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Abstract

The physical and informational integrity of DNA is of paramount importance to the survival,
development, and reproduction of living organisms. Of the various forms of damage which can
arise from the numerous intrinsic and extrinsic forms of genotoxic stress, the most serious are
double strand breaks (DSBs). These lesions are dangerous not only because of their mutagenic
potential, but because they disrupt the physical continuity of DNA molecules and risk the loss of
all genes distal to the break. Repair of DSBs is handled by several distinct pathways, of which the
classical non-homologous end joining (cNHEJ) is the most prominent in somatic tissues. The
mechanism of ctNHEJ involves three steps: 1) the rapid recognition and binding of the free DNA
end by the heterodimeric Ku ring protein; 2) the processing of the damaged DNA ends by a
complement of nucleases, kinases, phosphatases, and polymerases to yield ligation-compatible
ends; and 3) the terminal ligation by Ligase IV. Despite the wide conservation of cNHEJ proteins
among eukaryotes, the nematode Caenorhabditis elegans is unique in that it does not possess
homologs of known cNHEJ processing enzymes or structural scaffolds. This raises the question of
whether a basic cNHEJ system consisting only of the Ku ring and the Ligase IV ortholog LIG-4
suffices in C. elegans or whether it possesses non-conserved functional analogs of other known

eukaryotic cNHEJ factors.

In this thesis, | provide a definitive answer to this question by showing that nhj-1, a previously
uncharacterized gene unique to the nematode order Rhabditida, is an indispensable cNHEJ factor
in C. elegans. | show that some lines of the most commonly used C. elegans wild type strain, N2,
exhibit unexpected stressor- and developmental stage-specific sensitivity to ionizing radiation
exposure at the first larval stage (L1). This sensitivity is characterized by a high incidence of
growth delay and abnormal morphological phenotypes, as well as a greatly reduced number of
progeny. However, there is no evidence of germline DNA damage, which is evocative of known
cNHEJ mutants in C. elegans. Using deep sequencing and CRISPR-Cas9 mutagenesis, | reveal the
existence of a spontaneous nhj-1 mutation in the sensitive N2 lines, and show that IR-sensitivity

arises because of the resulting nhj-1 loss of function. Furthermore, the IR-sensitivity of nhj-1



mutants is as severe as that of /ig-4 or Ku ring mutants, and double mutants do not show additive
IR-sensitivity, demonstrating that nhj-1 is part of the cNHEJ pathway. | also provide the first
characterization of the subcellular localization of NHJ-1 and LIG-4 in the C. elegans L1 larva, the
adult germline, and the adult intestine, showing a lack of complete overlap in the NHJ-1 and LIG-
4 expression patterns in the L1 larva. Finally, | employ a germline cNHEJ-enabled genetic
background to show that NHJ-1 likely acts downstream of Ku ring binding, at least in the context

of the adult germline.

My work reveals that C. elegans has restructured the ancient cNHEJ pathway to include an
entirely novel regulator. It raises further questions about the regulation and mechanism of cNHE)J
activity in this important model organism, and opens several research avenues in which the

answers to those questions may be sought.
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Résumé

L'intégrité physique et informationnelle de I'ADN est d'une importance capitale pour la survie, le
développement et la reproduction d'organismes vivants. Parmi les diverses formes de dommages
pouvant résulter des nombreuses formes intrinséques et extrinseéques de stress génotoxique, les
plus graves sont les cassures a double brin (DSB). Ces lésions sont dangereuses non seulement
en raison de leur potentiel mutagene, mais également parce qu’elles perturbent la continuité
physique des molécules d’ADN et risquent la perte d’un grand nombre de genes situés en aval de
la rupture. La réparation des DSBs est gérée par plusieurs voies de réparation distinctes, parmi
lesquelles la classique jonction d'extrémité non homologue (cNHEJ) est la plus importante dans
les tissus somatiques. Le mécanisme de cNHEJ comprend trois étapes: 1) la reconnaissance et
liaison rapides de |'extrémité de I'ADN libre par la protéine hétérodimere Ku en forme d’anneau;
2) le traitement des extrémités d'ADN endommagées par un complément de nucléases, kinases,
phosphatases et polymérases afin d'obtenir des extrémités compatibles avec la ligature; et 3) la
ligature terminale par la ligase IV. Malgré la large conservation des protéines cNHEJ chez les
eucaryotes, le nématode Caenorhabditis elegans est unique en ce qu'il ne posséde aucun
homologue d’enzymes de traitement de la voie cNHEJ ni d’échafaudages structuraux. Cela
souléve la question de savoir si un systeme de cNHEJ de base composé uniqguement de I'anneau
Ku et de l'orthologue LIG-4 de Ligase IV suffit chez C. elegans ou s'il possede des analogues

fonctionnels non conservés d'autres facteurs cNHEJ eucaryotes bien connus.

Dans cette these, je réponds de maniére définitive a cette question en montrant que nhj-1, un
géne unique a l'ordre des nématodes Rhabditida et jusque-la non caractérisé, est un facteur
cNHEJ indispensable chez C. elegans. Je montre que certaines lignées de la souche de type
sauvage de C. elegans la plus couramment utilisée, N2, présentent une sensibilité inattendue a
I'exposition aux rayonnements ionisants au premier stade larvaire (L1), qui est spécifique au type
de stress et au stage de développement. Je montre que la lignée N2 sensible a I'IR présente une
incidence élevée de retard de croissance et de phénotypes morphologiques anormaux, ainsi

gu'un nombre considérablement réduit de descendants. Cependant, rien n'indique que I'ADN
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germinal ait été endommagé, ce qui évoque des mutants cNHEJ connus chez C. elegans. En
utilisant le séquengage en profondeur et la mutagenese CRISPR-Cas9, je révele I'existence d'une
mutation spontanée de nhj-1 dans les lignées sensibles de N2 et montre que cette sensibilité
résulte de I'inactivation de ce gene. Je montre également que la sensibilité des mutants nhj-1 est
aussi sévere que celle des mutants des anneaux lig-4 ou Ku, et que les doubles mutants ne
montrent pas de sensibilité additive a I'IR, démontrant que nhj-1 fait partie de la voie de cNHEJ.
Je fournis également la premiére caractérisation de la localisation subcellulaire de NHJ-1 et LIG-
4 dans les larves de C. elegans L1, la lignée germinale adulte et I'intestin adulte, montrant un
manque de chevauchement complet des modeles d'expression de NHJ-1 et LIG-4 dans les larves
L1. Enfin, j'utilise un contexte génétique dans lequel la voie cNHEJ est activée dans la lignée
germinale pour montrer que NHJ-1 agit probablement en aval de la liaison de I'anneau Ku, au

moins dans le contexte de la lignée germinale adulte.

Mon travail révele que C. elegans a restructuré I'ancienne voie du cNHEJ pour vy inclure un
régulateur entierement nouveau. Cela souléve d'autres questions sur la régulation et le
mécanisme de I'activité du cNHEJ dans cet organisme modeéle important et ouvre plusieurs pistes

permettant de rechercher des réponses a ces questions.
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List of abbreviations

53BP1 = p53-binding protein 1 (protein)

AID = activation induced cytidine deaminase (protein)

APE = AP endonuclease (protein)

APLF = aprataxin-like factor (protein)

AP site = apurinic/apyrimidinic site (DNA lesion)

APTX = aprataxin (protein)

ARD = adult reproductive diapause (developmental stage)

ATM = ataxia-telangiectasia mutated (protein)

BER = base excision repair (DNA repair pathway)

BIR = break-induced replication (DNA repair pathway)

BRCA1 = breast cancer 1 (protein)

cNHEJ = canonical non-homologous end joining (DNA repair pathway)
CPD = cyclobutane pyrimidine dimer (DNA lesion)

CSA = Cockayne syndrome protein A (protein)

CSB = Cockayne syndrome protein B (protein)

CSR = class switch recombination (process)

dHJ = double Holliday junction (transient DNA structure)

DNA = deoxyribonucleic acid (macromolecule)

DNA-PK = DNA-dependent protein kinase (protein complex)
DNA-PKcs = DNA-dependent protein kinase catalytic subunit (protein)
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dNTP = deoxyribonucleotide triphosphate (molecule)
DSB = DNA double strand break (DNA lesion)

dsDNA = double stranded DNA (DNA type)

EJ = end joining (DNA repair pathway type)

FATC = FRAP-ATM-TRAPP-C-terminal (domain)

FHA = forkhead-associated (domain)

Gy = Gray (unit of ionizing radiation dose)

H2AX = histone 2AX (histone variant)

H3K9 = histone 3, lysine (K) 9 (histone residue)

H3K9Ac = acetylated H3K9 (histone mark)

H3K9me3 = tri(3)methylated H3K9 (histone mark)

Him = high incidence of males (phenotype)

HIT = histidine triad (protein family)

HR = homologous recombination (DNA repair pathway type)
ICL = interstrand crosslink (DNA lesion)

IDL = insertion-deletion loop (DNA lesion)

IR = ionizing radiation (genotoxic stressor)

MDC1 = mediator of DNA damage checkpoint 1 (protein)
MMR = mismatch repair (DNA repair pathway)
modENCODE = model organism Encyclopedia of DNA Elements (project)
MRNA = messenger RNA (RNA type)

NHEJ = see cNHEJ
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PALF = PNKP and APTX-like FHA protein; see APLF
PARylation = poly-ADP ribosylation (process)

PAXX = paralog of XRCC4 and XLF (protein)

PIKK = phosphoinositide 3-kinase related kinases (protein class)
PNKP = polynucleotide kinase 3’-phosphatase (protein)
PRD = PIKK-regulatory domain (protein domain)

[R] = IR-resistant genetic background

RAD23B = Radiation sensitive 23 homolog B (protein)
RAG = recombinase activating gene (protein complex)
RdRP = RNA dependent RNA polymerase (protein class)
RNA = ribonucleic acid (macromolecule)

RNAi = RNA interference (process)

rNTP = ribonucleotide triphosphate (molecule)

[S] = IR-sensitive genetic background

SC = synaptonemal complex (proteinaceous structure)
SDSA = synthesis-dependent strand annealing (DNA repair pathway)
SHM = somatic hypermutation (process)

siRNA = small interfering RNA (RNA type)

SSA = single strand annealing (DNA repair pathway)
ssDNA = single stranded DNA (DNA type)

TDP1 = tyrosyl DNA phosphodiesterase 1 (protein)

TFIIH = transcription initiation factor |l H (protein)
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TLS = translesion synthesis (DNA damage tolerance mechanism)
UVR = ultraviolet radiation (genotoxic stressor)

XLF = XRCC4-like factor (protein)

XPC = xeroderma pigmentosum complementation group C (protein)

XRCC = X-ray repair cross complementing (protein class)
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Contribution to original knowledge

This thesis represents a contribution to original knowledge by showing for the first time:

1. That a cryptic mutation in the previously uncharacterized gene nhj-1 segregates in several C.
elegans laboratory strains, including lines of the most commonly used wild type strain N2,

sensitizing them to ionizing radiation during early development.

2. That NHJ-1 is a critical regulator of the canonical non-homologous end joining DSB repair

pathway, and that it acts downstream of the Ku ring.

3. The subcellular localization of the canonical non-homologous end joining pathway components

NHJ-1 and LIG-4 in the L1 larva, and the adult germline and intestinal cells.
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which, in the face of wonders that are not of our making,
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Chapter I: Introduction and literature review

Introduction

This thesis details the story of the discovery and initial characterization of a novel gene required
for canonical non-homologous end joining (cNHEJ), a highly conserved DNA double-strand break
(DSB) repair pathway in the nematode Caenorhabditis elegans (C. elegans). Chapter | presents a
review of the literature relevant for both understanding the experiments and theoretical
frameworks which support the findings in this thesis, but also for situating them in a wider
context. It is divided into three parts: Part | introduces the various types and sources of DNA
damage, with emphasis on ionizing radiation (IR), the most efficient DSB-inducing genotoxic
stressor. It also contains an overview of the best understood DNA repair pathways, placing cNHEJ
in a larger context. This discussion focuses on mammalian systems, as our understanding of DNA
repair pathways primarily comes from studies in mammals, but deviations from this pattern in C.
elegans are noted in Part Ill. Part Il discusses cNHEJ in more detail, introducing the hitherto
identified molecular players which play a role in the process, the steps of the repair mechanism,
its regulation in the context of competing alternative DSB repair pathways in different tissues or
cell cycle stages, its evolutionary conservation and its relevance in mammalian development and
human disease. Part Ill consists of the introduction to the roundworm C. elegans as a model
organism, focusing on those aspects of its biology most relevant to understand the experimental
procedures in the dissertation, as well as its conclusions. Chapter Il describes the serendipitous
discovery of phenotypic diversity in the IR response among lines of the wild type strain N2, and
presents evidence that some N2 lines carry an unannotated recessive mutation which results in
IR sensitivity similar to that of cNHEJ mutants. Chapter lll describes the mapping of this mutation
to nhj-1, a previously uncharacterized gene, and presents the evidence that NHJ-1 is a cNHEJ
factor which acts downstream of the Ku ring. The cellular and tissue localization patterns of NHJ-
1 and the terminal cNHEJ effector LIG-4 are also described. The significance of these findings and
their implications are discussed in Chapter IV, as are the unanswered questions and avenues for

further research. The experimental methodology is detailed in Chapter V.
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Literature review, part I: DNA damage and repair

1.1.1 DNA and its structure as the basis of the genetic code

Life on planet Earth, and possibly in general, requires a set of instructions for growth,
development, and reproduction, that can be inherited (transmitted to progeny). These
instructions in turn require a physical basis, which in the case of Earth’s biota is provided by the
sturdy molecules called nucleic acids. In all non-viral forms of life discovered so far, the totality

of heritable units (genes), also known as the genome, is based on deoxyribonucleic acid (DNA).

Nucleic acids are polymers composed of covalently linked nucleotide units, and non-viral
genomic DNA is exclusively found in the form of two long strands bound to each other into a
helical structure by non-covalent links like hydrogen bonding and nucleotide stacking (for a
general review of DNA structure on which the summary presented below is based, see (Bowater
and Waller 2014)). Nucleotides are composed of a pentameric sugar (deoxyribose in DNA, ribose
in RNA) linked to a nitrogenous base via a glycosidic bond on its 1’ carbon atom, and to a
phosphate group on its 5 carbon. Nucleotides assemble into nucleic acid polymers through
covalent phosphodiester bonding between the 5’ phosphate group of one nucleotide and the 3’
hydroxyl group of another nucleotide. A linear single stranded DNA molecule possesses polarity,
with a phosphorylated 5’ terminus and a hydroxyl 3’ terminus. In double stranded DNA, the
strands are held together by nitrogenous base interactions (see below) and are oriented in an
antiparallel fashion, such that each end of double stranded DNA contains the 5’ terminus of one
strand and the 3’ terminus of the other. Because the phosphodiester bonds that hold a single
DNA strand together involve only deoxyribose and the phosphate groups, the term “sugar
backbone” is often used to describe this part of the molecule, in contrast to the nitrogenous
bases. There are five nitrogenous bases, also known as nucleobases, which are most commonly
found in nucleotides. All are derived from nitrogen-containing heterocyclic aromatic carbon
rings, with three nucleobases (uracil, thymine, and cytosine) based on pyrimidine, a six-atom ring,
and two (adenine, guanine) based on purine, a nine-atom fusion of pyrimidine and imidazole.

While not strictly correct, these nucleobases are often referred to as “purines” and “pyrimidines”
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after the aromatic ring from which they derive, and such usage is retained here. Under
physiological conditions, a purine from a nucleotide in one strand of DNA will interact by
hydrogen bonding with a pyrimidine from the other strand to stabilize the double helix. Adenine
bonds with thymine, while guanine binds to cytosine. Uracil is normally found only in RNA, where
it replaces thymine in bonding with adenine. This specificity in base binding is what enables the
mechanism of DNA replication, in which the hydrogen bonds between DNA strands are disrupted,
and new DNA strands synthesized by the addition of nucleotides with bases complementary to

the ones in the template strand.

The order of nucleobases in the DNA polymer represents the basis for the genetic code. Two
macromolecules critical for life processes are synthesized based on the information contained in
the DNA base sequence: ribonucleic acid (RNA) is synthesized much like DNA itself, using base
complementarity with existing DNA to create new RNA chains, while proteins, chemically and
structurally versatile polymers composed of amino acid monomers, are synthesized by the
addition of one amino acid for every three nucleotides (a triplet, or codon) of a DNA sequence,

via a messenger RNA (mRNA) intermediary.

An organism’s genome is organized in the form of chromosomes, long DNA polymers, which may
be circular or linear. On the chromosomes are located sequences which encode individual protein
and RNA molecules - the coding sequences or genes (though the exact definition of a gene may
be more inclusive than this — for an excellent review of the continually evolving definition of the
term “gene”, see (Portin and Wilkins 2017)). Chromosomes also contain sequences which
regulate the temporal and spatial expression (activity) of genes, as well as non-coding sequences
with important roles in chromosome maintenance, such as centromeres, which are required for
proper chromosome segregation in cell division (Fukagawa and Earnshaw 2014), and telomeres,
which cap linear chromosomes and prevent chromosomal fusion via inappropriate DNA repair as
well as excessive chromosome shortening during DNA replication (O'Sullivan and Karlseder
2010). In addition to functional sequences, chromosomal DNA includes intergenic “filler” or
“junk” sequences, and parasitic elements such as transposons which have the potential to

replicate faster than the rest of the genome (Palazzo and Gregory 2014).
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1.1.2 Genotoxic stressors

As a physical entity, the DNA polymer can be damaged in a variety of ways by genotoxic agents
found in the environment (exogenous genotoxins) and within the cell or the organism itself
(endogenous genotoxins). The exogenous/endogenous division is used here to broadly classify
common DNA damaging agents, but it is not the only classification method. One could
differentiate between chemical and physical agents, biogenic or non-biogenic, or categorize
them based on the type of damage inflicted to the DNA (eg, base adduct, nick in the sugar
backbone, double-strand break, etc), and such distinctions among genotoxic stressors described

below are pointed out where salient.
1.1.3 Molecular, cellular, and physiological consequences of DNA damage

Before we move on to a discussion of specific genotoxic stressors, it is worthwhile to briefly
consider the multitudinous effects DNA damage can have on a cell or an organism. On the lower
end of the severity spectrum, a single nucleobase within a coding region may be chemically
altered such that it no longer pairs with the appropriate partner, which can affect RNA
transcription, and in turn the translation of mRNA into a protein. Because the genetic code is
degenerate, ie an amino acid can be encoded by several codons (Hartman and Smith 2014), a
single nucleotide change in the DNA will not necessarily result in an amino acid change in the
protein sequence. Furthermore, a single nucleotide mutation need not impact protein function
even if it does cause an amino acid substitution, or impact it only slightly. Greater in severity are
changes which more acutely disrupt protein or RNA function, including both single nucleotide
alterations which cause a substitution in a functionally critical amino acid in the protein or
nucleotide residue in the RNA, as well as larger scale changes to the DNA, such as a loss of many
nucleotides. In this latter case, many monomer residues may be lost from or inappropriately
incorporate into the protein or RNA, with a greater chance of a negative functional outcome. In
the case of protein-coding genes, a deletion or insertion of a number of nucleotides indivisible
by three results in a frame-shift, je, a change in codon identity downstream of the damaged site,
leading to missense translation and loss of normal protein function. The most severe kinds of

damage may result in a simultaneous loss of many genes, as in the case of large deletions caused
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by unrepaired or improperly repaired DSBs. On a cellular level, the effects of such genomic injury
may range from reduced function to senescence and death. If the damage to DNA is not repaired
before DNA replication occurs in the affected cell, the changes to the nucleotide sequence may
become fixed and transmitted to subsequent cellular generations as mutations. On the
organismal level, cancer is one of the potential outcomes of such mutations (affecting cell
proliferation, growth, and identity), while aging is hypothesized to be another (Bouwman and
Jonkers 2012, Wolters and Schumacher 2013). It is therefore unsurprising that pathways to
counteract DNA damage and its effects have evolved early in the history of life (Caplin and Willey
2018). Furthermore, cells have evolved to utilize and indeed produce DNA damage in a controlled
setting to enable critical life processes. Examples include topoisomerase-mediated induction of
transient breaks in the DNA to resolve the topological problems that arise from DNA replication
and transcription of RNA (Wang 2002), generation of DSBs to promote genetic exchange between
parental chromosomes in meiosis (Zickler and Kleckner 2015), the recombination which allows
mate-type switching in Saccharomyces cerevisiae (S. cerevisiae) (Haber 2012) and the V(D)
recombination responsible for antigen receptor diversity in the mammalian immune system
(Malu, Malshetty et al. 2012). The remainder of Part | will focus on pathological DNA damage

induced by genotoxic agents.
1.1.4 Endogenous genotoxic stressors

As mentioned above, genotoxic stressors can be divided into two groups depending on whether
their source is endogenous or exogenous. Endogenous genotoxic stress can be further subdivided
into two groups: aberrant or erroneous enzymatic action by endogenous proteins, and chemical
or mechanical damage caused by the interaction of the DNA chains with normal cellular

metabolites and internal environments.
1.1.4.1 Replication errors

One source of endogenous enzymatic genotoxic stress comes from DNA polymerases during DNA
synthesis, which may erroneously incorporate an inappropriate nucleotide into the nascent DNA
strand (Loeb and Monnat 2008). The 14 known human DNA-dependent DNA polymerases vary

greatly in error rate. High fidelity replicative polymerases Pol 6 and Pol e commit an incorporation
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error at a rate of 10® or less. Low fidelity polymerases such as Pol n, which can synthesize DNA
through lesions which would block the standard replicative complexes in a process called
translesion synthesis (TLS), can have error rates as high as 102 (Loeb and Monnat 2008). High
fidelity polymerases have a lower error rate not only because of an intrinsically higher selectivity,
but because they often also contain a proofreading exonuclease activity which immediately
removes misincorporated nucleotides (Kunkel 2009). Apart from the intrinsic error rate of the
polymerase, a mismatched nucleotide is more likely to be incorporated when the ratio of

deoxyribonucleotide triphosphates (ANTPs) is unbalanced (Buckland, Watt et al. 2014).

In addition to base mismatches, replication errors also include insertions or deletions caused by
the slippage of the primer and template strands in relation to each other, which can occur in
regions with repetitive sequences (Mittelman 2013). Moreover, ribonucleotide triphosphate
(rNTP) units may be incorporated into the DNA strand instead of dNTPs, which can distort the
shape of the DNA double helix and make the sugar backbone prone to breakage (Potenski and
Klein 2014). Polymerases may also erroneously incorporate deoxyribouridine triphosphate
(dUTP), which despite being chemically equivalent to deoxyribothymidine triphosphate (dTTP),
presents a problem in the context of DNA as it may be misinterpreted by the DNA repair
machinery as a product of cytosine deamination, which occurs frequently (Vertessy and Toth
2009). Most replication errors which are not immediately corrected by proofreading are repaired

by mismatch repair (MMR, see section 1.1.6.3).
1.1.4.2 Aberrant enzymatic activity

Pathological activity by topoisomerases and the RAG complex represent another source of
endogenous enzymatic DNA damage. Topoisomerases are enzymes specialized to relieve the
topological stress of supercoiling in the DNA which results from replication or transcription
(Wang 2002). Two main classes of topoisomerases exist: class | topoisomerases cut DNA one
strand at a time, creating transient single-strand breaks (SSBs); class Il topoisomerases cut both
DNA strands at the same time, creating a DSB (Wang 2002). After SSB or DSB induction,
topoisomerases transiently bind to the DNA end via a covalent bond between a tyrosine residue

in the enzyme and the phosphate of the nucleotide (Pommier, Barcelo et al. 2006). Known as
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cleavage complexes, these structures are normally transient, but in certain cases may be
stabilized, leaving an exposed DNA end (Adachi, Suzuki et al. 2003, Pommier, Barcelo et al. 2006).
Class | topoisomerase-induced SSBs are repaired by the SSB repair pathway (section 1.1.6.4),
while the DSBs caused by class Il topoisomerases are predominantly repaired by cNHEJ (see Part

Il of this chapter) or a homologous recombination-based pathway (sections 1.1.6.5.1a-d).

Enzymes other than topoisomerases have been proposed to induce pathological DSBs. Activation
induced cytidine deaminase (AID) normally functions to initiate an enzymatic cascade which
produces DSBs essential for class switch recombination (CSR) and somatic hypermutation (SHM),
mechanisms which are critical for antibody diversity (Robbiani, Bothmer et al. 2008). However,
AID has been shown to be required for DSBs which lead to oncogenic translocations (Robbiani,
Bothmer et al. 2008). AID also cooperates with the recombinase activating gene (RAG)
endonuclease complex, which normally creates DSBs during the V(D)J recombination process to
generate antigen receptor diversity in lymphocytes, to create off-target DSBs (Mahowald, Baron

et al. 2008, Tsai, Lu et al. 2008).
1.1.4.3 Spontaneous hydrolysis

Spontaneous hydrolysis affects exocyclic amines in nucleobases and glycosidic bonds between
nucleobases and deoxyribose, and is major non-enzymatic source of endogenous DNA damage.
Base deamination produces uracil from cytosine, hypoxanthine from adenine, xanthine from
guanine, and thymine from 5-methyl cytosine (Chatterjee and Walker 2017). Cytosine and 5-
methyl cytosine are deaminated with much greater frequency than the other bases, and single
stranded DNA, even in transient structures such as replication forks or transcription bubbles, is
more prone to base deamination (Lindahl 1979, Lindahl 1993). Most of the resulting base
mismatches are repaired by MMR (section 1.1.6.3) before DNA replication. If left unrepaired, the
conversion of cytosine to uracil or 5-methyl cytosine to thymine results in a G:C to A:T point
mutation following DNA replication. These deamination-initiated base transitions play an
important role in SHM, though in this context they are regulated by AID instead of occurring

spontaneously (Chandra, Bortnick et al. 2015).
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Spontaneous hydrolysis can also affect the glycosidic bond, cleaving off the nucleobase from the
sugar backbone and leaving an abasic site, also known as an apurinic/apyrimidinic (AP) site
(Chatterjee and Walker 2017). It has been estimated that between 2,000 and 10,000 abasic sites
are created daily in a human cell, increasing in frequency with higher temperatures and pH
extremes (Lindahl 1993). AP sites are readily repaired by base excision repair (BER, see section
1.1.6.1) and less efficiently by nucleotide excision repair (NER, see section 1.1.6.2) (Boiteux and
Guillet 2004, Chatterjee and Walker 2017). If left unrepaired, AP sites present a problem for the
replication machinery but can be bypassed by TLS polymerases, resulting in mutation (Boiteux
and Guillet 2004). Furthermore, AP sites are unstable and can convert into SSBs (Chatterjee and

Walker 2017).
1.1.4.4 Reactive oxygen species (ROS)

The final major source of endogenous genotoxic stress is reactive oxygen species (ROS). These
include the superoxide anion (Oz’), which is produced by mitochondrial aerobic metabolism;
hydrogen peroxide (H203), which is generated by superoxide dismutases from O;7; and the highly
reactive hydroxyl radicals (‘OH), which are typically produced from H,0; by ferrous or cuprous
ions, although they can also be generated by the action of the exogenous genotoxic stressor
ionizing radiation (IR, see section 1.1.5.1) on water molecules (Cadet and Wagner 2013, Schieber
and Chandel 2014). While aerobic metabolism is the main source of ROS in the cell, they can also
be generated by catabolic oxidases, anabolic processes, and phagocytosis (Henle and Linn 1997).
Despite playing a role in cellular signalling at low doses (Schieber and Chandel 2014), when
produced in excess, ROS, and in particular ‘OH, readily react with any nearby macromolecules,
including DNA. About 100 distinct lesions in the DNA are induced by oxidation of nucleobases or
the sugar backbone, including nucleobase hydroperoxides, diastereomeric nucleosides, DNA
intra- or inter-strand crosslinks, DNA-protein crosslinks, and SSBs (Cadet and Wagner 2013,

Chatterjee and Walker 2017).
1.1.5 Exogenous sources of DNA damage

Exogenous DNA damaging agents originate outside of the cell or organism, and can be broadly

divided into radiological, including ionizing radiation and ultraviolet radiation (UVR), and
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chemical, including alkylating agents, aromatic amines, polycyclic aromatic hydrocarbons, and
biological toxins. Beyond these two broad categories, genotoxic stress can also result from
physical or chemical conditions in the environment, including high or low temperature and low

oxygen availability (hypoxia).
1.1.5.1 lonizing radiation (IR)

lonizing radiation is composed of particles energetic enough to convert atoms in their path into
ions. Examples include alpha particles (helium nuclei), beta particles (electrons or positrons),
neutrons, and highly energetic photons (X-rays and gamma rays) (Donya, Radford et al. 2014). IR
can originate from natural sources like radionuclides in the rocks or soil, radon gas, and cosmic
rays from outer space, but also anthropogenic sources like radioactive waste, nuclear tests and
accidents, and medical devices in the course of treatment (Desouky, Ding et al. 2015, Chatterjee
and Walker 2017). At sea level, approximately 300 million IR particles (mostly gamma and X-rays)
have been estimated to pass through a person per hour, about half of which come from terrestrial
sources and the other half from space (Lieber 2010). Each type of IR may be further classified
with respect to how it affects biological macromolecules (directly or indirectly), or by ionization
density (or linear energy transfer, LET) (Chatterjee and Walker 2017), which is a measure of the
energy lost by the ionizing particles as they traverse a medium (International Commission on
Radiation and Measurements 2011). Alpha particles are considered high LET (Chatterjee and
Walker 2017), and are thus more easily stopped by shielding than the more penetrative low LET
particles like beta particles or photons. IR causes DNA damage either directly, striking the DNA
molecule itself and disrupting its structure, or indirectly, by hitting the abundant water molecules
or other organic molecules in the cell to generate hydroxyl radicals (see section 1.1.4.4) or alkoxy
radicals (‘OR), both highly reactive species which can attack nucleobases or the sugar backbone
(Desouky, Ding et al. 2015). Additionally, IR-induced radicals may in turn generate other DNA-
reactive species (Wardman 2009). In total, indirect damage from hydroxyl radicals accounts for
~65% of IR-induced DNA lesions, and the spectrum of IR-induced DNA damage is therefore similar
to that caused by ROS (Chatterjee and Walker 2017). However, IR also efficiently creates SSBs
with the unique chemical signature of a 3’ phosphate or phosphoglycolate, instead of the more

usual hydroxyl group (Chatterjee and Walker 2017). Since it often results in clustered or complex
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DNA damage (multiple lesions within one turn of the double helix) (Mladenov and lliakis 2011),
IR is also the most efficient genotoxic stressor in the formation of DSBs, which readily form from
two SSBs in close proximity to another (but on opposite strands), or even two nucleobase lesions
on opposite strands, if their repair mechanism involves the generation of SSBs (Hutchinson 1985,
lliakis 1991). If improperly repaired, DSBs can lead to chromosomal aberrations such as
translocations. If left unrepaired, they present an insurmountable obstacle both to DNA
replication and to faithful segregation of genetic material (Mehta and Haber 2014), and can lead
to a loss of hundreds of genes located distally to the DSB on the chromosome. DSBs are repaired
either by an end joining (EJ) pathway or a homologous recombination (HR)-based pathway,

depending on the cellular context (see section 1.2.3).
1.1.5.2 Ultraviolet (UV) radiation

UV radiation represents another form of a radiological genotoxic stressor. It is composed of
photons with insufficient energy to cause ionization of matter, but enough to create or break
covalent bonds. The overwhelmingly dominant source of UV radiation is the Sun (Kiefer 2007),
though anthropogenic sources such as UV lamps are also widespread, ranging from germicidal
lamps to tanning beds. The UV part of the electromagnetic spectrum is properly defined as being
between 100 nm and 400 nm in wavelength, and is further subdivided into four categories (Kiefer
2007). The most energetic UV radiation is called cosmic UV or Schumann UV, and has a
wavelength range of 100-200 nm. Because it is efficiently absorbed by the gases in the
atmosphere (Kiefer 2007), cosmic UV may be of concern in interplanetary travel, but has little
effect on the Earth’s biota. The next most energetic part of the UV spectrum is UV-C (200-280
nm), which is strongly absorbed by the ozone and diatomic oxygen in the atmosphere and rarely
reaches the surface except in ozone-depleted areas (Rastogi, Richa et al. 2010). However, UV-C
is widely used in laboratory contexts because it is maximally absorbed by DNA (Chatterjee and
Walker 2017). The less energetic UV-B (280-315 nm) and UV-A (315-380 nm) do reach the surface
to affect the organisms living there, but represent only 5.1% and 0.3% of total sunlight, with
visible spectrum light (62.7%) and infrared (31.9%) accounting for the rest (Kiefer 2007,
Chatterjee and Walker 2017).
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Like IR, UV radiation can cause DNA damage by direct excitation of biomolecules, leading to
photochemical alteration, or indirectly, by energy transfer from other molecules, known as
“photosensitizers”, that have been directly excited by UV photons (Kiefer 2007, Rastogi, Richa et
al. 2010). The two main types of DNA lesion caused by UV-C radiation are cyclobutane pyrimidine
dimers (CPDs) and pyrimidine (6-4) pyrimidone photoproducts (6-4PPs), both of which result
from covalent bonding between neighboring nucleotides, with two bonds in CPDs and one bond
in 6-4PPs linking the pyrimidine rings (Rastogi, Richa et al. 2010, Chatterjee and Walker 2017).
Less frequently, UV-C exposure can generate other photoproducts, including thymine glycols,
pyrimidine hydrates, and dipurine adducts (Chatterjee and Walker 2017). In contrast to UV-C,
UV-B is much less efficient in forming pyrimidine dimers (Rastogi, Richa et al. 2010), while UV-A
damages DNA by photooxidation, creating oxidized nucleobase adducts, or by excitation of
endogenous photosensitizers (Douki, Perdiz et al. 1999, Chatterjee and Walker 2017). All forms
of UV are also capable of attacking the sugar backbone and causing SSBs (Rastogi, Richa et al.
2010, Chatterjee and Walker 2017). CPDs, 6-4PPs, and oxidative lesions are bulky lesions which
distort the shape of the double helix and interfere with transcription and replication (Rastogi,
Richa et al. 2010). They are predominantly repaired by NER (section 1.1.6.2), though interstrand
crosslink (ICL) repair and HR may also contribute to repair in the case of more complex lesions
(Chatterjee and Walker 2017). If left unrepaired, they can be bypassed in replication by the TLS
polymerase Pol n (Goodman and Woodgate 2013).

1.1.5.3 Alkylating agents

As mentioned above, exogenous genotoxic stressors also include chemical agents which can react
with DNA. One such group of DNA damaging molecules are alkylating agents, which are chemicals
that can efficiently react with the highly nucleophilic nitrogen atoms in the heterocyclic rings of
nucleobases to add an alkyl group and create an adduct (Fu, Calvo et al. 2012, Chatterjee and
Walker 2017). The N7 position in guanine and the N3 position in adenine are particularly
vulnerable to alkylation, but nitrogen and oxygen atoms in other nucleobases, as well as the
phosphates in the sugar backbone, can also be alkylated (Chatterjee and Walker 2017). Alkylation
of the major sites on adenine (N1 and N3) can result in a replication block or an A>T transversion

(Fu, Calvo et al. 2012). In guanine, alkylation of N7 often leads to depurination (formation of an
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AP site), which is itself unstable and potentially mutagenic, while alkylation of O6 can stall
replication or produce a G=>A transition (Fu, Calvo et al. 2012). Alkylating agents are commonly
found in the environment, in various dietary sources, in tobacco smoke, employed as industrial
processing agents and chemotherapeutic agents, and are also generated by biomass burning
(Chatterjee and Walker 2017). A few alkylating agents find common laboratory use as mutagens
or carcinogens. These include methyl methanesulfonate (MMS), ethyl methanesulfonate (EMS),
methyl nitrosourea (MNU), and ethyl nitrosourea (ENU) (Acevedo-Arozena, Wells et al. 2008,
Chatterjee and Walker 2017). Direct damage reversal (section 1.1.6), BER (section 1.1.6.1), and ICL
repair are believed to be the primary pathways responsible for the repair of alkylation adducts

(Wyatt and Pittman 2006).
1.1.5.4 Aromatic amines

Another class of genotoxic chemicals which can effect alkylation are aromatic amines. Examples
include 2-acetylaminofluorene and 2-aminofluorene, which were used as insecticides before
their carcinogenicity was established (Kriek 1992). Principally found in cigarette smoke, fuel, coal,
industrial dyes, pesticides, and as by-products of high temperature cooking (Chatterjee and
Walker 2017), aromatic amines are metabolized by the cytochrome P450 enzymes (Hammons,
Milton et al. 1997) and converted into alkylating agents which target the C8 position of guanine,
resulting in base substitutions and frameshift mutations (Heflich and Neft 1994, Hammons,
Milton et al. 1997). Lesions produced by aromatic amines are repaired by NER (see section 1.1.6.2)

(Mu, Kropachev et al. 2012).
1.1.5.5 Polycyclic aromatic hydrocarbons (PAHs)

Polycyclic aromatic hydrocarbons (PAHs) represent another major class of chemical genotoxic
stressors, with benzo(a)pyrene being the best-known example (Chatterjee and Walker 2017, Ewa
and Danuta 2017). PAHs are composed of two or more aromatic carbon rings, and are commonly
found in tobacco smoke, automobile exhaust, charred food, and incompletely combusted organic
matter or fossil fuels (Chatterjee and Walker 2017). Like aromatic amines, PAHs are metabolized
by the cytochrome P450 system to create DNA-reactive compounds which can intercalate into

the double helix and react with the N2 atom in guanine and N6 in adenine to form adducts
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(Cosman, de los Santos et al. 1992, Ewa and Danuta 2017). Like other DNA adducts, PAH lesions
are both mutagenic and represent an obstacle to DNA replication (Ewa and Danuta 2017), though
they can be bypassed by the TLS polymerase Pol k (Jha, Bian et al. 2016). PAH-generated adducts
are primarily repaired by NER (section 1.1.6.2) or BER (section 1.1.6.1) (Braithwaite, Wu et al.
1998, Ewa and Danuta 2017).

