
alkylating agent, began the first wave of chemotherapeutics targeting DNA replication.
Since then, targeted therapies inhibiting specific factors in the DNA damage and
replication stress response have been developed and are being examined in clinical trials.
For example, an ATR kinase inhibitor, AZD6738, is currently being tested in multiple
clinical trials. Inhibition of the DDI-RTF2 axis may also prove useful to sensitize cancer
cells to ATR or CHK1 inhibitors if ATR signaling is independent of the DDI-RTF2 axis. It
has been shown that the depletion of PRIM1 using RNAI is synthetic lethal with ATR or
CHK1 inhibitors (Job et al., 2018). The increased reliance on PRIM1 during replication
restart after stress, as opposed to during unperturbed replication, may allow for specific
synergistic effects with the ATR and CHK1 inhibitors. Counter to this notion, the CRISPR-
mediated loss of RNase H2 is also synthetic lethal with ATR inhibition (Wang et al., 2018).
These data are contradictory given our results that PRIM1 and RNase H2 compete, rather
than synergize, with each other. The also of either PRIM1 or RNase H2 results in genome
instability, which may explain why they are both synthetic lethal with ATR inhibition.
However, these published data also use methods that strongly abrogate or remove
essential genes and would benefit from studies using specific inhibitors. Our data support
the development of DDI1/2 or PRIM1 inhibitors for future studies to determine if this is a
viable therapeutic avenue.

5.2 Concluding remarks

This work was pursued under the hypothesis that by studying proteins of unknown
function at the replication fork, we would reveal interesting, previously undescribed,
biological mechanisms. We found a novel pathway dependent on DDI1/2 and RTF2 that
intersects with known proteins, RNase H2 and PRIM1, but reveals new insights about
their regulation and function in DNA replication and the replication stress response. There
are still many uncharacterized genes and new roles for known genes that remain to be
discovered, especially in regard to DNA replication and repair. These types of studies are
vitally important to understanding human biology.
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Chapter 6: Experimental Procedures
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6.1 General procedures

6.1.1 Generation of Rtf2 mouse strains, husbandry, and genotyping

mESCs containing the Rtf2 gene targeting construct (Rtf2im1akOMP)Wisi) were
obtained from the UCDavis KOMP Repository. The Rockefeller transgenics facility
injected targeted mESCs into C57BL/6J blastocysts to generate chimeras. Rtf2+5p mice
were mated with mice expressing Flp (Rodriguez et al., 2000) to generate Rtf2+/°x mice.
Rtf2+'ox mice were then mated with mice expressing Cre recombinase from a ubiquitous
Ella promoter (Lakso et al., 1996). All of the animals were handled according to the
Rockefeller University Institutional Animal Care and Use Committee protocols. See Table
6.1 for summary of mouse strains.

Mouse tail tips were obtained from pups at day 21. Tails were lysed in DirectPCR
Lysis Reagent (Mouse Tail) supplemented with 0.2 mg/mL proteinase K according to
manufacturer’s protocol. 0.2-1.0 pL of lysate was used for 20 pL PCR reaction. GoTaq®
DNA polymerase master mix was used for PCRs with appropriate primers. Sanger
sequencing was performed at GeneWiz. See Table 6.3 for mESC long range genotyping
primers and Table 6.4 for mouse genotyping primers.

6.1.2 Mammalian cell culture

Mouse embryonic fibroblasts (MEFs) were isolated on embryonic day 13.5 from
crosses of Rtf2+ox and Rtf2+ox mice (Rtf2++, Rtf2+"ox and Rtf2oxlox MEFs) and crosses of
Rtf2+ox and Rtf2*- mice (Rtf2++, Rtf2+/ox, Rtf2+*-, and Rtf2/°x MEFs). MEFs were
expanded to obtain cells for early passage primary cell stocks and to immortalize cells
with a retrovirus expressing SV40 (Zhu et al., 1991). Experiments were conducted with
littermate MEFs. Multiple MEF lines from individual mothers were isolated and used in
replicate experiments. Rtf2” clonal cell lines were also generated from SV40-
immortalized Rtf2/ox MEFs after infection with pMMP Hit & Run Cre recombinase.

Primary MEFs and BJ foreskin fibroblasts (transformed by HPV16 EG6E7
expression and/or immortalized by expression of catalytic subunit of human telomerase
(hTERT)) were maintained in DMEM, supplemented with 15% (v/v) fetal bovine serum
(FBS), 1X MEM non-essential AA, 2 mM L-alanyl-L-glutamine dipeptide, and 100U/mL
penicillin-streptomycin. MEFs virally transformed with SV40, HEK 293T cells, U20S cells
(as described in Kottemann et al.) and HelLa cells (Jackson lab) were maintained in
DMEM supplemented with 10% FBS and the additional supplements described above.
RPE p537, pRb”, PRIM1-AID-mClover cells (de Lange lab) were maintained in
DMEM/F12 supplemented with 10% FBS and the additional supplements described
above. HCT-116 p53--cells were maintained in McCoy’s 5A media supplemented with
10% FBS and the additional supplements described above. Upon confluence, cells were
dissociated with trypsin and a fraction of the cells were passaged into a new dish. Cells

119



were cryopreserved in their respective media supplemented with 10 % DMSO. See Table
6.2 for summary of cell types.

6.1.3 Growth and sensitivity assays

For growth assays, 2 x 10% - 3 x 10* cells were plated in each well of a 6-well plate
in triplicate. Wells were counted on subsequent days. Population doublings were
calculated using the following formula: 3.32 x [log(the number of cell harvested)-log(the
initial number of cells plated)]

For sensitivity assays, 2.5 x 104 — 4.5 x 10* cells were plated in each well of a 6-
well plate in triplicate. The following day drugs were added at indicated concentrations.
After 5-6 days in culture, cells were passaged once at appropriate ratios. Cells were
counted when untreated wells reached near confluence around 7-9 days. The cell
numbers at each dose of drug were divided by the cell number in the untreated sample
to calculate the percent survival.

6.1.4 RNA preparation, reverse transcription, and real-time quantitative PCR

Total messenger RNA was extracted from cells using RNeasy Plus Mini Kit. RNA
was reverse transcribed using the SuperScript™ Il First-Strand Synthesis System. The
relative transcript levels of genes of interest were determined by RT-gPCR using
Platinum™ SYBR™ Green SuperMix-UDG. All kits were used according to
manufacturer’s protocol. Reactions were run and analyzed on Applied Biosystems™
QuantStudio™ 12K Flex system. See Table 6.5 for RT-qPCR primers.

6.1.5 Plasmid generation and mutagenesis

cDNA from MEFs or BJ cells was PCR amplified with primers containing attB sites.
attB-PCR products were cloned using the Gateway® system into pPDONOR223 with BP
Clonase Il Enzyme Mix. pDONR223 derivatives with inserted cDNAs (pENTR vectors)
were cloned into destination vectors with LR clonase Il Enzyme Mix. RTF2 RING mutants
were generated with QuikChange Multi Site-Directed Mutagenesis Kit in pENTR
plasmids. Mutagenesis was confirmed with Sanger sequencing (GeneWiz) prior to
cloning into destination vectors with LR clonase Il. Reactions were transformed into
chemically competent DH5-a or StIb3 E. coli cells and plated onto Luria-Bertani (LB)/agar
plates with the appropriate bacterial selection (kanamycin (50 ug/ml), spectinomycin (50
pg/mL), chloramphenicol (25 ug/ml), or ampicillin (100 pg/ml)). Clones were mini-prepped
and sequences were confirmed with Sanger sequencing (GeneWiz). Correctly identified
clones were maxi-prepped and ethanol precipitated for sterile tissue culture use. See
Table 6.6 for Gateway primers, Table 6.7 for mutagenesis primers and Table 6.10 for a
list of plasmids with details regarding individual vectors.
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6.1.6 Transductions

cDNAs were delivered by retroviral or lentiviral transduction after packaging in HEK
293T cells. 5x10° were plated the evening before transfection. DNA and viral packaging
vectors were transfected into cells with Trans|T-293 transfection reagent according to the
manufacturer’s protocol. The next day, media was changed and another 24 hours later,
viral supernatants were harvested every 12 hours and filtered (0.45 uM). pWZL Cre-hygro
and pMMP Hit & Run Cre viral supernatants were provided by the de Lange lab. Target
cells were infected with viral supernatants supplemented with 4 ug/mL polybrene. Stably
expressing cells were selected with the appropriate agent ((puromycin (0.5-2 pg/ml),
hygromycin (100 pg/ml), blasticidin (600 ug/ml), neomycin (600 pg/ml)). See Table 6.10
for a list of plasmids.

