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Abstract

Translin and Trax are highly conserved, paralogous proteins that are functionally associated
with one another. They have been shown to participate in a wide range of biological pathways,
including tRNA processing, mRNA regulation in neuronal cells, spermatogenesis function and
pre-microRNA degradation during oncogenesis, a role which has given rise to the notion that
they could represent a suitable pharmaceutical target for several forms of neoplasia. Translin
was originally identified as a cancer-associated, chromosomal breakpoint junction binding
protein, which led to the proposal that it functions in the DNA damage response. The aim of
this study was to build on previous, unpublished work to further establish how Translin and/or
Trax contribute to the maintenance of genomic integrity. Given the conserved nature of the two
proteins, their function was investigated using the facile and genetically tractable experimental
model, Schizosaccharomyces pombe. Preliminary data resulted in the hypothesis that S. pombe
Translin (Tsnl), but not Trax (Tfx1), is involved in processing genomic RNA:DNA hybrids
and could be functionally linked to RNase H activity for genome maintenance control. Here
we reveal a functional association between Tsnl and the RNase H Rnh201, but attribute this to
non-RNase H activity of Rnh201, and, counter to our original hypothesis, find no evidence for
a role for Tsnl in RNA:DNA hybrid processing for genome stability maintenance, suggesting
a distinct functional pathway. This is extended by exploring the relationship between Tsnl and
Tfx1 with the RNA:DNA helicase, Senl. Whilst we find no functional relationship between
Tsnl and Senl, we do reveal a possible functional redundancy between Senl and Tfx1, which
opens a new avenue of investigation. Previous work has also demonstrated functional
redundancy between Tsnl and the RNA interference-associated RNAse III, Dcrl, which
functions in an RNAi-independent fashion to maintain genome stability by displacing RNA
polymerase II form the genomic template to avoid genome destabilisation caused by
transcription-replication conflicts. Here, we extend this to reveal a complex functional
relationship between Dcrl, Tsnl and Rnh201 and provide a model that proposes an auxiliary
role for Tsnl for displacing RNA polymerase II from genomic DNA to prevent replication-
associated genome instability. Finally, we clone the human 7SN (Translin) gene and
demonstrate that it can replace S. pombe tsnl encoded function(s) for genome maintenance,
and it can do this in the absence of human TSNAX. We also demonstrate that this is not
dependent on the RNase activity of human TSN. This not only demonstrates the conservation
of this function within the Translin family, but also offers a simple system in which to study

this important human oncogene and therapeutic target.
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Chapter 1: Introduction



1. Introduction

1.1. Cancer overview

Cancers are an important group of diseases causing high levels of morbidity and mortality,
annually claiming approximately 8 million lives globally (Campbell et al., 2020). Thus far,
over one hundred different forms and subtypes of cancer, with diverse aetiologies have been
characterised; each organ has its own set of distinctive cancers. Whilst cancers are including a
wide range of complex diseases, they share many defining characteristics, including genome
instability and uncontrolled proliferation of cells that can invade proximal and distal tissues.
Mutations in the normal DNA sequence can trigger the formation and progression of cancer;
mutated genes may manifest as altered expression and/or altered or lost function (Vargas-
Rondon et al., 2018; Nenclares & Harrington, 2020). The extent and type of oncogenic genetic
change is variable. They can be simple point mutations that affect just one or a few nucleotides,
or they can be large-scale alterations, such as chromosomal translocations, in which large
segments of DNA are moved to a different chromosome (see Section 1.3). The effect of both
large- and small-scale changes can be significant, resulting in altered chromosome or protein
structures (Yi & Ju, 2018; Li et al., 2020). Rather than being a ‘one-step’ process, the
development of cancer development is typically considered to be a cumulative process
initiating in one somatic cell which becomes abnormal (clonal origin), although there are
exceptions to this, where single chromosomal changes, such as translocations, can drive
oncogenesis. As the cancer progresses, malignant tumours can form, which penetrate the basal
membrane barrier of the affected tissue, enabling the aberrant cells to metastasise, the process

by which tumours invade other tissues.

As well as spontaneous mutations in somatic cells of an adult, individuals can inherit mutations
that increase their susceptibility to develop cancer (Wang & Chen, 2020; Campbell et al.,
2020). Cancer cells can proliferate because mutations often occur in genes that ordinarily
restrict cellular proliferative capacity; these genes are termed tumour suppressor genes. As a
result, the genome of cancer cells is unstable, which is a defining characteristic of cancer.
However, in contrast to the conventional view that cancers arises gradually over time from
several genetic alterations, there is compelling evidence that cancer can also arise from
chromothripsis, where the chromosome is ‘shattered’ and aberrantly rejoined in a single,

catastrophic collective of mutation events (Li et al., 2020 ; Dewhurst, 2020).



1.2. Hallmarks of cancer

The so called ‘hallmarks of cancer’ are biological features that the majority of cancers exhibit
as the disease develops (Hanahan and Weinberg, 2000; 2011). The proposed common cancer
hall marks can be seen in Figure 1.1 and they include 1) angiogenesis, in which there is
sustained formation of blood vessels needed to supply oxygen and nutrients to the tumour, and
also provide a route for metastatic cellular migration; 2) resistance to apoptosis (programmed
cell death), which would normally cull mutated cells from healthy tissue thereby preventing
them from becoming cancerous; 3) metastasis, migrating to other sites; 4) enhanced response
to signals that promote cell growth; 5) unresponsiveness to signals to inhibit growth; 6)
unrestrained ability to replicate. These are the more established hallmarks, but other
characteristics of cancer cells have been proposed adding to the set of hallmarks (Figure 1.1).
These include the capacity to modulate cell metabolism for the benefit of cell proliferation and,
importantly, the ability to evade immune system cells, in particular, B and T lymphocytes,
macrophages and natural killer cell, which enables the tumour to express novel tumour specific
antigens without triggering immunological destruction (Hanahan and Weinberg, 2011,
Nenclares & Harrington, 2020). These hallmarks prove the platform for understanding cancer
that will enable the development of anticancer treatments and patient diagnostic/stratification

technologies (Meiyanto & Larasati, 2019).

As indicated above, a defining feature of cancer cells is that most of them exhibit genomic
instability. (Hanahan and Weinberg, 2011; Bach et al., 2019). Chromosome instability (CIN)
is a particular type of genomic instability which arises during mitosis; CIN reflects the failure
of chromosomes to segregate correctly. As a result, whole or parts of chromosomes can be lost
in one daughter cell and gained in the other, leading to aneuploidy (Duijf & Benezra, 2013;
Kawakami et al., 2019). In aneuploid cells, the chromosomal abnormality is not limited to their
number, but also considers their structure. Many exhibit irregular structures including
deletions, duplications, inversions and translocations (Kawakami et al., 2019). Of these
different aberrations, translocation is likely to be the most effective way to produce structural
CIN that can lead to gene or gene-promoter fusions, which in turn can create new oncogenes
or overexpression of proto oncogenes, genes that become oncogenic upon activation (see

below) (Bach et al., 2019).
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Figure 1.1. Hallmarks of cancer

Cancer cells are characterised as exhibiting these attributes; thus, they bear the hallmark of
cancer (adapted from Hanahan and Weinberg 2011).



1.3. Chromosomal translocations

Identifying translocated chromosomes is important in the clinical setting, as their presence can
contribute to disease diagnosis, prognosis and therapeutic strategy, particularly in
haematological malignancies (Au et al., 2019). Fusion proteins often arise from chromosomal
translocations as well as the bringing together a gene and the regulatory region of another gene.
For gene fusions, the chimeric product can potentially have features of both original proteins;
for example, the protein-protein interaction domain of one protein and the DNA-binding
domain of the other. The chimera binds to the DNA elements specific to one protein and
recruits to these genomic regions proteins that interact with the other protein. As a result, the

expression of downstream target genes becomes uncontrolled (Schiitte et al., 2019).

Numerous factors influence the occurrence of chromosomal translocations. Amongst these is
the type of DNA damage that initiates the translocation, the pathway responsible for repairing
the break, the location of the lesion in the genome, the state of the chromatin at that location
and the stage of the cell cycle that the damage and repair process occurs in. Determining the
relative relevance of these different factors is challenging as they are dynamic and intersect
with one another. Many of the mechanistic details of translocation events have yet to be

elucidated (Goémez-Herreros, 2019) .

Translocations are categorised as either being reciprocal or non-reciprocal. The most common
form of translocation is the reciprocal variety, in which breaks drive segments being
reciprocally switched between each of the participating chromosomes. Reciprocal, or balanced
translocations can occur in the germ line. In these cases, because there is no change in the
overall number of chromosomes, carriers can appear phenotypically normal. However, there is
a strong risk of infertility, recurrent miscarriage or giving birth to babies with innate physical
or mental abnormalities is increased in carriers with this type of translocation. However,
reciprocal translocations can be oncogenic when they occur de novo in somatic cells. Non-
reciprocal translocation are one-way translocations; only one chromosome transmits an arm to
anon-homologous chromosome (Zhang et al., 2010; Chow et al., 2020). Balanced chromosome
translocations are reciprocal; the chromosome segments are translocated between the non-
homologous chromosomes; genetic material is neither lost nor gained. Unbalanced
translocations result in the uneven distribution of chromosome segments, causing one daughter

cell to have gained genetic material and the other to have lost it (Harewood & Fraser, 2014).



Nowell and Hungerford (1960) were the first to identify a specific translocation responsible for
human cancer. This was the (9;22) (q34; ql1) translocation, where the material is reciprocally
translocated between chromosomes 9 and 22; 9934 and 22ql1 represents the breakpoint
regions. This translocation was identified in chronic myelogenous leukaemia (CML) patients,
who have an abnormally short chromosome 22, which is known as the Philadelphia
chromosome. The effect of this translocation is a gene fusion of a fragment of the BCR gene
from region ql1 of chromosome 22 with a section of the ABLI gene at position q34 on
chromosome 9. The fusion of genes results in a BCR-ABL hybrid gene on the shortened
chromosome 22, which produces hybrid coding mRNA. This abnormal mRNA encodes a
constitutively active tyrosine kinase with aberrant oncogenic activity. Myeloid cells with this
mutation give rise to apoptosis-resistant CML cells (Nussenzweig, 2010; Burslem et al., 2019;

Schiitte et al., 2019) .

The burden of mutation is low in approximately 30% of sarcomas, which are rare high-grade
tumours. These tumours are distinguishable by having a particular type of chromosomal
translocation. In sarcoma, the majority of identified fused genes are those involved in
transcription. In alveolar rhabdomyosarcoma (ARMS), desmoplastic small round cell tumour
(DSRCT), Ewing sarcoma (ES) and synovial sarcoma, chromosomal translocation produces
specific transcription factors that are abnormal (Toomey et al., 2010; Nakano & Takahashi,

2018; Tirado, 2019).

1.4. Pathways for repairing DNA double-strand breaks (DSBs)

The genome is exposed to diverse ‘attacks’ from outside and within the cell, damaging the
DNA by causing a number of different types of DNA lesions and introducing instability into
the genome (Tian et al., 2015; Scully et al., 2019; Cristini et al., 2020). Thus, accurate and rapid
repair of the lesions is essential for maintaining the fidelity of the genome and to avoid genetic
diseases such as cancer (Uckelmann & Sixma, 2017; Scully et al., 2019; Waterman et al.,
2020). The most deleterious lesions are DSBs. In DSBs, both DNA strands break at a particular
point, raising the potential for chromosomes to be re-arranged in the repair (Chang et al., 2017;
Waterman et al., 2020). It has been postulated that several mechanisms might be responsible
for the occurrence of DSBs such as the progression of a DNA replication fork across a nick

which leads to the presence of a one sided DNA break during S-phase (see below; Marini et



al., 2019). Free radicals from oxidative stress and cellular metabolism, ionizing radiation and
the cleavage of the DNA by nuclear enzymes such as the type II topoisomerases which can
cause the transient breakage of both DNA strands also resulting in the formation of DSBs,
although replication-associated breakage is thought to be the major source of DSBs with
dividing cells (Shibata, 2017). Breakage of the DNA by topoisomerases I on the other hand
can lead to single-strand DNA breaks (SSBs) which can then cause the formation of DSBs
during the course of subsequent DNA replication. In rapidly dividing cells there exists two
major pathways that are capable of repairing DSBs of which are homologous recombination
(HR) and nonhomologous DNA end-joining pathway (NHEJ) (Takagi, 2017; Khan & Ali,
2017; Bétermier et al., 2020). Whilst efficient, if the wrong repair pathway is selected to repair
breaks, genetic changes that drive cancer can occur. The selection of pathway is partly
determined by stage of the cell cycle when the damage occurs; for example, because of sister
chromatid availibility during the S and G2 phases, a homologous template can be used as a
repair template, thus the HR pathway is the major DSB repair mechanism. Where a
homologous template is not in close proximity to a DSB, the NHEJ pathway can mediate the
repair. Typically, though, the NHEJ repair pathway is not deployed in the S/G2 phase, but in
the other phases, which do not require a template for the DNA to be repaired (Ceccaldi et al.,
2016; Zaboikin et al., 2017).

1.4.1. Non-homologous DNA end-joining

NHEJ repair does not require a homologous DNA template to join the two ends of DNA
together in order to restore duplex integrity (Chaplin & Blundell, 2020). The NHEJ repair
pathway mediates the re-ligation of broken DNA ends when a double-ended DSB is present.
Unlike HR, the NHEJ pathway can operate independently of cell cycle phases (Zaboikin et al.,
2017). NHEJ requires the action of multiple proteins such as Artemis and the Ku heterodimer
(Ku70-Ku80 subunit) (Boboila et al., 2012; Chaplin & Blundell, 2020). Errors do occur with
imperfect NHEJ repair events, which can lead to fusion of the telomeres and translocations

(Wang et al., 2018; Bader et al., 2020a ).

NHE]J is initiated in higher eukaryotes by the Ku70—Ku80 heterodimer, which recognises the
DSB and bind to the free ends of DNA. In this position, the dimeric Ku protein forms a scaffold
that enables the NHEJ core components, including DNA-PKcs (DNA-PK catalytic subunit), to
bind to the damaged ends. Recruited DNA-PKcs forms an active complex of

Ku70/Ku80/DNA-PKcs. These complex recruits and phosphorylates the endonuclease,



Artemis. Any overhanging DNA is cleaved from the ends, rendering the DNA ends compatible,
ready for ligation (Chang et al., 2017;Li & Xu, 2016; Chaplin & Blundell, 2020).

In several organisms it has been suggested that this pathway is modulated by a MRE11-
RADS50-NBS1 (MRN) complex. This same complex is also considered to modulate DNA
polymerases and other nucleases that are involved in pre-ligation processing of the DNA ends
during NHEJ (Boboila et al., 2012; Chaplin & Blundell, 2020). Ligation of the DNA ends is
performed by the XRCC4-DNA Ligase IV complex, resorting the duplex integrity (Figure 1.2).

Due to its direct interaction with the XRCC4/ ligase IV complex, XLF in the NHEJ pathway is
presumed to have a role in the repair process. The function of PAXX (paralog of XLF and
XRCC4), which is also a XRCC4-like protein, seems to coincide with the function of XLF
(Tadi et al., 2016: Ochi et al., 2015; Stinson et al., 2019). These proteins interact with end-
processing enzymes for the purpose of bringing together ends that are chemically incompatible.
DNA polymerases, such as pol A and pol p, fill in gaps and overhangs; Aprataxin removes 5’
adenylate groups produce by unsuccessful ligation; damaged nucleotides are removed by
nucleases (e.g., Artemis); tyrosyl-DNA phosphodiesterase 1 (Tdpl) removes topoisomerase I
adducts and other 3" modifications; similarly, Tdp2 removes 5' DNA-topoisomerase Il adducts;
and kinase 3'-phosphatase (PNKP) removes 3’ phosphates and adds 5'-phosphates. End

incompatibility is resolved in NHEJ by these various processing enzymes (Stinson et al., 2020).

The process of synapsis, which aligns DNA ends for ligation, may also be involved in end
processing. Figure 1.3 graphically presents a two-stage model of synapsis. A long-range
synaptic complex is formed by the Ku complex and DNA-PKcs; the complex keeps the ends
of DNA >100 A apart. The long-range complex is converted to a short-range complex due to
the activity of DNA-PKcs kinase, XLF and Lig4-XRCC4. This brings the ends close together
in a ligation-competent state. According to this model, end processing only occurs in the Lig4-
dependent short-range synaptic complex state. Such a mechanism requires minimal processing
as compatible ends are ligated immediately, and incompatible ends are processed to become

compatible, then they are ligated. (Stinson et al., 2019).
1.4.2. Homologous recombination pathway (HR)

For tumor suppression and cell viability, homologous recombination (HR) is crucial for
mammalian cells due to its essential role in ensuring genomic integrity (San Filippo et al. 2008:

Hustedt et al., 2019). This repair mechanism is typically considered to be high fidelity and



largely error-free process because it is using a homologous DNA template, usually a sister
chromatid. For HR to be successful, the template must be undamaged (Morati et al., 2020).
Both mitosis and meiosis use HR, but it is a programmed event in meiosis, where it is required
for inter-homologue connections in meiosis I and genetic material is exchanged between
maternal and paternal chromosomes; additionally, this process produces new variants of
chromosomes, thus promotes genetic diversity (Wild et al., 2019). The main role of HR in
mitosis is the repair of DSBs and single-strand gaps, which can occur due to various damaging
events, including DNA replication fork collapse (Kasparek and Humphrey, 2011; Hustedt et
al., 2019). Other processes in which HR is involved include repairing DNA inter-strand cross-

links (ICLs) and maintaining telomeres (Symington and Gautier, 2011; Crickard et al., 2020).

To repair DSBs HR starts by resecting the broken end, creating single-stranded DNA (ssDNA)
overhangs with 3' OH ends. One of these overhangs invades the homologous sequence,
becoming a primer to synthesis new DNA using the homologue of the template (Figure 1.4).
The MRN complex in mammals (Rad32-Rad50-Nbsl in fission yeast) acts as a nuclease,
promoting resection of the ends of DNA and creating ssDNA. It also assists with the
recognition of broken ends of DNA and homologous sequence alignment (Zhao et al., 2017).
The Exo I nuclease is also presumed to contribute to the resection procedure in yeast (Szankasi
and Smith, 1995; Zhao et al., 2019). The overhangs of the ssDNA are then coated by the single-
stranded DNA binding protein RPA (Soniat et al., 2019). The BRCA2/PALB2 complex
subsequently eliminates RPA from the ssDNA and loads the essential HR strand-exchange
protein RADS1 (Grabarz et al., 2012). Rad51, family of proteins in eukaryotes, or the RecA
family of proteins in prokaryotes, mediates the HR pathway by mediating the strand invasion
of one DNA molecule into an unbroken homologous duplex, resulting in the formation of a D-
loop structure. Rad51 binds to ssDNA ends of a processed DSBs in the presence of ATP (Ait
Saada et al., 2018). Upon the hydrolysis of the ATP molecule, Rad51 forms a nucleofilament
around the ssDNA. ATP binding thus triggers the binding of Rad51 between homologous DNA
strands, strand invasion and strand exchange (Godin et al., 2016). In mammalian cells, Rad51
is only active during the S and G2 phase and occurs only once the nucleofilament is formed
leading to the identification of a homologous strand and the invasion of the homologous duplex
forming a three-stranded paranemic intermediate. DSBs repair can occur via the following
mechanisms: the DSB repair (DSBR) mechanism, the single-strand annealing (SSA)
mechanism and the synthesis-dependent strand annealing (SDSA) mechanism (Figure 1.5)

(Sakofsky and Malkova, 2017).
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Figurel.2. Core proteins part of the NHEJ repair pathway

The Ku70/80 complex recognises DSBs and binds to the DNA ends. This complex recruits DNA-PKcs,
which phosphorylates Artemis nuclease, thereby stimulating the actual repair process. Artemis readies
the ends of DNA for ligation, which is performed by the Ligl V/ XRCC4/XLF complex, which rejoins
the two ends of DNA (Iliakis et al., 2015).
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Postulated model of two-stage DNA-end synapsis during NHEJ (Stinson et al., 2019).
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To begin DNA synthesis, copy and eventually restore genetic information disrupted by DSBs, HR
follows a sequence of steps. DSBs are acted upon by MRN. Resection gives rise to ssDNA, which binds
to RPA. Subsequently BRCA2 removes RPA then binds to RADS51. dHJs are formed under the
influence of RADS52. Invading the homologous template is ssDNA forming a D-loop. The migration of
the HJ branch is promoted by Rad54. Resolve proteins, such as GEN1, SLX1/4 Mus81-Emel are
responsible for HJ resolution; crossover or non-crossover events can result. BLM dissolving HJ results
in a non-crossover event case (modified from Suwaki et al., 2011).
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1.4.2.i The Double Holliday junction repair mechanism

In the DSBR mechanisms, the breakage of the DNA strand results in the formation of a
3’single-stranded DNA overhang. The invasion of the strand at the 3" overhangs into a
homologous DNA sequence leads to the formation of a so-called D-loop, which permits the 3’
invading ends to serve as a primer for DNA synthesis. The second DSB end is then sequestered
(second end capture), leading to the formation of two Holliday junctions (HJs) (Figure 1.4)
(Wyatt and West, 2014). Following gap-repair DNA synthesis and the ligation of the newly
formed strand, the DSB is resolved in a non-crossover or crossover manner (Figures 1.4 &1.
5). There exist three pathways that are required for HJ processing (Mawer and Leach, 2014;
Zhou et al., 2019). The BLM helicase topoisomerase [1la-RMI1/2 (BTR) complex promotes
the dissolution of double HJ through the convergent migration of each HJ to form a catenated
structure preceded by the topoisomerase-mediated processing of the resultant hemicatenane
which leads to the generation of non-crossing DNA strands (Shah et al., 2017). The BTR
mechanism is thought to be the predominant double HJ (dHJs) processing mechanism, but two
other distinct pathways exist that can resolve both single and double HJs, which are mediated
by HJ-specific resolvases (Bizard and Hickson, 2014 ). There are a number of nuclease
activities in mammalian cells capable of acting as resolvases on HJs, which can also target
other DNA structural intermediates, these are GEN1 and the SLX-MUS complex resolvases
(SLX1-SLX4 or MUS81-EMEI1) (Sarbajna and West, 2014; Falquet and Rass, 2019).
Resolvases consist of a DNA-binding domain that specifically interacts with the HJs. This leads
to the formation of an HJ-resolvase complex and the insertion of symmetric nicks within the
two strands. These resulting nicks can then be ligated by DNA ligases (Shah et al., 2017;
Falquet and Rass, 2019).

1.4.2.ii The SDSA mechanism

In the SDSA mechanism, the invading strand associated with RADS51 anneals to its
complimentary strand in the recipient duplex displacing the non-complimentary strand and
creating a D-loop (Paliwal et al., 2013; Ensminger and Lobrich, 2020). The 3" end of the
invading strand again serves as a primer for new DNA replication, using the complimentary
strand as a template. For SDSA, BLM and RAD54 proteins are known to disrupt the formation
of the nascent D-loop prior to the maturation to a dHJ structure. The BLM-TOPOIIla-RMI1/2
complex is capable of dissolving de-novo synthesized D-loops while RTEL-1 can reverse the

formation of RADS51 generated D-loops (Fasching et al., 2015). The dissociated single-

12



stranded DNA end, which has been extended by DNA synthesis within the D-loop, re-anneals
to the other end of the original DSB and the repair is completed with additional fill in DNA
synthesis and DNA ligation (Figure 1.5). This repair mechanism occurs in a non-cross over

manner (Fasching et al., 2015) .

1.4.2.iii The SSA repair mechanism

The SSA repair mechanism occurs when the DSBs occurs in two strands of one duplex.
Processing of ends or naturally occurring break overhangs can form single-stranded regions
located adjacent to the breaks. If these regions contain homologous repeated sequences this
permits complementary strands to anneal to each other forming synapsed intermediates
(Ramakrishnan et al., 2018). These intermediates then undergo ligation which is mediated by
the endonucleolytic cleavage of the non-homologous 3" ends of the ssDNA tails with DNA
polymerase catalyzing the addition of oligonucleotide to gaps in the DNA (Figure 1.5; Onaka
et al., 2020). One of the key factors that mediate the resection of DNA in the SSA repair
mechanism is the CtIP factor while the excision of the non-homologous regions of the ssDNA
overhangs is carried out by RADS52 and ERCC1. RADS52 plays a role in the annealing of
ssDNA while ERCC1 carries out its function by forming a complex with the XPF protein which
then carries out the cleavage of the ssDNA tails at their respective 3" ends (Bhargava et al.,
2016). SSA that is conducted between inverted DNA strands causes the synthesis of inverted

chromosome dimers or folded hairpin-like structures (Figure 1.5).

1.4.2. iv Break-induced replication (BIR)

BIR can be described as a repair pathway that occurs at a single ended DNA duplex break. The
single ended DNA break invasion leads to the formation of a RADS51-mediated D-loop
(Sakofsky and Malkova, 2017). The invaded 3" end then serves as a template for DNA
synthesis, which causes the migration of the D-loop, which is then continually extended by de
novo DNA synthesis (Figure 1.5). The repair mechanism is effectuated by the leading strand
being utilized as a template for the lagging strand leading to the synthesis of a newly conserved
DNA molecule (Figure 5) (Elango et al., 2017). BIR DNA synthesis is catalyzed by the DNA
polymerases Pole, Pold and Pola. Pola is located at the 3" end, where invasion of the strand
occurred and mediates the initiation and synthesis of the lagging and leading strand. Pold has
been suggested to promote the displacement of the DNA strand during the migration of the D-
loop complex while Pole might be required for efficient DNA synthesis following the
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dissolution of the D-loop complex (Donnianni et al., 2019). BIR has been demonstrated to
provide a higher risk of genetic instability due to elevated levels of chromosomal
rearrangement/translocations, particularly as BIR can occur between repeat regions in non-
homologous chromosomes. Additionally, two factors have been postulated to mediate the
formation of frameshift mutations during the BIR repair mechanism: the recurrent dissociation
of Pold from the D-loop during DNA synthesis and a decrease in its efficiency during DNA

synthesis for resolving errors during the BIR mechanism (Kramara et al., 2018).

1.4.2.1. Homologous recombination and stalled replication forks

A one-sided DSB can arise as a result of the DNA replication fork complex encountering a
single-strand break (SSB) in the duplex or a block to replication progression causing stalling
and regression of the fork to form a structure that can be processed by nuclease cleavage (Prado,

2018).

DNA replication requires a DNA helicase to separate the inter-strand hydrogen bounds and
produces a Y-shape, using energy from ATP hydrolysis. Replication protein A (RPA) is a
heterotrimeric complex, which stabilizes the unpaired ssDNA, preventing it from forming
intra-strand secondary structures and permitting it to retain replicative template capabilities
(Wong et al., 2020) The two ssDNA strands (leading and lagging strands) act as the templates
for the replicative polymerases for synthesizing the new daughter strands. As DNA replication
occurs, the leading strand goes through continuous, undisrupted strand elongation. As DNA
can only be synthesised in a single direction (5' to 3') by DNA polymerases, loops are created
on the lagging strand templates. In turn, the lagging strands are replicated in a discontinuous
fashion, and numerous short RNA primers initiate synthesis of short stretches of DNA known
as Okazaki fragments (Figure 1.6). Once Okazaki fragments come together, the RNA primers
are exonucleolytically removed, and subsequently replaced with appropriate
deoxyribonucleotides. In turn, these freshly created strands are checked for errors and mis-
incorporated bases. Lastly, the Okazaki fragments are connected by DNA ligase enzyme, which
then creates two continuous double strands (Lujan et al., 2016; Burgers & Kunkel, 2017; Lewis
et al.,, 2020: Moreno and Gambus, 2020). There are a number of DNA polymerases in
eukaryotes, but there are thought to be three core DNA polymerases associated with the
majority of DNA replication. DNA polymerase o initiates DNA synthesis on RNA primers for

both leading and lagging strands. Once a mature fork is established DNA polymerase a. only
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Figurel.S. The DSB repair pathways.

During the HR, DSBs can be resolved in the following manner: Homologous recombination wherein
the DSBs undergo a resection in the 5°-3" direction and repair is effectuated by (i) the SDSA pathway
whereby the 3" end invades the homologous DNA template leading to the formation of a displacement
loop (D-loop) with the 3’end of the invading strand being used as a template for DNA synthesis. A
second round of DNA synthesis is then initiated by the second end of the resected DNA strand leading
to the synthesis of non-crossing over products. (ii) the double Holliday Junction (dHJ) pathway
mediates DSB repair through the use of a short DNA strand involving the stabilization of the D-loop
via the sequestration of the second end of the DSB. DNA synthesis occurs with the
resolution/dissolution of the dHJ leading to the formation of non-crossover and cross-over products.
(ii1) BIR occurs only in the presence of one available DSB end for DNA repair and synthesis. This
single DSB end causes the invasion of the DNA strand leading to the start of DNA synthesis that occurs
via a migrating bubble proceeded by the asynchronous synthesis of both a leading and lagging strands
that act as a template for the synthesis of a fairly conserved new DNA molecule. (iv) SSA occurs in
ssDNA that are oriented in the same direction. Resection occurs in the 5°-3" direction with the exposure
of flanking homologous sequences resulting in the annealing of each strand. The non-homologous
strands on the other hand are resected at the 3" end and serve as primers during DNA synthesis and
ligation. (va) SSA in inverted DNA repeats can occur between two sister chromatids (inter molecularly)
with the resection of the 5'-3" strand causing the exposure of inverted repeats (IRs) as ssDNA. The
annealing of IRs then occurs on two different DNA strands. The removal of non-homologous 3" end is
followed by DNA synthesis that causes the formation of inverted dimers. (vb) intra-molecular SSA
occurs when the 5°-3" resection of the DNA leads to the formation of a ssDNA IRs with SSA occurring
between the IRs intra-molecularly. The removal of non-homologous 3 ends and the subsequent DNA
synthesis and ligation causes the formation of hairpin-like structures (Ramakrishnan et al., 2018).
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serves as a primer polymerase for the individual Okazaki fragments, working with primase to
initiate new fragment synthesis. The main DNA polymerase for Okazaki fragment extension is
thought to be DNA polymerase d. For continuous extension of the leading strand, both DNA
polymerase 6 and DNA polymerase € have been shown to function in this capacity (Jain et al.,

2018).

Other than the described core polymerases, a number of additional important protein
complexes, for example the replication factor C clamp loader (RFC), the fork protection
complex (FPC) and the proliferating cell nuclear antigen (PCNA) take part in the process.
Specifically, they play a role in initiation and replication fork progression used to create
collective, known as the replisome. In addition, checkpoint proteins are necessary, which are
linked with the replisome to signal to the cell division regulation pathways when DNA
replication has been perturbed, thus delaying the onset of cell division until the errors are
corrected. Thus the replisome is a major regulator of DNA replication and genome stability

(Leman & Noguchi, 2013; Hizume and Araki, 2019 ).

The DNA replication fork progression can be impacted by DNA lesions which stem from
different exogenous and endogenous sources (Berti & Vindigni, 2016). Other than unscheduled
DNA lesions, replication fork progression can be inhibited by obstacles generated during
normal DNA metabolism, such as transcriptions, which can act as a replication fork barrier
(RFBs), particularly when the cell is under replicative stress conditions (Gadaleta & Noguchi,
2017; Hizume and Araki, 2019). This in turn can increase the need for HR repair and fork re-
establishment. If these processes are perturbed, then this results in greater genome instability
(Gadaleta & Noguchi, 2017). Conflicts between replication and transcription machinery are an
example of a natural impediment with the potential to impact the DNA replication fork and
bring about genomic instability (Castel et al., 2014 ; Garcia-Muse and Aguilera, 2016; Goémez-
Gonzélez and Aguilera, 2019).

Certain drugs can cause a stress on DNA replication fork progression; for example, the
ribonucleotide reductase inhibitor hydroxyurea (HU), which blocks DNA synthesis through
restricting ANTP synthesis (deoxyribonucleotide triphosphate), while the replicative helicase
continues unwinding the parental DNA duplex. In turn, the replication forks could collapse as

a result and DSBs can form (Petermann et al., 2010; Wong et al., 2020). Drugs such as HU are
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frequently used in experimental systems to explore the functional requirements for progression

and replicative stress recovery.

It has been shown that S-phase progression in cells which go through oncogene-inducing
replication stress need combined functions for stalled replication forks to re-establish and a

proposed model of these functions is shown in Figure 1.7 (Liao et al., 2018).

1.4.2.2. The role of RNA and RNA polymerase II in DSB repair

Several studies have recently demonstrated the importance of enzymes that interact with the
RNA in DNA repair mechanisms (Hawley et al., 2017). The mRNA splicing and transcriptional
regulatory machinery appear to be important in DNA repair pathways (Bader et al., 2020).
Proteins of DNA repair pathways have been observed to contain RNA-binding motifs thus
demonstrating their interaction with RNA-processing enzymes which might occur during the
DNA repair process (Domingo-Prim et al., 2020a). RNA endoribonucleases such as Drosha
and Dicer might be important in the DNA repair process wherein their depletion caused an
impaired mobilization of DNA factors that mediate the repair pathway at the DSB sites with a
reduction in both HR and NHEJ repair activity (Francia et al., 2016; Lu et al., 2018).
Additionally, NONO and THRAP3, which are RNA-splicing factors, as well as RNA helicases
DDX1 and DDXS5 are implicated in DNA damage repair (Dutertre et al., 2014; Meng et al.,
2020). Studies on the function of RNA-interacting enzymes in DNA repair is still in its infancy.
However, studies on so called R-loops have gained acceptance (Hegazy et al., 2020). R-loops
are defined as three-stranded nucleic-acid structures which form once a nascent RNA transcript
hybridizes with the template DNA strand of a DNA duplex, and the non-template strand
remains unpaired (Santos-Pereira and Aguilera, 2015:Belotserkovskii et al., 2018 , Stolz et al.,
2019). R-loops are form in many eukaryotic genome regions, including regions transcribed
by RNA polymerases I, II, and III (E1 Hage et al., 2010, Tran et al., 2017, Crossley et al., 2019).
In RNA polymerase II (RNAPII)-transcribed genes, research into genome-wide mapping show
that R-loops exist normally in high quantities at promotors (Chen et al., 2017, Dumelie and
Jaffrey, 2017, Ginno et al., 2012, Nadel et al., 2015, Sanz et al., 2016, Crossley et al., 2019).
Several resolution mechanisms take part in the modulation of R-loop presence in cells.
Degradation of the RNA within the RNA: DNA hybrid is largely brought on by two enzymes
conserved from bacteria to humans, RNase H1 and H2. Specialized RNA:DNA helicases can
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Figure 1.6. Representation of a core eukaryote replication fork.

An active Mcm?2-7 heterohexamer is located around the leading strand and unwinds the parent duplex
via ATP hydrolysis. Pola-primase is distinguished by priming the leading and lagging strands, anchored
by Ctf4 to the CMG complex which is (Cdc45-GINS- MCM). Also, Pold extends the primers on the
lagging strand, while Polg is recruited to the leading strand through interactions with the CMG complex.
It has been shown that both Pold and/or Pole can act as the leading strand polymerase. Furthermore,
accessory factors (e.g., RPA and PCNA) are also shown (Jain et al., 2018).
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Figure 1.7. Model for the rescue of stalled replication forks

Once fork stalling has occurred, ssDNA produced through polymerase—helicase uncoupling is coated
by RPA in order to inhibit secondary structure formation. The ssDNA-RPA complex triggers
replication checkpoint activation through the ATR and CHK1 kinases. This process will control a large
variety of cellular events which support fork recovery. In turn, RADS51 replaces RPA and guides
replication fork reversal to enable fork repair. A number of other replication fork remodels are involved
in this function (e.g., SMARCAL1). A number of fork protectors are in place to shield these reversed
forks from deleterious fork degradation, which have the ability to destabilize stalled forks. Lastly, once
replication stress is mitigated, stalled replication forks are able to be started once more in an HR-
dependent fashion (top right), or with branch migration (bottom right) (Liao et al., 2018).
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responsible for the unwinding the RNA from the hybrid (see below) (Belotserkovskii et al.,
2018).

1.5. RNA:DNA hybrids

Formation of RNA:DNA hybrids takes place when the annealing of nascent RNA transcripts
to their template DNA strand occurs; in the context of a DNA duplex (as opposed to a transcript
from a ssDNA) a so called R-loop can be formed (although the term R-loop is now applied
more widely to any RNA:DNA hybrid, irrespective of whether the RNA is annealed to ssDNA
or dsDNA). It is, to some degree, assumed that R-loops are a naturally occurring phenomena
in transcription and replication (Fragkos & Naim, 2017; Wahba et al., 2013; Felipe-Abrio et
al., 2015; Garcia-Rubio et al., 2018; Jimeno et al., 2019). Modern studies have connected RNA:
DNA hybrids to cellular processes at the molecular level. RNA:DNA hybrids participate in a
wide range of processes and they can play diverse roles in different systems, or within the same
system under differing circumstances. An example of this is where RNA:DNA hybrids are
shown to both cause DSBs or stimulate their repair (Crossley et al., 2019; Yasuhara et al.,
2018). The formation of RNA:DNA hybrids have been observed to cause DNA damage leading
to genome instability in both prokaryote and eukaryote cells (Rondon & Aguilera, 2019;
Jimeno et al., 2019). RNA:DNA hybrids have been observed to cause the stalling of DNA
replication forks, and halting transcription elongation, a consequence potentially being the
formation of DSBs (Gomez-Gonzalez and Aguilera, 2019). Additionally, increased hybrid
formation at transcription and replication conflict sites display a high propensity towards
recombination initiation, thus demonstrating the tumorigenic potential of these structures

(Brambati et al., 2015; Castel et al., 2014; Lin & Pasero, 2012; Rondén and Aguilera, 2019).

Because of the creation of an R-loop, a section of ssDNA on the non-template strand becomes
exposed. Due to the inherent vulnerability of ssDNA, exposed segments are implicated in DNA
breaks and mutagenesis. For example, DNA deaminases, such as mammalian AID, which
convert cytidine to uracil, can target the exposed ssDNA in the R-loop. This can give rise to a
notch in the DNA in case uracil is processed by the base excision repair machinery (BER).
Mismatch repair proteins may process the nicked DNA, forming a DNA DSB. A known

example of when this process occurs is when immunoglobulin undergoes class switch
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recombination (CSR) (Muramatsu et al., 2000; Yu et al., 2003; Gomez-Gonzalez and Aguilera,
2007).

As revealed by other studies, the activation of ATM is promoted by R-loops. There are several
endonucleases, including FEN1, XPF and XPG that are capable of cleaving R-loop-associated
ssDNA. These cleavages result in DSBs or single-strand breaks (SSBs). Furthermore, ssDNA
can develop bulky and weak secondary structures, such as G-quadruplexes and hairpins. These
structures obstruct DNA replication and are vulnerable to breaking (Hamperl et al., 2017; Dutta

et al., 2011; Marabitti et al., 2019; Rinaldi et al., 2021).

A number of experimental approaches have been used in order to investigate the presence and
levles of RNA:DNA hybrids at sites of DNA damage (Lu et al., 2018; Domingo-Prim et al.,
2019; Cohen et al., 2018). After DSB induction, it was has been shown that damage-induced
long non-coding RNAs (dilncRNAs) are transcribed by RNAPII at both sides of the DSB, in a
bi-directional manner (Storici and Tichon, 2017). With S-phase and G2, at the point where
CtIP is phosphorylated and DNA end resection receives preference, dilncRNAs can base-pair
to assist end resectioning generating RNA:DNA hybrids on ssDNA tracts (Domingo-Prim et
al., 2019; D’ Alessandro et al., 2018). In the case of fission yeast, RNA:DNA hybrids are proven
to control DNA end resection and recruitment of the ssDNA-binding protein RPA (Figure 1.8)
(Ohle et al., 2016). It is further suggested that they also have vital functions in mammalian
cells, specifically with the promotion of HR through the direct recruitment of BRCA1, a protein
which controls HR by binding RADS51 and boosting its recombinase activity (Zhao et al., 2017;
D’Alessandro et al., 2018). However, even though there are clearly positive impacts resulting
from RNA:DNA hybrids when it comes to HR repair, RNA: DNA hybrids at DSB must be
resolved to permit completion of repair (Domingo-Prim et al., 2019; Cohen et al., 2018). Higher
levels of dilncRNAs, as well as greater RNA:DNA hybrid levels, are seen at DSBs in line with
the depletion of the exosome subunit EXOSC10 in human cells, which inhibits the recruitment
of RPA at the damaged sites and restricts HR repair (Domingo-Prim et al., 2020b). RNA:DNA
hybrid development assists in the construction of HR machinery, while their stabilization
should be blocked in order to achieve RPA recruitment thereafter. Establishment and resolution
of RNA:DNA hybrids is under strict control and is a central component of some DSB repair
mechanisms (Domingo-Prim et al., 2020b). The mechanism(s) which cause RNA:DNA
hybrids to stimulate DSB resection and DSB repair choice are not yet fully understood (Jimeno

etal., 2019, Marini et al., 2019).
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The existence of R-loop in cells is modulated by multiple resolution mechanisms. RNA:DNA
hybrid degradation is achieved by two human conserved enzymes RNase H1 and H2. RNase
HI1 constitutes an N-terminal domain that binds to the RNA:DNA hybrid and a C-terminal
domain that possesses endonuclease properties (Lockhart et al., 2019). RNase H2 on the other
hand is constituted of three distinct protein sub-units; one catalytic subunit (RNH201) and two
accessory subunits (RNH202 and RNH203) (Tsukiashi et al., 2019). These sub-units consists
of 301, 308 and 166 amino acids respectively and, unlike RNAse H1, are also involved in the
removal of INTPS that have been mis-incorporated into newly synthesized DNA (Kojima et
al., 2018). Moreover, RNA:DNA hybirds can be unwound by specific RNA:DNA helicases

such as senataxin (Cohen et al., 2018).

1.6. Translin and Trax

Human Translin was originally discovered in a screen for proteins that bind to the breakpoint
junctions of chromosomal translocations in human lymphoid tumours (Aoki et al., 1995).
Translin was found to bind strongly to single-stranded DNA and consensus sequence motifs of
5'-GCCC(A/T)(G/C)(G/C)(A/T)-3"and 5'-ATGCAG-3' were identified from chromosome
translocation breakpoint junctions from a range of malignancies (Aoki, et al., 1995, Kasai, et
al., 1997). The binding of Translin to the breakpoint junction of chromosome has been shown
in patients with the Philadelphia chromosome in chronic myeloid leukaemia (CML)
translocation t(9;22) (q34;q11) (Martinelli et al., 2000) and another patient with acute myeloid
leukaemia (AML) with the t(9;11)(p22;q23) translocation (Atlas, et al., 1998; Martinelli, et al.,
2000). Due to the identification of Translin binding sequences at the reciprocal translocation
breakpoints between CHOP on chromosome 12 (long arm) and fused in sarcoma (FUS) on
chromosome 16 (short arm), Translin is also considered to be implicated in liposarcoma
development (Hosaka, et al., 2000; Kanoe, et al., 1999). Since these early studies numerous
other tumour-associated chromosomal translocation breakpoints have been recognised as being
Translin DNA binding sites. Also of note is the fact that hotspots of human male meiotic
recombination also feature Translin binding sites, possibly suggestive of a natural role in
meiotic recombination (Badge et al., 2000; Abeysinghe, et al, 2003). The chromosomal
translocation breakpoints-associated Translin-binding sites led to the proposition that Translin

has a role to play in recombination regulation (Parizotto et al., 2013; McFarlane & Jaendling,
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2010). However, to date the mechanism for this putative role has not been elucidated and has
since been questioned, following the discovery that Translin-null mutants in a range of
eukaryotes, including Drosophila, mice, and S. pombe do not exhibit recombination-associated
errors or problems, including meiotic recombination, NHEJ or DNA damage repair (Claussen,

et al., 2006; Yang, S. & Hecht, 2004; Jaendling, et al., 2008).