1.1.5.6 Toxins

DNA-reactive compounds can also be found among toxins of biological origin. Toxic molecules
are often produced by bacteria, fungi, and plants for both offensive and defensive deployment
(Ames, Profet et al. 1990, Dolan, Matulka et al. 2010). Among hundreds of examples, (Ames,
Profet et al. 1990) some DNA-reactive toxins include furocoumarins in citrus fruit and the
carrot/celery family Umbelliferae, which can generate DNA adducts and crosslinks; safrole, which
is found in the aromatic oils of nutmeg, cinnamon, and camphor and can electrophilically attack
DNA (Ewa and Danuta 2017); and aflatoxins, which are synthesized by two fungal species in the
genus Aspergillus, and which attack the N7 atom in guanine, often resulting in depurination

(Chatterjee and Walker 2017).
1.1.5.7 Physical stressors

The last type of exogenous genotoxic stressor to merit brief attention here is that of physical
environmental causes. One such factor is temperature; Transient exposure to very low
temperatures above freezing has been shown to lead to DNA fragmentation (Gregory and Milner
1994), and prolonged exposure to 25°C can result in ROS formation and DNA damage in the form
of DSBs (Neutelings, Lambert et al. 2013). For a good overview of heat-stress induced DNA
damage, see (Kantidze, Velichko et al. 2016). Low availability of oxygen (hypoxia) also promotes
DNA damage by downregulating several DNA repair pathways, including cNHEJ, HR, and MMR
(Luoto, Kumareswaran et al. 2013). Furthermore, a return to a fully oxygenated state may trigger

a burst of ROS, resulting in concomitant DNA damage (Luoto, Kumareswaran et al. 2013).
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1.1.6 DNA repair pathways

Given the diversity and ubiquity of both endogenous and exogenous genotoxic stressors, it is
unsurprising that living organisms have evolved ways to cope with this unceasing assault on their
genomes. In the following sections, a brief overview of major hitherto characterized DNA repair
pathways will be presented. However, it is worth pointing out that DNA repair is but one of
several mechanisms available to a cell to deal with DNA damage (Chatterjee and Walker 2017).
First, cells may employ DNA damage checkpoints, which are signaling axes that interface with cell
cycle machinery to temporarily halt cell cycle progression until the DNA damage is resolved
(Houtgraaf, Versmissen et al. 2006, Shaltiel, Krenning et al. 2015). Second, certain less severe
forms of DNA damage like nucleobase adducts may be tolerated instead of immediately repaired
(Friedberg 2005). Mechanisms of DNA damage tolerance include the previously described
translesion synthesis (TLS); post-replication repair, in which the replicative complex will “skip”
over the (single strand) damaged lesion and assemble ~1000 nucleotides later to resume
replication while the remaining gap is filled in by recombination between the daughter DNA
molecules after the replication fork has passed; and replication fork regression, in which one of
the two new DNA strands can use the other new DNA strand as a template instead of the
damaged parental strand, forming a temporary four-stranded ‘chicken foot’ structure until the
daughter strands can re-engage with the parental strands (Friedberg 2005). Finally, if the DNA
damage can be neither tolerated nor repaired, the cell can opt to self-destruct by a mechanism
of programmed cell death (PCD). The best known mechanism of PCD is apoptosis in the phylum
Metazoa, but PCD has also been described in various unicellular organisms where it amounts to

organismal suicide, a phenomenon which has been variously intepreted in terms of kin selection

or group selection (Kaczanowski, Sajid et al. 2011, Nedelcu, Driscoll et al. 2011).

Our understanding of DNA repair pathways is continually expanding, as is their classification. Six
main repair pathways, or groups of pathways, will be discussed in the following sections,
including base excision repair, nucleotide excision repair, mismatch repair, single strand break
repair, homologous recombination, and non-homologous end joining. What is common to all
these types of repair is that the damaged lesion is removed, usually together with a surrounding

segment on the DNA, and replaced with de novo synthesis. This contrasts with several ancient
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repair pathways which are specialized to directly reverse the damage to nucleobases without
removal of the lesion (Chatterjee and Walker 2017), which deserve brief mention. Examples
include photoreactivation, a pathway conserved from bacteria to vertebrates (Lucas-Lledo and
Lynch 2009), in which a photolyase restores original pyrimidine nucleobases from CPDs and 6-
4PPs caused by UV radiation (Weber 2005); and the reversal of O-alkylation in nucleobases by
O°%-alkylguanine alkyltransferase (AGT), and of N-alkylation by AlkB-related a-ketoglutarate
dependent dioxygenases (Mishina, Duguid et al. 2006).

1.1.6.1 Base excision repair (BER)

Base excision repair is a pathway specialized to repair DNA lesions which do not greatly distort
the shape of the DNA helix, such as nucleobase oxidation, deamination, or alkylation, as well as
single abasic sites (Dianov and Hubscher 2013, Chatterjee and Walker 2017). BER begins with
chromatin remodeling around the damaged lesion to allow the repair machinery to access the
DNA (Odell, Wallace et al. 2013), which is a theme conserved across most DNA repair pathways.
The damaged site is subsequently recognized by one of several DNA glycosylases which excise
the damaged nucleobase from the double helix by severing its glycosidic bond to deoxyribose
(Krokan and Bjoras 2013). The pathway forks into two possible directions at this step, depending
on the nature of the glycosylase enzyme which performed the nucleobase excision.
Monofunctional DNA glycosylases channel the lesion into the short-patch repair sub-pathway,
while bifunctional DNA glycosylases, which in addition to the glycosylase activity, also possess a
B-lyase activity, guide the damaged site into the long-patch repair sub-pathway (Dianov and
Hubscher 2013). In short-patch repair, an AP endonuclease (APE1) cleaves the DNA backbone
and creates an SSB, leaving a deoxyribose phosphate at the 5’ end. DNA Pol B then removes this
phosphate with its lyase activity, and simultaneously adds the missing nucleotide. In the final
step, the nick in the sugar backbone is repaired by DNA ligase llla (Lig llla), in complex with X-ray
repair cross complementing 1 (XRCC1) (Dianov and Hubscher 2013). The long-patch pathway is
initiated either by bifunctional DNA glycosylases or in cases where SSB ends are too chemically
complex to be immediately ligated (such as those created by IR). Here, after the initial nucleotide
is added by DNA Pol B, replicative polymerases Pol & and Pol € continue synthesizing DNA,

displacing one strand and creating a “flap” of 2-12 nucleotides. This flap is removed by flap
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endonuclease |, and the resulting nick in the sugar backbone is sealed by DNA ligase | (Dianov

and Hubscher 2013, Chatterjee and Walker 2017).
1.1.6.2 Nucleotide excision repair (NER)

Nucleotide excision repair is a pathway optimized to remove bulky single-strand lesions which
distort the shape of the double helix, including the common UV photoproducts CPDs and 6-4PPs
(section 1.1.5.2) (Chatterjee and Walker 2017). Like BER and other repair pathways, NER requires
chromatin remodeling to permit the repair proteins access to the damaged site (Scharer 2013).
Two distinct subpathways of NER exist, distinguished on the basis of how the DNA damage is
detected: global genome NER (GG-NER), and transcription-coupled NER (TC-NER). In GG-NER, a
complex composed of the proteins Xeroderma pigmentosum complementation group C (XPC),
UV excision repair protein Radiation sensitive 23 homolog B (RAD23B), and Centrin 2 (CENT2)
scans the genome for the presence of single-stranded DNA (ssDNA) which arises from strand
displacement caused by the damaged lesion (Chatterjee and Walker 2017). Upon binding to the
damaged site, XPC recruits the ten-subunit transcription initiation factor Il H (TFIIH) complex,
which plays a role both in transcription of protein coding genes and in NER (Compe and Egly
2012). The final phase of GG-NER consists of three coordinated steps: the excision of a segment
of the damaged DNA strand around the lesion, carried out by the structure-specific
endonucleases XPF-ERCC1 and XPG (Fagbemi, Orelli et al. 2011); gap filling performed by DNA
Pol §, Pol €, or Pol k (Ogi, Limsirichaikul et al. 2010); and terminal ligation executed by either DNA
ligase | or the DNA Ligase IlI-XRCC1 complex (Chatterjee and Walker 2017). By contrast, TC-NER
initiates when RNA polymerase Il encounters a bulky lesion and is blocked from proceeding. This
stalling recruits CSA (Cockayne syndrome protein A) and CSB (Cockayne syndrome protein B),
which backtrack the RNA Pol Il holoenzyme to expose the lesion. CSA and CSB then assemble a
set of core NER proteins (excluding XPC, which is specific to GG-NER) and several proteins specific
to TC-NER (Fousteri, Vermeulen et al. 2006, Schwertman, Lagarou et al. 2012), after which TFIIH
is recruited and the sequence of downstream events converges with GG-NER (Marteijn, Lans et

al. 2014, Chatterjee and Walker 2017).
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1.1.6.3 Mismatch repair (MMR)

Mismatch repair is a pathway that corrects errors arising in DNA replication, including both the
removal of mismatched nucleotide which have escaped the proofreading activity of major
replicative polymerases as well as the insertion-deletion loops (IDLs) which occur as a
consequence of replicative strand slippage in repetitive sequence regions (Jiricny 2006, Kunkel
2011, Chatterjee and Walker 2017). As in other DNA repair pathways, initiation of repair is
preceded by localized chromatin remodeling (Li 2014). The replication error is first recognized by
a MutS heterodimer, either MutSa (composed of MSH2 and MSH6) in the case of base
mismatches and short IDLs, or MutSB (composed of MSH2 and MSH3) in the case of longer IDLs
(Sachadyn 2010). MutL heterodimers (in humans, predominantly the MutLa dimer composed of
MLH1 and PMS1) then bind to the MutS heterodimers, together forming a dynamic assembly
anchored to the site of the mismatch (Qiu, Sakato et al. 2015, Chatterjee and Walker 2017). With
its endonuclease activity MutlLa generates a nick in the sugar backbone of the mismatched strand
which is then further digested by the exonuclease EXO1, creating a gap (Jiricny 2013, Chatterjee
and Walker 2017). In the final steps of repair, the gap is filled by DNA polymerase 6 and accessory
replication factors, followed by the terminal ligation executed by DNA ligase | (Jiricny 2013,

Chatterjee and Walker 2017).
1.1.6.4 Single strand break repair (SSBR)

The three repair pathways discussed above deal with damage to nucleobases or errors in their
incorporation into the polymer chain. The three pathways discussed in the following sections and
in Part Il are the primary repair mechanisms to deal with DNA damage which breaks the
phosphodiester bonds in the sugar backbone. The less deleterious form of such DNA damage are
single-strand breaks, which are discontinuities in the sugar backbone of only one of the strands
of the double helix. SSBs may be accompanied by the loss of one or more nucleotides, and
chemically altered (or blocked) 5’ or 3’ break termini (Caldecott 2008). The most common sources
of SSBs include direct damage to deoxyribose by ROS (section 1.1.4.4) or IR (section 1.1.5.1),
endonucleolytic cleavage that occurs as part of another repair process such as BER (section

1.1.6.1) or NER (section 1.1.6.2), and pathologic activity of class | topoisomerases (Caldecott 2014).
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Left unrepaired, SSBs can lead to replication fork collapse, stall the progression of transcription,
or even trigger necrosis or apoptosis by overactivation of the SSB sensor poly ADP-ribose
polymerase-1 (PARP1) and depletion of NAD+ and ATP in the cell (Heeres and Hergenrother 2007,
Caldecott 2014). Most SSBs are first detected by PARP1, which then covalently attaches branched
chains of poly (ADP-ribose) to itself and other target proteins, including the neighboring
chromatin, clearing the way for subsequent repair (Caldecott 2007, Caldecott 2014). The
exception are SSBs caused by APE1 activity during BER, which in most cases do not require PARP1
activity. The next step in the repair process is the recruitment of processing enzymes, including
APE1, polynucleotide kinase 3’-phosphatase (PNKP), aprataxin (APTX), aprataxin-like factor
(APLF), which process the termini of general SSBs, and tyrosyl DNA phosphodiesterase 1 (TDP1),
which is specialized for topoisomerase |-induced SSBs (Zhou, Lee et al. 2005, El-Khamisy,
Hartsuiker et al. 2007, Caldecott 2014). An important role here is played by the molecular scaffold
protein XRCC1, which directly interacts with PNKP, APTX, and APLF, and indirectly with TDP1, and
also recruits DNA polymerase B and DNA ligase lll, enzymes instrumental in the remaining two
steps of SSB repair — gap filling and terminal ligation (Caldecott 2014). In these last steps, SSB
repair converges with BER, with two distinct sub-pathways operating depending on the size of
the gap in the damaged DNA strand. In the case of single nucleotide gap filling (the short-patch
sub-pathway), the nucleotide is incorporated by Pol B and the nick is ligated by Lig Ill. As in BER,
gap filling may be extended to between 2 and 12 nucleotides (the long-patch sub-pathway), in
which the DNA synthesis is performed by Pol 6 and Pol €, and the terminal ligation executed by
DNA ligase | (Caldecott 2014).

1.1.6.5 Double strand break repair

Because of the potential to affect chromosome segregation and effect large scale gene loss
(Mehta and Haber 2014), DNA double-strand breaks represent the most severe form of DNA
damage. Since at least 10 DSBs per day per cell are estimated to occur in human cells (Lieber
2010), with some estimates as high as 50 DSBs (Vilenchik and Knudson 2003), the need for DSB
repair is acute. The diverse pathways which repair DSBs can be classified into two broad
categories, depending on whether the repair mechanism requires the presence of sequences

with extensive homology to the damaged region or not. Long homologous stretches are required
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for HR-mediated DSB repair, which includes the double Holliday junction (dHJ) pathway,
synthesis-dependent strand annealing (SDSA), and single-strand annealing (SSA). Much shorter
or no sequence homology is required in EJ pathways, including canonical NHEJ and “alternative”
end joining (Alt-EJ) or microhomology-mediated end joining (MMEJ). In the following sections,
HR-based pathways are briefly discussed, and a more extensive discussion of cNHEJ as well as a

concise overview of Alt-EJ are provided in Part Il of this chapter.
1.1.6.5.1 Homologous recombination (HR)-based repair

All HR-based pathways start with the detection of the DSB by the MRN (MRE11-RAD50-NBS1)
complex. Like other DNA repair pathways, HR-based DSB repair involves chromatin modification
and signaling events known collectively as the DNA damage response (DDR). Major events in DDR
include the MRN-mediated recruitment and activation of ataxia-telangiectasia mutated (ATM)
kinase, phosphorylation of histone 2AX (H2AX), poly-ADP ribosylation (PARylation) of chromatin,
and recruitment of mediator of DNA damage checkpoint 1 (MDC1), p53-binding protein 1
(53BP1), and breast cancer 1 (BRCA1), which collectively act to coordinate the proper cellular

response to damage (Ciccia and Elledge 2010, Wei and Yu 2016, Chatterjee and Walker 2017).
1.1.6.5.1a Single-strand annealing (SSA)

The simplest of the HR-based pathways, SSA contrasts with the dHJ pathway and SDSA in that it
occurs between direct repeats on the same chromosome by intra-molecular recombination. In
this respect it is similar to Alt-EJ/MMEJ, which is also known as micro-SSA (Bhargava, Onyango et
al. 2016), but it requires more extensive homology between the repeats, with between 20-30
nucleotides being the minimum extent of required homology (Mehta and Haber 2014, Chang,
Pannunzio et al. 2017). Like other HR pathways, SSA begins with the resection of opposite strands
on each side of the break, which is a two step-process. In the first, or “end clipping” phase, the
MRN complex binds the DSB together with CtIP. This activates the endonuclease activity of
MRE11, removing a small number of nucleotides (~20 in mammals, and up to 300 in yeast)
(Ceccaldi, Rondinelli et al. 2016). At this stage, the DSB can be channeled into the Alt-EJ pathway
(section 1.2.4), or a second, more extensive resection phase can occur. This involves several

helicases and exonucleases, including DNA2, BLM, WRN, CtIP, and EXO1, and commits the DSB

40



to HR-based repair (Ceccaldi, Rondinelli et al. 2016). After the second resection phase, the
complementary strands of the identical or nearly identical repeats on either side of the DSB can
anneal in a process mediated by RAD52, leaving unpaired ssDNA flaps of non-homologous
sequences between the repeats (Mehta and Haber 2014, Morrical 2015). These flaps are
removed by the XPF-ERCC1 endonuclease in complex with MutSB (MSH2-MSH3), the remaining
gaps presumably filled by one or more DNA polymerases (though it is not yet clear which
polymerases act in SSA) (McVey, Khodaverdian et al. 2016), and finally sealed by DNA ligase |
(Mehta and Haber 2014, Ceccaldi, Rondinelli et al. 2016). Because the sequences between the
annealing repeats are lost, SSA is an intrinsically mutagenic repair pathway, although this appears

to be an acceptable tradeoff for the restoration of chromosomal integrity.
1.1.6.5.1b Synthesis-dependent strand annealing (SDSA)

In contrast to SSA, SDSA and the dHJ pathway usually require a homologous sequence on another
DNA molecule, whether in the form of a sister chromatid, an allelic sequence on the homologous
chromosome, or some other genomic extrachromosomal source, such as a plasmid. The
extensive resection around the DSB takes place as in SSA, but the 3’ ssDNA overhang created by
the processing is then mobilized to perform a “strand-invasion” of the homologous repair
template. The ssDNA is first bound by replication protein A (RPA), possibly in an effort to remove
any secondary structures (ie, intra-strand hydrogen bonding) which may have formed, but is
quickly replaced by RAD51 recombinase (Mehta and Haber 2014). The RAD51-ssDNA
nucleoprotein filament then searches local cellular space for the presence of homologous double
stranded DNA (dsDNA). Upon locating a homologous sequence, RAD51 mediates the base pairing
between the ssDNA overhang from the damaged strand and the complementary strand of the
homologous molecule (Mehta and Haber 2014). This displaces the other (non-complementary,
or identical) strand of the template molecule, resulting in a so-called “D-loop” or “joint molecule”
structure (Morrical 2015). DNA synthesis follows, with DNA Pol 6 and/or Pol € extending the 3’
end of the invading strand (Mehta and Haber 2014).

In SDSA, this DNA synthesis is not semiconservative, because the newly synthesized strand

eventually dissociates from the template, collapsing the D-loop, and pairs with the 3’ resected
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end on the other side of the DSB in the original DNA duplex (Mehta and Haber 2014, Morrical
2015). The mechanistic details of the dissociation from the template strand are not known, but
in yeast it appears to require the helicases Mph1 and Srs2 (Mehta and Haber 2014). After the
newly synthesized DNA has base-paired with the original molecule, the remaining gaps are filled
by replicative polymerases and the ends ligated, completing the process (Morrical 2015). Inter-
homolog repair by SDSA results in a non-crossover (NCO), and is therefore not favored in meiosis
(Zickler and Kleckner 2015). However, SDSA appears to be the preferred mitotic form of HR repair
in higher eukaryotes, presumably because of a lower probability of gene conversion and loss of

heterozygosity when compared to dHJ (Morrical 2015).
1.1.6.5.1c Double Holliday junction (dHJ) pathway

In the dHJ pathway, the sequence of events initially proceeds in the same manner as in SDSA,
including DSB resection, strand invasion and D-loop formation, and the initiation of DNA
synthesis. The dHJ pathway diverges from SDSA in that the newly synthesized strand does not
dissociate from the template to bind the ssDNA on the other side of the DSB in the original
molecule. Instead, the displaced strand in the D-loop binds to the ssDNA on the other DSB end in
a process called “second-end capture”, thus generating a second heteroduplex and providing a
template along which the non-invading 3’ end of the DSB can be extended (Morrical 2015). After
ligation of the extending strands to the 5 ends of the DSB, the resulting structure of two
entangled heteroduplexes is known as a double Holliday junction, named after Robin Holliday
who first described it in 1964 (Holliday 2007). Double Holliday junctions may also be formed if
both ends of the DSB are mobilized to invade the homologous template at the same time,
obviating the need for second-capture (Mehta and Haber 2014). Further processing of the dH)
can result in three possible outcomes, which are controlled by enzymes known as resolvases and
dissolvases: 1) it can be resolved to form a crossover (CO), ie a reciprocal translocation between
homologous chromosomes; 2) it can be resolved to form an NCO, in which there is no
translocation but small segments of the two original heteroduplexes switch places; and 3) it can
be dissolved, with the template duplex remaining unchanged and the damaged duplex restored
with just a small segment of the template duplex surrounding the location of the former DSB

(Mehta and Haber 2014). Because of a requirement for both increased genetic diversity and
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accurate segregation of homologous chromosomes, inter-homolog dHJs are heavily favored to

resolve into COs during meiosis (Zickler and Kleckner 2015).
1.1.6.5.1d Break-induced replication (BIR)

In addition to the three major HR mechanisms, a final form of HR-repair, called break-induced
replication (BIR), deserves brief mention. BIR occurs when a damaged DNA double helix presents
only one end for repair, or if only one end shows extensive homology to the repair template. The
strand invasion happens as in dHJ and SDSA, but instead of a limited DNA synthesis, a
unidirectional replication fork is created which is capable of replicating hundreds of thousands of
kilobases, down to the telomeric sequences (Mehta and Haber 2014). If the repair template is
the homologous chromosome, BIR results in extensive loss of heterozygosity, which in
combination with being much more mutagenic than normal replication because of reduced
proofreading ability of Pol 6, has been suggested to contribute to genetic instability in cancer

(Deem, Keszthelyi et al. 2011).

The other major group of DSB repair mechanisms, the pathways that fall under the umbrella of

end joining, are discussed in the Part Il below.

Literature review, part Il: Non-homologous end joining

1.2.1 End joining pathways

End joining is a common descriptor of at least two distinct pathways that do not require a
homologous template to execute DSB repair, and instead just process the DNA ends and ligate
the chromosome back together. The first discovered of these pathways is non-homologous end
joining (NHEJ), now more often known as canonical non-homologous end joining (cNHEJ) to
distinguish it from the “non-canonical” counterpart termed alternative end joining (Alt-EJ). Part
Il of this chapter focuses on cNHEJ, discussing its mechanism of action, introducing the known

cast of protein characters that play a role in the best described (mammalian) cNHEJ system,
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comparing this system to those found in other studied taxa, and discussing its role in human

health and disease. Brief attention is also given to Alt-EJ, and how it contrasts with cNHEJ.
1.2.2 The mechanism of cNHEJ

Although the precise sequence of events is not yet fully understood, the mechanism of cNHEJ
can be divided into three conceptual phases (excellently reviewed in (Davis and Chen 2013),
(Wang and Lees-Miller 2013), (Radhakrishnan, Jette et al. 2014), and (Chang, Pannunzio et al.
2017); see also Figure 1.1). During the first, “detection and tethering” phase, the DNA ends in the
DSB are recognized by sensor molecules, stabilized, and committed into the cNHEJ repair
pathway, ie, protected from processing by rival DSB repair pathways or non-specific nucleases
(Davis and Chen 2013, Wang and Lees-Miller 2013). In the second, “processing” phase, the DNA
ends are acted on by various exo- and endonucleases, helicases, DNA polymerases, kinases, and
phosphatases. This action converts them into a form compatible for ligation, which occurs in the

third, or “terminal ligation” phase (Wang and Lees-Miller 2013, Radhakrishnan, Jette et al. 2014).
1.2.2.1a Detection and tethering — the centrality of the Ku ring

At the core of all three phases of cNHEJ is Ku, a highly conserved protein which plays a critical
role in the process in all three domains of life (Gu and Lieber 2008). Ku was first identified in the
1980s as the antigen targeted by autoantibodies in a population of Japanese patients with
scleroderma-polymyositis overlap syndrome, an autoimmune disorder (Mimori, Akizuki et al.
1981). The antigen was named Ku after the first two letters of the name of the patient who
provided the prototype serum (Mimori, Akizuki et al. 1981), and found to contain two
polypeptides, Ku70 and Ku80 (70 kDa and 80 kDa in molecular weight, respectively) which
precipitated together with DNA (Mimori, Hardin et al. 1986). It was soon demonstrated that Ku
required free DNA ends to bind to dsDNA (Blier, Griffith et al. 1993), and that it forms a DNA-
binding component of DNA-dependent protein kinase (DNA-PK), a nuclear kinase which is now
understood to play important roles in cNHEJ (see section 1.2.2.1b), forming a bridge between
DNA and the catalytic subunit (DNA-PKcs) of the kinase (Gottlieb and Jackson 1993), which was
in turn found to phosphorylate Ku (Leesmiller, Chen et al. 1990). Shortly after, Ku and DNA-PKcs

were identified as the molecular identities of, respectively, XRCC5 and XRCC7, two X-ray
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sensitivity genes in human cells (Taccioli, Gottlieb et al. 1994, Kirchgessner, Patil et al. 1995,
Leesmiller, Godbout et al. 1995, Weaver 1995). They were also demonstrated to be required for
V(D)J recombination (see section 1.2.6) and DSB repair by non-homologous end joining (Rathmell
and Chu 1994, Smider, Rathmell et al. 1994, Taccioli, Gottlieb et al. 1994, Blunt, Finnie et al. 1995,
Leesmiller, Godbout et al. 1995). As a phenomenon, NHEJ was first described in the early 1980s
as “indiscriminate recombination” between DNA of diverse (eukaryotic and prokaryotic) origins
co-transfected with simian virus 40 (SV40) into mammalian cells (Botchan, Stringer et al. 1980,
Winocour and Keshet 1980). Shortly after, it was demonstrated that such “nonhomologous
recombination” can occur with high efficiency in mammalian somatic cells by end-to-end joining
of unrelated DNA segments (Wilson, Berget et al. 1982), and the specific term “non-homologous
end joining” started being used to describe the process in the mid-1990s (Bowater and Doherty
2006). Further work on the Ku heterodimer provided the first crystal structure, revealing that
Ku70 and Ku80 form a ring like structure which can encircle a DNA duplex, interacting with the
sugar backbone while making no direct contact with the nucleobases (Walker, Corpina et al.
2001). This model explained the observation of “indiscriminate”, or non-sequence-specific nature
of Ku-DNA binding (Davis and Chen 2013). While the primary sequence similarity of Ku70 and
Ku80 is not high overall, it is very high in several blocks of homology, indicating that they arose
from a common ancestor (Downs and Jackson 2004). The two Ku proteins are structurally similar,
with the major difference being the C-terminal helical domain unique to Ku80 and the C-terminal
SAP domain unique to Ku70 (Gell and Jackson 1999, Rivera-Calzada, Spagnolo et al. 2007). The
SAP domain of Ku70 is primarily responsible for DNA binding, forming a positively-charged
surface which interacts with the phosphates in the sugar backbone (Aravind and Koonin 2000,
Zhang, Zhu et al. 2001). The C-terminus of Ku80 contains six alpha helices with a topology similar
to structural scaffold proteins (Zhang, Hu et al. 2004), and is primarily responsible for protein-
protein interactions, acting in a manner likened to a “tool belt” which recruits other cNHEJ factors
critical for DSB repair (Lieber 2008). The Ku ring is the initial responder to DSBs, binding broken
DNA ends within seconds and reaching maximal intensity within 3 minutes of a laser-induced DSB
event (Mari, Florea et al. 2006). It is thus essential in the “detection and tethering” phase of

cNHEJ. In addition to its best-studied role in cNHEJ, the Ku proteins also play important roles in
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other cellular processes, including inhibition of pro-apoptotic proteins, control of transcriptional
machinery, telomere capping, localization, and length regulation, and retrotransposon/retrovirus

mobility (Downs and Jackson 2004, Bailey and Murnane 2006, O'Sullivan and Karlseder 2010).
1.2.2.1b Detection and tethering — DNA-PKcs

The Ku-interacting DNA-PKcs belongs to phosphoinositide 3-kinase related kinases (PIKKs), an
important group of enzymes with critical roles in cellular stress responses, which besides DNA-
PKcs includes ATM, ATR, mTOR, and hSMG-1 (Abraham 2004, Bakkenist and Kastan 2004). The
kinase domain of PIKK family members is located in the C-terminal region, and is flanked by the
PIKK-regulatory domain (PRD) and the FRAP-ATM-TRAPP-C-terminal (FATC) domain which
regulate kinase activity through conformational changes (Bakkenist and Kastan 2004, Lempiainen
and Halazonetis 2009). Every member of the PIKK family possesses N-terminal helical HEAT
repeats, which likely play a role as a protein-protein interaction site (Perry and Kleckner 2003).
While the C-terminus of Ku80 has been shown to be important for the recruitment and activation
of DNA-PKcs (Gell and Jackson 1999, Singleton, Torres-Arzayus et al. 1999, Falck, Coates et al.
2005), DNA-PKcs can be localized to laser-induced DSBs independently of Ku80 (Weterings,
Verkaik et al. 2009), suggesting that the mode of DNA-PKcs recruitment may depend on the lesion
type. This interpretation is strengthened by the existence of an N-terminal leucine-rich region in
DNA-PKcs which may be responsible for its Ku-independent DNA binding (Gupta and Meek 2005).
Crystallographic and cryo-electron microscopic studies have revealed that DNA-PKcs possesses
an open-ring-like (or pincer-like) structure, with the HEAT repeats forming the “fingers” of the
pincer, and the putative DNA-binding region located on the inside surface of the ring, through
which a DNA duplex can easily pass (Williams, Lee et al. 2008, Sibanda, Chirgadze et al. 2010).
DNA-PKcs likely makes contact with the Ku ring through several surfaces, but the N-terminus is
indispensable for both the interaction with Ku and the Ku-DNA complex-dependent kinase
activation (Spagnolo, Rivera-Calzada et al. 2006, Davis, Lee et al. 2013). DNA-PKcs phosphorylates
multiple cNHEJ proteins in vitro and in vivo, including Ku70 and Ku80, Artemis, XRCC4, and XLF,
and is also capable of autophosphorylation (Meek, Dang et al. 2008). However, apart from DNA-
PKcs itself, phosphorylation of other cNHEJ factors does not play a functional role in the repair

process (Meek, Dang et al. 2008). By contrast, DNA-PKcs autophosphorylation at several critical
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sites (the so-called “ABCDE” sites) has been proposed to induce a conformational change which
opens the pincer, allowing for the release of DNA-PKcs from DNA and the Ku ring, and the
completion of repair (Dobbs, Tainer et al. 2010). Autophosphorylation also regulates DNA end
processing (Cui, Yu et al. 2005), as well as DSB repair pathway choice, with phosphorylation of
some sites inhibiting HR and promoting cNHEJ, and others promoting HR (Cui, Yu et al. 2005,
Neal, Dang et al. 2011, Shibata, Conrad et al. 2011). Consistent with its role in regulating DNA end
processing, DNA-PKcs is required only for the repair of chemically complex DSBs, such as those
induced by a near infrared laser, and does not participate in the repair of simple DSBs such as
those induced by the sparsely ionizing ultrasoft X-rays (Reynolds, Anderson et al. 2012). In
addition to DNA-PKcs, ATM may also play a role in regulating the access of cNHEJ factors to the
DSB and/or their activity, as it has been shown to phosphorylate DNA-PKcs, Artemis, XLF, APTX,
and APLF (see below) (Radhakrishnan, Jette et al. 2014).

1.2.2.2 DNA end processing

As mentioned above, IR-induced DSBs are often chemically complex, ie associated with other
types of base and sugar lesions, because of the oxidative damage caused by ionization of water
and other molecules in the close proximity of the DNA chain (Cadet and Wagner 2013,
Georgakilas, O'Neill et al. 2013). Before such complex DSBs can be repaired, extensive processing
must take place to produce ligation compatibility at the DNA ends. In the context of cNHEJ,
several important processing enzymes have been identified so far. The first cNHEJ processing
factor is the Ku ring itself, which apart from the central role it plays in stabilizing DNA ends and
recruiting processing enzymes also possesses an AP-lyase activity similar to that of Pol B in the
short-patch BER and SSBR (sections 1.1.6.1 and 1.1.6.4) (Reynolds, Anderson et al. 2012). Ku also
recruits WRN, a helicase and exonuclease mutated in Werner’s Syndrome, a type of progeria, and
stimulates its exonuclease activity (Orren, Machwe et al. 2001). DNA-PKcs recruits Artemis, a
structure-specific endonuclease which is activated by DNA-PKcs mediated phosphorylation and
plays an important role in the opening of RAG-induced hairpins in V(D)) recombination (see
section 1.2.6) (Ma, Pannicke et al. 2002, Ma, Schwarz et al. 2005). Artemis-deficient cells have
increased radiosensitivity, which suggest that Artemis can act in IR-induced DSB repair in addition

to V(D)J recombination (Moshous, Callebaut et al. 2001). In addition to the DNA-PKcs-activated
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endonuclease activity, Artemis has also been reported to possess an intrinsic exonuclease
activity, but it was subsequently demonstrated that this exonuclease activity is either a result of
contamination in the assay or originates in an associated factor and not the Artemis polypeptide
(Pawelczak and Turchi 2010). Another processing factor active in cNHEJ is PNKP. This enzyme
possesses a 3’ DNA phosphatase and 5 DNA kinase activity, allowing it to remove aberrant
phosphates from 3’ ends and add phosphates to the 5’ ends which have lost them, restoring
ligation compatibility (Weinfeld, Mani et al. 2011). PNKP is recruited to the DSB to participate in
cNHEJ by CK2-phosphorylated XRCC4 (Koch, Agyei et al. 2004). The kinase CK2 can also
phosphorylate XRCC1, which can recruit PNKP to participate in SSBR and Alt-EJ (see sections
1.1.6.4 and 1.2.4) (Whitehouse, Taylor et al. 2001, Weinfeld, Mani et al. 2011). The binding of
PNKP to phosphorylated XRCC1 and XRCC4 is mediated by its forkhead-associated (FHA) domain
(Weinfeld, Mani et al. 2011). The same FHA-mediated interactions recruit aprataxin (APTX) to
XRCC1 and XRCC4 (Clements, Breslin et al. 2004). This zinc-finger protein belongs to the histidine
triad (HIT) family of nucleotide hydrolases and transferases, and acts to remove AMP from 5’
DNA ends which is generated by abortive ligation attempts (Moreira, Barbot et al. 2001, Ahel,
Rass et al. 2006). Although mutations in APTX impair SSBR (Moreira, Barbot et al. 2001), no
defects in ctNHEJ have so far been identified in APTX mutants (Radhakrishnan, Jette et al. 2014).
Aprataxin and PNKP-like factor (APLF), also known as PNKP and APTX-like FHA protein (PALF), is
another processing factor associated with cNHEJ (lles, Rulten et al. 2007, Kanno, Kuzuoka et al.
2007). Like APTX and PNKP, APLF interacts with phosphorylated XRCC4 and XRCC1 by its FHA
domain (lles, Rulten et al. 2007, Kanno, Kuzuoka et al. 2007). APLF possesses both an
endonuclease and 3’ exonuclease activity (Li, Kanno et al. 2011), and also directly binds to Ku80
and promotes the retention of XRCC4-Lig4 and XLF (Grundy, Rulten et al. 2013, Shirodkar, Fenton

et al. 2013) (see next section).

After the DNA ends have been cleaned up and associated lesions removed, several Pol X family
polymerases act to fill in any resulting gaps, including (in reverse order of dependence on
template complementarity) Pol B, Pol A, Pol u, and the template independent TdT, which acts

only in the context of V(D)J recombination in lymphocytes (Ramsden and Asagoshi 2012).
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1.2.2.3 Terminal ligation

Ligation represents the final step of cNHEJ, restoring the integrity of the double helix. In cNHEJ,
it is mediated by the universally conserved DNA Ligase IV (Chang, Pannunzio et al. 2017). DNA
Ligase IV exists in complex with XRCC4 (Sibanda, Critchlow et al. 2001, Wu, Frit et al. 2009), a
scaffold protein which interacts with a structurally similar protein, XRCC4-like factor (XLF, also
known as Cernunnos) (Ahnesorg, Smith et al. 2006, Buck, Malivert et al. 2006), to form long
helical filaments which promote the critical pre-ligation steps of DNA end bridging, alignment,
and protection (Hammel, Rey et al. 2011, Wu, Ochi et al. 2011, Mahaney, Hammel et al. 2013).
XRCC4 stabilizes DNA Ligase IV and stimulates its activity (Grawunder, Wilm et al. 1997), while
XLF greatly promotes the ligation of non-matching or noncohesive DNA ends in the absence of
processing factors (Tsai, Kim et al. 2007). Recently, another paralog of XRCC4 and XLF, PAXX, has
been identified in mammals (Craxton, Somers et al. 2015, Ochi, Blackford et al. 2015). The loss of
PAXX results in radiosensitivity, consistent with a role in cNHEJ, and it appears to function in Ku-
dependent ligation stimulation, much like XLF (Roy, de Melo et al. 2015, Tadi, Tellier-Lebegue et
al. 2016). As in the other steps of cNHEJ repair, Ku also plays a central role in the terminal ligation
step, primarily by organizing the recruitment of accessory factors. Ku70 interacts with and
recruits XRCC4 to the DSB (Mari, Florea et al. 2006). The Ku ring can also directly recruit XLF to
the DSB, although the presence of XRCC4 stabilizes XLF at the site of the DSB (Yano, Morotomi-
Yano et al. 2008, Yano, Morotomi-Yano et al. 2011). PAXX can only be recruited to DSBs by
interacting with Ku70 (Roy, de Melo et al. 2015, Tadi, Tellier-Lebegue et al. 2016). Finally, Ku also
recruits APLF in its capacity as a structural ligation-promoting factor (Grundy, Rulten et al. 2013,

Shirodkar, Fenton et al. 2013).
1.2.3 Regulation of DSB pathway choice

The regulation of cNHEJ and other DSB repair pathways is mediated by DDR kinase signaling,
including DNA-PKcs, ATM, and ATR (Sirbu and Cortez 2013). This regulation has been described
as occurring on three levels: 1) the modification of enzymes and structural proteins directly
involved in DNA repair; 2) the regulation of chromatin accessibility prior to, during, and following

repair; and 3) the alteration of the general cellular environment to create repair-conducive
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conditions (reviewed in (Sirbu and Cortez 2013)). The first of these levels has been briefly touched
on above (section 1.2.2.1b) as a series of DNA-PKcs-mediated phosphorylation events in the
context of cNHEJ (Meek, Dang et al. 2008), although the full story lies beyond the scope of this
chapter. The second, chromatin level includes local chromatin relaxation and histone removal or
exchange, which is necessary for efficient recruitment of DSB sensing proteins, as well as the
creation of a platform for the recruitment of downstream DDR signaling factors (Sirbu and Cortez
2013). As mentioned in section 1.1.6.5.1, the core histone modification for both purposes is the
ATM-mediated phosphorylation of the conserved serine 139 on the histone variant H2AX, which
produces yH2AX (Sirbu and Cortez 2013). This creates a chromatin platform for the recruitment
of MDC1, which promotes more ATM activity and H2AX phosphorylation, but also recruits
ubiquitin ligases such as RNF8 and RNF168 which ubiquitylate nucleosomes in proximity to the
DSB (Sirbu and Cortez 2013). This ubiquitylation in turn serves to recruit (among others) the DSB
repair proteins BRCA1 and 53BP1, which play an important role in the regulation of DSB repair
pathway choice. Several excellent reviews have been published on the topic of DSB pathway
choice regulation, and the reader is directed to them for a more detailed treatment (Chapman,
Taylor et al. 2012, Grabarz, Barascu et al. 2012, Clouaire and Legube 2015, Ceccaldi, Rondinelli et
al. 2016). In brief, the initial choice between DNA end resection (favoring HR, SSA, and Alt-EJ) and
no DNA resection (favoring cNHEJ) is decided by the balance of activities of several factors. The
key players favoring end resection are BRCA1, its ubiquitylation target CtIP, and the MRN
complex. In contrast, 53BP1 promotes cNHEJ by opposing nucleolytic resection of DNA ends as
well as acting as a synaptic bridge to promote ligation (Chapman, Taylor et al. 2012). Pre-existing
chromatin structures and histone modification may play a role in pathway choice as well (Clouaire
and Legube 2015). For example, HR has been proposed to be favored in actively transcribed
regions because trimethylated H3K36, a histone mark associated with active transcription
(Wagner and Carpenter 2012), recruits CtIP and therefore promotes end resection (Clouaire and
Legube 2015). Similarly, acetylated H4K16, another histone mark associated with transcription
(Zzhang, Erler et al. 2017), antagonizes 53BP1 recruitment, which also promotes end resection
(Tang, Cho et al. 2013, Clouaire and Legube 2015). In contrast, other histone marks, such as the

highly abundant dimethylated H4K20 (present on more than 85% of all histones (Schotta,

50



Sengupta et al. 2008)) and the coding-region associated monomethylated H4K20 (Barski,
Cuddapah et al. 2007), favor cNHEJ by recruiting 53BP1 and blocking end resection (Hartlerode,
Guan et al. 2012, Clouaire and Legube 2015).