6.1.7 Generation of GFP-AID-RTF2 endogenously tagged HEK 293Ts

The pUC19-EGFP-AID-hRTF2 donor construct was generated with classical and
In-Fusion® HD cloning techniques. hRTF2 was amplified with BamHI and Notl digestion
sites and ligated into the pcDNA5-FRT-TO-EGFP-AID backbone. Using this as a PCR
template, a GFP-AID-hRTF2 construct was amplified with primers compatible for In-
Fusion. 5’ and 3’ UTR regions of RTF2 were also amplified with primers compatible with
In-Fusion. Subsequently purified PCR products from these reactions were cloned into a
Hindlll- and EcoRI-digested pUC19 backbone with In-Fusion®, generating a donor
construct containing homolog arms in the 5° UTR and 3’ UTR and a cDNA for GFP-AID-
RTF2. HEK 293Ts were transfected TransIT-293 with this donor construct, a guide RNA-
Cas9 construct and a single guide RNA construct in a 1:1:1 ratio. Cells were grown for
48-72 hours before sorting for GFP+ populations. GFP+ populations were sub-cloned for
single cell clones. These clones were verified for integration of the GFP-AID-RTF2 cDNA
into the endogenous Rtf2 locus. See Table 6.8 for CRISPR cloning primers.

6.1.8 Immunoblotting

If cells were counted upon collection, an equal number of cells was lysed by
resuspension in an equal volume (100 uL per 1x108 cells) of hot Laemmli buffer (Bio-
Rad). If cells could not be counted upon collection, whole cell lysates were prepared by
lysing cells in homemade Laemmli buffer (4% SDS, 20% glycerol, 0.125 M Tris-HCI
(pH=6.8)). Samples were either sonicated or passed through a tuberculin needle 10
times. Protein concentration was determined by Lowry protein assay prior to addition of
2-mercaptoethanol (10% final concentration) and bromophenol blue (0.004% final
concentration). Subsequently, samples were boiled for 5 minutes. Equal amounts of
protein were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) on precast 4—-12% Bis-Tris gels. Membranes were blocked for one hour in
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5% milk in TBST (10 mM Tris-HCI (pH=7.5), 150 mM NaCl, 0.1% Tween 20) and
incubated in primary antibodies for 2 hours at room temperature or overnight at 4°C.
Membranes were sufficiently washed in TBST (3x 10 minutes) before being incubated
with horseradish peroxidase (HRP)-conjugated secondary antibodies for 1 hour at room
temperature detected by enhanced chemiluminescence. Membranes were visualized
with either ImageQuantLAS 4000 or Azure c300 imaging systems. See Table 6.11 for list
of antibodies.

6.1.9 Immunofluorescence and nascent proximity ligation assay

For EdU staining, cells were grown on round micro glass coverslips and pulsed
with EdU (10 pM) for one hour prior to being washed in 1X phosphate buffered saline
(PBS) and fixed in 3.7% (v/v) formaldehyde in PBS at room temperature for 10 minutes.
Coverslips were washed and permeabilized in 0.5% (v/v) Triton X-100 in PBS. Coverslips
were incubated in blocking buffer (either 5% (v/v) FBS in PBS or 3% (w/v) bovine serum
albumin (BSA) in PBS) for 30 minutes at room temperature. Coverslips were stained with
Click-iT™ EdU Alexa Fluor™ 488 Imaging Kit according to manufacturer’s protocol.
Coverslips were mounted on glass microscope slides with DAPI Fluoromount-G®.

For yH2AX staining, cells were grown on round micro glass coverslips, washed,
fixed, and permeabilized as above. Coverslips were incubated with primary antibodies in
blocking buffer for two hours at room temperature or overnight at 4°C. Coverslips were
washed with blocking buffer and then incubated with secondary antibodies. Coverslips
were washed 3x 5 minutes with PBS, dried, and mounted on glass microscope slides with
DAPI Fluoromount-G®.

For nascent PLA staining, cells were grown on round micro glass coverslips and
pulsed with EdU prior to being washed in ice cold PBS, pre-extracted in cold cytoskeleton
buffer (10 mM PIPES pH=6.8, 100 mM NaCl, 300 mM sucrose, 3 mM MgCI2, 1 mM
EGTA, 0.5% (v/v) Triton X-100) for 5 minutes, and cold cytoskeleton stripping buffer (10
mM Tris HCI (pH=7.4), 10 mM NaCl, 3 mM MgCI2, 1% (v/v) Tween 20, 0.5% (w/v) sodium
deoxycholate) for 5 minutes. Coverslips were fixed, permeabilized and blocked as above.
Coverslips were incubated for 30 minutes in homemade Click-iT reaction cocktail (PBS,
Biotin azide (10 pM), (+) Sodium L-ascorbate (10 mM), Copper (ll) sulfate pentahydrate
(10 mM)). Coverslips were washed and incubated with the PCNA antibody in blocking
buffer for two hours at room temperature. Coverslips were washed again and incubated
with a secondary antibody. Coverslips were washed and incubated with PLA primary
antibodies overnight at 4°C. The next day the PLA reaction (DuoLink®) was completed
according to the manufacturer’s protocol. Coverslips were mounted on glass microscope
slides with DAPI Fluoromount-G®. Slides were imaged Inverted Olympus [IX-71
DeltaVision Image Restoration Microscope or Axio Observer.A1 fluorescence
microscope. See Table 6.11 for list of antibodies.
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6.1.10 Cell cycle and flow cytometry

Exponentially growing cells were labeled with EAU one hour prior to collection and
fixation. Cell cycle was performed with Click-iT™ EdU Alexa Fluor™ 647 Flow Cytometry
Assay Kit per the manufacturer’s protocol. Total DNA content was stained with FxCycle™
Violet. Stained cells were analyzed on a BD Accuri™ C6 or BD™ LSR Il cytometers. Data
were analyzed with FlowJo software.

6.1.11 Silanization of coverslips and DNA combing

Silanized coverslips were either purchased from GenomicVision or prepared in-
house according to Gallo et al (Gallo et al., 2016) with modification of the plasma cleaning
step, where we used Gatan Model 950 Advanced Plasma System for 10 minutes with
atmospheric air. Mirco-slide holders were made at Rockefeller’s Precision Fabrication
Facility.