‘Translin’, whose name derives from ‘translocation’, is a protein of approximately 26 kDa
(Jaendling & McFarlane, 2010). In humans, the protein is composed of 228 amino acids (Lluis,
et al., 2010; Jaendling & McFarlane, 2010). The Translin gene in mice encodes the testis—brain
RNA-binding protein (TB-RBP) (Wu, et al., 1997), and the murine protein is implicated in
regulating mRNA in neurons and spermatogenesis (Li et al., 2008; Jaendling & McFarlane,
2010). The role of Translin in neurons may account for the abnormal behaviour observed in

Translin-deficient Drosophila and mice (Stein, et al., 2006; Suseendranathan, et al., 2007).

Using a yeast two-hybrid screen in which Translin was used as ‘bait’, the protein, Translin-
associated factor X (TRAX), was identified, which is approximately 33 kDa. Trax and Translin
encoding genes are paralogous (Aoki, Ishida, & Kasai, 1997 ), demonstrating an association
between Trax and Translin proteins. The stability of Trax is determined by the presence and
stability of Translin, a functional feature conserved in many organisms emphasising an intimate

functional relationship between these proteins (Yang & Hecht, 2004; Jaendling, et al, 2008).
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Figure 1.8. Proposed role for RNA:DNA hybrids in the HR-mediated repair of DSBs

The formation of DSBs cause the MRN complex to be recruited to the break, where, together with it,
exonuclease, Exol, and other factors resect the DSB ends in a 5'—3' manner. This creates overhangs of
ssDNA with free 3' OH ends. Transcription is initiated by the recruitment of RNA Pol I1 is to the ssDNA
overhangs. RNA:DNA hybrids form as the newly synthesised RNA transcripts are annealed to their
template ssDNA. The hybrids may terminate RNA Pol II transcription, thereby regulating the end
resection process; it also recruits the ssDNA-binding RPA complex to the resected DNA strand. RNase
H enzymes (RNase H1 and RNase H2) then degrade the RNA:DNA intermediates, enabling RPA to be
loaded onto the ssDNA overhangs. This facilitates the repair of DSBs to be completed efficiently
(modified from Ohle et al., 2016).
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Orthologues of both Translin and Trax are ubiquitous in eukaryotes, although there is some
notable exception, such as the budding yeast, Saccharomyces cerevisiae (Chennathukuzhi, et
al., 2003; Claussen, et al., 2006; Jaendling, et al., 2008; Jaendling & McFarlane, 2010). A
single orthologue is also found in Archaea, indicating a primitive ancestry (Parizotto et al.,

2013).

1.6.1. Biochemical Characteristics of Translin and Trax

The level of evolutionary conservation between the amino acid sequence of mouse and human
Translin is very high, varying by just three amino acids out of 228 amino acids. Translin in
humans and fission yeast are 37.9% identical and 66.7% similar, the protein in fission yeast is
made up of 220 amino acids. However, overall Translin and Trax show considerable sequence
homology between diverse eukaryotic species including fission yeast, human, Drosophila and

other mammals (Laufman, et al.,2005: Zhang et al., 2016).

Translin protein can form a homo-octameric ring structure, as demonstrated by multiple
microscopic and biochemical studies (Kasai et al., 1997; Jaendling & McFarlane, 2010; Gupta
et al., 2019a). This structure is similar to proteins that are associated with DNA recombination,
replication and repair, further suggestive of a role in these recombination control. Translin
binds ssDNA, dsRNA and ssRNA (Kasai, et al, 1997; Eliahoo, et al, 2014; Jaendling &
McFarlane, 2010). Tranlsin and Trax can also form a hetero-octamer of 2 units of Trax and 6
units of Translin in a barrel like structure, which is also known as C3PO (Sahu et al., 2014;
Zhang etal.,2016: Mo et al., 2018). The hetero-octamer produced by a combination of Translin
and Trax possesses Trax-dependent RNase activity. Compared to the Translin homo-octamer,
the hetero-octameric complex has an enhanced ssDNA binding capacity, with a partially
decreased association with ssSRNA, while the Translin homo-octamer has a greater affinity for
ssSRNA (Jaendling & McFarlane, 2010; Fu et al., 2016). More recently, specific amino acids
within the human Translin protein structure have been identified (Y85, R86, H88, R92 and
K193) which provide a substantial portion of the RNA binding affinity (Gupta et al., 2019b).
In murine studies, Trax has been observed to modulate the binding behaviour of Translin,
preventing it from binding to RNA and promoting its binding to ssDNA sequences
(Chennathukuzhi, et al., 2003; Jaendling & McFarlane, 2010; Cho et al., 2004).

Large bodies of research indicate a regulatory function for Trax and Translin in

spermatogenesis and neuronal interactions. In the case of the mouse model, Translin is
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associated with unique RNA sequences of target mRNAs at the end of the 3’ UTRs
(untranslated regions), suggesting a role for Translin in RNA transportation and stabilisation
in both the brain and testes (Han et al., 1995). Furthermore, some have suggested a putative
Translin role in posttranscriptional gene expression regulation in male germ cells, given that
Translin binds and stabilises a germ cell-associated miRNA (Yu & Hecht, 2008). A possible
role for the Translin/Trax complex is indicated in the function and development of the CNS,
demonstrated in neuronal mammalian cells where the complex facilitates targeting of neuronal
dendrites with brain-derived neurotrophic factor (BDNF) mRNA, Disruption of the
Translin/Trax complex binding sequence in BDNF mRNA is connected with neural human
behavioural conditions, and this evidence supports the putative CNS role for the complex (

Chiaruttini et al., 2009; Jaendling & McFarlane, 2010 ).

Translin and Trax have been suggested to have a role in the management of mitotic cell
proliferation in mammalian cells (Yang & Hecht, 2004) as evidenced by a correlation between
Translin levels and cell proliferation rate when comparing basal levels of protein expression
with expressed levels during mitotic division. In addition, Kasai et al., (2018) described the
association between the human Translin gene (7SN) overexpression and increased cell
proliferation. The same authors identified variation in expressed levels of 7SN throughout the
cell cycle, with expression starting in the S phase and peaking in the G2/M phase, again
supporting the proposal that Translin has a function in DNA replication and enhanced cell
division mechanism (Kasai et al., 2018). Confocal microscopy appeared to demonstrate a role
for Translin in hastening the microtubular organisation and segregation of the chromosome

during mitosis (Ishida et al., 2002).

Contemporary research has identified a putative role for Translin/Trax in memory formation.
Specifically, enduring forms of synaptic plasticity and memory are depended on de novo
protein synthesis; however, the association between learning and implementation of this
process still needs to be elucidated. The Translin/Trax complex may promote learning-induced
memory via suppression of microRNA-mediated translational silencing at activation of

synapses (Park et al., 2017, 2020).

1.6.2. Translin and Trax contribute to DNA repair

Translin and Trax are postulated to contribute to DNA repair processes. Evidence for this

comes from various studies, including experiments in which etoposide or mitomycin C was
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administered to HeLa cells, which resulted in the relocation of Translin from the cytoplasm to
the nucleus (Wang et al., 2016; Gupta et al., 2019a). The absence of a nuclear localisation
signal (NLS) in Translin needed for targeting the nucleus, gives rise to the hypothesis that
Translin nuclear transport is reliant upon its interactions with different kinds of proteins, such
as Trax, that do bear this signal (Laufman et al., 2005). Furthermore, following X-ray exposure,
mice that lacked Translin demonstrated impaired hematopoietic stem cell recovery; this may
indicate that Translin has function in cell repairing cells following damage to DNA in a cell
type and/or tissue-specific fashion (Jaendling & McFarlane, 2010). Despite these findings,
efforts to determine the role Translin plays in DNA repair of mouse embryotic fibroblasts
(MEFs) have failed to identify differences between the quantity of breaks and gaps in DNA, or
cell maintenance present in TB-RBP-null fibroblasts and unexposed cell lines (Yang et al.,
2004). Furthermore, exposing S. pombe tfx] and tsnl null mutants to other chemicals that
damage DNA did not reveal any deficiencies in DNA damage recovery (Jaendling et al., 2008).

Evidence from various studies reveals that in response to DNA damage, both Trax and Translin
can bind with other proteins. To illustrate the point, in a bait and prey yeast-two hybrid system,
mouse Translin bound to the GADD34 protein, which inhibits apoptosis (GADD34 is induced
by damage to DNA and growth arrest) (Hasegawa & Isobe, 1999; Gupta et al., 2019 a).
GADD34 is known to be a translation initiator (Patterson et al., 2006). Based on this, it is
postulated that the role of Translin, together with GADD34, may not be to repair DNA damage
directly, rather it may be involved in RNA processing/binding activity (Gupta et al., 2019).
However, in response to cell damage, it is thought that GADD34 transports Translin from the

cytoplasm to the nucleus (Hasegawa et al., 2000).

In cells that have been exposed to y radiation, C1D protein binds with Trax, which is an
activator of DNA-dependent protein kinase (DNA-PK); where C1D is implicated in both the
HR and NHEJ pathways that repair DNA (Yavuzer et al., 1998; Jackson et al., 2016; Chern et
al., 2019). In mammalian cells, Trax appears to contribution to DNA damage repair as murine
studies suggest Trax contributes to DSB repair by participating in the ATM-mediated pathway,
assisting the stabilisation of the MRN complex (Wang et al., 2016; Chien et al., 2018;
McFarlane & Wakeman, 2020). That Trax plays significant role in repair DNA is evidenced
by ATM being rendered ineffective by dysfunctional Trax (Wang et al., 2016; Chien et al.,
2018; McFarlane & Wakeman, 2020). However, thus far, it is not clear what, if any, functional

capacity Translin plays in DNA damage repair, and the role of Trax in regulating ATM appears
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to be independent of Translin. The question of whether Trax and Translin exhibit any functional
role in recombinant and DNA repair activities that can account for their initially proposed role
in translocation formation has yet to be determined (Jaendling & McFarlane, 2010; McFarlane

& Wakeman, 2020).

1.6.3. Contribution of Translin and Trax in RNA interference (RNAI)

Gene expression in diverse eukaryotic organisms is regulated by RNAI transcription and/or
post-transcriptional level (Kalantari et al., 2016; Ranjan et al., 2019). RNAi processes uses
non-coding small RNA molecules, which are about twenty to thirty nucleotides in length; it
regulates gene activity by modulating and preventing translation of transcripts or targeting
them for degradation (Holoch & Moazed, 2015; Meng & Lu, 2017). There are two pathways
by which RNAIi exert an effect: 1) post-transcriptional gene silencing (PTGS), that prevents
cytoplasmic mRNAs from being translated; 2) chromatin-dependent gene silencing (CDGS),
that promotes the formation of heterochromatin, thereby suppressing the transcription of
specific genes (Creamer & Partridge, 2011). There are also a number of small RNAs known as
regulatory RNAs, which have key roles in the RNAi pathway (Ranjan et al., 2019). These
include microRNAs (miRNAs), the small interfering RNAs (siRNAs) that stimulate
transcriptional degradation and PIWI-interacting RNAs (piRNAs), the latter being involved in
regulating transposon transcription in animal germline cells (Holoch & Moazed, 2015;
Schuster et al., 2019; Gutbrod and Martienssen, 2020) miRNAs and siRNAs are the primary
mediators of the RNAi pathway and they are both implicated in PTGS and CDGS. In contrast,
piRNAs are charged with inhibiting ‘parasitic’ DNA.

Double-stranded long RNA molecules (dsRNA) initiate the PTGS RNAIi process. dsRNA is
made by several methods, including long-hairpin RNAs formed by intramolecular base paring
within a single transcript and antisense transcription, which results in inter-molecular base
pairing of complementary transcripts. For miRNAs, these are formed by a transcription of a
primary-miRNA (pri-miRNA), which forms intra-strand stem loop structures, which are
digested in the nucleus to for precursor miRNAs (pre-miRNAs), which are exported to the
cytoplasm, where they are further processed by Dicer to form mature functional miRNAs
(O’Brian et al., 2018; McFarlane & Wakeman, 2020). dsSRNA formed by inter molecular base
pairing of anti-sense transcripts are thought to be processed directly by Dicer, which cleaves
the dsSRNA molecules into siRNA duplexes that are twenty to twenty-five nucleotide (nt) in
terms of length (O’Brian et al., 2018). These duplex segments are combined into the RNA-
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induced silencing complex (RISC) that exhibits endoribonuclease activity. RISC, which is
essential for RNAI processes, is composed of effector proteins such as Argonaut. After the
RISC has been loaded with duplex siRNA, one strand of the siRNA, known as the ‘passenger’
strand, is discarded, whilst the other strand remains bound to the complex, where it acts as a
‘guide’ strand, which targets the RISC complex to its cognate target mRNA. The sequence of
siRNA guide strand will base pair perfectly to the target mRNA, targeting RISC to degrade the
specific mRNA and prevent protein production (Kalantari et al., 2016; Ranjan et al., 2019). In
both Drosophila melanogaster and human cells, after the duplex siRNA is loaded onto the
RISC, the siRNA passenger strand is cleaved by the endoribonuclease activity of a complex
known as component 3 promoter of RISC (C3PO). C3PO is the Translin/Trax hetero-octomer
and there are other auxiliary factors in this process, such as Henl, R2D2 and Loqs-PD (Figure
1.9) (Liu et al., 2018).

It has been suggested that the RNAi role of C3PO in may be restricted to higher order
eukaryotic organism. For instance, C3PO functions as a ribonuclease in the filamentous fungus
Neurospora crassa, processing pre-tRNAs to become mature tRNA, rather than contributing
to the RNAi pathway. After pre-tRNAs are processed by ribonuclease P (RNase P), sequences
are removed from the 5' end by C3PO (Li et al., 2012). Also, C3PO is credited with having a
role in tRNA in embryonic fibroblast cells in mice (Li et al., 2012). C3PO also has a potential
countering the silencing activity undertaken by miRNAs and siRNAs, as it can degrade pre-
miRNAs. This implies that C3PO is a silencing mediator, which is contrary to its role in
Drosophila, where it promotes silencing (Asada et al., 2014; Fu et al., 2016; Liu et al., 2018),
This miRNA degrading function is oncogenic (see below), but the role it plays, if any, in normal

cellular function is currently unclear (McFarlane & Wakeman, 2020).

1.6.4. Translin and Trax contribute to oncogenesis

Aside from the proposed role in oncogenesis via potentially serving as a driver of chromosomal
translocations, the Translin/Trax complex has been implicated as a major oncogenic factor in
Dicer-deficient tumours (Asada et al., 2014). The RNAase III enzyme, Dicer, has a number of
roles in cell process, including being a key regulator of miRNA biogenesis and maturation
(Johanson et al., 2013). pre-miRNAs are processed by Dicer to become mature miRNAs, some
of which have tumour suppressing functions (Hata & Kashima, 2016; Mei et al., 2016;
McFarlane & Wakeman, 2020). Around 30% of human gene expression is regulated by
miRNAs and deregulated miRNA is detected in many cancers (Ali Syeda et al., 2020). The
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Figure 1.9. Scheme of gene silencing in eukaryotes mediated by RNAi

The small interfering RNA (siRNA) pathway in Drosophila melanogaster. Dicer-2 processes double-
stranded RNA precursors, obtained from different sources, to produce short interfering RNAs of
approximately 21 nucleotides in length. The siRNA duplex is incorporated into Argonaute2 that
includes the RISC complex; the guide strand of the siRNA duplex is kept and the passenger strand is
degraded. The mechanism used by the guide strand for the recognition of target RNA is Watson-Crick
base pairing. Argonaute then cleaves the target site (Schuster et al., 2019).
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Figure 1.10. Limiting Dicer Prevents the Maturation of Tumour Suppressor miRNA

through a Translin-Trax (Tn-Tx)-Dependent Pathway

Transcription of primary-miRNAs (pri-miRNAs) from miRNA genes takes place in the nucleus. pri-
miRNAs are processes in the nucleus by Drosha to become pre-miRNAs. These are subsequently
exported to the cytoplasm. (A) Where the levels of the ribonuclease, Dicer, is normal (i.e. in healthy
cells), pre-miRNAs are processed to form mature miRNAs, some of these maintain the non-cancerous
state, by adopting tumour-suppressing functions. (B) Limiting Dicer, such as by DICERI
haploinsufficiency, results in reduced processing of pre-miRNAs due to limited levels of Dicer activity.
In this case Tn-Tx ribonuclease can compete for pre-miRNAs and degrade them, resulting in
insufficient mature tumour-suppressing miRNAs initiates the oncogenic pathway. (C) In the presence
of small-molecule Tn-Tx inhibitors, the limited levels of Dicer are able to process the pre-miRNAs.
This facilitates the maturation of sufficient tumour-suppressing miRNAs to ameliorate the oncogenic
state (McFarlane & Wakeman, 2020).
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observation that several oncogenic and tumour-suppressive mRNAs are inhibited by miRNAs
has given rise to the notion that these RNAs work variously as tumour genes or oncogenes
(Gurtner et al., 2016; Hata & Kashima, 2016). A notable difference between cancer and normal
tissue is that in the former, pre-miRNAs accumulate and there are fewer mature miRNAs
(Gurtner et al., 2016). Poor patient outcomes are associated with Dicer deficiency, occurring
in up to 40% of cancers. Dicer is defined as a haploinsufficient tumour suppressor (Gurtner et

al., 2016; Foulkes et al., 2014; Asada et al., 2016; McFarlane & Wakeman, 2020).

The tumour suppression and processing activity of miRNA is adversely affected by their
depletion as a consequence of Dicer deficiency (Hata & Kashima, 2016; Asada et al., 2014;
McFarlane & Wakeman, 2020). But the reduction in Dicer-induced formation of miRNA is not
the only mechanism that affects the generation of miRNA; in the absence of normal Dicer-
mediated pre-miRNA processing the pre-miRNAs become the targets of the ribonuclease
catalytic activity of Trax /Translin (TSNAX /TSN). In DICERI haploinsufficiency, the C3PO
complex acts as an RNase enzyme, degrading pre-miRNAs, preventing them from forming into
mature tumour suppressing miRNAs, resulting in oncogenic transformation (Figure 1.10). Both
miRNA and tumour suppression are restored by the inhibition of C3PO and indeed new small
molecule inhibitors that target the Translin-Trax ribonuclease activity have been developed as
potential oncological therapeutics (Asada et al., 2014; Asada et al, 2016; McFarlane &
Wakeman, 2020).

1.7. Schizosaccharomyces pombe as a eukaryotic model

Much of the understanding of eukaryotic molecular biology has emerged through studying
model organisms, such as the fission yeast Schizosaccharomyces pombe (Hoffman et al., 2015
; Hayles & Nurse, 2018 ; Lock et al., 2018; Sabatinos & Forsburg ,2010; Holi¢ et al., 2020).
First identified in Germany by Saare and his colleagues after it was isolated from a consignment
of contaminated millet beer from East Africa. The organism gained its “Pombe” (which is
Swabhili for ‘beer’) name in the 1890s from Ziedler and Lindner who isolated a pure culture of
S. pombe and described it in depth. S. pombe became a model organism for use in experiments
during the 1950s (Hoffman et al., 2015; Hayles & Nurse, 2018; Duranova et al ., 2019). The S.
pombe genome consists of three chromosomes, numbered I, IT and 111, and their respective sizes
are approximately 5.6, 4.8 and 3.6 Mb (Petrova et al., 2013). According to the PomBase

database, these three chromosomes contain 5135 annotated genes (Lock et al., 2018), and the

32



first draft sequence of the S. pombe genome was completed in 2002 (Wood et al., 2002). The
level of gene conservation is high, with 3535 of the 5135 protein-encoding genes having
confirmed orthologues present in humans or vertebrates, with 914 of these genes being linked

to diseases (Wood et al., 2002).

Interestingly, some of the genes that are conserved in S. pombe and humans are not evident in
other model yeasts, such as the budding yeast Saccharomyces cerevisiae (Koyama et al., 2017).
Examples of S. pombe genes that do not have S. cerevisiae orthologues but do have human
orthologues, are tsnl (Translin) and #fx/ (Trax) (see Section 1.6). Additionally, unlike S.
cerevisiae, S. pombe has a full complement of RNAi components making it an excellent model
system for RNAi and cellular epigenetics investigations (Buhler & Gasser, 2009; Hayles &
Nurse, 2018). Several regions of the S. pombe genome, including the centromere, telomeres,
mating-type and the rDNA locus, exhibit unique heterochromatic features (see the next section
for detail). Epigenetic regulation observed in these regions is comparable with that of other
organisms (Holoch and Moazed, 2015a; Wang et al., 2016: Shipkovenska et al.,2020). Thus,

the features of S. pombe make it an appropriate model for this study.

1.7.1. S. pombe: Heterochromatin loci

There is an essential relationship between the organisation of chromatin and function in
eukaryotes. Histone proteins make up the majority of chromatin. The nucleosome is the
fundamental structural constituent of chromatin. The nucleosome is an octamer made up of
pairs of each of the four core histones H3, H4, H2A and H2B, which is wrapped by
approximately 147 base pairs of DNA (McGinty and Tan, 2015; Chen et al., 2016; Tolsma and
Hansen, 2019). Distinct nucleosomes are associated by linker DNA (up to 80 bp), which is
associated with the linker histone, H1. Each core histone has a flexible N-terminal tail that
protrudes into the nucleoplasm. The tail is amenable to modification by diverse enzymes, which
can alter the structure of the chromatin, which in turn can alter the accessibility of DNA.
Acetylation and methylation are common post-translation modifications of histone tails

(Maeshima et al., 2014; Timsina & Qiu, 2019).

Basically, chromosomes comprise of two distinct type of domain. Firstly, euchromatic
domains, which are considered to be the transcriptionally active regions of the genome. The
second domain type is the heterochromatic domains, in which the DNA is largely unavailable

for DNA binding factors and consequently these domains are transcriptionally silent (Iglesias
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et al,, 2020). There are two categories of heterochromatin, facultative and constitutive.
Facultative heterochromatin includes genes repressed in a cell type-specific manner, whereas
constitutive heterochromatin is made up primarily by repetitive sequences and transposons
positioned at consistent placements across different cell types, which remains transcriptionally
silent in almost all cell types. These type include pericentromeric regions, which are transcribed
(at an extremely low level) (Thomas et al. 2018;Talbert and Henikoff, 2018; Marsano et al.,
2019; Gerlitz, 2020). Heterochromatin is vital for many cellular applications it is produced via
methylation of histone tails by Clr4/Suv39h, which occurs at histone H3 at lysine 9 (H3K9me),
and thereafter completed by incorporation of various chromodomain proteins, such as Swi6
and Chp2 in S. pombe [Heterochromatin protein 1 (HP1 orthologues)] (Iglesias et al., 2020).
These epigenetic changes affect an area of the N terminal tail of histones that is highly

conserved across many species, including humans and yeasts (Liu et al., 2020).

In the fission yeast, S. pombe, heterochromatin occurs at a number of locations; however, the
locations, such as the silent mating-type locus, pericentromeric regions and subtelomeres
(Iglesias et al., 2020), have structural similarities as they all contain specific DNA repeat
sequences known as dg and/or dh repeats. These common areas are heterochromatin nucleation

sites (Holla et al., 2020).

1.7.1.i. Centromeres
In the eukaryotic genome every chromosome comprises distinct functional regions, including
centromeres that are vital to maintain effective chromosomal segregation (Westhorpe &
Straight, 2014; Sullivan, 2020). In most eukaryotes centromeres consist of highly repetitive
DNA sequences and the chromatin is mostly heterochromatic (Zocco et al., 2016; Wang et al.,
2016a; Steiner & Henikoff, 2015; Navarro and Cheeseman, 2020). The main function of the
centromere within the chromosome is as a location for assembly of the multi-factor
kinetochore, which, when assembled, operates as an anchor structure for spindle microtubules;
establishment of heterochromatin at centromeres is important for precise chromosome
segregation during both mitosis and meiosis (Krassovsky et al., 2012; Moreno-Moreno et al.,
2017; Schmidt & Cech, 2015; Mutazono et al., 2017; Sullivan, 2020; Ideue and Tani, 2020).
Failures in the function and structure of the centromere can result in chromosome mis-
segregation, which is an oncogenic driver due to the resulting loss or gain of chromosomes

(Westhorpe & Straight, 2014; Steiner & Henikoff, 2015; Remo et al., 2020) .
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The centromeres in S. pombe vary in size from 40-100 kb, and they are each comprised of three
distinct areas, including the essential central core (cnt) where the kinetochore develops (Figure
1.11). The nucleosomes of the cnt region are distinctive and they include Cnpl (CENP-A
orthologue) as an alternative to H3. This region is protected by a pair of inverted innermost
repeats (imr) that contain tRNA genes within their sequences, which operated as chromatin
boundaries, separating the Swi6-containing heterochromatin from the Cnp1-containing region
(Talbert and Henikoff, 2020). Furthermore, the imr regions are protected by outer repeat
regions (otr), comprising of repeating dg and dh sequences, critical to production of

heterochromatin in the centromere (Figure 1.11).

By controlling epigenetic modifications of chromatin, RNAi can suppress the formation of
heterochromatin and/or transcription of individual genes. This process, which is known as
transcriptional gene silencing (TGS) extends to modulating DNA methyltransferases and
histones (Holoch & Moazed, 2015; Castel & Martienssen, 2013). The S. pombe model of RNAi
pathways that mediate the formation of heterochromatin have been studied most thoroughly
(Alper et al., 2012; Pushpavalli et al., 2012; Holoch & Moazed, 2015). The studies have shown
that the creation of heterochromatin is mediated by nuclear siRNAs which targets the emerging
centromeric nascent RNA molecules that RNA polymerase II produces (Holoch & Moazed,
2015; Smurova and De Wulf, 2018). Mutation of any of the S. pombe canonical RNAi1 pathway
genes such as Argonaute (agol), Dicer (dcrl), and RNA-dependent RNA polymerase (rdpl)
affects heterochromatin function at the centromeres, as Swi6 (HP1) is unable to localise and
H3K9 methylation is lost (Thakur et al., 2015; Creamer & Partridge, 2011; Chan & Wong,
2012; Gutbrod and Martienssen, 2020). With help from an RNA-dependent RNA polymerase
complex (RDRC), the RNAi (CDGS) process commences in this species of yeast with RNA
polymerase II (RNA Pol II) transcribing the pericentromeric DNA repeat into dSRNA. Dicer
then processes the dsSRNAs into siRNAs that bind to the Argonaute siRNA chaperone complex
(ARC). In turn, they are added to the RNA-induced transcriptional silencing (RITS) complex
containing Agol, Chpl and Tas3. As RNA transcripts emerge from the DNA repeats
(centromere), the RITS complex binds to nucleosomes through the Chpl chromodomain
protein. This recruits the Clr4- Rik1-Cul4 (CLRC) complex to the centromeric repeats; Clr4
(histone methyltransferase) of the CLRC complex adds a methyl group to lysine 9 on H3
(Figure 1.11).
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Figure 1.11. Formation and maintenance of RNA-modified heterochromatin at the

centromere (CEN) of S. pombe.

Upper panel: Schematic illustration of the S. pombe centromeres. cnt and imr are the two principal
sequences that make up the centromeric domain. The cnt and imr sequences are bordered by the otr,
which is composed of repeating dg and dh sequences. Lower panel: [llustrates the components involved
in regulating heterochromatic-state CEN sequences adjoining the central core domain. Agol, Chpl and
Tas3 make up the RNA-induced transcriptional silencing (RITS) complex, which binds to the ssRNA
transcripts that are produced by the ofr sequence repeats. Binding is achieved through siRNA-RNA
base pairing interactions and through nucleosomes locating histone H3, which is methylated at Lys9
(H3K9me). RDRC/Dicer is recruited by RITS, thereby initiating dsSRNA synthesis, siRNA synthesis
and methylation of H3K9 by CLRC methyltransferase. The siRNAs are transferred from RDRC/Dicer
to the RITS complex due to the catalytic action of the Argonaute siRNA chaperone complex (ARC).
Exosomes degrade the transcript ssRNAs present in the siRNAs. Chromatin transcription is silenced by
chromodomain HP1 proteins, Swi6 and Chp2 being recruited by H3K9me, which localises the
Snf2/HDAC repressive complex (SHREC). This complex remodels the chromatin remodelling, thereby
inhibiting the activity of RNAPII (Smurova and De Wulf, 2018).
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A binding site for the Swi6 protein forms on the modified histone (H3K9me); this is key to
heterochromatin being able to assemble and spread. Finally, Chp1 recruits the RDRC complex
(containing Rdpl), which synthesises more dsRNAs that Dcrl cleaves in readiness for

methylation (Figure 1.11) (Kalantari et al., 2016; Smurova and De Wulf, 2018).

1.7.1.ii Telomeres

Telomeres are highly repetitive sequences of nucleoprotein-like structures located at each end
of linear eukaryotic chromosomes (Zocco et al., 2016; Chatterjee, 2017; Wang et al., 2016a;
Lorenzi et al., 2015). The purpose of telomeres is to protect the ends of chromosomes from
being mistaken for DSBs during DNA replication and from being degraded (Buhler & Gasser,
2009; Vancevska et al., 2017; Lorenzi et al., 2015; Bettin et al., 2019).Telomerase is a special
reverse transcriptase enzyme tasked with maintaining the telomeres by extending the DNA at
the ends of chromosomes (Hsu & Lue, 2017; Buhler & Gasser, 2009; Oh et al., 2016;
Mizukoshi & Kaneko, 2019). Also, telomeres are integral to chromosomes adhering to the
nuclear envelope; this attachment is important for organising and localising chromosomes
within the nucleus (Chikashige et al., 2009; Kupiec, 2014; Li et al., 2017). To avoid the coding
areas at the ends of chromosomes from becoming dysfunctional, the length and function of
telomeres is maintained by protein complexes, known as shelterins (Vancevska et al., 2017;
Eberhard et al., 2019). Ultimately, the integrity of telomeres, telomerase and shelterins is
essential to maintaining the genome, as cancer and a number of other genetic diseases are
associated with telomeric dysfunction (Chatterjee, 2017; Sarek et al., 2015; Van Emden et al.,
2019). Originally, the heterochromatic state of telomeres was thought to be transcriptionally
inactive (Novo & Londofio-Vallejo, 2013; Lorenzi et al., 2015; Udroiu and Sgura, 2020).
However, subsequent research noted that RNA polymerase II (RNA Pol II) transcribe
telomeres into G-rich telomeric repeat-containing RNA (TERRA) molecules (Feretza et al.,
2017; Azzalin & Lingner, 2015; Cusanelli & Chartrand, 2015; Rippe & Luke, 2015; Maicher
et al., 2014; Wang et al., 2015; Bettin et al., 2019). Transcription of these large, non-coding
molecules starts at the sub-telomere and continues towards the telomere. Identified first in
humans, (Schoeftner & Blasco, 2008; Azzalin et al., 2007;Feretzaki et al., 2019), TERRA is
thought to be associated with various functions related to telomeres. These include controlling
the length of telomeres, regulating the activity of telomerase, telomeric heterochromatin and
DNA damage responses (Azzalin & Lingner, 2015; Cusanelli & Chartrand, 2015; Maicher et
al., 2014; Rippe & Luke, 2015; Wang et al., 2015; Bettin et al., 2019). The integrity and
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stability of the genome is dependent upon regulation of the expression of TERRA (Cusanelli
& Chartrand, 2015; Briefio-Enriquez et al., 2018; Bettin et al., 2019). Based upon the evidence
provided by studies of human cells and budding yeast indicate that in the absence of telomerase,
the productive recombination of telomeres is maintained by the up-regulation of TERRA. This
corresponds to the increased incidence of telomeric RNA-DNA hybrids (see Section 1.5)(Hu
et al., 2019).

S. pombe not only synthesises TERRA, but it also creates distinctive telomeric and sub-
telomeric- related transcripts. These include a C-rich, antisense transcript from the telomeric
RNA repeats, known as ARIA and the sub-telomeric heterochromatic transcripts, ARRET and
oARRET; the latter do not have telomeric sequences (Figure 1.12) (Bah et al., 2012;
Greenwood & Cooper, 2012; Azzalin & Lingner, 2015; Lorenzi et al., 2015). To establish
heterochromatin in S. pombe’s sub-telomeric regions, which are rich with the H3K9me and
Swi6 modifications, RNAi is needed (Moravec et al., 2016). Compared to the levels of
transcription in centromeric heterochromatin, the telomeric and sub-telomeric levels of
transcription are unaffected by mutation of the RNAi genes, ago! or dcrl suggesting a pathway
redundancy (Greenwood & Cooper, 2012). Furthermore, the researchers found that the core
components of shelterin are responsible for regulating S. pombe transcripts. Specifically,
mutation of either Tazl or Rapl, which are double-strand telomere-binding proteins, leads to
an increase in the number of all telomeric and sub-telomeric transcripts (Greenwood & Cooper,
2012). Tazl also has a role in subduing the sub-telomeric RecQ-like ¢/4 genes, which are
orthologues of the BLM gene in humans (Hansen et al., 2006). Typically, these are silent genes,
and their function has yet to be determined; however, in emergencies arising from a telomerase
deficit, these genes appear to be involved in telomeric metabolism (Mandell et al., 2005).
Mutation of agol, dcrl and other RNAi components has little impact upon the expression of
tlh; this is similar to telomeric transcript regulation (Hansen et al., 2006). At the ends of
chromosomes, Tazl contributes to diverse functions including maintaining the length of
telomeres, regulating the recruitment of telomerase, DNA damage responses, as well as

inhibiting transcription at telomeres and sub-telomeres (Pan et al., 2015; Harland et al., 2014).
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1.7.1.iii Mating type

In S. pombe, three mating-type cassettes are present, specifically the expressed mat/ domain,
which is held in either the M (minus) or P (plus) state, and two silent domains, mat2-P and
mat3-M (Yamada-Inagawa et al., 2007). Switching of mating-type results from a single-
stranded DNA break during replication followed by gene conversion recombination between
the expressed mat! locus and either mat2-P or ma3-M donor cassettes. The K region, between
the mat2-P and ma3-M cassettes, and the cassettes are heterochromatic areas (Klar, 2007; Seike
et al., 2019; Hylton et al., 2020). Silencing is depended on various DNA sequences, including
the cenH region, an area which is 96% homologous with the repeating dg and dh regions of the
centromere. cenH operates as a nucleation point for heterochromatin assembly (Verdel and
Moazed, 2005; Thon et al., 2019). Heterochromatin is produced at the mating-type loci
(mat2/3) via a similar process to the sequestration of Clr4 H3K9 methyltransferase to
centromeres by RNAi factors. An alternate pathway operates via binding of transcription
factors Pcrl and Atfl in the region between mat3 and cenH, which then initiates RNAi-
independent recruitment of Swi6 and Clr4 (Jia et al., 2004; Greenstein et al., 2020). Knockout
of any RNAi components is insufficient to induce silencing, which necessitates the additional
knockout of either of the genes encoding the transcription factors Atfl and Pcrl. The
implication of this is that Swi6 heterochromatin maintenance occurs via two redundant

pathways (Jia et al., 2004 ; Greenstein et al., 2020).
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Figure 1.12. Schematic illustration of the components involved in creating RNA species
at the ends of chromosomes in fission yeast

To protect telomeres in S. pombe, a multiprotein complex comprised of the shelterin components Tazl,
Rapl, Rifl, Pozl, Tpzl, Potl and Ccql binds to telomeric repeats. The chromosome ends are rich in
the H3K9me3 and Swib6 heterochromatin factors; however, in S. pombe TERRA is produced, primarily
from RNA Pol II transcription. This starts in the sub-telomeric regions (black arrow) and progresses
towards the telomeres at the ends of the chromosome; Tazl may be the binding interface between
TERRA and the telomeres. Not only do the ends of S. pombe chromosomes produce TERRA, they also
create ARIA, ARRET and a ARRET (adapted from Bah et al., 2012).
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1.8. Hypothesis

Our overarching hypothesis at the onset of this work was that Tsnl and/or Tfx1 function to
maintain genome stability in the absence of Dcrl. This hypothesis extends an unpublished
preliminary observation made by others in the McFarlane Group, which seems to suggest a

requirement for Tsnl in the absence of Dcrl.

1.9. Aims and Objectives

e We aim to determine/confirm whether Tsnl and/or Tfx1 function to maintain genome
stability in the absence of RNAse H activity.

e We aim to establish whether Tsnl and/or Tfx1 function to maintain genome stability in
the absence of sen/.

e We aim to determine the relationship of the RNAi gene dcr!/ to the RNase H genes, rnhl

and rnh201 in the control of genome stability, which might offer insight into the function
of Tsnl.

e We aim to establish whether human Translin functions in genome stability control and
whether this might be linked to Trax function.
e We aim to determine whether the postulated functional requirement for Tsnl in genome

stability maintenance is dependent on conserved RNAse domain function.
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2. Materials and Methods

2.1. Yeast and bacterial Media

2.1.1. Strains used in this study

Table 2.1 details the media used for both yeast and bacteria. Tables 2.2, 2.3 and 2.4 respectively
list the plasmids, Escherichia coli strains and S. pombe strains used in this study. To create the
desired mutant strains, either the de novo deletion method was applied (Béhler et al., 1998) or
standard genetic crosses (Sabatinos & Forsburg, 2010). PCR analysis of the genomic DNA was

conducted to verify specific gene deletions within a given S. pombe strain.

2.1.2. Media
Bacterial media, supplements and reagents for yeast were acquired from Fisher Scientific,
Sigma-Aldrich and Becton Dickinson; whilst, with some exceptions, buffers and enzymes were

bought from New England Biolabs.

For the minimal media, Edinburgh minimal media Glutamic acid (EMMG) was used with
required supplements (e.g., amino acids and/or the nucleobases adenine and/or uracil) added to
achieve a final concentration of 250 mg/l (Petersen & Russell, 2016). The concentration of
antibiotics added to the media was 100 pg/ml for all the antibiotics used; namely, ampicillin
(Sigma-Aldrich), hygromycin (Sigma-Aldrich), geneticin (G418) (Sigma-Aldrich) and

nourseothricin (Werner BioAgents).
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Table 2.1. Yeast and bacterial media recipe

YEA 1L)
Glucose 30g
Yeast extract 5g
Agar 1l4¢
YEL 1L)
Glucose 30¢g
Yeast extract 5g
SPA (1L)
Glucose 10g
Potassium dihydrogen orthophosphate 1lg
Agar 30g
Minerals 0.1 ml
Salts 20 ml
Vitamins 1 ml
EMMG 1L
L-Glutamic acid, Monosodium salt 3.75¢g
Potassium hydrogen phthalate 3g
Di-sodium hydrogen phosphate, 22¢g
Glucose 0.1 ml
Minerals 20 ml
Salts 1ml
Vitamins 30g
Agar

LBA 1L
Sodium chloride 10g
Tryptone 10g
Agar 1l4¢
Yeast extract 5g
Ampicillin (50mg/ml) 2 ml
Vitamins (x1000) 1L)
Nicotinic acid 10g
Biotin 10 mg
Mpyo-inositol 10g
Pantothenic acid lg
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Salts (x50) (1 litre)
Calcium chloride dihydrate 0.735g
Disodium sulphate 2g
Potassium chloride 50¢g
Magnesium chloride hexahydrate 52.5g
Minerals (x10, 000) (1 litre)
Copper sulphate 04¢g
Manganese sulphate 4g

Iron chloride hexahydrate 2g
Zinc sulphate septahydrate 4g
Potassium iodide 1g
Citric acid 10g
Molybdic acid 048
Boric acid 5g

2.2. Plasmid Extraction from E. coli

45

The QIAGEN Miniprep kit has been used to separate plasmids from E. coli and was
performed according to the manufacturer’s instructions. Strains of E. coli preserved at
-80°C were streaked on Luria-Bertani agar (LBA), comprising ampicillin as required,
then incubated at 37°C overnight. Cells were centrifuged for 5 mins at 3,000 g. 250 pl
of P1 buffer with RNase A was prepared and the centrifuged cells were resuspended in
it. The suspension was moved to an Eppendorf tube, after that 250 pl of P2 lysis buffer
was added for cell lysis. Invert mixing has been repeated up to five times, then 350 pl
of N3 neutralising/binding buffer was added. To homogenise the tube contents, invert
mixing was performed, again for up to 5 times. The tube was then spun at 12,000 g for
10 mins. The resultant pellet was removed, and the supernatant was transferred to a
QIAprep tube (QIAGEN). The supernatant was centrifuged again for up to 1 min. The
supernatant was drawn off and the pellet was washed in 500 pl of washing buffer and
spun again for up to 1 min at 12,000 g. The supernatant was drawn off, and the pellet
was washed with 750 ul of PE buffer then spun at 12,000 g for 30-60 secs. Then the
supernatant was then discarded. Elution buffer (EB) of 50 ul was used to clear the

plasmid DNA from the filter



Table 2.2. Plasmids used in this study

Plasmid Description
R Plasmid for deletion of the yeast gene using selectable marker kanM X6,
PARCT82 (kanMX6 amp ) which confers resistance to Kanamycin
R Plasmid for deletion of the yeast gene using selectable marker natMX6,
PYL16 (natMX6 amp ) which confers resistance to Nourseothricin.
pFA6a (hphMX6 amp R) Plasmid for deletion of the yeast gene using the selectable marker
hphMX6 which confers resistance to Hygromycin
pREP3X The REP3X are derived from the REP. The original REP/RIP vectors
include an ATG at the 5' end of the polylinker; the X-series eliminates
ATG and inserts a Xhol site.
pREP3X::rnhl pREP3X with the full open reading frame of S. pombe rnhl cloned into the
Xhol and BamH]1 restriction site
pREP3X::pacl pREP3X with the full open reading frame of S. pombe pacl cloned into the

Xhol and BamH]1 restriction site

pREP3X::Sptsnl

pREP3X with the full open reading frame of S. pombe tsnl cloned into the
Xhol and BamH] restriction site

pREP3X::HsTSN

pREP3X with the full open reading frame of Human 7SN cloned into the
Xhol and BamH] restriction site

pREP3X::Spdcrl

pREP3X with the full open reading frame of S. pombe dcrl cloned into the
Xhol and BamH] restriction site

pREP3X:Sptsnl::E152A

pREP3X with the full open reading frame of S. pombe tsnl gene carrying
the E152A mutation cloned into the X%ol and BamH]1 restriction site

pREP3X::Sptsnl.::R86G

pREP3X with the full open reading frame of S. pombe tsnl gene carrying
the R86G mutation cloned into the X%ol and BamH]1 restriction site

pREP3X::HsTSN::E150G

pREP3X with the full open reading frame of Human 7SN gene carrying
the E150G mutation cloned into the X%ol and BamH]1 restriction site

pREP3X:: HsTSN::R92G

pREP3X with the full open reading frame of Human 7SN gene carrying
the R92G mutation cloned into the X%ol and BamH]1 restriction site

pREP3X::rnh201

pREP3X with the full open reading frame of S. pombe rnh201 cloned into
the Xhol and BamH]1 restriction site

pREP3X::Sptfxl

pREP3X with the full open reading frame of S. pombe tfx1 cloned into the
Xhol and BamH]1 restriction site

pREP3X::HsTSNAX

pREP3X with the full open reading frame of human 7SNAX cloned into
the Xhol and BamH]1 restriction site
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Table 2.3. E.

coli strains used in this study

Bangor E. coli strain Source
strain
number
BE9 R McFarlane collection
NEB 10-beta E. coli (pARC782 kanMX6 amp )
BE183 . R Edgar. Hartsuiker
NEB 10-beta E. coli (pYL16 natMX6 amp )
BE193 R Oliver Fleck
NEB 10-beta E. coli (pFA6a hphMX6 amp )
BE294 NEB 10-beta E. coli (pREP3X::rnhl) This research
BE299 NEB 10-beta E. coli (pREP3X::pacl) McFarlane collection
BE303 NEB 10-beta E. coli (pREP3X::Sptsn 1) McFarlane collection
BE304 NEB 10-beta E. coli (pREP3X::HsTSN) McFarlane collection
BE307 NEB 10-beta E. coli (pREP3X::Spdcrl) McFarlane collection
BE308 NEB 10-beta E. coli (pREP3X:: Sptsnl::E152A) McFarlane collection
BE309 NEB 10-beta E. coli (pREP3X::Sptsni::R86G) McFarlane collection
BE310 NEB 10-beta E. coli (pREP3X::HsTsnl::E150G) McFarlane collection
BE311 NEB 10-beta E. coli (pREP3X::HsTsn1-R92G) McFarlane collection
BE312 NEB 10-beta E. coli (pREP3X:: rnh201) McFarlane collection
BE313 NEB 10-beta E. coli (pREP3X::Sptfx1) McFarlane collection
BE314 NEB 10-beta E. coli (pREP3X::HsTSNAX) McFarlane collection
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2.3. Gene deletions using the PCR method

Gene open reading frames were deleted from the S. pombe genome using a method explained
by Bihler et al. (1998). The primers for PCR used 80 bp homologous sequences that were
downstream and upstream of the open reading frame for the genes to be targeted for deletion.
These sequences contained 20 bp sequences that were homologous to the target PCR template
plasmids that conferred antibiotic resistance. In some cases, natMX6 cassettes were used, in
other cases kanMX6 or hphMX6 cassette were used. Table 2.5 presents the oligonucleotide
sequences used. The primers were created using the online Béhler lab genome regulation

programme (http://www.bahlerlab.info/cgibin/PPPP/pppp_deletion.pl).