The third level of DSB repair regulation is represented by the wider effects of DDR on the cellular
environment which promote successful repair (Sirbu and Cortez 2013). Foremost of these are cell
cycle checkpoints, which block progression through the cell cycle by modulating the activities of
cyclin-dependent kinases (CDKs), allowing time for repair (Shaltiel, Krenning et al. 2015). The cell
cycle intersects with the repair pathway choice decision as well. As an example, CDK-dependent
phosphorylation of CtIP and EXO1 greatly promotes end resection and therefore HR, ensuring
that this DSB repair mode is favored in S phase and G2 phase, when an accurate repair template
(ie, the sister chromatid) is available, in contrast to cNHEJ which is favored in the G1 phase
(Ceccaldi, Rondinelli et al. 2016). Other alterations to the wider cellular environment which affect
DNA repair include transcriptional upregulation, which increases the level of DNA repair proteins
and histones; increased nucleotide synthesis, which provides the raw materials for the repair;
and increased chromosome mobility, which promotes the search for a homologous template in

pathways that require it (Sirbu and Cortez 2013).
1.2.4 Alternative end joining

Alternative end joining (a-EJ or Alt-EJ), also known as alternative non-homologous end joining (a-
NHEJ or Alt-NHEJ), microhomology-mediated end joining (MMEJ), Pol B-mediated end joining
(TMEJ), and backup non-homologous end joining (bNHEJ) is the most recently discovered
pathway (or a group of pathways) involved in DSB repair (Deriano and Roth 2013). This modality
of DSB repair operates as a backup to both cNHEJ and HR, ie, is primarily active in conditions
where these pathways are impaired (lliakis, Murmann et al. 2015). While the nomenclature has
not yet been stabilized, there appear to exist at least two distinct pathways of this backup repair,
with MMEJ requiring pre-existing microhomologies for annealing and a-EJ either not requiring
microhomologies at all or relying on polymerase activity to generate them (Decottignies 2013,
Frit, Barboule et al. 2014). Because microhomologies are important in only a subset of these

backup DSB repair pathways, the more general term a-EJ is used here, following prior practice
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(Frit, Barboule et al. 2014). The a-EJ pathway can be divided into three steps parallel those of
cNHEJ: end recognition/tethering, end processing, and ligation (Frit, Barboule et al. 2014). The
only factor identified to play a role in DNA end recognition in a-EJ is PARP1, which also plays a
role in BER (see section 1.1.6.1) and SSBR (see section 1.1.6.4) (Frit, Barboule et al. 2014, Sallmyr
and Tomkinson 2018). PARP1 recruits the MRN complex and CtIP, which in addition to a possible
role in end bridging, also initiate DNA end resection (Sallmyr and Tomkinson 2018). Besides MRN
and CtIP, resection factors involved in the a-EJ pathway include the nucleases EXO1 and DNA2
(Sallmyr and Tomkinson 2018). The nucleases FEN1 and ERCC1-XPF, which otherwise play an
important role in NER (see section 1.1.6.2), have also been implicated (Frit, Barboule et al. 2014).
After resection, which exposes stretches of ssDNA, the opposing ends are annealed using
available microhomology, paralleling the annealing step of SSA (see section 1.1.6.5.1a), although
instead of RAD52, MME]J likely employs PARP1 or the MRN complex in this step (Sallmyr and
Tomkinson 2018). While cNHEJ joins ends with no homology or less than 5 nucleotides of
homology, the MMEJ pathway of a-EJ requires 2-20 nucleotides of microhomology, and ends with
more than 20 nucleotides of homology are joined by SSA (Chang, Pannunzio et al. 2017). End
bridging and annealing is also promoted by the DNA polymerase Pol 8, whose critical role in a-EJ
was first uncovered in Drosophila (Chan, Yu et al. 2010), and more recent studies have confirmed
its involvement in mammals (Mateos-Gomez, Gong et al. 2015) and C. elegans (Koole, van
Schendel et al. 2014). DNA Pol 0 also plays a role in the gap-filling DNA synthesis that follows
resection in MMEJ, but it is unclear if it plays a role in the other a-EJ pathway(s) (Sallmyr and
Tomkinson 2018). Evidence from yeast and mammalian cells implicates the Pol X family
polymerases Pol p and Pol A (and their yeast homolog Pol4) in the synthesis step of a-EJ (Frit,
Barboule et al. 2014). Finally, PNKP may also have a role in the processing of DNA ends in a-EJ, as
it is recruited to DNA ends containing PARP1 and the XRCC1-LIG3 ligation complex, which is
responsible for the terminal ligation step of a-EJ (Audebert, Salles et al. 2006). While the
involvement of XRCC1-LIG3 complex in mammalian MMEJ is well established, other a-EJ
pathway(s) in mammalian cells may use LIG1 instead, because a-EJ can still occur in backgrounds
lacking XRCC1, which is critical for the stability and activity of LIG3 (Sallmyr and Tomkinson 2018).

In cNHEJ-competent backgrounds, a-EJ is relegated to a backup role, likely as a direct
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consequence of the exceptional affinity of the Ku ring for free DNA ends, which initiates repair
by cNHEJ (Frit, Barboule et al. 2014). In S and G2 phases of the cell cycle, CDK activity promotes
the activation of BRCA1 and CtIP which favor more extensive end resection and initiation of HR,
in contrast to the more limited resection required for a-EJ (Frit, Barboule et al. 2014). However,
Pol B has the ability to bind RAD51 and prevent the formation of the invasive nucleoprotein

strand, thus antagonizing HR (Mateos-Gomez, Kent et al. 2017).
1.2.5 Evolution of cNHEJ

The known steps of the cNHEJ mechanism described above have to a large extent been elucidated
in the mammalian system. However, cNHEJ is an ancient and virtually universally conserved
mechanism of DSB repair (Gu and Lieber 2008), a fact that is perhaps less surprising in light of the
estimates that IR levels from geologic sources and internal potassium isotopes were 5-fold higher
during the period of life’s emergence 3.5 to 4 billion years ago than they are today (Karam and
Leslie 1999). In the following sections, a brief overview of what is known about cNHEJ is non-

mammalian systems will be presented. The conservation of cNHEJ factors is shown in Figure 1.2.
1.2.5.1 cNHEJ in prokaryotes

Although it was initially presumed that cNHEJ is restricted to eukaryotes, distant homologs of Ku
have been identified in several bacterial species (Aravind and Koonin 2001, Doherty, Jackson et
al. 2001), and even bacteriophages (di Fagagna, Weller et al. 2003). Further studies revealed that
bacterial Ku forms a homodimeric ring (Weller, Kysela et al. 2002). Many of the bacterial operons
containing Ku sequences were also found to contain ATP-dependent ligases, some of which
possessed nuclease and primase activities (Weller and Doherty 2001). It is now recognized that
several ligase types may be active in bacterial cNHEJ. The primary bacterial ligase appears to be
LigD, which possesses ligase, polymerase, and phosphoesterase activities, while LigC acts as a
backup ligase (for a review of bacterial cNHEJ ligases and the process of bacterial cNHEJ in
general, see (Shuman and Glickman 2007) and (Pitcher, Brissett et al. 2007)). Because bacteria
generally possess multiple copies of the genome available to serve as HR repair templates (except
spores which have only one genome copy), the role of NHEJ in non-spore contexts and non-

sporulating bacteria is not fully understood (Pitcher, Brissett et al. 2007). However, at least one

53



report exists of cNHEJ being the dominant form of DSB repair during the stationary phase of
growth and being required for DNA integrity during prolonged periods of desiccation in
Mycobacteria, providing evidence for a physiological role in a non-spore context (Pitcher, Green

et al. 2007).
1.2.5.2 cNHEJ in Saccharomyces cerevisiae

The model single-celled eukaryote S. cerevisiae possesses a simpler cNHEJ system in comparison
to vertebrates, yet with many recognizable orthologs (for a review on cNHEJ in yeast, see (Daley,
Palmbos et al. 2005) and (Emerson and Bertuch 2016)). Ku orthologs Yku70 and Yku80 are
present in the yeast genome and are essential for cNHEJ (Barnes and Rio 1997), as is the Ligase
IV ortholog Dnl4 (Wilson, Grawunder et al. 1997). Homologs of mammalian XRCC4 and XLF, called
Lif1 and Lif2/Nej1, also participate in cNHEJ by recruiting Dnl4. Nejl1 and Lif1-Dnl4 are able to
independently recruit the processing polymerase Pol4 (Yang, Matsumoto et al. 2015), a DNA Pol
B ortholog which is the only Pol X in yeast (Wilson and Lieber 1999), as well as Rad27, the ortholog
of mammalian FEN-1 (Wu, Wilson et al. 1999, Yang, Matsumoto et al. 2015). No ortholog of DNA-
PKcs exists in the budding yeast genome (Daley, Palmbos et al. 2005), and while an Artemis
ortholog called Pso2/Snm1 is present, it seems to be active only in DNA hairpin processing and
ICL repair, not general cNHEJ (Li and Moses 2003, Yu, Marshall et al. 2004). Similarly, the budding
yeast ortholog of PNKP, Tpp1, does not possess a kinase domain and is dispensable for cNHEJ,
but retains a role in BER (Daley and Wilson 2005). Another distinction of S. cerevisiae is the
involvement of the Mrel1-Rad50-Xrs2 (MRX) complex, the homolog of the vertebrate MRN
which normally acts in HR-based repair, in NHEJ (Boulton and Jackson 1998). The role of MRX in
the mechanism of NHEJ is not clear, but it has been postulated to assist in Ku binding and Dnl4

activity (Daley, Palmbos et al. 2005).
1.2.5.3 cNHEJ in Drosophila melanogaster

The fruit fly Drosophila melanogaster similarly has a reduced complement of NHEJ factors (for a
recent review of DNA repair, including cNHEJ, in D. melanogaster, see (Sekelsky 2017)). The
universally conserved Ku70 and Ku80 are present (Beall, Admon et al. 1994, Jacoby and Wensink

1996), but not DNA-PKcs, which has been lost in several insect orders, including the ultradiverse
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Coleoptera (beetles) and partially in Diptera (lost in flies, retained in mosquitoes) (Sekelsky 2017).
In terms of processing factors, Artemis has been lost in Schizophora, a section of the order
Diptera to which Drosophila belongs, and like most insects Drosophila also lacks the polymerases
Pol w, Pol A, and TdT (Sekelsky 2017). Despite this, DSB end processing occurs during cNHEJ in
Drosophila (Sekelsky 2017). The terminal ligase LiglV is conserved in Drosophila, as is its role in
cNHEJ (Gorski, Eeken et al. 2003). Finally, while the fly possesses an ortholog of XRCC4 (CG3448)
and two orthologs of XLF (CG12728 and CG32756), no functional studies of these genes have yet
been published (Sekelsky 2017).

1.2.5.4 cNHEJ in Caenorhabditis elegans

The present study was conducted in the nematode C. elegans, whose closest relative among the
model organisms is D. melanogaster (see section 1.3.4c). Unlike other animals or even eukaryotes
as a whole, C. elegans conserves only the Ku dimer (CKU-70 and CKU-80) and the Ligase IV
ortholog LIG-4 as components of its cNHEJ system (Clejan, Boerckel et al. 2006, Lemmens and
Tijsterman 2011). Although an ortholog of Werner’s helicase, WRN-1, is encoded by the C.
elegans genome, it doesn’t appear to possess a role in cNHEJ (Clejan, Boerckel et al. 2006).
Furthermore, in contrast to the yeast or plant Ku ring, C. elegans Ku does not regulate telomere
length (Lowden, Meier et al. 2008). Before the present study, the presence of only the Ku ring
and LIG-4 was interpreted either as evidence of a “minimal system” of NHEJ in the worm, or
evidence pointing to the existence of other, non-conserved worm cNHEJ factors (Lemmens and
Tijsterman 2011). With the discovery of NHJ-1 as an indispensable cNHEJ factor in this study, this

qguestion has been answered in favor of the latter interpretation.
1.2.5.5 cNHEJ in the plant world

Finally, cNHEJ is also conserved in plants as an important mode of DSB repair. Because they are
sessile, plants are especially vulnerable to environmental sources of genotoxic stress from which
animals can escape, provided they can sense them (Gimenez and Manzano-Agugliaro 2017). DNA
damage and repair in plants has primarily been studied in Arabidopsis thaliana, a small flowering
plant that is used as a model organisms for plants in general, but some studies have also been

performed in commercially important crop species (for a good overview of the DNA damage
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response in plants, see (Manova and Gruszka 2015)). Unsurprisingly, Ku orthologs are present
and required for cNHEJ in Arabidopsis (Tamura, Adachi et al. 2002, West, Waterworth et al. 2002),
rice (Nishizawa-Yokoi, Nonaka et al. 2012), wheat (Gu, Wang et al. 2014), and barley (Stolarek,
Gruszka et al. 2015). An ortholog of DNA-PKcs has not been identified in any plant genome
studied to date (Manova and Gruszka 2015). Of the processing factors, three Artemis orthologs
have been identified in Arabidopsis, but it is not known whether these proteins play a role in
cNHEJ (Charbonnel, Gallego et al. 2010). The terminal DNA ligase IV is present and required for
cNHEJ, as is XRCC4 (West, Waterworth et al. 2000, West, Waterworth et al. 2002). An ortholog
of XLF has not yet been found (Manova and Gruszka 2015). Like most other multicellular
eukaryotes (excepting vertebrates), plants deficient for Ku or Ligase IV do not show growth of

viability defects (Bleuyard, Gallego et al. 2006).
1.2.6 cNHEJ and human health and disease

Despite the fact that several cNHEJ factors were first discovered in a clinical setting, cNHEJ
mutations are rare in human disease, probably because the process is essential for survival in
vertebrates (Chang, Pannunzio et al. 2017). cNHEJ plays a critical role in V(D)) recombination
which generates antigen receptor diversity in lymphocytes by assembling the variable section of
antigen receptor genes through recombination between variable (V), diversity (D), and joining (J)
segments (reviewed in (Malu, Malshetty et al. 2012)). Briefly, the activity of the RAG complex
recombinase, acting on recombination signal sequences (RSS) which flank the V(D)J segments,
generates hairpin-containing “coding” or V(D)J segment DNA ends. The coding ends are then
bound by Ku and DNA-PKcs, the hairpins opened by Artemis, several palindromic and random
nucleotides added by Pol u, Pol A, and TdT, and the ends ligated by the Ligase IV-XRCC4-XLF
complex (Malu, Malshetty et al. 2012). The DNA ends generated by the RAG complex and AID
deamination cascade during CSR can be inappropriately joined by cNHEJ machinery with each
other or random chromosomal breaks, leading to B- and T-cell malignancies such as lymphomas
and leukemias (for a recent review of the role of cNHEJ in oncogenic translocations, see (Lieber
2016)). Because of its role in V(D)) recombination, mutations in Artemis are rare but when they
do occur they can reduce antibody counts and, in serious cases, cause severe combined

immunodeficiency (SCID) (de Villartay 2015, Volk, Pannicke et al. 2015). In the Athabascan-
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speaking Navajo and Apache nations, a founder mutation in Artemis causes a high incidence of
SCID, with 1 in 2000 live-born babies entirely lacking B- and T-lymphocytes (Li, Moshous et al.
2002). Unlike RAG mutants, cell lines from this and other populations with SCID which arise from
Artemis mutation are also IR-sensitive, reflecting the importance of Artemis in general cNHEJ (de
Villartay 2015, Volk, Pannicke et al. 2015). Mutations in DNA-PKcs have also been associated with
SCID, as have hypomorphic mutations in LIG4 (Woodbine, Gennery et al. 2014). In addition to
SCID, patients with mutations in LIG4, XLF, and at least one patient with a DNK-PKcs mutation
have been reported to exhibit developmental delay, dwarfism, and neurological abnormalities
such as microcephaly (van der Burg, ljspeert et al. 2009, Woodbine, Gennery et al. 2014, Mathieu,
Verronese et al. 2015). These defects have been postulated to result from a lower apoptotic
threshold in certain neural stem cells, resulting in a substantial loss of neural progenitors during
the rapid divisions of embryonic neurogenesis, during which too many DSBs may arise for the
impaired cNHEJ to handle (Woodbine, Gennery et al. 2014). In this model, the developmental
defects are not observed in patients with Artemis mutations because the rapid division-induced
DSBs either do not require Artemis or are repaired to a sufficient level not to cause apoptosis
(Woodbine, Gennery et al. 2014). The general growth defects are similarly hypothesized to arise
from stem cell loss in other compartments/niches (Woodbine, Gennery et al. 2014). In contrast
to the other cNHEJ factors, several mutations in XRCC4 have been identified that are
immunoproficient, with either a small reduction or no reduction in lymphocyte numbers, while
nevertheless resulting in severe neurological defects and dwarfism (de Villartay 2015, Saito,
Kurosawa et al. 2016). One proposed explanation for this observation is that a reduced level of
XRCC4 function, or basal LIG4 activity in the complete absence of XRCC4, may be sufficient to
handle the repair of the small number of breaks created by the RAG complex in V(D))
recombination, but insufficient to manage the numerous endogenous DSBs which arise in
embryogenesis (de Villartay 2015). In addition to its role in lymphocytic malignancies,
polymorphisms in cNHEJ and reduced cNHEJ activity have also been reported in breast cancer
patients, raising the possibility that impaired cNHEJ may be a susceptibility factor in breast cancer
as well (Bau, Mau et al. 2007). No Ku mutations in humans have been associated with disease,

with the possible exception of association with some cancer types (de Villartay 2015). In mice, Ku
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mutations cause premature aging, with increased and earlier incidence of aging-associated
phenotypes like alopecia and kyphosis (Li, Vogel et al. 2007). These aging phenotypes have been
postulated to result from chromosomal abnormalities which are evident in Ku mutant mice, and
which may result from improper DSB repair or telomere maintenance defects (Li, Vogel et al.

2007).

Literature review, part lll: C. elegans as a model organism

1.3.1 Caenorhabditis elegans as a model system

C. elegans (or, “the worm”) is a small, free-living (ie, non-parasitic) roundworm that is widely
used as a model organism to study molecular, cellular, and developmental processes in the
context of a moderately complex metazoan organism (for a good summary of C. elegans as a
model organism and in the wild, see (Blaxter 2011)). This species was first described in the closing
year of the 19t century by the French nematologist Emile Maupas. He isolated it from the “rich
humus” (translation by prof Marie-Anne Félix) in the outskirts of Algiers in May and November
1897, and used it as one of the focus species in a treatise on reproductive modes in nematodes
(Maupas 1900). It has been used throughout the 20t century to test fundamental questions in
biology ranging from meiotic development, sex determination, ploidy-body size relationship,
natural genetic and phenotypic variation, and acclimation to high temperature (for an excellent
review of this first stage of C. elegans research, see (Nigon and Felix 2017)). The watershed
moment in the history of C. elegans research came in the 1960s, when Sydney Brenner, believing
that the classical questions of molecular biology have already been answered (Ankeny 2001),
chose the worm to take molecular biological research into the domains of development and

neurobiology (for a concise review of Brennerian era C. elegans research, see (Ankeny 2001)).

C. elegans has a number of advantages that make it an attractive model in genetics, cell biology,
and developmental biology. It possesses a determinate and invariant number of cells, and the

entire somatic cell lineage of the animal (ie the sequence of divisions from the zygote to
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adulthood) has been mapped (Sulston and Horvitz 1977, Sulston, Schierenberg et al. 1983),
making it amenable to the study of processes that control and coordinate development.
Furthermore, its life cycle is rapid, maturing from fertilization to a reproductively capable adult
in about three days at standard culture conditions (Brenner 1974). It is highly tractable
genetically, being a diploid with 6 pairs of chromosomes (5 autosome pairs and one X
chromosome pair) (Brenner 1974). C. elegans is predominantly found in the form of a protandric
hermaphrodite, which produces both sperm and oocytes in that order (Pazdernik and Schedl
2013). However, a male form, which possess only one X chromosome (X0) compared to two (XX)
in hermaphrodites, and produces only sperm, occurs at a low frequency in the population
(Brenner 1974). The existence of males makes possible genetic crosses, which are a critical tool
of the laboratory geneticist. The C. elegans genome is approximately 100 Mbp in size (Sulston
and Brenner 1974), and it has been sequenced two decades ago — the first complete genomic
sequence of a metazoan to be generated (Consortium 1998). Beyond the genomic sequence, a
large-scale effort from the model organism Encyclopedia of DNA Elements (modENCODE) project
has generated a genome-wide map of transcriptional activity and chromatin organization, from
which better gene models, putative noncoding RNA loci, and transcription-regulatory networks

have been inferred (Gerstein, Lu et al. 2010, Niu, Lu et al. 2011).

C. elegans can be efficiently transfected with exogenous DNA sequences by microinjection, with
the foreign DNA either retained as extrachromosomal arrays (Stinchcomb, Shaw et al. 1985) or
integrated into the genome (Fire 1986). RNA interference (RNAi), a mechanism of silencing gene
expression through the action of small interfering RNA (siRNA)-guided complexes which degrade
MRNAs in the cytoplasm or shut down transcription by chromatin modification in the nucleus
(Castel and Martienssen 2013), was first discovered in C. elegans (Fire, Xu et al. 1998). In addition
to microinjection, RNAiI can also be efficiently delivered to C. elegans via its bacterial food source,
and libraries of bacterial strains collectively covering more than 90% of genes in the genome have
been created and made available to the research community (Kamath, Fraser et al. 2003, Rual,
Ceron et al. 2004). Genomic editing by CRISPR-Cas9, an RNA-guided endonuclease complex which
has recently been coopted from its original role in bacterial anti-viral defense to serve as a precise

way to induce DSBs nearly anywhere in the genome and create desired mutations via an
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exogenously provided DSB repair template (Hsu, Lander et al. 2014), has been quickly adapted
for use in C. elegans (Paix, Folkmann et al. 2015, Dickinson and Goldstein 2016). Because of its
amenability to genetic modification and its translucent cuticle, molecular and developmental
processes can be tracked in C. elegans by fluorescent protein tagging and live (time-lapse)
microscopy (Chalfie, Tu et al. 1994, Fire 1994, Schnabel, Hutter et al. 1997). In addition,
immunocytological analysis of protein localization is easily achieved by either dissecting the
desired tissue out of the animal or “freeze-cracking” — compressing the larvae or adults between
a slide and a cover slip, freezing them in liquid nitrogen, and rapidly removing the coverslip and

the animals’ cuticles with it, to allow antibodies access to the tissues inside (Duerr 2006).

Finally, C. elegans research is greatly facilitated by the existence and continual maintenance of
WormBase, an online repository of genomic, phenotypic, expression, experimental, and other
data relating to C. elegans and a continually expanding cast of nematode species, both free-living

and parasitic (Harris, Antoshechkin et al. 2010).
1.3.2 Development of Caenorhabditis elegans

In common with many animals of the protostome lineage, C. elegans exhibits determinate
development, in which each blastomere possesses a pre-specified fate. Individual development
begins with fertilization, which occurs internally with oocytes being fertilized as they pass through
the spermatheca, a structure in the gonad which houses spermatozoa (Kipreos 2005). The zygote
deposits a hard, chitinous shell within which the remainder of embryonic development occurs
(Johnston and Dennis 2012), and then initiates a series of stereotypical cell divisions which
ultimately give rise to the adult animal with an invariant number of somatic cells (Kipreos 2005).
During embryonic development, two stages are distinguished — a proliferative stage in which cell
division takes place, and the gastrulation and organogenesis stage in which the cells are
rearranged into the larval tissues and organs (Sulston, Schierenberg et al. 1983). At 20°C, the
temperature at which C. elegans is typically cultured in the laboratory, embryonic development
lasts about 12 hours, of which 5-10 hours are spent outside the mother’s body after the egg has
been laid (Muschiol, Schroeder et al. 2009). The full developmental life cycle of the animal is

depicted in Figure 1.3.
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1.3.2.1 Somatic development

In total, 671 cells are generated during embryogenesis, of which 113 undergo programmed
apoptosis, such that the animal hatches into the first larval stage, L1, with 556 somatic cells and
2 germline cells, called primordial germ cells (PGCs) (Sulston, Schierenberg et al. 1983, Kipreos
2005, Pazdernik and Schedl 2013). Under optimal environmental conditions, primarily an
abundant food source, the animal quickly transitions through three additional larval stages (L2,
L3, and L4) before molting into a reproductively capable adult approximately 3.5 days after
fertilization (Sulston and Horvitz 1977). The post-embryonic development is continuous, with the
larval stages separated by a period of low activity called lethargus, which allows for molting and
restructuring of the cuticle (Rougvie and Moss 2013). Somatic development after hatching is
largely driven by division of somatic blast cells, which account for 53 out of 556 cells in newly
hatched L1s, but generate a further 403 nuclei in the hermaphrodite and 475 in the male for a
final number of 959 somatic nuclei in the adult hermaphrodite versus 1031 somatic nuclei in the
adult male (Sulston and Horvitz 1977, Kipreos 2005). While the animal continues to grow in size
during the remainder of its lifespan (2-3 weeks), no further somatic divisions take place (Rougvie

and Moss 2013).
1.3.2.2a Germline development

Post-embryonic germline development takes place in concert with somatic development. The
PGCs, individually named Z2 and Z3, are positioned between the two somatic gonad precursor
cells, Z1 and Z4 (for a review, see (Pazdernik and Schedl 2013)). Gonadogenesis begins in late L1,
when the germline and somatic precursors start dividing mitotically, expanding the gonad
throughout the L2 and L3 stages (Pazdernik and Schedl 2013). In late L3, some of the germline
cells exit the mitotic cycle and enter meiotic development, producing spermatozoa throughout
the L4 stage and storing them in the spermatheca, before switching to oogenesis after the adult

molt (Pazdernik and Schedl 2013). The development of the germline is depicted in Figure 1.4.

A C. elegans hermaphrodite produces about 300 spermatozoa before it switches to oocyte
production, limiting its brood size to that number of progeny (Hodgkin and Barnes 1991).

However, oogenesis continues beyond the depletion of endogenous sperm, so that if exogenous
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sperm is provided by mating with a male, additional progeny may be generated, up to or slightly
exceeding 1000 per hermaphrodite (Hodgkin and Barnes 1991). The male form is relatively rare
in the population, occurring at a rate of about 0.1% as a consequence of X chromosome non-
disjunction events in the first meiotic division, but because 50% of the spermatozoa of males

carry no X chromosome, 50% of cross-progeny is male (Pazdernik and Sched| 2013).
1.3.2.2b Meiotic development

The gonadal lobes of the L4 larva and the adult animal possess a spatio-temporally organized
structure, which makes the C. elegans gonad an excellent model for the study of meiotic
development (reviewed in (Lui and Colaiacovo 2013)). The distal gonad (defined by its position
furthest from the vulva) houses the germline stem cells, which continuously undergo mitotic
divisions to replenish cells lost by gametogenesis and physiological apoptosis (Lui and Colaiacovo
2013). Moving proximally toward the vulva, the germ cells enter meiosis, and the distinct
temporal stages of meiotic prophase | are spatially separated. Leptotene and zygotene (known
also as the “transition zone”) are the first stages of meiotic prophase |, characterized by crescent-
shaped DNA polarization; the pachytene stage follows, with its distinct “thick threads” of
chromosomes from which it derives its name; the last two stages are diplotene, when the DNA
begins condensing, and diakinesis, where six pairs of homologous chromosomes, also called
bivalents, are visible as discrete condensed bodies (Lui and Colaiacovo 2013). The oocytes arrest
in diakinesis, and continue meiotic development only following fertilization which occurs as they
pass through the spermatheca to the uterus. The remaining stages of meiosis subsequently
complete, the fusion of pronuclei occurs, embryonic development begins, the egg is laid, and the

L1 larva hatches, beginning the developmental cycle anew (Marcello and Singson 2010).
1.3.2.3 Alternative life-cycle stages

In addition to the normal developmental cycle which occurs under optimal conditions, C. elegans
is also able to slow down and alter development in response to adverse conditions. The best
studied of the three known developmental stages is dauer (from the German verb dauern,
meaning “to persist, last, endure”), which forms at the second molt, although the decision to

commit to dauer is made at the end of L1 stage on the integrative basis of several environmental
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signals, including overcrowding, lack of food, and high temperature (for an overview of the dauer
stage biology, see (Hu 2007)). Dauer larvae are visibly slimmer than normal L3 larvae, possess a
hardened cuticle, and do not eat (ie, their pharynx is constricted and they do not perform
pharyngeal pumping) (Hu 2007). Furthermore, metabolism is altered to increase energy
conservation, and behavior changes to favor dispersal, which are strategies to survive or escape
the adverse conditions (Hu 2007). The dauer larva can survive for several months (Ewald, Castillo-

Quan et al. 2018), and upon encountering favorable conditions, re-enters normal development.

Another alternative developmental stage is L1 arrest, also known as L1 diapause, which occurs
when L1 larvae hatch into an environment lacking a food source (reviewed in (Baugh 2013)).
Although the larval morphology is not changed, metabolism is altered and stress resistance
increases, allowing the animal to survive for several weeks without food (Baugh 2013). In the
context of laboratory research, L1 arrest has proven to be a useful tool in two respects: 1) the
arrest allows for developmental synchronization of a heterogeneous population by hypochlorite
treatment (“bleaching”), which destroys larvae and gravid adults to yield eggs protected by their
eggshell, after which they can be washed and allowed to hatch in a foodless environment,
initiating L1 arrest (Baugh 2013); and 2) the increased stress resistance makes arrested L1s the
best adapted C. elegans life stage to survive freezing in liquid nitrogen, allowing strains to be

indefinitely kept in cryopreservation (Lewis and Fleming 1995).

The last described form of developmental arrest in C. elegans is the adult reproductive diapause
(ARD) (Angelo and Van Gilst 2009). Unlike L1 arrest and dauer, ARD affects only the germline, and
is most effectively triggered by starvation during the mid-L4 stage (Angelo and Van Gilst 2009).
Under these conditions, every germ cell except a small population of stem cells is destroyed by
apoptosis, delaying the onset of reproduction and extending adult life span three-fold (Angelo
and Van Gilst 2009). The starved adults are able to recover from ARD after finding a food source,
and re-populate the gonad with new germ cells, although the reproductive potential (brood size)

decreases with each day spent in starvation (Angelo and Van Gilst 2009).
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1.3.3 Caenorhabditis elegans in the wild and the laboratory

Despite often being described as a soil-dwelling nematode (possibly because of the influence of
Emile Maupas’ 1900 publication), outside the laboratory C. elegans is usually found in rotting
plant or fungal material (Blaxter 2011). The most commonly used wild type reference strain, N2
or Bristol, was isolated from a mushroom compost during a nematology course offered in Bristol
in 1951 (Nigon and Felix 2017). The preferred habitat of C. elegans in the wild seems to be rotting
fruit in the temperate regions of the planet (Barriere and Felix 2005, Cutter, Felix et al. 2006,
Barriere and Felix 2007, Dolgin, Felix et al. 2008, Barriere and Felix 2014), with the dauer stage
likely playing an important role in surviving the non-fruiting season (Blaxter 2011). As a species,
C. elegans shows a cosmopolitan distribution (Kiontke and Sudhaus 2006, Dolgin, Felix et al.
2008), and appears to have been distributed globally at least in part by human activity, based on
the observations that most wild type isolates have been isolated from anthropogenic sources like
compost heaps and that genetic distance between wild type isolates does not correlate with
geographic distance (Blaxter 2011). Despite relatively high local genetic diversity in C. elegans
populations, which are indicative of low levels of outcrossing in the natural population,
worldwide genetic diversity of C. elegans is relatively low (Barriere and Felix 2005). Six large
haplotypes are shared by a set of almost 200 strains isolated from locations on all continents
except Antarctica, excepting three strains isolated along the Pacific Rim; this has been interpreted
as evidence of a selective sweep which occurred in the last few centuries, ostensibly as an

adaptation to human-created habitats (Andersen, Gerke et al. 2012).

The most commonly used laboratory strain, N2, differs from the more recent wild isolates in
several respects which may represent adaptation to life in captivity or neutral change following
relaxed selection. Examples include the lack of a mating plug, a structure that is deposited by
males during copulation to limit the mating efficiency of other males, because of a mutation in
the key plug structural gene plg-1 (Hodgkin and Doniach 1997, Palopoli, Rockman et al. 2008),
and solitary feeding behavior (in contrast to more common social feeding), which arose as a result
of an amino acid substitution in npr-1, a neuropeptide receptor (Rogers, Reale et al. 2003, Gloria-
Soria and Azevedo 2008). However, it must be noted that several other wild isolates also lack a

copulatory plug or engage in solitary feeding behavior, although such strains are in the minority.
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I.3.4a Caenorhabditis elegans on the tree of life — related species

C. elegans shares its ecological niche with closely related species in the Caenorhabditis genus,
including C. briggsae and 25 others identified so far (Kiontke and Fitch 2005, Kiontke and Sudhaus
2006, Felix and Braendle 2010, Blaxter 2011). These Caenorhabditis species as well as others from
the related genera Pristionchus (Hong and Sommer 2006, Mayer, Herrmann et al. 2007) and
Oscheius (Baille, Barriere et al. 2008) have been studied in comparison to C. elegans to model
genomic evolution (Blaxter 2011). As part of the subclass Rhabditina, the genus Caenorhabditis
belongs to a group that includes free-living, commensal, and parasitic species, which play critical
roles in their ecological webs (Blaxter 2011). The parasitic species in particular have great
economic importance, and some insect parasites such as those in the Heterorhabditis and
Steinernema genera are used as biological pest control agents in agriculture (Blaxter 2011,
Kenney and Eleftherianos 2016). Others, like the blood-feeding hookworms Necator americanus
and Ancylostoma duodenale parasitize on hundreds of millions of people in the tropics and
subtropics (Cantacessi, Mitreva et al. 2010), while plant-parasitic nematodes cause 8-15% of all
crop failures (Kiontke and Fitch 2005). While parasitism has evolved independently in many
nematode taxa (Blaxter and Koutsovoulos 2015), research conducted in C. elegans, particularly
on the dauer stage which is similar to the infectious life stages of parasitic nematodes, provides
a multitude of genomic and functional data which can be used as a baseline for inter-nematode

comparison (Hu 2007, Blaxter 2011).
1.3.4b Caenorhabditis elegans on the tree of life — the phylum Nematoda

As a nematode, C. elegans belongs to a phylum of immense diversity, with approximately 30,000
described species and possibly more than a million total species (Lambshead and Boucher 2003).
Most of the described species are benthic (ie, seafloor-dwelling) marine organisms which heavily
outnumber other animals in this environment, but nematodes also dominate in other sampled
environments, such as the rainforest canopy and top soil layers (Creer, Fonseca et al. 2010).
Nathan Augustus Cobb, the founder of American nematology, famously illustrated the
abundance of nematodes on the planet by stating that, were all other matter on Earth to

disappear, the outline of major geographical features would still be recognizable because of the
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nematode biomass, and the distribution of other species inferable from the distribution of their
nematode parasites (Cobb 1915, Huettel and Golden 1991). In addition to global distribution and
abundance, nematodes are characterized by hardiness, perhaps best exemplified by
sensationalized but accurate accounts of C. elegans surviving the atmospheric disintegration of
the Space Shuttle Columbia and the resulting 42-32 kilometer fall to Earth (Szewczyk, Mancinelli
et al. 2005), or of nematodes from the orders Rhabditida and Plectida being cryopreserved in
permafrost during the Pleistocene and recovered after 40,000 years of dormancy (Shatilovich,

Tchesunov et al. 2018).
1.3.4c Caenorhabditis elegans on the tree of life — the wider context

In the tree of life, the phylum Nematoda is positioned inside a larger group of invertebrates called
Ecdysozoa, or molting animals (Aguinaldo, Turbeville et al. 1997, Philippe, Lartillot et al. 2005).
Ecdysozoa most prominently also includes arthropods, a highly successful group to which the
model organism D. melanogaster belongs. Together with Lophotrochozoa, the other major
branch of invertebrates which includes molluscs and segmented worms, Ecdysozoa belong to a
larger group of animals called Protostomia (Halanych 1995, Philippe, Lartillot et al. 2005). The
protostomes belong to Bilateria, or bilaterally-symmetrical animals, within which they are the
sister group to Deuterostomia, a clade which includes chordates and, ultimately, mammals
(Nielsen 2017). Animals (the kingdom Animalia) are closely related to the kingdom Fungi, and
belong to a larger grouping of eukaryotes called Opisthokonta, which is more distantly related to
plants and other photosynthesizing eukaryotes (Steenkamp, Wright et al. 2006). Ultimately, the
domain Eukaryota is a close relative of the domain Archea, and together with the domain Bacteria

they comprise all known cellular life (Walsh and Doolittle 2005).
1.3.5 DNA repair in C. elegans

C. elegans conserves all of the DNA repair pathways introduced in Part | of this chapter, although
as has already been mentioned for the case of cNHEJ (section 1.2.5.4), not every vertebrate DNA
repair gene has a C. elegans ortholog (for a brief overview, see (O'Neil and Rose 2006)). Starting
in 1976, IR has been used on C. elegans as a means of generating genetic balancers, but proper

radiological studies in C. elegans began in the 1980s with the isolation of the first nine rad
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mutants using IR and UV radiation, and have greatly expanded in the following decades (O'Neil
and Rose 2006, Sakashita, Takanami et al. 2010, Lans and Vermeulen 2011). Today, C. elegans
has become an important model for the study of DNA damage, especially that of radiological
causes, owing to the utility of studying DDR in vivo both in the entire animal and in specific tissue
contexts (Sakashita, Takanami et al. 2010, Lans and Vermeulen 2015). Some limitations of C.
elegans as a general model of DDR exist, however. In general, the repair pathways appear less
complex (ie, involve fewer players), a fact particularly true of the “minimal” cNHEJ system.
Additionally, C. elegans appears to lack several key components of the classic DDR signaling
cascade (see sections 1.1.6.5.1 and 1.2.3), including the histone variant H2AX, the DDR mediator

MDC1, and the ubiquitin E3 ligase RNF8 (Lans and Vermeulen 2015).
1.3.5.1 The tissue context of DNA repair

The ability to study the effects of DNA damage in a small number of well-defined tissue contexts
is a particular strength of the C. elegans model (for a brief review on this topic, see (Lans and
Vermeulen 2015)). At one level, somatic tissues can be contrasted with the germline in both the
objective and the strategy of DNA repair. In the soma, which dies with every brief generation, the
aim of DNA repair is to maintain function and enable survival and reproduction; in the germline,
which represents the immortal proliferative potential of the species, the goal of DNA repair is the
faithful replication of genetic information. Beyond the soma/germline division, DNA repair in C.
elegans can be studied in several tissue and developmental stage subcontexts, including (Lans
and Vermeulen 2015): 1) the adult germline stem cells (the mitotic zone of the adult gonad),
where several repair pathways, including HR, NER, BER, and TLS, as well as strong checkpoints
ensure the high fidelity of repair; 2) pachytene cells, in which DSBs are initially preferentially
repaired by inter-homolog HR, which ensures proper segregation in anaphase | and promotes
genetic diversity, but are later in pachytene shifted to inter-sister HR for high fidelity repair; 3a)
the early embryo, in which the demands for rapid cell division and synchronous development
result in tolerance of ssDNA lesions via TLS, and where DSB repair preferentially occurs by HR;
3b) the late embryo, in which the preferred mode of DSB repair in most blastomeres (excepting
the PGCs) is cNHEJ because they are Gl-arrested while gastrulation and organogenesis takes

place; 4) somatic cells of developing larvae, which are served by several repair pathways,
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including cNHEJ, HR, NER, and Alt-EJ, but are remarkably resistant to genotoxic stress; and 5)
systemic, or non-cell autonomous responses, in which signals from one tissue may influence the
DDR of another (eg neurons to germline (Sendoel, Kohler et al. 2010), or germline to the entire
soma (Ermolaeva, Segref et al. 2013)) (Lans and Vermeulen 2015). A brief overview of some of
the conserved DNA repair pathways in C. elegans, as well as the physiological consequences of

their dysfunction, is given below.
1.3.5.2 Single-strand lesion repair

C. elegans conserves at least two glycosylases (UNG-1 and NTH-1) and two AP endonucleases
(EXO-1 and APN-1) that are active in BER. However, no strong phenotypes have been associated
with the loss of these enzymes (Shatilla, Leduc et al. 2005, Nakamura, Morinaga et al. 2008,
Hunter, Gustafson et al. 2012). By contrast, many of the C. elegans proteins orthologous to
mammalian NER factors, including XPC-1, XPF-1, XPG-1, and ERCC-1, show increased UV
sensitivity (for a review of NER in C. elegans, see (Lans and Vermeulen 2011)). The physiological
effects of UV exposure depend on the developmental stage, with UV irradiation at the L1 stage
causing a terminal developmental arrest, and exposure in adulthood resulting in a decreased
lifespan and an increased embryonic lethality in the progeny (Lans and Vermeulen 2011). Several
orthologs of MMR proteins, including MSH-2, MSH-6, and MLH-1, have been described. The loss
of these factors results in increased mutation rates and DNA repeat instability (Tijsterman, Pothof
et al. 2002). Finally, several PARP orthologs exist in C. elegans, and the loss of these is synthetic
lethal with a depletion of the cohesin HIM-1, consistent with a role of PARPs in SSB repair and

prevention of replication fork collapse (McLellan, O'Neil et al. 2012, Rose 2014).
1.3.5.3 DSB repair

C. elegans possesses both of the two primary modes of DSB repair, cNHEJ and HR (for a review
of DSB repair in the worm, see (Lemmens and Tijsterman 2011)). All of the major factors involved
in the HR pathways are conserved, including the MRN complex, the strand invasion protein RAD-
51, the resection enzymes DNA-2 and EXO-1, BRC-1, and others (Lemmens and Tijsterman 2011).
Single strand annealing in the worm requires XPF-1 (Pontier and Tijsterman 2009). In contrast to

HR, and as mentioned in section 1.2.5.4, the Ku ring components CKU-70 and CKU-80, and the
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DNA Ligase IV ortholog LIG-4, are the only cNHEJ factors identified before the present study
(Clejan, Boerckel et al. 2006). The existence of Alt-EJ pathways in C. elegans has been
demonstrated by the ability of the worm to perform end joining in the absence of lig-4, brc-1,
and xpf-1 (Pontier and Tijsterman 2009). More recently, an Alt-EJ pathway dependent on the
polymerase 0 ortholog POLQ-1, has been described (van Schendel, van Heteren et al. 2016,
Macaisne, Kessler et al. 2018). As in other organisms, DSBs represent the most deleterious form
of genotoxic stress in C. elegans. Unrepaired DSBs effect distinct outcomes in the somatic and
germline tissues. In the soma, the chromosome mis-segregation that results from DSBs causes
developmental defects, which are most noticeable as morphological abnormalities in the vulva,
the egg-laying and mating organ of the hermaphrodite animal (Clejan, Boerckel et al. 2006,
Weidhaas, Eisenmann et al. 2006). Chromosome mis-segregation in the adult germline results in
embryonic lethality in the case of autosomes, or a high incidence of males (Him phenotype) in
the case of the X chromosome, while mutagenic repair can result in an increased embryonic

lethality (Emb phenotype) (Lemmens and Tijsterman 2011).