For DNA combing, exponentially growing cells were labeled with IdU (100 pM)
followed by CldU (100 uM). Stocks of IdU were solubilized in sodium hydroxide (NaOH)
and stocks of CldU were solubilized in ammonium hydroxide (NH4OH) to concentrations
of 10mM and stored in -20°C until use. Labelled cells were collected and washed in ice
cold PBS. Cells were resuspended in 45 uL resuspension buffer (PBS, 0.2% sodium
azide). An equal volume of 2% agarose (low melt, Mb grade) melted in PBS was
equilibrated at 55°C and added to cells. The 90 pL slurry was solidified in plug molds for
15 minutes at 4°C. Agarose plugs were then injected into digestion buffer (1 mg/mL
proteinase K, 1% N-Lauroylsarcosine, 0.2% sodium deoxycholate, 100 mM EDTA, 10
mM Tris-HCI (pH 7.5)) and incubated overnight at 55°C. Plugs were washed for at least
3 x 1 hour each in 15 mL of wash buffer (10mM Tris-HCI, 1imM EDTA, 100 mM NaCl)
before melting in round bottom tubes filled with 1 mL combing buffer (50 mM MES
monohydrate, pH=5.6) at 68°C for 20 minutes. After melting, tubes were gently
transferred to a 42°C heat block. After 10 minutes, 1.5 pL B-agarase was added without
mixing and incubated overnight at 42°C. The following morning, DNA was gently poured
into disposable DNA reservoirs pre-filled with an additional 1.2 mL of combing buffer.
DNA was combed onto silanized coverslips using the Molecular Combing System
(Genomic Vision). Slides were dried for 2 hours at 65°C. Slides were denatured (0.5M
NaOH, 1 M NaCl) for 8 minutes, followed by dehydration in 70%, 90% and 100% ethanol
(5 minutes each). Slides were blocked for 1 hour in 5% FBS in PBS. Slides were
incubated with primary antibodies overnight at 4°C or 2 hours at room temperature,
washed and incubated with secondary antibodies for 1 hour at room temperature. Slides
were mounted with Fluoromount-G®. Fibers were imaged, stitched, and measured. See
Table 6.11 for list of antibodies.
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6.1.12 RNA sequencing and analysis

Total messenger RNA was extracted using RNeasy Plus Mini Kit. RNA was DNase
treated prior to submission to Rockefeller University’s genomic core where it was prepped
for sequencing. Libraries for intron retention were prepared using rRNA depletion and run
on NextSeq 500 High Output for 75 base pair paired end reads. Libraries for transcript
analysis were prepared using standard Illlumina sequencing primers and run on NextSeq
500 High Output for 75 base pair single reads. For intron retention analysis, raw reads
were aligned to the mouse genome (mm10) with Stand NGS’s software. Percentage of
reads mapping to introns was from determined post-alignment statistics. For mRNA
transcript analysis, raw reads were aligned to the mouse genome and analyzed by Tom
Carroll at Rockefeller University’s Bioinformatics core using the NGSpipeR package.
Differential expression was determined with DESeq2.

6.1.13 Isolation of proteins on nascent DNA (iPOND)

Exponentially growing cells were pulsed with EdU for differential times to yield
similar labeled lengths of nascent DNA. iPOND was performed as previously described
(Dungrawala and Cortez, 2015). Lysates were incubated with streptavidin-coupled
magnetic beads overnight at 4°C on the nutator. Eluate was run 1 cm into a 4%—12% Bis-
Tris gel and submitted for LC-MS analysis at Rockefeller University’s Proteomics Core.

6.1.14 Co-immunoprecipitations

Endogenous co-immunoprecipitations were performed on HEK 293Ts seeded the
previous day at a concentration of 10 x 106 — 20 x 108 cells per 15 cm. One 15 cm dish
was collected for each sample. Cells were treated one hour prior to collection with 2 uM
MG-132. Cells were then washed 1x with cold PBS and scraped into 50 mL conicals.
Cells were spun at 500xg for 5 min. Cells were subsequently washed twice with cold PBS.
Cells were lysed in 1 mL of cold lysis buffer (50 mM HEPES (pH=7.5), 150 mM NaCl, 2
mM MgCI2, 0.1% Tween 20, 1x Phosphatase inhibitor cocktail 1, 1x protease inhibitor
cocktail, 2 mg/mL N-ethylmaleimide). Cells were sonicated on ice three times at 15A for
15 seconds. 1 pL of benzonase was added to samples prior to sonication. Lysates were
spun at 28,000xg for 15 minutes. 50 uL of supernatant was reserved for input. Remaining
supernatant was incubated with antibodies and Protein A-coupled magnetic beads (6 pg
of antibody: 10 pL of Protein A beads) per sample. Normal mouse or rabbit IgG was used
for antibody controls. Lysates were incubated at 4°C for 2 hours on nutator and then
washed three times in 1 mL lysis buffer (5 minutes each on nutator). Beads were then
boiled for 5 minutes in 25 yL Laemmli and run on 4-12% Bis-Tris SDS-PAGE gel.
Membranes were subject to standard immunoblotting detection methods described in
section 6.1.8.

GFP co-immunoprecipitations were performed on endogenously tagged HEK

293Ts seeded the previous day at a concentration of 10 x 10— 20 x 108 cells per 15 cm.
Five 15 cm dishes were collected per sample. Lysates were prepared as above, and
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supernatants were incubated with GFP-rabbit antibody coupled M270 epoxy beads for 2
hours at 4°C. GFP co-immunoprecipitations were performed on HEK 293Ts over-
expressed either GFP-EV or GFP-hRTF2 cDNAs seeded the previous day at a
concentration of 10 x 108 — 20 x 106 cells per 15 cm. Five 15 cm dishes were collected
per sample. Chromatin extracts were isolated as previously described (Mendez and
Stillman, 2000)and supernatants were incubated with GFP-nanobody coupled M270
epoxy beads for 2 hours at 4°C. anti-GFP (rabbit) antibodies or anti-GFP nanobodies
were coupled to M270 epoxy beads according to manufacturer’s protocol. See Table 6.11
for list of antibodies.

6.1.15 Protein biochemistry

hRTF2 was cloned into expression constructs pSKA002 (HIS14-eGFP-Protease 3
site), pPSKA004 (HIS14-Protease 3 site), pSKA008 (HIS14-SUMO) (Gift from Sebastian
Klinge) using classical cloning techniques (BamHI and Notl hRTF2 primers were used as
in section 6.1.7). These constructs were transformed in B21 (DE3)-Codon Plus-RIL
chemically competent cells. Colonies containing expression vector were grown overnight
in 10 mL culture with chloramphenicol (25 pg/ml) and kanamycin (50 pg/ml). Using 10 mL
start culture, 1 L of LB (no antibiotics) was inoculated and grown to an OD600 = 1. Culture
was then induced with 1 mM IPTG and grow overnight at 20°C. Culture was collected,
spun and resuspend in 15 mL lysis Buffer (250 mM NaCl, 10 mM imidazole, 100 mM KCl,
10% glycerol, 0.5% Triton-X100, 1 mg/mL Lysozyme, 0.2 mM PMSF). Lysate was
sonicated with macro-tip at 15 A for 30 seconds (3x). Supernatant was incubated with
His-binding resin for 30 minutes before transferring to column. Column was washed twice
with 6 column volumes and once with 3 column volumes (wash buffer: 50 mM sodium
phosphate buffer (pH=8), 250 mM NaCl, 30 mM imidazole). Column was eluted with three
times with 1 column volume. (elution buffer: 50 mM Sodium phosphate buffer (pH=8), 250
mM NaCl, 250 mM imidazole). Sample of eluate was run on gel and stained with
Coomassie to determine protein containing fractions. Eluates were dialyzed overnight at
4°C (50 mM sodium phosphate buffer (pH=7.4), 250 mM NaCl) to remove imidazole.
Eluates were then digested with Ulp1 overnight at 4°C and size excluded on the Akta
pure system with Hiload 16/60 Superdex 75 column. Additional clean-up was performed
by running sample over the His-binding resin. Purified RTF2 was filtered through 0.22 pm
filter to sterilize prior to freezing with 10% glycerol. See Table 6.10 for a list of plasmids.