Before PCR, the primer and plasmid were diluted 10-fold in 1X TE buffer (EDTA 1.0 mM and
10 mM Tris-HCl preserved at pH 8.0). In of the 50 ul PCR reactions was the following: 10 pl
5x PhusionTM GC buffer, 1 pl of DNA template (20 ng of plasmid DNA), 1 pl of 20 ng/pl
each of forward and reverse primers, 1 pul of 10 mM dNTPs, 1 pl high fidelity Phusion
polymerase (NEB), 2.5 p of DMSO and 32.5 pl of sterile dH20. Amplification of the selected
marker cassettes was achieved as follows: 98°C for 1 min, after that 40 cycles of 10 secs at
98°C, 30 secs at 59°C, then 1 min 50 secs at 72°C, finalised by a further 5 mins at 72°C. To
purify the PCR products, the phenol/chloroform method was used.

2.4. Phenol/ chloroform purification of DNA

To an Eppendorf tube containing the DNA solution, at a ratio of 1:1, 0.1 M NaCl and an
equivalent quantity of chloroform/phenol was appended. The tube was centrifuged at 12,000 g
for 15 mins. The aqueous supernatant was transferred to a fresh tube in which a three-fold
quantity of 100 % ethanol was added. To precipitate the DNA, the tube was left for 1 hour at —
80°C. The DNA was centrifuged at 13,000 g for 15 mins then washed with 70% ethanol. The
resultant pellet was left to dry for 5 mins. The pellet was then resuspended in 50 pl of 1x TE
buffer.
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2.5. Transformation of S. pombe cells using a DNA knockout cassette

A single colony of a selected S. pombe strain was used to inoculate 5 ml of YEL (supplemented
with 250 mg/ml adenine for ade6 mutants) and incubated overnight at 30°C in a rotary
incubator. In the morning, 100 ml of pre-warmed YEL containing supplemental adenine (250
mg/) was inoculated with 100-200 pl of the overnight culture at a concentration of of 1x 107
cells/ml then left overnight to incubate at 30°C in a rotary incubator. The next day the cells
were centrifuged for 5 mins at 3,000 g, washed with sterile dH>O, then spun again at 3,000 g
for 5 mins. The cells have been resuspended in one ml sterile dH>O and moved to the Eppendorf
tubes. Cells were washed with one ml of 0.1 M LiAc/1X TE; then, cells were resuspended in
LiAC/TE to maintain cell density at 2 x 10° cells/ml. After that, 100 ul of cell suspension was
drawn off and mixed with 10-20 pg of cassette DNA and 2 pl of 10 mg/ml sheared herring
testis DNA (Invitrogen). The mixture was incubated at room temperature for 10 mins then 270
ul of 40% PEG/LiAC/TE (maintained at 7.5 pH) was added. After mixing gently, the cells were
incubated for 1 hour in a 30°C water bath. After that DMSO of 42 ul was added, then for 5
mins, the cells were exposed to heat shock at 42°C. After cooling for 10 mins and washing with
1 ml sterile dH>0O, the mixture was centrifuged for 3 mins. The cells were then resuspended in
0.5 ml sterile dH20 and plated, with 100 pl of the mixture being applied to each YEA plate
(not selective). Plates were incubated at 30°C for 18 hours. Finally, cells were replica plated

onto fresh YEA plates comprising the selective antibiotic then incubated at 30°C.for 3-4 days

2.6. Transformation with plasmids

To transform S. pombe strains with plasmids, the lithium acetate (LiAC) technique, as stated
in Section 2.5 was adopted. The only variation to that procedure is that plasmid DNA of 1 ug
was used, in terms of choosing transformants, cells were plated on specific EMMG media

before being incubated at 30°C for 5-8 days.
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Table 2.4. 8. pombe strains used in this project

Strain Genotype Source

number

BP90 h~ade6-M26 ura4-D18 leul-32 McFarlane collection
BP89 h+ ade6-M26 ura4-D18 leul-32 McFarlane collection
BP743 h™rad3-136 McFarlane collection
BP1079 | h™ade6-M26 ura4-D18 leul-32 tsnl:: kanMX6 McFarlane collection
BP1089 | h™ade6-M26 ura4 -D18 leul-32 tfxl:: kanMX6 McFarlane collection
BP2746 - 4de6-M26 ura4-D18 leul-32 derl:: urad” McFarlane collection
BP2748 | - 4de6-M26 urad-D18 leul-32 tsnl:: kanMX6 derl:: urast | MeFarlane collection
BP2750 | b 4de6-M26 urad-D18 leul-32 tfil:: kanMX6 derl-urad McFarlane collection
BP3401 h™ade6-M26 ura4-D18 leul-32 rnhl::kanMX6 (iso 1) This research
BP3402 | A~ ade6-M26 ura4-D18 leul-32 rnhl::kanMX6 (iso 2) This research
BP3403 h~ade6-M26 ura4-D18 leul-32 rnhl::kanMX6 (iso 3) This research
BP3404 | A~ ade6-M26 ura4-D18 leul-3 rnhl::kanMX6 (iso 4) This research
BP3405 | h™ade6-M26 ura4-D18 leul-32 rnh201::kanMX6 (iso 1) This research
BP3406 | h”ade6-M26 ura4-D18 leul-32 rnh201::kanMX6 ( iso 2) This research
BP3407 | h™ade6-M26 ura4-D18 leul-32 rnh201::kanMX6 (iso 3) This research
BP3408 h~ade6-M26 ura4-D18 leul-32 rnh201::kanMXG6 (iso 4) This research
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BP3409 | h™ade6-M26 ura4-D18 leul-32 rnh201::kanMX6 (iso 5) This research

BP3410 h~ade6-M26 ura4-D18 leul-32 rnhl::kanMX6 This research
rnh201::hphMX6 (iso 1)

BP3411 h~ade6-M26 ura4-D18 leul-32 rnhl::kanMX6 This research
rnh201::hphMX6 ( iso 2)

BP3412 | h™ade6-M26 ura4-D18 leul-32 tfxl::natMX6 rnhl::kanMX6 This research
(iso 1)

BP3413 h™ade6-M26 ura4-D18 leul-32 tfx1::natMX6 rnhl::kanMX6 This research
(iso2)

BP3414 | h ade6-M26 ura4-D18leul-32 tfx1::natMX6 rnh201::kanMX6 This research
(iso 1)

BP3415 h~ade6-M26 ura4-D18 leul-32 tfx1::natMX6 rnh201::kanMX6 This research
(is0 2)

BP3416 | h ade6-M26ura4-D18leul-32 tfxl::natMX rnh201::kanMX6 This research
(iso 3)

BP3417 h~ade6-M26 ura4-D18 leul-32 rnh201::kanMXG6 tsnl::natMX6 This research
(iso 1)

BP3418 h~ade6-M26 ura4-D18 leul-32 rnh201::kanMX6 This research
tsnl: natMX6 (iso 2)

BP3419 h~ade6-M26 ura4-D18 leul-32 rnh201::kanMX6 rnhl: :natMX6 This research
(iso 1)

BP3420 h~ade6-M26 ura4-D18 leul-32 rnh201::kanMX6 rnhl : :natMX6 This research
(is0 2)

BP3424 h~ade6-M26 ura4-D18 leul-32 tfx1::natMX6 rnhl::kanMX6 This research
rnh201::hphMX6 (iso 1)

BP3425 h~ade6-M26 ura4-D18 leul-32 tfxl::natMX6 rnhl::kanMX6 This research
rnh201::hphMXG6 (iso 2)

BP3426 h~ade6-M26 ura4-D18 leul-32 tsnl::kanMX6 rnhl::natMX6 This research
(isol)

BP3427 h~ade6-M26 ura4-D18 leul-32 tsnl::kanMX6 rnhl::natMX6 This research
(iso 2)

BP3428 h™ade6-M26 ura4-D18 leul-32 senl::kanMX6 (iso 1) This research

BP3429 | h™ade6-M26 ura4-D18 leul-32 senl::kanMX6 (iso 2) This research
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BP3441 h™ade6-M26 ura4-D18 leul-32 senl::kanMX6 tsnl: :natMX6 This research
(iso 1)

BP3442 h™ade6-M26 ura4-D18 leul-32 senl::kanMX6 tsnl: :natMX6 This research
(iso 2)

BP3443 | h™ade6-M26 ura4-D18 leul-32 senl::kanMX tsnl::natMX6 (iso This research
3)

BP3444 | h™ade6-M26 ura4-D18 leul-32 senl::kanMX6 tfxl::natMX6 This research
(iso 1)

BP3445 h™ade6-M26 ura4-D18 leul-32 senl::kanMX6 This research
tfxl:: natMXG6 (iso 2)

BP3446 h™ade6-M26 ura4-D18 leul-32 senl::kanMX6 This research
tfx1::hphMX6 (iso 3)

BP3447 | h™ade6-M26 ura4-D18 leul-32 senl: kanMXG6 tfx1::hphMX6 This research
(iso 4)

BP3448 h~ade6-M26 ura4-D18 leul-32 senl.:kanMX6 (isol) This research

BP3449 | h™ade6-M26 ura4-D18 leul-32 senl::kanMX6 (iso2) This research

BP3472 | h™ade6-M26 ura4-D18 leul32 rnhl::kanMX6 rnh201::hphMX6 This research
(pPREP3X)

BP3473 | h™ade6-M26 ura4-D18 leul-32 rnhl::kanMX6 rnh201::hphMX6 This research
(pREP3X::rnhl")

BP3474 h~ade6-M26 ura4-D18 leul-32 dcrl::natMX6 tsnl::kanMX6 This research
(pPREP3X)

BP3475 h~ade6-M26 ura4-D18 leul-32 dcrl::natMX6 tsnl::kanMX6 This research
(pREP3X::rnhl")

BP3476 h~ade6-M26 ura4-D18 leul-32 dcrl::natMX6(pREP3X) This research

BP3477 h™ade6-M26 ura4-D18 leul-32 dcrl::natMX6 This research
(pREP3X::rnhl™)

BP3478 h “ade6-M26ura4-D18leul-32 rnh201::kanMX6 tsnl::natMX6 This research
(pPREP3X)

BP3479 h “ade6M26 ura4-D18 leul-32 rnh201::kanMXG6 tsnl::natMX6 This research
(pPREP3X::rnhl")

BP3482 | h™ade6-M26 ura4-DI18leul-32dcrl::natMX6 (pREP3X::pacl™) This research
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BP3483 h™ade6-M26 ura4-D18 leul-32 derl::natMXG6 tsnl::kanMX6 This research
(PREP3X::pacl™)

BP3484 h™ade6-M26 ura4-D18leul-32 rnh201::kanMXG6 tsnl::natMX6 This research
(pPREP3X::pacl™)

BP3485 | h™ade6-M26 ura4-D18leul-32 rnhl::kanMX6 rnh201::hphMX6 This research
pREP3X::pacl™)

BP3486 h™ade6-M26 ura4-D18 leul-32 derl::natMX6 This research
(pREP3X::Sptsnl™)

BP3487 h™ade6-M26 ura4-D18 leul-32 dcrl::natMX6 This research
(pPREP3X::HSTSN")

BP3488 h™ade6-M26 ura4-D18 leul-32 derl::natMXG6 tsnl::kanMX6 This research
(pREP3X::Sptsnl™)

BP3489 h™ade6-M26 ura4-D18 leul-32 derl::natMXG6 tsnl::kanMX6 This research
(pREP3X::HsTSN ")

BP3490 h™ade6-M26 ura4-D18 leul-32 derl::natMXG6 tsnl::kanMX6 This research
(pREP3X::dcrl™)

BP3491 h™ade6-M26 ura4-D18leul-32 rnh201::kanMX6 tsnl::natMX6 This research
(pREP3X::Sptsnl™)

BP3492 h™ade6-M26 ura4-D18leul-32 rnh201::kanMX6 tsnl::natMX6 This research
(pPREP3X::HsTSN ")

BP3493 h ade6-M26 ura4-D18leul-32 rnh201::kanMXG6 tsnl::natMX6 This research
(pREP3X::dcrl™)

BP3494 h™ade6-M26 ura4-D18 leul-32 derl::natMX6 This research
(pPREP3X::Sptsni::E152A)

BP3495 h™ade6-M26 ura4-D18 leul-32 dcrl::natMX6 This research
(pREP3X::Sptsni::R86G)

BP3496 h™ade6-M26 ura4-D18 leul-32 derl::natMX6 This research
(pREP3X::HsTSN ::E150A)

BP3497 h™ade6-M26 ura4-D18 leul-32 derl::natMXG6 tsnl::kanMX6 This research
(pREP3X::Sptsnl:-E152A)

BP3498 h™ade6-M26 ura4-D18 leul-32 derl::natMXG6 tsnl::kanMX6 This research
(pREP3X::Sptsni::R86G)

BP3499 h™ade6-M26 ura4-D18 leul-32 derl::natMXG6 tsnl::kanMX6 This research
(pREP3X::HsTSN::E150A)

BP3500 h™ade6-M26 ura4-D18 leul-32 rnh201::kanMXG6 tsnl::natMX6 This research

(PREP3X::Sptsnl:-E152A )
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BP3501 h™ade6-M26 ura4-D18 leul-32 rnh201::kanMX6 This research
tsnl:: natMX6 (pREP3X::Sptsni::R86G)

BP3502 | A~ ade6-M26 ura4-D18 leul-32 rnh201::kanMXG6 tsnl::natMX6 This research
(pREP3X::HsTSN::E150A)

BP3503 h~ade6-M26 ura4-D18 leul-32 dcrl::natMX6 This research
(pREP3X::HsTSN::R92G)

BP3504 h~ade6-M26 ura4-D18 leul-32 dcrl::natMX6 tsnl::kanMX6 This research
(pREP3X::HsTSN::R92G)

BP3505 h~ade6-M26 ura4-D18 leul-32 rnh201::kanMXG6 tsnl::natMX6 This research
(pREP3X::HsTSN::R92G)

BP3506 | h" ade6-M26 ura4-D18 leul-32 rnhl::kanMX6 (isol) This research

BP3507 | A" ade6-M26 ura4-D18 leul-32 rnhl::kanMX6 (is02) This research

BP3508 h™ ade6-M26 ura4-D18 leul-32 rnhl::kanMX6 (is03) This research

BP3509 | " ade6-M26 ura4-D18 leul-32 rnhl::kanMX6 (iso4) This research

BP3510 h~ade6-M26 ura4-D18 leul-32 dcrl::natMX6 tsnl::kanMX6 This research
(pREP3X::rnh201")

BP3511 h~ade6-M26 ura4-D18 leul-32 rnhl::kanMX6 rnh201::hphMX6 This research
(pREP3X::rnh201")

BP3512 h~ade6-M26 ura4-D18 leul-32 dcrl::natMX6 tsnl::kanMX6 This research
(PREP3X-HuTZSNAX")

BP3513 h~ade6-M26 ura4-D18 leul-32 dcrl::natMX6 tsnl::kanMX6 This research
(pREP3X::Sptfxl™)

BP3514 | h™ade6-M26 ura4-D18 leul-32 rnh201::kanMXG6 tsnl::natMX6 This research
(PREP3x::HuTSNAX")

BP3515 h~ade6-M26 ura4-D18 leul-32 rnh201::kanMXG6 tsnl::natMX6 This research
(pREP3x::SptfxI")

BP3516 | h™ade6-M26 ura4-D18 leul-32 rnhl::kanMX6 rnh201::hphMX6 This research
(pPREP3X::HuTSNAX")

BP3517 | h™ade6-M26 ura4-D18 leul-32 rnhl::kanMX6 rnh201::hphMX6 This research
(pREP3X::Sptfxl™)

BP3518 | h™ade6-M26 ura4-D18 leul-32 dcrl::urad rnhl::kanMX6 (isol) This research
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BP3519 | h™ade6-M26 ura4-D18 leul-32 dcrl::ura4 rnhl::kanMX6 (is02) This research

BP3520 | A~ ade6-M26 ura4-D18 leul-32 dcrl::ura4 rnhl::kanMX6 (iso3) This research

BP3521 h+ ade6-M26 ura4-D18 leul-32 dcrl::ura4 rnhl::kanMXG6 (isol) This research

BP3522 h+ ade6-M26 wura4-DI18 leul-32 dcrl::ura4 rnhl::kanMX6 This research
(is02)

2.7. Genomic DNA extraction

Single colonies of a selected strain were inoculated into 5 ml YEL and incubated at 30°C until
the culture was concentrated. Then Cells were extracted at 3,000 g, washed with one ml of
sterile dH»O, centrifuged at 3,000 g, and then resuspended in 1 ml of sterile dH>O. Cells were
moved to screw-cap tubes and centrifuged at 3,000 g. A mixture was made of 200 ul) phenol
chloroform, acid washed beads (300 mg) and 200 pl of lysis buffer (1 ml Triton-X100, 5 ml
10% SDS, 5ml 1 M NaCl, 0.5 ml TE 100X, in sufficient sterile dH»O to take the volume to 50
ml). A Bead-Beater (FastPrep120, ThermoSavant) was used for 30 secs to destabilize the cells,
which were then centrifuged at 12,000 g for 15 mins. The supernatant was removed and then
it was added to one ml of 100% ethanol. It was kept at —20°C for 1 hour then centrifuged at
12,000 g for 12 mins. The resultant pellets were washed in one ml of 70% ethanol, dried with

air, and then resuspended in 100 pl of 1x TE buffer.

2.8. Confirmation of gene knockout by PCR screening

Genomic DNA for the candidate knockout strains was extracted. Various “check primers”,
were designed within and outside of the region of the desired genes, together with primers
within the knockout cassettes (provided in Table 2.6). For 50 ul PCR reaction, 1 ul of a 10%
dilution of extracted genomic DNA in TE buffer, 1 ul of 20 ng/ul of both forward and reverse
primers, 25 pl of BioMix red (BioLine) and 23 pl sterile dH,O was used. The following PCR
protocol was used: initial heating at 96°C for 1 min; 30 cycles of 1 min at 96°C; 30 secs at
X°C, and 72°C as needed (letting 15-30 secs/kb); final elongation was conducted at 72°C for
5 mins. The primers set determined the annealing temperature (X°C), therefore it was variable.

To visualise the size and quality of the PCR products, 1% agarose gel was used.
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Table 2.5. PCR primers utilised to delete target genes

Primer name

Sequence

Notes

CAAAAGAATGTACCTATATCCATTTTTTAC
AGCGCTCATCATAGATGACCATGAATTCG
AGCTCGTTTAAAC -3’

mhl-kanMX6-F STTGCAAAGTTTTGGGAAAAACTCCCAAG | Forward primer for the
TTTTACTAAGTTTTACTATTTTAAAGCTAT | Kanamycin cassette to
TTTTGAATCTTCGCATTACGAACGGATCCC | roplace the mhl
CGGGTTAATTAA-3'

rmh1-kanMX6-R 5'GAGTAGACGAAAATTATACGGCAAATTT | Reverse primer for the

Kanamycin cassette to
replace the mhl

tfx1-natMX6-F

5'-TATAGACTTATACATTTATAC CTTCCA
CACGGCTTTGCTGAATTGAGGATATTATA
AAACTTTAACCGAATTTGCCAAATCGGAT
CC CCGGGTTAATTAA -3’

Forward primer for the
Nourseothricin cassette to
replace the #fx/

tfx1-natMX6-R

5'-ATTATGATTTTCAAAAGCTGCAAAACA
GAAAAACTTTTAATAAACTAGTAAGGTGT
CTGTCGAGAGCTGTCGATCATATATGAAT
TCGAGCTCGTTTAAAC -3'

Reverse primer for the
Nourseothricin cassette to
replace the #fx/

tsnl-natMX6-F

5'-TTATTTGCATACTGAAAACATCATTCG
AATATCAACACTACTCAACAGCATACATT
ACAGATTAAGTCGACGGATCCCCGGGTT
AATTAA-3'

Forward primer for the
Nourseothricin cassette to
replace the tsnl

tsnl-natMX6-R

5'-ATATTAAAAAAGCAATTTTATCGG
CTCAATTTTAGTCAAGCGTACAGCTGG
CAAATAAATTGTTAGCAATGAATTCGA
GCTCGTTTAAAC-3'

Reverse primer for the
Nourseothricin cassette to
replace the tsnl

rnh201-kanMX6-F

STATTTTTTTATTCAGTTTTTGAGCCAAAT
ATTAGAAGTACTCTGATAATTCTTTAAAA
GATACAAAGCAGCAATCTCAACCGGATCC
CCGGGTTAATTAA-3'

Forward primer for the
Kanamycin cassette to
replace the rnh201

rnh201-kanMX6-R

S'GATTTTAAGCATAAATGTAAATTCGTAT
CACTCTCACAATTAGTCTTAGGCAAAAGT
AGTGACAGAGTATAGTAACTAAAGATTCG
AGCTCGTTTAAAC-3'

Reverse primer for the
Kanamycin cassette to
replace the rnh201

senl-kanMX6-F

S'TTGCAAAGTTTTGGGAAAAACTCCCAAG
TTTTACTAAGTTTTACTATTTTAAAGCTAT
TTTTGAATCTTCGCATTACGAACGGATCCC
CGGGTTAATTAA-3'

Forward primer for the
Kanamycin cassette to
replace the senl

senl-kanMX6-R

5'AGTAGACGAAAATTATACGGCAAATTTC
AAAAGAATGTACCTATATCCATTTTTTACA
GCGCTCATCATAGATGACCATGAATTCGA
GCTCGTTTAAAC-3'

Reverse primer for the
Kanamycin cassette to
replace the senl
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Table 2.6. Non-deletion targeting PCR primer sequences used in this study

Primer name

Sequence

Notes

Tfx1 check- 5'-CAAATAGTCATCTTGATTTGC-3' Upstream of #fx/ Open
forward Reading Frame
Tfx1 check- 5S'-TCTAACATATAGAAAGCAGCG-3' Downstream of #fx/ Open

reverse

Reading Frame

Tfx1-int-Forward

5'-ATAAGAGGGAGAAAATTATTC G-3'

Forward primer within #fx/

Tfx1-int-Reverse

5'-CTCCTCGGGAGGAGTTGC -3’

Reverse primer within #fx/

Tsnl-check- 5'-GAT CTA AACAACCCA AGC G-3' Upstream of tsn/ Open
Forward Reading Frame

Tsnl- check- 5'-GCATTCATCATAGGACTGCC-3' Downstream of tsn/ Open
Reverse Reading Frame

Tsnl-int-Forward

5'-AAACTGACTGCAGAGGTC G-3'

Forward primer within tsn/

Tsnl-int-Reverse

5'-GAACACAGAGATAGTACTGC- 3'

Reverse primer within tsn/

Decrl check- 5S'-AGTATTCTGCTCGTGTGATTG-3 Upstream of dcrl Open
Forward Reading Frame

Decrl check- 5'-TGATTGAAACTCGAGATGCTTTG-3" | Downstream of dcrl Open
Reverse Reading Frame

Decrl-int 5'-ATTCGACGAATGTCATCATGC-3' Forward primer within dcr!
Forward

Dcrl-int-Reverse

5'-AGACGATATCATCAGTCACACG-3’

Reverse primer within dcr!/

KanMX6- 5'-CGGATGTGATGTGAGAACTG-3' Forward primer within kan
Forward cassette
KanMX6- 5'-CAGTTCTCACATCACATCCG-3' Reverse primer within kan
Reverse cassette
NatMX6- 5'-CATGGGTACCACTCTTGACG- 3' Forward primer within nat
Forward cassette
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NatMX6-Reverse

5'-CTCAGTGGCAAATCCTAACC- 3

Revers primer within nat
cassette

HphMX6- 5'-CTGTGTAGAAGTACTCGCCG-3' Forward primer within hph
Forward cassette

HphMX6- 5'-AACTTCTCGACAGACGTCGC-3' Reverse primer within hph
Reverse cassette

rnh1 check- 5'-CAGTCGCGGAGATCTAACTAGC-3' Upstream of rnhl Open
Forward Reading Frame

rnh1 check- 5-GCATTATGCAAAACGAGAACAA-3" | Downstream of rnhl Open
Reverse Reading Frame

rnhl-int-Forward

5'-AGGGATGAGGCGTCGGATCA-3'

Forward primer within rnhl

rnhl-int-Reverse

S-TTTGCTCTTCCCCAGCCAAC-3’

Reverse primer within rnhl

rnh201 check- 5'-GATTGCTAGGAGATGACTCGCT-3' Upstream of rns201 Open
Forward Reading Frame

rnh201 check- 5'-AAGTCTCATGCCAGCCATATTT-3’ Downstream of rnh201
Reverse Open Reading Frame
rnh201-int- 5'-CGAATCCCGCAAAATCGAAT-3' Forward primer within
Forward rnh201

rnh201-int- 5'-GAAGCTAAACTCACGATGGG-3' Reverse primer within
Reverse rnh201

senl-check- 5'-CAACGTTTATTTGGGTCCATTT-3' Upstream of sen/ Open
Forward Reading Frame

senl-check-R

S'-TCAATTGGCCTTCTTCACCTAT-3'

Downstream of sen! Open
Reading Frame

senl-int-Forward

5S'-TACTGAAATAAGAATTTCTT-3'

Forward primer within sen/

senl-int-Reverse

5'-TAACAGAAATGATACAACTG-3’

Reverse primer within sen/

pAW1-Forward

5'-AGTTTAACTATGCTTCGTCGGC-3'

Forward primer within ura4
cassette

pAWI1-Reverse

5'-ACACGACATGTGCAGAGATGC-3’

Reverse primer within ura4
cassette

actl-Forward

5'-ATGGAAGAAGAAATCGCAG-3'

Forward primer within act/

actl-Reverse

5'-CAAAACAGCTTGAATAGC-3’

Reverse primer within actl




nmt promoter 5'-GAAGTTCCTCGACAAGC-3' Forward primer within
pREP F1 pREP3X
Hs translin F- 5'CGCGGATCCATGTCTGTGAGCGAGA | Forward primer used to
(BamH1) TCTTCG-3' synthesis the first strand of
cDNA for Human tsnl.
rnh1-F qPCR 5'ACTGGTATATAGTACATGGGATGAG | Forward qPCR primer for
3 amplification of rnh1
rnh1-R gPCR 5'-AATTCCTGAGCAGCCTCATAG -3’ Reverse qPCR primer for
amplification of rnh1
Pacl-F qPCR 5'-GTCATTGAAGAACCCTCCTCTC -3’ Forward qPCR primer for
amplification of pacl
Pac1-R gPCR 5'-TCAGACCGTAAAGGTGGTAATG-3’ Reverse qPCR primer for
amplification of pacl
rnh1F cloning 5'CCGCTCGAGATGGGTGGAAATAAGC | Forward primer used to
(Xhol) GTGC-3' synthesis the first strand of
c¢DNA for rnhl
rnhl R cloning 5'CGCGGATCCTTACTCAGAAGCTCCT | Reverse primer used to
(BamH1) CGCC-3' synthesis the first strand of
cDNA for rhl.

2.9. Yeast meiotic crosses

Culturing of 2.5 x 107 samples of S. pombe cells of opposite mating type (A" and /) was
undertaken in 5 ml yeast-extract liquid (YEL) with 250 mg/l supplemental adenine. This was
followed by mixing in a 1.5 ml Eppendorf centrifuge tube in identical 750 pl volumes for every
strain. Microcentrifugation was performed on the cells, with aspiration of the supernatant. 1 ml
sterile distilled water was used to wash the pellet again before being subjected to renewed
centrifugation. After pellet resuspension in 50 pl distilled sterile water, cells were spotted on
SPA, plates containing 250 mg/l adenine, uracil, and leucine, and incubated for 3-4 days. From
mating spots cells were scraped from plates and introduced into 1 ml of an aqueous solution of
0.6% B-glucuronidase (Sigma) in an Eppendorf tube. Spores were released from the asci and
vegetative cells were eradicated through mixture and incubation of the suspension for 16 hours
at 25°C. The next step was addition of ethanol in a proportion of 30% and five-minute

incubation at ambient temperature. The spores were subjected to 60secs centrifugation in an
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Eppendorf microcentrifuge, followed by elimination of the supernatant and resuspension of the
spore pellets in 1 ml distilled sterile water. To enable viable spores to grow, plating of dilutions
on to YEA was undertaken. After three-day plate incubation at 33°C, replica plating of colonies

on selective media was performed according to requirements.

For isolation of new strains using tetrad analysis, asci were removed from SPA plates and
spores spotted onto YEA using a yeast tetrad dissecting instrument from Singer Instruments

Ltd.

2.10. Iodine staining for mating-type test

Unlike vegetative cells, S. pombe spores contain a starch-like compound. To test for the
presence of mating, mating mixes on SPA are exposed to iodine vapours following 3 days
under mating conditions. Positive and negative response to iodine being respectively indicated
by the black colouring of spore-containing materials and the yellow colouring of materials

comprising solely vegetative cells after five minutes of exposure.

2.11. Spot test

A single colony of the required S. pombe strain was incubated until late log phase at 30°C in 5
ml YEL containing 250 mg/l supplemental adenine. Then using a light microscope (40X), the
following day the cells were counted using a haemocytometer. Sterile dH,O was applied to
resuspend cells to get a concentration of 5 x 10° cells/ml. The cell mixture was serially diluted
four times; 10 pl of each dilution was spotted onto YEA plates supplemented with 250 mg/1
adenine and the appropriate concentration of drug, where appropriate (Table 2.7). Using the
appropriate solute, a set of plates was also made, and cell dilutions were spotted onto these as
controls. Plates were incubated for 3-4 days at the right temperature. This same procedure was
used for minimal media conditions for strains containing plasmids, but YEL and YEA were

exchange for EMMG liquid and EMMG agar containing appropriate supplements respectively.
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Table 2.7. drugs used in this study

Drug Working concentrations used
Methyl Methanesulfonate (MMS) (0.0075%, 0.01%)

Mitomycin C (Sigma) (2,3 mM)

Hydroxyurea (HU) (Sigma) (8,9, 10 mM)

Camptothecin (Sigma) (4,5, 6, 8 pg/ml)

Phleomycin (3,5 pg/ml)

2.12. Storage of S. pombe Strains

Single colonies were introduced into 5 ml of YEL supplemented with 250 mg/I of adenine and
left to grow. The cultures were shaken until cell saturation. Glycerol was added to 700 pl of
culture to get a final concentration of 30%. The cultures were vortexed before storing them at
-80°C. For strains containing plasmids YEL was replaced with liquid EMMG containing

appropriate supplements.

2.13. Ultraviolet (UV) irradiation of S. pombe

Following the protocol described in Section 2.9, 10 pl of each serial dilution of S. pombe was
spotted onto YEA plates supplemented with 250 mg/l of adenine (250 mg/l) and left to dry.
Plates were then exposed to UV irradiation (70 and 100 J/m?; CL-1000 UV cross linker). They

were then incubated for 3-4 days at the right temperature.
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2.14. Cloning of S. pombe open reading frames

2.14.1. RNA Extraction and DNase treatment

Single colonies were introduced into 5 ml of YEL supplemented with 250 mg/I of adenine and
cultured overnight in an orbital incubator at 30°C until they reached the exponential phase
(ODgoo 0f 0.6-0.8). Then RNA was extracted with the assistance of MasterPure ™ Yeast RNA
Purification Kit (Epicentre). 1.5 ml of culture was centrifuged for 1 min at 3,000 g. The
supernatant was aspirated off. A 300 pl mixture containing of RNA extraction reagent and 2 pl
of 50 pg/ul proteinase K, was added to the tubes. The tubes were incubated for 15 mins at
70°C; during the incubation period, the tubes were mixed at 4 mins intervals. The tubes were
positioned on ice sheet for 4 mins. Then the tubes were filled with 175 pl of MPC protein
precipitation reagent. Mixtures were centrifuged at 4°C at 10,000 g for 10 mins. The
supernatant was moved to another Eppendorf tube containing 500 pl of isopropanol. The tubes
were inverted then centrifuged at 10,000 g for 10 mins at 4°C. Excess isopropanol was excluded
and just after it, the pellets were resuspended in 200 pul DNase I solution (comprised of 175 pl
of deionised water, 5 pl of RNase-free DNase [ and 20 pl of DNase buffer (100 mM Tris-HCI
(pH 7.5), 25 mM MgCl2, 1 mM CaCl2)). The samples were incubated for 15 mins at room
temperature. Then to each tube, 200 pl of MPC protein precipitation reagent and 200 pl of 2X
T and C Lysis Solution were added. Tubes were vortexed then placed on ice for 3 mins. After
cooling, the samples were centrifuged at 10,000 g up to 10 mins at 4°C. after this step, the
supernatant was then moved to a fresh Eppendorf tube with an addition of 500 pl of
isopropanol. Then, the tubes were inverted and centrifuged again at 10,000 g for 10 mins at
4°C. Excess isopropanol was removed carefully. Then using 1 ml of 70% ethanol, the pellets
were washed twice. After removing the ethanol, the RNA was resuspended in 350 pl of TE
buffer. To protect the RNA, 1 ul of RiboGuardTM RNase Inhibitor was added.

Lastly, the RNA was treated with RNase-free DNase (Promega) by combining 1 pl RNase-
Free DNase with 1 pg of RNA, 1 pl of RNase-Free DNase reaction buffer up to 10 ul nuclease-
free water. Tubes were incubated at 37°C for 30 mins. After this duration, 1 pl of DNase Stop
Solution (Promega) was added. The tubes were incubated for 10 mins at 65°C. Then the RNA

has been preserved at-20°C.
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2.14.2. Synthesis of cDNA

Synthesis of a cDNA from total RNA was achieved by employing the SuperScriptTM III first-
strand synthesis kit (Invitrogen, Cat#18080-051) in line with the manufacturer’s guidelines.
The kit came with the necessary primers and reagents. Preparation of two sterile PCR tubes
was undertaken. The content of the first tube included 2 pg total RNA, 1 pl of 50 uM oligo
(dT), and 1 pl of 10 mM dNTP mix, with the remaining volume consisting of 10 pul DEPC-
treated water. After five-minute incubation at 65°C, the tube was kept on ice for a minimum of
60 secs. The content of the second tube included 2 pl of 2 ml RT buffer, 4 pl of 25 mM
magnesium chloride, 2 pl of 0.1 M DTT, 1 pl RNaseOUTTM and 1 pl SuperScriptTM III RT.
After gentle mixing of the compositions of the two tubes into a new single tube, flash spin was
performed for collection, followed by 50 mins incubation at 50°C and further 5 mins incubation
at 85°C. A flash spin was conducted again after tube chilling on ice. Following addition of 1
ul RNase H, 20 mins incubation was performed at 37°C. The cDNA thus obtained was placed
in storage at -20°C.

PCR amplification on rnhl was conducted by employing MyTaqTM Red Mix (Bioline)
alongside 2ul ¢cDNA. The applied PCR procedure with 10-pmol/ul RnhlF cloning (XAol,5
units) and Rnh1 R cloning (BamH]1,10 units) consisted of one 3 min cycle at 95°C, 35 30 sec
cycles at 95°C, one 20 sec cycle at 62°C, and one 30 sec cycle at 72°C. An extension step was
subsequently performed for 5 mins at 72°C. The Macherey-Nagel, Cat.No. 740609 kit was then
employed to conduct culm clean on the reaction (see Section 2.14.3), followed by elution in

50-pl buffer EB.

2.14.3. Digestion and Purification of PCR products from agarose gel

For testing purposes, digestion of the vector and the insert by BamH]1 and Xhol was performed
through the general digestion protocol issued by New England BioLabs (NEB). A 50 ul volume
of the insert and vector was supplemented with a mixture consisting of 6 pl of 5 ml cutsmart
buffer, 2pul water and 2pul BamH1 (10 units) and X#ol (5 units) enzymes. The digestion reaction
was subjected to 2 hour incubation at 37°C. The mixture was subsequently enriched with 16 pl
5x DNA loading dye. The sample was loaded on 1% agarose and run for one hour at 100 V.

The gel was visualised under UV light, while vector and insert removal was performed with a
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fresh sterile scalpel. The guidelines set out by the manufacturer were followed when using the
PCR clean-up gel extraction kit (Macherey-Nagel, Cat.No. 740609). The Eppendorf tube was
weighed both before and after the removed fragment of DNA (gel slice) was added to the tube.
According to the guidelines, 200 pl buffer NTI had to be added for each 100 mg agarose gel.
Therefore, 274 pl buffer NTI was added to the tube, which was then incubated for 10 mins in
a heating block at 50°C. Furthermore, the incubating sample was vortexed at 2 min intervals
until full dissolution of the gel slice. NucleoSpin gel and PCR clean-up column were added to
a collection tube that contained the whole sample. The tube was then centrifuged for 30 secs at
10,000 g, with removal of flow-through. 700 pl buffer NT3 was used to enrich the column,
after which the tube was centrifuged again for 30 secs at 10,000 g, with removal of flow-
through. The previous procedure was subsequently performed again, in line with the
manufacturer’s guidelines. The tube that contained the column was centrifuged for 60 secs at
10,000 g to fully remove the buffer NT3. The column was introduced into a new Eppendorf
tube with 20 pl buffer NE, which was subjected to 5 mins incubation at 70°C. The final step
was centrifugation for 1 min at 10,000 g. The next procedure was dephosphorylation of the
vector through addition of 1 ul shrimp alkaline phosphate, 6 pl 5 ml CutSmart buffer, and 3 pl
water to 50 pl vector. The Macherey-Nagel Cat. No. 740609 kit was used according to the
manufacturer’s guidelines for column cleaning of the vector. Since the vector exceeded 7 Kb,
sample elution was performed in 50 pl buffer EB at 70°C. A last quantification and quality
verification were subsequently undertaken by using the nano drop. The insert was merged with
the vector through DNA ligation; with the ligation reaction being performed with 100 ng total
DNA. The ratio of vector to insert was about 1:3 and was determined based on

http://www.insilico.uni-duesseldorf.de/Lig_Input.html.

2.14.4. High-efficiency transformation of E. coli

The process of NEB 10-beta Competent E. coli transformation was commenced by adding 5 pl
of 100 ng plasmid DNA to a vial of NEB 10-beta Competent E. coli (a derivative of DH10b),
which were mixed gently. After the solution was kept on ice for half an hour, the cells were
subjected to 30 secs heat-shock at 42°C and placed on ice again for 5 mins. 950 ul S.O.C.
medium was subsequently added at ambient temperature and the tube was horizontally shaken

for one hour at 37°C and 200 r.p.m. This was followed by spreading of 100 and 200 pl from
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each transformation of a selective plate that had been warmed beforehand, which was then

incubated overnight at 37°C.

2.14.5. PCR colony screening

Eppendorf tubes containing 20 pl purified water were used for resuspension of five colonies
extracted from two overnight plates. Preparation of a master mix sufficient for five PCR
reactions (one extra) was achieved by mixing the required reagents in an Eppendorf tube: 75
ul MyTaq, 6 ul of 10 pmol/ul forward primerl (1:10 dilution) 6 pl of 10 pmol/ul reverse
primer] (1:10 dilution) and 33 pl distilled water. After a quick centrifugation, 20 pl of the mix
was poured in every one of the five PCR tubes. The tubes were subsequently enhanced with 5
ul resuspended colony. The samples were incubated in the PCR analyser for a 3 min cycle at
95°C, 35 30 secs cycles at 95°C, one 20 sec cycle at 62°C, and one 30 sec cycle at 72°C. An
extension step was then performed for 5 mins at 72°C. To acquire the result, the PCR products

were run on 1% agarose gel.

2.15 Quantitative PCR

For the pacl and rnhl qRT—PCR experiments, the QuantiTect SYBR Green PCR Kit (Qiagen;
204054) was used to PCR amplify ¢cDNA using a CFX96 real-time system (Bio-Rad) in
accordance with the manufacturer’s instructions. For a 20 pl reaction mixture, the following
were combined: 10 pl of SYBRTM Green master mix, 4 pl of the diluted cDNA (including 2.5
ul of nuclease-free water and 1.5 pl cDNA and), 4pl of 10 pmol/pl forward and reverse primers
and 2 pl of'sterile dH20O. Triplicate samples were prepared and loaded into PCR plates (BioRad)
and he following PCR protocol was used: 3 mins at 95°C, then 40 cycles at 95°C for 10 secs,
30 secs at 60°C, and 10 secs at 95°C. Table 2.6 details the oligonucleotide sequences used in

these experiments.
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Chapter3: Investigation of genetic association
between tsnl and RNAse H encoding genes.
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3.1. Introduction

For cells to proliferate, accurate DNA replication is essential. Evolution has that ensure DNA
replication is high fidelity (Kang, et al, 2018; Williams, Lujan & Kunkel, 2016; Potenski&
Klein, 2014). However, endogenous or exogenous agents can alter the chemical composition
and structure of DNA or cause barriers to DNA replication progression (Bouwman & Crosetto,
2018; Parker, Botchan & Berger, 2017). The consequences of not remedying replicative
perturbations can be mutagenic and/or cytotoxic. Whilst there are various DNA abnormalities
that threaten genomic stability, the presence of ribonucleotides in the DNA backbone is
common. Additionally, transient annealing occurs between chromosomal DNA and RNA
strands (often referred to as R-loops), or single and tandem ribonucleotides (rNMPs) resulting
in RNA:DNA hybrids, which can potentially impede replication fork progression (Cornelio, et
al, 2017; Williams, Lujan & Kunkel, 2016: Kellner, and Luke, 2020). For example, R-loops
can develop during transcription when developing mRNA molecules fail to separate from the
DNA template strand. During replication, large quantities of single INMPs can be incorporated
into the freshly formed DNA by the action of replicative polymerases. Moreover, should the
rNMPs used to synthesise the lagging strand primer persist the hybrid structures also endure.
To generate the full lagging strand from Okazaki fragments, these primers must first be
removed (Zheng& Shen, 2011; Vaisman et al., 2013). This has implications for normal DNA
replication and other genomic behaviour, ultimately disrupting the chromosome (Cornelio, et

al, 2017).

The elimination of deleterious INMPs and/or RNA:DNA hybrids is undertaken by several
nucleases (Fragkos & Naim, 2017; Belotserkovskii et al., 2018). These enzymes act with
specificity, hydrolysing the phosphodiester bond between deoxyribonucleotides and
ribonucleotides.

RNase HI (Rnhl) and RnhH201 (Rnh201) are ribonucleotide-specific ribonucleases that
eliminate RNA:DNA hybrids. Rnh201, is composed of a heterotrimeric complex with Rnh202
and Rnh203, the complex has ribonucleotide excision repair (RER) activity, which has been
demonstrated using the enzymes extracted from fission yeast S. pombe and E. coli (Vaisman,

and Woodgate, 2015; Sparks, et al, 2012; Hyjek, Figiel and Nowotny, 2019).
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In each of these organisms, RNase H201 is the principal enzyme responsible for removing
rNMPs. RNase H2 activity is encoded by the 7nAB gene in E. coli and the catalytic subunit by
rnh201 in S. pombe. These ribonucleases act with specificity, removing RNA fragments from
the DNA template strand by hydrolysing the phosphodiester bonds between RNA and DNA
that are present. They also hydrolyse the phosphodiester bonds of individual INMPs present in
the DNA double-stranded molecules (Williams, Lujan & Kunkel, 2016; Kojima, et al, 2018;
Lockhart, et al, 2019).