Rationale for the present study

The initial rationale for the present study was to investigate the potential role of the germline
protein HTP-3, which has well described roles in meiotic development ranging from coordination
of key prophase | processes to the regulation of the DNA damage response at the chromosome
axes (Goodyer, Kaitna et al. 2008, Severson, Ling et al. 2009, Couteau and Zetka 2011, Lui and
Colaiacovo 2013), in the early germline response to IR-induced genotoxic stress. The project
began as an RNAi screen to identify chromatin factors which may collaborate with HTP-3 in
effecting DDR in the germlines of L1 larvae after IR treatment. However, anomalies in the wild
type response to IR channeled the project onto a different path, which led to the discovery and
initial characterization of NHJ-1, a novel regulator of cNHEJ in C. elegans. That story is described

in the following two chapters (Chapter Il and Chapter Ill) of this thesis.
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Figure 1.1 - Model of cNHEJ in mammalian cells

This figure represents the current understanding of the repair of chemically complex DSBs by the
mammalian cNHEJ pathway. It is based on similar graphical summaries of cNHEJ presented in (Davis and
Chen 2013, Wang and Lees-Miller 2013, Radhakrishnan, Jette et al. 2014). The exact stoichiometry of

proteins involved is not known.

(A) lonizing radiation generates a chemically complex DSB, characterized by loss of nucleotides (ssDNA
overhangs), loss of 5’ phosphate groups, and abberrant phosphate groups on the 3’ termini. The Ku ring
quickly and efficiently binds the free DNA ends, stabilizing them and protecting them from non-specific

nucleases.

(B) The Ku ring acts as a “toolbelt” to recruit the kinase DNA-PKcs, the structural scaffold proteins XRCC4,
XLF, and PAXX, DNA end-processing factors such the WRN helicase, the nucleases APLF, APTX (via XRCC4),
and Artemis (via DNA-PKcs and LIG4), the kinase/phosphatase PNKP, the DNA polymerases Pol p and Pol
A, and the ligase LIG4 (in complex with XRCC4 and XLF). The collective action of these enzymes results in
ssDNA overhang removal, gap-filling DNA synthesis, phosphorylation of 5’ ends, and dephosphorylation
of 3’ ends, making the processed ends compatible for ligation. Not shown are the phosphorylation events

that mediate recruitment and coordinate activity of the proteins involved.

(C) Terminal ligation is preceded by the autophosphorylation of DNA-PKcs (not shown), which mediates
its dissociation from the cNHEJ complex. The ligase activity of LIG4 is promoted by APLF. Once the DNA
ends have been ligated, the Ku ring is trapped on the repaired chromosome, and is removed by ubiquitin-

mediated degradation. The E3 ligase RNF8 is currently understood to mediate the ubiquitylation of Ku.

See section 1.2.2 for more detail.
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Figure 1.2
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Figure 2.2 - Conservation of cNHEJ factors

This figure shows the evolutionary conservation of cNHEJ factors in several well-studied taxa, organized
by the distinct steps of the cNHEJ process. Although located within the eukaryotic lineage whose other
members share several DSB processing factors and structural scaffold proteins, C. elegans appears to
possess only the 3 universally conserved cNHEJ pathway components.

Proteins with sequence homology are color-coded. Proteins inferred but not confirmed to be active in
cNHEJ are indicated by a dotted outline. The DNA polymerases known to be involved in mammalian and
yeast cNHEJ are not shown. Branch lengths are not to scale and do not indicate a quantitative degree of

taxon relatedness. See section 1.2.5 for more detail.
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Figure 1.3
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Figure 3.3 - Life cycle of Caenorhabditis elegans

This figure presents the development of C. elegans at 22°C, showing time spent in and the sizes of the
different larval stages. Note that experiments in the present study were performed at 20°C, at which
temperature the egg hatches 10-12 hours post-fertilization, and the animals spend 14 hours in L1, 8.5
hours in L2, 9 hours in L3, 12.5 hours in L4, and start laying eggs approximately 9 hours after molting into
adults (Byerly, Cassada et al. 1976). See sections 1.3.2, 1.3.2.1 and 1.3.2.3 for more information. This figure
was made by Wormatlas, which holds the copyright thereto. It is reproduced here for an approved non-

profit educational and scientific purpose.
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Figure 1.4
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Figure 4.4 - Germline development in Caenorhabditis elegans

This figure shows the development of the C. elegans germline, starting with the primordial germ cells
(PGCs) at the L1 stage and ending with the oocyte-producing adult germline. See sections 1.3.2.2a-b for
more detail. Cells outlined in yellow are mitotically proliferating, while cells outlined in orange are

undergoing meiosis. This figure was made by Wormatlas, which holds the copyright thereto. It is
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reproduced here for an approved non-profit educational and scientific purpose.
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Chapter lI: Discovery of a novel regulator of ionizing radiation response in early

C. elegans larvae

1.1 Introduction and screening for chromatin regulators of the DNA damage response in the

L1 germline

The project that led to the discovery of NHIJ-1 as a critical regulator of cNHEJ began as an
investigation into the role of the germline protein HTP-3 in the IR response of early larvae. HTP-
3 is an essential component of the synaptonemal complex (SC), a conserved proteinaceous
structure which plays an essential role in stabilizing the interactions between homologous
chromosomes during the first meiotic prophase (reviewed in (Zickler and Kleckner 2015) and
(Cahoon and Hawley 2016)). The SC is composed of two main parts: 1) the meiotic chromosome
axis elements, also known as axial elements or lateral elements, called such because they
assemble along the length of the chromosomes in prophase |; and 2) the transverse elements,
also called central elements, which assemble between the axial elements of two homologous
chromosomes to stabilize the inter-homolog interaction and effect synapsis (Cahoon and Hawley
2016). HTP-3 is the most upstream of the lateral SC elements, interacting with cohesins on the
chromosomes and forming a platform required for the localization of other lateral SC elements
including HIM-3, HTP-1, and HTP-2 (Goodyer, Kaitna et al. 2008, Severson, Ling et al. 2009, Lui
and Colaiacovo 2013). Therefore, HTP-3 is essential for homolog alighment, synapsis, and
crossing over. Furthermore, it interacts with the MRN complex and is required for the formation
of programmed DSBs in prophase | (Goodyer, Kaitna et al. 2008). Beyond being a protein of
central importance to several meiotic processes, two observations about HTP-3 prompted us to
study its potential extra-meiotic roles: 1) It is expressed in germline nuclei prior to the onset of
meiosis, notably in the PGCs during the L1 stage, suggesting a possible function during the early
larval stages; and 2) It is required for the acquisition of wild type levels of acetylated histone 2A
lysine 5 (H2AK5Ac), a DNA-damage responsive chromatin mark, suggesting that HTP-3 may play
a role in establishing the appropriate chromatin architecture in meiotic DDR (Couteau and Zetka

2011).
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Joining the observation of HTP-3 expression in the PGCs with its role in meiotic DDR, we
hypothesized that it may play a role in DDR in the early germline. Because HTP-3 is essential for
the critical meiotic processes which ensure proper chromosome segregation in the gametes, htp-
3 null mutants are generally inviable, and show ~90% embryonic lethality (Monique Zetka,
unpublished data). However, htp-3(vc75), a missense allele generated in a collaborative reverse
genetic screen in which the histidine at position 97 in the protein chain has been substituted by
a tyrosine (Gilchrist, O'Neil et al. 2006), produces viable progeny (Monique Zetka, unpublished
data). In htp-3(vc75) animals, levels of H2AK5Ac on the meiotic axes are reduced, and the axes
exhibit localized separation or desynapsis, which are phenotypes also observed in wild type
animals following IR treatment (Couteau and Zetka 2011). | therefore aimed to identify possible
genetic interactors of the htp-3(vc75) mutation whose loss may sensitize the animals to IR at the
L1 stage, particularly in terms of brood size outcomes, ie, in the number of progeny generated in
adulthood after IR treatment during the L1 stage. Because in the context of meiotic chromosomes
HTP-3 directs histone modification, | decided to limit my search to chromatin modifying enzymes
and associated proteins. As mentioned in Chapter | (section 1.3.1), C. elegans is an excellent
model for RNAi-based screens because of the ease of knockdown by feeding as well as the
availability of RNAi libraries which cover most protein-coding genes in the genome. For my
screen, | made use of a published list (sub-library) of genes encoding chromatin modifiers and
related factors, which includes a total of 464 RNAI clones (Tursun, Patel et al. 2011), although
only 429 of these were in our possession. | performed the screen simultaneously in three
genotypes: the Bristol wild type strain N2, htp-3(vc75), and rrf-1(pk1417). The primary aim was
to identify genes whose knockdown, in conjunction with IR treatment, affects htp-3(vc75) fertility
more than wild type fertility (see Figure 5.1 and section V.7 for more details on methodology).
The RNA-dependent RNA polymerase (RARP) rrf-1(pk1417) mutant was included to identify genes
which may have a germline-specific effect on post-IR fertility, as rrf-1 mutants were believed at
the time to be refractory to somatic RNAI, although this was soon after demonstrated not to be

true in all somatic tissues (Kumsta and Hansen 2012).
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1.2 Endogenous RNAi factors and HTP-3 appear to sensitize L1 larvae to ionizing radiation

Before | commenced screening in earnest, | noticed an anomaly in the brood size response of N2
compared to htp-3(vc75) and rrf-1(pk1417) mutants. Irradiated at the L1 stage with 75 Gy of IR,
N2 animals exhibited a markedly reduced fertility compared to unirradiated controls, with only
28% of the animals producing more than 50 progeny (Figure 2.1A). Considering that IR is a potent
genotoxic stressor, this observation is not surprising on its own. However, both htp-3(vc75) and
rrf-1(pk1417) showed a significantly more modest brood size reduction, with 88% and 93% of
irradiated animals, respectively, producing more than 50 progeny (p<0.001 vs N2 for both
genotypes) (Figure 2.1A). It thus appeared that the htp-3(vc75) missense mutation and the rrf-
1(pk1417) deletion conferred IR-resistance, even in absence of any RNAi knockdown. This finding
did not impact the decision to perform the screen, as IR-resistance could be modulated by
chromatin factors in addition to newly implicated RRF-1 and HTP-3. Furthermore, the resistant
phenotype of rrf-1(pk1417) mutant raised the possibility that the endogenous small interfering
RNA (endo siRNA) pathway may play a role in sensitizing the animals to IR, since RRF-1 plays a
critical role in this process. Small interfering RNAs are small (20-30 nucleotide long) RNA
molecules which can interact with proteins called Argonautes to form mRNA silencing complexes
(Boisvert and Simard 2008). Endogenous siRNAs are encoded by the genome and are involved in
the regulation of endogenous gene expression. Exogenous siRNAs are created from extra-
genomic sources and play a role in the anti-viral immune response in C. elegans, though this
mechanism has been co-opted for the silencing of endogenous genes in the laboratory (Boisvert
and Simard 2008). Endogenous and exogenous siRNA biogenesis is effected by distinct but
partially overlapping pathways (Gent, Lamm et al. 2010, Vasale, Gu et al. 2010). Endogenous
siRNAs are generated by a two-phase process. In the first phase, the relatively rare 26 nucleotide
long primary endo siRNAs are generated from genomic transcripts by the activity of the RNAse
[ll-like enzyme Dicer (DCR-1), the RdARP RRF-3, and other accessory factors, and are then bound
and stabilized by the primary Argonaute ERGO-1 (Gent, Lamm et al. 2010). In the second phase,
the more abundant 22 nucleotide long secondary endo siRNAs are produced by the action of the
RdARP RRF-1 and possibly other RNA polymerases, and are then bound by one of the more than

20 secondary Argonautes in C. elegans (Boisvert and Simard 2008, Gent, Lamm et al. 2010).
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Broadly similar to endo siRNA biogenesis, the exo siRNA synthesis pathway involves the
processing of exogenous RNA sources by DCR-1 and accessory proteins, but does not require RRF-
3 and possesses its own primary Argonaute, RDE-1, rather than ERGO-1. The downstream
amplification requires RRF-1 in the soma and EGO-1 in the germline, though some EGO-1 activity
may occur in certain somatic tissues, notably the intestine (Boisvert and Simard 2008, Gent,

Lamm et al. 2010, Kumsta and Hansen 2012).

Because there was no trigger for exogenous RNAI in the initial L1 irradiation experiment (Figure
2.1A), | interpreted the rrf-1(pk1417) phenotype as a consequence of endo siRNA pathway
disruption. This interpretation seemed even more plausible in light of the discoveries that both
endo and exo RNAI pathways are capable of gene silencing via histone 3 lysine 9 trimethyl
(H3K9me3) deposition and heterochromatinization (Burton, Burkhart et al. 2011, Gu, Pak et al.
2012), which | considered a possible link to HTP-3 or other chromatin factors. Therefore, | wanted
to assay whether other endo siRNA biogenesis mutants also exhibit IR-resistance. | tested this at
a higher dose of 100 Gy, at which the difference between N2 and rrf-1 or htp-3(vc75) is even
more pronounced (Figure 2.1B). At this dose, rrf-3 and ergo-1 null mutants showed a significantly
higher brood size, with 38% and 43% of the animals producing more than 50 progeny, compared
to less than 1% in N2 (p<0.001) (Figure 2.1B). Similar levels of IR-resistance were also observed
in the four secondary Argonaute null mutants tested, ppw-1, ppw-2, sago-1, and sago-2 (Figure
2.1B). Interestingly, the dcr-1(mg375) mutant was not significantly different than N2 in its post-
IR fertility (p>0.05) (Figure 2.1B). | used this allele because null mutants of dcr-1 are not viable. It
is a missense mutation converting glycine 492 in Dicer’s helicase domain to an arginine, which
greatly reduces the protein’s helicase activity (Welker, Pavelec et al. 2010). While this does not
affect exogenous siRNA biogenesis, it greatly reduces the production of endogenous siRNAs from
a subset of genomic sources (Welker, Pavelec et al. 2010). | therefore initially concluded that IR-
sensitivity must be mediated by Dicer helicase-independent endo siRNAs. However, the fact that
an inactivating mutation in any of the tested secondary Argonautes, which are known to be
redundant for exogenous RNAI (Yigit, Batista et al. 2006), produces an IR-resistant phenotype not
different than rrf-3 or rrf-1 (Figure 2.1B), raised the possibility that the IR-resistance of these

strains may be caused not by the endo siRNA pathway mutations, but may instead be the default
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IR response. The IR-sensitivity in N2 might therefore be caused by a cryptic, unannotated
mutation not present in the other tested strains, and not represent the true wild type response.
Adding credence to this hypothesis, mutants of one of the first two hits from the RNAi screen,
nurf-1 (a component of the Nucleosome Remodeling Factor chromatin remodeler complex) and
the methyltransferase set-22 both proved to be resistant to IR (Figure 2.1B), even though nurf-1
was identified as a negative regulator of post-IR brood size in the RNAi screen, and set-22 as a
positive regulator (Figure 2.2A). | additionally tested a completely unrelated strain for the L1 IR
response, an unc-119(ed9) mutant with an integrated construct (or/s20) carrying the unc-119(+)
rescuing sequence and a moesin gene tagged with GFP. At this stage, | also decided to abandon
the brood size binning approach and quantify the actual brood size of each animal. As expected
based on previous experiments, the brood size of N2 animals irradiated with 75 Gy was drastically
reduced to a median of 77 progeny (inter-quartile range (IQR) 74.75) compared to 333.5 progeny
(IQR 44.5) in unirradiated controls (Figure 2.1C). By contrast, the median number of progeny in
orls20; unc-119(ed9) animals after IR treatment was 160 (IQR 215.5), significantly higher than in
irradiated N2 animals (p<0.001) (Figure 2.1C). | therefore began strongly favoring the idea that a
cryptic mutation in the N2 strain kept in the Zetka lab was causing the animals to become

sensitive to IR.

The RNAi screen yielded 33 candidates with an effect on post-IR brood size (Figure 2.2). However,
no candidates were found in which the genetic background (whether N2, htp-3(vc75), or rrf-
1(pk1417)) modulated the IR response in combination with the RNAi knockdown. Because the
initial rationale of the screen was to find genetic interactors of htp-3 in the IR response, following
up on the candidates from the screen appeared less promising than furthering the investigation
of the severe IR-sensitivity discovered in the N2 line. | thus decided to focus exclusively on this

latter phenomenon, and more deeply examine its nature and genetic basis.
1.3 The Bristol wild type strain N2 exhibits diversity in the L1 radiation response

As a first step in this investigation, | obtained the N2 strain from the Caenorhabditis Genetics
Center (CGC), a depository of strains at the University of Minnesota Twin Cities, which stores C.

elegans and other nematode strains and distributes them to the research community. | also
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obtained the N2 line from the neighbouring laboratory of Dr. Richard Roy at McGill University.
While the Roy lab N2 exhibited a resistant phenotype with a median of 172.5 (IQR 51) progeny
after L1 irradiation, both the Zetka lab N2 and the CGC N2 displayed significantly lower post-IR
brood sizes of 21 (IQR 46.5) and 30 (IQR 51.75) progeny, respectively (p<0.001 for both genotypes
vs Roy lab N2) (Figure 2.3). While the resistant phenotype of Roy lab N2 confirmed that there
exists unannotated genetic variation among N2 lines, the sensitive phenotype of the CGC N2
suggested that the sensitivity of the Zetka lab N2 was not due to an isolated mutation, and that
it may be more widespread. To further investigate the distribution of IR-resistance and -
sensitivity, | tested N2 lines from four additional sources — Hekimi lab from McGill University,
Andersen lab from Northwestern University (USA), Zhen lab from Lunenfeld-Tanenbaum
Research Institute (Canada), and the National Bioresource Project (NBRP) of Japan. | also tested
18 non-N2 wild type isolates from diverse geographic locations covering all major landmasses on
the planet except for Antarctica (Figure 2.4), as well as two strains of C. briggsae. Every strain
tested, except the Zetka lab N2 and the CGC N2, showed a resistant phenotype following IR
treatment at the L1 stage (Table 2.1). The most parsimonious explanation of this distribution
pattern is that IR-sensitivity arose relatively recently in the N2, during its existence as a commonly

used laboratory strain, and proliferated among some of the laboratory lines since.
1.4.1 The sensitive N2 [S] strain shows dose-dependent IR-sensitivity at L1

| next turned my attention to a better characterization of the L1 IR response. Using a single
isolated animal, | derived a resistant N2 strain, henceforth called N2 [R], from the Andersen lab
N2, and a sensitive N2 strain, henceforth called N2 [S], from the CGC N2. | had heretofore worked
primarily with very high IR doses of 75 Gy and 100 Gy, which had a striking impact on the sensitive
animals’ post-IR fertility. To test whether this response is a consequence of an IR dose threshold
or whether it scales with the dose, | looked at the response of N2 [R] and N2 [S] at two lower
doses of 25 Gy and 50 Gy, in addition to 75 Gy. While a significant difference between the two
N2 lines is detectable even at 25 Gy (p<0.05), the magnitude of the difference is far greater at 50
Gy and 75 Gy (p<0.001 for both doses) (Figure 2.5A). Furthermore, irradiated N2 [S] animals show
a significantly lower brood size compared to unirradiated controls already at 25 Gy (p<0.01),

while irradiated N2 [R] animals only produce a significantly lower brood size than unirradiated
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controls at 75 Gy (p<0.001) (Figure 2.5A). Thus, a dose-response curve could be derived for both

N2 [R] and N2 [S], with the response of N2 [S] being consistently more severe at any dose tested.
11.4.2 N2 [S] is not IR-sensitive at the L4 stage

| then wanted to test whether the IR-sensitivity was specific to L1 larvae, or whether it is present
later in development as well. The initial rationale for using L1 animals was to screen for htp-3
interactors which may modulate the IR response in the PGCs, which are the only germ cells
present in the L1 larva at hatching. However, the serendipitously discovered divergence in the IR
response of N2 [R] and N2 [S] may be general instead of life-stage delimited. To test this, |
compared the post-IR brood size of L4 larvae, in which somatic development is largely completed
with regard to cell division, and in which the germline comprises hundreds of cells undergoing
meiosis and spermatogenesis (Sulston and Horvitz 1977, Kipreos 2005, Pazdernik and Schedl
2013). While IR treatment with 75 Gy reduced the number of progeny in N2 [R] from an
unirradiated median of 321 (IQR 58) to 145 (IQR 39), this was not significantly different than N2
[S] (p>0.05), in which IR reduced the brood size from a median of 315.5 (IQR 45.25) to a median
of 141.5 (IQR 47.75) (Figure 2.5B). The IR-sensitivity of N2 [S] is therefore developmentally

modulated, and is no longer apparent by the L4 stage.
11.4.3 N2 [S] sensitivity is specific to ionizing radiation

| next wanted to test whether the sensitivity of N2 [S] is specific to IR as a genotoxic stressor, or
whether it is reflective of a general sensitivity to genotoxic stress. To test this, | chose UV
radiation, which predominantly causes inter-base crosslinks in neighbouring nucleotides (see
section 1.1.5.2), and ENU, an alkylating agent which can cause base transitions or transversions
(see section 1.1.5.3), as additional genotoxic stressors. Irradiation of L1 larvae with 50 J/m?
significantly reduces the brood size of both N2 [R] and N2 [S] (p<0.001 for both genotypes), but
there is no significant difference between the two genotypes at this dose (p>0.05) (Figure 2.5D).
At 100 J/m?, the brood size analysis was precluded by terminal arrest of irradiated larvae in both
N2 backgrounds (Figure 2.5D). Thus, no differential sensitivity to UV radiation exists between N2
[R] and N2 [S]. Similarly, both N2 [R] and N2 [S] animals show a significant brood size reduction
in adulthood after exposure to 5 mM or 10 mM ENU at the L1 stage (p<0.01 for 5mM ENU N2 [R]
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against untreated controls; p<0.001 for 10mM ENU N2 [R] and N2 [S] at both ENU doses against
untreated controls) (Figure 2.5C). However, no significant difference is apparent between the
two N2 backgrounds after ENU treatment (p>0.05 at both ENU doses) (Figure 2.5C), showing that
N2 [S] is not hypersensitive to DNA alkylation. In conclusion, the differential sensitivity of the N2
[S] background to IR seemed to be specific to that genotoxic stressor, raising the possibility of a

defect in DSB repair, since DSBs are most efficiently induced by IR.
1.5 Reduced fertility in N2 [S] does not result from apparent germline defects

| then wanted to better characterize the physiological characteristics of the L1 IR response. In
particular, why do the animals show a reduced brood size following irradiation? Is this a
consequence of germline or somatic IR-induced defects? In C. elegans, a key indicator of DNA
damage in the germline is increased embryonic lethality (the Emb phenotype) which results from
chromosome segregation defects arising from unrepaired DSBs leading to aneuploidy, or
mutagenic repair of survival-critical genes (Lemmens and Tijsterman 2011). Indeed, in L4 animals
of both N2 [R] and N2 [S] lines, the post-IR (75 Gy) brood size decrease can be explained primarily
by high embryonic lethality, 54% in N2 [R] and 51% in N2 [S], which is not significantly different
(p>0.05) between the two lines (Table 2.2). By contrast, the embryonic lethality in post-L1-IR (75
Gy) N2 [S] animals is 0.67%, and is not significantly different than 0.85% Emb observed in
unirradiated controls (Table 2.2). However, the post-L1-IR embryonic lethality in N2 [R] is 9.45%,
significantly higher (p<0.001) than either the unirradiated N2 [R] (0.63%) or irradiated N2 [S]
(0.67%) (Table 2.2). These observations on embryonic lethality suggest that a small part of the
post-L1-IR brood size reduction in N2 [R] can be explained by unrepaired germline DNA damage
or mutagenic repair, while no such damage is present in irradiated N2 [S] animals. Furthermore,
neither N2 [R] nor N2 [S] animals exhibit gross cytological defects during the first meiotic
prophase in the adult gonad following irradiation at the L1 stage (Figure 2.6A and Figure 2.6B).
Marked by the germline chromatin marker HTP-3 and the DNA stain DAPI, the mitotic stem cells
of irradiated animals appear the same as in unirradiated controls, DNA polarization in the
transition zone occurs normally, no defects in the synapsed chromosome tracks are apparent,
and diakinesis nuclei contain six DAPI-stained bodies, indicative of properly formed bivalents

(Figure 2.6A and Figure 2.6B). Despite the lack of evidence for germline defects, the limiting
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factor for post-IR fertility in both N2 [R] and N2 [S] appears to be oocyte production, as mating
with unirradiated males, which increases the brood size of non-irradiated hermaphrodites of
both N2 backgrounds by providing exogenous sperm, is not able to rescue the brood size of either
irradiated N2 [R] orirradiated N2 [S] (Figure 2.7). Collectively, these results argue that DNA repair
occurs normally in the N2 [S] germline following IR exposure. In N2 [R], the increased embryonic
lethality supports either the possibility that DNA repair in the germline is impaired, that
mutagenic repair occurs leading to an increased incidence of lethal mutations, or that the effects
are germline non-autonomous. Because irradiated N2 [R] animals display no meiotic phenotypes
which are a hallmark of unrepaired DSBs, and because the somatic development in N2 [R] is much

less severely affected, | favor the mutagenic repair interpretation.
11.6 N2 [S] displays developmental delay and vulval defects

In addition to the brood size reduction, | noticed that several somatic defects occur much more
prominently in N2 [S] than in N2 [R] following IR treatment at the L1 stage. The first of these is a
developmental growth delay (the Gro phenotype). Three days after the L1 stage, all unirradiated
N2 [R] and N2 [S] animals develop into adults, as do the vast majority of irradiated N2 [R] animals
(94%) (Figure 2.8A). However, more than half (61%) of N2 [S] animals were still at the L4 or an
earlier larval stage at this time point (Figure 2.8A), indicating a developmental delay. A small
proportion of animals (2%) was found as thin, opaque, L3-like larvae (Figure 2.8A), similar to the
L3-like larvae described previously in cNHEJ-defective mutants post-IR (Clejan, Boerckel et al.
2006). By contrast, only 6% of N2 [R] animals were still in a larval stage at the same time point
(Figure 2.8A). Four days after the L1 stage, the great majority (89.5%) of the irradiated N2 [S]
animals have developed into adults, but a large proportion (76%) exhibited vulval defects,
including protruding vulva (the Pvl phenotype) and ruptured through vulva (the Rup phenotype)
(Figure 2.8B and Figure 2.8C). Among irradiated N2 [R] animals, however, only 5% showed vulval
defects (Figure 2.8B). Vulval dysgenesis is a hallmark of unrepaired DSBs or mutagenic repair in
the soma (Lemmens and Tijsterman 2011). In addition to Pvl and Rup, another vulval phenotype
that can occur as a consequence of IR treatment is vulvaless (the Vul phenotype), ie, a complete
absence of the vulva (Weidhaas, Eisenmann et al. 2006). While | haven’t directly scored for Vul,

irradiated N2 [S] animals showed a much higher incidence than N2 [R] animals of the bag of
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worms phenotype, which is the pathological occurrence of hatched larvae inside the body of the
mother that results from an inability or impaired ability to lay eggs (Riddle, Blumenthal et al.
1997). One day after L4 stage, only 2% of IR-treated N2 [R] animals were bags of worms,
compared to 25% of N2 [S] animals (p<0.001) (Figure 2.8D). This did not significantly change two
days after the L4 stage (p>0.05 against the same genotype/treatment one day post-L4), with 3%
and 31% bag of worm animals in N2 [R] and N2 [S], respectively (Figure 2.8D). Although efficient
induction of vulval phenotypes in wild type animals requires very large doses of IR (100-400 Gy)
(Weidhaas, Eisenmann et al. 2006), Gro and vulval phenotypes are apparent at much lower doses
(60-120 Gy) in ctNHEJ mutants, including cku-70, cku-80, and lig-4 (Clejan, Boerckel et al. 2006).
This raised the possibility that the N2 [S] background carried a cryptic mutation in one of these

genes or possibly, in a novel factor involved in C. elegans cNHEJ (see Chapter Ill).
1.7 lonizing radiation sensitivity is recessive

Identifying the mutation(s) causative of sensitivity in N2 [S] and N2 [R] required the full genomic
sequence of both N2 genetic backgrounds, to reveal both the candidates for the causative locus
(loci), as well as other mutations, such as restriction fragment length polymorphisms, which could
be used in mapping. However, before | sent the genomic DNA for deep sequencing, | wanted to
test whether IR-sensitivity is dominant or recessive to IR-resistance, so that the sequencing
results could be better interpreted. | therefore compared the IR response of heterozygous N2
[R/S] animals derived from a cross between an N2 [R] male and an N2 [S] hermaphrodite to that
of homozygous N2 [S/S] animals derived from a cross between two N2 [S] animals. When exposed
to 50 Gy, N2 [R/S] heterozygotes had a significantly higher brood size (median 276 progeny, IQR
67.5) compared to N2 [S/S] animals (median 24 progeny, IQR 60.5; p<0.001) (Figure 2.9A), and
exhibited a significantly lower penetrance of vulval phenotypes (60% in N2 [S/S] and 5% in N2
[R/S]; p<0.001) (Figure 2.9B), demonstrating that IR-resistance is dominant over IR-sensitivity,

which is consistent with a genetic loss of function in the N2 [S] line.
11.8 Abrogation of Dicer helicase activity does not result in IR-sensitivity

Before proceeding with whole genome sequencing, | wanted to test the one candidate mutation

associated with L1 IR-sensitivity that | already possessed: dcr-1(mg375). This dcr-1 mutant was
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the only genotype among those tested in the early stages of this investigation which didn’t have
a significantly different response than the IR-sensitive Zetka lab N2 (Figure 2.1B). To test whether
the dcr-1(mg375) mutation can cause IR-sensitivity, | compared the post-IR brood size outcome
of N2 [R], N2 [S], and dcr-1(mg375) with dcr-1(vv121), a CRISPR-generated allele carrying the
same G492R substitution as dcr-1{mg375) but in the N2 [S] background, and with dcr-1(vv122),
another CRISPR-generated carrying the G492R substitution in the N2 [R] background. While dcr-
1(mg375) animals did not differ in post-IR brood size when compared to N2 [S] or dcr-1(vv121)
[S], all three showed a markedly reduced brood size compared to dcr-1(vv122) [R] animals (Figure
2.10). This result demonstrated that the Dicer helicase G492R mutation does not impact IR-
sensitivity, and that another mutation in the [S] background is responsible. Further progress now
necessitated looking for other candidates, and | sent samples of N2 [R] and N2 [S] genomic DNA

for deep sequencing at the Michael Smith Genome Sciences Centre in British Columbia.
11.9 Deep sequencing reveals IR-sensitizing candidate mutations in the N2 [S] genome

Deep sequencing results revealed 9,792 variants in the N2 [R] genome and 10,500 variants in the
N2 [S] genome which were different than the reference genome (Figure 2.11A). Most of the
variants in both genomes are not fixed in the population, but 32% of N2 [R] variants and 30% of
N2 [S] variants are (Figure 2.11A), which reduced the list of possible causative variants.
Furthermore, of the fixed variants, a large majority is shared between the two genomes, with
only 16% being unique to N2 [R] and 17% unique to N2 [S] (Figure 2.11B), which suggests that N2
[R] and N2 [S] have diverged from each other only after their shared lineage diverged from the
reference genome. The most important information that came out of the deep sequencing was
the list of fixed variants specific to N2 [S], among which the IR-sensitivity causing variant was to
be found. However, since this still represented 551 possible candidates, we partnered with the
bioinformatics laboratory of Dr. Steven Jones at the British Columbia Cancer Agency to identify
variants predicted to affect protein sequences, as we reasoned that a protein loss-of-function
would be the most likely cause of IR-sensitivity. Dr. Jones’ group identified 15 single nucleotide
mutations which directly affect protein sequence, including 12 which result in amino acid
substitutions, 2 which create a premature stop codon, and 1 which results in the abolition of a

splice site (Table 2.3). As a first line strategy to map the causative mutation, | undertook the
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sequencing of these 15 mutations in phenotypically sensitive N2 hybrid lines derived from singled
F2 animals from an N2 [R] X N [S] cross (Figure 5.2A). | created 21 such sensitive lines from a total
of 80 F2 animals, a 3:1 ratio consistent with a single causative locus, or multiple linked loci. Only
two mutations, the amino acid substitutions in the inverted formin inft-2 and in the putative
hexosyl transferase F10D2.12 (Table 2.3), were present in every sequencing reaction of every
hybrid strain (Figure 2.12). These two mutations are both located on chromosome V, and are
strongly linked (~4.2 cM apart). Thus, two possibilities presented themselves: 1) either the inft-2
mutation, or the F10D2.12 mutation, or both were truly causative of the IR-sensitivity in N2 [S];
or 2) the causative mutation is located somewhere on chromosome V, closely linked to inft-2 and
F10D2.12, but is not in a protein coding gene, affecting either an RNA gene or a DNA regulatory
element. To test the first of these two possibilities, | used CRISPR mutagenesis to create the N2
[S]-like mutations, inft-2(vwv135[5239Y]) and F10D2.12 (vv136[P325L]) in N2 [R], hypothesizing
that this would result in IR-sensitivity if either of these two loci, or both, are causative. However,
the inft-2(vv135) F10D2.12(vv136) double mutant proved to be IR-resistant, with a median post-
IR brood size of 213 progeny (IQR 160.75), compared with a median of 161 progeny (IQR 184) in
N2 [R] and O median progeny (IQR 9.25) in N2 [S] (Figure 2.13). | therefore concluded that the
causative mutation is merely linked to inft-2 and F10D2.12 loci, and may not be in a protein

coding gene.
11.10 Loss of cNHEJ sensitizes N2 [R] to ionizing radiation

Despite this conclusion, the similarity of post-IR N2 [S] phenotypes to the published post-IR
phenotypes of cNHEJ pathway mutants (Clejan, Boerckel et al. 2006) prompted me to investigate
the possibility that IR-sensitivity in N2 [S] is caused by a loss of cNHEJ activity. As an initial test of
this possibility, | examined the post-IR phenotypes of lig-4(ok716), a published deletion mutant
of the terminal cNHEJ ligase lig-4 (Clejan, Boerckel et al. 2006), as well as lig-4(vv134[R18STOP]),
an allele converting codon 18 from an arginine to a stop codon, which | generated using CRISPR
in the N2 [R] background. Like N2 [S], whose post-IR brood size is reduced to a median of 3
progeny (IQR 19), the post-IR brood size of both lig-4 mutants is reduced, with a median of 0
progeny (IQR 0) in lig-4(ok716) and a median of 0 progeny (IQR 7.5) in lig-4(vv134) (Figure 2.14A).
All three are significantly lower than the median post-IR brood size of N2 [R] of 126 progeny (IQR
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220.25; p<0.001 for all three comparisons) (Figure 2.14A). Additionally, a significantly higher
incidence of vulval (Pvl and Rup) phenotypes is apparent in N2 [S] (63%), lig-4(ok716) (66%), and
lig-4(vv134) (75%), compared to N2 [R] (4%; p<0.001 for all three comparisons) (Figure 2.14B).
Thus, the post-IR phenotypes of N2 [S] are not only present in a previously described null mutant
of lig-4, but the normally resistant N2 [R] genetic background can be made IR-sensitive by
inactivating lig-4. While this finding did not represent proof that the sensitivity of the N2 [S] strain
is caused by a loss of cNHEJ activity (for direct evidence of that, see Chapter Ill), it did strengthen
this hypothesis. Based on the deep sequencing data, the coding sequences of the three known C.
elegans cNHEJ genes, cku-70, cku-80, and lig-4, did not contain any variants which might affect
the protein function. This raised the possibility that a non-coding mutation somewhere on
chromosome V may abolish the expression of one or more of the cNHEJ genes, which are all
located on chromosome lll. To test this possibility, | performed RT-PCR for each of the three
known cNHEJ genes on cDNA converted from total RNA extracted from N2 [R] and N2 [S] animals.
RT-PCR products for all of the cNHEJ gene transcripts were present in both N2 [R] and N2 [S]
cDNAs (Figure 2.15), and | thus concluded that the N2 [S] mutation does not result in a loss of

cku-70, cku-80, or lig-4 transcription.