To assess purified RTF2 interaction with the MCM2-7 complex, hRTF2 and the
hMCM2-7 complex (where MCM5 is FLAG tagged) were incubated together at 4°C for 2
hours in mixing buffer (20 mM HEPES, pH=7.5, 1 mM DTT, 0.01% NP-40, 5% glycerol,
0.1 mg/mL BSA, 1x cOmplete protease inhibitor, 50 mM NaCl; 50uL total reaction).
Benzonase can be added at final concentration of 1 uL per 1 mL of mixing buffer. After
mixing, additional 1uL of 5M NaCl was added to each reaction to increase final NaCl
concentration to 150 mM. 2 uL of FLAG M2 magentic beads were added to each reaction
and incubated 4°C for 1 hour. After one hour, beads were washed with 1 mL wash buffer
(20 mM HEPES, pH=7.5, 1 mM DTT, 0.01% NP-40, 5% glycerol, 1x cOmplete protease
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inhibitor, 150 mM NaCl) for 5 minutes. Washes were repeated four times before proteins
were eluted in 20uL Laemmli buffer at 100°C for 5 minutes. Lysates were subjected to
standard immunoblotting techniques descried in 6.1.8.

6.1.16 siRNA transfections

Cells were transfected with pools of 3 siRNAs against DDI1 as previously
published (Kottemann et al., 2018). For PRIM1 and PRIMPOL, pools of 3 siRNAs were
used. For RNASEH2 and RTF2 depletion, a single siRNA was used. Cells were
transfected using Lipofectamine™ RNAIMAX Transfection Reagent according to
manufacturer’s instructions with the exception that siRNA-lipid complexes were added to
the well and then cells were seeded on top of complexes. Knockdown was measured by
RT-gPCR or western blot. See Table 6.9 for RNAi sequences.

6.1.17 Live cell imaging

Cells were infected with retrovirus carrying a GFP-H2B cDNA. Exponentially
growing cells were infected with Cre, seeded in 35 mm glass bottom dishes and imaged
every five minutes using Olympus CellVoyager.

6.1.18 Metaphase spreads

Cells were treated for 40 hours with aphidicolin. In the final 90 minutes of treatment,
cells were co-incubated with colcemid (0.1 ug/mL). Cells were harvested and incubated
in 5mL 0.075 M KCL for 10 minutes before being fixed with the addition of 1 mL methanol
and acetic acid (3:1). Cells were resuspend in 10 mL of methanol and acetic acid (3:1)
overnight at 4°C. Cells were dropped onto wet slides and dried at 42°C for at least one
hour before staining with 8% (v/v) KaryoMAX™ Giemsa in 1x Gurr buffer for three
minutes, washing in 1x Gurr buffer for three minutes, washing in water for three minutes,
and drying. Dry slides were then imaged on the Metasystems Metafer slide scanning
platform.

6.1.19 Quantification and statistical analysis
Images were captured with default microscope software. All statistical analysis

was completed using GraphPad Prism software. Image quantification was completed
with FIJI software.
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6.2 Key Resources

6.2.1 Mouse strains

Table 6.1. Mouse strains

MOUSE STRAIN SOURCE IDENTIFIER

Rtf2tm1a(KOMP)wtsi This paper

B6.Cg Tg(ACTFLPe)9205Dym/J Jackson 005703
Laboratories

B6.FVB/N-Tg(Ella-cre)C5379Lmgd/J Jackson 003314
Laboratories

C57BL/6J Jackson 000664
Laboratories

6.2.2 Mammalian cell lines

Table 6.2. Mammalian cell lines

CELL LINE SOURCE IDENTIFIER

Human: HEK 293T ATCC

Human: HEK 293T endogenously GFP-tagged | This paper N/A

RTF2

Human: BJ-hTERT-E6/7, male Smogorzewska Lab

Human: U20S, female ATCC HTB-96

Human: RPE p53“, pRb”, PRIM1-AID-mClover | de Lange Lab

Human: HeLa (HeLa Parental, HeLa WT Clone, | Durocher and

HelLa RNASEH2A KO Clone), female Jackson Labs

Human: HCT-116 p53” (HCT-116 p537 WT

Clone, HCT-116 p53” RNASEH2A KO Clone)

Mouse: RTF2 MEFs (Rtf2++, Rtf2+'ox, Rtf2/ox, | This paper N/A

and Rtfz/ox/lox)

KOMP mES cells Rtf2im1a(KOMP)wsi KOMP MGl code:

1913654
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6.2.3 Oligonucleotides

Table 6.3. mESC long range genotyping primers

Oligonucleotide VENDOR IDENTIFIER
mESCs Cassette 3' Universal Forward IDT KOMP
cacacctccccctgaacctgaaac

mESCs Cassette 5' Universal Reverse IDT KOMP
ggtggtgtgggaaagggticgaag

mESCs Cassette GF3 gccgaagaaggtcgagaaggtcag | IDT KOMP
mESCs Cassette GR3 cgaatctctccacctgctcaatccag IDT KOMP
Table 6.4. RTF2 mouse genotyping primers

Oligonucleotide VENDOR IDENTIFIER
Genotyping_PCR1_Fwd gcctgtgagcttggcaggta IDT This Paper
Genotyping_PCR1_Rev aggggaagacctgactgtgt IDT This Paper
Genotyping_PCR2_Fwd gcctgtgagcttggcaggta IDT This Paper
Genotyping_PCR2_Rev agcctgagctctgtcacatt IDT This Paper
Genotyping_PCR3_Fwd gatattgctgaagagcttgg IDT This Paper
Genotyping_ PCR3_Rev gaagttatctcgacgaagttc IDT This Paper
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Table 6.5. RT-gPCR primers

Oligonucleotide VENDOR | IDENTIFIER
Mouse Rtf2 RT-qPCR Forward gaagtgtgtcacacgtgtgg IDT This Paper
Mouse Rtf2 RT-gPCR Reverse tticttttccagcttggecc IDT This Paper
Human RTF2 RT-qPCR Forward IDT Kottemann et al
tgctgaagacaaggatggag

Human RTF2 RT-gPCR Reverse tgaaacagactctgctgcct | IDT Kottemann et al.
Mouse Rnaseh2a RT-qPCR Forward IDT This Paper
gcatctttgccaaggtggcc

Mouse Rnaseh2a RT-qPCR Reverse IDT This Paper
ggtcttgggatcattgggat

Human RNASEH2A RT-qPCR Forward IDT This Paper
gctgaaagtggcagactcaa

Human RNASEHZ2A RT-qPCR Reverse IDT This Paper
caggttgtatttgacccgcc

Human RNASEH1 RT-qPCR Forward IDT This Paper
aggaatcggcgtttactggg

Human RNASEH1 RT-qPCR Reverse IDT This Paper
aggctgcatgaatttccgce

Human DDI1 RT-gPCR Forward tggaacacaacgtgctacct | IDT Kottemann et al.
Human DDI1 RT-gPCR Reverse atctgtctgggggctgtct IDT Kottemann et al.
Human DDI2 RT-gPCR Forward cgatgtagtgtgtgtgtactgc | IDT Kottemann et al.
Human DDI/2 RT-gPCR Reverse IDT Kottemann et al.
ccagtgaggtagattctttaccactt

Human GAPDH RT-gqPCR Forward ggtcggagtcaacggattt | IDT This Paper
Human GAPDH RT-gqPCR Reverse gccccacttgattttggag | IDT This Paper
Mouse p-actin RT-qPCR Forward IDT Thongthip et al.
ctaaggccaaccgtgaaaag