The cleavage activity of type I ribonucleases is dependent upon the presence of a fragment with
no less than four consecutive ribonucleotides within the DNA strand. RNase H1 enzyme is
encoded by rnhA in prokaryotes and by rnhl in eukaryotes (Williams, Lujan & Kunkel, 2016;
Kojima, et al, 2018; Lockhart, et al, 2019).

Whilst R-loops are thought to cause replicative stress, it is also thought that they are needed to
help repair, particularly for DSB, where it is proposed RNA Pol II makes new RNA:DNA
hybrids at the site of damage and this is needed to recruit the repair factors (Zhao et al., 2017;
D’Alessandro et al., 2018). It is thought that this is the reason the S. pombe rnhIA rnh201A
double mutant is sensitive to DNA damaging agents, as they cannot process the RNA:DNA
hybrids and so fail to complete the DSB repair. So, in S. pombe Rnhl and Rnh201 have a
positive role in repair and RNase H activity is also essential for the repair of DSBs (Ohler et
al.,2016). The contribution from both RNase H1 and RNase H2 means that there is redundancy
in the RNase H pathways, thus enabling successful DSB repair should one pathway fail (Ohle
et al., 2016).

Translin was originally thought to be involved mediating chromosomal rearrangements (Aoki
etal., 1995; Gajecka et al., 2006). Based on that and the increased affinity that Tsnl in S. pombe
has for RNA than for DNA (Jaendling & Mcfarlane, 2010), we suggest that Tsnl could be
involved in reducing the stability of RNA:DNA hybrids throughout the genome; this reduces
transcription-DNA replication conflicts, thus saving the stability of the chromosomes. This led

us to hypothesize that Tsnl and/or Tfx1 might function in an RNase H-associated pathway.
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3.2. Results

3.2.1. Assessment of a role for zsnl in an RNAse H-associated pathway

To determine whether zsn/ function is redundant with RNAse H activity appropriate double
mutants were required (zsn/A rnhIA and tsnIA rnh201A). To create the desired mutant strains,
direct gene mutation method was used (Bihler et al., 1998). Genetic crossing was not used in
this present data, as a study by the McFarlane group (unpublished) noted that the mating
outcomes of strains with the zsn/A mutation did not follow Mendelian patterns of segregation.
This indicates that zsn/A may be associated with meiotic haplo-insufficiency or be a poison-
antidote meiotic driver (Hu et al., 2017; Nuckolls et al., 2017). In support of this, a study by
Dudin et al. (2017) that aimed to identify non-essential mutations of S. pombe associated with
aberrant mating and sporulation processes, found that the frequency of sporulation defects was
high for #sn/A mutants. Additionally, Blyth and co-workers (2018) also observed meiotic
defects in zsn/A mutants, supporting the proposal that there is an unknown function for Tsnl
in maintaining genetic and or epigenetic stability in meiosis, further justifying the direct
deletion approach for mutant generation; therefore, in this study, de novo deletion (direct gene
mutation) were created from mitotically dividing cells. No less than two mutants were created

for each strain.

Single mutants were firstly created for rnhl [rnhIA (BP3401)] and rnh201 [rnh20IA
(BP3405)] from the parent strain (BP90). Double mutants, tsn/A rnhIA (BP3426), rnh201A
tsniA (BP3417) and rnhIA rnh201A (BP3410) were created from deleting the required gene
from the single mutant tsn/A (BP1079), rnh201A (BP3405) and rnhIA (BP3401) (see Table
2.4) (a minimum of two isolates were isolated and tested for each genotype). hphMX6
(hygromycin-resistant) natMX6 (nourseothricin-resistance) and kanMX6 (kanamycin-
resistant) genes were used as deletion marker genes. To amplify the gene replacement cassettes,
PCR was used with primers of 80 bp homologous sequences that were upstream and
downstream contiguous with the open reading frames (ORFs) of the genes to be deleted. The
primers also comprised a 20 bp sequence that was homologous to the appropriate antibiotic-
resistant marker within a marker-carrying plasmid (Figure 3.1). Marker cassette PCR product
was transformed into the appropriate S. pombe strains and mutant candidates were selected for
screening (details in Section 2.5). To assess whether the deletions were successful, three sets

of PCR primers were used for each of the genes deleted (Figures 3.2), Successful of rnhlA,
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rnh201A, rnhIA rnh201A, rnhl A tsnlA |, rnh201 A tsnlA deletion was confirmed in Figure
3.3,3.4,3.5, 3.6 and 3.7 respectively.

Plasmid
Primer2 (100 bp)
< N
Antibiotic cassette
Primer1 (100 bp)
s —
Purified PCR product transformed PCR
Into S. pombe strain \
(— Antibiotic cassette ——

Homologous
recombination

ﬁ Target gene i
S. pombe Genomic DNA
\ Target gene replaced by cassette

— Antibiotic cassette —

S. pombe Genomic DNA

20 bp replacement cassette homologous region

i 80 bp target gene-flanking homologous region

Figure 3.1. Schematic illustration depicting the target gene knockout process

The amplification of selectable antibiotic resistant cassettes uses various plasmids with distinct
gene selections as templates. Primers contained a 20 bp (yellow box) sequence that was
homologous to the plasmid containing the target antibiotic resistant marker, and containing 80
bp homologous sequences, flanking the ORF upstream and downstream of the target gene
destined for deletion (blue box). The marker cassette replaces the target gene via a homologous
recombination reaction.
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rnh1=870 bp
rnh201=887 bp

Tsn1=630 bp
External target gene check-F Cassette-R
rnh1=1400 bp
rnh201=1600 bp
Tsn1=1000 bp
Cassette-F External target gene check-R
B
Replacement cassette
——— P [ —
rnh1=430 bp
rnh201=490 bp
Tsn1=475 bp
Target gene internal-F Target gene internal-R
A
r— Target gene
— getg Se—(—

Figure 3.2. Schematic image of the position of the primers used to verify the gene of
interest had been deleted.

Following the process reported by Béhler et al. (1998), antibiotic resistant cassettes were used
to replace all the deleted target genes. Confirmation of the deletion was made using three sets
of checking primers. A- One primer set targets the gene to be deleted internal-F/target gene
internal-R; no PCR products of the candidate genes should be generated once they have been
successfully replaced with the cassette genes. B-Due to the presence of the cassettes, PCR using
the external target gene check-F/cassette-R and cassette-F/external target gene check-R primer
sets should yield appropriately sized products from the candidates with successfully deleted
genes, but not from strains where successful deletion has failed to occur.
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rnhl internal-F/rnh1l internal -R
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A 2,000 bp N J
1,000 bp
PN 430 bp
300 bp
rnhl check-F / KanMx6-R
B
870 bp
C 1400 bp

1,000 bp

300 bp -

Figure 3.3. PCR screening for successful rnhIA deletion.

A. Image of agarose gels of PCR products for the WT strain (BP90) and rnkIA single mutant
candidates. The rnhlgene internal PCR product is generated using rnhl-internal-F and rnhl-
internal-R primers measures 430 bp. No PCR products are detectable in the successful rnhlA
candidate strains. B. The PCR primers rnhl check-F and kanMX6-R were used to check the
WT and rnhlIA candidate strains. Whilst no bands were detected in the WT, the rnhlA strains
exhibit a band of approximately 870 bp. C. To amplify the WT and rnkIA candidate strains,
the kanMX6-F and rnh1check-R primers were used. 1400 bp product is evident in the rnhIA
strains, but not the WT strain. H = Hyper ladder.
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KanMx6-F/ rnh201 check-R

Figure 3.4. PCR screening of successful rnh201A deletion.

A. Image of agarose gels for PCR products for the WT strain (BP90) and rnh20IA single
mutant candidates. The rnh201gene internal PCR product is generated using rnh201-internal-
F and rnh201-internal-R primers measures. No PCR products are detectable in the successful
rnh201A candidate strains. B. The PCR primers rnh201 check-F and kanMX6-R were used to
check the WT and rnh201A candidate strains. Whilst no bands were detected in the WT, the
rnh201A strains exhibit a band of approximately 887 bp. C. To amplify the WT and rnh201A
candidate strains, the kanMX6-F and rnh201check- R primers were used. 1600 bp product is
evident in the rnh201A strains, but not the WT strain. H = Hyper ladder.
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Figure 3.5. PCR screening of successful rnhIA rnh201A double mutant deletion.

A. Image of agarose gels for PCR products for the WT strain (BP90) and rnh201 gene deletion
in rnhIA background. The rnh201 gene internal PCR product is generated using rnh201-
internal-F and rnh201-internal-R primers measures 490 bp. No PCR products are detectable in
the successful rnh20IA candidate strains. B. The PCR primers rnh201 check-F and hphMX6-
R were used to check the WT and rnh201A candidate strains. Whilst no bands were detected
in the WT, the rnh201A strains exhibit a band of approximately 950 bp. C. To amplify the WT
and rnh201A candidate strains, the hphMX6-F and rnh201check- R primers were used. 190 bp
product is evident in the rnh201A strains, but not the WT strain. H = Hyper ladder.
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Figure 3.6. PCR screening of successful #snIA rnhIA double mutant deletion.

A. Image of agarose gels for PCR products for the WT strain (BP90) and rnhl gene deletion
in tsnlA background. The rnhlgene internal PCR product is generated using rnh1-internal-F
and rnh1-internal-R primers measures 430 bp. No PCR products are detectable in the successful
rnhIA candidate strains. B. The PCR primers rnh1 check-F and natMX6-R were used to check
the WT and rnhiA candidate strains. Whilst no bands were detected in the WT, the rnhlA
strains exhibit a band of approximately 680 bp. C. To amplify the WT and rnhlA candidate
strains, the natMX6-F and rnh1check- R primers were used. 980 bp product is evident in the

rnhl internal-F/rnh1 internal -R

- P
4 ~
= =
-

s
h i

2,000 bp

1,000 bp
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300 bp

rnhl check-F / NatMx6-R
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NatMx6-F/ rnh1 check-R

—rnhiA 1
mhlA2

E
|
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2,000 bp - = 980 bp

Bl N e s
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rnhIA strains, but not the WT strain. H = Hyper ladder.
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1000 bp
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Figure 3.7. PCR screening of successful rnh20IA tsnlA double mutant.

A. Image of agarose gels for PCR products for the WT strain (BP90) and zsn/gene deletion in
rnh201A background. The tsnlgene internal PCR product is generated using tsnl-internal-F
and tsnl-internal-R primers measures 475 bp. No PCR products are detectable in the successful
tsnIA candidate strains. B. The PCR primers tsnl check-F and natMX6-R were used to check
the WT and tsn/A candidate strains. Whilst no bands were detected in the WT, the zsn /A strains
exhibit a band of approximately 630 bp. C. To amplify the WT and tsn/A candidate strains,
the natMX6-F and tsnlcheck- R primers were used. 1000 bp product is evident in the tsn/A
strains, but not the WT strain. H = Hyper ladder.
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3.2.2. Assessment of a role for zsnl for DNA damage response in the
absence of RNase H activity.

As described earlier, eukaryotic cells have evolved several mechanisms to prevent the
spontaneous creation/stabilisation of RNA:DNA hybrids. These mechanisms include the
RNase H1 and H2 enzymes that degrade RNA component of RNA:DNA hybrids (Ohle, et al,
2016; Zhao, et al, 2018). Thus, we postulated whether zsn/ has a function that is redundant
with an RNase H activity encoded by rnhl and rnh201. Both genes are thought to provide
redundant function (although rnh20/Amutants do exhibit sensitivity to DNA damage under
certain circumstances: see Section 3.2.5). Therefore, the appropriate double mutant strains of
S. pombe that had been constructed were exposed to various DNA-damaging drugs and their
responses assessed. Agents used included hydroxyurea (HU) which is responsible to inhibit
DNA replication (Figure 3.8), phleomycin which is responsible for making DNA DSBs (Figure
3.9), methyl methane sulfonate (MMS) which is alkylates DNA (Figure 3.10), and
camptothecin (CPT) which is a topoisomerase inhibitor (Figure 3.11). In each of the
experiments a rad3-136 mutant was used as positive control (rad3 is a checkpoint control
gene); the rnhlA rnh201A double mutant also serves as a positive control, as loss of both
RNAse H encoding genes results in a defective DNA damage response (Ohle et al., 2016).
Compared to WT, neither rnhIA nor rnh20IA single mutants showed sensitivity to DNA
damaging agents under these conditions. Compared to the WT and the tsn/A rnhIA double
mutant exhibited no overt sensitivity to any of the agents tested (Figure 3.8-3.11). However,
the tsnIA rnh20IA double mutant was hypersensitive to HU (Figure 3.8) and phleomycin
(Figure 3.9) and showed mild sensitivity to MMS (Figure 3.10) but, unlike the rnhIA rnh201A
double mutant, the #sn/A rnh201A double mutant showed no sensitivity to CPT (Figure 3.11).
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9mM HU 10 mM HU

rad3-136
tsn1A

rnhiA

rnh201A

rnh1A rnh201A
tsn1A rnh1A
tsn1A rnh201A

Figure 3.8. Increased the sensitivity of the tsnIA rnh201A to hydroxyurea (HU).

S. pombe cultures were serially diluted (x10 increments) then spotted onto YEA with and
without HU. Mutants were spotted onto two different concentrations of hydroxyurea (9 mM
and 10 mM) and were then incubated at 30°C for 3 days. The rad3-136 mutant was the positive
control. The rnhIA rnh201A and tsniA rnh20I1A double mutants exhibited hypersensitivity
compared with the WT and the tsn/A rnhilA double mutant.
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3 pg/ml 5 pg/ml
No drug Phleomycin Phleomycin

Wt

rad3-136
tsn1A

rnh1A
rnh201A
rnh1A rnh201A
tsn1A rnh1A
tsn1A rnh201A

Figure 3.9. Increased the sensitivity of the tsnIA rnh201A to phleomycin.

S. pombe cultures were serially diluted (x10 increments) then spotted onto YEA with and
without phleomycin. Mutants were spotted onto two different concentrations of phleomycin (3
pg /ml and 5 pg /ml) and were then incubated at 30°C for 3 days. The rad3-136 mutant was
the positive control. The rnhlA rnh20IA and tsnIA rnh20IA double mutants exhibited
hypersensitivity compared with the WT and the tsn/A rnh1A double mutant.
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0.0075% MMS  0.01% MMS

rad3-136
tsniA

rnh1A
rnh201A
rnh1A rnh201A
tsn1A rnh1A
tsn1A rnh201A

Figure 3.10. Sensitivity spot test of Methyl methane sulfonate (MMS).

S. pombe cultures were serially diluted (x10 increments) then spotted onto YEA with and
without MMS. Mutants were spotted onto two different percentages of MMS (0.0075% and
0.01%) and were then incubated at 30°C for 3 days. The rad3-136 mutant was the positive
control. The rnhiA rnh201A double mutant exhibited hypersensitivity compared with the WT
and the tsnlA rnh1A double mutant. The tsn/A rnh201A double mutant exhibited a very mild
sensitivity at higher levels of MMS.
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No drug 5 pg/ml CPT 8 pg/ml CPT

Wt
rad3-136
tsn1A
rnh1A
rnh201A
rnh1A rnh201A
tsn1A rnh1A
tsn1A rnh201A

Figure 3.11. Sensitivity spot test of Camptothecin (CPT).

S. pombe cultures were serially diluted (x10 increments) then spotted onto YEA with and
without CPT. Mutants were spotted onto two different concentration of CPT (5 pg /ml and 8
pg /ml) and were then incubated at 30°C for 3 days. The rad3-136 mutant was the positive
control. The rnhiA rnh201A double mutant exhibited hypersensitivity compared with the WT
and the tsn/A rnhiA double mutant. The tsnlA rnh201A double mutant also exhibited no

apparent sensitivity to CPT.
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3.2.3. Assessment of a potential role for #£x/ in maintaining genome stability

in the absence of RNAse H function

Having demonstrated a role for zsn/ in maintaining genome instability in the absence of
rnh201, we wished to determine whether the #fx/ gene, which, for humans, encodes the partner
protein to Tsnl, is also required. To do these double mutants of ¢fx/A rnhIA and tfxIA rnh201A
were required. To create the strains, all the target genes were replaced with antibiotic-resistant
cassettes, following the PCR-based gene targeting approach characterised by Bahler et al.
(1998). Genes were deleted from the #x/A single mutant (BP3384) to derive the double
mutants, tfx/A rnhIA (BP3412) and #/xIA rnh201A (BP3414). To replace the rnhl and rnh20
genes the kanMX6 gene cassette was used. To amplify the replacement cassettes, PCR was
used with primers of 80 bp homologous sequences that were upstream and downstream
contiguous with the rnhl and rnh201 open reading frames (ORFs), with 20 bp of homologous
sequence to the plasmid that carries the kantMX6 gene. PCR screening was conducted to
confirm the correct genes had been deleted from the candidate strains (Figures 3.12 and 3.13).
For each construct, two separate isolates were evaluated (although following checks only one

was allocated a primary BP strain designation).

3.2.4. tfx1 is not required for recovery from DNA damage in the absence of

RNAse H activity

To assess whether #fx! is required for recovery from DNA damage in the absence of rnhl or
rnh201 we investigate the sensitivity of #/x/A rnhIA and ¢/xIA rnh20IA double mutants to a
number of DNA damaging agents. The results of the DNA damaging agents are presented
below; different agents exert different effects: HU inhibits DNA replication (Figure 3.14), CPT
is a topoisomerase inhibitor (Figure 3.15), Mitomycin C, a potent DNA crosslinker (Figure
3.16), UV irradiation creates multiple adducts (Figure 3.17), and MMS, alkylates DNA (Figure
3.18). Consistent with other research, the rnhIA rnh201A double mutant exhibited heightened
sensitivity to the all-DNA damaging agents tested (Ohle et al., 2016; Zhao et al., 2018). In
contrast, no increase in sensitivity to the DNA damaging agents was detected in the ¢/x/A rnhIA
or tfxIA rnh201A double mutants when compared against the WT or rnhIA and rnh201A single
mutants for any agents tested. Taken together, the data presented in this chapter infers that
when Rnh201 is absent, Tsnl, but not Tfx1, contributes to the response to repair DNA damage

caused by particular agents.
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Figure 3.12. PCR screening of potential ¢#fx/A rnhIA double mutants.

A. Image of agarose gel runs PCR products for the WT strain (BP90) and rnkh/A mutant
candidates. The rnhlgene internal PCR product is generated using rnhl-internal-F and rnhl-
internal-R primers measures 430 bp. No PCR products are detectable in the successful rnhlA
candidate strains. B. The PCR primers rnhl check-F and kanMX6-R were used to check the
WT and rnhlIA candidate strains. Whilst no bands were detected in the WT, the rnhlA strains
exhibit a band of approximately 870 bp C. To amplify the WT and rnhIA candidate strains, the
kanMX6-F and rnhlcheck-R primers were used. 1400 bp product is evident in the rnhlA
strains, but not the WT strain. H = Hyper ladder.
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Figure 3.13. PCR screening of potential ¢fxIA rnh201A double mutants.

A. Image of agarose gel runs PCR products for the WT strain (BP90) and rnh20IA mutant
candidates. The rnh201gene internal PCR product is generated using rnh201-internal-F and
rnh201-internal-R primers measures 490 bp. No PCR products are detectable in the successful
rnh201A candidate strains. B. The PCR primers rnh201 check-F and kanMX6-R were used to
check the WT and rnh201A candidate strains. Whilst no bands were detected in the WT, the
rnh201A strains exhibit a band of approximately 887 bp C. To amplify the WT and rnh20IA
candidate strains, the kanMX6-F and rnh201check- R primers were used. 1600 bp product is
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evident in the rnh201A strains, but not the WT strain. H = Hyper ladder.
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No drug 9mMHU 10 mM HU
*

Wt

rad3-136
tfx1A

rnh1A
rnh201A
rnh1A rnh201A
tfx1A rnh1A
tfx1A rnh201A

Figure 3.14. Sensitivity spot test of hydroxyurea (HU).

S. pombe cultures were serially diluted (x10 increments) then spotted onto YEA with and
without HU. Mutants were spotted onto two different concentration of hydroxyurea (9 mM and
10 mM) and were then incubated at 30°C for 3 days. The rad3-136 mutant was the positive
control. The rnhiA rnh201A double mutant exhibited hypersensitivity compared with the WT
and the #/x/A rnhIA double mutant. The tfx/A rnh20IA double mutant also exhibited no

apparent sensitivity to HU.
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No drug 5 pg/ml CPT 8 ug/ml CPT
‘ ‘

Wt

rad3-136

tfx1A

rnh1A

rnh201A

rnh1A rnh201A
tfx1A rnh1A
tfx1A rnh201A

Figure 3.15. Sensitivity spot test of Camptothecin (CPT).

S. pombe cultures were serially diluted (x10 increments) then spotted onto YEA with and
without CPT. Mutants were spotted onto two different concentrations of Camptothecin (5
mg/ml and 8 mg/ml) and were then incubated at 30°C for 3 days. The rad3-136 mutant was the
positive control. The rnhlA rnh201A double mutant exhibited hypersensitivity compared with
the WT and the #/x/A rnhIA double mutant. The #/x/A rnh201A double mutant also exhibited
no apparent sensitivity to CPT.
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No drug Mitomycin C Mitomycin C
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tfx1A
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rnh201A

rnh1A rnh201A
tfx1A rnh1A
tfx1A rnh201A

Figure 3.16. Sensitivity spot test of Mitomycin C (MMC).

S. pombe cultures were serially diluted (x10 increments) then spotted onto YEA with and
without MMC. Mutants were spotted onto two different concentration of Mitomycin C (2 mM
and 3 mM) and were then incubated at 30°C for 3 days. The rad3-136 mutant was the positive
control. The rnhiA rnh201A double mutant exhibited hypersensitivity compared with the WT
and the #x/A rnhIA double mutant. The tfx/A rnh20IA double mutant also exhibited no
apparent sensitivity to MMC.
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No UV 70 J/Mm? 100 J/Mm?

tix1A
rnhlA
rnh201A

rnh1A rnh201A
tfx1IA rnh1A
tfix1A rnh201A

Figure 3.17. Sensitivity spot test of UV irradiation.

S. pombe cultures were serially diluted (x10 increments) then spotted onto YEA with and
without UV. Mutants were spotted onto two different doses of ultraviolet irradiation (70 J/M?
and 100 J/M?) and were then incubated at 30°C for 3 days. The rad3-136 mutant was the
positive control. The rnhlA rnh201A double mutant exhibited hypersensitivity compared with
the WT and the #/x/A rnhIA double mutant. The #/x/A rnh201A double mutant also exhibited
no apparent sensitivity to UV.
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No drug 0.0075% MMS

Wt

rad3-136

tix1A

rnh1A
rnh201A
rnh1A rnh201A
tfx1A rnh1A
tfx1A rnh201A

Figure 3.18. Sensitivity spot test of Methyl methane sulfonate (MMS).

S. pombe cultures were serially diluted (x10 increments) then spotted onto YEA with and
without MMS. Mutants were spotted onto one percentage of Methyl methane sulfonate
(0.0075%) and were then incubated at 30°C for 3 days. The rad3-136 mutant was the positive
control. The rnhiA rnh201A double mutant exhibited hypersensitivity compared with the WT
and the #/x/A rnhIA double mutant. The tfx/A rnh20IA double mutant also exhibited no
apparent sensitivity to MMS.
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3.2.5. rnh201 is required for the recovery from replicative stress in
exponentially growing cells.

During this study we noted that rnh201A mutants appeared to show a sensitivity to replicative
stress induced by HU in some experiments and not others (for example, when rnh201A mutants
are used in minimal media — see Chapter 6). Previous studies had reported different findings.
Ohle et al. (2016) had found no sensitivity of an 7nh201A single mutant to HU, as is the case
in our experiments reported in this chapter. However, Zhao et al. (2018) challenged the findings
of Ohle et al. (2016) and demonstrated that an »nh20IA single mutant was sensitive to the
replicative stress caused by HU treatment. We hypothesized that the discrepancy between the
groups arose due to the state of the cultured cells used for the spot test. In our experiments we
had largely used what we believed to be late exponential stage cultures. We postulated that the
sensitivity of the 774201 A mutant might only be apparent when cells were growing very rapidly
or under conditions that might induce elevated rNMP misincorporation (e.g., growth in
minimal media). To test this hypothesis, we grew rnh20IA and rnhlA single mutants and
employed spot test analysis for response to HU for cells taken from the same culture, but at
distinct stage of the culture progression. Three stage were used: lag (pre-exponential), log
(exponential) and post-log stationary phase. Figure 3.19 shows that the rnh201 A single mutant,
but not rnh 1A mutant is sensitive to HU when the cells are in exponential phase, but not other
phases. The rnhl A rnh201 A and the rnhlA mutants behave uniformly at all culture states.
This explains the discrepancy among the rnh201A sensitives seen between the previous reports
(Ohle et al., 2016; Zhao et al., 2018), that is each lab might have been spotting the cells from

distinct culture points.
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Figure 3.19. rnh20IA single mutant only exhibits a replicative stress response defect
caused by hydroxyurea (HU) when in exponential growth.

S. pombe cultures were serially diluted (x10 increments) then spotted onto yeast extract agar
(YEA). Mutant strains were exposed to one contraction (10 mM) of HU at each of three culture
stages (the same culture was employed for testing each stage), namely, stationary phase (top),
log phase (middle) and lag phase (bottom). The plates were incubated at 30°C for 3 days.
Positive controls were provided by rad3-136 cells and rnhIA rnh201A double mutant, both of
which showed hypersensitivity at all stages. The results indicate that during the log phase,
rnh201A single mutant was sensitive to HU. The rnhlA mutant exhibited no sensitivity at any
phase.
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3.2.6. Analysis of #snl requirement in the absence of rnh201 for cells from

log phase culture.

The finding that the 7nh201A mutant had distinct responses when sensitivity was checked from
mid-log phase cultures led us to speculate that other sensitivities, we report might vary with
culture status of the strains. Given this, we duplicated all results presented here using cells
spotted from mid-log phase and found that only the 7nA201A mutant behaves in this fashion.
The tsnlA and tfxI A single mutants exhibit no notable or reproducible DNA damage response
phenotype under any condition tested, and the rnh201AtsniA double mutant exhibits
hypersensitivity to HU relative to tsn/ A and rnh201A under all conditions tested (Figure 3.20).
Assessment of other damaging agents did not reveal any additional sensitivity for any strain or
damaging agent (Figures 3.21-3.23), suggesting this is specific for the type of damage that is
induced by HU, most likely this reflects the need for Rnh201 in removal of mis-incorporated
rNMPs during periods of rapid DNA replication.
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No drug 9 mM HU

Wt
rad3-136

tfx1A
tsn1A
rnhiA

rnh201A

rnh1A rnh201A

tfx1A rnh1A
tfx1A rnh201A

tsn1Arnh201A

Figure 3.20. Loss of rnh201 causes HU sensitivity for log phase growth cells.

S. pombe cultures were serially diluted (x10 increments) then spotted onto YEA. Log phase
cells were spotted onto 9 mM HU then incubated at 30°C for 3 days. The rad3-136 cells were
the positive control. The double mutant, rnklA rnh201A, exhibited hypersensitivity as positive
control. Compared with the WT, the rnh201A single mutant exhibited sensitivity to the HU,
but consistent with non-mid-log phase cells the rnh201 A tsnl A mutant exhibited increased
sensitivity relative to the rnh201 A single mutant.
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No drug 5 pg/ml CPT
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Figure 3.21. Loss of rnh201 causes no CPT sensitivity for log phase growth cells.

S. pombe cultures were serially diluted (x10 increments) then spotted onto YEA. Log phase
cells were spotted onto 5 pg/ml CPT then incubated at 30°C for 3 days. The rad3-136 cells
were the positive control. The double mutant, rnhIA rnh201A, exhibited hypersensitivity as
positive control. Compared with the WT, the rnh201A single mutant exhibited no sensitivity
to the CPT, also consistent with non-mid-log phase cells the rnh201 A tsnl A mutant
exhibited no sensitivity relative to the rnh201 A single mutant.
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No drug 0.0075% MMS
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Figure 3.22. Loss of rnh201 causes no MMS sensitivity for log phase growth cells.

S. pombe cultures were serially diluted (x10 increments) then spotted onto YEA. Log phase
cells were spotted onto 0.0075% MMS then incubated at 30°C for 3 days. The rad3-136 cells
were the positive control. The double mutant, rnhlA rnh201A, exhibited hypersensitivity as
positive control. Compared with the WT, the rnh201A single mutant exhibited no sensitivity
to the MMS, also consistent with non-mid-log phase cells the rnh201 A tsnl A mutant exhibited
no sensitivity relative to the rnh201 A single mutant.
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No drug 3 mM Mitomycin C
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Figure 3.23. Loss of rnh201 causes no MMC sensitivity for log phase growth cells.

S. pombe cultures were serially diluted (x10 increments) then spotted onto YEA. Log phase
cells were spotted onto 3 mM MMC then incubated at 30°C for 3 days. The rad3-136 cells
were the positive control. The double mutant, rnhlA rnh201A, exhibited hypersensitivity as
positive control. Compared with the WT, the rnh201A single mutant exhibited no sensitivity
to the MMS, also consistent with non-mid-log phase cells the rnh201 A tsnl A mutant exhibited
no sensitivity relative to the rnh201 A single mutant.
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3.3. Discussion

Formation of RNA:DNA hybrids takes place when the annealing of nascent RNA transcripts
to their template DNA strand occurs in the context of a DNA duplex (Fragkos & Naim, 2017;
Wabhba et al., 2013; Felipe-Abrio et al., 2015; Garcia-Rubio et al., 2018; Jimeno et al., 2019).
RNA:DNA hybrids can lead to chromosome instability, through transcription replication
conflicts, which can result in genetic diseases such as cancer (Zimmer & Koshland et al., 2016).
Ordinarily, RNA:DNA hybrids are suppressed by the highly conserved ribonuclease enzymes,
RNase H1 and RNase H2, which degrade the RNA component of the RNA:DNA hybrid.
Consequently, the RNase H enzymes contribute to preventing transcription replication
conflicts and preventing genome instability (Ohle et al., 2016; Zhao et al., 2018; Amon &
Koshland et al., 2016). The deletion of both RNase H1 and RNase H2 coding genes results in
defects in DNA damage recovery and can inhibit HR-mediated DSB repair. The implication of
this is that the RNase H pathways are required redundantly to both avoid DNA damage and to
repair DSBs (Ohle et al., 2016), although, Zhao et al. (2018) argue that RNase H activity is
only needed for some types of DNA break repair.

Previously, the McFarlane group have showing that in the absence of Dcrl, Tsnl is involved
in recovering from some forms of DNA damage, such as replicative stress; however, Tfx1 is
not (unpublished data). This was the first evidence for a direct role for Tsnl in DNA damage
recovery in S. pombe. Given that Dcrl is implicated in suppressing RNA:DNA hybrid levels
in an RNAi-independent pathway, it was postulated that Tsnl might have a role in one of the
RNase H pathways. This led us to evaluate whether Tsnl (and/or Tfx1) has functions in one of
the RNase H pathways and the data presented here suggest that Tsn1, but not Tfx1, does indeed
have a role to play in the recovery from DNA damage for several genotoxic and DNA
replicative stress agents in the absence of Rnh201, the catalytic subunit of S. pombe RNAse
H2.

The tsnlA rnh201A double mutant was sensitive to HU, which contrasts with the tsnlA rnhiA
double, which had no sensitivity (Figure 3.8). The reasons for this could be that more
ribonucleotides were incorporated into DNA, which might be combined with faults in the
ribonucleotide excision repair (RER), R-loop processing or RNA primer removal. However,

HU might affect INMP pools with possible knock-on effects on ribonucleotide incorporation.
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Thus, these findings show that Tsnl assists in the repair of damaged DNA, perhaps by
destabilising RNA:DNA hybrids in a pathway redundant with Rnh201. The rnh201A tsniA
strain also showed greater sensitivity to phleomycin than WT, this drug is recognised as being
able to generate DSBs. The increased sensitivity to phleomycin of tsn/A rnh201A compared
to that of #sn1, suggests Tsnl could contribute to repairing DNA DSBs.

Translin and Trax are involved in various biological processes where RNA, but not DNA
molecules need regulating. The data presented here could indicate that RNA:DNA hybrids
generated by RNA pol II appear to need the involvement of Tsnl for processing when other
factors are missing, such as Rnh201. This could be explained by the nucleic acid binding and
RNAse capabilities of Tsnl (Jaendling and McFarlane, 2010), and one possibility is that Tsnl
provides an RNAse H-like activity that functions redundantly with Rnh201. These findings
may also explain why Translin is implicated in chromosomal translocation generation, as these
could be sites of RNA:DNA hybrid formation where Translin function is required. Prior to this
work, little evidence has been given to implicate Translin directly in the recovery from DNA
damage, although haematopoietic stem cells in Translin-deficient mice recover more slowly
after ionizing irradiation (Fukuda et al., 2008). Wang et al. (2016) successfully demonstrated
that Trax is involved in DNA repair in mammalian cells, as it recruits the ATM kinase to DSB

sites, but they found no evidence for involvement of Translin.

In contrast to the #sn/A rnh201A double mutant, which does not exhibit sensitivity to all DNA
damaging agents tested, the rnhIA rnh201A double mutant appears hypersensitive to all tested
agents. Additionally, if rnh20IA tsnlA exhibits sensitivity, then the rnhlA rnh201A double
mutant exhibited an increased sensitivity. Together, these findings show that the functions lost
in the rnhIA rnh201A double mutant are not all lost in the tsn/A rnh201A double mutant as in
most cases some damage tolerance is maintained. The majority of the DNA damaging agents
indicated that the increased sensitivity of the rnh201A tsniA double mutant appears to be
associated with damage in S phase of the cell cycle. Conversely, the fact that the non-S phase-
specific damage agent, MMS, failed to confer any evident sensitivity to the rnh201A tsnlA
double mutant (Figure 3.10). MMS might also ‘damage’ RNA species, including RNA in
hybrids (Hans E et al., 2013), and that might be another explanation for not seeing any

sensitivity when exposure the cell to MMS.
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CPT is an extremely selective inhibitor of DNA topoisomerase I (TOP I), which is a nuclear
monomeric enzyme. Its principal role is to discharge some of the rotational tension that occurs
within intracellular DNA during normal duplication and transcription processes (Kjeldsen et
al., 2018). This effect is achieved by temporarily breaking on strand of the DNA duplex,
rotating the duplex and then re-annealing the broken strand to reform a continuous duplex. The
reannealing function is compromised by CPT and chromosomal breaks can result when the
replisome encounters the unclosed nick. The rnh201A tsnlA double mutant was not sensitive
to CPT, this might indicate that whilst DSBs caused by CPT are associated with DNA
replication, these breaks do not require Tsnl, but they do require RNAse H activity as the
double mutant is sensitive to CPT. It has been demonstrated that RNA pol II generates new
transcripts at the sites of DSBs and that the RNA molecules formed are required for correct
DSB repair and require RNAse H activity to remove them (Domingo-Prim et al. 2020). The
CPT data appear to indicate that RNAse H activity is required for CPT recovery, but that Tsnl
is not required. This suggests that Tsnl is required for recovery from genomic damaging
replicative stress caused by HU, but not by CPT, which forms DSBs via a unique pathway. It
could simply be the case that Tsn1 is required to avoid RNA:DNA hybrids in the genome from
becoming genotoxic particularly when there is an additional stress (in this case, induced by
HU), but is not required for the removal of RNA:DNA hybrids involved in the DSB repair
pathway. This hypothesis is further supported by the lack of sensitivity of the rnh201A tsniA
double mutant to MMC, a DNA cross linking agent that inhibits replisome progression that is
unlikely to be associated with genomic RNA:DNA hybrids. The phleomycin data challenge
this simple model, as the rnh201A tsnlA mutant is sensitive to this agent. Phleomycin is
thought to generate DSBs and serve as a mimetic of ionizing irradiation. It might be the case
that Tsnl is required for some DSB recovery, but not DSBs associated with a covalently

associated protein, such as Top1 inhibited by CTP.

A modest degree of sensitivity to HU was observed in rnh201A (Figure 3.19) although this is
dissimilar to that shown in Figures 3.8 and 3.14. This is likely to be a consequence of the
proliferative state of cells at the moment of agent administration. Within the log phase there is
a high rate of cellular proliferation; hence, at this point, HU has a greater effect. Changes in
gene duplication and transcription occur in the stationary cell phase owing to the surplus

carbohydrate reservoir present (Zhao et al. 2016). Thus, the response of the cells to the DNA-

99



damaging agent may vary according to their proliferative state when the agent is added. Despite
this, no notable DNA damage response phenotypes were identified in the experiments for the
tsnIA and ¢fxIA single mutants, so this phenomenon is specific to the »nh201A mutant. The
hypersensitivity to HU exhibited by the rnh201A tsnlA double mutant in all the experimental
scenarios is consistent when compared to zsn/A and rnh201A (Figure 3.20). Further DNA-
damaging agent were appraised, but no enhanced sensitivity in response to these was noted in
any of the strains (Figures 3.21-3.23). Thus, it appears that this phenomenon is particular to
damage caused by HU.

In summary, the data presented in this chapter indicate that Tsnl, but not Tfx1, is required for
the recovery from some, but not all, types of DNA damage in the absence of Rnh201. This
could indicate that Tsn1 functions in the Rnh1 pathways for RNA:DNA hybrid processing, but
if this were the case, then Tsnl is not as critical to this pathway as Rnhl, as the rnh201A tsniA
mutant does not exhibit the same gamut of DNA damage response phenotypes as the rnh201A
rnhlA mutant. Moreover, Tsnl only appears to be involved in recovery from certain types of
DNA damage. We hypothesis that it plays a role in processing some types on nucleic acid
intermediates, possibly RNA:DNA hybrids, in some, but not all damage avoidance/repair
pathways. For example, we postulate that Tsnl helps to prevent RNA:DNA hybrids generated
during transcription from causing genotoxic replicative barriers. These data are the first to
demonstrate a link between Tsnl and RNAse H activity, or other activities mediated by
Rnh201. It remains a formal possibility that Tsnl serves in a MNP removal pathway and is
redundant with Rnh201 in this activity, rather than RNA:DNA hybrid removal. The further
analyses presented in subsequent chapters explore the many questioned opened by these novel

findings.
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Chapter 4: Analysis of #snl and ¢fxI function in
genome stability regulation in the absence of senl
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4.1. Introduction

Preservation of genomic integrity necessitates that during each cell division DNA is replicated
accurately and in its entirety. However, there are numerous factors that may hinder the activity
of DNA replication forks (RFs). Such hindrances must be overcome in order to circumvent
fork stalling/collapse and subsequent chromosomal instability. Transcription is a notable
impediment to the RF. In eukaryotes, DNA synthesis is negatively influenced by conflicts
between RFs and transcription bubbles. These give rise to errors in chromosome upkeep and
an elevated rate of recombination (Helmrich et al., 2011; 2013; Hamperl et al., 2017; Tran et
al., 2017; Wu et al. 2020).

DNA-bound RNA polymerase subunits and RNA:DNA hybrids that are created in the
transcription process need to be removed. The latter, which arise inherently in the course of
transcription, are generally around eight base pairs. They are usually removed when the RNA
polymerase becomes uncoupled from the DNA (Aguilera and Garc1 a-Muse, 2012; Barroso et
al. 2019; Domingo-Prim et al. 2020 ; Gomez-Gonzélez et al. 2020). At specific loci within the
chromosomes, elongated RNA:DNA hybrids can also materialise in the wake of RNA synthesis
via the reannealing of novel RNAs to template DNA, supplanting the non-template DNA
strand. The development of these configurations, which are referred to as R-loops, are favoured
in association with genes that have an elevated transcription rate and GC bias. In higher
eukaryotes they may encompass up to one kilobase (Aguilera and Garc1 a-Muse, 2012; Skourti-
Stathaki et al., 2014; Kuznetsov et al. 2018; Vanoosthuyse 2018; Garcia-Muse and Aguilera
2019). R-loop production is augmented following head to head collisions between RFs and
complexes undergoing active transcription (Hamperl et al., 2017; Lang et al., 2017; Allison
and Wang 2019; Wu et al. 2020). RNase H enzymes break down RNA molecules that
participate in the DNA:RNA hybrids and these enzymes are essential for R-loop degradation
(Zimmer and Koshland 2016 ; Zhao et al. 2018 ; Lockhart et al. 2019). Moreover, RNA:DNA
hybirds can be unwound by specific RNA:DNA helicases such as Senataxin (Cohen et al.,
2018; Cohen 2019; Dutta et al. 2020).

Two conditions that affect the neural system, namely, amyotrophic lateral sclerosis type 4
(ALS4) and ataxia-ocular apraxia type 2 (AOA2), have been associated with a deficiency of
the conserved DNA/RNA helicase Senataxin (Yiice-Petronczki and West, 2012; Bennett and
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La Spada, 2018; Richard et al., 2020; Dutta et al., 2020). Despite the existence of awareness
about this correlation, knowledge is still limited with regard to the manner in which various
mutations of this helicase are involved in the development of conditions with different
pathologies (Groh et al., 2017). It has been established that Senataxin represents the yeast Senl
helicase ortholgue and there have been consistent reports about the fact that the transcription
termination of a minimum of one subset of RNA pol II-transcribed genes depends significantly
not only on human Senataxin, but also on budding yeast Senl (Ursic etal., 1997;
Steinmetz et al., 2006; Skourti Stathaki et al., 2011; Porrua & Libri, 2013; Han et al, 2017).
Nevertheless, it is unlikely that these two orthologues participate in this process in exactly the
same way; one reason for this is that the involvement of budding yeast Senl in RNA Pol II
transcription termination of occurs as a component of the Nrd1-Nab3-Senl (NNS) complex;
human cells do not display conservation of this complex. Evidence has been put forth in support
of the participation of both human Senataxin and budding yeast Sen1 in other processes as well,
such as DNA damage repair (Li et al., 2016; Andrews et al., 2018; Cohen et al., 2018; Rawal
et al. 2020) and the solving of incongruities between transcription and replication (Yiice &
West, 2013; Rivosecchi et al., 2019a). It has been demonstrated that budding yeast Senl and
fission yeast Senl are capable of translocation in a 5'-3’ direction on single-stranded DNA or
RNA in vitro (Han et al., 2017; Martin Tumasz & Brow, 2015). Furthermore, sit has been
argued that both budding yeast Senl and human Senataxin have long, co-transcriptional RNA-
DNA hybrids as an essential substrate in vivo (Groh et al., 2017; Rivosecchi et al., 2019a).
According to existing models, the occurrence of a correlation between transcription termination
and flaws of DNA repair is confirmed by the fact that when Senataxin is no longer active R-
loops become stabilised. Nevertheless, there is an opposing argument to this idea, which is that
the presence of RNA:DNA hybrids is not an absolute prerequisite for the direct dissociation of
pre-assembled RNA Pol II transcription elongation complexes by budding yeast Senl in vitro
via translocation on newly formed RNA (Porrua & Libri, 2013; Han et al., 2017). From this, it
can be implied that Sen1 might achieve regulation of transcription through functions unrelated

to R-loops.

Senl and Dbl8 are the two Senataxin orthologues that are expressed by the fission yeast
Schizosaccharomyces pombe. However, it is worth noting that the absence of one or both of
these homologues does not have a major impact on the transcription termination at RNA pol
II-transcribed genes (Lemay et al., 2016; Larochelle et al., 2018). Furthermore, knowledge

about the functions played by the Senataxin enzymes of S. pombe is still limited. Yu et al.
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(2013) demonstrated that Dbl8 was present at DNA double-strand break sites, whilst both
Legros et al. (2014) and Rivosecchi et al. (2019a) observed that Sen1 of S. pombe had a physical
association with RNA Pol III and was also mobilised to particular tRNA genes. In spite of such
observations, it is yet to be definitively established what role Senl plays at RNA Pol III-
transcribed genes. Meanwhile, as has been reported by Hamada et al. (2001) and Shukla and
Bhargava (2018), the adequate recruitment of RNA Pol III in S. pombe cannot occur without
the aid of an upstream TATA box, which is responsible for helping TFIIIC with TFIIIB
recruitment as well. After loading, RNA Pol III is capable of achieving transcription
termination on its own when it reaches a signal of transcription termination consisting of a
basic stretch of five thymine residues on the non-template strand, according to transcription
assays carried out in vitro (Mishra & Maraia, 2019). With regard to the number of residues
making up the transcription termination signal, it is important to highlight that it may not be

the same for every gene and organism (Arimbasseri et al., 2013).