This left three possibilities open: 1) that the L1 IR-sensitivity is due to a disruption in the
translational regulation of the known cNHEJ factors, or a loss of IR-dependent expression control;
2) that is not the result of a ctNHEJ deficiency and is rather caused by a failure of another DSB
repair pathway with a similar spectrum of post-IR phenotypes; and 3) that there is a novel cNHEJ
factor somewhere on chromosome V. The first step toward testing these possibilities required
the identification and characterization of the causative mutation in the N2 [S] genome, which is

described in the following chapter.
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Figure 2.1 - The Bristol wild type strain N2 is sensitive to ionizing radiation

(A) Quantification of post-IR fertility by brood size category in N2, rrf-1(pk1417), and htp-3(vc75). When
irradiated with 75 Gy of ionizing radiation at the L1 stage, wild type N2 animals show a significantly
reduced brood size compared to unirradiated controls (p<0.001), with a large proportion of the irradiated
population producing less than 50 progeny. Irradiated rrf-1(pk1417) and htp-3(vc75) mutants, however,
exhibited a much more modest brood size reduction compared with unirradiated controls of the same
genotype, which was not significant. All statistical comparisons shown in the figure are to N2 75 Gy
(Kruskal-Wallis test and Dunn’s post-hoc tests). Sample size (n) is 59 for unirradiated N2 and 60 for

irradiated N2, both rrf-1(pk1417) groups, and both htp-3(vc75) groups.
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Figure 2.1 The Bristol wild type strain N2 is sensitive to ionizing radiation (continued)

(B) Quantification of post-IR fertility by brood size category in N2, endo siRNA biogenesis mutants, and
three chromatin-associated factors. After 100 Gy of IR at the L1 stage, the brood size of N2 is significantly
reduced (p<0.001 in all cases) compared to the post-IR brood size of endo siRNA biogenesis pathway
mutants rrf-3(pk1426), ergo-1(tm1860), rrf-1(pk1417), the secondary Argonaute mutants ppw-1(pk2505),
ppw-2(pk1673), sago-1(tm1195), and sago-2(tm894), as well as several mutants of chromatin associated
proteins, including htp-3(vc75), nurf-1(n4295), and set-22(ok2370). However, there was no significant
difference in the post-IR brood size of N2 and dcr-1(mg375), a helicase dead mutant of the small RNA
biogenesis protein Dicer. All statistical comparisons shown in the figure are to N2 100 Gy (Kruskal-Wallis
test and Dunn’s post-hoc tests). Sample size (n) is 1083 for unirradiated N2, 1067 for irradiated N2, 209
for both rrf-1(pk1417) groups, 209 and 204 respectively for unirradiated and irradiated ergo-1(tm1860),
202 and 201 respectively for unirradiated and irradiated rrf-3(pk14136), 198 and 194 respectively for
unirradiated and irradiated dcr-1(mg375), 197 and 193 respectively for unirradiated and irradiated ppw-
1(pk2505), 194 and 189 respectively for unirradiated and irradiated ppw-2(pk1673), 209 and 210
respectively for unirradiated and irradiated sago-1(tm1198), 70 and 68 respectively for unirradiated and
irradiated sago-2(ok894), 207 and 205 respectively for unirradiated and irradiated htp-3(vc75), 209 for
both nurf-1(n4295) groups, and 68 and 69 respectively for unirradiated and irradiated set-22(0k2370).

(C) Quantification of total brood size in N2, an otherwise wild-type transgenic strain, and an unc-9 mutant.
The post-IR brood size of N2 is significantly lower (p<0.001) than the post-IR brood size of orls20 [pie-
1p::GFP::MOE unc-119(+)]; unc-119(ed9), a MosSCl transgenic strain where the only mutation is rescued
by an integrated construct. Although the N2 post-IR brood size is not significantly different (p>0.05) than
the post-IR brood size of the ttTi5606; unc-119(ed9) strain, which is rescued for Unc by the or/s20
transgene, it is also not different (p>0.05) from the unirradiated brood size of ttTi5606; unc-119(ed9). All
statistical comparisons shown in the figure are to N2 75 Gy (Kruskal-Wallis test and Dunn’s post-hoc tests).
Error bars represent the median and interquartile range. Sample size (n) is 60 for all groups.

IR = ionizing radiation
Gy = Gray (unit)
orls20 = [pie-1p::GFP::MOE unc-119(+)] insertion

ttTi5606 = MosSCl insertion site
ns = not significant (p>0.05); *** = p<0.001
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Figure 2.2

A Gene Class/Function Effect on brood size
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Figure 2.2 - Validated hits from the RNAi screen

(A) List of the 33 thrice-validated positive hits from the screen for chromatin-associated factors which
modulate IR-sensitivity in L1 animals. Of the hits, 17 had a negative impact on post-IR brood size and 13
had a positive impact on post-IR brood size. Three candidates, mlh-1, Ist-3, and nlp-17, always influenced
the brood size, but the effect was variable. The Class/Function column is shaded with the respective

functional class color as in (B).

(B) Pie chart showing the categorization of the 33 positive hits by known or inferred cellular function of

the confirmed candidate.

+ = increased brood size

- = decreased brood size

91



Figure 2.3
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Figure 2.3 - CGC N2 is IR-sensitive, while the Roy lab N2 is IR-resistant

Quantification of brood size in N2 lines from the Zetka lab, the Roy lab, and the CGC. Following IR
treatment at the L1 stage, the N2 line from the Caenorhabditis Genetics Center exhibits the same
reduction in brood size as the N2 line from the Zetka lab (p>0.05). However, the N2 from the neighbouring
laboratory of Dr. Richard Roy at McGill University is much more resistant, exhibiting a significantly higher

brood size than either the Zetka lab N2 or the CGC N2 (p<0.001 for both comparisons), although still lower

than in unirradiated controls (p<0.01).
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Figure 2.3 - CGC N2 is IR-sensitive, while the Roy lab N2 is IR-resistant (continued)

All statistical comparisons shown in the figure are to N2 (Zetka) 75 Gy (Kruskal-Wallis test and Dunn’s
post-hoc tests). Error bars represent the median and interquartile range. Sample size (n) is 40 for both N2
(Zetka) groups, 42 and 50 respectively for unirradiated and irradiated N2 (Roy), and 40 for both N2 (CGC)

groups.

IR = ionizing radiation

Gy = Gray (unit)

CGC = Caenorhabditis Genetics Center

N2 (Zetka) = IR-sensitive N2 strain originating from the laboratory of Monique Zetka (McGill University)
N2 (Roy) = IR-resistant N2 strain originating from the laboratory of Richard Roy (McGill University)

ns = not significant (p>0.05); *** = p<0.001
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Table 2.1

N2 lines

Strain name

Origin

L1 IR response

N2
N2
N2
N2
N2
N2
N2

Zetka laboratory
CGC
Roy laboratory
Hekimi laboratory
Andersen laboratory
Zhen laboratory

NBRP

Sensitive
Sensitive
Resistant
Resistant
Resistant
Resistant

Resistant

Other C. elegans wild type isolates

Strain name

Origin

L1 IR response

Qx1211
JU775
CB4856
DL238
MY16
MY23
EG4724
JU258
JU1491
LKC34
Ju1088
ED3073
DL226
AB4
JU1IMT1
AB1
JU1652
JU1896

San Francisco, California
Lisbon, Portugal
Oahu, Hawaii
Hawaii, Hawaii
Mecklenbeck, Germany
Roxel, Germany
Amares, Portugal
Ribeiro Frio, Madeira
Le Blanc, France
Madagascar
Kakegawa, Japan
Limuru, Kenya
Corvallis, Oregon
Adelaide, Australia
Concepcion, Chile
Adelaide, Australia
Montevideo, Uruguay

Athens, Greece

Resistant
Resistant
Resistant
Resistant
Resistant
Resistant
Resistant
Resistant
Resistant
Resistant
Resistant
Resistant
Resistant
Resistant
Resistant
Resistant
Resistant

Resistant

C. briggsae strains

Strain name

Origin

L1 IR response

VT847
PB800

Hawaii, Hawaii

Dayton, Ohio

Resistant

Resistant
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Table 2.1 - List of wild type Caenorhabditis strains tested for L1 IR-sensitivity

Seven N2 lines from different sources, 18 non-N2 C. elegans wild type isolates from all continents and
diverse geographic latitudes, and two C. briggsae wild type isolates have been tested for the L1 response

to IR. Only the N2s from the Zetka lab and the CGC are sensitive.

Zetka laboratory = laboratory of Dr. Monique Zetka, McGill University, Montreal, Canada

CGC = Caenorhabditis Genetics Center, University of Minnesota Twin Cities, United States of America

Roy laboratory = laboratory of Dr. Richard Roy, McGill University, Montreal, Canada

Hekimi laboratory = laboratory of Dr. Siegfried Hekimi, McGill University, Montreal, Canada

Andersen laboratory = laboratory of Dr. Eric Andersen, Northwestern University, Chicago, United States of America
Zhen laboratory = laboratory of Dr. Mei Zhen, Lunenfeld-Tanenbaum Research Institute, Toronto, Canada

NBRP = National Bioresource Project, Shinjuku-ku, Tokyo, Japan

IR = ionizing radiation
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Figure 2.4
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Figure 2.4 - Locations of C. elegans wild type isolates tested for IR-sensitivity

(A) World map showing the geographic positions of the original locations where N2 and the 18 non-N2 C.
elegans wild type strains tested for the L1 IR response (Table 2.1) have been isolated. The strains have
been selected to cover all the major landmasses on Earth, though the Northern hemisphere and Europe

in particular are overrepresented because of sampling bias.

(B) A phylogenetic tree of the 19 C. elegans isotypes tested for the L1 IR response, based on the more
extensive neighbour-joining tree constructed in (Andersen, Gerke et al. 2012) on the basis of 40,857 single

nucleotide polymorphisms. Distances do not accurately represent degrees of divergence.

IR = ionizing radiation
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Figure 2.5
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Figure 2.5 - N2 [R] and N2 [S] show a dose-dependent, L1-specific difference in brood size following

treatment with ionizing radiation, but not ethyl-nitrosourea or ultraviolet radiation

(A) Multi-dose brood size quantification of N2 [R] and N2 [S] post-L1 IR treatment. The IR-sensitive N2 [S]
line shows a significantly reduced brood size compared to unirradiated animals at 25 Gy (p<0.01), 50 Gy
(p<0.001), and 75 Gy (p<0.001). Irradiated N2 [R] animals show a significantly reduced brood size
compared to unirradiated controls only at 75 Gy (p<0.001). At every tested IR dose, N2 [S] is significantly
more severely affected than N2 [R]. All statistical comparisons shown in the figure are to N2 [R] at the

equivalent IR dose (Kruskal-Wallis test and Dunn’s post-hoc tests). Error bars represent the median and
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Figure 2.5 - N2 [R] and N2 [S] show a dose-dependent, L1-specific difference in brood size following

treatment with ionizing radiation, but not ethyl-nitrosourea or ultraviolet radiation (continued)

(A, continued) interquartile range. Sample size (n) is 46 for unirradiated N2 [R], 45 for N2 [R] 25 Gy, 47 for
N2 [R] 50 Gy, 48 for N2 [R] 75 Gy, 44 for unirradiated N2 [S], 48 for N2 [S] 25 Gy, 46 for N2 [S] 50 Gy, and
49 for N2 [S] 75 Gy.

(B) Brood size quantification of N2 [R] and N2 [S] post-L4 IR treatment. Both N2 [S] and N2 [R] animals
show a reduced brood size in adulthood (p<0.001 vs unirradiated controls), but there is no significant
difference between the two backgrounds, suggesting that the IR-sensitivity of N2 [S] is specific to the L1
stage. All statistical comparisons shown in the figure are to N2 [R] at the equivalent IR dose (Kruskal-Wallis
test and Dunn’s post-hoc tests). Error bars represent the median and interquartile range. Sample size (n)

is 29 for both N2 [R] groups, and 30 for both N2 [S] groups.

(C) Brood size quantification of N2 [R] and N2 [S] post-L1 ENU treatment. Both N2 [S] and N2 [R] animals
show a dose-dependent reduction in brood size (p<0.01 for 5mM ENU and p<0.001 for 10mM ENU for N2
[R] versus untreated control; p<0.001 for both 5mM and 10mM ENU for N2 [S] versus untreated control),
but there is no significant difference between the two backgrounds at the doses tested. All statistical
comparisons shown in the figure are to N2 [R] at the equivalent ENU dose (Kruskal-Wallis test and Dunn’s
post-hoc tests). Error bars represent the median and interquartile range. Sample size (n) is 29 for N2 [S]

5mM ENU, and 30 for all other groups.

(D) Brood size quantification of N2 [R] and N2 [S] post-L1 UV treatment. Both N2 [S] and N2 [R] animals
show a reduction in adult brood size (p<0.001 versus unirradiated controls for both genotypes), but there
is no significant difference between the two backgrounds. At the higher of the two tested doses, 100 J/m?,
animals of both backgrounds exhibit terminal larval arrest and do not produce progeny. All statistical
comparisons shown in the figure are to N2 [R] at the equivalent ENU dose (Kruskal-Wallis test and Dunn’s
post-hoc tests). Error bars represent the median and interquartile range. Sample size (n) is 28 for
unirradiated N2 [R], 29 for unirradiated N2 [S], and 30 for all other groups.

IR = ionizing radiation; UV = ultraviolet radiation; ENU = N-ethyl-N-nitrosourea

Gy = Gray (unit); J = Joule (unit); m? = meter squared; mM = millimolar

N2 [S] = sensitive N2 strain, derived from the CGC N2

N2 [R] = resistant N2 strain, derived from Andersen lab N2

ns = not significant (p>0.05); * = p<0.05; ** = p<0.01; *** = p<0.001
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Figure 2.6
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Figure 2.6 - No gross cytological defects are apparent in either N2 [R] or N2 [S] adult germlines

following IR treatment at the L1 stage

(A) Representative images of DAPI and anti-HTP-3 antibody staining of germline stem cells (mitotic zone)
and meiotic prophase cells in leptotene/zygotene (transition zone), pachytene, diplotene, and diakinesis
in unirradiated adult N2 [R] animals and adult N2 [R] animals irradiated with 75 Gy of IR at the L1 stage.
No gross defects are visible in the mitotic cell morphology, chromosome axis formation and DNA
polarization in the transition zone, axis morphology in pachytene, DNA condensation in diplotene, or the

number of DAPI-staining bodies in diakinesis (6 bivalents).

(B) Representative images of the same adult germline regions as in (A), but for irradiated and control N2

[S] animals. As in N2 [R], no cytological defects are apparent.

IR = ionizing radiation

Gy = Gray (unit)

N2 [S] = sensitive N2 strain, derived from the CGC N2

N2 [R] = resistant N2 strain, derived from Andersen lab N2
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Table 2.2

Control L1 Irradiated L1 (75 Gy)
unhatched/total (%) unhatched/total (%)
N2 [R] 7/1111 (0.63%)"s 55/582 (9.45%)***
N2 [S] 11/1293 (0.85%) 4/593 (0.67%)
Control L4 Irradiated L4 (75 Gy)
unhatched/total (%) unhatched/total (%)
N2 [R] 7/922 (0.76%)"s 617/1139 (54.17%)ns
N2 [S] 6/948 (0.63%) 665/1297 (51.27%)

Table 2.2 - Embryonic lethality is increased in N2 [R] after IR treatment at the L1 stage, and in both N2
[R] and N2 [S] after IR treatment at the L4 stage

The progeny of N2 [S] mothers irradiated with 75 Gy at the L1 stage do not exhibit an increased embryonic
lethality compared to the progeny of unirradiated mothers, strongly suggesting that the reduced brood
size of IR-treated N2 [S] animals is not caused by impaired or mutagenic DNA repair in the germline. The
progeny of N2 [R] mothers irradiated with 75 Gy show a significantly higher embryonic lethality than either
the progeny of unirradiated N2 [R] mothers or the progeny of N2 [S] mothers irradiated at the same dose
(p<0.001 for both comparisons). Irradiation with 75 Gy at the L4 stage induces much higher embryonic
lethality in the progeny in both N2 genetic backgrounds, in comparison to unirradiated controls (p<0.001
for both N2 [R] and N2 [S]). However, there is no significant difference in the level of embryonic lethality
among the progeny of irradiated N2 [R] and N2 [S]. All statistical comparisons shown in the figure are to
N2 [S] at the equivalent IR dose (Chi-squared test, Bonferroni corrected for multiple comparisons to a =

0.01).

IR = ionizing radiation
Gy = Gray (unit)
N2 [S] = sensitive N2 strain, derived from the CGC N2

N2 [R] = resistant N2 strain, derived from Andersen lab N2
ns = not significant (p>0.01); *** = p<0.001
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Figure 2.7
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Figure 2.7 - Mating does not rescue post-IR brood size of N2 [R] or N2 [S]

Quantification of total brood size in mated and unmated, irradiated and control N2 [R] and N2 [S] animals.
The introduction of exogenous sperm via mating significantly increases the brood size of unirradiated N2
[R] hermaphrodites (p<0.05) and N2 [S] hermaphrodites (p<0.001). Mating of unirradiated males with
irradiated N2 [R] hermaphrodites or irradiated N2 [S] hermaphrodites does not increase the number of
progeny in either group, demonstrating that post-IR brood size is not sperm limited. All statistical
comparisons shown in the figure are to the non-mated group of the corresponding genotype and
treatment (Kruskal-Wallis test and Dunn’s post-hoc tests). Error bars represent the median and
interquartile range. Sample size (n) is 24 for non-mated unirradiated N2 [R], 50 for non-mated irradiated
N2 [R], 20 for mated unirradiated and mated irradiated N2 [R], 52 for non-mated unirradiated N2 [S], 59

for non-mated irradiated N2 [S], 46 for mated unirradiated N2 [S], and 26 for mated irradiated N2 [S].

IR = ionizing radiation
Gy = Gray (unit)
N2 [S] = sensitive N2 strain, derived from the CGC N2

N2 [R] = resistant N2 strain, derived from Andersen lab N2

ns = not significant (p>0.01); * = p<0.05, *** = p<0.001
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Figure 2.8
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Figure 2.8 - N2 [S] displays several distinct somatic phenotypes post-IR

(A) Quantification of growth delay and vulval phenotypes three days after IR treatment at the L1 stage.
When irradiated at 75 Gy of IR, N2 [S] animals show a developmental delay, as a large proportion is still in
the L4 stage when all unirradiated controls and almost all irradiated N2 [R] animals have developed into
adults. A small proportion of irradiated N2 [S] animals develops into thin, whitish larvae approximately
the size of L3 larvae. The majority of irradiated N2 [S] animals that does develop into adults by this stage
exhibits vulval phenotypes, most prominently protruding vulva (Pvl) and ruptured through vulva (Rup).
The statistical comparison shown in the figure is to irradiated N2 [R] (Chi-squared test). Sample size (n) is
148 for unirradiated N2 [R], 111 for irradiated N2 [R], 141 for unirradiated N2 [S], and 118 for irradiated
N2 [S].

(B) Quantification of the same phenotypes as in (A), four days after treatment at L1 stage. Four days after
irradiation with 75 Gy of IR, almost all N2 [S] animals develop into adults, but exhibit a high incidence of
Pvl and Rup phenotypes, as well as occasional thin, whitish larvae. The statistical comparison shown in
the figure is to irradiated N2 [R] (Chi-squared test). Sample size (n) is 109 for unirradiated N2 [R], 148 for
irradiated N2 [R], 134 for unirradiated N2 [S], and 142 for irradiated N2 [S].

(C) Representative images of phenotypes quantified in (A) and (B). Black arrows point to the protruding

vulva in the “Pvl” panel and the burst vulva and partial extrusion of internal organs in the “Rup” panel.

(D) Quantification of the bag of worms phenotype in irradiated and control animals. While a small
proportion of N2 [R] animals develops a bag of worms phenotype, it is significantly more common in N2
[S] animals. The statistical comparisons shown in the figure are to irradiated N2 [R] at the equivalent time

points (Chi-squared test).

IR = ionizing radiation

Gy = Gray (unit)

Pvl = protruding vulva phenotype

Rup = ruptured through vulva phenotype

“Thin” = thin, whitish L3-like larva

L4/L3/L2 = larva of the L4/L3/L2 stage

N2 [S] = sensitive N2 strain, derived from the CGC N2

N2 [R] = resistant N2 strain, derived from Andersen lab N2

ns = not significant (p>0.01); * = p<0.05, *** = p<0.001
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Figure 2.9
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Figure 2.9 - IR-resistance is dominant to IR-sensitivity

(A) Total brood size quantification in N2 [S/S] homozygotes and N2 [R/S] heterozygotes after 50 Gy of IR
at the L1 stage. N2 [S/S] show a significantly lower post-IR brood size than N2 [R/S] heterozygotes,
demonstrating that IR-sensitivity is a recessive trait. The statistical comparison shown in the figure is to
irradiated N2 [R/S] heterozygotes (Kruskal-Wallis test, followed by Dunn’s post-hoc test). Error bars
represent the median and interquartile range. Sample size (n) is 25 for both unirradiated groups and 39

for both irradiated groups.

(B) Quantification of somatic phenotypes four days after IR treatment at the L1 stage. Irradiated N2 [S/S]
homozygotes show a significantly higher incidence of Pvl and Rup phenotypes than N2 [R/S]
heterozygotes, corroborating the conclusion that IR-sensitivity is recessive to IR-resistance. The statistical
comparison shown in the figure is to irradiated N2 [R] (Chi-squared test). Sample size (n) is 25 for both

unirradiated groups, 34 for irradiated N2 [S/S] homozygotes, and 39 for irradiated N2 [R/S] heterozygotes.

IR = ionizing radiation

Gy = Gray (unit)

Pvl = protruding vulva phenotype

Rup = ruptured through vulva phenotype

“Thin” = thin, whitish L3-like larva

L3 = larva of the L3 stage

Dpy = dumpy phenotype

N2 [S/S] = homozygous animals obtained from an N2 [S] male and N2 [S] hermaphrodite
N2 [R/S] = heterozygous animals obtained from an N2 [R] male and N2 [S] hermaphrodite

*%% = 520,001
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Figure 2.10
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Figure 2.10 - The helicase domain of DCR-1 does not confer IR-resistance

Total brood size quantification in N2 [R], N2 [S], and dcr-1 helicase mutants following IR treatment at the
L1 stage. Irradiated dcr-1{mg375) animals (genetic background unknown) do not exhibit a significantly
different brood size than either irradiated N2 [S] animals or irradiated dcr-1(vv121) animals, which
harbour the same mutation as dcr-1(mg375) but in the N2 [S] background. dcr-1(vv122) animals, which
harbour the same dcr-1 helicase-inactivating mutation in the N2 [R] background, show a significantly
higher brood size than either of N2 [S], dcr-1{mg375), or dcr-1(vv121), showing that post-IR brood size is
determined by genetic background and not the dcr-1 helicase mutation. All statistical comparisons shown
in the figure are to irradiated dcr-1(mg375) (Kruskal-Wallis test, followed by Dunn’s post-hoc test). Error
bars represent the median and interquartile range. Sample size (n) is 20 for all unirradiated groups, and

50 for all irradiated groups.

IR = ionizing radiation

Gy = Gray (unit)

N2 [S] = sensitive N2 strain, derived from the CGC N2

N2 [R] = resistant N2 strain, derived from Andersen lab N2

dcr-1{mg375) = dcr-1 helicase dead mutant [G492R] in unknown genetic background
dcr-1(vv121) = dcr-1 helicase dead mutant [G492R] in N2 [S] background
dcr-1(vv122) = dcr-1 helicase dead mutant [G492R] in N2 [R] background

ns = not significant (p>0.05), *** = p<0.001

110



Figure 2.11
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Figure 2.11 - Variants in the N2 [R] and N2 [S] genomes

(A) Pie charts showing the proportion of variants in the N2 [R] and N2 [S] genomes that are fixed
(invariant in the population) and not fixed (polymorphic). Although most of the variants are not fixed,

just under a third of variants is fixed in both genomes.

(B) Pie charts showing the proportion of fixed variants that is shared between the two sequenced N2
backgrounds and the proportion that is unique to each. Most of the fixed variants are shared by N2 [R]
and N2 [S], suggesting that these lineages split from each other after their ancestor diverged from the

reference genome.

N2 [S] = sensitive N2 strain, derived from the CGC N2
N2 [R] = resistant N2 strain, derived from Andersen lab N2
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Table 2.3

Gene Differant fr(_:m Mutation Chromo_somal Mutation effect Molecular identity Potential function
name reference in location
trop-8 N2 [S] C->A Chrl, 5616196  AA substitution Transport protein e vzs fn '""frf;'c':;'i:r R
ZC239.15 N2 [S] C->G Chrll, 3223743 AA substitution BTB2 domain containing KCTD10 ortholog Potassium chanel (inferred)
emb-27 N2 [S] G->C Chr ll, 8160254 AA substitution APC subunit, cdc16 ortholog Mitotic Exit
Y22D7AL7  N2[S] G->A Chrlll, 1578431  AA substitution  "known protein, some homology to Rouxiella UNKNOWN
DNA binding response regulator
C50C3.2 N2 [S] G->T Chr I, 8188649 AA substitution SPTAN1 ortholog (Spectrin) Cell cortex structural
Kin-24 N2 [S] G>T ChrlV, 9840056  AA substitution Kinase, human FES ortholog Kinase, SHZ domain containing, PKC
superfamily
F07C6.4 N2 [S] C->T Chr IV, 12809030 AA substitution FRMD4B ortholog Putative actin binding, FERM domain
F10D2.12 N2 [S] G->A ChrV, 7149488 AA substitution Hexosyl transferase (putative) Glycosylation (inferred)
inft-2 N2 [S] C->A ChrV, 13003815  AA substitution Inverted formin (A Spe Y G, @iee e
organization
sru-48 N2 [S] C->T Chr X, 5180366 AA substitution Serpentine GPCR receptor Cell signaling
F48F7.3 N2 [S] G->T Chr X, 13964441 AA substitution Galactosyl transferase (putative) Galactosylation (inferred)
C06G1.6 N2 [S] G->A Chr X, 16652703 AA substitution PPP2R3B ortholog (putative phosphatase) Dephosphorylation (inferred)
fbxb-69 N2 [S] T->A Chr, 14283531 STOP gained F-box protein UNKNOWN
C33H5.1 N2 [S] G->T Chr IV, 7810427 STOP gained Nematode-specific putative methyltransferase UNKNOWN
bre-5 N2 [S] G->T Chr IV, 12050973 Splice site loss Galactosyl transferase (putative) Galactosylation (inferred)

Table 2.3 - Unique variants which affect protein coding genes in N2 [S]

This table presents the list of 15 fixed (homozygous) single nucleotide variants unique to N2 [S] which

affect the protein sequence of the genes in which they are found. Thirteen variants result in amino acid

substitutions, two introduce a premature stop codon, and one results in the abolition of a splice site. None

of the variants affects a gene with a known role in DNA repair or DDR.
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Figure 2.12
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Figure 2.12 - First line mapping of the IR-sensitivity-causative mutation shows linkage to inft-2 and

F10D2.12

This figure presents the results of the sequencing of the 15 protein-sequence affecting homozygous

variants unique to N2 [S] in 21 phenotypically sensitive hybrid lines chosen among 80 hybrid lines created

from individual F2 animals obtained from a cross between an N2 [S] male and an N2 [R] hermaphrodite

(Figure 5.2). A heterozygous or [R/R] homozygous sequencing outcome for a particular locus in even one

of the hybrid lines excludes that locus as causative. The lines were sequenced in three rounds: only hybrid

line 1 in the first round, which eliminated sru-48, C06G1.6, F48F7.3, and C50C3.2; hybrid lines 2-9 in the

second round, which eliminated all loci except inft-2 and F10D2.12; and hybrid lines 10-21 in the third

round, which sequenced only inft-2 and F10D2.12 to test the extent of linkage of these two loci with the

IR-sensitive phenotype, and sru-48 as a control for DNA source.

SR = sequencing round
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Figure 2.13
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Figure 2.13 - The inft-2 and F10D2.12 mutations in the N2 [S] genome are not causative of IR-

sensitivity

Total brood size quantification of N2 [R], N2 [S], and inft-2(vv135) F10D2.12(vv136) double mutants
following irradiation with 75 Gy of IR at the L1 stage. The inft-2(vv135) F10D2.12(vv136) double mutants,
which carry the N2 [S]-form of the mutations in these two genes but in the N2 [R] genetic background,
have a significantly higher post-IR brood size than N2 [S], but not N2 [R] (p>0.05). All statistical
comparisons shown in the figure are to irradiated N2 [S] (Kruskal-Wallis test, followed by Dunn’s post-hoc
test). Error bars represent the median and interquartile range. Sample size (n) is 23 for unirradiated N2
[R], 49 for irradiated N2 [R], 24 for unirradiated N2 [S], 46 for irradiated N2 [S], 21 for unirradiated inft-
2(vv135) F10D2.12(vv136) and 50 for irradiated inft-2(vv135) F10D2.12(vv136).

IR = ionizing radiation

Gy = Gray (unit)

N2 [S] = sensitive N2 strain, derived from the CGC N2

N2 [R] = resistant N2 strain, derived from Andersen lab N2

inft-2(vv135[5239Y]) F10D2.12(vv136[P325L]) = a double mutant harbouring the N2 [S]-form of the inft-2 and
F10D2.12 sequences, created by CRISPR mutagenesis in the N2 [R] genetic background.

%% = n<0.001
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Figure 2.14
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Figure 2.14 - Loss of cNHEJ activity sensitizes the N2 [R] background to IR

(A) Total brood size quantification of N2 [R], N2 [S], and the Ligase IV mutants lig-4(ok716) and lig-4(vv134)
after IR treatment at the L1 stage. Both the published lig-4(ok716) deletion mutant (whose genetic
background is unknown) and lig-4(vv134), a null mutant the generated by CRISPR in the N2 [R] genetic
background, exhibit a post-IR brood size not significantly different than N2 [S] or each other (p>0.05 for
all comparisons). All three of these genotypes display a significantly reduced post-IR brood size compared
to N2 [R] (p<0.001 for all comparisons to post-IR N2 [R]). All statistical comparisons shown in the figure
are to irradiated lig-4(vv134) (Kruskal-Wallis test, followed by Dunn’s post-hoc test). Error bars represent
the median and interquartile range. Sample size (n) is 18 for unirradiated N2 [R], 58 for irradiated N2 [R],
20 for unirradiated N2 [S], 57 for irradiated N2 [S], 18 for unirradiated lig-4(ok716), 56 for irradiated lig-
4(ok716), 25 for unirradiated lig-4(vv134), and 50 for irradiated lig-4(vv134).

(B) Quantification of post-IR somatic phenotypes four days after IR treatment in the same groups as in
(A). N2 [S], lig-4(ok716), and lig-4(vv134) animals show a much higher incidence of vulval phenotypes
post-IR than do N2 [R] animals (p<0.001), while they are not significantly different than each other
(p>0.05). All statistical comparisons shown in the figure are to lig-4(vv134) (Chi-squared test, Bonferroni
corrected for multiple comparisons to a = 0.008). Sample size (n) is 18 for unirradiated N2 [R], 58 for
irradiated N2 [R], 20 for unirradiated N2 [S], 57 for irradiated N2 [S], 18 for unirradiated lig-4(ok716), 56
for irradiated lig-4(ok716), 25 for unirradiated lig-4(vv134), and 50 for irradiated lig-4(vv134).

IR = ionizing radiation

Gy = Gray (unit)

Pvl = protruding vulva phenotype

Rup = ruptured through vulva phenotype

“Thin” = thin, whitish L3-like larva

L4 = larva of the L4 stage

N2 [S] = sensitive N2 strain, derived from the CGC N2

N2 [R] = resistant N2 strain, derived from Andersen lab N2

ns = not significant (p>0.05 in (A); p>0.008 in (B)), *** = p<0.001
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Figure 2.15
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Figure 2.15 - Transcripts of known cNHEJ genes are present in both N2 [R] and N2 [S]

Non-quantitative RT-PCR of transcripts of the three known C. elegans cNHEJ genes. Each gene is amplified
in three reactions using a different exon-exon junction-overlapping primer set on both N2 [R] and N2 [S]
cDNAs. All three ctNHEJ gene transcripts are detectable in both N2 [R] and N2 [S] cDNA. A single set of

tubulin primers was used as a control for genomic DNA and cDNA quality.

[R] = cDNA from N2 [R] used as the reaction template
[S] = cDNA from N2 [S] used as the reaction template
[R]g = genomic DNA from N2 [R] used as the reaction template

[S]g = genomic DNA from N2 [S] used as the reaction template

1 = first primer pair for given gene
2 = second primer pair for given gene

3 = third primer pair for given gene
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Chapter lll: Characterization of nhj-1, a novel member of the canonical non-

homologous end joining pathway in C. elegans

111.1 Introduction and second round of genetic mapping

In the last chapter, | presented evidence that different lines of the most commonly used C.
elegans wild type strain, the Bristol isolate N2, exhibit phenotypic diversity in the response to
ionizing radiation exposure at the L1 stage. Distinct IR response profiles characterize the sensitive
line N2 [S] and the resistant line N2 [R]. | also demonstrated that IR-sensitivity is recessive to IR-
resistance, and that it segregates in a classic 3:1 Mendelian ratio, suggesting that it is caused by
cryptic variation in the N2 [S] genome. Deep sequencing of the N2 [S] and N2 [R] genomic DNA
allowed our bioinformatics collaborators in the group of Dr. Steven Jones to identify 15 mutations
unique to the N2 [S] genome affecting protein sequences, which made them the best candidates
for the causative mutation. However, while | was able to map the IR-sensitivity-causative locus
to chromosome V, | also definitively excluded the only two candidate mutations on that

chromosome predicted to cause a change in the protein sequence.

This left 84 N2 [S]-specific homozygous variants on chromosome V located outside coding
sequences, of which 16 were determined by the Jones group to be of interest because of
proximity to coding genes. Based on the initial mapping result, in which the mutations in inft-2
and F10D2.12 were linked to the sensitive phenotype in every successful sequencing reaction, |
reasoned that the causative gene was likely located close (in genetic map units) to these two
markers. Despite being close together in map units (F10D2.12 is located at V:0.61 ¢cM and inft-2
at V:4.81 cM), these two loci are almost 6 million base pairs apart in physical distance (cf the
entire length of chromosome V at approximately 20 million base pairs). The intervening region
contains 9 of the 16 candidate gene-proximal mutations, while the the flanking regions contain
two additional candidate mutations which are close enough genetically at V:5.81 cM and V:5.12
cM that | could not exclude them on the basis of the initial mapping results. Considering that the
causative mutation may not be among the gene-proximal candidates, | decided to map its

location with a higher resolution before commencing to test individual candidates. For this
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second round of mapping, | employed a similar strategy as in the first round (Figure 5.2), though
expanded in scope to 350 N2 [S]/N2 [R] hybrid strains. As molecular markers for this mapping
round, | used only the inft-2 and F10D2.12 mutations, as they were both far enough apart within
the region of interest to provide useful information and amenable to restriction fragment length

polymorphism (RFLP)-based genotyping.

Of the 350 hybrid strains, 75 were determined to be phenotypically IR-sensitive, and therefore
suitable for genotyping. Of these, 71/75 carried two copies of the N2 [S]-like mutation in
F10D2.12 and inft-2, reinforcing the tight linkage between these loci and the causative locus.
Among the 4 recombinants, however, two lines were homozygous N2 [R]-like for F10D2.12 and
homozygous N2 [S]-like for inft-2, one line was heterozygous at both markers, and one was
heterozygous for F10D2.12 and homozygous N2 [S]-like for inft-2 (Figure 5.2C). These
recombination rates indicated that the causative locus is genetically closer to inft-2, and most
likely within 3 or 4 cM from F10D2.12. Depending on the interpretation of the single hybrid line
which was homozygous for both marker loci, the causative locus could either be located between
F10D2.12 and inft-2 (in which case the double heterozygote contains two recombinant
chromosomes), or on the far side of inft-2 (in which case the double heterozygote has one

recombinant chromosome).

111.2 An insertion/deletion mutation in N2 [S] disrupts the coding sequence of the

uncharacterized gene nhj-1/H19N07.3

The closer linkage to inft-2 made it feasible for me to manually parse through the region in the
Integrative Genomics Viewer (IGV, (Robinson, Thorvaldsdottir et al. 2011)), during which |
discovered a 5 nucleotide deletion and 10 nucleotide duplication in the middle of the third exon
in the uncharacterized protein-coding sequence H19N07.3, located at V:2.95 cM, which was
present in the N2 [S] genome but not the N2 [R] genome. Interestingly, while the H19NO7.3 locus
could be PCR-amplified using primers flanking the coding sequence in the N2 [R] genome, it was
refractory to PCR-amplification in the N2 [S]. This suggested the possibility that the indel reported
by the IGV was part of a larger mutation, perhaps a breakpoint of a larger genomic

rearrangement. However, by re-aligning the deep sequencing reads without soft-clipping, a
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technique which masks sequencing reads which do not align to the genome end-to-end, our
collaborators in the Jones group were able to uncover the true sequence of the mutation in
H19N07.3 — a deletion of 5 nucleotides, an insertion of 107 nucleotides, and an 8-nucleotide
duplication of a small segment of exon 3 (Figure 3.1A). Regardless of the alignment methodology,
this indel had eluded discovery during previous analyses because of its size; most single
nucleotide variant (SNV) callers are optimized for variants 10 base pairs or less in size, while copy
number variant (CNV) callers recognize much larger alterations, typically above 500 base pairs
(Pirooznia, Goes et al. 2015, Xu 2018). Intriguingly, the 107 bp insertion is exclusively composed
of adenosines and thymidines, and is predicted to form a strong hairpin (Figure 3.1B), which may
be the primary reason preventing PCR amplification of HI1I9N07.3 in the N2 [S] genome
(Kieleczawa 2006). Aligning one primer in the first half of the hairpin sequence allows for N2 [S]-

specific PCR product to be generated (see section V.15 for more information).