Mouse B-actin RT-gPCR Reverse IDT Thongthip et al.
accagaggcatacagggaca

Human PRIM1 Forward RT-qPCR IDT This Paper
gacagagcattgaaggagga

Human PRIM1 Reverse RT-qPCR cgtcttgaccaccctttaca | IDT This Paper
Human PRIMPOL Forward RT-qPCR IDT This Paper
ggcacttcagtagaaaccat

Human PRIMPOL Reverse RT-gPCR IDT This Paper
cgccgaattcctcctttaat
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Table 6.6. Gateway cloning primers

Oligonucleotide VENDOR | IDENTIFIER
attB human RNASEH2A Forward IDT This Paper
ggggacaagttigtacaaaaaagcaggcttcatggatctcagcgagct

gga

attB human RNASEH2A Reverse IDT This Paper
ggggaccactttgtacaagaaagctgggtctagaggctggttgctgact

attB mouse RTF2 Forward IDT This Paper
ggggacaagtttgtacaaaaaagcaggcttcatgggttgcgacggag

gcac

attB mouse RTF2 Reverse IDT This Paper
ggggaccactttgtacaagaaagctgggttcagaagcagtaggatgt

gt

attB human PRIM1 Forward IDT This Paper
ggggacaagtttgtacaaaaaagcaggcttcatggagacgtttgaccc

cac

attB human PRIM1 Reverse IDT This Paper
ggggaccactttgtacaagaaagctgggtttattictcaaggaaaattt

Table 6.7. Mutagenesis primers

Oligonucleotide VENDOR | IDENTIFIER
Mouse_RTF2_C121A_Mutagenesis IDT This Paper
agcgcggttcatcgcccctgtggtgggce

Mouse_RTF2_C160A_Mutagenesis IDT This Paper
tggaaggcagccccagccgtgtgacacacttc

Mouse_RTF_C140,142A_Mutagenesis IDT This Paper
gttttgcttcctccgatgegecggtgcetgtgttttctgaacgegece
Mouse_RTF2_C157A_Mutagenesis IDT This Paper
gagataaaagctgaagtggctcacacgtgtggggctgc
Mouse_RTF2_C140A_Mutagenesis IDT This Paper

gttttgcttcctccgatgcgecggtigtgtgttttctgaa
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Table 6.8. CRISPR cloning primers

Oligonucleotide VENDOR IDENTIFIER
RTF2 5'BamHI aaaaggatcccatgggttgcgacggggga IDT This Paper
RTF2 3'Notl aaaagcggccgctcagaagcagtaggacgtgtgg | IDT This Paper
hRTF 5 UTR Fwd INFUSION IDT This Paper
accatgattacgccaagcttactcttggaacgggcatggce

hRTF 5 UTR Rev INFUSION IDT This Paper
tcctcgececttgetcaccatcgcaggacgggagtcagage

GFP Fwd INFUSION IDT This Paper
atggtgagcaagggcgagga

hRTF rev INF IDT This Paper
gagcggtggcagtgcgggcttcagaagcagtaggacgtgt

hRTF 3’ UTR Fwd INF IDT This Paper
agcccgcactgccaccgctc

hRTF 3’ UTR Rev INF IDT This Paper
aacgacggccagtgaattctaacttataggcagataaaat

Table 6.9. siRNAs and shRNAs

Oligonucleotide VENDOR IDENTIFIER
Luciferase siRNA Thermo Fischer 12935146
hRNASEH1 siRNA 1 gggaaagaggugaucaacatt | Ambion 548356
hRNASEH1 siRNA 2 cagacaguauguuuacgautt | Ambion s48357
hRNASEH1 siRNA 3 cgggauuuauaggcaauatt Ambion s48358
hRNASEH2A siRNA 1 caaugaucccaagacaaatt | Ambion 20656
hRNASEH2A siRNA 2 ccaccgauauuuccuggaatt | Ambion 20657
hRTF2 siBRNA 1 caaagaugccgucauugaatt Ambion §226737
hPrim1 siRNA 1 gaaccagagauuauaagaatt Ambion s11050
hPrim1 siRNA 2 caucgucucuggguauauutt Ambion s11051
hPrim1 siRNA 3 caacuacgguggagugauatt Ambion s10052
hPrimpol siRNA 1 ggcuauugauagaguuaaatt Ambion s11053
hPrimpol siRNA 2 ccacgaagaagagaucauatt Ambion s11054
hPrimpol siRNA 3 ggaucuccuucgauuuagatt Ambion s11055

hDDI1 siRNA1 ccggagacaucaauguuccaucgat ThermoFisher HSS181016
hDDI1 siRNA 2 ggaaauuacacauucagucauggat | ThermoFisher HSS140552
hDDI1 siRNA 3 ccggagacaucaauguuccaucgat | ThermoFisher HSS140553
hDDI2 shRNA uggaaaucgauacagcuca Open Biosystems | V3LHS_328065
MRNASEH2A shRNA #1 MilliporeSigma TRCO0000119585
ccgggctcgattacaacagcactttctcgagaaagtgctgttgta

atcgagctttttg

MRNASEH2A shRNA #2 MilliporeSigma TRCO0000119584

ccggegggtegttgtegtetgagtictcgagaactcagacgaca
acgacccgtttttg
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6.2.4 Plasmids

Table 6.10. Plasmids

Plasmids VENDOR IDENTIFIER

Gateway Entry Vectors

pDONOR233; spectinomycin resistant; Smogorzewska Smogorzewska

Gateway Lab Lab

PENTR-EV; spectinomycin resistant; Gateway | Smogorzewska Smogorzewska
Lab Lab

PENTR-HA-FLAG-mRTF2; spectinomycin This paper This paper

resistant; Gateway

PENTR-HA-FLAG-mRTF2_C121A; This paper This paper

spectinomycin resistant; Gateway

PENTR-HA-FLAG-mRTF2_C140A; This paper This paper

spectinomycin resistant; Gateway

PENTR-HA-FLAG-mRTF2_C142A; This paper This paper

spectinomycin resistant; Gateway

PENTR-HA-FLAG-mRTF2_C160A; This paper This paper

spectinomycin resistant; Gateway

PENTR-HA-FLAG-mRTF2_C140A_C142A; This paper This paper

spectinomycin resistant; Gateway

pPENTR-HA-FLAG-mRTF2_C121A_C160A; This paper This paper

spectinomycin resistant; Gateway

PENTR-HA-FLAG-mRTF2_ C121A_ This paper This paper

C140A_C142A; spectinomycin resistant;

Gateway

PENTR-HA-FLAG-mRTF2_ C121A_ This paper This paper

C140A_C142A_C157A; spectinomycin

resistant; Gateway

PENTR-HA-FLAG-mRTF2_ This paper This paper

C121A_C140A_C142A_C157A_C160A;

spectinomycin resistant; Gateway

PENTR-HA-FLAG-mRTF2_ This paper This paper

C121A_C140A_C142A_C160A; spectinomycin

resistant; Gateway

pPENTR-RNASEH2A; spectinmycin resistant; This paper This paper

Gateway

pPENTR-hPRIM; spectinmycin resistant; This paper This paper

Gateway
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Retroviral expression vectors