Among the different subunits that make up the NNS-complex, the only one that displays
catalytic activity is Senl. The composition of Sen1 consists of a conserved central domain that
is homologous to the helicases belonging to the Super Family 1 (SF1), and on each side of this
conserved central domain are extensions of N-terminus and C-terminus, which take part in the
interactions between proteins. To provide further details, a number of studies have suggested
that the role fulfilled by the N-terminal domain is that of mediator of the interaction with RNA
pol II, whereas the C-terminal domain comprises sequences that are of significance for
determining the position of Senl in the nucleus (Ursic et al.,, 2004; Chen et al., 2014;
Han et al., 2017). What is more, according to the findings of several different studies,
transcription is terminated in a flawed manner in vivo under certain circumstances, such as
when the N-terminal domain is deleted or when the helicase domain undergoes mutations
(Chen et al., 2014; Finkel et al., 2010; Han et al. 2020). In addition, it is of note that, in the
majority of eukaryotic organisms, no other protein that belongs to the NNS-complex exhibits

conservation besides Senl.

It has previously been noted that the #sn/A rnh20IA double mutant showed enhanced
sensitivity to some DNA damaging agents but the #/x/A rnh20IA did not (Chapter 3). In S.
cerevisiae, RNA:DNA hybrids duplex unwinding by Senl can lead to the eradication of these
hybrids (Stuckey et al., 2015). This observation gave rise to the possibility that zsn/, but not
t/x1, may act in an RNA:DNA hybrid removal/avoidance pathway that functions is either
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redundant or overlapping with a Sen1-dependent pathway. Here we will apply genetic analysis

to assess these possibilities.
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4.2. Results

4.2.1. Construction of sen! gene null mutants

In view of the association between tsn/ and an S. pombe RNase H pathway, it was decided to
explore the genetic interaction between tsn/ and the primary S. pombe SENI orthologue, senl
(the other being dbl8), which is the first orthologue identified and has now been shown to be
linked to RNA Pol III displacement. This might indicate that it could help prevent
recombination at tRNA genes, which are known replication pause sites that can become

recombination hotspots (Pryce et al. 2009).

A single senlA mutant (BP3428) was generated from BP90, the parent strain. The resulting
sen A strain was employed as the parental strain for the generation of new double mutants. The
creation of all the strains was via the PCR-based gene targeting approach, utilising antibiotic-
resistant cassettes for gene replacement (Béhler et al., 1998). Deletion of the #sn/ and #/x1 genes
from senIA background produced the two double mutants sen/A tsniIA (BP3441) and senlA
tfxIA (BP3444); each genotype had at least two isolates. For the deletion of senl, tsnl and tfx1,
the antibiotic kanMX6, natMX6 and hphMX6 were deployed as the replacement cassettes (note
that #fx/ gene was replaced with two different antibiotic cassettes in distinct strains). In order
to mediate gene replacement, PCR was used with 80 bp homologous sequence primers
positioned upstream and downstream adjacent to the open reading frames (ORFs) for sen/,
tsnl and tfx1. A 20 bp sequence, homologous to the antibiotic resistant markers on the plasmids
for kanMX6, natMX6 and hphMX6, was also contained within the primers. The resultant
purified PCR product was then chemically transformed into the appropriate S. pombe strains
(Section 2.5). Three groups of primers were used for confirmatory PCR to check that gene

deletion had been accomplished for the sen/, tsnl and tfx] genes (Figures 4.1-4.4).
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Figure 4.1. PCR screening for successful senlA deletion.

A. Image of an agarose gel of the PCR products for the WT strain (BP90) and two sen /A single
mutant candidates. The sen/ gene internal PCR product is generated using senl-internal-F and
senl-internal-R primers and the predicted product is 900 bp. No PCR products are detected in
the successful sen/A candidate strains. B. To assess the 5' end of the sen/A locus the PCR
primers senl check-F and kanMX6-R were used to check the WT and sen/A candidate strains.
Whilst no bands were detected in the WT, the sen/A strains exhibit a band of approximately
600 bp C. To check the 3' end of the deleted sen! A locus PCR was conducted on genomic
DNA from WT and sen/A candidate strains using the kanMX6-F and senlcheck-R primers. A

band for the correct size was apparent at approximately 1400 bp in the sen/A strains, but not
the WT strain. H = Hyper ladder.
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Figure 4.2. PCR screening of successful senlA tsnIA double mutant deletion.

A. Image of an agarose gel of the PCR products for the WT strain (BP90) and three #sn/ gene
deletion in senlA background. The tsnl gene internal PCR product is generated using tsnl-
internal-F and tsnl-internal-R primers and the predicted product is 475 bp. No PCR products
are detected in the successful zsn /A candidate strains. B. To assess the 5' end of the zsn/ A locus
the PCR primers tsnl check-F and natMX6-R were used to check the WT and #sn/A candidate
strains. Whilst no bands were detected in the WT, the fsn/A strains exhibit a band of
approximately 630 bp C. To check the 3' end of the tsn/ A locus PCR was conducted on
genomic DNA from WT and #sn/A candidate strains using the natMX6-F and tsnlcheck- R

primers. A band for the correct size was apparent at approximately 1000 bp in the zsn/A strains,
but not the WT strain. H = Hyper ladder.
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Figure 4.3. PCR screening of successful senlA tfxIA double mutant deletion (using
natMX6 for tfxI replacement).

A. Image of an agarose gel of the PCR products for the WT strain (BP90) and two #fx/ gene
deletion in senlA background. The #fx/ gene internal PCR product is generated using tfx1-
internal-F and tfx1-internal-R primers and the predicted product is 525 bp. No PCR products
are detectable in the successful #/x/A candidate strains. B. To assess the 5' end of the #x/A
locus the PCR primers tfx1 check-F and natMX6-R were used to check the WT and #x/A
candidate strains. Whilst no bands were detected in the WT, the #/x/A strains exhibit a band of
approximately 490 bp C. To check the 3' end of the #fx/ A locus PCR was conducted on genomic
DNA from WT and #x/A candidate strains using the natMX6-F and tfx1check- R primers. A
band for the correct size was apparent at approximately 1100 bp in the #fx/A strains, but not
the WT strain. H = Hyper ladder.
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Figure 4.4. PCR screening of successful senlA tfxIA double mutant deletion (using
hphMXG6 for tfxI replacement).

A. Image of an agarose gel of the PCR products for the WT strain (BP90) and two #fx/ gene
deletion in senIA background. The #fx/ gene internal PCR product is generated using tfx1-
internal-F and tfx1-internal-R primers and the predicted product is 525 bp. No PCR products
are detectable in the successful #/x/A candidate strains. B. To assess the 5' end of the #x/A
locus the PCR primers tfx1 check-F and hphMX6-R were used to check the WT and #fx/A
candidate strains. Whilst no bands were detected in the WT, the #/x/A strains exhibit a band of
approximately 690 bp C. To check the 3' end of the #fx/A locus PCR was conducted on genomic
DNA from WT and #x/A candidate strains using the hphMX6-F and tfx1check- R primers. A
band for the correct size was apparent at approximately 400 bp in the #/x/A strains, but not the
WT strain. H = Hyper ladder.
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4.2.2. Investigation of the relationship between senl and tsnl/tfx1

Results from the sensitivity of the double mutant #sn/A rnh20IA to the phleomycin and HU,
and the fact that Senl is postulated to facilitate a discrete RNA:DNA eradication mechanism,
raised the query as to whether a DNA damage response defect that was observed for the tsn/A
rnh201A strain is also apparent in the sen/ A double mutant strains. This led to the exploration
of the sensitivity of the sen/A tsnIA and seniA tfxIA double mutants to DNA damaging drugs.
Spot tests were therefore performed using a variety of DNA damaging agents. These
encompassed HU, which acts by perturbing DNA replication (Figure 4.5); CPT, which blocks
topoisomerase (Figure 4.6); MMS, which is a DNA alkylator (Figure 4.7); and mitomycin C
which is a potent DNA crosslinking agent (Figure 4.8). The results revealed that sen/A exhibits
some sensitivity to HU and the sen/ A tfxIA double mutant seems to exhibit elevated sensitivity
to HU relative to the sen/A single mutant, while sen/A tsnl A does not. Whilst the senl A
single mutant exhibited no sensitivity to MMC, the double mutant appears to have a very mild

sensitivity to this agent (Figure 4.8).
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Figure 4.5. Increased the sensitivity of the senIA tfxIA to hydroxyurea (HU).

S. pombe cultures were serially diluted (x10 increments) then spotted onto YEA with and
without HU. Cells were spotted onto two different concentrations of hydroxyurea (9 mM and
10 mM) and were then incubated at 30°C for 3 days. The rad3-136 mutant was the positive
control. The senlA single mutant exhibits a clear sensitivity to HU. The sen/A tsnl A double
mutant exhibited no added sensitivity compared to the sen/A single mutant. However, the
senlA tfx1A double mutant exhibited high sensitivity than the sen/A single mutant.
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No drug 5 pug/ml CPT 8 pug/ml CPT

Figure 4.6. Sensitivity spot test of Camptothecin (CPT).
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tsniA
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senlA
senlA tsniA

senlA tfx1A

S. pombe cultures were serially diluted (x10 increments) then spotted onto YEA with and
without CPT. Cells were spotted onto two different concentration of CPT (5 p g/ml and 8
pg/ml) and were then incubated at 30°C for 3 days. The rad3-136 mutant was the positive
control. No strains exhibited any sensitivity to CPT relative to the Wt.
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Figure 4.7. Sensitivity spot test of Methyl methane sulfonate (MMS).

S. pombe cultures were serially diluted (x10 increments) then spotted onto YEA with and
without MMS. Cells were spotted onto two different percentages of MMS (0.0075% and
0.01%) and were then incubated at 30°C for 3 days. The rad3-136 mutant was the positive
control. No strains exhibited any sensitivity to MMS relative to the Wt.

114



2 mM 3ImM
No drug Mitomycin C Mitomycin C

Figure 4.8. Sensitivity spot test of Mitomycin C (MMC).

Wt
rad3-136
tsn1A

tfx1A
senlA
senlA tsn1A

senlA tfx1A

S. pombe cultures were serially diluted (x10 increments) then spotted onto YEA with and
without MMC. Cells were spotted onto two different concentration of Mitomycin C (2 mM and
3 mM) and were then incubated at 30°C for 3 days. The rad3-136 mutant was the positive
control. The senlA tsnl A, tsnl A and senlA strains exhibited no sensitivity compared with the
WT. The strain sen1 Atfx1A exhibited a mild sensitivity to MMC relative to the WT and sen/A
and tsnlA single mutants.
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4.3. Discussion

Different biological processes are influenced by Translin and Trax in a way that is specific to
the species and tissue (Jaendling & McFarlane, 2010; McFarlane & Wakeman, 2020). It seems
that the modulation of RNA molecules (e.g., mRNAs, tRNA precursors, microRNAs, and
siRNA passenger strands) is critical for most of their biological functions (Jaendling &
McFarlane, 2010; Gomez-Escobar et al., 2016). In spite of this knowledge, it has not yet been
fully established what the functional importance of the binding ability to chromosomal
translocation breakpoint junctions is (Aoki et al., 1995; McFarlane & Wakeman, 2020).
Furthermore, there is evidence that Translin and Trax modulate the abundance of telomere
transcripts, both acting in distinct ways. Changes to the levels of telomeric transcripts appears
to be tolerated under laboratory condition, as neither single mutant of S. pombe tfxI or tsnl
exhibit overt negative phenotypes. However, correlation has been reported between Translin
and Trax disruption and diminished proliferation of cells in mammals (Yang & Hecht, 2004;
Yang et al., 2004; Ishida et al., 2002; Gomez-Escobar et al., 2016), although it is possible that
this may be due to non-telomeric function defects in mammalian cells. Additionally, the zsn/A
and #fx/ A mutants of the fission yeast exhibit a single defect, namely, incorrect modulation of
telomeric transcripts. Therefore, S. pombe is an appropriate system for investigating this key

role of these proteins when other biological functions do not show any disruption.

S. pombe Telomeric DNA provides the template for specific RNA molecules termed TERRAs,
which are also found in human cells; moreover, the sub-telomeric regions are also transcribed
into other RNAs, including ARRETSs (Cusanelli & Chartrand, 2015; Azzalin & Lingner, 2015;
Maicher et al., 2014; Rippe & Luke, 2015; Wang et al., 2015; Lalonde and Chartrand 2020).
Many different roles of telomeres are underpinned by TERRAs, such as response to DNA
damage, regulation of telomeric length, modulation of telomerase activity, and development of
telomeric heterochromatin (Wang et al., 2015;Maicher et al., 2014; Cusanelli & Chartrand,
2015; Rippe & Luke, 2015; Bettin et al. 2019). Tsnl and Tfx1 of the fission yeast function to
control ARRETs and TERRAs, with Tsnl suppressing TERRAs and Tfxl suppressing
ARRETS, although the functional significance of this is unclear as single mutants of zsn/ and
tfx1 have no overt genome stability defects (Jaendling et al., 2007; Gomez-Escobar et al., 2016;
Kwapisz and Morillon, 2020). Gomez-Escobar et al. (2016) concluded that the regulation of

telomeric and sub-telomeric transcripts by Tfx1 and Tsnl was based on a mutual mechanism.
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This, in conjunction with the finding that the sen/A tfx /A double mutant is extremely sensitive
to the HU (Figure 4.5), could suggest a role for Senl in sub-telomeric ARRET control. If there
is a correlation between the HU sensitivity of the sen/A tfxI/A double mutant and telomeric
transcripts, it may be worthwhile examining this phenotype in the HAATI strain background,

which is telomere deficiency (Jain et al., 2010).

The nucleic acid structures with three strands and comprising a RNA:DNA hybrid and a
displaced DNA strand are known as R-loops (RLs) (Fragkos & Naim, 2017; Wahba et al.,
2013; Felipe-Abrio et al., 2015; Garcia-Rubio et al., 2018; Jimeno et al., 2019). Such RLs are
particularly enriched in genomic regions with GC skew and a transcript with G abundance.
Although they have essential physiological functions in cells, RLs may cause the genome to
become unstable when they occur in excessive levels. Toubiana and Selig (2018) argued that
telomeric sequences were ideal for the formation of RLs as telomeric repeats had ideal GC
skew and due to the identification of TERRAs. Telomeric RLs occur in normal cells in humans
with transcription of minimal TERRA levels, implying that they may have a physiological
function in the upkeep of telomeres. Several researchers have shown that, according to the
cellular recombinogenic capacities, excessively high TERRA transcription associated with a
number of human pathologies increases the levels of telomeric RLs and induces a range of
cellular effects (Toubiana & Selig, 2018; Bettin et al., 2019). Given their ability to change their
favourable action to unfavourable one depending on circumstances, telomeric RLs must be
closely modulated, as demonstrated by their investigation in different organisms. It can be
concluded that, for purposes of telomere maintenance, both Tfx1 and Senl are required by the
Tfx1-reliant telomeric RNAs forming RNA:DNA hybrids, with the sen/A tfxIA double mutant

being significantly sensitive to agents causing DNA damage.

It is of note that a correlation has been established between sen/ and displacement of RNA Pol
III, which could assist in hindering recombination at tRNA genes referred to as replication
pause sites with the potential to turn into recombination hotspots (Pryce et al., 2009). This
warrants additional examination of the enhanced recombination observed earlier in the dcriA
tsnIA double mutant strains (MacFarlane group, unpublished data; H. Al-Ahmadi, PhD thesis,
Bangor University; Al-Thagafi, PhD thesis, Bangor University; O. Al-Zahrani, PhD thesis,

Bangor University).
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Pryce et al. (2009) reported a plasmid-by-chromosome recombination system for assessment
of recombination occurring at a tRNA gene. The robust activity of replication fork barrier
(RFB) exhibited by tRNA genes was proven through the application of the above-mentioned
system to evidence that the progression of DNA replication fork was delayed by a fission yeast
tRNA gene (Pryce et al., 2009). Succinctly, the procedure involved inserting the tRNA gene
tRNACLY separately in the two orientations in the Bs¢X1 site at the ade6 locus of the genome of
fission yeast. Orientation 1 was associated with expectation of direct collision between RNA
Pol 11, the mediator of tRNA gene transcription, and the replication system (Pryce et al., 2009);
in this case, no significantly higher recombination frequency was exhibited by the dcriA
mutation and dcr A tsnlA double mutant by comparison with the WT strain. On the other hand,
for orientation 2, there was expectation of direct collision between the replication fork and
RNA Pol II, which is known to transcribe the tRNA non-template strand of tRNA genes (Castel
et al., 2014), and in this context, recombination frequency nearly doubled by comparison with
the WT strain due to Dcrl loss. It is notable in that, the recombination frequency increased
even more owing to zsn/ mutation in the dcr/A background in the case of orientation 2, but not
orientation 1. However, loss of #fx/ resulted in no recombination in either orientation. This
means that the genome stability role associated with Tsnl seems to be distinct from the DNA
damaging agent sensitivity seen in the sen/A tfx1A double mutant, further suggestive of a
specific role for Tfx1 at telomeres, which is also consistent with the conclusions of Gomez-

Escobar et al. (2016).

Interestingly, the need for #fx/ in the sen/A background is only apparent in response to HU
damage, and very mildly in response to MMC damage. This suggests a very specific role, as
opposed to a wider role in DNA damage recovery. In humans, TRAX is required for assisting
ATM responding to DNA damage (Wang et al., 2016). If this were the case in S. pombe it is
reasonable to assume other damaging agents would result in a more overt set of DNA damage
response phenotypes. Collectively, we speculate that Tfx1 in S. pombe is plays a specific
replication inhibition response at telomeric regions and that this is an auxiliary role to the role

played by Senl.

To summarise, these findings show that, when sen! is not present, recovery from certain forms
of DNA damage is dependent on Tfx1, not Tsnl. It can thus be speculated that, Senl and Tfx1
are in functionally redundant pathways that relate to control of replication-associated defects

involved in telomeric transcript regulation, possibly RNA:DNA hybrid processing at the
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telomeres. If this is correct, is appears to be distinct from a role for Tsnl, further indicating that
Tsnl and Tfx1 are functionally discrepant, at least in S. pombe. These phenomena offer
tantalizing insight into important new regulator roles for these disease-associated factors the

details of which require further assessment.
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Chapter 5: Investigate the genetic relationship of dcrl
to the RNase H genes in controlling genome stability.
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5.1. Introduction

In eukaryotic organisms, gene silencing is governed by RNAi (Gutbrod and Martienssen,
2020). RNAi was first used to describe the ability of double-stranded RNA (dsRNA) molecules
extrinsically added to cells to silence the chromosomal expression of homologous sequences
within the nematode Caenorhabditis elegans (Fire et al., 1998; Agrawal et al., 2003; Moazed,
2009; Fischer, 2010; Massirer and Pasquinelli, 2013; Almeida et al., 2019). Small interfering
RNAs (siRNAs) are between 20 and 30 nucleotides have been recognised as essential factors
in the control of which genes are either silenced or active, together with the degree of activity

of the latter (Moazed, 2009; Holoch and Moazed, 2015; Gutbrod and Martienssen, 2020).

The RNAI apparatus contributes to the development and maintenance of heterochromatin in
eukaryotes including advanced telomere, centromere, mating-type loci and rDNA such as seen
in S. pombe (Djupedal and Ekwall, 2009; Klar, 2007; Martienssen and Moazed 2015).
If core RNAI regulatory genes are knocked out, e.g., agol and dcrl, heterochromatic H3K9
methylation is diminished resulting in reduced heterochromatin and impaired genome function
and chromosomes segregation (Tadeo et al., 2013; Sadeghi et al., 2015; Holoch & Moazed,
2015; Yang et al., 2018; Gutbrod and Martienssen, 2020).

In Homo sapiens and Drosophila melanogaster, the Translin-TRAX (C3PO) complex is a key
factor in the RNAI pathways. It assists in the subtraction of passenger strands from siRNAs,
thus playing a role in silencing governed by the RNAi RISC complex (Liu et al., 2009;
Jaendling & McFarlane, 2010; Tian et al., 2011; Ye et al., 2011; Holoch & Moazed, 2015;
Zhang et al., 2016).

It has been observed by the McFarlane Group that sensitivity to various DNA damaging agents
is increased in the dcrlAtsnIA double mutant relative to the dcr/A single mutant. Therefore, a
genetic association between zsn/ and dcrl has been demonstrated. Derl has been demonstrated
to contribute via an RNAi-independent mechanism to the removal of RNA Pol II from the
genome and thus protect the genome from RNA polymerase II — replisome collisions (Castel
et al., 2014). Given this and the finding that zsn/ is in a distinct genetic pathway to dcrl, we

propose that Tsnl and Dcrl function in distinct pathways to maintain genome stability,
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possibly to remove RNA Pol II or the RNA:DNA hybrids that might result from stalled RNA
Pol II. This proposal is in keeping with the nucleic acid binding and RNAse functions of Tsnl
(Jaendling & McFarlane, 2010), and may explain why Translin is associated with chromosomal

translocation site in human malignancies.

Transcription replication conflicts can arise from transcription-produced RNA:DNA hybrids,
which in turn can disrupt genomic integrity and, potentially, cause aberrations that may induce
malignant change (Zimmer & Koshland , 2016; Rondon and Aguilera, 2019). It has also been
shown that enhanced sensitivity to several DNA damaging agents is seen in the rnh201A tsnlA
double mutant (Chapter 3). RNase H201 has a role of eradicating ribonucleotides included in
error in DNA replication and unprocessed Okazaki fragments (Kojima et al., 2018). Genome
stability maintenance relies on RNase H activity in S. pombe. Deletion of both RNaseH1 and
RNaseH201 genes (rnhl and rnh201) results in an inability to tolerate DNA replicative stress
and other DNA damage, indicating that the two pathways of RNase H function redundantly in
genome maintenance (Ohle et al., 2016). Tsn1, but not Tfx1, appears to function redundantly

with Rhn201, but not Rnh1 (Chapter 3).

Given the elevated sensitivity of both the dcrlA tsnIA and rnh20IA tsnIA double mutants to
the DNA replication stressing agent HU relative to the dcrlA single mutant, we hypothesised
that Dcrl and Tsnl could operate within the distinct RNase H pathways. Based on the genetic
evidence, one pathway is predicted to involve Dcrl and Rnh201, whilst the other is predicted
to involve Tsnl and Rnhl. Such a hypothesis not only fits the current experimental data but
also predicts that a dcrIA rnhlA will be hypersensitive to HU, whereas dcriA rnh201A will
not be. In order to evaluate this hypothesis, dcrIA rnhIA and dcrIA rnh20IA strains were

constructed and tested for replicative stress (HU) response.
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5.2. Results

5.2.1. Relationship between dcrl and RNase H genes (rnhl and rnh201)

In order to appraise any association of dcr/with RNAse H activity, relevant double mutants,
i.e., derlA rnhIA and dcriA rnh201, were necessary. The latter was created by colleagues
within the laboratory; the strain utilised in the spot tests presented underwent PCR to verify its

genotype.

The generation of the dcr /A rnhIA double mutant was a little more problematic using the direct
deletion methodology, the reasons for this were not clear, but one possibility was that the

double mutant exhibited synthetic lethality, so viable double mutants could not be generated.

To assess for synthetic lethality the four spores produced from one meiosis can be appraised
using tetrad dissection of asci; this technique is used within the field of yeast genetics, offering
the ability to establish linkage, to recognise distinct phenotypes related to double mutants, or
to appraise particular meiotic aberrations with only a low number of tetrads (Escorcia &
Frosburg, 2018). A+ and A- single mutant strains are crossed on SPA medium for a period of 3
days. A micromanipulator is employed in order to segregate spores from mature asci developed
following mating on SPA plates to positions that are 5 mm distance from each other in a linear
configuration on a YEA plate. Spores are left to sporulate and to form colonies. If there is no
genetic linkage, then genes will segregate according to Mendelian distribution and one of the
four spores would contain a double mutant. If all four spores produce a viable colony, and

one is the double mutant, then there is no synthetic lethality.

A cross was conducted between the derIA h™ and rnhIA h* strains, from which numerous
tetrads were acquired (although this cross did yield some non-standard asci relative to the wild-
type control, but we have previously noted that this is a feature of RNAi pathway gene mutants,
suggesting a meiotic defect; data not shown). Wild-type and mutant cross tetrads were
dissected, and four viable spores were obtained for approximately half of the four spore asci
from the cross with the mutant strains (some four spore asci did not give four viable colonies
and this is thought to reflect a meiotic segregation phenotype for RNAi genes, which we have
previously observed) (Figure 5.1). PCR analysis of cells from colonies of asci producing four

viable spores revealed that the double mutant was obtained as per Mendelian segregation
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patterns (examples shown in Figure 5.1 — blue circles). Furthermore, meiotic crosses were
performed in order to acquire a random spore pool according to the protocol presented in
Section 2.0. The replica plates of colonies on selective media were necessary; again, viable
dcrlA rnhIA double mutants were obtained indicating that the double mutant does not exhibit
synthetic lethality. Examples of five double mutants assessed by PCR analysis are shown in
Figure 5.2 and 5.3. Of the five double mutant strains verified by PCR, mating type was tested
by iodine staining (iodine staining mated cells following mating of strains of unknown mating
type with both A4+ and 4- strains can indicated the mating type of the unknown strain) and both
h+ and A- double mutants were obtained, as would be expected in the absence of linkage to the

mating type locus (Figure 5.4).
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Control derlIA X rnhIA

Figure 5.1. Tetrad dissection for the isolation dcrl A rnhIA double mutants.

Two typical dissections are illustrated. Dissected spores were cultured on YEA for 4 days at a
temperature of 30°C. A. depicts a tetrad dissection plate of spores from a wild-type cross (BP89
X BP90): B. Shows spores from the dcrIA X rnhlIA cross. Double dcriA rnhIA mutants
(verified by PCR) are shown by the blue circles; these colonies are of uniform size relative to
all other colonies indicating there is no notable growth defect under these conditions.
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Figure 5.2. PCR verification of dcrIA rnhIA double mutants.

A. Image of agarose gels of PCR products for the WT strain (BP90) and rnkIA single mutant
candidates in dcrIA background. The rnhlgene internal PCR product is generated using rnh1-
internal-F and rnhl-internal-R primers measures 430 bp. No PCR products are detectable in
the successful rnh /A candidate strains. B. The PCR primers rnh1 check-F and kanMX6-R were
used to check the rnhIA candidate strains. The rnh A strains exhibit a band of approximately
870 bp. C. To amplify the rnhIA candidate strains, the kanMX6-F and rnh1check-R primers
were used. 1400 bp product is evident in the rnhIA strains. H = Hyper ladder.
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Figure 5.3. PCR verification of dcrIA rnhIA double mutants.

A. Image of agarose gels of PCR products for the WT strain (BP90) and dcr/A single mutant
candidates in rnhIA background. The dcrlgene internal PCR product is generated using derl-
internal-F and dcrl-internal-R primers measures 1130 bp. No PCR products are detectable in
the successful derlA candidate strains. B. The PCR primers dcrl check-F and pAW1-R were
used to check the dcrlA candidate strains. The dcr/A strains exhibit a band of approximately
660 bp. C. To amplify the dcrIA candidate strains, the pAW1-F and derlcheck-R primers were
used. 1536 bp product is evident in the dcrIA strains. H = Hyper ladder.
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Figure 5.4. Examination of mating type status by iodine staining.

The image illustrates the mating type of the dcr/A rnhIA double mutants. The mating mixes
on SPA are exposed to iodine vapours following 3 days under mating conditions. Positive and
negative response to iodine being respectively indicated by the black colouring of spore-
containing materials which in this case is derIA rnhlA h'strain and the yellow colouring of
materials comprising solely vegetative cells (BP90, BP89 and dcriA rnhIAh’) after five
minutes of exposure to iodine vapours.
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5.2.2. dcrl exhibits genetic interaction with rnh201 for DNA damage
response control

To address the hypothesis that Dcrl and Rnhl function in distinct DNA damage response
pathways (see above) we tested the newly created double mutants (dcrIA rnhIA and dcriA
rnh201A) for their response to DNA damaging agents. A range of such agents were used for
spot tests. In these experiments, the DNA damaging agents that were tested encompassed the
DNA replication inhibitor, HU (Figure 5.5), the DNA alkylating agent, MMS (Figure 5.6), the
topoisomerase inhibitor, CPT (Figure 5.7) and UV, which provokes numerous adducts (Figure
5.8). Compared with the WT, little or no change in sensitivity to the above damaging agents
were observed in the #sn/A and rnhIA single mutants, although the zsn/A does appear to show
a mild sensitivity that has not previously been observed. The reason for this was not clear. A
modest sensitivity to HU was noted in the dcr/A and rnh201A single mutants. Unexpectedly,
sensitivity was notably increased in the dcrIA rnh20IA double mutant relative to the single
mutants but not in the dcrIA rnhIA double mutant (this observation has subsequently been
verified by a co-worker within the group who also revalidated the genotypes by PCR analysis
of genomic DNA). The latter exhibited a very slight increased sensitivity to HU, CPT and UV.
In contrast to the single mutants, rnhIA and rnh201A, the double mutant dcrIA rnh201A failed
to demonstrate any increase in sensitivity following MMS and CPT. Interestingly, the dcrIA
rnh201A double mutant actually appears to have reduced sensitivity to CTP relative to the
dcrlA single mutant, suggesting that loss of rnh201 partially suppresses the need for dcr! in
response to CTP.
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No drug 9mM HU
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rad3-136
tsnlA

dcrlA
rnh1A

rnh201A
dcrlA rnhl1A

dcrlA rnh201A

Figure 5.5. Increased the sensitivity of the dcrIA rnh201A to hydroxyurea (HU).

S. pombe cultures were serially diluted (x10 increments) then spotted onto YEA with and
without HU. Cells were spotted onto (9 mM of hydroxyurea) and were then incubated at 30°C
for 3 days. The rad3-136 mutant was used as a positive control. The dcriA rnh201A double
mutant show hypersensitivity to HU compared with the rnhIA and rnh201A single mutant, but
the dcrlA rnh1A double mutant show no increased sensitivity.
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Figure 5.6. Sensitivity spot test of Methyl methane sulfonate (MMS).

S. pombe cultures were serially diluted (x10 increments) then spotted onto YEA with and
without MMS. Cells were spotted onto two different percentages of MMS (0.0075% and
0.01%) and then incubated at 30°C for 3 days. rad3-136 was used as a positive control. The
double mutants dcrlA rnhlIA and dcrlA rnh201A show no increase sensitivity to the MMS
compared with WT and the dcr/A single mutant.
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Figure 5.7. Increased the sensitivity of the dcrIA rnhIA to Camptothecin (CPT).

Wt
rad3-136

tsnlA
dcriA
rnhiA

rnh201A
dcrlA rnhi1A
dcrlA rnh201A

S. pombe cultures were serially diluted (x10 increments) then spotted onto YEA with and
without CPT. Cells were spotted onto two different concentration of CPT (5 pg/m and 38 pg/ml
CPT) and then incubated at 30°C for 3 days. rad3-136 was used as a positive control. The
derlA and dcrl A rnhIA double mutants show increased sensitivity to CPT compared with WT
and dcrlA rnh201A double mutant. The dcriA rnh201A double mutant does not exhibit the
same level of sensitivity as seen for the dcr/A single mutant.
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Figure 5.8. Increased the sensitivity of the dcrIA rnhIA to UV.

S. pombe cultures were serially diluted (x10 increments) then spotted onto YEA with and
without UV. Cells were spotted onto two different doses of ultraviolet irradiation (70 J/M? and
100 J/M?) and were then incubated at 30°C for 3 days. rad3-136 was used as a positive control.
The dcriA and dcriA rnh1A double mutants show increased sensitivity to UV compared with
WT and dcriA rnh201A double mutant.
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5.3. Discussion

When it was first observed that Translin attaches to chromosomal translocation breakpoint
junctions in human malignancies, the notion that Translin is involved in the regulation of
recombination was broached (Aoki et al, 1995; Jaendling & McFarlane, 2010;). However, the
precise function, if any, in this regard is still to be elucidated. Earlier work evaluating Tsn1 and
Tfx1 in S. pombe reported that these genes are not primary factors in recombination and its
associated mechanisms, e.g., repair of DNA damage (Jaendling et al., 2008). The two pairing
proteins have been proposed to be involved in RNA metabolism governance by several
researchers, including possible participation in the RNAi pathway (Liu et al., 2009; Ye et al.,
2011; Zhang et al., 2016). However, the exact association between Translin, TRAX and
malignancy-related chromosomal translocations, together with their interplay with RNA

metabolism, remains undetermined.

In the last few years, Dcrl, an RNAi regulator in S. pombe, was reported to exhibit a function
that was independent of RNAI in the avoidance of DNA damage. Dcrl eradicates RNA pol II-
mediated highly recombinogenic RNA:DNA hybrids from specific areas where there is
collision between transcription and replication, e.g., TDNA and tRNA genes, an action which
preserves the integrity of the genomic material (Castel et al., 2014; Ren et al., 2015). It is
thought to do this by assisting in the removal of RNA polymerase II and associated RNA:DNA
hybrids, which it does via a mechanism that is independent of its RNAse activity (Castel et al.,
2014). Subsequently, it has been shown by the McFarlane Group that dcr /A mutant sensitivity
to some DNA damaging agents and substances that inhibit replication is markedly enhanced

after including the extra #sn/A mutation, as observed in the data of co-workers previously.

This significant discovery suggested that Tsnl plays a role in the DNA damage/prevention
response when Decrl is lacking, thus connecting the function of Translin to the process of
genomic maintenance. This is the first association of this conserved protein to malignancy-
inducing mechanism, which could include chromosomal translocations. In view of the first
hypothesis relating to the part played by Translin in controlling chromosomal rearrangement
breakpoints (Aoki et al., 1995; Gajecka et al., 2006), and the heightened attraction of Tsnl in
S. pombe for RNA as opposed to DNA (Jaendling & McFarlane, 2010), it was postulated that
Tsnl may have a subsidiary function to Dcrl in decreasing the integrity of RNA:DNA hybrids
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within the genetic material, repressing transcription-DNA replication-associated

recombination when Dcrl was not present, and thus salvaging genomic stability.

In the absence of Dcrl, RNA:DNA hybrid levels increased (Castel et al, 2014). When the levels
of RNA:DNA hybrids rises during replication, cells become vulnerable to impaired DNA
replication, for instance as induced by HU. Thus, the question as to whether Dcrl was
additionally a component of one of the pair of RNase H pathways was posed. Of note was that
the dcrIA rnh201A double mutants demonstrated heightened sensitivity to the effects of HU
relative to the derlA rnhiA, thus implying that Dcrl is directly associated with the rnhl
mediated pathway (Figure 5.5).

The dcriA rnh201A double mutant strain showed resistant to the CPT compared with dcrIA
and dcrIA rnhIA mutant strains. We could imply that the rnh20IA supress the dcriA
phenotype. This result might suggest that the loss of 7nA201 may free up Rnhl to mediate a
positive function that suppresses the need for dcr/ in maintaining genomic stability (Figure

5.7).

A co-worker has recently used RNA:DNA immunoprecipitation (DRIP) at distinct genomic
loci, the rDNA locus and tRNA genes, indicating levels of genomic RNA:DNA hybrids when
dcrl and tsnl are both mutated (Gomez-Escobar, unpublished data) (Figure 5.9). Of particular
note, was that the two mutants, zsn/A and tfx/A, displayed equivalent RNA:DNA hybrid level
elevations to those identified in the single mutant, dcr/A. If the higher levels of RNA:DNA
hybrids by themselves are enough to cause dysfunctional replication and thus sensitivity to
substances that impact this process (e.g., HU), then HU sensitivity would be expected in the
tsnlA and tfx 1A single mutants, which is not the case. This is an important finding as it indicates
that the levels of elevated RNA:DNA hybrids previously observed (Castel et al., 2014) alone
are not sufficient to sensitise to replicative stress. Although the absence of Tsnl and Tfx1 leads
to elevated RNA:DNA hybrid levels, the intracellular coping strategies to maintain genome
stability remain functional and can tolerate these elevated levels. It should also be noted that at
the loci tested the levels of RNA:DNA hybrids are not statistically significantly elevated in the
dcrl A tsnl A double mutant relative to the derl A single mutant (Figure 5.9). However, if Derl
is lacking, the cell is no longer in a position to tolerate replicative stress, and Castel and co-
workers (2014) suggested that the stress inducing factor is RNA polymerase II retained on the
template, removal of which requires Dcrl. This might also suggest that Tsnl, but not Tfx1, is

involved in RNA polymerase II ejection from the DNA template when Dcrl function is lost.
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Further recent preliminary work within the group demonstrates that this might well be the case

(Gomez-Escobar, data not shown).
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Figure 5.9. Analysis of the RNA:DNA levels by DNA:RNA immunoprecipitation (DRIP).

The bar graphs illustrate the raised titres of RNA:DNA hybrids at two diverse gene loci, i.e. the IDNA
and tRNA genes in all mutants, including the dcriAtsniA double mutant. Error bars represent standard
error of the mean; * P < 0.05, ** P <0.01, *** P <0.001, **** P <(0.0001 [n> 5 in all cases; T- test].

Depicted data represent one set from a minimum of three independent repeats (adapted from Dr Natalia
Gomez-Escobar, unpublished data).
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Figures 5.5-5.7 show that compared to other samples, WT cells exhibit more growth. The most
probable reason for this observation is related to the duration of the incubation. WT on plates
that are incubated for longer than 3 days continues to grow, becoming more condensed. This
phenomenon was not observed for other strains incubated for lengthy duration. Therefore, these
findings are consistent with typical results. However, to minimise the risk of normal cells
becoming contaminated or experiencing abnormal growth, plates should be left in the incubator

for a duration of 3 to 4 days.

In conclusion, the current results show that where Dcrl is lacking, Tsnl and Rnh201 are
involved in replicative stress tolerance. The finding that the dcr/A rnh201A double mutant but
not the deriA rnhiA double mutant was sensitive to replicative stress means our original
hypothesis that there are two pathways in operation for removal of RNA:DNA hybrids, one
being Tsnl Rnhl dependent, the other being Dcrl Rnh201 dependent, is wrong. The meaning
of the results presented here and how they relate to other data will be discussed in the final

chapter.
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Chapter 6: S. pombe and human Translin function
in genome stability maintenance via an RNAse-
independent mechanism.
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6.1. Introduction

Translin comprises 228 amino acids and has numerous functions which include the capability
to bind to both DNA and RNA. It was first identified as a protein that associated with
chromosomal translocation breakpoint junctions in human lymphomas (Aoki et al., 1995). It
was noted that relocalisation of Translin to the nucleus occurred in response to DNA damage;
this, in combination with its ability to bind to breakpoints suggested that it was involved in a
DNA repair pathway and it was referred to as a recombinase (Jaendling and McFarlane, 2010).
As demonstrated in the previous chapters, S. pombe Translin (Tsnl) appears to be required for
an auxiliary pathway in genome stability control. Given this, we wished to further assess the

mechanism of this role and to determine the relevance to human Translin (TSN) function.

Extrinsic agents that are potentially poisonous to the genome include radiation and some
chemicals (Aguilera and Garcia-Muse, 2013). However, intrinsic nuclear mechanisms,
including transcription and replication, can also lead to instability of the genome (Gaillard et
al., 2013; Costantino and Koshland, 2015; Goémez-Gonzalez and Aguilera, 2019).
Transcription can give rise to hypermutation and recombination, partly due to transcription-
replication conflicts (Aguilera and Garcia-Muse, 2012; Skourti-Stathaki and Proudfoot, 2014;
Blin et al., 2019). Loss of genomic integrity can result from RNAs reannealing to their original
DNA template strand, thus generating RNA:DNA hybrids (R-loops) (Garcia-Muse and
Aguilera, 2019 :Rondén and Aguilera, 2019; Wells et al., 2019; Brambati et al., 2020; Hegazy
et al., 2020; Niehrs and Luke, 2020; Rinaldi et al., 2021).

In the absence of working transcription elongation factors, the genome may become unstable
through the disturbance of transcription and replication by R-loops; this generates replication
stress and DSBs (Aguilera and Garcia-Muse, 2012; Crossley et al., 2019). If ribonucleotides
are accidently embedded into DNA during replication, this may also result in the creation of
very localised RNA:DNA hybrids (Williams et al., 2016; Nava et al., 2020). Resolution of
RNA:DNA hybrids can be achieved by over expression of RNAase H class proteins, which
eradicate the RNA components of RNA:DNA hybrids (Drolet et al., 1995; Gaillard et al., 2013;
Lockhart et al., 2019).

It has already been documented that the double mutants, dcr/A tsniA and tsnlA rnh201A, have
increased sensitivity to some DNA damaging agents; it was proposed that this sensitivity is

associated with the structural integrity of the RNA:DNA hybrids. In view of this, we set out to
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over express RNase H in these cells in order to examine whether this could suppress the
replicative stress phenotype (HU sensitivity), which would implicate Tsnl in R-loop removal.
In order to confirm the phenotype is Tsnl associated and to assess the relevance to humans we
conducted over expression experiments using S. pombe and human Translin genes (zsn/ and
TSN, respectively). Extending this, mutations have been made in key domains in both S. pombe

tsnl and human TSN to gain insight into the mechanism of action of these conserved factors.
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6.2. Result

6.2.1. Overexpression of rnhl1 (RNAse H1) fails to suppress the dcrIA tsnlA
replicative stress phenotype.

The dcrIA tsnIA double mutant exhibits sensitivity to HU, suggesting a role for zsn/ in
replicative stress tolerance in the absence of Dcrl. We propose that this could be due to the
role for Tsn1 in processing R-loops to prevent them causing genotoxic transcription-replication
conflicts. R-loops can be resolved by RNAse H activity, so to determine whether elevated R-
loops cause the replicative sensitivity in the dcrIA tsnIA double mutant we set out to over
produce RNAse H1 by over expressing rnhl. If elevated R-loop levels are causing the double
mutant phenotype then rnhl overexpression will suppress the HU sensitivity phenotype of the

double mutant, dcriA tsniA.

The rnhl open reading frame was cloned into pREP3X, which is a thiamine-repressible shuttle
vector, so as to give rise to rnhl gene overexpression. Figure 6.1A depicts maps of the
pREP3X::rnhl plasmid together with its restriction sites. The pPREP3X vector includes a potent
regulatable yeast promoter, nm¢ (no message in thiamine). The entire length of S. pombe rnhl,
with a size of 979 bp, was amplified utilising appropriate primers, Phusion high-fidelity PCR
Master Mix and a GC buffer (see Appendix 1). rnhl bands were removed from the gel. They
then underwent purification and incubation with XAol and BamHI to enable directional cloning
to occur (see Appendix 2.A). pREP3X was digested using the same enzymes and then purified,
as illustrated in Appendix 2.B. The entire length of rnhl was subsequently ligated into the
purified and digested vector, utilising 1:3 proportions. Efficacious identification of ligated

plasmids in E. coli was conducted employing resistance to ampicillin.

Following transformation of the ligation mix into E. coli, analysis was performed on colonies
in order to check that relevant colonies were selected. The positive PCR data for numerous
colonies are displayed in Appendix 3; these results indicate that they included recombinant
plasmid pREP3X::rnhl. Colony number two was selected for subsequent affirmation.
Additional analysis deploying nmt promoter and cloning primers was performed on the selected
colony in order to prove that rnhl cloning into the pPREP3X vector was satisfactory, prior to

confirmatory DNA sequencing (see Appendix 4).