We have given this natural mutation the allele designation vwwi148, and have provisionally named
the H19NO07.3 gene nhj-1 for non-homologous end joining protein 1, reflecting the putative cNHEJ
repair deficiency of the N2 [S] strain. The nhj-1 gene encodes a protein with 168 amino acid
residues, which is truncated by the nhj-1(vv148) indel to 93 amino acids, the last two of which
are missense residues (Figure 3.1C). The nhj-1 locus can also produce a shorter transcript from
which a 130 amino acid NHJ-1 protein isoform can be translated using an alternative start codon
located in exon 2. However, a search of the modENCODE RNA expression library data revealed
that the short isoform transcripts are only detectable in embryos, in contrast to the long isoform
transcripts which are detectable at any life stage. For the purposes of experiments described in
the present study, all mutations and alterations in the nhj-1 locus affect both protein isoforms as

they occur in or downstream of exon 3.
111.3 Inactivation of nhj-1 in the N2 [R] background sensitizes it to ionizing radiation

Because of the major effects the nhj-1(vv148) indel is predicted to have on the coding sequence,
nhj-1(vv148) became the best candidate for the IR-sensitivity-causative mutation as soon as it
was discovered. | first wanted to test whether inactivation of nhj-1 in N2 [R] could sensitize this

genetic background to IR. | employed CRISPR mutagenesis to create a 7-nucleotide deletion in
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the same region of exon 3 where nhj-1(vv148) is found, which | have designated nhj-1(vv144)
(Figure 3.1A). This allele is predicted to truncate the protein to 111 amino acids (73 amino acids
in the short isoform), of which 22 are missense residues, leaving only 89 sense residues (51 in the
short isoform) (Figure 3.1C). While the nhj-1(vv144) mutation does not impact the brood size of
unirradiated control animals (p>0.05 against both N2 [R] and N2 [S] unirradiated groups), it
reduces the post-IR brood size to a median of 4 progeny (IQR 17.5), not significantly different
from the median 0 progeny (IQR 9) produced by post-IR N2 [S] animals (p>0.05) but significantly
lower than the median 179 progeny (IQR 166.25) produced by irradiated N2 [R] worms (p<0.001)
(Figure 3.2A). Irradiated nhj-1(vv144) animals also were not significantly different from N2 [S] in
somatic IR effects, with almost all irradiated nhj-1(vvi44) and all irradiated N2 [S] animals still
found in larval stages three days after treatment, when all unirradiated controls and irradiated
N2 [R] animals have become adults (Figure 3.2B). This experiment shows that disruption of nhj-
1 in the N2 [R] genetic background causes IR-sensitivity; however, it doesn’t formally
demonstrate that N2 [S] is IR-sensitive because of the nhj-1(vv148) mutation, as it is possible that
the NHJ-1"%4 protein is more severely affected than NHJ-1"V!48, since it is two sense residues
shorter, and that another mutation on chromosome V in N2 [S] could be the real causative

variant.
111.4 The nhj-1(vvi44) [R] genome does not complement the N2 [S] genome

To test this possibility, | performed a complementation test in nhj-1(vvi44) [R] and N2 [S]
heterozygotes. While nhj-1(vv144) [R]/N2 [R] heterozygotes showed a post-IR brood size not
significantly different than N2 [R] homozygotes (108 median progeny and an IQR of 153, vs 149
median progeny and an IQR of 188; p>0.05), nhj-1(vv144) [R]/N2 [S] heterozygotes exhibited a
post-IR brood size that was the same as that of N2 [S] homozygotes (median of 2 progeny and an
IQR of 16, vs a median of 2 progeny and an IQR of 24.25) (Figure 3.3A). The distribution of post-
IR somatic phenotypes mirrored the brood size outcomes, with more than 80% of both nhj-
1(vv144)/N2 [R] heterozygous animals and N2 [R] homozygous animals having developed into
phenotypically normal adults, compared to only 20% of animals in the irradiated N2 [S]

homozygote group or 19% in the nhj-1(vv144)/N2 [S] heterozygotes (Figure 3.3B). Since the nhj-

122



1(vv144) [R] genome is not able to complement the IR-sensitivity of the N2 [S] genome, | could

conclude that the IR-sensitivity in N2 [S] is indeed caused by the nhj-1(vv148) mutation.
111.5 NHJ-1 functions in the canonical non-homologous end joining pathway

The observation that the loss of cNHEJ activity can sensitize the N2 [R] background to IR (Figure
2.14) raised the intriguing possibility that the N2 [S] background may be deficient in a novel
component of the cNHEJ pathway, because the three known C. elegans cNHEJ factors are all
encoded on chromosome lll while the sensitizing mutation, now identified as nhj-1(vv148), is on
chromosome V and doesn’t abolish transcription of the three known cNHEJ factors (Figure 2.15).
To test the possibility that nhj-1 acts in the cNHEJ pathway, | created two double mutants: 1) lig-
4(vv141[R18STOP]), a premature stop codon allele introduced by CRISPR mutagenesis in the
same position as the lig-4(vv134) allele (see section 11.10 and Figure 2.14), but in the N2 [S], ie,
nhj-1(vv148) background; and 2) the nhj-1(vv144) deletion allele crossed into the cku-80(tm1203)
background, which contains a large deletion in the Ku ring component cku-80, and has been
previously characterized as IR-sensitive (Clejan, Boerckel et al. 2006). If nhj-1 is part of the same
DNA repair pathway as cku-80 and lig-4, the double mutants are predicted to exhibit an IR
response of the same severity as either single mutant alone. If, however, nhj-1 belongs to a
different DNA repair pathway that merely mirrors the phenotypes exhibited by cNHEJ mutants,
the double mutants would be expected to have an additively more severe post-IR phenotype
than the single mutants. Because the brood size and somatic phenotypes of the sensitive lines
are already very severe at 75 Gy, the dose that | most commonly employed in this project, |
decided to test the additivity hypothesis at 37.5 Gy, which represents half the regular dose but is

expected to produce a significantly reduced brood size in the single mutants (see Figure 2.5A).

While at this dose the post-IR brood size of N2 [R] animals (median of 290 progeny, IQR 64.25)
was not significantly different than that of unirradiated controls (median of 297 progeny, IQR 48;
p>0.05), it was significantly reduced in N2 [S] animals (median of 188 progeny, IQR of 145.5 vs a
median of 307 progeny, IQR 43 in unirradiated controls; p<0.001) and in lig-4(vv134) [R] animals
(median of 102 progeny, IQR 132.5, compared to a median of 287 progeny, IQR 39.5 in
unirradiated controls; p<0.001) (Figure 3.4A). Crucially, while the post-IR brood size of lig-
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4(vv141); nhj-1(vv148) [S] double mutant animals was significantly lower than in unirradiated
controls (median of 170.5 progeny, IQR 186.75, versus a median of 297.5 progeny, IQR 30;
p<0.001), it was not significantly different than that of post-IR N2 [S] or lig-4(vv134) [R] animals
(p>0.05 for both comparisons) (Figure 3.4A). Similarly, the post-IR incidence of somatic
phenotypes in lig-4(vv141); nhj-1(vv148) [S] double mutants was not significantly different than
those of lig-4(vv134) [R] animals at 37.5 Gy (p>0.05) (Figure 3.4B). Although both lig-4 [R] single
mutants and lig-4(vv141); nhj-1(vv148) [S] double mutants exhibited a higher incidence of
somatic phenotypes than N2 [S] at 37.5 Gy (p<0.001 for both comparisons), at 75 Gy there was
no significant difference between the three groups (p>0.05) (Figure 3.4B). Since the phenotypes
of lig-4 and nhj-1 were not additive, | concluded that nhj-1 falls in the same pathway as lig-4,

which would make it a fourth member of the C. elegans cNHEJ system.

This conclusion was further corroborated by data from cku-80(tm1203); nhj-1(vv144) double
mutants. After treatment with 37.5 Gy of IR, cku-80(tm1203); nhj-1(vvi44) animals exhibit a
brood size (median of 40.5 progeny, IQR 67.75) not significantly smaller than either cku-
80(tm1203) (median of 55 progeny, IQR 113.5) or nhj-1(vv144) (median of 70 progeny, IQR
138.75; p>0.05 for both comparisons) (Figure 3.4C). The three genotypes are not significantly
different in the incidence of somatic phenotypes at either 37.5 Gy or 75 Gy (Figure 3.4D), strongly

suggesting that cku-80 and nhj-1 belong to the same genetic pathway.
111.6 The IR-sensitivity of nhj-1(vv144) is rescued by extrachromosomal NHJ-1

Although the experiments described in sections Ill.3 and 1ll.4 provide evidence that loss of nhj-1
results in radiation sensitivity, | wanted to provide further support for that conclusion by testing
whether a mutation in nhj-1 can be rescued by an exogenously provided nhj-1 sequence. For this
| made use of a fosmid containing GFP-tagged nhj-1, generated as part of the C. elegans
TransgeneOme project which created a library of fosmids containing GFP-tagged versions of 73%
of the proteins in the worm proteome (Sarov, Murray et al. 2012). The TransgeneOme fosmids
carry a wild type sequence of unc-119 gene as a selection marker for the presence of the
transgenic array, which can otherwise be lost, and are therefore maintained in unc-119 mutant

animals. Through the generosity of Dr. Henrik Bringmann, | obtained an unc-119(ed3) strain

124



rescued by the extrachromosomal array goeEx386[nhj-1::eGFP::unc-119] (for the full genotype
of the array, see text of Figure 3.5). | then crossed the nhj-1(vv144) mutation into unc-119(ed3)
goeEx386[nhj-1::eGFP::unc-119], and compared the post-IR response of these animals to nhj-
1(vv144) alone. The post-IR brood size of nhj-1(vv144) was significantly lower than that of nhj-
1(vv144); unc-119(ed3) goeEx386[nhj-1::eGFP::unc-119] animals (median of 2 progeny, IQR
10.75, compared to a median of 131 progeny, IQR 100; p<0.001) (Figure 3.5A). The post-IR
somatic phenotypes were also significantly less prevalent in nhj-1(vv144); unc-119(ed3)
goeEx386[nhj-1::eGFP::unc-119] animals compared to nhj-1(vvi44) (Figure 3.5B). Thus, the
extrachromosomal array is able to rescue both brood size and somatic phenotypes caused by the

loss of nhj-1.

To exclude the possibility that the observed IR phenotype rescue was due to goeEx386 rescuing
unc-119 instead of nhj-1, and to examine whether extrachromosomal nhj-1 can also rescue the
nhj-1(vv148) allele, | compared the post-IR response of nhj-1(vv148); unc-119(ed3)/+ animals to
nhj-1(vv148); unc-119(ed3)/+ goeEx386[nhj-1::eGFP::unc-119] animals. Because these animals
are heterozygotes for unc-119, it was not possible to verify the presence of goeEx386 in all tested
animals of that group. However, goeEx386 was present in enough animals to significantly rescue
the post-IR brood size of nhj-1(vv148); unc-119(ed3)/+ goeEx386 to a median of 109.5 progeny
(IQR 150.5), compared to the nhj-1(vw148); unc-119(ed3)/+ post-IR brood size of 12.5 median
progeny (IQR 27.5; p<0.05) (Figure 3.5C). The presence of the extrachromosomal array was also
able to significantly reduce the prevalence of somatic phenotypes three days after IR treatment
in nhj-1(vv148); unc-119(ed3)/+ goeEx386 (p<0.001, compared to nhj-1(vv148); unc-119(ed3)/+)
(Figure 3.5D), further supporting the conclusion that exogenous nhj-1 can rescue the IR-

sensitivity caused by loss of endogenous nhj-1 function.
111.7 NHJ-1 is expressed in most nuclei in the L1 larva

Because TransgeneOme constructs are tagged with GFP, possession of goeEx386 allowed me to
examine the subcellular localization of the NHJ-1 protein. The localization of NHJ-1::GFP in adult
animals has already been examined in a paper published by the Bringmann group, where it was

used merely as a negative control for a transcription control assay. In their work, they reported
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NHJ-1::GFP expression in all somatic nuclei of the adult animal (Turek, Besseling et al. 2016),
which is a pattern consistent with the role of NHJ-1 in cNHEJ, the primary modality of DSB repair

in the soma (Clejan, Boerckel et al. 2006).

With this tool in hand, | wanted to examine the localization of NHJ-1::GFP in the L1 larva, and test
whether its localization is affected by IR treatment. In unirradiated L1 larvae, NHJ-1::GFP can be
seen in nuclei spanning the entire body of the animal (Figure 3.6A). Closer examination revealed
two salient features of the expression pattern: 1) while many nuclei expressed NHJ-1, not every
nucleus did; and 2) NHJ-1 was not detectable in the primordial germ cells, marked by HTP-3
(Figure 3.6B). Both of these features could be artifacts of expression from an extrachromosomal
array, as not every cell is guaranteed to receive a copy since they are segregated randomly at
mitosis; furthermore, extrachromosomal arrays are often repetitive and are recognized as
foreign DNA and silenced in the germline (Kelly, Xu et al. 1997). These caveats necessitated an
investigation of the endogenous NHJ-1 localization pattern. However, the lack of expression of
NHJ-1 from goeEx386 in the PGCs provides further support for the idea that the loss of nhj-1 in
the soma is a major cause of the post-IR brood size defects, as they can both be rescued by
somatic NHJ-1 expression (Figure 3.5 and Figure 3.6). In addition, IR treatment did not affect the
subcellular localization of NHJ-1 (Figure 3.6B), perhaps because any additional signal or localized

rearrangement may be masked by overexpression from the multi-copy extrachromosomal array.

To probe the endogenous NHJ-1 localization pattern, | employed CRISPR mutagenesis to tag the
C-terminus of the nhj-1 locus with OLLAS, a small epitope tag which can be used with
commercially available antibodies and has very high sensitivity across several applications,
including immunohistochemistry (Park, Cheong et al. 2008). Immunostaining of L1 larvae
revealed that NHJ-1::0OLLAS expressed from the endogenous locus has a localization pattern
highly similar to that of NHJ-1::GFP expressed from goeEx386 (Figure 3.7A-B). Notably, NHJ-1 is
not detectable in the PGCs (Figure 3.7A), consistent with the well understood fact that HR, and
not cNHEJ, is the primary DSB repair pathway in the germline (Clejan, Boerckel et al. 2006,
Lemmens and Tijsterman 2011). Like the extrachromosomally-expressed NHJ-1::GFP, the
endogenous NHJ-1::0OLLAS localization pattern is not affected by ionizing radiation treatment

(Figure 3.7A-B). This contrasts with the HR strand invasion factor RAD-51, a commonly used
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marker for HR repair in C. elegans, which is robustly cytologically detectable as discrete foci after
irradiation in the tissues where HR predominates, such as the adult germline (Alpi, Pasierbek et
al. 2003, Hayashi, Chin et al. 2007) or the PGCs (Butuci, Williams et al. 2015). Although nothing is
known about the subcellular localization of cNHEJ factors in C. elegans, the ones whose
localization has been probed in cultured mammalian cells (Ku80, LIG4, DNA-PKcs, XRCC4 and
PAXX) are predominantly nuclear, and localize along the path of a laser in microirradiation
experiments (Mari, Florea et al. 2006, Ochi, Blackford et al. 2015, Xing, Yang et al. 2015). In
contrast to the laser, IR treatment in an X-ray irradiator induces spatiotemporally diffuse DSBs,

which may preclude detection of distinct foci of cNHEJ factor accumulation (see Chapter IV).

The localization of some cNHEJ proteins may also depend on the presence of others, as is the
case for XRCC4, which depends on its binding partner LIG4 for nuclear localization, and is
cytoplasmic in absence of LIG4 (Francis, Kozlov et al. 2014). | therefore wanted to examine
whether the status of the Ku ring or LIG-4 influences the localization of NHJ-1. However, neither
the nuclear localization nor the intranuclear appearance of NHJ-1::0OLLAS was affected in cku-
80(tm1203) or lig-4(vv134) mutants, with or without IR treatment (Figure 3.7A-B), indicating that
NHJ-1 localization is independent from the other known cNHEJ factors. To express this finding in
guantitative terms, | scored the proportion of NHJ-1::OLLAS positive nuclei among all nuclei in
the larval mid-section around the PGCs. In unirradiated [R] background animals, 74% of scored
nuclei visibly express NHJ-1::0OLLAS, compared to 65% in irradiated [R] background animals, a
difference which isn’t statistically significant (p>0.05) (Figure 3.7C). In unirradiated lig-4(vv134)
animals, 66% of scored nuclei are positive for NHJ-1::0OLLAS, as are 67% of scored nuclei in
irradiated lig-4(vv134), proportions which are not significantly different either from each other
or the [R] background (p>0.05 for all comparisons) (Figure 3.7C). Similarly, NHJ-1::OLLAS is
detectable in 72% of unirradiated and 66% of irradiated cku-80(tm1203) nuclei, which is likewise
not significantly different compared to the unirradiated or irradiated [R] background or lig-

4(vv134) mutants, nor each other (p>0.05) (Figure 3.7C).
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111.8 NHJ-1 is expressed in late meiotic prophase | in the adult germline

Repair of DSBs in the C. elegans germline favors HR both for reasons of maintaining sequence
fidelity and, in the meiotic context, for the formation of crossover events that guarantee both
genetic diversity and proper segregation of homologous chromosomes in meiosis | (Lemmens
and Tijsterman 2011, Lui and Colaiacovo 2013). However, cNHEJ can operate in the adult
germline in absence of HR (Adamo, Collis et al. 2010, Yin and Smolikove 2013). Under normal
meiotic conditions, cNHEJ activity is blocked by the activity of COM-1, which prevents the
engagement of Ku with free DNA ends that would otherwise rapidly occur after SPO-11-mediated
DSB induction (Lemmens, Johnson et al. 2013). However, that at least some cNHEJ activity
persists in the germline is supported by evidence that HR-mediated CRISPR knock-in efficiency in
injected gonads is increased in cku-80(RNAi) knockdown conditions (Ward 2015). | therefore

wanted to investigate whether NHJ-1 is present in the adult germline.

Immunostaining of dissected gonads of [R] background animals revealed that NHJ-1::OLLAS is not
present (ie does not exhibit a signal beyond background levels) in the mitotic zone, nor in meiotic
cells until the diplotene stage of prophase | (Figure 3.8A). In diplotene and diakinesis, NHJ-
1::OLLAS exhibited a diffuse punctate localization pattern within nuclei, with no obvious
localization bias toward the condensing (or condensed) chromatin. This expression pattern is
consistent with the role of cNHEJ as a backup DSB repair pathway in the germline, as NHJ-
1::OLLAS accumulation starts after the pachytene stage, when RAD-51-mediated inter-homolog
HR repair is most prominent (Colaiacovo, MacQueen et al. 2003). Like in the L1 larvae, the general
pattern of expression of NHJ-1::OLLAS is not affected by the loss of cku-80 or lig-4, with NHJ-
1::OLLAS remaining detectable above background levels in diplotene and diakinesis nuclei of cku-
80(tm1203) and lig-4(vv134) animals (Figure 3.8B-C). The expression of NHJ-1::OLLAS in adult
intestinal nuclei, where it is also prominently expressed, is likewise unaffected by cku-80 or lig-4

status (Figure 3.8A-C).
111.9 LIG-4 is most prominently expressed in intestinal nuclei at the L1 stage

| next wanted to investigate the subcellular localization of LIG-4, since this enzyme performs the

terminal ligation step in the cNHEJ pathway, repairing the DSB and restoring chromosomal
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integrity. For this, | introduced a C-terminal OLLAS tag in the endogenous lig-4 locus in the N2 [R]
genetic background. In contrast to NHJ-1::OLLAS, which is detectable in the majority of L1 nuclei,
immunostaining revealed that LIG-4::0LLAS is strongly visible only in a small subset of cells
located along the length of the larval body (Figure 3.9A-B). The pattern of LIG-4 expressing nuclei
appeared most similar to that of intestinal cell nuclei. To test the hypothesis that LIG-4 expressing
nuclei belong to intestinal cells, | crossed the OLLAS-tagged lig-4 into a genetic background
containing an integrated transgene bearing GFP-tagged elt-2. ELT-2 is a GATA transcription factor
that is essential for the development and maintenance of the C. elegans intestine, and is
expressed only in this tissue (Wiesenfahrt, Berg et al. 2016). Staining of lig-4::OLLAS; elt-2::GFP
L1 larvae revealed that LIG-4::0OLLAS was present in nuclei expressing ELT-2::GFP (Figure 3.9C),
confirming the hypothesis that endogenous LIG-4 expression is predominantly intestinal. Like for
NHJ-1::0LLAS, neither radiation treatment nor a lack of cku-80 or nhj-1 had a noticeable impact
on the localization of LIG-4::0LLAS in the L1 larva (Figure 3.9A-B). Although the same caveats
apply as with NHJ-1::0OLLAS with regard to the lack of IR-dependent changes (see discussion in
Chapter IV), these results demonstrate that LIG-4 does not depend on other cNHEJ factors for its

subcellular localization.
111.10 LIG-4 is expressed in mid-to-late meiotic prophase | in the adult germline

The striking difference between the expression pattern of endogenously-expressed NHJ-1 and
LIG-4 in the L1 prompted me to investigate LIG-4 localization in the adult germline. In this tissue,
LIG-4::0OLLAS localization is much more reminiscent of NHJ-1::OLLAS localization, being dispersed
throughout the nucleoplasm in a punctate pattern and especially prominent in diakinesis and
diplotene, although it becomes detectable earlier than NHJ-1::0LLAS; while some enrichment
above background is seen in transition zone nuclei, the LIG-4::0LLAS signal is reliably seen
beginning in the pachytene stage (Figure 3.10A). Like NHJ-1, LIG-4 expression in the adult
germline is not affected by the loss of other cNHEJ factors, including cku-80 (Figure 3.10B) and
nhj-1 (Figure 3.10C). Although not as extreme a difference as that observed in the L1 larva, it
nevertheless raises the question of why NHJ-1 and LIG-4 would not have an overlapping pattern

of expression within a tissue, given that both act in the same pathway.
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111.11 NHJ-1 acts downstream of Ku in the adult germ cell cNHEJ

That NHJ-1 is part of the cNHEJ pathway is well supported by genetic evidence presented in
section Il.5 (Figure 3.4). These observations, however, are not informative about the potential
role which NHJ-1 could play in the cNHEJ process. The most obvious hypothesis would be that it
participates directly in one of the three steps of cNHEJ (see Chapter | Part ll). It could act together
with the Ku ring in the initial DSB detection and tethering step; or regulate the activity of one or
more of the processing factors about which nothing is known in C. elegans; or regulate the
binding or ligation activity of LIG-4, even if it doesn’t influence its subcellular localization. Beyond
participating in the cNHEJ repair mechanism directly, NHJ-1 could act to provide the appropriate
chromatin context for the initiation of cNHEJ, or to restore the chromatin or DNA configuration
post-repair, such as removing the Ku rings trapped on DNA after ligation, which may otherwise
inhibit the restoration of the proper chromatin structures or the progression of replication and

transcription (Postow 2011).

The regulated activity of the cNHEJ pathway in the adult germline provided me with a system in
which | could test two distinct hypotheses about the role of NHJ-1 in the cNHEJ process, with the
caveat that they may apply only in this tissue context and not generally. As has been mentioned
above, the protein COM-1 plays a critical role in antagonizing cNHEJ in the adult germline. In
animals deficient for com-1, the current understanding is that the Ku ring is not prevented from
engaging with SPO-11-generated DSBs and initiating repair via cNHEJ, which precludes HR-based
repair and therefore crossing over (Lemmens, Johnson et al. 2013). The cytologically visible
outcome of com-1 mutations is a lack of six well-defined DAPI-staining bodies in diakinesis, which
are normally indicative of properly formed bivalents (ie, homologous chromosomes held
together by chiasmata). The DNA of com-1 mutants is instead visible in diakinesis nuclei as
disorganized masses, often fewer than 6 in number, which results in extremely low embryonic
survival (<2% embryos hatching) (Lemmens, Johnson et al. 2013). This phenotype is significantly
rescued in com-1 cku-80 double mutants, where 30-40% of eggs hatch and become viable
progeny, although the fact that the rescue is not complete points to an efficient operation of a
different non-HR repair pathway in the absence of com-1 (Lemmens, Johnson et al. 2013). In

contrast to the cku-80 rescue, the removal of lig-4 in the com-1 background does not rescue
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embryonic lethality, which has been interpreted as a consequence of the Ku ring engaging with
meiotic DSBs and blocking HR even in the absence of the terminal cNHEJ effector (Lemmens,
Johnson et al. 2013). The loss of lig-4 in a com-1 background does result in an increase of small
DNA fragments in diakinesis nuclei, with more than 40% of nuclei exhibiting at least one
fragment; this observation has been interpreted as the outcome of incomplete cNHEJ repair in
the absence of LIG-4 (Lemmens, Johnson et al. 2013). By introducing an nhj-1 mutation in a com-
1 background, | could therefore test whether: 1) NHJ-1 acts together with or upstream of CKU-
80, in which case the loss of nhj-1 should rescue the embryonic lethality of com-1 in a manner
similar to cku-80 com-1 double mutants; and 2) NHJ-1 acts downstream of Ku but in the cNHEJ
repair process per se, in which case the loss of nhj-1 in the com-1 background would mimic the

loss of lig-4 and show a high incidence of DNA fragments.

To test these predictions, | constructed com-1(t1626); nhj-1(vvi44) and com-1(t1626) lig-
4(vv134) double mutants. Instead of a genetic cku-80 mutant, | employed RNAi against cku-80,
which | performed in all three of the above genotypes both in order to verify that | could replicate
the published effects of loss of cku-80, as well as to test whether the loss of nhj-1 might affect
the cku-80 knockdown-mediated rescue of com-1. | observed no rescue of embryonic survival in
com-1 lig-4 double mutants (hatching rate of 0.5%) and com-1 nhj-1 double mutants (0% hatching
rate), compared to com-1 single mutants (0.3% hatching rate), but a significant rescue in com-1
mutants fed with cku-80(RNAI), which had a hatching rate of 26.4% (p<0.001) (Figure 3.11A). This
result suggests that NHJ-1 is not required for the Ku ring to engage the free DNA ends, according
to the model proposed in (Lemmens, Johnson et al. 2013). That the rate of rescue by cku-80(RNAI)
was not different between com-1 single mutants (26.4% of embryos hatching) and com-1 nhj-1
double mutants (27.7% hatching embryos; p>0.05) (Figure 3.11A) also argues against the
possibility that NHJ-1 may engage some of the free DSBs independently of Ku, in which case a
stronger rescue would be expected in the double mutant. Thus NHJ-1 appears to act downstream
of Ku, at least in the context of the adult germline. While DAPI-staining bodies in diakinesis nuclei
of com-1, com-1 lig-4, and com-1; nhj-1 mutants displayed a range of aberrant morphologies,
ranging from single aggregates to presence of more than six distinct bodies (Figure 3.11B), | was

unable to verify the presence of DNA fragment in either com-1; nhj-1 mutants or com-1 lig-4
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mutants. The failure to replicate this finding from (Lemmens, Johnson et al. 2013) could have
been due to differences in the imaging systems used, but it made the comparison based on DNA
fragmentation impossible. However, | did observe that the total number of DAPI-staining bodies
in the diakinesis nuclei of com-1 mutants (median of 3 bodies, IQR 1) was significantly lower than
that of com-1 lig-4 double mutants (median of 4 bodies, IQR 3; p<0.05) and com-1; nhj-1 double
mutants (median of 5 bodies, IQR 3; p<0.001) (Figure 3.11C), suggesting a higher capacity for
chromosome aggregation in com-1 single mutants. This finding is consistent with impaired cNHEJ
in com-1 lig-4 and com-1; nhj-1 double mutants, and represents further evidence that cNHEJ

repair cannot occur without NHJ-1.
111.12 Conclusion

In this chapter, | presented the story of the discovery of a mutation in nhj-1, a previously
uncharacterized gene encoding two short protein isoforms, as the cause of IR-sensitivity
observed in N2 [S] animals which has been detailed in the previous chapter. | have also presented
data demonstrating that nhj-1 is a component of the canonical non-homologous end joining DSB
repair pathway, and that it acts downstream of the Ku ring. Finally, | have provided a description
of the distinct expression patterns of endogenous NHJ-1 and LIG-4 in L1 larvae and the adult
germline, which raise further questions about the tissue-level regulation of cNHEJ and the role of
NHJ-1. In the following chapter, the implications of these findings and those presented in Chapter
Il are discussed, as well as the directions future research may take in pursuing some of the

unsolved questions this work has raised.
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Figures

Figure 3.1
A
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Figure 3.1 - The structure of NHJ-1

(A) The structure of the coding region of nhj-1/H19N07.3. The uncharacterized gene H19N07.3, which |
have named nhj-1 (non-homologous end joining 1), is composed of four exonic regions and three introns.
A shorter protein isoform can be translated from an alternate start codon in exon 2. In the N2 [S]
background, exon 3 of nhj-1 has been disrupted by a deletion of 5 nucleotides, and a 115 bp insertion
composed of 107 nucleotides of unknown origin (see (B)) and 8 nucleotides duplicated from the exonic
sequence. | have designated this mutation nhj-1(vv148). To test the role of nhj-1 in IR-sensitivity, | used

CRISPR mutagenesis to delete 7 nucleotides from Exon 3 and create the nhj-1(vvi144) allele.

(B) The predicted secondary structure of the 107 bp insertion in the nhj-1(vv148) allele. This sequence of

unknown origin is predicted to form a hairpin by the RNAfold tool of the ViennaRNA Package.

(C) The predicted protein sequences of NHJ-1. The wild-type long isoform of the NHJ-1 protein is 168
amino acids long, with no conserved domains. The shorter isoform is 130 residues in length. The nhj-
1(vv148) indel results in truncated protein products of 93°"8/55%"°* gmino acids in total length, with a
frameshift producing 3 missense residues after residue 90°"¢/52:"°, The nhj-1(vv144) deletion results in
a frameshift after residue 89'°"¢/51M°" which creates a downstream sequence of 22 missense residues

before terminating in a stop codon, and produces final products 111'°"/73"°"t amino acids long.

bp = base pair

nt = nucleotide

N2 [S] = sensitive N2 strain, derived from the CGC N2

N2 [R] = resistant N2 strain, derived from Andersen lab N2

nhj-1(vv144) [R] = an nhj-1 deletion mutant, generated by CRISPR in the N2 [R] genetic background
nhj-1(vv148) [S] = an nhj-1 mutant containing a indel that occurred naturally in the N2 [S] background
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Figure 3.2
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Figure 3.2 - Loss of nhj-1 in the N2 [R] background results in IR-sensitivity

(A) Total brood size quantification of N2 [R], N2 [S], and nhj-1(vv144). While the nhj-1(vv144) deletion has
no effect on untreated brood size (p>0.05 against both N2 [R] and N2 [S]), it significantly reduces the post-
IR brood size of N2 [R] background compared (p<0.001 vs N2 [R] post-IR) to the same level as that of N2
[S] (p>0.05). All statistical comparisons shown in the figure are to nhj-1(vv144) from the corresponding
treatment group (Kruskal-Wallis test, followed by Dunn’s post-hoc test). Error bars represent the median
and interquartile range. Sample size (n) is 30 for all unirradiated groups, 50 for irradiated N2 [R] and

irradiated nhj-1(vv144), and 49 for irradiated N2 [S].

(B) Quantification of post-IR somatic phenotypes three days after IR treatment in the same groups as in
(A). Three days after IR treatment, nhj-1(vv144) mutants show a strong Gro phenotype, with almost all
animals still in the L4 stage, like in N2 [S] (p>0.05), but significantly different than N2 [R] (p<0.001) in which
all animals have molted into adults. All statistical comparisons shown in the figure are to irradiated nhj-
1(vv144) (Chi-squared test, Bonferroni corrected for multiple comparisons to a = 0.01). Sample size (n) is
195 for unirradiated N2 [R], 161 for irradiated N2 [R], 252 for unirradiated N2 [S], 163 for irradiated N2
[S], 240 for unirradiated nhj-1(vv144), and 163 for irradiated nhj-1(vv144).

IR = ionizing radiation

Gy = Gray (unit)

Pvl = protruding vulva phenotype

Rup = ruptured through vulva phenotype

“Thin” = thin, whitish L3-like larva

L4/L3/L2 = larva of the L4/L3/L2 stage

N2 [S] = sensitive N2 strain, derived from the CGC N2

N2 [R] = resistant N2 strain, derived from Andersen lab N2

nhj-1(vv144) [R] = an nhj-1 deletion mutant, generated by CRISPR in the N2 [R] genetic background

ns = not significant (p>0.05 in (A); p>0.01 in (B)), *** = p<0.001
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Figure 3.3
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Figure 3.3 - The N2 [S] genome does not complement nhj-1(vv144)

(A) Total brood size quantification of N2 [R], N2 [S], and N2 [S]/nhj-1(vv144) and N2 [R]/nhj-1(vv144)
heterozygotes. The post-IR brood size of N2 [S]/nhj-1(vv144) heterozygotes is not significantly different
than that of post-IR N2 [S] animals (p>0.05), while both are significantly reduced compared to the post-IR
brood size of either N2 [R] animals or N2 [R]/nhj-1(vv144) heterozygotes (p<0.001 for both comparisons),
indicating that the IR-sensitivity of the N2 [S] line is caused by a loss of function in nhj-1. All statistical
comparisons shown in the figure are to N2 [S]/nhj-1(vv144) heterozygotes from the corresponding
treatment group (Kruskal-Wallis test, followed by Dunn’s post-hoc test). Error bars represent the median
and interquartile range. Sample size (n) is 29 for unirradiated N2 [R], 44 for irradiated N2 [R], 30 for
unirradiated N2 [S], 48 for irradiated N2 [S], 30 for unirradiated N2 [S]/nhj-1 heterozygote, 68 for
irradiated N2 [S]/nhj-1(vv144) heterozygote, 30 for unirradiated N2 [R]/nhj-1 heterozygote, and 50 for
irradiated N2 [R]/nhj-1(vv144) heterozygote.

(B) Quantification of post-IR somatic phenotypes three days after IR treatment in the same groups as in
(A). The incidence of Gro and vulval phenotypes is not significantly different between N2 [S]/nhj-1(vv144)
heterozygotes and N2 [S] animals after irradiation (p>0.05), while these phenotypes are significantly less
common in post-IR N2 [R] animals and N2 [R]/nhj-1(vv144) heterozygotes (p>0.001 against both groups).
All statistical comparisons shown in the figure are to N2 [S]/nhj-1(vv144) heterozygotes from the
corresponding treatment group (Chi-squared test, Bonferroni corrected for multiple comparisons to a =
0.008). Sample size (n) is 28 for unirradiated N2 [R], 44 for irradiated N2 [R], 29 for unirradiated N2 [S], 49
for irradiated N2 [S], 30 for unirradiated N2 [S]/nhj-1 heterozygote, 69 for irradiated N2 [S]/nhj-1(vv144)
heterozygote, 30 for unirradiated N2 [R]/nhj-1 heterozygote, and 50 for irradiated N2 [R]/nhj-1(vv144)
heterozygote.

IR = ionizing radiation

Gy = Gray (unit)

Pvl = protruding vulva phenotype

Rup = ruptured through vulva phenotype

“Thin” = thin, whitish L3-like larva

L4/L3/12 = larva of the L4/L3/12 stage

N2 [S] = sensitive N2 strain, derived from the CGC N2

N2 [R] = resistant N2 strain, derived from Andersen lab N2
nhj-1(vv144) [R] = an nhj-1 deletion mutant, generated by CRISPR in the N2 [R] genetic background

ns = not significant (p>0.05 in (A); p>0.008 in (B)), *** = p<0.001
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Figure 3.4
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Figure 3.4 - NHJ-1 acts in the cNHEJ pathway
(A) Total brood size quantification of N2 [R], N2 [S], lig-4(vv134) [R], and lig-4(vv141) [S] hermaphrodites.

The post-IR brood size of lig-4(vv141) [S] animals, which harbour the same inactivating mutation as lig-
4(vv134) [R] animals except in the sensitive genetic background, is not significantly different than either
N2 [S] or lig-4(vv134) [R] animals (p>0.05). The lack of additive IR-sensitivity strongly suggests that N2 [S]
is IR-sensitive because of a loss of cNHEJ activity. All statistical comparisons shown in the figure are to lig-
4 [S] animals from the corresponding treatment group (Kruskal-Wallis test, followed by Dunn’s post-hoc
test). Error bars represent the median and interquartile range. Sample size (n) is 23 for unirradiated N2
[R], 36 for irradiated N2 [R], 23 for unirradiated N2 [S], 40 for irradiated N2 [S], 23 for unirradiated lig-4
[R], 31 for irradiated lig-4 [R], 24 for unirradiated lig-4 [S], and 40 for irradiated lig-4 [S].

(B) Quantification of post-IR somatic phenotypes three days after IR treatment in the same groups as in
(A). The incidence of somatic phenotypes in lig-4 [S] is not significantly different from either lig-4 [R] or
N2 [S] following either 37.5 Gy or 75 Gy of IR (p>0.05 for all comparisons), showing that the lig-4 mutation
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Figure 3.4 - NHJ-1 acts in the cNHEJ pathway (continued)

(B, continued) and the N2 [S] background are not additive with respect to IR-associated somatic
phenotypes. All statistical comparisons shown in the figure are to lig-4 [S] animals from the corresponding
treatment group (Chi-squared test, Bonferroni corrected for multiple comparisons to a = 0.008). Sample
size (n) is 146/201/181 for N2 [R] No IR/37.5 Gy/75 Gy, 188/106/146 for N2 [S] No IR/37.5 Gy/75 Gy,
208/131/167 for lig-4 [R] No IR/37.5 Gy/ 75 Gy, and 177/134/125 for lig-4 [S] No IR/37.5 Gy/ 75 Gy.