PEA59-EV-dest (destination vector); Smogorzewska Smogorzewska

chloramphenicol and ampicillin resistant; Lab Lab

Gateway

PEA59-EV-puro; ampicillin resistant; retroviral; | Smogorzewska Smogorzewska

Gateway Lab Lab

PEA59-HA-FLAG-mRTF2-puro; retroviral; This paper This paper

ampicillin resistant; Gateway

PEA59-HA-FLAG-mRTF2_C121A-puro; This paper This paper

retroviral; ampicillin resistant; Gateway

PEA59-HA-FLAG-mRTF2_C140A-puro; This paper This paper

ampicillin resistant; retroviral; Gateway

PEA59-HA-FLAG-mRTF2_C142A-puro; This paper This paper

ampicillin resistant; retroviral; Gateway

PEA59-HA-FLAG-mRTF2_C160A-puro; This paper This paper

ampicillin resistant; retroviral; Gateway

PEA59-HA-FLAG-mRTF2_C140A_C142A- This paper This paper

puro; ampicillin resistant; retroviral; Gateway

PEA59-HA-FLAG-mRTF2_C121A_C160A- This paper This paper

puro; ampicillin resistant; retroviral; Gateway

PEA59-HA-FLAG-mRTF2_ C121A_ This paper This paper

C140A_C142A-puro; ampicillin resistant;

retroviral; Gateway

PEA59-HA-FLAG-mRTF2_ C121A_ This paper This paper

C140A_C142A_C157A-puro; ampicillin

resistant; retroviral; Gateway

PEA59-HA-FLAG-mRTF2_ This paper This paper

C121A_C140A_C142A_C157A_C160A-puro;

ampicillin resistant; retroviral; Gateway

PEA59-HA-FLAG-mRTF2_ This paper This paper

C121A_C140A_C142A_C160A-puro; ampicillin

resistant; retroviral; Gateway

pMSCVpuro-DEST (destination vector); Addgene Plasmid#

chloramphenicol and ampicillin resistant; 119745

Gateway

pMSCVpuro -EV This Paper This Paper

pMSCVpuro -RNASEH2A This Paper This Paper

MSCV_PM_shRNA_Control_puro Smogorzewska Smogorzewska
Lab Lab

MSCV_PM_shRNA_shDDI2_puro Smogorzewska Smogorzewska
Lab Lab

MSCV-GFP-H2B-hygro Smogorzewska Smogorzewska
Lab Lab
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pMMP Hit & Run Cre; retroviral; self-excising Smogorzewska NA
Lab
pWZL Cre-hygro; retroviral Smogorzewska NA
Lab
Lentiviral expression vectors
CMV-HA-FLAG-Dest; destination vector; Smogorzewska Smogorzewska
chloramphenicol and ampicillin resistant; Lab Lab
Gateway
CMV-HA-FLAG-hPRIM1-puro; lentiviral; This paper This paper
ampicillin resistant; Gateway
CMV-EV-puro; lentiviral; ampicillin resistant; This paper This paper
Gateway
pLKO.1 shRNASEH2A #1_puro; ampicillin MilliporeSigma SHCLNG-
resistant NM_027187,
TRC000011958
5
pLKO.1 shRNASEH2A #2_puro; ampicillin MilliporeSigma SHCLNG-
resistant NM_027187,
TRC000011958
4
pLKO.1 shRNA Control Plasmid puro; ampicillin | MilliporeSigma SHCO002
resistant;
CRISPR generation of GFP-AID-RTF2 HEK
293Ts
pcDNA5-FRT-TO-EGFP-AID Addgene Plasmid #80075
MLM3636 Addgene Plasmid #43860
MLM3636 5’ UTR_1 sequence This Paper This Paper
acgctaggcgcggcegtageg
px330 Addgene Plasmid # 42230
px330 3’'UTR_1 atgtgaggcgtgtcggttcc This Paper This Paper
pUC19-5UTR-GFP-AID-hRTF2-3UTR This Paper This Paper
Homology Donor Construct
Protein Biochemistry
PSKA002 HIS14-SUMO-MCS Expression Klinger Lab Klinger Lab
Vector
PSKA002 HIS14-SUMO-RTF2 This paper This paper
PSKAO008 HIS14-GFP-MCS-Expression Vector | Klinger Lab Klinger Lab
PSKAO008 HIS14-GFP-RTF2 This paper This paper

Packaging Constructs
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VSV-G,; retroviral packaging Smogorzewska Smogorzewska
Lab Lab

Gagpol; retroviral packaging Smogorzewska Smogorzewska
Lab Lab

pMD2.G (VSV-G envelope expressing Addgene #12259

plasmid); lentiviral packaging

psPAX2; lentiviral packaging Addgene #12260
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6.2.5 Antibodies

Table 6.11. Antibodies

ANTIBODY SOURCE IDENTIFIER
Primary Antibodies
Mouse IgG Santa Cruz Cat# sc-2025,
RRID:AB_737182
Mouse monoclonal anti-a-tubulin (clone MilliporeSigma Cat# T9026,
DM1A), WB:1:5000 RRID:AB_477593
Mouse monoclonal anti-yH2AX Ser139 MilliporeSigma Cat# 05-636,
(clone JBW301), IF 1:2000 RRID:AB_309864
Mouse monoclonal anti-biotin, IF: 1:2000 Jackson Cat# 200-002-211,
ImmunoResearch RRID:AB_2339006

Mouse monoclonal anti-BrdU (B44),
combing: 1:10

BD Biosciences

Cat#
347580, RRID:AB
400326

Mouse monoclonal anti-CHK1, WB:1:1000 | MilliporeSigma Cat # C9358,
RRID:AB_259159
Mouse monoclonal anti-Poly (ADP-Ribose) | Abcam Cat # ab14459,
Polymer antibody [10H], WB:1:100 RRID:AB_301239
Mouse monoclonal anti-PCNA (PC10), WB: | Santa Cruz Cat# sc-56,
1:1000, RRID:AB_628110
Mouse monoclonal anti-RNASEH2A, Santa Cruz Cat# sc-515475
WB:1:500
Mouse monoclonal anti-RTF2 (clone LS Bio Cat# LS-C340588
OTHES8), WB: 1:1000
Mouse Monoclonal anti-vinculin, MilliporeSigma Cat# V9131,
Unconjugated, Clone hVIN-1 RRID:AB_477629
Mouse monoclonal anti-WAPL (A-7), WB: Santa Cruz Cat# sc-365189,
1:500 RRID:AB_1070887
0
Rabbit 1IgG Santa Cruz Cat# sc-2027,
RRID:AB_737197
Rat monoclonal anti-BrdU [BU1/75 (ICR1)], | Abcam Cat# ab6326,
combing: 1:20 RRID:AB_305426
Rabbit monoclonal anti-MCM7 (D10A11) Cell Signaling Cat# 37358,
XP, WB: 1:1000 RRID:AB_2142705
Rabbit polyclonal anti-c200rf43 (RTF2), WB: | Novus Cat# NBP2-30645

1:500

Rabbit polyclonal anti-GFP

Smogorzewska Lab

Kotteman et al.