The construct was transformed into the following strains, dcriA, derIA tsnlA and rnh201A

tsniA. In this experiment, the nmt thiamine-repressible promoter governs the rnhl expression
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in pREP3X::rnhl. nmt is the most frequently utilised promoter for heterologous gene
expression in S. pombe (Matsuyama et al., 2008) and is suppressed by supplementing media
with 15 pM thiamine. Thus, in order to confirm phenotype suppression, EMMG media without
thiamine is used. Thiamine is a constituent of YEA medium, which is typically deployed for
fission yeast, and so it is unable to be utilised for S. pombe when the goal is nmt regulated
expression. However, it was utilised in this study as a gene ‘off” control. HU, an inhibitor of

DNA replication, is the replicative stress agent deployed in this experiment.

The dcriA tsnIA double mutant was transformed with pREP3X and pREP3X::rnhl to create
distinct strains (Section 2.5). The rnhIA rnh201A (pPREP3X) strain served as a negative control,
whereas the rnhIA rnh201A (pPREP3X::rnhl) strain was employed as a positive control to show

the nmt promoter and the rnhl gene were functioning correctly (Figure 6.2).

The result demonstrated that in the thiamine lacking EMMG media, overexpression of rnhl
failed to inhibit the dcrIA tsnlIA double mutant HU sensitivity (Figure 6.2). Double mutant
rnhIA rnh20IA sensitivity was diminished in the positive control, rnhIA rnh20IA
(pREP3X::rnhl), validating the use of pREP3X as an inducible system of plasmid expression.
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Figure 6.1. Maps of fission yeast expression vector pREP3X with cloned rrnhl and pacl.

The pREP3X vector is an inducible expression plasmid system and it is derived from original pREP3
series by addition of a X#ol linker between Bal/l and Sal/l. This deletes the ATG within the polylinker,
destroying a Ball site and recreating a Sal/l site. Note that we have supplied an ATG within the clone.
This vector is composed of the nmt promoter, multiple cloning site (MCS), yeast selectable marker
LEU?2 and an E. coli ampicillin resistance gene. The restriction enzymes Xhol and BamHI were used in
this study. A. is a map of the pREP3X::rnhlwith size around 9765 bp while B. is a map of the
pREP3X::paciwith size around 9878 bp.
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Figure 6.2. Overexpression of rnhl and pacl fails to rescue dcrIA tsnlA double mutant
replicative stress (HU sensitivity) phenotype.

S. pombe cultures were serially diluted (x10 increments) then spotted onto 3 different types of
media, EMMG with and without thiamine and YEA. Cells were spotted onto 10 mM HU and
then incubated at 30°C for 3 days. rad3-136 was used as a positive control. No HU sensitivity
suppression was noted in dcrIA tsniIA (pREP3X::rnhl) or dcrIA tsnlA (pREP3X::pacl).
rnhIA  rnh20IA(pREP3X) was used as negative control whereas rnhIA rnh20IA
(pREP3X::rnhl) was used as positive control; over expression of rnhl suppresses the rnhlA
rnh201A HU sensitivity back to levels seen in the rnh201A single mutant, which indicates the
over expression is working and the rnhl gene is functional.
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6.2.2. Overexpression of pacl fails to suppress the dcrlA tsniA replicative
stress phenotype.

The S. pombe Pacl ribonuclease belongs to the RNAse III class of double-strand-specific
ribonucleases that destroy double stranded RNA (dsRNA) (lino et al., 1991). Both Translin
and Dicer have RNase activity and Dicer is classified as an RNase III enzyme. Therefore, to
assess whether the dcrlA tsniA replicative stress phenotype is caused by a failure to mediate
an RNase III-like activity on dsSRNA substrates the pacl gene was cloned into pREP3X (Figure
6.1B) to determine whether overexpression could suppress the need for either Dcrl or Tsnl.
The clone and the empty vector control were transformed into the dcrIA tsnIA double mutant
strain. Subsequently, a spot test on media with/without thiamine was conducted to appraise the
effect of the overexpression of pac/ (Figure 6.2). The results demonstrated that in the thiamine
lacking EMMG media, overexpression of pacl failed to suppress the dcriA tsnlIA double
mutant HU sensitivity phenotype. The HU sensitivity phenotype of the rnhIA rnh201A strain
was diminished using the pREP3X::7nkl the positive control, validating the use of pPREP3X as

an inducible system of plasmid expression.
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6.2.3. Analysis of the overexpression of rnhl in the rnh20I1A tsnlA double

mutant.

In view of the lack of suppression noted in dcriA tsniA (pREF3X::rnhl), the rnh20IA tsniA
double mutant was also examined as it demonstrates a high sensitivity to DNA-damaging
agents, such as HU. The aim was to further test the hypothesis that Tsnl contributes to
replicative stress sensitivity due to a failure to act on R-loops by overexpressing rn// in this
background. pREP3X::rnhl was transformed into the rnh20IA tsnIA double mutant strain.
The rnhiIA rnh201A (pREP3X) and the rnhIA rnh201A (pREP3X::rnhl) strains were used as
negative and positive controls, respectively. The rnh201A tsnIA HU sensitivity phenotype was
not suppressed by rnhl overexpression in EMMG media in the absence of thiamine (Figure
6.3). This observation is interesting as it indicates that the loss of Rnh201 cannot be suppressed
by rnhl overexpression, suggesting the Rnh201 activity in question is not related to RNA:DNA

hybrid removal activity.

6.2.4. Analysis of the overexpression of pacl in rnh20IA tsnlA double

mutant.

To assess whether HU sensitivity of the rnh201A tsnlIA double mutant is related to dSRNA
activity the pREP3X::pacl plasmid was transformed into the rnh20IA tsnIA double mutant.
The rnhiIA rnh201A (pREP3X) and the rnhIA rnh201A (pREP3X::rnhl) strains were used as
negative and positive controls, respectively. The rnh201A tsnIA HU sensitivity phenotype was
not suppressed following pacl overexpression in EMMG media in the absence of thiamine
(Figure 6.3). This indicates that the replicative stress phenotype is unlikely to be related to a
dsRNase activity.
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Figure 6.3. Overexpression of rnhl and pacl does not rescue rnh201A tsnlIA double
mutant replicative stress (HU sensitivity) phenotype.

S. pombe cultures were serially diluted (x10 increments) then spotted onto 3 different types of
media, EMMG with and without thiamine and YEA. Cells were spotted onto 10 mM HU and
then incubated at 30°C for 3 days. rad3-136 was used as a positive control. No HU sensitivity
suppression was notes in rnh20IA tsnIA (pREP3X::rnhl) and rnh20IA tsniA
(pPREP3X::pacl). rnhIA rnh201A (pREP3X) was used as negative control and rnhIA rnh201A
(pREP3X::rnhl) was used as positive control; over expression of rnhl suppresses the rnhlA
rnh201A HU sensitivity back to levels seen in the rnh201A single mutant, which indicates the
over expression is working and the rnhl gene is functional.
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6.2.5. Analysis of the overexpression of rnhl in dcrlA single mutant

Since no suppression was seen in either dcrlA tsniIA (pREP3X::rnhl) or rnh201AtsnIA
(pREP3X::rnhl), it was decided to investigate the single mutant, dcr/A. Castel et al. (2016)
demonstrated that in the absence of Dcrl, RNA:DNA hybrid levels became elevated, and this
was related to DNA replication difficulties, although they did show that this was independent
of the Dcrl1 ribonuclease catalytic activity. Whilst Castel et al. (2016) postulated the replicative
stress was caused by increase RNA Pol II occupancy they did not overexpress rnhl to
demonstrate whether the replicative issues were related to RNA:DNA hybrids per se. Despite
the fact the double mutant data indicates there is no link to R-loops (above), in order to formally
dismiss a role for increased R-loops driving the replicative stress phenotype of Dcrl deficient
cells the pREP3X::rnhl plasmid were transformed into the dcr/A strain. Negative and positive
controls were formed by the rnhIA rnh201A (pREP3X) and rnhIA rnh20IA (pREP3X::rnhl)
strains, respectively. The results, shown in Figure 6.4 demonstrate a lack of suppression of the
single mutant phenotype, supporting a model in which increased R-loops per se do not present

a challenge to genome stability in Dcrl deficiency.

6.2.6. Analysis the overexpression of pacl in dcrlA single mutant

Extending the above, to confirm that Dcrl deficiency related genome instability was not related
to dsRNase activity, it was decided to transform pREF3X::pac! plasmid into the dcrIA single
mutant. Negative and positive controls were formed by the rnhIA rnh20IA (pREP3X) and
rnhIA rnh20IA (pREP3X::rnhl) strains, respectively. The results, shown in Figure 6.4
demonstrate a lack of suppression of the single mutant phenotype, this further supports the
postulate that replicative stress sensitivity observed in Dcrl deficiency is not caused by loss of

dsRNase activity.
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Figure 6.4. Overexpression of rnhl and pacl does not rescue dcrlIA single mutant
replicative stress (HU sensitivity) phenotype.

S. pombe cultures were serially diluted (x10 increments) then spotted onto 3 different types of
media, EMMG with and without thiamine and YEA. Cells were spotted onto 10 mM HU and
then incubated at 30°C for 3 days. rad3-136 was used as a positive control. No HU sensitivity
suppression was noted in der/A (pREP3X::rnhl) or derIA (pREP3X::pacl). rnhIA rnh201A
(pREP3X) was used as negative control whereas rnhIA rnh201A (pREP3X::rnhl) was used as
positive control; overexpression of rnkl suppresses the rnhiA rnh201A HU sensitivity back to
levels seen in the rnh201A single mutant, which indicates the over expression is working and
the rnhl gene is functional.
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6.2.7. Verification of the overexpression of rnhl

Given that there was no evidence that overexpression of rnhl suppresses replicative stress
phenotypes of the various strains (above), RT-PCR and qRT-PCR were performed in the cells
with induced and non-induced rnhl expression to verify the gene was overexpressed in these

cells.

RT-PCR was utilised to assess rn/ 1l induction in the absence of thiamine. For a negative control
strains transformed with the vector pREP3X only was employed (Figure 6.5A). EMMG liquid
media without leucine (for plasmid maintenance) was used for incubation. Following cell
harvesting and isolation of the total RNA, cDNA was made in order to appraise the expression
of rnhl (see Sections 2.14.1 and 2.14.2.). The quality of the cDNA produced was assessed
utilising expression of act/ (Figure 6.5B). Sharp bands representing induced rnhl cDNA were
seen in comparison to those from non-induced cells and the act/ control, thus suggesting that

rnhl overexpression was satisfactory (Figure 6.5C).

qRT-PCR studies were additionally performed in order to quantify the rnhl overexpression.
cDNA was qPCR-amplified utilising the QuantiTect SYBR Green PCR Kit and CFX96 real-
time system (Bio-Rad). The oligonucleotide sequences employed are described in Table 2.6.
qRT-PCR data of the reference gene act! were used as controls for the »nhl data. The qRT-
PCR correlated with the traditional RT-PCR results and demonstrated notable rn4/ induction
(Figure 6.5D).
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Figure 6.5. Analysis of rnhl overexpression by RT-PCR and qRT-PCR.
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1)

RT-PCR data depicting rnhland actl expression in three mutant strains: dcriA,
derlAtsnlAand rnh201 AtsnlA. The agarose gel images show: A) negative control,
i.e., a strain vector (pREP3X)-transformed only; B) positive control, i.e., act!
expression for cDNA quality appraisal; and C) a pREP3X::rnhl transformed strain
to assess rnhl overexpression.

qRT-PCR analysis illustrating rnhl mRNA levels for the individual transformed
strains; data for rnhl are presented relative to the qRT-PCR data for the act/
reference gene.



6.2.8. Verification of the overexpression of pacl

Given that there was no evidence that overexpression of pacl suppresses replicative stress
phenotypes of the various trains (above), RT-PCR and qRT-PCR were performed in the cells
with induced and non-induced pac/ expression to verify the gene was overexpressed in these

cells.

The RT- PCR methods were utilised to assess pac/ induction in the absence of thiamine. For
a negative control strains transformed with the vector pREP3X only was employed (Figure
6.6A). EMMG liquid media without leucine (for plasmid maintenance) was used for
incubation. Following cell harvesting and isolation of the total RNA, cDNA was made in order
to appraise the expression of pac! (see Sections 2.14.1 and 2.14.2.). The quality of the cDNA
produced was assessed utilising expression of act/ (Figure 6.6B). Sharp bands representing
induced pacl cDNA were seen in comparison to those from non-induced cells and the act/

control, thus suggesting that pac/ overexpression was satisfactory (Figure 6.6C).

qRT-PCR studies were additionally performed in order to quantify the pacl overexpression.
cDNA was qPCR-amplified utilising the QuantiTect SYBR Green PCR Kit and CFX96 real-
time system (Bio-Rad). The oligonucleotide sequences employed are described in Table 2.6.
qRT-PCR data of the reference gene act/ were used as controls for the pac/ data. The qRT-
PCR correlated with the traditional RT-PCR results and demonstrated notable pac! induction
(Figure 6.6D).
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Figure 6.6. Analysis of pacl overexpression by RT-PCR and qRT-PCR.

D)

1)

RT-PCR data depicting pacl and actl expression in three mutant strains: dcriA,
derlAtsnlAand rnh201A tsnlA. The agarose gel images show: A) negative control,
i.e., a strain vector (pREP3X)-transformed only; B) positive control, i.e., act!
expression for cDNA quality appraisal; and C) a pREP3X::pac! transformed strain
to assess pacl overexpression.

qRT-PCR analysis illustrating pac!/ mRNA levels for the individual transformed
strains; data for pacl are presented relative to the qRT-PCR data for the act/
reference gene.



6.2.9. Analysis of the overexpression of rnh201 in the dcrIA tsnlA double

mutant

Resolution of RNA:DNA hybrids can be accomplished by overexpression of RNase H family
proteins, which eliminate the RNA strands of RNA:DNA hybrids (Gaillard et al. 2013;
Lockhart et al. 2019). Deletion of the RNase H2, but not RNase H1, gene enhanced sensitivity
to hydroxyurea (HU). This is explained by the fact that HU caused enhanced accumulation of
rNTPs in genomic DNA, resulting in increased number of DSB (Kojima et al. 2019) .This

evidence implies that RNase H2 decreases the existence of DSB.

Overexpression of RNH2(01 alone in S. cerevisiae can suppress defects caused by the loss of a
5' to 3' RNA exonuclease, Ratl, implying Rnh201 can suppress other RNA processing
activities (Luke et al., 2008). To discern if Tsnl functions redundantly for processing another
unidentified Rnh201 substrate, we overexpressed rnh201 in the dcrIA tsnl Amutant to assess
whether rnh201 overexpression could suppress HU sensitivity. The rnh201 gene was cloned
into pREP3X to determine whether overexpression could suppress the need for Tsnl. The clone
and the empty vector control were transformed into the dcrIA tsnIA double mutant strain.
Subsequently, a spot test on media with/without thiamine was conducted to appraise the effect
of the overexpression of rnh201 (Figure 6.7). The results demonstrated that in the thiamine
lacking EMMG media, overexpression of rnh201 failed to inhibit the dcrIA tsnlIA double
mutant HU sensitivity phenotype. The HU sensitivity phenotype of the rnhIA rnh201A strain
was diminished using the pREP3X::7nh201 the positive control, validating the use of pREP3X

as an inducible system of plasmid expression.
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Figure 6.7. Overexpression of rnh201 does not rescue dcrIA tsnIA double mutant
replicative stress (HU sensitivity) phenotype.

S. pombe cultures were serially diluted (x10 increments) then spotted onto 3 different types of
media, EMMG with and without thiamine and YEA. Cells were spotted onto 10 mM HU and
then incubated at 30°C for 3 days. rad3-136 was used as a positive control. No HU sensitivity
suppression was noted in derIA tsnIA (pREP3X::rnh201). rnhIA rnh201A (pREP3X) was used
as negative control whereas rnhIA rnh20IA (pREP3X::rnh201) was used as positive control,
overexpression of rnh201 suppresses the rnhiA rnh201A HU sensitivity back to levels seen in
the rnhIA single mutant, which indicates the over expression is working and the rnh201 gene
is functional.
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6.2.10. Overexpression of S. pombe tsnl and Human 7SN suppress

replicative stress intolerance of the dcriIA tsnlA mutant

An essential question is whether within S. pombe the actions of Tsnl bear any relation to the
activity of human TSN. One method to investigate this is to construct a mutant of S. pombe
tsnl and then to establish if human 7SN has the capacity to suppress the mutant phenotype. If
the latter occurs, the human gene synthesises a protein that is functional within S. pombe cells.
Thus, S. pombe tsnl and human 7SN genes were over expressed in the der/A tsnlA mutant to
assess whether the HU sensitivity phenotype could be suppressed. Amino acid sequence

alignment of the human and the S.pombe Translins showing in Figure 6.8

The McFarlane group cloned both S. pombe tsnl and human 7SN into pREP3X, putting the
genes under the control of the regulatable promoter nm¢t. The clones were transformed into the
dcrIA tsnlA double mutant. Furthermore, dcrl was also cloned into pREP3X and transformed
to the identical strain. An appraisal of excess S. pombe tsnl, dcrl and human 7SN gene
expression within the double mutant strain was performed (Figure 6.9). The data reveal that
the dcrIA tsnIA HU sensitivity phenotype is supressed to some extent by over expression of
both tsnl and TSN. There was complete suppression of the HU sensitivity from over expression

of dcrl, as expected.
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Figure 6.8. Amino acid sequence alignment of the human and the S.pombe Translins.

BLAST was used to align the sequences of the human Translin (Hs, Homo sapiens, GenBank™
gi: 12803111) and its S.pombe orthologue (Sp, S.pombe, GenBank™ gi: 19115469). The black
highlight denotes perfectly conserved residues, whilst the grey highlight indicates residues that
are similar. Boxes indicate those motifs that have been identified previously and are shared
with mouse Translin; these are described in the Results section. Asterisks indicate amino acids
in the human orthologue that are substituted with other amino acids in the mouse version
(Gupta, G.D. and Kumar, V. 2018).
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Figure 6.9. Suppression of the dcrIA tsnlA double mutant replicative stress (HU

sensitivity) phenotype.

S. pombe cultures were serially diluted (x10 increments) then spotted onto 3 different types of
media, EMMG with and without thiamine and YEA. Cells were spotted onto 10 mM HU and
then incubated at 30°C for 3 days. rad3-136 was used as a positive control. Moderate HU
sensitivity suppression was noted in dcrlA tsnIA (pREP3X::Sptsnl) and dcriA tsniA
(pREP3X::Hu7SN), both back to dcrIA single mutant levels. dcrIA tsnIA (pPREP3X::Spdcrl)
was used as positive control; over expression of dcrl suppresses the dcriA tsnlA HU
sensitivity back to levels seen in the #sn/A single mutant, which indicates the over expression

is working.
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6.2.10. Analysis of the overexpression of S. pombe tsnl and human 7SN in
the rnh201A tsnlA double mutant

As demonstrated in Figure 6.8, the dcrlA tsn1A HU sensitivity phenotype suppressed to dcr/D
levels following S. pombe tsnl and human 7SN overexpression, and completely, following
dcrl overexpression. It was therefore decided to evaluate their overexpression in the rnh201A
tsnIA double mutant strain to determine whether a similar suppression phenotype was apparent

to assess whether this Tsnl function could be equally met by human TSN.

pREP3X::Sptsnl, pREP3X::Hu7SN/ and pREP3X::dcrl (and vector control) were
transformed into the rnh20IA tsnIA double mutant. Again, overexpression of S. pombe tsnl,
dcrl and human TSN genes was performed (Figure 6.10). Overexpression of tsn/ and TSN
suppressed the rnh201A tsnlA phenotype to an identical extent. This is in keeping with the data
from the above experiment. Interestingly, over expression of dcrl did not suppress the HU
sensitivity of the rnh20IA tsnIA double mutant, indicating that Dcrl function is not

interchangeable with Rnh201 or Tsnl.

6.2.11. Analysis of the overexpression of S. pombe and human 7SN in dcrIA

single mutant

Figures 6.8 and 6.9 indicated that there was mild suppression of both dcr/A tsniA and rnh201A
tsnIA HU sensitivity phenotypes following the overexpression of either S. pombe or human
TSN. However, dcrl overexpression did not suppress the rnh201A tsniA double mutant. To
explore the relationship between Tsnl and Derl further, tsn/ and TSN were both overexpressed
in the dcrlA mutant to determine whether the HU sensitivity could be suppressed.
pREP3X::Sptsnl and pREP3X::Hu7SN were transformed into the dcr/A single mutant and
the two Translin genes were overexpressed (Figure 6.11). There was no evidence of HU

sensitivity suppression.
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Figure 6.10. Suppression of rnh20IA tsnIA double mutant replicative stress (HU
sensitivity) phenotype.

S. pombe cultures were serially diluted (x10 increments) then spotted onto 3 different types of
media, EMMG with and without thiamine and YEA. Cells were spotted onto 10 mM HU and
then incubated at 30°C for 3 days. rad3-136 was used as a positive control for the original
strains. Mild HU sensitivity suppression was noted in rnh201A tsnIA (pREP3X.::Sptsnl) and
rnh201A tsnIA (pREP3X::HuTSN). No suppression of rnh201A tsnIA (pREP3X::Spdcrl) was

apparent.
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Figure 6.11. Overexpression of human or S. pombe Translin genes does not suppress the
dcrlA single mutant phenotype replicative stress (HU sensitivity) phenotype.

S. pombe cultures were serially diluted (x10 increments) then spotted onto 3 different types of
media, EMMG with and without thiamine and YEA. Cells were spotted onto 10 mM HU and
then incubated at 30°C for 3 days. rad3-136 was used as a positive control. No HU sensitivity
suppression was noted for der/A (pREP3X::Sptsnl) and dcrIA (pREP3X::HuTSN) strains.
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6.2.13. Analysis of the overexpression of S. pombe tfxI and human TSNAX
in dcrlA tsnIA mutant

Much of the research published to date, which has evaluated the biological functions of
Translin and Trax, has indicated an intimate functional relationship between these two proteins,
even when there is little or no evidence of a C3PO-like complex (for example, see Gomez-
Escobar et al., 2016). It has been shown here that Translin from humans and S. pombe exhibits
suppression of the derIA tsnIA HU sensitivity phenotype (Figure 6.9). Thus, an appraisal of S.

pombe tfx1 and human TSNAX overexpression was undertaken in the dcriA tsniA strain.

The McFarlane group cloned S. pombe tfxI and human TSNAX into pREP3X. The clones were
transformed into the dcrIA tsnIA double mutant. Overexpression of human 7SNAX and S.
pombe tfx1 were then evaluated (Figure 6.12). The dcrIA tsniA HU sensitivity phenotype was
not suppressed by overexpression of either gene. The rnhIA rnh20IA (pREP3X) strain was
utilised as a negative control; the rnhIA rnh20IA (pREP3X::rnh201) strain was a positive

control for the overexpression media.
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Figure 6.12. Overexpression of S pombe tfx1 and Human TSNAX fails to rescue dcriA
tsn1A double mutant replicative stress (HU sensitivity) phenotype.

Appropriate S. pombe cultures were serially diluted (x10 increments) then spotted onto 3
different types of media, EMMG with and without thiamine and YEA. Cells were spotted onto
10 mM HU and then incubated at 30°C for 3 days. rad3-136 was used as a positive control for
the original strains. No HU sensitivity suppression was noted in dcr /A tsnIA (pREP3X::Sptfx1)
and dcriA tsnIA (pREP3X-HuTSNAX). rnhIA rnh20IA (pREP3X) was used as negative
control whereas rnhIA rnh20IA (pREP3X::rnh201) was used as positive control ; over
expression of rnh201 suppresses the rnhIA rnh201A HU sensitivity back to levels seen in the
rnh201A single mutant, which indicates the over expression system is working.
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6.2.14. Analysis of point mutations of the RNase and RNA-binding domains
of S. pombe Tsnl

It has been proposed that Trax exhibits RNase activity (Tian et al. 2011). Mammalian Translin
also has RNase activity (Wang et al., 2004). The original three catalytic residue noted in human
TNSAX were Glul26, Glul29 and Asp193, a fourth catalytic residue in human TSNAX, is
maintained in Translin (including S. pombe Tsnl) and can be located within the 220 amino acid
sequence by aligning amino acid sequences from both human and yeast (Ye et al. 2011). In
Trax this moiety was mutated by Ye et al. (2011) with an E197A mutant to obtain a similar
phenotype to the previous research, i.e., RNase dead, but with capacity for binding to RNA,
thus reinforcing the concept that this residue was responsible for the RNase catalytic activity.
So far, this residue has not undergone mutation in Translin from humans or any other species.
Members of the McFarlane group mutated the S. pombe Tsnl glutamic acid to alanine utilising
site-directed mutagenesis. The plasmid containing this mutant allele was transformed into the
double mutant strains, dcrIA tsnlA and rnh201A tsnlA, in order to generate the following
strains: derlA tsnlA (pREP3X::Sptsnl::E1524) and rnh201A tsnlA
(pREP3X::Sptsnl::E1524). The overexpression of this allele resulted in a level of suppressive
activity similar to the unmutated wild- type in both strains (Figure 6.13 and 6.14). This suggests

that the RNase domain is not required for Tsnl function.

It has additionally been noted that in S. pombe arginine 86 is required for the majority (but not
all) of the RNA binding function (Gupta et al., 2019). To assess whether loss of this RNA
binding capacity interfered with Tsnl function this residue was mutated (R86G) in the tsnl
overexpression plasmid. Overexpression of tsnl::R86G resulted in full suppression of both
double mutants suggestive that loss of some RNA binding capacity does not impair the Tsnl

function (Figure 6.13 and 6.14).
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Figure 6.13. Point mutation of RNase and RNA-binding domains of S. pombe Tsnl
supressed the dcrlA tsnIA double mutant replicative stress (HU sensitivity) phenotype.

S. pombe cultures were serially diluted (x10 increments) then spotted onto 3 different types of
media, EMMG with and without thiamine and YEA. Cells were spotted onto 10 mM HU and
then incubated at 30°C for 3 days. rad3-136 was used as a positive control. Full HU sensitivity
suppression to dcrlA levels was noted in dcr A tsnlA after mutating the RNase activity domain
[deriA  tsnlA (pREP3X::Sptsnl::E1524) and RNA binding domain (dcriA tsniA
pREP3X::Sptsnl::R86G)].
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Figure 6.14. Point mutation of RNase and RNA-binding domains of the S. pombe Tsnl
supressed rnh201A tsnlA double mutant replicative stress (HU sensitivity) phenotype.

S. pombe cultures were serially diluted (x10 increments) then spotted onto 3 different types of
media, EMMG with and without thiamine and YEA. Cells were spotted onto 10 mM HU and
then incubated at 30°C for 3 days. rad3-136 was used as a positive control. Full HU sensitivity
suppression to rnh201A levels was noted after mutating RNase activity domain [rnh201A
tsniA  (pREP3X::Sptsnl::E1524) and RNA binding domain (rnh20IA tsnlA
pREP3X::Sptsnl::R86G)].
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6.2.15. RNase and RNA-binding domains of human Translin are not
required for genome stability maintenance activity

Given that mutation of the S. pombe Tsnl RNase and RNA-binding domains did not alter its
ability to function in the replicative stress response, we set out to assess whether the human
TSN behaved in the same RNase- and RNA-binding-independent fashion. Single base-pair
substitutions in these domains were made in human 7SN. In order to appraise RNase activity,
the conserved glutamic acid residue at position 150 in the RNase domain was substituted with
alanine in the pREP3X::Hu7SN plasmid to generate pREP3X::-HuTSN::EI150A4.
Independently, the arginine residue at position 92 within the RNA binding domain was
substituted for glycine within the pREP3X::Hu7SN plasmid to generate pREP3X-
HuTSN::R92G. The resulting plasmids were transformed into the double mutants dcriA tsnlA
and rnh20IA tsnlA in order to assess their ability to suppress the loss of S. pombe tsnl*
function. The overexpression of both alleles (7SN::E150A4 and TSN::R92G) resulted in a level
of suppressive activity similar to the unmutated wild-type gene in both strains (Figures 6.15
and 6.16). This suggests that the RNase and RNA binding domains of human TSN are not

required for TSN function to respond to replicative stress.

167



+ Thiamine No Thiamine

derlAtsn1A [
der1A tsn1A(pREP3X) [

dcr1A tsn1A(pREP3X::HUTSN)
dcr1A tsn1A(pREP3X::HUTSN::E150A)
derl1A tsn1A(pREP3X::HUTSN::R92G)

o0
o0
o0
o0
[
¢ 0
(
o0
o0

' P EEEEEEE

L B N N N W W W )
LA A EEEE XX

Figure 6.15. Point mutation of RNase and RNA-binding domains of Human Translin
supressed dcrlA tsnIA double mutant replicative stress (HU sensitivity) phenotype

S. pombe cultures were serially diluted (x10 increments) then spotted onto 3 different types of
media, EMMG with and without thiamine and YEA. Cells were spotted onto YEA containing
10 mM HU and then incubated at 30°C for 3 days. rad3-136 was used as a positive control.
Full HU sensitivity suppression to dcriA levels was noted in dcrIA tsnlA after mutating the
RNase activity domain [dcrlA tsnlA (pREP3X::HuTSN::E1504)and RNA binding domain
(derlA tsnl A pREP3X::HuTSN::R92G)].
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Figure 6.16. Point mutation of RNase and RNA-binding domains of Human Translin
supressed rnh201A tsnlA double mutant replicative stress (HU sensitivity) phenotype

S. pombe cultures were serially diluted (x10 increments) then spotted onto 3 different types of
media, EMMG with and without thiamine and YEA. Cells were spotted onto YEA containing
10 mM HU and then incubated at 30°C for 3 days. rad3-136 was used as a positive control.
Full HU sensitivity suppression to rnh201A levels was noted in rnh201A tsnlA after mutating
RNase activity domain [(rnh20IA tsnIA (pREP3X::Hu7SN.:E1504) and RNA binding
domain (rnh201A tsnlA pREP3X::HuTSN.::R92G) ].
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6.3. Discussion

Translin and Trax, are associated with varying biological activities that appear to be related to
RNA regulation rather than DNA. When Dcrl is lacking it is clear from the data presented in
this thesis that Tsnl is required to maintain genome stability in response to some types of
replicative stress. However, Tfx1 does not seem to be required. This observation is in keeping
with the ability of Tsnl to bind to nucleic acid and its RNAse function (Jaendling and
McFarlane, 2010). It could also offer some insight into why Translin binds to chromosomal
translocation break point junctions (to be discussed more in the final chapter). It is known that
in the absence of Dcrl, RNA pol II accumulates on the genome, also increasing the associated
RNA:DNA hybrids (Castel et al., 2014). These structures can threaten chromosomal integrity

and predispose to pathologies such as malignancies (Zimmer et al., 2016).

In order to discourage the creation of structurally enduring RNA:DNA hybrids, two principal
suppressor RNase H activities exist, RNase HI and RNase H2. These enzymes are well-
conserved ribonucleases, which have the capacity to eliminate RNA:DNA hybrids by
catalysing the breakdown of the RNA residue (Garcia-Muse and Aguilera, 2019). Furthermore,
RNase H1 and RNase H2 are essential for the preservation of genomic integrity and the
avoidance of replication conflicts (Cerritelli et al., 2009; Amon et al., 2016; Lockhart et al.,
2019). Their activity also makes an important contribution to DSB reparation. If the genes that
code for both RNase Hs are deleted, deficits in repair of DNA damage are observed and HR-
governed DSB reparation is inhibited as a consequence. This therefore implies that the RNAse
H pathways have a degree of redundancy in repair of the DSB (Ohle et al., 2016). The
requirement for RNase H activity indicates that in DSB repair RNA:DNA hybrids play a
positive function, and it has been proposed that RNA pol II and RNA pol III synthesises DSB
response-specific RNAs at break sites to serve as a platform for the appropriately ordered
recruitment of DSB repair factors (Michelini et al., 2017; Lui et al., 2021). Interestingly, this
has recently been postulated to be related to a phase separation mechanism in which repair

occurs in a phase separated from the aqueous phase (Pessina et al., 2021).

Here we have shown that Tsnl may have a role that is redundant with an RNase H pathway
(the Rnh201 pathway), but Tfx1 does not appear to be involved, again showing a separation of
function for the S. pombe Translin family paralogues, as previously recorded for telomere

transcript control (Gomez-Escobar et al., 2016). The absence of RNAse H2 (Rnh201) and Tsn1
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gives rise to a more potent phenotype with respect to genomic instability. At the onset of the
work, it was originally hypothesised that the HU sensitivity seen in the double mutants, dcriA
tsnlA and rnh201A tsnlA, and the single mutant, dcrlA, is connected to the integrity/levels of
RNA:DNA hybrids, suggesting Tsnl might have a role in suppressing RNA:DNA hybrids (i.e.
possibly have an RNase H activity or an RNA:DNA hybrid helicase activity). If correct, the
expression of an RNase H protein should eliminate the RNA:DNA hybrids and suppress the
phenotypes observed (Drolet et al., 1995; Gaillard et al., 2013; Lockhart et al., 2019). This was
not the case for any of the mutants, including the dcr/A single mutant, indicating that it is not
elevated RNA:DNA hybrids per se that are causing the replicative stress phenotype in any of

these mutants.

It is also worth noting that a colleague in the group has now demonstrated that in the zsn/A
single mutant there are elevated levels of RNA:DNA hybrids. However, the single mutant
exhibits no sensitivity to HU. Whilst these new data demonstrate a role for Tsnl in RNA:DNA
hybrid suppression, they support the view that these hybrids are not genotoxic under HU-

induced replicative stress as no increase HU sensitivity is observed.

This view also supports the proposal of Castel et al. (2014) who suggested that the replicative
stress in a derlA mutant is caused by the fact that loss of Dcrl causes more RNA pol II to be
retained on the genomic template, likely causing an intrinsic replicative stress, which is
exacerbated by external stress from HU exposure. This indicates that the mechanism
underlying the sensitivity is not connected to the RNA:DNA hybrids per se but to RNA Pol 11
retention. Despite overexpression of 7nhl, RNA Pol II activity and association with the genome
cannot be eliminated. The fact that Dcrl is needed for RNA pol II template displacement
suggests that Tsnl might also function in this way; this possibility will be explored further in

the final chapter.

In this chapter we also explored the possibility that Tsnl has other activity that overlap with
RNase IIT (dsRNA RNase activity) or unknown Rnh201 activities. To address both of these
possibilities we overproduced the RNase III Pacl and Rnh201 in various Tsnl-deficient cells.
Neither suppressed the need for Dcrl or Tsnl, strongly suggesting that the function of Tsnl

does not overlap with either of these functions.

The structure of Translin has been well-maintained during the development of eukaryotic

organisms. In murine Translin (also known as TB-RBP), 225 of the 228 amino acids are similar
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to the equivalent amino acids in human Translin. Analogous Translin proteins are found in
many eukaryotes including chicken, Xenopus, Drosophila and S. pombe, which have 86%,
81%, 53% and 37.9% identity, respectively, with the human protein. It is noteworthy that whilst
Archaea have only one Translin family paralogue, the eukaryotic budding yeast, S. cerevisiae,
has none. S. cerevisiae does not have complex heterochromatin associated centromeres, like
the fission yeast, but S. pombe Tsnl and Tfx1 function are not related to siRNA regulated
centromeric function as mutants are not defective in heterochromatic silencing (Gomez-
Escobar et al., 2016). Thus, it remains unclear why S. cerevisiae does not have Translin

orthologues, but S. pombe does.

In the current research, Translin genes from both S. pombe and human have been overexpressed
in order to determine whether the activity of Tsnl in S. pombe bears any relation to its function
within human cells. Our data show that S. pombe Tsnl defects in replicative stress response in
the absence of Dcrl can be suppressed by expression of human 7SN. Importantly, this can be
mediated in the absence of human 7SNAX (Trax), suggesting that human TSN, like S. pombe
Tsnl, can function in genome stability maintenance in response to replicative stress without
interaction with its paralogous counterpart. The fission yeast can therefore be utilised to study
the characteristics of the human Translin gene and protein. This obviates the necessity to
employ human malignant cells to understand this newly revealed function, which is important

as such cells do not represent the normal human state.

As Archaea only have on Translin family paralogue, which has been proposed to be more
closely aligned to Trax than Translin (Parizotto et al., 2013), we assessed whether S. pombe
Tfx1 or human TSNAX overproduction could substitute for the loss of Tsnl in S. pombe. They
could not. This further indicates that there is a clear functional separation between Translin and
Trax for genome stability maintenance. This suggests that both paralogues have distinct and
independent role in genome stability, as TSN can operate in DNA replication stress recovery
(this thesis) and TSNAX function to mediate an appropriate DSB response by assisting ATM
(Wang et al., 2016).

The initial work confirmed that C3PO had RNase activity was conducted in Drosophila (Liu
et al., 2009). Multiple sequence alignments revealed three amino acids that are conserved in all
the Trax proteins of higher eukaryotes, although these were less well conserved in S. pombe.
Structural analysis revealed these groups were located within the magnesium binding area,

which was postulated to be the RNase the catalytic site, despite not matching previously
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defined RNase domains. These three residues were then mutated, and these proteins were found
to be RNase defective. Ye et al. (2011) identified a fourth catalytic residue within human Trax,
Glul97. The initial three residues in humans are Glul26, Glul29 and Asp193. Their exact
locations, however, were dissimilar in the fly. The fourth residue associated with catalysis is
conserved in Translin, including S. pombe Tsnl. This residue was mutated in Trax (Ye et al.,
2011) (E197A) and was found to result in an RNase dead mutant that retained RNA binding
activity. Thus, this residue is required for RNase catalysis. Here we mutated this residue in
human and S. pombe Translin orthologues and find that these mutants retain function. This
suggests that the activity is independent of RNase activity, which support the previous findings
in which overexpression of RNase genes does not suppress the phenotype. It has bene proposed
that human Trax has non-catalytic scaffold function in assisting ATM in responding to DSBs
(Wang et al., 2016). The data presented here could indicate the activity of Translin in
responding to replicative stress is also a scaffold-like function. This will be discussed further

in the final Discussion chapter (Chapter 7).

We also mutated one of the codons for residues that are responsible for efficient nucleic acid
binding. Both S. pombe and human versions could fully suppress the loss of Translin function.
This is suggestive that RNA binding is not required. However, caution must be applied to this
particular interpretation, as the in vitro analysis of the S. pombe mutant did not show full loss
of nucleic acid binding capacity (Eliahoo et al., 2010; Gupta and Kumar., 2012). Indeed, it
might be the case that sufficient RNA binding capacity is retained, particularly in vivo, and so
whilst it might imply RNA binding is not important, this is not a robust conclusion from these

data. This will be further discussed in the final chapter (Chapter 7).

There is one outstanding issue raised in this chapter that needs to be addressed. Even by using
RT-PCR and Q-PCR, it is not possible to verify the overexpression of all genes mentioned
previous (i.e. rnhl, rnh201, pacl, human TSNAX and 7SN, and S. pombe tsnl and tfxl,).
Furthermore, the protein needs to be extracted and assess its level of expression is appropriate.
This is achieved using the western blot technique, which is commonly in molecular

biology and immunogenetics (Yang et al.,2012).
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In summary, the data shown here indicate there is no phenotypic suppression of the double
mutant strains, derlA tsnl and rnh201 A tsnlA, and the single dcrl A mutant when rnhl, pacl,
rnh201 or tfx1 are overexpressed. The replicative stress sensitivity of these strains does not
therefore appear to be associated with key ribonuclease activity of Translin. This is consistent
with the findings from Castel et al. (2014) who demonstrated that the role of Dcrl in
maintaining genome stability is independent of its RNase capabilities. They extended this to
demonstrate that Dcrl functions in this RNase-independent fashion to remove RNA pol II from
the genomic template to prevent increase replicative stress. The evidence we present here
support a model in which Translin also functions in a nuclease-independent fashion in the
absence of Dcrl and the possibility that this might be associated with RNA pol II template

dissociation is discussed in the following chapter.
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Chapter 7: Final Discussion
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7. Final Discussion

7.1. Introduction

When human Translin was original identified as a protein that bound to the chromosomal
breakpoint junctions of human malignancies it was inferred that it must play a role in the
formation of these complex genetic rearrangement (Aoki et al., 1995). Indeed, soon after its
identification Translin was referred to as a ‘recombinase’ (Kasai et al. 1997). Despite this, the
direct evidence indicating that Translin functions in a homologous recombination mechanism
has been exceptionally limited. Indeed, the co-discovery in mice of the TB-RBP (murine
Translin) as an RNA binding protein indicated that even if Translin did function in
recombination, the picture was not straightforward. Further complexity was added when work
using Drosophila identified Translin, and its binding partner Trax, as the constituent part of the
C3PO complex required to contribute to passenger strand remove in the RNAi pathway (Ye et
al. 2011). Since these seminal discoveries, Transin and Trax have been implicated in a wide
range of biological functions, including neuronal regulation through to oncogenic activity
(Wang et al., 2004; Laufman et al., 2005; Gomez-Escobar et al., 2016). Additionally, evidence
is emerging to indicate that Translin and Trax can function without the need to form the C3PO
complex, with independent functions reported for both proteins, including telomeric transcript
level regulation by Translin and an auxiliary role for Trax in ATM mediated response to DNA
damage (Wang et al., 2016). These, and other features point to a complex, multifunctional role

for both Translin and Trax.

The finding that Translin and Trax also function together as an oncogenic heterocomplex
RNase in DICER-deficient tumours has also resulted in the development of small molecule
inhibitors with an aim of developing anti-cancer therapeutic agents. This development makes
it more pressing that the full functional role(s) of Translin and Trax are known to ensure that

appropriate functions are targeted during therapeutic development.

At the onset of this study, co-workers within the McFarlane group had reveal that S. pombe
Tsnl was required to maintain genome stability in the absence of Dcrl. This function appeared
to be totally independent of Tfx1. This seminal finding is one of the first direct and conclusive

pieces of evidence for a role for Translin in genome stability maintenance (Gomez-Escobar et
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al., 2021, in preparation; Appendix 5). Here, the findings from this thesis will be amalgamate
with the findings of co-workers to offer a model for the mechanism of action of Translin in

maintaining genome stability.

7.2. Addressing the RNase hypothesis

The discovery that the zsn/ A dcriA double mutant is hypersensitive to some DNA damaging
agents, particularly those inducing certain types of DNA replication stress, suggests that Tsnl
plays an auxiliary or secondary role to Dcrl (keep in mind zsn/A single mutants exhibit no
DNA damage intolerance phenotype, suggesting that when cells are Dcrl competent, there is
no need for Tsnl). Importantly, it has previously been demonstrated that loss of Dcrl function
in fission yeast does render cells defective in DNA damage recovery and it does so in an RNAi-
independent fashion (Roche et al. 2016). Castel and co-workers (2016) demonstrated that Derl
was required for the displacement of RNA pol II from template DNA. The model they proposed
being that the retention of RNA pol II on the DNA template will form a ‘roadblock’ to the
progression of the DNA replication machinery, which will ultimately result in replication fork
collapse and the formation of recombination intermediates. Work from colleagues in the
McFarlane group goes some way to support the proposal that Tsnl functions in an auxiliary
mechanism for RNA pol II displacement (see below; Gomez-Escobar et al., 2021, in
preparation; Appendix 5). Castel and co-workers (2016) also fund that levels of RNA:DNA
hybrids are also elevated in dcriA cells. At the onset of this work, we speculated that further
failure to process these hybrids might cause the added sensitivity of the tsnl A dcrl A to
replication inhibitors. It is known that mutating both RNA:DNA hybrid processing RNase H
pathways results in severe impediment to DNA repair and so we postulated that potentially
Dcrl functioned in one RNase H pathway and Tsnl functioned in another RNase H pathway,
thus, mutation of both zsn/ and dcrl would offer repair defects similar to those seen in cells

mutated for both RNase H encoding genes.