(C) Total brood size quantification of N2 [R], nhj-1(vv144) [R], cku-80(tm1203), and cku-80(tm1203); nhj-
1(vv144). Double mutants of cku-80(tm1203) and nhj-1(vv144) do not exhibit a significantly different post-
IR brood size than either single mutant (p>0.05 for both), showing that NHJ-1 functions in the same
pathway as CKU-80. All statistical comparisons shown in the figure are to cku-80(tm1203); nhj-1(vv144)
animals from the corresponding treatment group (Kruskal-Wallis test, followed by Dunn’s post-hoc test).
Error bars represent the median and interquartile range. Sample size (n) is 23 for unirradiated N2 [R], 36
for irradiated N2 [R], 23 for unirradiated N2 [S], 40 for irradiated N2 [S], 23 for unirradiated lig-4 [R], 31
for irradiated lig-4 [R], 24 for unirradiated lig-4 [S], and 40 for irradiated lig-4 [S].

(D) Quantification of post-IR somatic phenotypes three days after IR treatment in the same groups as in
(C). Vulval and slow growth phenotypes do not have a significantly different incidence in the double
mutant and either single mutant (p>0.05 for all comparisons), supporting the conclusion of CKU-80 and
NHJ-1 acting in the same pathway. All statistical comparisons shown in the figure are to cku-80(tm1203);
nhj-1(vv144) animals from the corresponding treatment group (Chi-squared test, Bonferroni corrected for
multiple comparisons to a = 0.008). Sample size (n) is 181/194/103 for N2 [R] No IR/37.5 Gy/75 Gy,
156/211/107 for nhj-1(vv144) [R] No IR/37.5 Gy/75 Gy, 156/163/136 for cku-80(tm1203) No IR/37.5 Gy/75
Gy, and 225/274/175 for cku-80(tm1203); nhj-1(vv144) No IR/37.5 Gy/75 Gy.

IR = ionizing radiation; Gy = Gray (unit)

Pvl = protruding vulva phenotype; Rup = ruptured through vulva phenotype

“Thin” = thin, whitish L3-like larva; L4/L3/L2 = larva of the L4/L3/L2 stage

N2 [S] = sensitive N2 strain, derived from the CGC N2

N2 [R] = resistant N2 strain, derived from Andersen lab N2

nhj-1= nhj-1(vv144) [R], a deletion mutant generated by CRISPR in the N2 [R] genetic background

lig-4 [S] and lig-4 [R] = lig-4(vv141[R18STOP]) [S] and lig-4[vv134[R18STOP]), premature stop codon mutations in the
lig-4 sequence introduced in the N2 [S] or N2 [R] backgrounds

cku-80 = cku-80(tm1203), a published deletion allele of cku-80.
ns = not significant (p>0.05 in (A); p>0.008 in (B)), *** = p<0.001
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Figure 3.5

3 days post irradiation at L1 stage
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Figure 3.5 - Extrachromosomal nhj-1 rescues both brood size and somatic IR phenotypes of nhj-

1(vvi44)

(A) Total brood size quantification of nhj-1(vv144) and nhj-1(vv144); unc-119(ed3) goeEx386. The post-IR
brood size of nhj-1(vv144); unc-119(ed3) goeEx386 animals, in which the nhj-1(vv144) allele and the unc-
119(ed3) allele have been rescued by and extrachromosomal array carrying a GFP-tagged copy of wild
type nhj-1 and a wild type copy of unc-119, is significantly higher than that of nhj-1(vv144) animals
(p<0.005), and is also reduced compared to unirradiated nhj-1(vv144); unc-119(ed3) goeEx386 controls.
Extrachromosomal nhj-1 is thus able to rescue the post-IR brood size phenotype of nhj-1(vvi44). All
statistical comparisons shown in the figure are to irradiated nhj-1(vv144); unc-119(ed3) goeEx386 animals
(Kruskal-Wallis test, followed by Dunn’s post-hoc test). Error bars represent the median and interquartile

range. Sample size (n) is 50 for all groups.

(B) Quantification of post-IR somatic phenotypes three days after IR treatment in the same groups as in
(A). The Gro and vulval phenotypes are significantly less prevalent in irradiated nhj-1(vv144); unc-119(ed3)
goeEx386 animals compared to the irradiated nhj-1(vv144) group (<0.001), showing that exogenous nhj-

1 rescues the post-IR defects of nhj-1(144). The statistical comparison shown in the figure is to irradiated
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Figure 3.5 - Extrachromosomal nhj-1 rescues both brood size and somatic IR phenotypes of nhj-

1(vv144) (continued)

(B, continued) nhj-1(vv144); unc-119(ed3) goeEx386 animals (Chi-squared test, Bonferroni corrected for
multiple comparisons to a = 0.008). Sample size (n) is 220 for unirradiated nhj-1(vvi44) NR, 130 for
irradiated nhj-1(vv144), 70 for unirradiated nhj-1(vv144); unc-119(ed3) goeEx386, and 93 for irradiated
nhj-1(vv144); unc-119(ed3) goeEx386.

(C) Total brood size quantification of nhj-1(vv148); unc-119(ed3)/+ and nhj-1(vv148); unc-119(ed3)/+
goeEx386. In nhj-1(vv148); unc-119(ed3)/+ goeEx386 animals, the post-IR brood size is significantly
rescued compared to nhj-1(vwi148); unc-119(ed3)/+ animals which do not carry the rescuing transgene
(p<0.05), corroborating the conclusion that extrachromosomal nhj-1 can rescue a lack of endogenous nhj-
1. All statistical comparisons shown in the figure are to irradiated nhj-1(vv148); unc-119(ed3)/+ goeEx386
animals (Kruskal-Wallis test, followed by Dunn’s post-hoc test). Error bars represent the median and
interquartile range. Sample size (n) is 18 for both unirradiated groups, 24 for irradiated nhj-1(vv148); unc-

119(ed3)/+, and 30 for irradiated nhj-1(vv148); unc-119(ed3)/+ goeEx386.

(D) Quantification of post-IR somatic phenotypes three days after IR treatment in the same groups as in
(C). Vulval phenotypes and slow growth have a lower incidence in irradiated nhj-1(vv148); unc-119(ed3)/+
goeEx386 animals compared to irradiated nhj-1(vv148); unc-119(ed3)/+ animals (<0.001), in line with the
brood size results. The statistical comparison shown in the figure is to irradiated nhj-1(vv148); unc-
119(ed3)/+; goeEx386 animals (Chi-squared test, Bonferroni corrected for multiple comparisons to a =
0.008). Sample size (n) is 18 for unirradiated nhj-1(vv148); unc-119(ed3)/+, 19 for unirradiated nhj-
1(vv148); unc-119(ed3)/+ goeEx386, 23 for irradiated nhj-1(vv148); unc-119(ed3)/+, and 30 for irradiated
nhj-1(vv148); unc-119(ed3)/+ goeEx386.

IR = ionizing radiation; Gy = Gray (unit)

Pvl = protruding vulva phenotype

Rup = ruptured through vulva phenotype

“Thin” = thin, whitish L3-like larva

L4 = larva of the L4 stage

nhj-1(vv144) = a deletion mutant generated by CRISPR in the N2 [R] genetic background

goeEx386 = an extrachromosomal array carrying a tagged version of nhj-1/H19N07.3 and a wild type copy of unc-
119, with the genotype [WRMO0635D_B04(pRedFlp-Hgr)
(H19N07.3[21364]::50001_pR6K_Amp_2xTY1lce EGFP_FRT rpsl_neo_ FRT_3xFlag)dFRT::unc-119-Nat].

ns = not significant (p>0.05 in (A); p>0.008 in (B)), * = p<0.05, *** = p<0.001
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Figure 3.6
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Figure 3.6 - Localization of extrachromosomal NHJ-1::GFP in the L1 larva

(A) A representative image showing the localization of NHJ-1::GFP in nuclei along the entire body of the

L1 larva.

(B) Representative micrographs showing the subcellular localization of NHJ-1::GFP expressed from
goeEx386 in control and irradiated L1 larvae. Expression of NHJ-1::GFP is nuclear, as demonstrated by the
overlap with the DNA stain DAPI, but not every cell expresses the protein. Notably, it is not expressed in
the primordial germ cells (PGCs), which are marked by HTP-3. lonizing radiation treatment does not alter

the expression pattern of NHJ-1::GFP. Area of digital magnification is indicated by dotted line squares.

goeEx386 = an extrachromosomal array carrying a tagged version of nhj-1/H19N07.3 and a wild type copy of unc-
119, with the genotype [WRMO0635D_B04(pRedFlp-Hgr)
(H19N07.3[21364]::S0001_pR6K_Amp_2xTY1ce _EGFP_FRT_rpsl_neo_FRT_3xFlag)dFRT::unc-119-Nat].

DAPI = the DNA stain 4',6-diamidino-2-phenylindole
HTP-3 = signal from an anti-HTP-3 antibody
NHJ-1 = signal from an anti-GFP antibody
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Figure 3.7
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Figure 3.7 - Endogenous NHJ-1 localization in the L1 larva

(A) Representative micrographs showing the subcellular localization of NHJ-1::OLLAS from the
endogenous locus, together with DNA staining (DAPI) and the germline marker HTP-3, in the L1 larva. The
expression of NHJ-1 from the endogenous locus is similar to that from the goeEx386 array (Figure 3.6).
The loss of cku-80 or lig-4 does not detectably affect the localization of NHJ-1::OLLAS, and neither does

the radiation treatment in either the control or cku-80 or lig-4 mutant backgrounds.

(B) Representative micrographs showing the subcellular localization of NHJ-1::OLLAS in L1 larvae in the

same genotypes and conditions as in (A), showing a wider field of view for comparison.

(C) Quantification of the proportion of cells that express NHJ-1::OLLAS from the endogenous locus in the
L1. Irradiation has no significant effect on the proportion of cells expressing NHJ-1::0LLAS, and neither
does an absence of CKU-80 or LIG-4 (p>0.3 for all comparisons; Chi-squared test, Bonferroni corrected for
multiple comparisons to a = 0.01). Sample size is 187 nuclei in unirradiated nhj-1::0LLAS, 190 nuclei in
irradiated nhj-1::0LLAS, 188 nuclei in unirradiated nhj-1::0OLLAS; cku-80, 196 nuclei in irradiated nhj-
1::0LLAS; cku-80, 177 nuclei in unirradiated nhj-1::0LLAS; lig-4, and 185 nuclei in irradiated nhj-1::OLLAS;

lig-4. The nuclei were scored in 3 L1 larvae in all genotypes and conditions.

nhj-1::0LLAS = a C-terminal tag of the endogenous nhj-1 locus with one copy of the OLLAS epitope

cku-80 = cku-80(tm1203), a deletion allele of cku-80

lig-4 = lig-4(vv134[R18STOP]) [R], a predicted null allele of lig-4 generated in the N2 [R] genetic background
DAPI = the DNA stain 4',6-diamidino-2-phenylindole

HTP-3 = signal from an anti-HTP-3 antibody

NHJ-1 = signal from an anti-OLLAS antibody

ns = not significant (p>0.01 in (C))
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Figure 3.8
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Figure 3.8 - Endogenous NHJ-1 localization in the adult germline

(A) Representative micrographs of NHJ-1::0LLAS expression from the endogenous locus in adult germline
cells. Punctate nuclear expression of NHJ-1::OLLAS becomes reliably visible in diplotene, but is not

chromatin associated and remains detectable in diakinesis. Adult intestinal cell shown for comparison.

(B) Representative micrographs of NHJ-1::OLLAS expression from the endogenous locus in adult germline
cells in animals deficient for cku-80. The loss of CKU-80 does not perturb the localization of NHJ-1::OLLAS

either in the germline or in the intestine.

(C) Representative micrographs of NHJ-1::OLLAS expression from the endogenous locus in adult germline
cells in animals deficient for lig-4. Like the loss of CKU-80, the loss of LIG-4 does not affect the pattern of

NHJ-1::OLLAS expression either in the germ cells or intestinal cells.

nhj-1::0LLAS = a C-terminal tag of the endogenous nhj-1 locus with one copy of the OLLAS epitope
cku-80 = cku-80(tm1203), a deletion allele of cku-80
lig-4 = lig-4(vv134[R18STOP]) [R], a predicted null allele of lig-4 generated in the N2 [R] genetic background

DAPI = the DNA stain 4',6-diamidino-2-phenylindole

HTP-3 = signal from an anti-HTP-3 antibody
NHJ-1 = signal from an anti-OLLAS antibody
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Figure 3.9
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Figure 3.9 - Endogenous LIG-4 localization in the L1

(A) Representative micrographs showing the subcellular localization of LIG-4::0LLAS from the endogenous
locus, together with DNA staining (DAPI) and the germline marker HTP-3, in the L1 larva. The LIG-4 signal
is detectable beyond background levels only in a row of nuclei along the anterior-posterior axis (see (B)).

No LIG-4 signal is detected in the PGCs.

(B) Representative micrographs showing the subcellular localization of LIG-4::0LLAS, HTP-3, and DNA in
the same genotypes and conditions as in (A), but in a wider field of view, showing the enrichment in a

longitudinal row of nuclei.

(C) Representative micrograph showing the nuclear co-localization of LIG-4::0LLAS and ELT-2::GFP, an
intestinal cell marker. The nuclei which most strongly express LIG-4 also express the intestinal marker ELT-

2::GFP, suggesting that LIG-4 is enriched in the intestine.

lig-4::0OLLAS = a C-terminal tag of the endogenous lig-4 locus with one copy of the OLLAS epitope
elt-2::GFP = a C-terminal transgenic GFP tag of elt-2, integrated by particle bombardment

cku-80 = cku-80(tm1203), a deletion allele of cku-80

nhj-1(vv144) = a deletion mutant generated by CRISPR in the N2 [R] genetic background

DAPI = the DNA stain 4’,6-diamidino-2-phenylindole
HTP-3 = signal from an anti-HTP-3 antibody

LIG-4 = signal from an anti-OLLAS antibody

ELT-2 = signal from an anti-GFP antibody
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Figure 3.10
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Figure 3.10 - Endogenous LIG-4 localization in the adult germline

(A) Representative micrographs of LIG-4::0OLLAS expression from the endogenous locus in adult germline
cells. The expression of LIG-4::0LLAS becomes reliably visible in pachytene, and is nuclear, punctate, and
not chromatin associated. An adult intestinal cell, where LIG-4 is also strongly expressed, is shown for

comparison.

(B) Representative micrographs of LIG-4::0LLAS expression from the endogenous locus in adult germline
cells in animals deficient for cku-80. Similar to NHJ-1::0OLLAS, the loss of CKU-80 does not alter the

localization of LIG-4::0LLAS either in the germline or in the intestine.

(C) Representative micrographs of LIG-4::0LLAS expression from the endogenous locus in adult germline

cells in animals deficient for nhj-1. The absence of NHJ-1 does not affect the localization pattern of LIG-4.

lig-4::0OLLAS = a C-terminal tag of the endogenous lig-4 locus with one copy of the OLLAS epitope
cku-80 = cku-80(tm1203), a deletion allele of cku-80
nhj-1(vv144) = a deletion mutant generated by CRISPR in the N2 [R] genetic background

DAPI = the DNA stain 4',6-diamidino-2-phenylindole

HTP-3 = signal from an anti-HTP-3 antibody
LIG-4 = signal from an anti-OLLAS antibody
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Figure 3.11
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Figure 3.11 - NHJ-1 acts downstream of the Ku ring in the adult germline

(A) Table showing the proportion of eggs hatching in com-1, com-1; nhj-1, and com-1 lig-4 mutants treated
with cku-80(RNAi) and controls. In control conditions, only a small fraction (<1%) of eggs laid in all three
genotypes hatch. With RNAI against cku-80, the proportion of hatching eggs is significantly increased
(p<0.001 versus RNAi control) in all three genotypes. All statistical comparisons shown in the figure are to
the RNAI control group within the same genotype (Chi-squared test, Bonferroni correction for multiple

comparisons to = 0.008).

(B) Example micrographs showing the diverse DNA morphologies in diakinesis nuclei with low and high

numbers of DAPI-staining entities in com-1, com-1; nhj-1, and com-1 lig-4 mutants.

(C) Quantification of DAPI-staining bodies in com-1, com-1 lig-4, and com-1; nhj-1 mutants. The number
of DAPI-staining bodies is significantly higher in com-1 lig-4 (p<0.05) and com-1; nhj-1 (p<0.001) double
mutants is significantly higher than that of com-1 single mutants, while the two double mutants are not
significantly different from each other (p>0.05). Sample size (n) is 40 for com-1, 49 for com-1 lig-4, and 33

for com-1; nhj-1.

nhj-1(vv144) = a deletion mutant generated by CRISPR in the N2 [R] genetic background
lig-4 = lig-4(vv134[R18STOP]) [R], a predicted null allele of lig-4 generated in the N2 [R] genetic background

com-1=com-1(t1626), a published loss of function allele causing a premature stop codon in exon 3 of com-1

DAPI = the DNA stain 4',6-diamidino-2-phenylindole
HTP-3 = signal from an anti-HTP-3 antibody
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Chapter IV: Discussion

IV.1 Introduction

For this thesis, | had initially set out to investigate how genomic integrity of the early germline in
newly hatched C. elegans is assured, aiming to identify novel factors which protect the primordial
germ cells against the genotoxic effects of ionizing radiation. Entirely serendipitously, this project
instead led me to the discovery of IR response heterogeneity within the ostensibly isogenic wild
type strain N2, caused by cryptic genetic diversity. Further investigation revealed that the
difference in the IR response was caused by a mutation in nhj-1, an uncharacterized gene which
| have shown to be an essential regulator of the canonical non-homologous end joining DNA
repair pathway, the fourth member of the comparatively reduced cNHEJ system in C. elegans. In
this chapter, | summarize my findings, discuss them and their implications in the context of
contribution to wider knowledge, and examine the remaining questions not addressed by the

work in this thesis with a prospective lens towards finding the answers.
IV.2 Summary of results

| began my study of the L1 response to ionizing radiation with the primary goal of investigating
whether HTP-3, a critical regulator of meiotic processes which is also expressed in the pre-meiotic
germline throughout development, plays a role in protecting the PGCs from genotoxic stress.
Towards this aim | designed an RNAi screen for chromatin factors which may sensitize or protect
the germline at the L1 stage, using adult brood size as the readout. | conducted the screen in the
wild type strain N2, as well as the somatic-RNAi deficient rrf-1(pk1417) mutant and an htp-3
mutant with a defective DDR response in the adult germline, htp-3(vc75). While | was able to
identify 33 genes whose knockdown modulates post-IR brood size (Figure 2.2), none had a
differential response in the three genotypes. However, | noticed that N2 had a significantly lower
brood size than either rrf-1(1417) or htp-3(vc75) (Figure 2.1), prompting me to investigate the
possibility that the N2 line used in our lab may carry an unannotated genetic mutation sensitizing
it to IR. Though it initially reassured me that the N2 from the Caenorhabditis Genetics Center had

the same response as the N2 in our lab (Figure 2.3), testing of a wider sample of laboratory N2
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lines, 18 geographically and genetically diverse C. elegans wild type isolates, and two C. briggsae
strains, revealed that the IR-sensitive phenotype was restricted to only a small subset of
laboratory N2 lines (Figure 2.4 and Table 2.1). This observation left a recent evolution of IR-
sensitivity in N2 as the most parsimonious explanation. To further characterize the differences
between the IR-resistant and IR-sensitive strains, | derived a resistant line, N2 [R], and a sensitive
line, N2 [S], from single individuals. | showed that in both N2 [R] and N2 [S] the brood size
decreases with increasing IR dose, but always to a greater extent in N2 [S], and that this
differential brood size response is not apparent with IR treatment at the L4 stage, nor with
treatment with other genotoxic agents at the L1 stage, including ENU and UV radiation (Figure
2.5), suggesting a developmentally modulated sensitivity to DNA DSBs. L1 radiation exposure
does not result in cytologically visible phenotypes in the adult germlines of either N2 [S] or N2
[R] (Figure 2.6). Surprisingly, while the embryonic lethality of the progeny of irradiated N2 [S]
animals is not different than that of unirradiated controls, that of N2 [R] progeny is slightly but
significantly increased (Table 2.2), suggestive of mutagenic DNA repair in the germline of this
background. Mating of irradiated N2 [R] and N2 [S] hermaphrodites with unirradiated males
failed to increase the brood size (Figure 2.7), showing that the brood size of irradiated animals of
both genotypes is oocyte-limited. In addition to the lowered brood size, IR treatment at the L1
stage also resulted in a much higher frequency of two distinct somatic developmental outcomes
in N2 [S]: slow growth, and abnormal vulval phenotypes (protruding vulva, ruptured through
vulva, and “bagging”) (Figure 2.8), which prompted me to hypothesize that the sensitivity of N2
[S] may be related to a deficiency in a somatically active DNA repair pathway, and that the brood
size phenotypes may be, at least in part, secondary to the somatic ones. The idea of a loss-of-
function mutation in the N2 [S] background was supported by genetic evidence that IR-sensitivity
is recessive to IR-resistance (Figure 2.9). After eliminating a mutation in dcr-1 which is present in
one of IR-sensitive non-N2 strains as causative of the sensitivity (Figure 2.10), | sent N2 [R] and
N2 [S] genomic DNA for deep sequencing with the goal of identifying the causative mutation. The
sequencing revealed that the majority of fixed variants found in N2 [R] and N2 [S] are shared,
with a smaller set of unique variants in each genome (Figure 2.11), suggesting that N2 [S] and N2

[R] diverged from each other only after their common lineage split from the reference genome.
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With the help of our bioinformatics collaborators in the group of Dr. Steven Jones, 15 fixed
variants unique to the N2 [S] genome and predicted to alter protein sequences were identified
as the most likely candidates for the causative mutations (Table 2.3). Sequencing these candidate
mutations in a number of hybrid lines derived from crosses between N2 [R] and N2 [S] animals, |
determined that the IR-sensitive phenotype segregates with mutations in F10D2.12 and inft-2,
which are both located on the fifth autosome (Figure 2.12). Conversion of the F10D2.12 and inft-
2 sequences into an N2 [S]-like form did not sensitize the N2 [R] background to IR, however, thus
eliminating these mutations as causative (Figure 2.13). Noticing the similarity between the
somatic post-IR N2 [S] phenotypes and those described in cNHEJ pathway mutants (Clejan,
Boerckel et al. 2006), | tested whether inactivation of /ig-4 would sensitize the N2 [R] background
to IR, which proved to be the case (Figure 2.14). However, all three known cNHEJ genes in C.
elegans are encoded on chromosome Ill, and their transcripts were expressed in the N2 [S]
background (Figure 2.15), which together with the other observations suggested that a mutation

in a novel cNHE)J factor, located on chromosome V, may be responsible for IR-sensitivity.

Using the mutations in F10D2.12 and inft-2 as molecular markers in a large set of hybrid strains,
| was able to map the causative locus with greater precision to the neighborhood of inft-2, and
through a manual search in the N2 [S] genome | located an indel in the third exon of a previously
uncharacterized protein-coding gene H19N07.3, which | have named nhj-1 for its potential role
in cNHEJ. This indel is predicted to have a severe effect on the two protein isoforms encoded by
nhj-1, substantially shortening the resulting proteins (Figure 3.1). To test whether nhj-1 plays a
role in IR-resistance, | introduced a small deletion in exon 3 in the N2 [R] background, creating
the allele nhj-1(vv144), which is predicted to result in a truncation similar to the N2 [S] allele nhj-
1(vv148) (Figure 3.1). This sensitized the N2 [R] background to IR (Figure 3.2), strongly suggesting
that N2 [S] is sensitive because of a loss of function in nhj-1. To formally demonstrate this to be
the case, | showed that the IR-sensitivity of the nhj-1(vv148) [S] cannot be complemented by the
CRISPR-generated nhj-1(vvi44) allele (Figure 3.3). | then proceeded to test the hypothesis that
nhj-1 belongs to the cNHEJ pathway by comparing the severity of post-IR phenotypes in nhj-
1(vv148); lig-4 double mutants and nhj-1(vv144); cku-80 double mutants with either of the single

mutants alone. Since the double mutants did not exhibit a worse post-IR phenotype than either
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of the single mutants (Figure 3.4), | concluded that nhj-1 is indeed a novel fourth member of
cNHEJ in C. elegans. | next showed that extrachromosomal nhj-1 can rescue both the somatic
phenotypes and the brood size reduction in both nhj-1(vvi44) and nhj-1(vv148) [S] (Figure 3.5),
further supporting the conclusion that IR-sensitivity arises because of the loss of NHJ-1 protein
function, rather than a loss of a cis-regulatory sequence within the nhj-1 locus. The
extrachromosomal nhj-1 construct was also translationally fused to GFP, allowing me to probe
the intracellular localization of NHJ-1, which was revealed to be present in many somatic nuclei
in the L1 larva, but not in the PGCs (Figure 3.6). The lack of expression of extrachromosomal NHJ-
1::GFP in the PGCs, together with the somatic and brood size rescue, argued that the observed
brood size phenotype derive predominantly from a somatic nhj-1 deficiency. | next investigated
the endogenous localization pattern of NHJ-1, employing a C-terminal OLLAS tag generated by
CRISPR, and found that endogenous NHJ-1::OLLAS has the same expression pattern as the
exogenous NHJ-1::GFP, with NHJ-1 detectable in the majority of somatic nuclei but not in the
PGCs (Figure 3.7). This pattern was not perturbed in backgrounds deficient for cku-80 or lig-4,
nor following IR treatment (Figure 3.7). | also examined the endogenous NHIJ-1::OLLAS
localization pattern in the adult germline, a tissue where cNHEJ functions only as a backup repair
pathway. | observed the NHJ-1::0LLAS signal only in diplotene and diakinesis nuclei, which, like
in the L1 larva, was not altered in cku-80 or lig-4 deficient backgrounds (Figure 3.8). | also OLLAS-
tagged the endogenous locus of lig-4, the terminal effector of the cNHEJ pathway, and
investigated its localization pattern and whether it is affected by the status of cku-80 or nhj-1. In
contrast to NHJ-1, LIG-4 prominently localizes only to intestinal cell nuclei in the L1 larva (Figure
3.9), while in the adult gonad it can be detected earlier than NHJ-1, starting in pachytene and
persisting in diplotene and diakinesis (Figure 3.10). The localization pattern of LIG-4 is not
affected by loss of cku-80 or nhj-1 either in the L1 larva or the adult germline. Finally, to position
nhj-1 within the cNHEJ pathway, | tested whether the loss of nhj-1 can rescue the embryonic
lethality of com-1 mutants, as the loss of cku-80 has been shown to be partially capable of doing
(Lemmens, Johnson et al. 2013). However, com-1; nhj-1 double mutants exhibit the nearly
complete embryonic lethality characteristic of com-1 mutants, and like com-1 lig-4 double

mutants, they also show increased numbers of DAPI bodies in diakinesis (Figure 3.11). These
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results suggest that, in the absence of NHJ-1, the Ku ring is capable of engaging DNA ends but
repair cannot efficiently occur, arguing that NHJ-1 acts downstream of Ku and upstream of LIG-4

in the pathway.
IV.3 Scientific contribution and implications of findings

The most significant contribution of the present study to the body of scientific knowledge is the
discovery of nhj-1, an entirely novel player in the cNHEJ pathway in C. elegans, which provides
an affirmative answer to the question of whether the worm possesses cNHEJ components other
than the core kit of cku-70, cku-80, and lig-4. However, the way that led to that discovery also
raises further questions and has implications for the field of C. elegans research and biology more

generally.
IV.3.1 The non-isogeneity of N2

One such implication is that there may be more genetic variability in the strains of animals that
experimental scientists work with than is generally acknowledged. As | have demonstrated in this
study, the IR-sensitivity caused by the spontaneous mutation nhj-1(vv148) is visible only under
the specific conditions of exposure to high doses (225 Gy) of ionizing radiation, and only early on
in development. Under normal conditions, N2 [S] is phenotypically indistinguishable from N2 [R],
and the animals give no indication of a deficiency in a major DNA repair pathway. This illustrates
the disquieting possibility that other cryptic mutations may be present either in the ostensibly
wild type strains commonly used as controls, or in one or more of the thousands of mutant strains
used within the C. elegans research community. The presence and danger of genetic drift in C.
elegans has been noted before (Flibotte, Edgley et al. 2010). Such cryptic mutations may affect
the response studied and the conclusions drawn from the studies, as was the case during the
early stages of my own research, when the IR-sensitivity of the Zetka N2 strain and the apparent
IR-resistance of the endo siRNA and some chromatin mutants misled me into an erroneous

interpretation of the data.

As the deep sequencing has revealed, in addition to nhj-1(vv148), the N2 [S] genome carries at
least an additional 15 single nucleotide variants which have a direct impact on the sequences of
translated proteins. The N2 [R] genome contains 13 such single nucleotide mutations which
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affect protein sequences, and these are just among the variants that are unique to N2 [S] and N2
[R]. While the variants shared between the two N2 lines sequenced for this study do not play a
role in the phenotypic differences observed and described here, they may influence other
processes and cause phenotypes conditional to other environmental or genetic factors. Evolution
and genetic drift cannot be stopped in C. elegans any more than in other living organisms, and
the importance of maintaining isogenic or near-isogenic lines has long been recognized in the
worm research community. This is greatly aided by the ability to cryogenically preserve strains in
liquid nitrogen (Lewis and Fleming 1995), which prevents random mutations and changes in allele
frequency. Despite this, cryptic genetic variation can and does spread, as this study has shown,
especially if facilitated by distribution centers like the CGC. My analysis has confirmed the
presence of the nhj-1(vv148) mutation in only five strains - the Zetka lab N2, the CGC N2, YY470
dcr-1{mg375), HBR1099 unc-119(ed3); goeEx386, and YY186 nrde-2(gg91). However, the allele
may be more widely distributed, and with the development of a PCR-based genotyping assay (see

section V.15), the wider community now has a readily employable genotyping option.

The course of this study also illustrates that new technological solutions can help overcome the
more troubling implications of the non-isogeneity among experimental strains. First, whole-
genome sequencing has become both affordable and rapid (Levy and Myers 2016), allowing
individual research groups the opportunity to reveal the full spectrum of variations in their
strains. Second, the advent of CRISPR-Cas9 mutagenesis (Hsu, Lander et al. 2014, Dickinson and
Goldstein 2016) has enabled researchers to introduce almost any desired alteration within a
known genetic background, making possible an “apples-to-apples” comparison from which to

interpret the effects of the mutation.
IV.3.2 NHIJ-1 is a novel member of the cNHEJ pathway in C. elegans

The identification of NHJ-1 as a critical regulator of cNHEJ in C. elegans represents the major
finding of the present work (Figure 4.1). Before this study, it has been hypothesized that C.
elegans either possesses a minimal cNHEJ system, composed of only the Ku ring and LIG-4, or
that other cNHEJ components have yet to be identified because no saturated screen for cNHEJ

factors has yet been done (Lemmens and Tijsterman 2011). Such unidentified cNHEJ components
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have been postulated to be nucleases or kinases (Lemmens and Tijsterman 2011), which would
act in the processing of free DNA ends, or signal to coordinate the enzymatic activity during
cNHEJ. The evidence of cku-80; nhj-1 and lig-4; nhj-1 double mutants shows that NHJ-1 functions
in the cNHEJ pathway, and the lack of embryonic lethality rescue as well as an increased number
of diakinetic DAPI bodies in com-1; nhj-1 double mutants compared to com-1 single mutants
suggests that it acts downstream of Ku and upstream of lig-4. The roles NHJ-1 may play
downstream of Ku binding include: 1) DNA end processing; 2) Signaling to coordinate the activity
or assembly of the cNHEJ complex; 3) Promoting the activity of other cNHEJ pathway components
as a cofactor; and 4) Acting as a structural scaffold to organize and coordinate other cNHE)
factors. NHJ-1 contains no conserved domains. Its structure is predicted to contain an alternating
sequence of alpha helices and beta sheets, while the last 63 amino acids of both the long and the
short isoform are predicted to be intrinsically unstructured (Figure 4.2). Taking this together with
the relatively small size of the protein (with even the longer isoform being only 168 amino acids
long), | consider the possibility that NHJ-1 is an enzyme unlikely. Signaling and processing
enzymes with active roles in cNHEJ tend to be much larger, with the ~4,000 amino acid-long DNA-
PKcs at the higher end of the spectrum, and the ~500 amino acid-long nuclease APLF at the lower
end (Chang, Pannunzio et al. 2017). By contrast, the structural proteins XRCC4, XLF, and PAXX,
are of much more modest size, ranging from 201 aa (PAXX) to 334 aa (XRCC4) in H. sapiens
(Chang, Pannunzio et al. 2017), although XRCC4 and XLF have been shown to oligomerize into
much larger filaments that support other cNHEJ machinery (Hammel, Rey et al. 2011, Mahaney,
Hammel et al. 2013). NHJ-1 could act in an analogous manner in C. elegans, even though it shares
no sequence homology with XRCC4 or its homologs. However, a role in an enzyme-driven step of
cNHEJ cannot be definitively excluded, as NHJ-1 could act to promote enzymatic activity;
furthermore, unlikely though it is, NHJ-1 could possess enzymatic activity itself, particularly since
smaller enzymes have been described, such as the 63 amino acid-long bacterial protein 4-
Oxalocrotonate tautomerase, which oligomerizes to form the active site (Chen, Kenyon et al.

1992).

The scope of the evolutionary conservation of NHJ-1 is limited. Proteins with high identity with

the NHIJ-1 long isoform exist in several species of the genus Caenorhabditis, including C. brenneri

161



(90% identity), C. briggsae (88% identity), C. remanei (84% identity), and C. latens (84% identity).
In the family Rhabditidae, which includes the genus Caenorhabditis, there are two homologs in
the asexual worm Diploscapter pachys (33% and 32% identity). The only other proteins with
homology belong to two parasitic hookworms in the family Ancylostomatidae, Necator
americanus (24% identity), and Ancylostoma duodenale (22% and 20% identity). What roles the
homologs of NHJ-1 play in the other nematodes is not known. Given the relatively high sequence
conservation within Caenorhabditis, NHJ-1 homologs in the other species of this genus may also
participate in ctNHEJ. The nematode family Rhabditidae, or more speculatively if N. americanus
and A. duodenale are included, the order Rhabditida, thus appears to have evolved a novel
regulator of the nearly universally conserved (Gu and Lieber 2008) cNHEJ pathway. The
restructuring of cNHEJ by incorporation of a completely novel factor is rare in eukaryotes, with
perhaps the closest example being the cooption of the MRX complex into the cNHEJ mechanism
in S. cerevisiae (Daley, Palmbos et al. 2005, Emerson and Bertuch 2016). This nevertheless
illustrates the evolutionary plasticity of even the most ancient pathways. The lack of sequence
conservation between NHJ-1 and the known cNHEJ factors in other phyla also points to the
possibility that the cNHEJ toolkit in C. elegans may be much larger, and novel functional analogs

to other cNHEJ factors may yet be discovered.

This study also examined the subcellular localization of NHJ-1 in L1 larvae and adult gonad and
intestinal tissue, and provided the first description of LIG-4 localization in C. elegans, both of
which raised interesting questions about the regulation of cNHEJ in specific tissue contexts. The
localization of cNHEJ components, the regulation of their recruitment to sites of DNA damage,
and their dependence on other cNHEJ factors for nuclear recruitment has primarily been studied
in the context of cultured mammalian cells; see, among others, (Koike, Awaji et al. 1999, Nilsson,
Sirzen et al. 1999, Koike, Shiomi et al. 2001, Girard, Kysela et al. 2004, Mari, Florea et al. 2006).
As expected for DNA repair factors, Ku, DNA-PKcs, XRCC4, XLF, PAXX, and LIG4 are predominantly
nuclear, with Ku and possibly others excluded from the nucleus only during mitosis (Nilsson,
Sirzen et al. 1999, Koike, Shiomi et al. 2001, Girard, Kysela et al. 2004, Yurchenko, Xue et al. 2006,
Koike, Yutoku et al. 2015, Ochi, Blackford et al. 2015). By contrast, few published studies have

examined the localization of cNHEJ factors in the tissue or organ context. In healthy human colon
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tissue, Ku70 is detectable by immunohistochemistry in 74% of nuclei, in contrast to Ku80 which
can be seen in only 32% of nuclei (Mazzarelli, Parrella et al. 2005). Similarly, many but not all cells
in the crypts of human and murine small intestine express LIG4, which is detectable in both nuclei
and the cytoplasm in the cells that express it (Jun, Jung et al. 2016). Another tissue which has
been examined is the mouse testis, where Ku70 localizes to the nuclei of the somatic Sertoli cells,
spermatogonia, late (post-pachytene) spermatocytes |, spermatocytes Il, and spermatids

(Ahmed, Sfeir et al. 2013).

These observations accord in broad outline with the NHJ-1 and LIG-4 localization data from this
study. In C. elegans, both NHJ-1 and LIG-4 are nuclearly localized in both the L1 larva and the
adult gonad and intestine. In the adult germline, the two proteins have a similar expression
pattern, with strongest expression in diplotene and diakinesis, although LIG-4 becomes visible in
pachytene. This is in line with the role of cNHEJ as a backup DNA repair pathway during meiotic
prophase |, when inter-homolog HR repair is heavily favored (Clejan, Boerckel et al. 2006,
Smolikov, Eizinger et al. 2007, Adamo, Collis et al. 2010, Lemmens and Tijsterman 2011). This
expression pattern is also reminiscent of the localization of Ku70 in the mouse seminiferous
tubules (Ahmed, Sfeir et al. 2013), except that some Ku70 expression is seen in spermatogonia
while neither NHJ-1 nor LIG-4 are visible in the mitotic zone of C. elegans. The tissue-level
expression pattern of NHJ-1 and LIG-4 in the L1 larva is markedly different, however. While NHJ-
1 localizes to the majority (60-75%) of somatic nuclei, LIG-4 is detectable primarily in the
intestine, raising the question of why this should be the case if both proteins act in the same
pathway. Several possibilities exist that could explain the observed discordance. Perhaps NHJ-1
is pleiotropic and is serving a cNHEJ-independent function in non-intestinal cells. | consider this
explanation unlikely because it suggests that cNHEJ operates only in the intestinal cells at the L1
stage. Since the post-L1-IR vulval phenotypes have been found to result from necrotic loss of
vulval precursor cells (VPCs) at the L4 stage (Weidhaas, Eisenmann et al. 2006), if cNHEJ were
operating only in the intestine at L1, the loss of VPCs would have to result non-cell-autonomously
from unrepaired or deleteriously repaired DNA damage in the intestine. Another possibility is
that the expression of LIG-4 may be below the detection threshold in non-intestinal nuclei, but

with LIG-4 nevertheless present, which would suggest a relative enrichment in intestinal cells
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compared to other tissues. Although intestinal cell nuclei are diploid in the early L1 larva, their
ploidy doubles with each larval stage to the final number of 32 copies of each chromosome in
adult (Hedgecock and White 1985), suggesting that the LIG-4 enrichment may reflect a greater
need for cNHEJ in this tissue. If this interpretation is correct, however, it raises the question of
why LIG-4 should be “pre-loaded” in diploid L1 intestinal nuclei, rather than increase with ploidy
over the course of development, and why a degree of enrichment is not also seen in the cells of
the lateral hypodermis, which become tetraploid during later larval development (Hedgecock
and White 1985). In addition to increased ploidy, an increased requirement for cNHEJ in the
intestinal cells may result from the fact that these cells are the ones most likely to be directly
exposed to toxins produced by pathogenic bacteria and other microbiota which can colonize the
intestinal lumen (Jiang and Wang 2018). However, NHJ-1 is not enriched in intestinal nuclei
compared to other somatic nuclei, suggesting that a general enrichment of cNHEJ factors is not
sufficient to explain the LIG-4 pattern. Future experiments, some of which are discussed in

section IV.4, will be required both to refine these possibilities and test their predictions.
IV.3.3 The IR-dependent brood size reduction is primarily dependent on somatic repair

Decreased fertility following IR exposure during early development has been observed both in
wild type animals (Weidhaas, Eisenmann et al. 2006) and in cNHEJ mutants (Clejan, Boerckel et
al. 2006). Because of the egg-laying phenotypes associated with IR treatment early in
development (Clejan, Boerckel et al. 2006), the fertility of cNHEJ mutants has not been scored at
the level of the total brood size before this study. Two lines of evidence suggest that the brood
size reduction differential between N2 [R] and N2 [S] after IR treatment at the L1 stage is primarily
mediated by somatic effects. First, there appears to be no germline DNA damage in N2 [S],
according to both a lack of cytological abnormalities and a lack of increased embryonic lethality
among the progeny. Second, the expression of NHJ-1 from an extrachromosomal array, which
are often silenced in the germline (Kelly, Xu et al. 1997), substantially rescues the brood size

phenotype of nhj-1 mutants.