Rabbit polyclonal anti-GFP

Abcam

Cat# ab290
RRIDL AB_303395
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Rabbit polyclonal anti-RNASEH2A Abcam Cat# ab83943,
RRID:AB_1861175

Rabbit polyclonal anti-RNASEH2C AbClonal Cat# A13884,
RRID:AB_2760737

Rabbit  polyclonal  anti-phospho-CHK1 | Cell Signaling Cat# 2341,

(S345), WB:1:1000 Technology RRID:AB_330023

Rabbit  polyclonal  anti-phospho-RPA32 | Bethyl Cat# A300-245A,

(S4/8), WB:1:1000

RRID:AB_210547

Rabbit polyclonal anti-PRIM1

Proteintech

Cat # 10773-1-AP
RRID:AB_2237549

Rabbit polyclonal anti-RPA32, WB 1:2000

Bethyl

Cat# A300-244A,
RRID:AB_185548

Secondary Antibodies

Goat Anti-Mouse IgG H&L Cross-Absorbed | ThermoFisher Cat# A-

(Alexa Fluor® 488), IF:1:1000, 11029, RRID:AB_
combing:1:100 2534088

Goat Anti-Mouse IgG H&L Cross-Absorbed
(Alexa Fluor® 647), combing:1:100

ThermoFisher

Cat# A-21235,
RRID:AB_2535804

Goat Anti-Rabbit 1IgG H&L (Alexa Fluor®
488)

ThermoFisher

Cat# A-11008,
RRID:AB_143165

Goat Anti-Rat IgG H&L Cross-Absorbed
(Alexa Fluor® 594), IF:1:1000,
combing:1:100

ThermoFisher

Cat# A-11007,
RRID:AB_1056152
2

Peroxidase-AffiniPure Goat Anti-Mouse IgG | Jackson Cat# 115-035-003,
(H + L) antibody, WB:1:2000 ImmunoResearch RRID:AB_1001528
Labs 9
Peroxidase-AffiniPure Goat Anti-Rabbit IgG | Jackson Cat# 115-035-144,
(H + L) antibody, WB:1:2000 ImmunoResearch
Labs
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6.2.6 Reagents

Table 6.12. Reagents

REAGENT/KIT SOURCE IDENTIFIER
General Chemicals

2-mercaptoethanol MilliporeSigma Cat# M3148
2-propanol ThermoFisher Cat# A416
3-Indoleacetic acid MilliporeSigma Cat# 13750-5G-A
5’-cholor-2’-deoxyuridine (CldU) MilliporeSigma Cat# C6891
5-ethynyl-2’-deoxyuridine (EdU) ThermoFisher Cat# A10044
5’-iodo-2’-deoxyuridine (IdU) MilliporeSigma Cat# 17125
Acetic Acid ThermoFisher Cat# A38
Acteone ThermoFisher Cat# A18

Agar, Bacto VWR Cat# 90000-762
Agarose, Low melt Bio-Rad Cat# 1613111
Agarose, SeaKem®LE Lonza Cat# 50004
Ammonium hydroxide ThermoFisher Cat# 15633520
Ampicillin MilliporeSigma Cat# A9518
Aphidicolin MilliporeSigma Cat# A0781
Blasticidin S HCI ThermoFisher Cat# R21001
Boric Acid ThermoFisher Cat# A73500
Bovine serum albumin MilliporeSigma Cat# A3059
Bromophenol Blue Sigma Cat# B8026
Chlorampenicol MilliporeSigma Cat# C0378
Chloroform ThermoFisher Cat# C298
Colcemid MilliporeSigma Cat# 234109
cOmplete™, EDTA-free Protease Inhibitor MilliporeSigma Cat# 11873580001
Cocktail

DMSO MilliporeSigma Cat# D2650
EDTA MilliporeSigma Cat# E5134
EGTA ThermoFisher Cat# 02783
Ethanol, 200 proof, molecular grade ThermoFisher Cat# 22-032-601
Formaldehyde ThermoFisher Cat# F1635
Formamide ThermoFisher Cat# BP228100

FxCycle™ Violet Stain

ThermoFisher

Cat# F10347

Geneticin (Neomycin)

ThermoFisher

Cat# 10131035

Glycerol ThermoFisher Cat# G33500
H20, molecular grade VWR Cat# 71002-726
HEPES MilliporeSigma Cat# H3375
Heptane MilliporeSigma Cat# 246654
Hydrochloric acid ThermoFisher Cat# A144S
Hydroxyurea MilliporeSigma Cat# H8627

Hygromycin B

ThermoFisher

Cat# 10687-010
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Imidazole MilliporeSigma Cat# 15513
IPTG MilliporeSigma Cat# 16758
Kanamycin MilliporeSigma Cat# K1876
MES monohydrate MilliporeSigma Cat# 69889
Methanol ThermoFisher Cat# A412
Mitomycin C MilliporeSigma Cat# M4287
MG-132 MilliporeSigma Cat#474790
MgCl2 MilliporeSigma Cat# M2670
N-ethylmaleimide MilliporeSigma Cat# E3876
N-Lauroylsarcosine sodium salt MilliporeSigma Cat# 61745
Phenol:Chloroform:lsoamylalcohol (25:24:1) | MilliporeSigma Cat# P2069
Phosphatase Inhibitor Cocktail | MilliporeSigma Cat# 524624
Phosphatase Inhibitor Cocktail Il MilliporeSigma Cat# 524625
PIPES MilliporeSigma Cat# P6757
PMSF MilliporeSigma Cat# 10837091001
Polybrene (Hexadimethrine bromide) MilliporeSigma Cat# 28728-55-4
Potassium Chloride ThermoFisher Cat# P2173
Proteinase K MilliporeSigma Cat# 3115879001
Puromycin Dihydrochloride MilliporeSigma Cat# P8833
Spectinomycin MilliporeSigma Cat# S9007
Sodium Acetate ThermoFisher Cat# S209500
Sodium Azide MilliporeSigma Cat# S2002
Sodium Chloride ThermoFisher Cat# S271
Sodium Deoxycholate MilliporeSigma Cat# D6750
Sodium dodecyl sulfate MilliporeSigma Cat# L4390
Sodium hydroxide ThermoFisher Cat# S318500
Sodium Phosphate Dibasic Heptahydrate ThermoFisher Cat# BP331500
Sodium Phosphate Monobasic ThermoFisher Cat# S369
Monohydrate

Sucrose ThermoFisher Cat# S53

Tris Base ThermoFisher Cat# BP152
Triton X-100 MilliporeSigma Cat# T8787
Trypsin ThermoFisher Cat# 25200-056
Tryptone ThermoFisher Cat# BP1421
Tween 20 ThermoFisher Cat# BP337

Yeast Extract

ThermoFisher

Cat# BP1422

Enzymes

BamHI NEB Cat# R3136
Beta-agarase NEB Cat# M0392
Benzonase MilliporeSigma Cat# E1014
DNase ThermoFisher ENO0531
Notl NEB Cat# M0288

139




RNASEHII

NEB

Cat# M0288

ThermoPol® Reaction Buffer Pack

NEB

Cat# B9004

Genotyping (related to 6.1.1)

1 Kb Plus DNA Ladder

ThermoFisher

Cat# 10787018

DirectPCR Lysis Reagent (Mouse Tail)

Viagen Biotech

Cat #102-T

GoTaqg® DNA polymerase master mix

Promega

Cat# M7833

Mammalian cell culture (related to 6.1.2)

DMEM

ThermoFisher

Cat# 11965-092

DMEM/F12 ThermoFisher Cat# 11330-032
Fetal Bovine Serum (FBS) R&D Systems Cat# S11150
GlutaMAX™ ThermoFisher Cat# 35050061
McCoy’s 5A ThermoFisher Cat# 16600082

MEM non-essential AA 100X)

ThermoFisher

Cat# 11140076

Penicillin-streptomycin

ThermoFisher

Cat# 15140122

RNA preparation, reverse transcription
and RT-qPCR (related to 6.1.4)

RNeasy Plus Mini Kit

Qiagen

Cat# 74134

Platinum SYBR Green SuperMix-UDG

ThermoFisher

Cat# 11733046

SuperScript™ Il First-Strand Synthesis

ThermoFisher

Cat# 18080051

Platinum SYBR Green SuperMix-UDG

ThermoFisher

Cat# 11733046

Plasmid generation and mutagenesis
(related to 6.1.5)