However, the data we have obtained here appears to dismiss this original hypothesis. Firstly,
the demonstrable over expression of the gene for the primary RNase H, rn/A 1, to assess whether
a phenotype can be suppressed is a good measure of whether that phenotype is caused by

RNA:DNA hybrids. Interestingly, Castel and co-workers (2016) did not report over expressed
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rnhl to determine whether they could suppress the defects they observed in the dcrl A mutant.
Our data were unexpected; whilst we could show the over expressed rnhl was functional (it
supported the HU sensitivity of the rnhlArnh201A) it did not suppress the HU sensitivity of
either the dcrl A single mutant or the enhanced HU sensitivity observed in the tsnl A derl A
mutant. This suggests that neither Dcrl nor Tsnl are involved in removing RNA:DNA to
maintain genome stability. Interestingly, a colleague (N. Gomez-Escobar) has demonstrated
that both #sn/A mutants and #x/A mutants do have elevated RNA:DNA hybrids at certain
genomic loci. The consequences of this do not appear to manifest in genome instability
phenotypes, as both single mutants exhibit no defect in genome stability. Moreover, the levels
of RNA:DNA hybrids are not further increased in the zsn/A dcrIA double mutant, so there is

no correlation between hybrid levels and measurable genome instability.

Secondly, our two RNase H pathway hypothesis was not supported when we explored
mutational pairings. If Dcrl and Tsnl were contributing to distinct RNase H pathways, then
this can be tested by constricting the appropriate double mutants of dcr/A and tsnlA with
mutant in the two RNase H encoding genes (rnhl and rnh201). If the hypothesis is correct,
then reciprocal pairings should have enhanced sensitivity to HU. Originally, in this work we
noted that the tsn! A rnh201 A double mutant was hypersensitive to HU (see table 6.1). For the
hypothesis to be correct, this should mean that the dcrl A rnhl A was also hypersensitive.
However, this was not the case and both dcr/ A and tsnl A single mutations increased the HU

sensitivity of the rnh201 A mutant, but not the 7nh/ A mutant.

Together these findings indicate that the function of Tsnl in maintaining genome stability does

not appear to directly relate to RNA:DNA hybrid regulation/removal.

These genetic data point to a distinct explanation. They suggest that both Dcrl and Tsnl
function in distinct pathways that when either is defective in the absence of Rnh201 this causes
loss of replicative stress tolerance. RNase H2 (Rnh201) is known to be involved in an
additional cellular function, the removal of mis-incorporated ribonucleotides. However, a co-
worker in the group (N. Gomez-Escobar) also conducted alkali gel analysis to assess levels of
alkali-sensitive genomic ribonucleotides and found no increase following mutation of either
derl or tsnl in any background, suggesting that they are not functioning in auxiliary

ribonucleotide removal pathways (Gomez- Escobar et al., in preparation; Appendix 5). This is
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further confirmed by the fact that overexpression of 7nh201 in the tsnl A dcrl A double mutant

does not suppress the HU sensitivity of these cells.

In fact, together, our findings might actually indicate that there is an additional, as yet
unidentified role for RNase H2 (Rnh201). Indeed, the further observation that the tsn/ A
rnh201 A double mutant exhibits enhanced HU sensitivity that cannot be suppressed by over
expression of the RNase H gene, rnhl, suggest that Rnh201 is not functioning as an RNase H
in this role. One possibility is that when Rnh201 is absent more ribonucleotides accumulate in
the genome; this in turn puts added stress on replicative progression and now Tsnl1 is required
for RNA pol II removal (see below), despite Dcrl proficiency in this mutant — i.e. the Tsnl-
mediated auxiliary pathway is required under distinct conditions (e.g., Dcrl-deficiency and/or

added ribonucleotide mis-incorporation).

Another explanation could be that Rnh201 has an as yet unidentified function that does not
relate to removal of either RNA:DNA hybrids or mis-incorporated ribonucleotides. Some
evidence to support this comes from the fact that mutations in human RNase H2 genes that do
not cause loss of catalytic activity are linked to Aicardi-Goutieres syndrome (Feng & Cao,

2016). So, the data acquired in this thesis might be pointing to a new function for RNase H2.

Having speculated at the onset of this work that the added sensitivity to HU caused by mutating
tsnl in the derl A background could be due to a failure to process RNA:DNA hybrids, we also
set out to explore whether the RNA:DNA hybrid helicase Senl could be a factor. We found
little evidence to support such a role and this further supported the conclusion that RNA:DNA
hybrids per se are not an important molecular factor in the function of Tsnl to maintain genome

stability.

It is known that both DICER and Translin have RNase activity on double-stranded (ds) RNA
(Wang et al. 2004). We also speculated that the functional role being played by either or both
could be due to their dsRNse activity. Castel and co-workers (2016) had already demonstrated
that the role of Dcrl in removing RNA pol II was not dependent on the RNase catalytic activity
of Derl. Given this, we suspected that Tsnl RNase is also not required. However, we formally
tested this in two ways. Firstly, we over expressing pacl, which encodes a primary dsRNase
in S. pombe, in the tsnlA dcriA and tsnl A rnh201 A double mutants and no suppression was

observed. Given that it remains possible that Pacl might not favour the same dsRNA substrates.
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Secondly, we also mutated the conserved RNAse residue in S. pombe Tsnl and over expression
of this mutant gene resulted in suppression of the phenotype caused by the loss of Tsnl.
Together, these findings make it very unlikely that Tsnl is functioning via an RNase

mechanism to maintain genome stability.

6.1. a table showing sensitivity profiles for each deletion mutant for each relevant drug.

Drug type Sensitive strains Non sensitive strain
Hydroxyurea (HU) rnh201A tsnlA
rnhIA rnh201A rnhlA
tsnlA rnh201A tsniA rnhiA
senlA HxIA
senlA tix1A txIA rnhiA
derlA txIA rnh201A
derlA rnh201A senlAtsnl A
derlA rnhiA
Phleomycin rnhlA rnh201A tsnlA
tsnlA rnh201A rnhilA
tsniA rnhiA
tixIA
txIA rnhiA
tixIA rnh201A
Camptothecin (CPT) rnhIA rnh201A tsnlA
derlA rnhlA
derlA rnhiA tsniA rnhiA
tsnlA rnh201A
tixIA
txIA rnhiA
tixIA rnh201A
senlA
senlA tfix1A
senlAtsnl A
derlA rnh201A
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Methyl Methanesulfonate (MMS) | rnhIA rnh201A tsnlA

rnhilA

tsniA rnhiA
tsnlA rnh201A
tixIA

txIA rnhiA
tixIA rnh201A
senlA

senlA tfix1A
senlAtsnl A
derlA

derlA rnhiA
derlA rnh201A

Mitomycin C rnhlA rnh201A tsnlA

rnhlA

tsnlA rnhiA
tsnlA rnh201A
tixIA

txIA rnhiA
tixIA rnh201A
senlA

senlA tfx1A
senlA tsnl A

7.3. A model for Tsnl function in genome stability control

The data within this thesis have revealed a more complex picture. An important feature to
consider is the fact that Castel and co-workers (2016) found that Dcrl was required to remove
RNA pol II from the genomic template and that this was independent of Dcrl RNase activity.
The work here led us to speculate that Tsnl too might have a role in removing RNA pol II from
the template, similar to Dcrl, and that this was an auxiliary activity to that of Dcrl. A colleague
in the lab (N. Gomez-Escobar) formally tested this after the completion of the laboratory work
described within this thesis. She conducted chromatin immunoprecipitation of RNA pol II at
genomic loci that are dependent upon Dcrl for full RNA pol II displacement [tDNAs and the
rDNA locus; important note: Castel et al. (2016) demonstrated that both RNA pol II and RNA
pol III transcribe at tDNAs, in opposite orientations]. She found that in the presence of Dcrl,
there is no increase in RNA pol Il occupancy at these loci when #sn/ is mutated (or #/x /) (Figure

5C, Gomez-Escobar et al., 2016; Appendix 5). However, when dcrl is mutated, an additional
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mutation of #sn/ significantly increases the RNA pol II retention at these loci, indicating that
Tsnl is required for full RNA pol II displacement when Dcrl function is lost. The same
increase in RNA pol II retention is not observed when #fx/ is Mutated in the dcr A background.
These findings correlate well with the HU sensitivity patterns, so we can now present a
postulate for a function for Tsnl in suppression of genome stability in response to DNA
replication stress. The model proposes that, under non-stress conditions that Dcrl functions to
offer sufficient RNA pol II displacement to avoid major impediment to the progression of the
replisome. However, under replicative stress (e.g., HU), then loss of Dcrl function causes
genome instability due to retention of RNA pol II on the template, which causes barriers to
replicative progression and is further exacerbated by loss of auxiliary RNA pol II displacement

mechanism mediated by Tsnl.

Loss of Rnh201 function also puts an additional stress in the system via an unknown
mechanism, which we postulate also required the maximal removal of RNA pol II from the
genome, although this requires further experimental examination. Moreover, the extent to
which Tsnl is required for RNA pol II displacement through the genome at other loci remains
undetermined. It could be that it only functions at these loci, which are known to cause
replicative barriers. Indeed, tDNAs are frequently associated with genomic fragile sites and
genomic rearrangement sites, which fits with a model linking the need for Tsnl for RNA pol
II displacement with the association of Translin with genomic rearrangement sites in human
malignancies (Pryce et al. 2009). Such a model is further supported by the fact that other
colleagues in the group demonstrate an increase in the recombinogenic nature of a specific test
tDNA associated with an RNA pol II-replisome head-to-head collision in when both Dcrl and
Tsnl functions are lost (Gomez-Escobar et al., in preparation; Appendix 5). Additionally, this
increase in recombination is not observed for RNA pol III-replisome collisions, suggesting that

the Tsnl and Dcrl functions are specific to RNA pol II.
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7.4. So, how might Tsnl (and Dcr1) function to displace RNA pol I1?

Having established that Tsnl functions to displace RNA pol II when Dcrl is defective, the
question remains as to how it might do this? Our data seem to indicate it is not via an RNase
mechanism, but Tsnl has the ability to bind to RNA, DNA and other proteins. Given this, a
number of possibilities emerge (Figure 7.1). Firstly, both Dcrl and Tsnl might directly bind to
RNA pol II to regulate its genome template association (Figure 7.1A&B). Secondly, Tsnl
might bind to ssSRNA or dsRNA (generated by intra-molecular base pairing in the nascent
transcript, or inter-molecular base paring between nascent transcripts produced from opposite
strands); such binding might then mediate the displacement of the RNA pol II from the template
DNA (Figure 7.1C-E). Alternatively, although Tsn1 is thought to have a preference for RNA,
it can bind to DNA. It could mediate the removal of RNA pol II by binding to ssDNA caused
by the transcription bubble and/or extensive RNA:DNA hybrid formation (although the latter
is not fully supported by our RNase H over expression analysis) (Figure 7.1F).

There remains a further, intriguing possibility. S. pombe Tsnl can bind to other proteins
(Eliahoo et al., 2014), one of which is Srpl, a pre-mRNA splicing factor. It could be possible
that the spliceosome proteins could be associated with RNA pol II removal (possibly via Dcrl
and or Tsnl). It is known that efficient splicing of pre-mRNas is needed to suppress genome
instability in response to replicative stress (Teloni et al., 2019) and that introns are protective
from replicative stress (Bonnet et al., 2017), both facts that point to a model in which Tsnl
directly links to the spliceosome via a Tsn1-Srp1 interaction for the displacement of RNA pol

II to prevent it becoming a recombinogenic replicative barrier (Figure 7.1G).
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Figure 7.1. Potential ways in which Tsn1 is involved in RNA pol II template displacement

Refer to the text for overview.

7.5. Human Translin function in S. pombe

An important finding from this study is the demonstration that human TSN can function to
suppress the loss of S. pombe Tsnl and does so in the absence of co-expression of human
TSNAX. This demonstrates that this genome stability regulation function of Translin is highly
conserved and is independent of Trax. In humans Trax (TSNAX) has been shown to have a
Translin-independent function in DNA damage response by providing a scaffold for ATM
(Wang et al., 2016). Together, these findings show that both Translin and Trax have evolved

distinct functions to maintain genome instability.
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This becomes of considerable importance when considering these factors as drug targets for
the treatment of cancer. Currently, it has been proposed that the human Translin-Trax complex
RNase activity is an excellent target for anti-cancer agents in cancers that are DICER deficient
(McFarlane and Wakeman 2020). In this case, it is proposed that inhibiting the Translin-Trax
complex will prevent the aberrant destruction of tumour suppressing pre-miRNAs (Asada et
al., 2016). However, it is known that targeting specific DNA repair pathways in cancers known
to be defective on other redundant pathways can result in a synthetic lethality and greater
sensitivity to genotoxic chemotherapeutic agents. It could be argued that by revealing a role
for TSN in replication stress suppressing when cells are Dicer-defective, we have revealed a

novel synthetic lethality that might provide a new avenue for therapeutic intervention.

7.6. Future experiment

As stated earlier, sen /A tfx IA double mutant is highly vulnerable to the HU, which may indicate
that Senl has a role in regulating sub-telomeric ARRET. If a correlation between the HU
sensitivity of the sen/A tfxIA double mutant and telomeric transcripts can be established, there
might be some merit in undertaking research into this phenotype as it appears in the HAATI

strain, which is telomere deficient.

Furthermore, through unknown mechanisms, the system experiences additional stress by the
loss of functional Rnh201. We hypothesise that the mechanism requires maximal removal of
RNA pol II from the genome. It might be possible to use chromatin immunoprecipitation to
evaluate the function of rnh201 and its relationship to RNA poll. If the retention of RNA poll
is elevated in rnh201 mutant background, the supposition is that rnh201 may have a

secondary function of removing RNA poll.
Furthermore, the extent of Tsnl’s involvement in displacing RNA pol II through the genome

at other loci has yet to be determined. Potentially, Tsnl only operates at these sites, giving

rise to replicative barriers. Consequently, further research into this is warranted.
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7.7. Closing remarks

For many years, since its first discovery, the binding of Translin to chromosomal break point
junctions in human malignancies and other genetic diseases has resulted in an enigma. Despite
some, albeit limited evidence coming forward linking Translin to genome instability, only Trax
has previously been conclusively implicated in the DNA damage response. Work from this
thesis, in combination with work from colleagues in the group, has resulted in plausible link
between the need for Translin to remove RNA pol II and the formation of chromosomal
translocation, so we believe that we have now offered sufficient insight into the long-standing
question of why Translin associates with break point junctions to enable a more finely resolved

answer to emerge in the future.
Importantly, we have also shown that the function of Translin in maintaining genome stability

is Trax-independent and is highly conserved through evolution enabling us to point to a new

therapeutic vulnerability in key cancers.
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9. Appendices

2,000 bp

1,000 bp

300 bp

Appendices 1: PCR amplification of rnhl.

The entire length of the rnh1 gene’s open reading frame was amplified utilising RT-PCR. This was then
imaged with peqGREEN DNA dye on a 1.0% agarose gel base. The band displays the anticipated
estimated size of the rnAl open reading frame at 980 bp. HL includes 5 pl of Hyper Ladder 50 Kb.

Digested rnhl Digested vector

2,000 bp 10,000 b

1,000 bp 3,000 bp

1,000 bp—|

300 bp

Appendices 2: The Digestion and purification of rnhl and pREP3X plasmid.

A. The dissected rnh 1 gene, following digestion with the restriction enzymes, Xhol and BamHI,
was imaged on 1% agarose gel, and subsequently purified. Equivalent quantities of digested
rnhl were split into 3 lanes. B. Following Xho! and BamHI digestion, the linearised plasmid
was imaged on 1% agarose gel, and subsequently purified. The HL lane included 5 pl of Hyper
Ladder 50 and 1 Kb.

214



=3
=
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1,000 bp
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Appendices 3: A PCR colony screen of the produced E. coli colony after the
transformation process was completed.

PCR screening data for transformed colonies of E. Coli depicted on agarose gel in order to identify
recombinant plasmids using rnhl gene cloning primers. Numerous colonies, which had been
transformed by the recombinant pREP3X-rnhl plasmid, demonstrated the insert. A single colony, i.e.,
colony number 2, was selected for further affirmation. The HL lane included 5 pl of Hyper Ladder 50
kb.

3,000 bp

Appendices 4: Confirmation of rnhl transformation into pREP3X by PCR screening

The selected colony underwent RT-PCR, utilising the nmt Forward and the mhl cloning reverse
primers, in order to check for the success of rnhl transformation into pREP3X. The first lane acted as a
negative control which include the vector only; the second shows the anticipated size, 2043 bp, of the
successful rnil transformation. The HL lane includes 5 pl of Hyper Ladder 50 kb.

Appendices 5: Draft manuscript
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Summary

The conserved nucleic acid binding protein Translin contributes to numerous facets of
mammalian biology and genetic diseases and was first identified as a binder of cancer-
associated chromosomal translocation breakpoint junctions. With a paralogous partner protein,
Trax, Translin forms a hetero-octomeric RNase complex that drives some of its functions,
including passenger strand removal in RNA interference (RNA1). The Translin-Trax complex
also degrades the precursors to tumour suppressing microRNAs in cancers deficient for the
RNase III Dicer. This oncogenic activity has resulted in the Translin-Trax complex being
explored as a therapeutic target. Here we reveal a Trax- and RNAi-independent function for
Translin in genome stability maintenance during Dicer-deficiency that serves to suppress DNA
replication-associated recombination, a process mediated by dissociating RNA polymerase 11
from its genomic template. This addresses the longstanding question of how Translin
influences chromosomal rearrangements in human genetic diseases and provides important

functional understanding of an oncological therapeutic target.

Words: 150
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Introduction

DNA replicative stress arising from transcription-replication conflicts (TRCs) can result in
genomic structural changes, including chromosomal translocations, drivers of evolution and
genetic diseases (Achar and Foiani, 2017; Kotsantis et al., 2018; Gomez-Gonzalez and
Aguilera, 2019). Translin is a conserved nucleic acid binding protein first identified in humans
by its binding to malignant disease associated chromosomal translocation breakpoint junctions
(Aoki et al., 1995). Subsequently, it was found to form a hetero-octamer (also known as C3PO)
with a paralogous protein, Translin-associated factor X (Trax) (Jaendling and McFarlane, 2010;
Gupta et al., 2019). Translin and the Translin-Trax (Tn-Tx) complex can bind to both RNA
and DNA, and the Tn-Tx complex possesses endoribonuclease activity, which facilitates
passenger strand removal from small interfering RNAs during RNA interference (RNAI) in
higher eukaryotes and can process other RNAs, including tRNA precursors (Liu et al., 2009;
Ye et al., 2011; Tian et al., 2011; Li et al., 2012; Baraban et al., 2018). Translin and Trax
(individually or in a Tn-Tx complex) are implicated in an array of biological processes, many
of which influence human neurological function and disease, including cancer (Li et al., 2008;

Jaendling and McFarlane, 2010; McFarlane and Wakeman, 2020).

Not all the functions of Translin and Trax require endoribonuclease activity; however, the
RNase activity causes premature degradation of precursor-miRNAs (pre-miRNAs) of tumour
suppressor miRNAs in cancers that have insufficiency in the RNase III Dicer, which, when at
normal levels processes pre-miRNA to mature tumour suppressing miRNAs. Inhibition of Tn-
Tx in Dicer-limited cancer cells permits the residual Dicer to re-establish appropriate
maturation of pre-miRNAs (Asada et al., 2014). Indeed, small molecule inhibitors of Tn-Tx
RNase activity have been developed that enable pre-miRNA maturation by Dicer,
demonstrating the therapeutic potential of targeting Tn-Tx in Dicer-limited cancers (Asada et

al., 2016).

The function of Translin in other processes also indicates that regulating its activity might be
of clinical utility, for example, deletion of 7sn (Translin gene) in mice reduces hypertension-
related vascular stiffening by maintaining levels of a regulatory miRNA (Tuday et al., 2019).
Therapeutically targeting a specific function of a complex whose constituent parts, together or
individually, act in a diverse range of processes requires an understanding of all functional

roles to ensure disease-specific targeting. For example, murine Translin is also implicated in
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survival of T cells required for immunological tumour suppression, so oncological therapeutic

targeting needs to avoid such beneficial activities (Geiger et al., 2016).

The original finding that Translin can bind to chromosomal break point junctions in diseases
resulted in the postulate that Translin functions in genetic recombination (Aoki et al., 1995;
Kasai et al., 1997). To date, there is only limited evidence to support this. For example,
Translin-deficient mice exhibit delayed proliferation in haemopoietic stem cells following
ionizing irradiation (Fukuda et al., 2008), Translin migrates to the nucleus following DNA
damage (Fukuda et al., 2008), Translin interacts with the DNA damage-inducible GADD34
(Hasegawa and Isobe, 1999) and recently Translin has been shown to specifically bind to short
open reading frame-encoded peptides following UV irradiation (Koh et al., 2021). Trax,
however, has a direct, Translin-independent mechanistic role as a scaffold protein in the DNA
double-strand break (DSB) repair pathway by assisting the ATM kinase to establish an
appropriate DNA damage response (Wang et al., 2016).

Here we use the RNAi-proficient model, Schizosaccharomyces pombe, to reveal a function for
Translin (Tsnl) in maintaining genome stability and DNA replication stress tolerance in the
absence of Dicer (Dcrl) and demonstrate it does so by recombination suppression mediated
via a TRC avoidance mechanism. We show that this function is conserved in human Translin
(TSN), revealing the first mechanistic link between Translin and disease-associated

chromosomal recombination.
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Results

Tsnl (Translin), but not Tfxl (Trax), is required to maintain genome stability in Dcrl
deficiency

Evidence for a direct role for Translin in genome stability maintenance is limited. S. pombe
null mutants of either tsnl™ or #fx1™ exhibit no overt genome instability phenotype (Jaendling
et al., 2008). The link between Tn-Tx (C3PO) and RNAI in higher eukaryotes led us to explore
whether there is a functional relationship between Tsnl and/or Tfx1 and RNAi components
Dcrl and Agol in S. pombe. We recently noted that the sensitivity of the RNAi defective ago/A
mutant to the microtubule destabilizing drug TBZ could be partially suppressed by mutating
tfx1*, but not tsnl*, which was attributed to loss of a telomere-associated function of Tfx1
(Gomez-Escobar et al., 2016). However, similar suppression is not observed for agolA tfxIA
double mutants exposed to the DNA replication inhibitor hydroxy urea (HU) (Figure 1A).
Additionally, mutating tsn1* or tfxI™ in the ago I A background does not increase HU sensitivity
(Figure 1A), indicating there is no overt genetic interaction between tsnl™ or #fx/™ and the

canonical RNAi pathway for replicative stress response.

Dcrl has an RNAi-independent function in genome stability (Zaratiegui et al., 2011; Castel et
al., 2014; Ren et al., 2015). Given this we tested dcrIA tsnlA and dcriA tfx 1A strains to assess
potential genetic interaction between dcrl™ and either tsnl™ or tfxl™ for replicative stress
response. Exposure of the dcrlA tsnlA double mutant to HU revealed that loss of zsn/™ in a
derlA background increases sensitivity relative to the dcr/A mutant, indicative of a
requirement for Tsnl in Dcrl deficiency (Figure 1B; increased sensitivity is suppressible by
over expression of both sn /" and derl”, Figure S1A). There is no similar requirement for Tfx1
(Figure 1B), indicating this function of Tsn1 is not mediated by a Tn-Tx complex. We extended
this by testing another DNA replication inhibitor, mitomycin C. No sensitivity was observed
for any mutants (Figure 1B), indicating that Tsnl and Dcrl only regulate the response to

specific replicative stresses.

To determine whether Tsn1 functions to maintain genome stability in the absence of externally
induced replicative stress, we measured the instability of a mini, non-essential chromosome II1

derivative (Ch'®23R; Niwa et al., 1986; 1989). tsnlA and #fxIA mutants both exhibit loss rates

indistinguishable from the wild-type, but loss rates are elevated in the dcr/A mutant (Figure
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1C). The dcriA tfxIA strain loss rates are indistinguishable from the dcr/A mutant, whereas
the dcriA tsnlA double mutant exhibited a loss rate considerably higher than the dcr/A single
mutant, indicating that without external insult Tsnl is required to maintain genome stability in

Decrl deficiency (Figure 1C).

Tsnl and Dcrl are functionally redundant with RNase H2 (Rnh201)

Dcrl acts in an RNase-independent fashion to protect genome stability by removing RNA
polymerase II (RPII) from the DNA template to avoid TRCs (Castel et al., 2014). In the absence
of Dcrl RPII retention is associated with elevated RNA:DNA hybrids (R-loops). Unprocessed
R-loops can present a challenge to genome stability by perturbing replicative progression
(Crossley et al., 2019; Garcia-Muse and Aguilera, 2019; Wells et al., 2019; Brambati et al.,
2020; Hegazy et al., 2020; Niehrs and Luke, 2020; Rinaldi et al., 2021). However, R-loops can
also serve a positive function in DSB repair, during which RPII and/or RNA Polymerase III
(RPII) synthesize transcripts, including so called damage-induced long non-coding RNAs
(dilncRNAs), at DSB sites to actively contribute to the hierarchical phase regulated repair
structures (Michelini et al., 2017; Lui et al., 2021; Pessina et al., 2021). In all cases, R-loops
must ultimately be removed to maintain genome integrity, and this is largely mediated by
RNase H proteins (Hyjek et al., 2019). In most eukaryotes there are two conserved and
redundant RNase H activities, RNase H1 (Rnhl in S. pombe) and RNase H2 (a heterotrimeric
complex containing Rnh201 in S. pombe). In humans both RNase H activities are essential,
although H2 is thought to be the predominant activity (Feng and Cao, 2016). In S. pombe loss
of both RNase H pathways results in loss of viability in response to replicative stress (Ohle et
al., 2016; Zhao et al., 2018). Whilst the two RNase H activities are largely redundant, the S.
pombe rnh201A single mutant exhibits sensitivity to HU, but only under logarithmic growth
conditions (Zhao et al., 2018; Figure S2), possibly because Rnh201, but not Rnhl, is also

required to remove mis-incorporated monoribonucleotides from DNA (Hyjek et al., 2019).

In higher eukaryotes the Tn-Tx complex (C3PO) has RNase activity, which is ascribed to Trax
(Liu et al., 2009), although mammalian Translin also has RNase activity (Wang et al., 2004).
This ribonuclease capability, in combination with the finding that Tsnl is required for
maintaining genome stability in the absence of Dcrl, loss of which results in R-loop
accumulation, led us to explore the relationship between Tsnl, Tfx1 and Dcrl and the two

RNase H pathways. We firstly constructed double mutants of both zsn/* and ¢x1* with null
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mutants of both core RNase H (1 and 2) encoding genes, rnhl* and rnh201". The rnhIA tfxIA
and rnh20IA tfxIA double mutants exhibited no increased sensitivity to HU (Figure 2A).
However, the rnh201A tsnlA double mutant, but not the rnhlA tsnlA double mutant, exhibited

considerable HU sensitivity (Figure 2B), indicating that Tsnl is functionally redundant with
Rnh201.

RNase H2 can process R-loops and Saccharomyces cerevisiae RNase H1 and H2 appear to
have distinct roles in R-loop processing (Zimmer and Koshland, 2016; Lockhart et al., 2019),
whilst in humans RNase H2 provides the predominant activity (Feng and Cao, 2016). However,
unlike RNase H1, RNase H2 has distinct, non-RNase H functions, such as the ability to remove
mis-incorporated ribonucleotides (Hyjek et al., 2019). Based on our data (above) and the
known roles for RNase H2, we hypothesized two possibilities for Tsnl. Firstly, it facilitates
RNase H1-mediated R-loop removal. Secondly, it could function redundantly with Rnh201 in
mis-incorporated ribonucleotide removal. To test the first possibility, we overexpressed the
RNase H1 gene, rnhl™, under a thiamine repressible promoter (nmt) plasmid in the rnh201A
tsnIA double mutant, to assess whether the inability to cope with the replicative stress could
be suppressed by elevated levels of R-loop processing RNase H activity. Over expression of
rnhl* (no thiamine) did not alleviate the inability of the rnh201A tsnlA double mutant to
tolerate HU, but did suppress the HU sensitivity of the rnhIA rnh201A double mutant back to
rnh201A single mutant levels (Figure 2C). As mammalian Translin has RNase activity (the
RNJase domain is conserved in S. pombe), and Tsnl can bind to dSRNA (Wang et al., 2004;
Liu et al., 2009; Eliahoo et al., 2010; Ye et al., 2011; Parizotto et al., 2013), we also over
expressed the dSRNA-specific RNase encoding gene, pacl ™, but this also failed to suppress the
HU sensitivity of the double mutant (Figure 2C). Together these data suggest that Tsn1 is not

functioning via a dsRNase/RNase H activity.

To test the second possibility, that Tsnl might function in a secondary pathway for mis-
incorporated ribonucleotide removal, we assessed ribonucleotide levels in genomic DNA in
distinct mutants using alkali gel electrophoresis; ribonucleotides in DNA are labile under alkali
gel conditions, resulting in quantifiable loss of chromosomal DNA intensity on an alkali gel
verses a neutral gel. Chromosomal DNA from null mutants of rn4201" exhibited elevated

alkali-dependent degradation (Figure 2D). However, mutation of tsn/™, alone or in a rnh201A
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background, did not increase alkali-dependent sensitivity, indicating there is no discernable

increase in chromosomal ribonucleotides in response to zsnl™ loss (Figure 2D).

In S. cerevisiae over production of Rnh201 alone can suppress defects caused by the loss of
Ratl, a 5' to 3' RNA exonuclease, indicting Rnh201 can suppress other RNA processing
activities (Luke et al., 2008). To determine if Tsnl functions redundantly for processing
another undetermined Rnh201 substrate, we over expressed rnh201" in the dcrl A tsnl A mutant
to assess whether Rnh201 over production could suppress HU sensitivity. This was not the case
(Figure S1B), indicating that there is no biochemical mechanistic overlap between Rnh201 and
Tsnl. Together, these findings indicate that Tsnl does not function either as a ribonuclease

(dsRNAs or RNase H), nor in the excision of mis-incorporated ribonucleotides.

That the rnh201A tsniA strain HU sensitivity could not be suppressed by over production of
RNase H1 indicates replicative stress intolerance due to loss of Tsnl is not due to elevated R-
loops that cannot be tolerated. However, dcr/A mutants do accumulate R-loops (Castel et al.,
2014). To further explore the possibility that the role of Tsnl in the dcr/A background could
be to remove R-loops, we also over expressed rnhl* in the dcrl A tsnl A strain. This also failed
to rescue the HU sensitivity (Figure 2E), indicating that unprocessed R-loops are not causing
the replicative stress sensitivity. As Dcrl has dsSRNA specific RNase activity, we also over
expressed the pacl™ ribonuclease gene in the dcrlA tsnlA double mutant, but this too failed to
suppress the HU sensitivity (Figure 2E). Interestingly, over expression of 7nhl™ (or pacl™) also
failed to rescue the HU sensitivity of the dcr/A single mutant in which R-loops accumulate
(Figure S1C). Together these findings indicate replicative stress sensitivity is not caused by
accumulation of R-loops or dsRNA, consistent with proposal that Dcrl functions to maintain
genome stability by an RNase-independent RPII template displacement mechanism (Castel et

al., 2014).

Extending this, we used DNA:RNA-immunoprecipitation (DRIP) to directly measure R-loops
at the rDNA locus and a tDNA gene, both of which accumulate R-loops in dcr/A cells (Castel
et al., 2014). As expected, we observed increased R-loops at both loci in the dcriA mutant
(Figure 2F and Figure S3). However, surprisingly, R-loop levels were increased to the levels
observed in the dcrlA mutant in both the tsn/A and ¢fx1A single mutants (Figure 2F and Figure

S3), indicating both genes are required for suppressing R-loops, at least at these two loci. The
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derlA tsnlA and dcerlA tfxIA double mutants did not show an increase in R-loops relative to
the respective single mutants (Figure 2F and Figure S3). These data appear to demonstrate
there is no correlation between R-loop levels and sensitivity to replicative stress, so R-loops
alone are not sufficient to cause deleterious genome instability or a failure to cope with

replicative stress in these mutants, supporting the data obtained from over expressing rnhl™".

The genetic data suggest that tsnl™ and rnh201" operate in redundant pathways. Moreover,
tsnl™ and dcrl™ also contribute to distinct pathways. Together with the fact that Rnhl and
Rnh201 function in distinct pathways, one interpretation of our findings is that Tsnl functions
in a pathway with Rnh1 (although rnkl™ overexpression does not support this being RNase H
mediated), and so this led us to postulate that Dcrl functions in a Rnh201-depedent pathway
(i.e. Tsn1/Rnh1 function in one pathway and Dcrl1/Rnh201 function in another, both pathways
being redundant). This hypothesis predicts that the dcr/A rnhlA strain will be hypersensitive
to HU and the dcriA rnh201A strain will not be. We constructed the appropriate mutants and
found that this hypothesis does not hold. Indeed, the dcriA rnh201A double mutant was
exquisitely sensitive to HU and the dcrIA rnhlA exhibited HU sensitivity similar to the dcrlA
single mutant (Figure 2G). Together, these data indicate that Tsnl and Dcrl function
redundantly with Rnh201 and with one another.

Tsnl functions to tolerate replicative stress independently of telomeres

Loss of Tsnl function results in elevated levels of telomeric transcripts termed TERRAs, which
are associated with DNA damage tolerance (Gomez-Escobar et al., 2016). It is plausible that
the requirement for Tsnl in replicative stress tolerance is via TERRA regulation. To test this,
we examined viable strains of S. pombe that lack telomeres, so called HAATISTE cells, that
have linear telomere sequences replaced with stretches of subtelomeric elements (STEs; Figure
3A) (Jain et al., 2010). To check the need for Tsnl in the telomere-free background we
constructed rnhlA tsnlA and rnh201A tsniA HAATIS™ mutants (we did not use the derlA
background as Dcrl has a role in regulation of sub-telomeric regions). Similar to telomere-
proficient cells, the HAATIS™ rnh201A tsnl A double mutant exhibited considerable sensitivity
to HU, comparable to the rnhIA rnh201A strain (Figure 3B). This demonstrates a requirement

for Tsnl in the absence of telomeres, indicating the function of Tsnl is not associated with its
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role in regulating TERRAs. As for the telomere proficient cells, HAATISTE strains exhibited

no requirement for Tfx1 (Figure 3C).

Interestingly, the rnhlA tsnlA double mutant also exhibited a mild sensitivity to HU in this
background, which is not observed in the telomere-proficient cells, but this was not as marked
as the rnh201A tsnIA double mutant. Also, the rnh20IA single mutant does not appear to
exhibit the HU sensitivity observed in the telomere proficient strains. The meaning of these
observations is currently unclear, but it suggests that without telomeres there are distinct

requirements for the two RNase H pathways.

Further support for the role of Tsnl in Dcrl deficiency not being driven by elevated TERRAs
comes from the unexpected finding that in telomere proficient cells mutation of derl®
suppresses the elevated TERRA levels observed in the #sn/A mutant (Figure 3D). Whilst the
biological relevance of this distinct Derl-Tsnl relationship at telomeres remains unclear, it
offers additional support to the idea that the role of Tsnl in genome stability maintenance is

independent of excessive TERRAs.

Tsnl is required to suppress TRC associated recombination

The RNAi-independent function of Dcrl mediates the removal of RPII from genomic regions,
including tDNAs (Castel et al., 2014); the functional role of RPII at tDNAs is unknown, but R-
loops, which could be generated by RPIII at tDNAs, serve as intrinsic RPII promoters (Tan-
Wong et al., 2019). tDNAs can slow replicative progression and tDNA rich sites are
overrepresented at sites of genomic rearrangements, including translocations (McFarlane and
Whitehall, 2009; Guimaraes et al., 2021). These factors led us to hypothesize that in the absence
of Dcrl, Tsnl is required to suppress recombination at loci which required Dcrl to eject RPII,

such as tDNAs.

To test this, we took advantage of the fact that tDNAs can be recombinogenic in S. pombe
when recombination and replication systems are defective (Pryce et al., 2009; Steinacher et al.,
2012; Jalan et al., 2019). We employed an established inter-molecular recombination assay,

which involves a tDNA inserted into the genomic ade6* gene. In this case, tRNA®LY is inserted
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into one of two orientations in distinct constructs ((RNAEY Oril and tRNA®LY Ori2; Figure
4A). The ade6™ locus is predominantly replicated unidirectionally (Figure 4A) and the
ade6.:tRNA°'Y (Oril and Ori2) constructs serve as replicative pause sites, with neither
orientation having greater pausing capacity than the other (Pryce et al., 2009). In the presence
of an additional plasmid-borne mutant allele of ade6”, ade6-AG1483, gene conversion via
inter-molecular recombination can generate ade6™ cells, enabling recombination frequency to
be measured via fluctuation analysis (ade6” cells can be detected by plating cells on guanine

containing media; Pryce et al., 2005) (Figure 4B).

For tRNA®LY in the two orientations RPII and RPIII will transcribe in opposing orientations,
presenting distinct head-to-head RNA polymerase challenges to the replisome. For Oril, RPIII
will be in a head-to-head configuration with the DNA replisome and in Ori 2 RPII will be in
the head-to-head configuration (Figure 4A).

Mutants were constructed to assess inter-molecular recombination frequencies in the absence
of derl*, tsnl* and tfx1* for both orientations of tRNALY. For Oril (RPIII in head-to-head
conflict) none of the mutants exhibited difference in recombination frequency relative to the
wild-type (Figure 4C). However, for Ori2 (RPII in head-to-head conflict) loss of derl™ results
in a significant elevation in recombination frequency greater than 2-fold relative to the wild-
type, consistent with the prediction that Dcrl is required for RPII displacement to prevent TRCs
(Figure 4D). The tsniA and #fx1A single mutants exhibit no elevation relative to the wild-type
(despite elevated R-loops). The dcrlA tfx 1A double mutant exhibited levels similar to the dcrlA
single mutant, but the dcr/A tsnlA double mutant exhibited a statistically significant elevation
relative to the dcr/A single mutant (Figure 4D). These data are consistent with the HU
sensitivity pattern and they demonstrate that loss of Tsnl in Dcrl deficiency elevates
recombination associated with a head-to-head RPII TRC, but not a RPIII TRC. This indicates
that, replicative pauses per se do not require Tsnl and/or Dcrl function to suppress

recombination, but those associated with RPII head-to-head TRCs do.

Tsnl functions via an RNase-independent mechanism
Dcrl RNase activity is not required for its genome stability maintenance function (Castel et al.,
2014). The RNase function of Tn-Tx in higher eukaryote RNAi passenger strand removal has

been attributed to the Trax subunit, although mammalian Translin possesses ribonuclease
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activity (Wang et al., 2004). However, over production of ribonucleases specific for R-loops
(Rnhl) or RNA duplexes (Pacl) do not suppress the need for Tsnl (above), suggesting the
RNase activity of Tsnl is not required (Figure 2C and 2E). Despite this, it remains a possibility
that Tsnl RNase activity is required and that the ribonucleases we have over produced
(Rnh1/Pacl) do not target the same substrates, so cannot suppress the need for Tsnl. The Tsnl
RNase domain is within the 4" a helix, which is highly conserved within the Translin super
family, including Trax orthologues (Figure S4) (Liu et al., 2009; Eliahoo et al., 2010; Ye et al.,
2011; Parizotto et al., 2013). To explore whether Tsn1 function requires its RNase activity, we
mutated the conserved glutamic acid within this domain (E152) to an alanine (E152A). Over
expression of the wild-type tsni* suppressed the loss of zsni™ (Figure 5A and 5B). Over
expression of the #snl-E1524 catalytic mutant also fully reverted HU sensitivity to dcriA
levels, confirming that the Tsnl function in genome stability maintenance, like that of Derl,

does not appear to be mediated by its RNase activity (Figure 5A).

Our current and previous data demonstrate that S. pombe Tsnl does not appear to function in a
Tn-Tx-like complex, so we wanted to explore the functional overlap between the paralogous
genes and so wild-type #x1" was over expressed in the dcrIA tsnlA double mutant. It did not
suppress the increased HU sensitivity caused by the loss of zsn/*, confirming the functional

independence of the paralogues (Figure S5).

Tsnl is required for RPII template displacement

The loss of Tsnl function elevates R-loops (above), but this does not appear to be directly
linked to the cause of increased genome instability in the absences of Dcrl. Nor is the Tsnl
genome stability function dependent on RNase activity. The polar nature of recombination at
a tDNA could suggest that Tsnl functions in an auxiliary mechanism for template dissociation
of RPII to prevent TRCs, the consequences which become exacerbated upon external
replicative stress (e.g., HU). To test this, we assessed RPII occupancy using chromatin
immunoprecipitation (ChIP) of RPII at loci previously demonstrated to require Dcrl for RPII
displacement, rDNA and tRNA loci (Castel et al., 2014). At both genomic elements, loss of
dcrl” resulted in elevated RPII retention, consistent with the findings of Castel and co-workers
(2014). Loss of tsnl™ and ¢fx1" did not increase RPII occupancy (Figure 5C; Figure S6), despite
loss of these two genes causing elevated R-loops (Figure 2F). However, when Tsnl function

is lost in the dcriA background there is a significant rise in the levels of RPII retained on the
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templated relative to the dcr/A mutant for both genomic regions (Figure 5C and Figure S6).
This elevation is not observed when #/x/A is mutated in the dcrIA background (Figure 5C and
Figure S6), indicating that Tsnl, but not Tfx1, functions to mediate an auxiliary RPII

displacement mechanism in Dcrl deficiency.

Human TSN functions to mediate replicative stress tolerance

Evolutionary conservation of Translin orthologue functions is evidenced by the fact that Tsnl
is required to maintain the stability of Tfx1 in S. pombe and mammals (Jaendling et al., 2008;
Yang et al., 2004). However, there is no evidence for a Tn-Tx-like complex (C3PO) in S.
pombe and Tsnl and Tfx1 do not appear to be needed for centromeric heterochromatin
formation, suggesting that they are not essential for canonical RNAi (Gomez-Escobar et al.,
2016). This brings into question the relevance of this system for understanding human Translin
(TSN) function. To directly address whether human TSN can function to maintain genome
stability in response to replicative stress, we cloned the human 7SN gene and over expressed it
in the deriA tsnlA and rnh201A tsnlA double mutants. The expression of 7SN suppressed the
HU sensitivity of the double mutants to the same extent observed for S. pombe tsnl* (Figure
5B and 5D). Over expression of human 7SNAX (Trax coding gene) did not suppress the HU
sensitivity of the dcrIA tsnIA double mutant (Figure S7), so human TSN contributes to
maintaining genome stability in a TSNAX-independent fashion, indicating functional
independence of Translin for genome stability maintenance is apparent in humans. To confirm
that this suppression was not due to the RNase activity of TSN (as is the case for S. pombe
Tsnl), we mutated the conserved human TSN RNase catalytic residue to an alanine (E150A;
Figure S4) and over expressed this allele (7SN-E150A) in the dcrl A tsn 1A strain. This too could
fully suppress the loss of S. pombe tsnl”, indicating that the human TSN has a conserved
TSNAX- and RNase-independent function in genome stability maintenance (Figure 5D).

Discussion

Since its discovery in humans as a chromosomal breakpoint junction binding protein (Aoki et
al., 1995) and in mice as Testis-Brain RNA binding protein (Han et al., 1995; Wu et al., 1997),
Translin has been implicated in a diverse range of fundamental biological processes, ranging

from neurological regulation, including sleep and behavioural control (for example, see
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Chiaruttini et al., 2009; Murakami et al., 2016; Park et al., 2017), through to oncogenic activity
(Asada et al., 2014) and control of adiposity (Shah et al., 2020). In many cases, Translin
operates in a heterocomplex with Trax, but independent functions are emerging. Moreover,
Archaea only have one Translin/Trax paralogue, which is thought to be more similar to Trax,
indicating the earliest function(s) to evolve were provided by one protein (Parizotto et al.,
2013). The data presented here support previous findings that S. pombe Tsnl and Tfx1 do not
function together as a complex, despite a functional relationship in telomere transcript control
(Gomez-Escobar et al., 2016), suggesting that C3PO-like activity has not evolved in lower
eukaryotes, despite the Archaeal homocomplex having RNase activity. Here we demonstrate
that a Trax-independent Translin function prevents genome instability in the absence of Dicer

has been evolutionarily conserved from lower eukaryotes to humans.

Dicer deficiency is oncogenic in many cancers and is linked to poor prognosis (Kumar et al.,
2009); moreover, a number of cancers carry mutations in D/ICERI (for example, see
Vedanayagam et al., 2019). A primary tumour suppressing role of Dicer is to process miRNA
precursors in the cytoplasm. However, evidence is emerging to indicate Dicer has nuclear
function in response to DNA damage and replicative stress, which includes the processing of
damage induced RNAs required for hierarchical DSB repair factor recruitment (Francia et al.,
2012; Burger et al., 2017; Fragkos et al, 2019). These findings, added to the fact Dicer has RPII
dissociation function, indicates the oncogenic nature of limited Dicer may extend beyond the
loss of pre-miRNA maturation. Translin, in complex with Trax, shares pre-miRNA substrate
capabilities with Dicer, but this is only oncogenic when Dicer is compromised (Asada et al.,
2014). Here we now show that when Dicer is compromised, Translin, but not Trax, has

additional functions, which could influence oncogenesis.

The mechanism by which Dcrl removes RPII remains unclear, although it is independent of
its RNase activity, which is also the case for Tsnl. Human Translin can compete for dilncRNAs
with Dicer, but this function is likely to require the RNase activity (Michelini et al., 2017), so
it is doubtful that this is directly linked to RPII displacement as this is RNase-independent. The
function of Tsnl is also unlikely to be indirect via regulation of other transcripts, as tsn/A
mutants exhibit no transcript level changes relative to the wild-type, other than TERRAs
(Gomez-Escobar et al., 2016), which we demonstrate are not essential for the replicative stress

tolerance function of Tsnl.
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It could be the case that the RPII displacement mechanism is mediated by a direct protein-
protein association of either Dcrl or Tsnl with RPII (Figure 6A and 6B, respectively). In
support of this, Trax does provide a nuclear scaffold role for ATM in the DNA damage
response via direct interaction, and whilst this is Translin-independent it demonstrates the
capacity for the Translin super family to directly interact with other non-paralogous proteins
during the DNA damage response (Wang et al., 2016), something that has also been observed
for Trax interaction with the NHEJ protein C1D (Erdemir et al., 2002). Additionally, Translin
can interact with other proteins (see below), including the DNA repair factor GADD34
(Hasegawa and Isobe, 1999).

It is tempting to speculate that Translin, and Dicer, function to displace RPII via binding to one
of the RNAs associated with RPII-TRC sites; this could be nascent single-stranded transcript
(Figure 6C), double-stranded RNA structures generated by nascent transcript intra-molecular
base pairing (Figure 6D) or by inter-molecular base pairing between nascent transcripts
generated from opposing template DNA strands (Figure 6E). Whilst S. pombe Tsn1 appears to
favour RNA binding, it does have DNA binding capability (Laufman et al., 2005) and single-
stranded DNA generated at the transcriptional bubble or by the associated torsional stress could
also be a substrate for Translin binding to target RPII displacement (Figure OF).
Notwithstanding this, it is not unreasonable to postulate that it is an RNA binding function of
Translin that is require as this is consistent with its other known roles in RNA metabolism and
mRNA binding, such as the direct binding to BDNF mRNA, where Translin binding defects

can result in memory and psychiatric disorders (Chiaruttini et al. 2009).

Eliahoo and co-workers (2014) identified the S. pombe pre-mRNA splicing factor Srpl as a
putative Tsnl binding partner. Efficient cleavage of pre-mRNAs is known to prevent genomic
instability associated with DNA replication stress (Teloni et al., 2019) and introns protect
genomes from replicative stress, indicating that some feature of spliceosome-associated
processing is protective (Bonnet et al., 2017). However, we observed increased recombination
associated with an RPII-TRCs that is associated with the production of a putative transcript
that has no discernable intronic sequences (Figure 4A). It is known that some spliceosome
components have non-canonical roles in genome stability maintenance (Tam and Stirling,
2019), so potentially Tsnl functions in concert with the spliceosome-like Srpl to act upon

nascent transcripts in a splicing-independent fashion (Figure 6G). A role for
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spliceosome/spliceosome-like function in S. pombe is further supported by the finding that the
spliceosome-associated protein Nrll is involved in suppressing R-loop formation and

homologous recombination (Aronica et al., 2015).

How might this connect Translin to chromosomal translocations? It has recently been
demonstrated that cancer chromosomal translocations are linked to topoisomerase-mediated
DSBs that are not associated with paused RPII per se, rather topoisomerase-induced DSBs are
generated at sites from which paused RPII have been removed (Dellino et al., 2019). We
propose a model in which Translin associates with pre-mRNA, possibly in conjunction with
spliceosome factors, to assist the removal of paused RPII that triggers translocation-susceptible
DSBs. This offers a plausible mechanism to address the longstanding question of why Translin

associates with disease-linked translocation breakpoint junctions.

We have additionally revealed a functional redundancy between Rnh201 and Tsnl. RNase H
activity is required for the removal of R-loops and the canonical view is that R-loops induce
replicative stress and genome instability (Crossley et al., 2019; Garcia-Muse and Aguilera,
2019; Wells et al., 2019; Brambati et al., 2020; Hegazy et al., 2020; Niehrs and Luke, 2020;
Rinaldi et al., 2021). Originally, we had been working on the hypothesis that S. pombe Tsnl
might suppress R-loop levels and loss of Tsnl function would further elevate potentially
genotoxic levels of R-loops above the levels seen in following loss of Dcrl. However, this
transpired not be the case. Surprisingly loss of both Tsnl and Tfx1 elevate R-loops at tDNA
and rDNA loci, to levels equal to those seen in the Dcrl-deficient cells. These levels of R-loops
are not sufficient to increase genetic instability in replicative stress, indicating that R-loops per
se are not problematic. Moreover, R-loop levels were not significantly increased in the
dcrlA tsnlA double mutant relative to the der A single mutant, despite there being an elevation
in sensitivity to replicative stress and increased polar tDNA recombination. Whilst R-loops are
elevated following loss of Tsnl function in a Derl-proficient background, RPII is not retained
at elevated levels indicting functional Dcrl is sufficient for appropriate RPII displacement.
This fits with the model describe above, in which Tsnl functions to prevent further replicative

stress by displacing RPII in Derl-deficiency.

This brings into question what causes enhanced replicative stress sensitivity in the #sn/A

rnh201A background and suggests that this is not due to a failure to suppress R-loop levels,

231



which is supported by the failure to suppress this phenotype by overexpressing rnhl™. We
believe that these observations point to an additional, non-RNase H function for Rnh201. Mis-
incorporated ribonucleotide can retard replication (Watt et al., 2011), so the need for RNase
H2 for their removal could impair replicative progression in the rnh201A mutant. When this is
combined with HU-induced stress Tsnl becomes required for RPII template dissociation,
despite Dcrl proficiency; that is to say, under the elevated replicative stress caused by loss of

Rnh201 the Tsnl-mediated auxiliary pathway for RPII template dissociation is required.

However, in humans RNase H2 has been proposed to also have non-enzymatic activities, this
is partly based on the fact that mutations in the genes coding for the human RNASEH2B and
RNASEH2C, which disrupt protein-protein interaction functions and not catalytic activity, are
linked to Aicardi-Goutiéres syndrome (Feng & Cao, 2016). Given this, it is possible that
Rnh201 provides another, as yet undetermined, non-enzymatic function to suppress

susceptibility to replicative stress.

Previously, only relatively limited evidence linked Translin to the mechanisms of chromosomal
translocation formation. Here we provide the first mechanistic insight into how Translin
function might be linked to genomic changes such as translocations, drivers of evolution and
disease. Importantly, given that Translin has been targeted as a potential therapeutic target in
oncology and other disorders (Asada et al., 2014; 2016; Wakeman and McFarlane, 2020), these
findings also provide insight to inform rational therapeutic design to ensure that only disease

associated function(s) are targeted.
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Figure Legends

Figure 1. tsn1*, but not #fx1*, is require to maintain genome stability in Dcr1-deficiency,
but not Agol-deficiency
(A) 10-fold serial dilutions of indicated strains were spotted onto YEA with or without
HU (10 mM).
(B) 10-fold serial dilutions of indicated strains were spotted onto YEA with or without
HU (10 mM) or mitomycin C (150 nM).

(C) Percentage of mini chromosome loss values are offered for the indicated strains.

Figure 2. tsnl1* and dcrl* are both functionally redundant with rnh201*

(A) 10-fold serial dilutions of indicated strains were spotted onto YEA with or without HU
(10 mM).

(B) 10-fold serial dilutions of indicated strains were spotted onto YEA with or without HU
(10 mM).

(C) 10-fold serial dilutions of indicated strains were spotted onto EMM with thiamine
(with and without HU; 10 mM) or without thiamine (with or without HU;10 mM). OE-
overexpression.

(D) Top: Alkali and native gels showing genomic DNA extracted from the indicated strains.
Arrows indicate the undegraded genomic DNA and the single asterisk indicates the
region of degraded genomic DNA. Bottom: Quantification of undegraded genomic
DNA intensity from the alkali gel (values normalized against the intensity of the
undegraded chromosomal DNA in the native gel). *P>0.05, **P>0.01, ***P>0.001
from t-test in pairwise comparisons relative to wild-type. Bars represent standard
deviation.

(E) 10-fold serial dilutions of indicated strains were spotted onto EMM with thiamine
(with and without HU; 10 mM) or without thiamine (with or without HU;10 mM). OE-
overexpression.

(F) Quantification of DRIP for the rDNA (18S) locus for the indicated strains. *P>0.05,
**p>0.01, ***P>0.001, ns — not significant, from t-test in pairwise comparisons
relative to relative to wild-type (black) or to dcriA (red). Bars represent standard

deviation.
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(G) 10-fold serial dilutions of indicated strains were spotted onto YEA with or without

HU (10 mM).

Figure 3. tsnl”, but not tfxI", is require for replicative stress response in Dcr1-deficiency
in the absence of telomeres

(A) Schematic of the S. pombe chromosome structure for wild-type (Wt) and HAATISTE
strain. The three Wt chromosomes are shown on the top (I, Il and Il represent the Wt
chromosome designations); the three HAATISTE chromosomes are shown on the
bottom. cen = centromere; STE = subtelomeric elements; TEL = telomere, template for
TERRASs; rDNA= ribosomal DNA. Adapted from Begnis et al., 2018.

(B) 10-fold serial dilutions of indicated strains were spotted onto YEA with or without HU
(10 mM).

(C) 10-fold serial dilutions of indicated strains were spotted onto YEA with or without HU
(10 mM).

(D) Agarose gel images showing reverse transcriptase PCR products for RNA extracted
from the indicated strains. Left hand set is as previously reported (Gomez-Escobar et
al., 2016); right hand set from this study. taz1A — control for elevated TERRA; Otrt1A
—no telomere control. NP —No primer control. Primers to act1* used as cDNA positive

control.

Figure 4. tsn1" is required to suppress recombination in a polar fashion at a tDNA in
Dcrl-deficiency
(A) Schematic of the ade6::tRNACLY allele showing the approximate position of the tDNAs
inserted into the ade6* gene in different configurations (Oril and Ori2). The
orientation that gives an RPII head-to-head TRC is shown in red.
(B) Schematic of the intermolecular recombination assay.
(C) Quantification of recombination frequency for tRNACLY Oril for the indicated strains.
Bars represent standard deviation.
(D) Quantification of recombination frequency for tRNA®LY Ori2 for the indicated strains.
*P>0.05, **P>0.01, ns — not significant from t-test in pairwise comparisons relative to

relative to the wild-type (black) or to dcr1A (red). Bars represent standard deviation.
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Figure 5. Translin prevents replicative stress associated genome instability via an
RNase-independent RPII displacement mechanism

(A) 10-fold serial dilutions of indicated strains were spotted onto EMM with thiamine
(with and without HU; 10 mM) or without thiamine (with or without HU;10 mM). OE-
Sptsn+ - overexpressed S. pombe tsnl*; OE-Sptsnl-E152A — overexpression of S.
pombe tsn1* RNase catalytic mutant.

(B) 10-fold serial dilutions of indicated strains were spotted onto EMM with thiamine
(with and without HU; 10 mM) or without thiamine (with or without HU;10 mM). OE-
Sptsn+ - overexpressed S. pombe tsnl*; OE-Sptsnl-E152A — overexpression of S.
pombe tsn1* RNase catalytic mutant.

(C) Quantification of rDNA locus RPII ChIP for the indicated strains. **P>0.01, ***P>0.001,
ns — not significant, relative to the wild-type (black) or to dcrl (red). Bars represent
standard deviation.

(D) 10-fold serial dilutions of indicated strains were spotted onto EMM with thiamine
(with and without HU; 10 mM) or without thiamine (with or without HU;10 mM). OE-
HuUTSN* - overexpressed human TSN*; OE-HUTSN-E150A — overexpression of human
TSN* RNase catalytic mutant.

Figure 6. Possible mechanisms for the contribution of Tsnl for RPII template
displacement

The schematic represents a replication fork with the replisome (green) encountering RPII in a
head-to-head configuration. The letters and associated arrows indicate the possible pathways
by which Drcl and Tsnl might interact with the macromolecules associated with RPII to
mediate its dissociation with the DNA template. A — Direct Dcr1-RPII interaction; B — Direct
Tsnl-RPII interaction; C — Tsnl direct interaction with ssSRNA of nascent transcript; D —
Tsnldirect interaction with dSRNA formed by intramolecular pairing in the nascent transcript;
E — Tsnl direct association with dsRNA formed by intermolecular association of nascent
transcripts produced from opposite strands; F- Tsnl direct interaction with ssDNA associated
with the transcription bubble; G — Tsnl indirect interaction with nascent transcript via binding
to spliceosome-like factor Srpl.
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Figure 1

No HU +HU
A cell conc.

rad3-136
tfix1A

tsn1A
agolA

agolA tfxIA
agolA tsn1A
B
cell conc.
wt
rad3-136
tix1A
tsn1A
der1A
der1A tfx1A
der1A tsn1A
0.2 ok
@ .
©
CE_
© §0.15
I
g 2
S
2— 01 ns
£
S
< =2 0.05
£
= 0
\4 > \d > >
I AN N N
& &
S
&

244



Figure 2
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Figure 3
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Figure 4

mmm) RNA Pol Il Hto H Plasmid
h RNAPolllHto T pSRS5

DNA o
< RNAPOlIIHEOT  Replication ade6-AG14g3 NEcompination
<= —p o6
‘ RNA Pol Il Hto H x
Chromosome Il ade6::tRNASY.
F I ! ( ] Gl s
TEL rDNA cenlll rDNA TEL

tRNAZY.  qde6::tRNASLY.

(@)
=
=]

1
O
[N
=]

|
*
*

tRNASLY Oril tRNASLY Ori2 .
T — >~
2 g §= 8-
S ¢
O‘o c_u
o v o v ns
E 30 64 s 2 6 bl *
€3 s <
58, 585,
13 L £3
S 3 S5
g < 24 g < 2
-4 (-4
0 - 0
VTS S FTTITN
O O O S vvti“
& &

247



Figure 5
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Figure 6
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Figure S1
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Figure S2
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Figure S3
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Figure S4
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Figure S5
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Figure S6
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STARXMETHODS

KEY RESOURCE TABLE

REAGENT OR RESOURCE
Antibodies
S9.6 antibody
anti-RNA polymerase II antibody
Bacterial strains

NEB® 10-beta competent E.
coli (High Efficiency)

Chemicals

Hydroxyurea

Mitomycin C

Adenine

Guanine

Thiamine

Reagents

Human total RNA

6x loading buffer

6x loading dye

BamHI

Ddel

SYBR Gold

RNaseH

Protein G-coupled Dynabeads
Chelex resin
Paraformaldehyde

PMSF

Halt Protease Inhibitors

Glass Beads

Dynabeads M-280 sheep anti-
mouse IgG

Proteinase K

Critical Commercial Assays
MasterPure Yeast RNA
Purification Kit

Epicenter MasterPure Yeast DNA
Purification Kit

Superscript I1I First-Strand
Synthesis System

Phusion High-Fidelity DNA
Polymerase
QuickChangeLightning site-
directed mutagenesis system
Oligonucleotides

Primes for DRIP-qPCR see Table
S1

Primers for ChIP-qPCR see Table
S1
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SOURCE

Kerafast
Abcam

NEB

Sigma
Sigma
Sigma
Sigma
Sigma

Takara

AlfaAesar

NEB

NEB

NEB

ThermoFisher Scientific
NEB

Life Technologies
BioRad

Electron Microscopy Sciences
Sigma

ThermoFisher Scientific
Sigma

ThermoFisher Scientific

Qiagen

Cambio

Cambio

ThermoFisher Scientific
NEB

Agilent

this paper

this paper

ENHO001
ab5408

C3019H

IDENTIFIER

H8627-5G
M4287-2MG
A8626-100G
G11950-10G
T4625-250G

636533
J62157
B7024s
R3136S
RO175s
S11494
MO0297s
10003D
1421253
15714-5

P7626-5G

78430

G8772-500G

11201D

19131

MPY 03100

MPY 80200

18080-051

MO0530s

210515

N/A

N/A



Recombinant DNA

pREP3X Forsburg, 1993 N/A

pSRS5 Pryce et al., 2009 N/A

pREP3X::Sptsni* this study N/A

pREP3X::HuTSN* this study N/A

pREP3X::Sptsnl-E1524 this study N/A

pREP3X::Hu7SN-E1504 this study N/A
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be

fulfilled by Ramsay McFarlane (r.macfarlane@bangor.ac.uk).

Materials available
Plasmids and Schizosaccharomyces pombe strains generated during this study are available

from the corresponding author upon request.

Data code and availability

This study did not generate/analyze datasets/code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Schizosaccharomyces pombe

This study was conducted using the model organism Schizosaccharomyces pombe. Extended
information and genome resources for this model organism can be found at PomBase
(RRID:SCR_006586; www.pombase.org/). A list of S. pombe strains used in this study can be
found in Table S2. Lineage of strains can be obtained from the corresponding author upon

request.

S. pombe cells were maintained and cultured in standard media [yeast extract liquid (YEL),
yeast extract agar (YEA) or Edinburgh Minimal Medium + Glutamic Acid (20 mM) (EMMG)]
as required with addition or omission of reagents as required/specified (Forsburg and Rhind,
2006; Sabatinos and Forsburg, 2010). Strain construction, storage, gene deletions and
transformations used standard S. pombe protocols described by Béhler et al. (1998), Forsburg
and Rhind (2006) and Sabatinos and Forsburg (2010).
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METHOD DETAILS

Spot assays

Required strains were cultured in appropriate liquid media to mid log phase (ODgoo of ~0.5).
Cells were subjected to a 10-fold serial dilution (107'-10-) and 10 ul of each dilution were
spotted onto agar plates of appropriate media. Plates were incubated for 3 days at 30°C unless

otherwise stated.

Estimation of mini chromosome instability

Ch!6-23R {5 a derivative of S. pombe Chromosome I1I and it carries the ade6-M216 allele, which
interallelically complements an ade6-M210 allele located on the full-length Chromosome III
(Niwa et al., 1986; 1989). Strains containing a mini chromosome ade6-M216 allele and a full-
length chromosome ade6-M210 allele will be Ade+ (these cells produce colonies that are white
on YEA plates without supplemental adenine, whereas cells that have lost the minichromosome
and only carry the ade6-M210 allele are Ade- and grow as red colonies); loss of the mini
chromosome will result in Ade-. To calculate the rate of minichromosome loss we employed
the method of Niwa (2018). In brief, appropriate strains containing the minichromosome were
cultured in liquid EMMG medium containing appropriate supplements, but no adenine (for
minichromosome maintenance selection). Cultures were incubated until late log-phase,
subjected to serial dilutions, and then plated out onto YEA without supplemental adenine to
give plates with approximately 100-200 colonies per plate. Loss of the minichromosome prior
to plating will result in colonies that are completely red. Cells that retain the minichromsome
in both daughter cells after the first mitotic division post-plating (i.e. one cell to two cell stage)
will either be all white or have red/white sectored colonies with the ratio of white being greater
than red (the latter arising due to minichromosome loss after the first division). Half sectored
colonies (50% white and 50% red) represent a minichromosome loss event in the first division
of the single colony forming cell. Counting the half-sectored colonies as a fraction of the total
number of cells gives a relatively accurate approximation of the minichromosome loss rate per
cell division [see Niwa (2018) for further details and limitations]. Colony colours were counted
to quantify cells that had retained the minichromsome at the first post-plating division (white

or sectored with the majority white), cells that did not contain the minichromosome at plating
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(totally red) and cells that had lost the minchromosome at the first division post-plating (half
sectored 50:50 red:white).

Determination of recombination frequency

Appropriate S. pombe strains containing the plasmid pSRSS5 (Pryce et al., 2009) were cultured
to mid-log phase in liquid EMMG medium containing appropriate supplements. Cells were
subjected to serial dilution and plated out on EMMG agar containing appropriate supplements
at a dilution that resulted in well-dispersed single colonies following incubation at 30°C.
Colonies were permitted to grow until visible, but not permitted to reach greater than 1 mm in
diameter. At this point a minimum of 7 whole colonies were individually picked and inoculated
into individual 5 ml volumes of sterile liquid EMMG containing appropriate supplements,
ensuring all the cells from the colony were transferred to the liquid medium. Cultures were
incubated at 30°C with shaking until very early stationary phase. Serial dilutions were made
for each culture and these were plated onto YEA (dilution range 10 to 10°) and YEA
containing 20 mg/ml guanine (pH 6.5) (dilution range neat — 102), which prevents the uptake
of adenine because of purine antagonism (Pryce et al., 2005). Plates were incubated at 30°C

for 3 days.

Gene overexpression

Genes were cloned into the S. pombe expression vector pPREP3X (Forsburg, 1993) under the
control of the regulatable nmt (no message in thiamine) promoter, which is repressed when
cells are cultured in media containing thiamine (Maundrell, 1993). pREP3X contains a LEU2*
marker gene for selection in S. pombe (Forsburg, 1993). Strains containing genes cloned into
pREP3X were cultured in liquid EMMG with appropriate strain-specific supplements and 2%
thiamine, but without leucine (for plasmid maintenance). Cells were cultured in a rotary
incubator at 30°C to mid log-phase (ODgoo of ~0.5). For gene expression during spot analysis
strains were spotted onto EMMG agar without thiamine. EMMG agar plates containing

thiamine (2%) and YEA were used as a ‘gene off” controls.

Cloning and site directed mutagenesis

RNA was extracted from S. pombe wild-type using the MasterPure™ Yeast RNA Purification
Kit (Cambio; MPY03100). Human uterus RNA was obtained from Takara (Takara; 636551).
cDNA was synthesized using the Superscript™ TII First-Strand Synthesis System
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(ThermoFisher Scientific; 18080-051). Genes of interest were amplified from cDNA using
primers shown in Table S2. A BamHI (New England Biolabs; R3136s) restriction site was
added to each primer sequence for cloning into the pREP3X expression vector (Forsburg,
1993). Amplification from human and S. pombe cDNA was done using Phusion® High-Fidelity
DNA polymerase (New England Biolabs; M0530S). DNA sequencing of both strands
(performed by Eurofins Genomics) of the cloned genes of interest confirmed that no mutations
were introduced during the PCR and cloning procedures. Point mutations in human 7SN and
S. pombe tsnl* were introduced using the QuickChange Lightning site-directed mutagenesis
system (Agilent; 210515). Following the mutagenesis procedure all mutant genes were re-
sequenced to ensure the correct mutations had been made and no additional mutations had been

added.

Genomic alkali lability assay

Appropriate S. pombe strains were cultured in YEL to mid log phase (~0.5 ODgoo). DNA was
extracted using the Epicentre MasterPure™ Yeast DNA Purification Kit (Cambio;
MPY80200). Either KOH or KCl was added to 1 pg of genomic DNA to a final concentration
of 0.2 M in 40 ul volumes and incubated at 55°C for 2 hours. 6X loading buffer (alkaline;
AlfaAesar; J62157) was added to the KOH-treated samples and 6X loading dye (non-alkaline;
New England Biolabs; B7024s) was added to the KCl-treated samples. Alkali treated samples
were loaded onto a 1%alkaline agarose gel (1% agarose, | mM EDTA, 50 mM NaOH) and run
in alkaline electrophoresis buffer (1 mM EDTA, 50 mM NaOH). Electrophoresis of KCI treated
samples was performed using a 1% agarose gel run in tris-borate-EDTA (TBE) buffer (130
mM tris [pH 7.6], 45 mM boric acid, 2.5 mM EDTA). Gels were run at 1 V/cm for 18 hours.
Alkaline gels were neutralized by soaking in 1 M tris HCI (pH8.0) for 1 hour prior to staining
with SYBR Gold (Thermo Fisher Scientific; S11494) and imaged on a UV transilluminator
(BioRad; Molecular Imager Gel Doc XR System).

DNA:RNA immunoprecipitation (DRIP)

DNA extraction was performed as described in Forsdurg and Rhind (2006). DNA was
fragmented using Ddel (10U/ug of DNA) for 2 hours at 37°C (New England Biolabs; R0175s).
DNA samples were divided into two and one sample was treated with RNase H (New England
Biolabs; M0297s) for 2 hours at 37°C, the other sample was left untreated. For DRIP, DNA

samples were then incubated overnight at 4°C in immunoprecipitation (IP) buffer [100 mM
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MES (pH 6.6), 500 mM NaCl, 0.05% Triton, 2 mg/ml BSA] in the presence of Protein G-
coupled Dynabeads (Life Technologies; 10003D) previously incubated with S9.6 antibody
(Kerafast; ENH001) according to the manufacturer’s instructions. The beads were then washed
three times in IP buffer. After two additional washes in Tris-EDTA (TE) buffer [10 mM tris-
HCI (pH 8.0), 1 mM EDTA] the beads were resuspended in 10% Chelex resin (BioRad;
1421253) and incubated at 98°C for 5 minutes. The mixture was then incubated with 20 pg of
proteinase K (Qiagen; 19131) at 43°C for 30 minutes and then at 98°C for 5 minutes. After
centrifugation for 5 minutes at 6000 r.p.m. in a benchtop microcentrifuge, DRIP-qPCR was

performed using the supernatant.

DRIP-qPCR

Real-time PCR was performed using 25 ng of input DNA and 1/20 of the input
immunoprecipitated DNA (above) in the presence of GoTaq® Green Master Mix (Promega;
A6002). Reactions were done in duplicate and standard curves were calculated on serial
dilutions (100 ng — 0.1 ng) of input genomic DNA. IP enrichment was calculated relative to
RNase H treated IP using the following formula: DRIP enrichment = {[IP amount (ng) (no
RNase H) / input amount (ng) (no RNase H)] / [IP amount (ng) (+ RNase H) / input amount
(ng) (+ RNase H)]}.The resulting values were then presented as a percentage of the wild-type

value. Primer sequences are given in Table S2.

Chromatin immunoprecipitation (ChIP)

Appropriate S. pombe strains were cultured in 50 ml of YEL to mid log-phase. Cells were
crosslinked with 1% paraformaldehyde solution (Electron Microscopy Sciences; 15714-5) at
room temperature for 15 minutes. Reactions were quenched by addition of 2 ml of 2.5 M
glycine for 15 minutes at room temperature. Cells were harvested by centrifugation for 5
minutes at 1000g, washed twice with ice-cod phosphate-buffer saline (PBS) (137 mM NaCl,
2.7 mM KCI, 10 mM NaHPOg4, 1.8 mM KH>PO4) and resuspended in 400 pl of Buffer A [50
mM HEPES (pH 7.5), 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium
deoxycholate] supplemented with 1 mM PMSF (Sigma; P78830-1G) and 1 x Halt protease
inhibitors (ThermoFisher Scientific; 78430). After an addition of an equal volume of acid
washed glass beads (Sigma; G8772-500G), cells were vortexed for 60 minutes at 4°C using a
disruptor genie(Scientific Industries) with a Turbomix attachment. Lysates were recovered

from the beads and sonicated using a bath Bioruptor Sonicator (Diagenode) at 30 seconds on
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followed by 30 seconds off for 10 minutes to obtain chromatin fragments in the range of 200-
800 base pairs. The total volume was increased to 1 ml by addition of Buffer A and the sonicate
was centrifuged at 4°C in a benchtop microfuge at 14,000 r.p.m. for 10 minutes. The soluble

chromatin was retained.

20 pl of washed Dynabeads M-280 sheep anti-mouse IgG (Thermofisher Scientific; 11201D)
were added to the chromatin sample and incubated for 2 hours at 4°C. 20 ul of the pre-cleared
sample was kept for the ‘input’ fraction and the rest was incubated overnight at 4°C with 2 pg
of anti-RNA polymerase II antibody (Abcam; ab5408) or in the absence of antibody. 20 pl of
washed Dynabeads were added and after 2 hours at 4°C they were washed sequentially three
times with Buffer A, twice with Buffer A with 500 mM NaCl, twice with 250 mM LiCl, 1%
NP-40, 1% sodium deoxycholate, 1 mM EDTA, 10 mM tris-HCI (pHS8.0) and twice with 10
mM Tris-HCI (pH 8.0), | mM EDTA (pH 8.0). The beads and ‘input’ were resuspended in 100
pl of 10% Chelex (BioRad; 1421253) and incubated at 98°C for 5 minutes. The mixture was
then incubated with 20 pg of proteinase K (Qiagen; 19131) at 43°C for one hour and then at
98°C for 5 minutes. After centrifugation for 5 minutes at 6000 r.p.m. in a benchtop

microcentrifuge, the supernatant was collected and analyzed by qPCR (below).

ChIP-qPCR
qPCR was performed using the primers listed in Table S2. Average CT was calculated across
technical triplicates for each sample. IP enrichment was calculated as percentage of input

(whole cell extract) and presented relative to the wild-type value.

QUANTIFICATION AND STATISTICAL ANALYSIS

Mini Chromosome Loss

Colony counts were used to gain an approximate value for loss rate per cell division using the
equation Nis/(Niow/Ny), Wwhere Nis = number of half-sectored, Niow: = total number of colonies,
N, = total number of all red colonies (Niwa, 2018). P values were calculated using Student’s t-

test and error bars represent standard deviation.

Recombination frequency
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The numbers of colony forming units per ml of culture were counted to determine
recombination frequencies (Ade+ cells / 10° viable cells). The recombination frequency was
determined for 7 independent cultures for each strain to be tested and the median value was
used for the recombination frequency (to avoid ‘jackpot’ values). This was repeated a minimum
of three times for each strain to obtain mean values of independent biological repeats. P values

were calculated using Student’s #-test and error bars represent standard deviation.

Alkaline and native gels

Quantification of undegraded genomic DNA intensity from alkali and native gels was
performed using ImageQuant software. Values from the intensity of undegraded genomic DNA
from alkali gels were normalized against the values of the chromosomal DNA in the native gel.
P values were calculated using one sample Student’s #-test and error bars represent standard

deviation.

qPCR

Quantification for DRIP-qPCR was accomplished using Ct values and a standard curve of ten-
fold dilutions of input genomic DNA from the wild-type strain. Experiments were performed
in duplicates. Ct values for ChIP-qPCR were normalized using the Percent Input analysis
method which represents the amount of DNA pulled down by using the antibody of interest in
the ChIP reaction, relative to the amount of starting material (‘input’ fraction). Experiments
were done in triplicate. P values were calculated using Student’s unpaired #-test with Welch’s

correction, and error bars represent standard deviation.
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Table S1. Primers used in this study.

Primer designation

Primer sequence (5'-3")

rDNA qPCR F
rDNA qPCR R
HIS.02 gPCR F
HIS.02 gPCR R
MET.06 qPCR F
MET.06 qPCR R
ARG.09 qPCR F
ARG.09 qPCR R
PRO.01 qPCR F
PRO.01 gPCR R
VAL.01 gPCR F
VAL.01 gpCR R
ASN.03 qPCR F
ASN.03 qPCR R
TYR.01 gPCR F
TYR.01 gPCR R
pac-1 cloning F*
pac-1 cloning R*
rnhl cloning F*
rnhl cloning R*
rmh201 cloning F*
mh201 cloning R*
derl cloning F*
derl cloning R*

Sp Tsnl cloning F*
Sp Tsnl cloning R*
Hs TSN cloning F*
Hs TSN cloning R*
Sp Tfx1 cloning F*
Sp Tfx1 cloning F*
Hs TSNAX cloning F*
HS TSNAX cloning R*

TTTCTAGGACCGCCGTAATG
TGCTTTCGCAGTAGTTCGTC
CTGGTGTGGGCACTTACTAT
ATGGATCTATTTGGGATGC
TCCTGGGACCTACGGGTTAT
AACGGATATAGGTTCAT
GGTTAAGGCGCTTGACTACG
ACATCCTTTTTGCACTCGAA
CACAATATCAACTGAGGCTTCG
AAATTTAAAGGCTTTGGGCTTC
ACAACCAACAGTCCCGTGTT
TGGTTCAAGTTCGCTATTGTTG
AAGCAAGAAGGTCGGGTAG
TGTGCGTTTGTCTATCCTTTGT
AACTCCTGATGGTGTAGTTGGT
TTTACCAGGTGGAAGCA
ccgetcgagATGGGACGGTTTAAGAGGCA
cgcggatccTTAACGGGCAAACTTAGAGTAATC
cgcggatcc ATGGGTGGAAATAAGCGTGC
cgcggatccTTACTCAGAAGCTCCTCGCC
cgcggatccATGAAAGATGATCACGATGC
cgcggatccCTAAAAATAAAACTCTGATC
cgcggatcc ATGGATATTTCAAGTTTTCTACTTC
cgeggatccTCAAGTCAAACTTTTAACTTTTCC
cgcggatccATGAATAAATCAATATTTATTCAGCTA
cgcggatccTTAAACCAATTTATGTATCCGAAG
cgcggatccATGTCTGTGAGCGAGATCTTCG
cgcggatccCTATTTTTCAACACAAGCTGCTG
cgcggatcc ATGGAAGAGGAATTCCTCTCA
cgcggatccTTATGTGGACCGTAATCGTTTC
cgcggatccATGAGCAACAAAGAAGGATCAG
cgcggatccCTAAGAAATGCCCTCTTCTTG

*ower case = restriction site
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Table S2. Strains used in this study

Strain Genotype Source

BP90 h~ ade6-M26 ura4-D18 leul-32 McFarlane Collection
BP118 h™ade6-M216 ura4-D18 leul-32 tazl::ura4* McFarlane Collection
BP743 h~rad3-136 McFarlane Collection
BP1080 h~ ade6-M26 ura4-D18 leul-32 tsn1::kanMX6 McFarlane Collection
BP1089 h~ade6-M26 ura4-D18 leul-32 tfx1::kanMX6 McFarlane Collection
BP1534 h~ura4-D18 leul-32 his3-D1 ade6::tRNASY (1) lys1-37 (pSRS5) McFarlane Collection
BP1535 h~ura4-D18 leul-32 his3-D1 ade6::tRNASY (2) lys1-37 (pSRS5) McFarlane Collection
BP2294 h~ ade6-M210 ura4-D18 leul-32 Ch16-23R This study

BP2406 h~ ade6-M210 ura4-D18 leul-32 tfx1::kanMX6 Ch16-23R This study

BP2421 h™ade6-M210 ura4-D18 leul-32 tsnl::kanMX6 Ch16-23R This study

BP2747 h~ade6-M26 ura4-D18 leul-32 dcrl::natMX6 McFarlane Collection
BP2748 h~ ade6-M26 ura4-D18 leul-32 dcrl::natMX6 tsnl::kanMX6 McFarlane Collection
BP2750 h~ade6-M26 ura4-D18 leul-32 dcrl::natMX6 tfx1::kanMX6 McFarlane Collection
BP2757 h™ ade6-M26 ura4-D18 leul-32 agol::ura4* McFarlane Collection
BP2759 h™ ade6-M26 ura4-D18 leul-32 tsnl::kanMX6 agol::ura4* McFarlane Collection
BP2761 h~ade6-M26 ura4-D18 leul-32 tfx1::kanMX6 agol::urad* McFarlane Collection
BP2894 h™ade6-M210 ura4-D18 leul-32 dcrl::ura4* Ch®-23R This study

BP2897 h™ade6-M210 ura4-D18 leul-32 tfx1::kanMX6 dcrl::ura4* Ch16-23R This study

BP2899 h~ ade6-M210 ura4-D18 leul-32 tsni1::kanMX6 dcrl::ura4* Ch1e-23% This study

BP3301 h~ ade6-M210 ura4-D18 leu1-32 his3-D1 Otrt1::his3* McFarlane Collection
BP3305 h+ ade6-M210 leu1-32 his3-D1 trt1::his3* (HAATISTE) J. Cooper?

BP3322 h~ura4-D18 leul-32 his3-D1 ade6::tRNAS (1) lys1-37 tsn1::kanMX6 (pSRS5) McFarlane Collection
BP3324 h~ura4-D18 leul-32 his3-D1 ade6::tRNASY (1) lys1-37 dcrl::natMX6 (pSRS5) McFarlane Collection
BP3326 h~ura4-D18 leul-32 his3-D1 ade6::tRNAS (1) lys1-37 dcrl::natMX6 tsnl::kanMX6 (pSRS5) McFarlane Collection
BP3344 h~ura4-D18 leul-32 his3-D1 ade6::tRNA%Y(2) lys1-37 tsn1::kanMX6 (pSRS5) McFarlane Collection
BP3348 h~ura4-D18 leul-32 his3-D1 ade6::tRNA%Y(2) lys1-37 dcr1::kanMX6 (pSRS5) McFarlane Collection
BP3364 h~ura4-D18 leul-32 his3-D1 ade6::tRNA%Y(2) lys1-37 tsn1::kanMX6 dcrl::natMX6 (pSRS5) McFarlane Collection
BP3382 h+ ade6-M210 leu1-32 his3-D1 trt1::his3* (HAATISE) tsn1::kanMX6 This study

BP3384 h+ ade6-M210 leu1-32 his3-D1 trt1::his3* (HAATISE) tfx1::kanMX6 This study

BP3401 h™ ade6-M26 ura4-D18 leul-32 rnh1::kanMX6 This study

BP3405 h™ ade6-M26 ura4-D18 leul-32 rnh201::kanMX6 This study

BP3410 h™ ade6-M26 ura4-D18 leul-32 rnh1::kanMX6 rnh201::hphMX6 This study

BP3412 h~ade6-M26 ura4-D18 leul-32 tfx1::natMX6 rnh1::kanMX6 This study

BP3414 h~ade6-M26 ura4-D18 leul-32 tfx1::natMX6 rnh201::kanMX6 This study

BP3417 h™ ade6-M26 ura4-D18 leul-32 rnh201::kanMX6 tsn1::natMX6 This study

BP3426 h™ ade6-M26 ura4-D18 leul-32 tsn1::kanMX6 rnh1::natMX6 This study

BP3428 h~ura4-D18 leul-32 his3 ade6::tRNACY (1) lys1-37 tfx1::kanMX6 (pSRS5) McFarlane Collection
BP3431 h~ura4-D18 leul-32 his3 ade6::tRNACY (2) lys1-37 tfx1::kanMX6 (pSRS5) McFarlane Collection
BP3433 h~ura4-D18 leul-32 his3-D1 ade6::tRNASY (1) lys1-37 dcrl::natMX6 tfx1::kanMX6 (pSRS5) McFarlane Collection
BP3435 h~ura4-D18 leul-32 his3 ade6::tRNA®Y(2) lys-37 dcrl::natMX6 tfx1::kanMX6 (pSRS5) McFarlane Collection
BP3450 h+ ade6-M210 leu1-32 his3-D1 trt1::his3* (HAATIST®) tsn1::kanMX6 rnh201::natMX6 This study

BP3451 h+ ade6-M210 leu1-32 his3-D1 trt1::his3* (HAATIST®) tsn1::kanMX6 rnh1::natMX6 This study

BP3453 h+ ade6-M210 leu1-32 his3-D1 trt1::his3* (HAATIST) rnh201::natMX6 This study

BP3454 h+ ade6-M210 leu1-32 his3-D1 trt1::his3* (HAATISTE) rnh1::natMX6 This study

BP3456 h+ ade6-M210 leu1-32 his3-D1 trt1::his3* (HAATIST) rnh201::natMX6 tfx1::kanMX6 This study

BP3458 h+ ade6-M210 leu1-32 his3-D1 trt1::his3* (HAATIST) rnh1::natMX6 tfx1::kanMX6 This study

BP3459 h+ ade6-M210 leu1-32 his3-D1 trt1::his3* (HAATIST®) rnh201::natMX6 rnh1::kanMX6 This study

BP3461 h™ ade6-M26 ura4-D18 leul-32 rnh201::kanMX6 dcrl::natMX6 This study

BP3472 h~ade6-M26 ura4-D18 leul-32 rnh1::kanMX6 rnh201::hphMX6 (pREP3X) This study

BP3473 h™ade6-M26 ura4-D18 leul-32 rnh1::kanMX6 rnh201::hphMX6 (pREP3X-rnh1*) This study

BP3474 h~ade6-M26 ura4-D18 leul-32 dcrl::natMX6 tsnl::kanMX6 (pREP3X) This study

BP3475 h™ade6-M26 ura4-D18 leul-32 dcrl::natMX6 tsnl::kanMX6 (pREP3X-rnh1*) This study

BP3476 h~ade6-M216 ura4-D18 leul-32 dcrl::natMX6 (pREP3X) This study

BP3477 h~ade6-M26 ura4-D18 leul-32 dcrl::natMX6 (pREP3X-rnh1*) This study

BP3478 h™ade6-M26 ura4-D18 leul-32 rnh201::hphMX6 tsnl::kanMX6 (pREP3X) This study

BP3479 h™ade6-M26 ura4-D18 leul-32 rnh201::hphMX6 tsnl::kanMX6 (pREP3X-rnh1*) This study

BP3482 h~ade6-M26 ura4-D18 leul-32 dcrl::natMX6 (pREP3X-pacl*) This study

BP3483 h™ade6-M26 ura4-D18 leul-32 dcrl::natMX6 tsnl::kanmx6 (pREP3X-pacl*) This study

BP3484 h~ade6-M26 ura4-D18 leul-32 rnh201::kanMX6 tsn1::natMX6 (pREP3X-pac1?) This study

BP3488 h~ade6-M26 ura4-D18 leul-32 dcrl::natMX6 tsnl::kanMX6 (pREP3X-Sptsni*) This study

BP3489 h~ade6-M26 ura4-D18 leul-32 dcrl::natMX6 tsnl::kanMX6 (pREP3X-HsTSN*) This study

BP3491 h- ade6-M26 leu1-32 ura4-D18 rnh201::kanMX6 tsn1::natMX6 (pREP3X-Sptsn1*) This study

BP3492 h- ade6-M26 leu1-32 ura4-D18 rnh201::kanMX6 tsn1::natMX6 (pREP3X-HsTSN*) This study

BP3493 h- ade6-M26 leul-32 ura4-D18 nh201::kanMX6tsn1::natMX6 (pREP3X-dcr1*) This study

BP3497 h~ade6-M26 ura4-D18 leul-32 dcrl::natMX6 tsnl::kanMX6 (pREP3X-Sptsn1-E152A) This study

BP3499 h~ade6-M26 ura4-D18 leul-32 dcrl::natMX6 tsnl::kanMX6 (pREP3X-HsTSN-E150A) This study
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This study

BP3510 h~ade6-M26 ura4-D18 leul-32 dcrl::natMX6 tsnl::kanMX6 (pREP3X-rnh201*)

BP3511 h™ade6-M26 ura4-D18 leul-32 rnh1::kanMX6 rnh201::hphMX6 (pREP3X-rnh201*) This study
BP3512 h- ade6-M26 leul-32 ura4-D18 tsn1::kanMX6 dcrl::natMX6 (pREP3X-HUTSNAX*) This study
BP3513 h- ade6-M26 leul-32 ura4-D18 tsn1::kanMX6 dcrl::natMX6 (pREP3X-Sptfx1*) This study
BP3518 h™ ade6-M26 ura4-D18 leul-32 dcrl::ura4* rnh1::kanMX6 This study

'Jain et al. (2010) Nature 467, 223-227.
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