Chemically competent DH5-a. E. coli

Smogorzewska Lab

Chemically competent Stlb3 E. coli

Smogorzewska Lab

BP Clonase Il Enzyme Mix

ThermoFisher

Cat# 11789020

GenElute HP Plasmid DNA Maxiprep Kit MilliporeSigma Cat# NA0310
LR Clonase Il Enzyme Mix ThermoFisher Cat# 11791100
Multi-Site Directed Mutagenesis Kit Agilent Cat# 200514
QIAprep Spin Miniprep Kit Qiagen Cat# 27106
PBS (10x) ThermoFisher Cat# 20012050

Transductions (related to 6.1.6 )

Trans|T-293 MirusBio LLC Cat# MIR2700
Generation of GFP-AID-RTF2

endogenously tagged HEK 293T (related

to 6.1.7)

In-Fusion® HD Cloning Plus Clontech Cat# 638917

Immunoblotting (related to 6.1.8)
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DC™ Protein Assay Bio-Rad Cat# 5000111
NuPAGE™ 4-12% Bis-Tris Midi Protein ThermoFisher Cat# WG1402A
Gels, 20- or 26-well, w/adapators Cat# WG1403A

NuPAGE™ 4-12% Bis-Tris Mini Protein
Gels, 10-well

ThermoFisher

Cat# NP0321

NuPAGE™ MOPS SDS Running Buffer
(20X)

ThermoFisher

Cat# NP00O1

NuPAGE™ Transfer Buffer

ThermoFisher

Cat# NP0006

Western Lighting Plus-ECL, Enhanced
Chemiluminescence Substrate

PerkinElmer

Cat# NEL104001

Immunofluorescence (related to 6.1.9)

Biotin azide

ThermoFisher

Cat# B10184

(+)-sodium L-ascorbate MilliporeSigma Cat# A7631
Click-iT™ EdU Alexa Fluor™ 488 Imaging ThermoFisher Cat# C10337
Kit

Copper (Il) sulfate pentahydrate ThermoFisher Cat# C489

DAPI Fluoromount-G®

SouthernBiotech

Cat# 0100-20

DuoLink® In Situ PLA Anti-mouse MINUS MilliporeSigma Cat# DUO92004
probe

DuoLink ®In Situ PLA Anti-rabbit PLUS MilliporeSigma Cat# DUO92002
probe

DuoLink® In Situ Detection Reagents MilliporeSigma Cat# DUO92007
Orange

DuoLink® In Situ Wash Buffers MilliporeSigma Cat# DUO82049

Micro Cover Glasses, Round, No. 1.5 12
mm

ThermoFisher

Cat# 1254581

Flow cytometry (related to 6.1.10)

Click-iT™ EdU Alexa Fluor™ 647 Flow
Cytomtery Kit

ThermoFisher

Cat# C10419

DNA Combing (related to 6.1.11)

Combicoverslips

GenomicVision

Cat# COV-002-
RUO

Disposable Reservoirs

GenomicVision

Cat# RES-001

FiberPrep® (DNA Extraction Kit)

GenomicVision

Cat# EXTR-001

Fluoromount-G®

SouthernBiotech

Cat# 0100-01

Micro Cover Glasses, Square, No. 1.5,
22x22

ThermoFisher

Cat# 12-541-BP

Octenyltrichlorosilane, mixture of isomers

MilliporeSigma

Cat# 539279

Co-immunoprecipitations (related to
6.1.14)
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Dynabeads™ M-270 Epoxy

ThermoFisher

Cat# 14301

Dynabeads™ MyOne™ Streptavidin C1

ThermoFisher

Cat# 65001

Dynabeads™ Protein A

ThermoFisher

Cat# 10001D

Protein biochemistry (related to 6.1.15)

Anti-FLAG® M2 Magnetic beads MilliporeSigma Cat# M8823
BL21-CodonPlus (DE3)-RIL Competent Aglient Cat# 230240
Cells

HIS-Select® HF Nickel Affinity Gel MilliporeSigma Cat# HO537
InstantBlue Expedeon Cat# ISB1L
Laemmli 2x Concentrate MilliporeSigma Cat# S3401
Lysozyme MilliporeSigma Cat# L6876

siRNA transfections (related to 6.1.17)

Lipofectamine RNAIMAX Transfection
Reagent

ThermoFisher

Cat# 13778-150

Metaphase spreads (related to 6.1.18)

Gurr Buffer Tablets

ThermoFisher

Cat# 10582013

KaryoMAX™ Giemsa Stain Solution

ThermoFisher

Cat# 10092013
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6.2.7 Equipment

Table 6.13. Equipment

Smogorzewska Lab

EQUIPMENT SOURCE IDENTIFIER
General Lab Equipment
Nanodrop 2000c Spectrophotometer ThermoFisher, ND-2000C

PowerPac™ Basic Power Supply

Bio-Rad,
Smogorzewska Lab

Cat# 1645050

Thermocycler

Bio-Rad,
Smogorzewska Lab

C1000

Wide Mini ReadySub-Cell GT Cell

Bio-Rad,
Smogorzewska Lab

Cat# 1704489

Mammalian cell culture/ Growth and
sensitivity assays (related to 6.1.2 and
6.1.3)

Imaging System

Smogorzewska Lab

Z2™ Coulter Counter® Analyzer Beckman Coulter, Cat# 6605700
Smogorzewska Lab

RNA preparation, reverse transcription

and RT-qPCR (related to 6.1.4)

Applied Biosystems™ QuantStudio™ 12K ThermoFisher, Cat# 4471087

Flex Rockefeller Genomics
Resource Center

Immunoblotting (related to 6.1.8)

Azure c300 Chemiluminescent Western Blot | Azure Biosystems, Cat# ¢c300

Criterion™ Vertical Electrophoresis Cell

Bio-Rad,
Smogorzewska Lab

Cat# 1656001

equipped with a Pan-Apochromat 63X NA-
1.4 oil objective and Axio CCD camera

Smogorzewska Lab

ImageQuantLAS 4000 GE Healthcare Life Cat# 28955810
Science,
Nussenzweig Lab

XCell SureLock™ Mini-Cell ThermoFisher, Cat#EI0001
Smogorzewska Lab

Immunofluorescence (related to 6.1.9)

Axio Observer.A1 fluorescence microscope, | Carl Zeiss, NA
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Flow cytometry (related to 6.1.10)

BD Accuri™ C6

Becton Dickinson,
Rockefeller Flow
Cytometry Resource
Center

NA

BD FACSAria™ Il

Becton Dickinson,
Rockefeller Flow
Cytometry Resource
Center

NA

BD™LSR I

Becton Dickinson,
Rockefeller Flow
Cytometry Resource
Center

NA

DNA Combing (related to 6.1.11)

Branson 2800 liquid sonicator

ThermoFisher,
Smogorzewska Lab

Cat# 15-336-
126

FiberComb® (Molecular Combing System)

GenomicVision,
Smogorzewska Lab

Cat# MCS-001

Gatan Model 950 Advanced Plasma System

Gatan, Rockefeller
Cyro-EM Resource
Center

Inverted Olympus IX-71 DeltaVision Image | Applied Precision, NA

Restoration Microscope, equipped with 60x | Rockefeller

oil objective and pco.edge sCOS camera Bioimaging Resource
Center

RNA sequencing (related to 6.1.12)

NextSeq 500 lllumina, Rockefeller NA
Genomics Resource
Center

Protein Biochemistry (related to 6.1.15)

Akta pure system GE LifeSciences, NA
Klinge Lab

HiLoad 16/60 Superdex 75 GE LifeSciences, NA
Klinge Lab

Live Cell Imaging (related to 6.1.17)

Olympus CellVoyager CV1000 Olympus, Rockefeller | NA

Bioimaging Resource
Center
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Metaphase Spreads (related to 6.1.18)

Humidifier

Smogorzewska Lab

NA

Metafer Slide Scanning Platform

MetaSystem,
Smogorzewska Lab

NA
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