However, some evidence suggests that NHJ-1 or cNHEJ does play a role in the IR response of the

germline tissue. First, the significantly increased embryonic lethality among the progeny of N2
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[R] animals irradiated at the L1 stage is consistent with the existence of a cNHEJ-mediated
mutagenic repair option in this genetic background, but not in N2 [S]. That the increase in
embryonic lethality in N2 [R] is caused by cNHEJ activity rather than another mutation in the
genetic background is supported by the lack of increased embryonic lethality among the progeny
of irradiated nhj-1(vv144) and lig-4(vv134) mutants (Table 4.1), both of which have been
generated by CRISPR in the N2 [R] background. A collection of observations relating to the
sensitive and resistant IR response and their potential epigenetic regulation also deserves brief

mention here, in the context of a potential germline contribution to the IR response phenotype.

Before we understood the IR-sensitivity of N2 [S] as a loss of cNHEJ activity, we worked under
the paradigm that the post-IR brood size decrease in N2 [S] may come as a consequence of IR-
dependent changes that happen in the PGCs, and which are subsequently transmitted to the
adult, reproductively-capable germline. Since we were interested in chromatin changes, we
guantified the levels of trimethylated lysine 9 on histone 3 (H3K9me3) and of acetylated lysine 9
on histone 3 (H3K9Ac), histone marks associated with transcriptional repression and activation,
respectively (Lawrence, Daujat et al. 2016) in the PGCs in irradiated L1s and unirradiated controls.
Intriguingly, we noticed a divergent response of H3K9me3 to IR in N2 [R] and N2 [S], with levels
of this mark being reduced in the PGC of N2 [R] following IR exposure (p<0.001 vs unirradiated
controls), while being increased following IR in the N2 [S] background (p<0.001 vs unirradiated
controls) (Figure 4.3A). Conversely, the levels of H3K9Ac increase following IR in N2 [S] (p<0.001
vs unirradiated controls), and do not change in N2 [R] (p>0.05 vs unirradiated controls) (Figure
4.3B). The post-IR increase in H3K9me3 and the decrease in H3K9Ac in the primordial germline
are thus correlated to the decreased brood size in N2 [S]. We next asked whether the resetting
of histone marks could affect the post-IR brood size outcome. To test this, we passed irradiated
N2 [S] animals through the dauer stage, which has been shown to result in a global resetting of
the histone mark landscape (Hall, Beverly et al. 2010). Passage through dauer slightly but
significantly increased the brood size of irradiated N2 [S] animals (median brood size 46.5
progeny and IQR 118.75, compared to the median brood size of 4 progeny and an IQR of 39.5 in
irradiated N2 [S] animals that haven’t been passed through dauer; p<0.001) (Figure 4.3C). This

observation is consistent with a partial control of post-IR brood size via histone marks in the
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germline. Perhaps an N2 [S]-specific epigenetic signal, set up during or after IR exposure in the
L1, is partially responsible for the reduction in the adult brood size. However, since | did not assay
what effects dauer passage has on the somatic phenotypes, the dauer-passage brood size rescue

may simply reflect a partial somatic rescue.

Finally, we investigated whether the comparatively greater post-IR brood size reduction of the
sensitive lines is transmitted to the progeny. To our surprise, we noticed that the F1 progeny of
irradiated N2 [R] animals, which have never directly experienced IR, have a significantly lower
brood size (median of 179 progeny, IQR 93.5) than either the F1 progeny of unirradiated N2 [R]
(median of 251 progeny, IQR 65; p<0.05) or the F1 progeny of irradiated N2 [S] (median of 290
progeny, IQR 70.25; p<0.001) (Figure 4.3D). The reduced brood size in N2 [R] F1s from irradiated
mothers is rescued by both inactivation of nhj-1 (median 283.5 progeny, IQR 60.75; p<0.001 vs
N2 [R]) and of lig-4 (median 266 progeny, IQR 70; p<0.01 vs N2 [R]) (Figure 4.3D), suggesting that
the reduction in brood size in F1 animals is a consequence of cNHEJ activity in the maternal
germline. A major caveat of this interpretation is that effects on the F1 phenotype cannot be
properly considered transgenerational since the early development of F1 progeny takes place
within the body of the directly IR-affected mothers, and may therefore be germline non-
autonomous. However, that it is N2 [R] rather than the cNHEJ-deficient strains that exhibits the
F1 phenotype argues against a soma-mediated effect because somatic tissues are much less
severely affected by IR in N2 [R] than in cNHEJ mutants. Several avenues for future
experimentation, discussed in the following section, could shed further light on the question of

cNHEJ involvement in the germline.
IV.4 Remaining questions and future research

The data presented in this thesis suggest a number of distinct questions which can be tested in
the near future both to strengthen the current understanding of NHJ-1 and its role in cNHEJ and

beyond, as well as reveal more about the cNHEJ process in the worm.
IV.4.1 What is the cause of brood size reduction following IR treatment?

The first group of questions concern the role of the germline in the L1 IR response, both in the
wild type, “resistant” lines and in the cNHEJ deficient mutants. First, it remains unknown what
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the proximal cause of the differentially decreased brood size in the sensitive lines is. The two
most obvious possibilities are a decreased overall number of germ cells, or increased apoptotic
cell death in the germline. The number of germ cells can be readily scored with DAPI and HTP-3
immunostaining, while apoptosis can be scored with acridine orange or SYTO 12, dyes which
selectively stain apoptotic cells (Lant and Derry 2014). Increased germ cell apoptosis is a hallmark
of IR exposure at the L4 stage (Gartner, Milstein et al. 2000), and is mediated by activity of the C.
elegans p53 ortholog cep-1 (Derry, Putzke et al. 2001). If the post-L1-IR brood size decrease is
mediated by this apoptotic pathway, the brood size of IR-sensitive lines should be rescued in cep-
1 mutants. Or, since cep-1 has a role in antagonizing cNHEJ in the germline which may complicate
analysis (Mateo, Kessler et al. 2016), mutants of the core apoptotic pathway like the caspase ced-
3 (Gartner, Boag et al. 2008) could be used instead. Second, is the post-IR H3K9me3 enrichment
and the depletion of H3K9Ac in the PGCs of N2 [S] but not N2 [R] animals caused by a difference
in cNHEJ activity, a difference in the status of NHJ-1, or something else in the genetic background?
This can be directly addressed by testing whether the histone mark changes observed in N2 [S]
also occur in nhj-1 and in another cNHEJ mutant, such as lig-4. If they do not, the difference can
be ascribed to another background mutation. If the phenotypes are recapitulated in nhj-1
mutants, NHJ-1 can be concluded to be the cause, and if they are also visible in lig-4 mutants,
repair by cNHEJ, whether residually in the PGCs or in somatic tissues, would be the likeliest cause.
Another remaining question is whether the dauer rescue is mediated by the soma or the
germline, which can be investigated by scoring whether dauer passage also rescues the observed
somatic phenotypes, and whether a partial rescue is also possible in the N2 [R] strain, where the
post-IR chromatin marks in the PGCs behave antithetically to N2 [S]. If dauer passage also rescues
somatic phenotypes, the rescue could be a systemic rather than a germline-specific event, and if
it is also observed in N2 [R], the correlation between the acquisition or loss of specific marks and
the physiological IR outcomes would be weakened. A final group of questions on the germline
involvement of cNHEJ concerns the decreased brood size of Fls originating from irradiated N2
[R] mothers. What is causing the brood size decrease? The first possibility to test would be
increased embryonic lethality, which would accord with the paradigm of mutagenic cNHEJ

activity in the germline. Furthermore, if the brood size decrease is caused by mutations, they
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should breed true in every following generation, which can be easily tested. The incidence of
non-lethal mutations such as Dpy (dumpy/shorter and stouter body) and Unc (uncoordinated

locomotion) would also be expected to be higher in this case, which can be readily assayed.
IV.4.2 What role does NHJ-1 play in C. elegans cNHEJ and beyond?

The second group of questions raised by this work concerns the protein NHJ-1, the mechanism
of its role in cNHEJ, and the composition of the cNHEJ pathway in C. elegans. The lack of rescue
of embryonic survival in com-1; nhj-1 double mutants suggests that NHJ-1 acts downstream of
Ku, and the increase in the number of DAPI-staining bodies in com-1; nhj-1 double mutants
implies that ligation cannot happen without NHJ-1. Another way to test the role of NHJ-1 in repair
is a system developed in the Tijsterman lab, in which a single DSB can be induced by heat shock
treatment, which causes the restriction enzyme Scel to cut at a precise location in the genome
(Pontier and Tijsterman 2009). The locus containing the Scel cut site can be PCR amplified and
the repair products analyzed, with a distinct spectrum of products generated by cNHEJ-proficient
and cNHEJ-deficient backgrounds. This method could provide molecular evidence of the role of
NHJ-1 to supplement the cytological data. At the time of writing, | have crossed nhj-1(vv144) into
this system, as well as lig-4(vv134) to serve as a positive control. This will allow me to test whether
nhj-1 and lig-4 deficient backgrounds produce similar repair products, which would further
support arole for nhj-1in repair. A more precise dissection of the mechanistic role of NHJ-1 would
require a further characterization of its two isoforms, including a generation of an allelic series,
investigation of potential post-translational modifications, and a search for interacting partners.
Identifying the interacting partners of NHJ-1, which could be done by immunoprecipitation of the
OLLAS-tagged version followed by mass spectrometry, or by a yeast two-hybrid screen, could also

act as a potential springboard from which to identify other C. elegans cNHEJ pathway members.

Several remaining questions are raised by the contrasting localization patterns of LIG-4 and NHJ-
1, and some of these can be addressed by straightforward experiments. First, is the localization
of LIG-4 enriched in the intestine because this is the only physiologically relevant tissue for
cNHEJ? This can be tested by investigating whether a lig-4 sequence driven by an intestine-

specific promoter like elt-2p, could fully rescue the IR-sensitivity phenotype of lig-4 mutants.
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Similarly, an elt-2p::nhj-1 construct can be assayed for rescue of IR-sensitivity in nhj-1 mutants. If
the answer is negative, the most likely explanation for LIG-4 being visible only in intestinal nuclei
would be that LIG-4 is present below detectable levels in other tissues. Determining the
localization pattern of CKU-70 and CKU-80 would further inform this question. Whether the Ku
ring components are more akin to NHJ-1 or LIG-4 could suggest which localization pattern is more
relevant for cNHEJ. Although cku-70 and/or cku-80 can be tagged with an epitope tag like nhj-1
and lig-4 were in the present study, a translational fusion with a fluorescent protein, if not
functionally disruptive, may be more informative. A fluorescently-tagged nhj-1 and lig-4, in
addition to a Ku ring protein, would enable not only direct co-localization studies, but open the
possibility of using laser microirradiation to observe the formation of cNHEJ complexes in real
time, as has been done in mammalian cell culture (see (Mari, Florea et al. 2006) and others), but

was not possible with immunostaining against epitope tags in this study.

If NHJ-1 does also serve a non-cNHEJ function, what might that be? One possibility is that it
participates in another DNA repair pathway. DNA repair proteins shared across multiple
pathways include the MRX complex, which contributes to both HR and cNHEJ in yeast (Daley,
Palmbos et al. 2005, Emerson and Bertuch 2016), the XRCC1 scaffold participating in mammalian
BER, NER, SSBR, and MMEJ (Dianov and Hubscher 2013, Caldecott 2014, Chatterjee and Walker
2017, Sallmyr and Tomkinson 2018), and the C. elegans endonuclease XPF-1, which is involved in
NER (Lans and Vermeulen 2011), SSA (Pontier and Tijsterman 2009), and dHJ resolution
(Agostinho, Meier et al. 2013, O'Neil, Martin et al. 2013, Saito, Lui et al. 2013). The lack of UV and
ENU sensitivity displayed by nhj-1(vv148) mutants argues against a role for NHJ-1 in NER or BER,
and the lack of evidence for germline DNA damage argues against a role in the dHJ pathway of
HR. However, a role in Alt-EJ, SSA, or another mutagenic pathway cannot at present be excluded.
Recently published work has shown that in the absence of rad-51, the loss of cNHEJ, TMEJ, SSA,
or a combination of these repair pathways, results in distinct outcomes in terms of the number
of DAPI stained bodies (Macaisne, Kessler et al. 2018). If nhj-1 were to be crossed into a rad-51
deficient background with or without xpf-1 (SSA) or the polymerase 6 gene polg-1, these
outcomes can be used to genetically test whether NHJ-1 contributes to SSA or TMEJ in addition

to cNHEJ.
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IV.4.3 Screen follow up

Finally, the RNAi screen for chromatin factors mediating the L1 IR response yielded 33 candidates
which represent a wellspring of potential new directions for research. As a first line approach to
guantitatively validate the qualitative observations from the screen, the brood size and somatic
phenotypes of each RNAIi candidate should be scored following knockdown and irradiation, and
the most promising candidates followed through. Of particular interest are the candidates which
increase the post IR brood size, as this outcome suggests they may play a role in antagonizing a

DNA repair pathway.
IV.5 Conclusion

In conclusion, my work has uncovered a critical novel regulator of canonical non-homologous
end joining in C. elegans, nhj-1, and shown that a spontaneously generated allele of this gene has
propagated in several laboratory strains of C. elegans, including the most commonly used wild
type strain, N2. The major implications of these discoveries are that C. elegans has restructured
an ancient and conserved DNA repair pathway, which hints at the possibility of a larger cNHEJ
toolkit in the worm, and that cryptic genetic variation of conditional functional importance exists
within the ostensibly wild type line and may confound interpretation of experimental results
unless accounted for. Using these findings as a stepping stone, future investigations will shed
more light on the mechanism and regulation of canonical non-homologous end joining in the
worm, as well as advance general knowledge about this DNA repair pathway through

comparative examination of the more conserved cNHEJ systems.
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Tables and Figures

Table 4.1
Control L1 Irradiated L1 (75 Gy)
unhatched/total (%) unhatched/total (%)
lig-4(vv134) [R] 9/1505 (0.60%)"s 2/672 (0.30%)"s
nhj-1(vw144) [R] 2/1322 (0.16%) 4/627 (0.64%)
Control L4 Irradiated L4 (75 Gy)
unhatched/total (%) unhatched/total (%)
lig-4(vv134) [R] 8/972 (0.82%)"s 627/1244 (50.40%)"s
nhj-1(vv144) [R] 7/851 (0.82%) 653/1288 (50.70%)

Table 4.1 - Embryonic lethality is not increased following L1 IR in nhj-1(vv144) and lig-4(vv134)

The progeny of nhj-1(vv144) or lig-4(vv134) mothers irradiated with 75 Gy at the L1 stage do not exhibit
an increased embryonic lethality (p>0.05 for both comparisons) compared to the progeny of unirradiated
mothers showing a lack of mutagenic DNA repair in these genotypes. The two genotypes are not
significantly different from each other in either the untreated or IR treated groups, at both L1 and L4
(p>0.05 for all comparisons). All statistical comparisons shown in the figure are to nhj-1(vv144) at the
equivalent IR dose and stage (Chi-squared test, Bonferroni corrected for multiple comparisons to a =

0.01).

Gy = Gray (unit)
nhj-1(vv144) = a deletion mutant generated by CRISPR in the N2 [R] genetic background
lig-4 = lig-4(vv134[R18STOP]) [R], a predicted null allele of lig-4 generated in the N2 [R] genetic background

ns = not significant (p>0.01)
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Figure 4.1
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Figure 4.1 - NHJ-1 is a fourth member of the canonical non-homologous end joining pathway in

C. elegans

(A) Prior to this study, the C. elegans canonical non-homologous end joining system was believed to
consist only of the universally conserved core factors, the Ku ring and LIG-4, or that it contained other
factors which were not homologous to the other known eukaryotic cNHEJ proteins (Lemmens and
Tijsterman 2011). How the steps of cNHEJ between Ku binding and terminal ligation by LIG-4 occur was

unknown.

(B) My work has shown that the C. elegans cNHEJ system includes the protein NHJ-1, which is
taxonomically restricted only to C. elegans and related rhabditids. NHJ-1 is a critical regulator of cNHEJ,
and it acts downstream of Ku, and presumably upstream of LIG-4 to effect repair. Its mechanistic role in

the process remains unknown.
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Figure 4.2
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Figure 4.2 - Predicted structure of NHJ-1 protein isoforms

(A) Bioinformatically predicted structure of the long isoform of NHJ-1, showing predicted protein-protein
interaction sites, secondary structures (beta sheets and alpha helices), water-exposed and buried regions,
and disordered regions. The structures were predicted on the PredictProtein server. Notably, the last third

of the protein is predicted as disordered.

(B) Same prediction as in (A), but for the short isoform of the NHJ-1 protein. The final 62 amino acids are

predicted to be disordered.
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Figure 4.3
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Figure 4.3 - Germline epigenetic phenotypes in N2 [S] and transgenerational fertility effects

(A) Quantification of H3K9me3 antibody signal in the PGCs of irradiated and control N2 [R] and N2 [S]
animals. Compared to unirradiated controls, H3K9me3 levels are elevated in irradiated N2 [S] animals and
reduced in irradiated N2 [R] animals (p<0.001). H3K9me3 antibody signal is normalized to HTP-3 antibody
signal. All statistical comparisons are to the unirradiated group of the same genotype (Mann-Whitney

test). Sample size (n) is 10 individual PGCs in 10 L1 larvae for all groups.
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Figure 4.3 - Germline epigenetic phenotypes in N2 [S] and transgenerational fertility effects

(continued)

(B) Quantification of H3K9Ac antibody signal in the PGCs of irradiated and control N2 [R] and N2 [S]
animals. Compared to unirradiated controls, H3K9Ac levels are reduced in irradiated N2 [S] animals
(p<0.001) and unchanged N2 [R] animals (p>0.05). H3K9Ac antibody signal is normalized to HTP-3
antibody signal. All statistical comparisons are to the unirradiated group of the same genotype (Mann-

Whitney test). Sample size (n) is 10 individual PGCs in 10 L1 larvae for all groups.

(C) Total brood size quantification in irradiated and dauer-passed N2 [S] animals. Dauer passage is able to
slightly but significantly rescue the brood size of post-irradiated N2 [S] animals (p<0.01). All comparisons
shown in the figure are to non dauer-passed animals of the corresponding treatment group (Mann-
Whitney test, Bonferroni corrected for multiple comparisons to a = 0.01). Sample size (n) is 20 in the non
dauer-passed unirradiated group, 60 in the non dauer-passed irradiated group, and 50 for both dauer-

passed groups.

(D) Total brood size quantification in N2 [R], N2 [S], lig-4(vv134) [R] and nhj-1(vv144) [R] F1 animals from
irradiated and control PO mothers. The F1 progeny of the irradiated sensitive genotypes N2 [S], lig-
4(vv134) [R], and nhj-1(vv144) [R] exhibit a brood size not significantly different from the F1 progeny of
unirradiated controls of the same genotype (p>0.05 for all three genotypes). The F1 progeny of irradiated
N2 [R], by contrast, show a significantly lower brood size than the F1 progeny of unirradiated N2 [R]
control animals (p<0.05). All statistical comparisons shown in the figure are to nhj-1(vv144) [R] animals of
the corresponding treatment group (Kruskal-Wallis test, followed by Dunn’s post-hoc test). Sample size
(n) is 59 and 94 for F1s from unirradiated and irradiated N2 [R] POs, respectively; 61 and 98 for F1s from
unirradiated and irradiated N2 [S] POs, respectively; 56 and 94 for F1s from unirradiated and irradiated

nhj-1 [R] POs, respectively; and 50 and 51 F1s from unirradiated and irradiated lig-4 [R] POs, respectively.

IR = ionizing radiation; Gy = Gray (unit)

N2 [S] = sensitive N2 strain, derived from the CGC N2

N2 [R] = resistant N2 strain, derived from Andersen lab N2

nhj-1(vv144) = a deletion mutant generated by CRISPR in the N2 [R] genetic background

lig-4 = lig-4(vv134[R18STOP]) [R], a predicted null allele of lig-4 generated in the N2 [R] genetic background

ns = not significant (p>0.05 in (B) and (D); p>0.01 in (C)), ** = p<0.01; *** = p<0.001
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Chapter V: Materials and Methods

V.1 Introduction

This chapter details all of the materials and methods relevant for understanding the experiments

described in the present study. It contains three supporting figures and one supporting table.
V.2 Caenorhabditis strain maintenance

All C. elegans and C. briggsae strains have been maintained under standard conditions, at 20°C
on 60mm x 15 mm petri dishes (Thermo Fisher Scientific) containing Nematode Growth Medium
(NGM) with the E. coli strain OP50 as a food source (Brenner 1974, Stiernagle 2006). These
techniques apply to all figures presented in Chapters II-V. For a list of strains used in this study,

see Table 5.1.
V.3 C. elegans mating

All C. elegans mating, whether for crosses or the mating assay, was done according to prior
published protocol (Fay 2006), with the exception that the male:hermaphrodite ratio was at least
7:1 per mating plate. This methodology applies to results from Figures 2.7, 2.9, 2.12, and 3.3, as

well as to any crosses done in strain creation (see Table 5.1).
V.4 lonizing radiation treatment

Animals were treated with ionizing radiation either with a radioisotopic source (Cesium-137 in a
Gammacell 40, Best Theratronics Ltd) at the rate of 2.5 Gray per minute, or, after the Gammacell
40 was decommissioned, with X-rays (RS 2000 small animal X-ray irradiator, Rad Source
Technologies Inc) at the rate of 2.34 Gray per minute. Control animals were kept next to the IR
source during the irradiation. The Cesium-137 source was used for IR irradiation in the RNAI
screen and early experiments (Figures 2.1 and 2.2), while the X-ray irradiator was used for IR

treatment in Figures 2.3 - 2.10, 2.13, 2.14, Tables 2.1 and 2.2, and Figures 3.3 - 3.7, 3.9, 4.3.
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V.4.1 IR irradiation of L1 animals

For homozygous L1 animals, irradiation was performed in M9 buffer in 1.5 ml microcentrifuge
tubes. Synchronized L1 animals were obtained by hypochlorite treatment as previously described
(Porta-de-la-Riva, Fontrodona et al. 2012), with the following modifications: washes were done
in water instead of M9 buffer, the animals were treated with hypochlorite for 10-12 minutes, and
the hypochlorite solution recipe used was 3.3 ml water, 1.2 ml sodium hypochlorite (4%), 0.5
sodium hydroxide (0.5M). After hypochlorite treatment, the eggs were left overnight in M9
buffer in 15 ml centrifuge tubes to hatch. Two hours before irradiation, a concentrated culture
of OP50 E. coli in the amount totaling 10% of the M9 buffer volume was added to the 15 ml
centrifuge tubes as a food source for the L1-arrested larvae. Immediately before irradiation, the
larvae were transferred to 1.5 ml microcentrifuge tubes, and irradiated as described above.
Following irradiation, the animals were transferred by glass Pasteur pipettes to fresh NGM plates.
This method of L1 irradiation was used in Figures 2.1, 2.3 - 2.8, 2.10, 2.13, 3.2, 3.5A-B, 3.6 - 3.10,
4.1, and Table 2.2.

V.4.2 IR irradiation of L1 cross-progeny

For heterozygous and homozygous L1 cross-progeny, irradiation was performed on NGM plates.
Near-synchronized cross-progeny L1s were obtained by isolating mated hermaphrodites on NGM
plates, allowing them to lay eggs for 4 hours, and then removing them from the plates. The plates
containing hatched L1 larvae were irradiated 12-14 hours after the removal of the mothers. This

method of L1 irradiation was used in Figures 2.9, 3.3, and 3.5C-D.
V.4.3 IR irradiation of L4 animals

For L4 animals, irradiation was performed on NGM plates. Animals were synchronized using
hypochlorite treatment as described above (section V.4.1) and dispensed onto NGM plates. After
48 hours, the L4 animals were irradiated directly on the plate. This method of irradiation was

used in Figure 2.5B, Table 2.2, and Table 4.1.
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V.5 ENU treatment

For ENU treatment, synchronized L1 larvae were obtained by hypochlorite bleaching and
provided with OP50 as described above (section V.4.1). After allowing 2 hours for feeding, the
larvae were incubated in a 15 ml centrifuge tube with the working solution of ENU as described
in (Kutscher and Shaham 2014), except: L1 larvae were used instead of L4 larvae, and the working
concentration of ENU used was 5 mM and 10 mM. Control animals were kept in tubes containing

only M9, next to the ENU tubes. This method was used in Figure 2.5C.
V.6 UV treatment

For UV irradiation, synchronized L1 larvae were likewise obtained by the hypochlorite bleaching
method described in section V.4.1. Following synchronization, the L1 larvae were dispensed on
NGM plates with a glass Pasteur pipette, and irradiated on plates with 50 J/m? or 100J/m? of UV-
C in a Stratalinker 1800 UV crosslinker (Stratagene California). Control animals were kept on

plates next to the crosslinker. This method was used in Figure 2.5D.
V.7 RNAi screen

The RNAi screen was performed using the feeding RNAi method (Timmons and Fire 1998), on a
published RNAi sublibrary of chromatin-associated genes (Tursun, Patel et al. 2011) including
only the clones from the Ahringer RNAI library (Kamath, Fraser et al. 2003). Synchronized L1
larvae were obtained as described in section V.4.1, and dispensed on 12-well plates, irradiated,
and the population scored 4 days later for the combinatorial effects of RNAi and IR treatment as

described in Figure 5.1.
V.8 Brood size scoring

Following IR irradiation, ENU treatment, or UV irradiation, effects on brood size were assessed

by one of the methods described below.
V.8.1 Brood size scoring, total brood

Animals were isolated on separate NGM plates immediately after treatment and allowed to

develop for 72-76 hours (in the case of treated L1s) or 24-28 hours (for treated L4s), at which
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point each animal was switched to a fresh plate, and the original plate kept. This procedure was
repeated 24-28 hours after the first transfer, and the animal was then left on the third plate. The
number of animals on the first plate (brood 1) was scored with a handheld lap counter two days
after the first transfer, and the number of animals on the second and third plate (brood 2 and 3)
was scored two days after the second transfer. The total brood size was then calculated by
combining all three broods. This method of brood size scoring was used in Figures 2.1C, 2.3, 2.5,
2.9,2.10, 2.13, 3.2A, 3.3A, 3.4A, 3.4C, 3.5A, and 3.5C. For Figure 2.7, this method was employed
with the following modification: hermaphrodites were isolated at the L4 stage, mated overnight
asin section V.3, and then moved to a fresh plate while males were removed from the first brood
plate. A post-mating brood size was scored only if there was a high incidence of males in the
progeny, with plates with no progeny discounted. For Figure 4.3C, IR-treated and control animals
were first induced into dauer on dauer pheromone plates at 25°C (Ailion and Thomas 2000). Two
days following treatment, dauer larvae were identified by morphology and put on individual
plates to resume development, and the brood size was scored as above. For Figure 4.3D, F1
animals from treated and untreated groups were isolated as L1 larvae, and the above method

followed.
V.8.2 Brood size scoring, category binned

Category binned brood size scoring was performed as in section V.8.1, with the exception that
the brood size for each plate was scored only up to 51 progeny, and the brood sizes then divided
into one of four categories: 0 progeny, 1-10 progeny, 11-50 progeny, and more than 50 progeny.

This method was used in Figure 2.1A and 2.1B.
V.9 Scoring of somatic phenotypes

Following IR, UV, or ENU exposure, animals were transferred onto NGM plates (or left on the
plate if treated on plates), and left to develop for three days (72-76 hours) or four days (96-100
hours). At those time points, the incidence of somatic phenotypes was assessed in the following
way. Protruding vulva, ruptured through vulva, and larvae were scored directly on the plate using
a Leica MS5 stereomicroscope. This scoring method was used to obtain the data in Figures 2.8A-

B, 3.2B, 3.3B, 3.4B and 3.4D, and 3.5B. A variant method was used for the cross progeny in 2.9B
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and 3.5D, where the animals were isolated to individual plates as L1 following treatment, and the

somatic phenotype scored for each animal at three and four days after treatment.

The IR-resistance/sensitivity of the strains tested in Table 2.1 was assessed by visual inspection
three days after irradiation with 75 Gy of IR, with strains scoring Gro and high incidence of vulval
phenotypes scored as sensitive and strains showing no Gro and no or low incidence of vulval

phenotypes scored as resistant.

The proportion of worms showing a bag of worms phenotype was scored by dissecting individual
animals under a Leica MS5 stereomicroscope using hypodermal injection needles (Becton,
Dickinson and Company). Animals were scored as bagging if they contained one or more hatched
larvae within their body at time of dissection. This method was used to obtain the data in Figure

2.8D.
V.10 Scoring of embryonic lethality

Groups of IR-treated and control animals were moved to a fresh NGM plate 24 hours after the L4
stage, and moved to a fresh plate two times after that in 8 hour intervals. After 8 hours on the
last plate, the animals were removed, leaving three brood plates. The number of eggs was scored
on each plate following the transfer or removal of the animals, and the number of hatched larvae
was counted on each plate ~24 hours after the transfer or removal of the mothers. For L1 treated
animals, 10-12 animals per plate were used for unirradiated and IR-treated resistant groups, and
20 animals per plate for IR-treated sensitive groups. For animals treated at L4, 10 animals per
plate were used for unirradiated controls and 12-15 animals were used for IR-treated groups.

This method was used to obtain the data in Table 2.2 and Table 4.1.
V.11 CRISPR-Cas9 mutagenesis

CRISPR-Cas9 mutagenesis was performed using the in vitro assembled ribonucleoprotein
complex as described (Paix, Folkmann et al. 2015). Young adult animals were microinjected the
Cas9/tracrRNA/crRNA/DNA repair template mixture 1 day after L4 stage. The dpy-10(cn64) allele
was used as a co-conversion marker (Arribere, Bell et al. 2014). Heterozygous dpy-10(cn64/+)

rollers were isolated from the progeny of injected animals, allowed to lay progeny, then lysed
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and genotyped for the mutation of interest. If positive, wild-type moving F2 progeny was isolated
and genotyped for homozygosity of the mutation of interest. TracrRNA and crRNAs were
synthesized by GE Healthcare Dharmacon, Inc. The repair template DNA oligonucleotides were
synthesized by Integrated DNA Technologies, Inc. The Cas9 endonuclease was purchased from
PNA Bio Inc. The crRNAs and repair templates used to create mutations used in this study are

listed below.
dcr-1 crRNA (DNA target): GAGATCATACGTTCAGTCAA
dcr-1{mg375[G492R)] repair template:

CAACAGTGATAACATATCTTGATCCAGCTCGCCGAGCTCTTCTCTTTGACTGAACGTATGATCTCATGTCA
AGTGGTCGATCAAATTTAATCACAAGATTACATTGTTTAACATC

lig-4 N-term crRNA (DNA target): TTGACGTCTTCAACAAGATT
lig-4(vv134[R18STOP]) repair template:

ATGGCGTCAGATGTGATCTTCGACGAAGTAGTTGACGTCTTCAACAAGATTTGACGGACTTCAAATGTG
AAATCAAAGCAAGCAACCTTTCAGAAAAACTTTGAATCATGGAAAG

lig-4 C-term crRNA (DNA target): CGAAGGTGGATTCGAGATTC

lig-4(vv145[lig-4::0LLAS]) repair template:
TGGTTGCCTTCTGATGTGTTTCATGCCATCGAAGGTGGATTCGAGATTCAGGAATACCCATATGATGTCC
CGGATTACGCTTAATTTACTAATTTCGATTATATGTGATATCGCTCTTTATTTCCTTTTT

F10D2.12 crRNA (DNA target): TTACCCAAAAGTGCAGTTTG

F10D2.12(vv136[P325L]) repair template:
TGACATTGAGGACTTTGCACGAGGAATTCAAAATATTCATTTTGTAAAATGGGTACTACAAACTGCACTT
TTGGGTAAGTTTTTATTCCGTATTTCAAGTTACCGTATTTTCTAT

inft-2 crRNA (DNA target): TTCTGAAACTCAGACAGATG

inft-2(vv135[5239Y]) repair template:
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TGCAAGTATTTCCGGGCTTCGTGTCTCCTGTTCTTCGAATGTTCTCACAAAAGATTATGAAACTCAGACAG
ATGTAGTCCAGCGGAAATTGAACAAGGAAAGGAGGGAGCCTTCT

nhj-1 crRNA (DNA target): CTAGAGCGTACGGAGCTTTC
nhj-1(144) repair template:

TTCCCTCTTCTCTGAAAGTGGCCTTCATATCGAAGAAGTTTGTGAGAAGGAGCTTGTGCTCACGTTTGCA
CTTCAAAGAAATATTAGCGTACGGAGCTTTCTGGAAGATTCGATGAGTGCCTCTACTTGGAATATTTGGT
GGGTTAAAAAGTT

nhj-1 C-term crRNA (DNA target): ATCGTCAAACTCTGGTCCAC
nhj-1(vv147[nhj-1::0LLAS]) repair template:

TATGGCTGCCAAGGCCAGTGGACCAGAGTTTGACGATGAATCTGGATTCGCTAACGAGCTTGGACCACG
CCTTATGGGAAAGTAATTTCACAATTAATTAACCCCATCTTTCTTGTTCCATG

V.12 Genomic DNA preparation and sequencing

Genomic DNA for deep sequencing was prepared using the Schedl lab protocol, which can be
found in full at the following URL: http://genetics.wustl.edu/tslab/protocols/genomic-
stuff/worm-genomic-dna-prep. Briefly, 5 medium-sized (10 cm in diameter) NGM plates were
seeded with 15 L4 animals and allowed to starve over the course of a week, resulting in a large
number of arrested L1 larvae. The L1 larvae were then grown in liquid NGM 3-4 days until they
developed into adult animals, which were then treated with a 30% sucrose float to remove food
contamination and separated into 500 pl aliquots which were then frozen at -80°C. An aliquot
was then transferred to a 15 ml centrifuge tube, 4.5 ml of worm lysis buffer (0.1M Tris-Cl pH 8.5,
0.1M NaCl, 50 mM EDTA pH 8.0, 1% SDS) and 200 pl of Protease K (20 mg/ml in TE pH 8.0) added,
and the worms vortexed. The mixture was incubated for 1 hour at 62°C, with intermittent
vortexing. Then, 800 uL of 5M NaCl and was added and the tube mixed by inversion, after which
800 pL of CTAB solution (10 % CTAB in 0.7M NacCl) was added and the tube incubated for 10
minutes at 37°C. Following this, 7 ml of chloroform was added and the tube mixed and spun, the

aqueous phase recovered, and the step repeated with 7 ml phenol/chloroform/isoamyl alcohol.
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Next, 0.6 volume of -20°C isopropyl alcohol was added, and mixed, and the DNA spun at 4°C for
5 minutes. The DNA pellet was washed in 70% ethanol, dried, and resuspended in 340 pl of TE
buffer. Next, 10 pl of RNase A (10 mg/ml) was added and the tube incubated for 2 hours at 42°C,
following which 20 pl of 20 % SDS, 10 pl of 0.5 M EDTA pH 8.0, and 20 pl of Protease K was added
and the tube incubated for 2 hours at 65°C. Then, 40 ul of 10 M Ammonium Acetate was added,
the DNA extracted twice with phenol/chloroform/isoamyl alcohol and once with chloroform, 1
ml of ethanol added, and the DNA spun down at 4°C for 10 minutes. The DNA was washed twice
with 70% ethanol, dried, and resuspended in 200 ul of TE buffer.

Sample paired-end tag libraries were prepared by Canada’s Michael Smith Genome Sciences
Centre, and the samples were sequenced with lllumina HiSeq 2500 (125 bp read length) to a
coverage of 100X for N2 [S] and 200X for N2 [R]. The Genome Sciences Centre also provided the

binary alignment (bam) files for both genomes.
V.13 Bioinformatics

Sequence variants in N2 [S] and N2 [R] were called with SAMtools (Li, Handsaker et al. 2009),
using the mpileup function against the WS249 cel235.fa reference genome. Filtering was
performed and strain-specific variants determined using the somatic variation function in the
small variant caller Strelka2 (Kim, Scheffler et al. 2018), except the nhj-1(vv148) mutation, which
was identified by manual parsing through variants called by SAMtools mpileup. The full sequence
of the nhj-1(vv148) indel was identified by N2 [S] genome reassembly with ABySS 2.0 (Jackman,

Vandervalk et al. 2017) from the sorted bam file.

The search for protein sequences homologous to NHJ-1 was conducted with DELTA-BLAST on the
NCBI online tool, https://blast.ncbi.nim.nih.gov/Blast.cgi (Boratyn, Schaffer et al. 2012). NHJ-1
isoform sequences were analyzed for domain conservation by SMART (Simple Molecular
Architecture Research Tool), http://smart.embl-heidelberg.de (Letunic and Bork 2018). The
hairpin in nhj-1(vwi148) insertion was predicted using the ViennaRNA package 2.0 (Lorenz,
Bernhart et al. 2011).

NHJ-1 protein structure was predicted with PredictProtein https://open.predictprotein.org (Rost,
Yachdav et al. 2004), which integrates several bioinformatic tools (Rost, Fariselli et al. 1996,
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Bigelow, Petrey et al. 2004, Ofran and Rost 2007, Schlessinger, Punta et al. 2009, Hamp, Kassner
et al. 2013) to generate predictions about protein and nucleic acid interaction, secondary

structures, and disordered regions.
V.14 Mapping

The mapping of the IR-sensitivity-causative locus (nhj-1) was done in two rounds, using N2 [S]-
and N2 [R]-specific molecular markers identified through deep sequencing to assay marker
segregation in F2 hybrid strains originating from an N2 [S] X N2 [R] cross. In the first, low-
resolution mapping round, N2 [S]-specific candidate loci were PCR amplified and Sanger
sequenced at the Genome Quebec center at McGill University Campus. In the second, high-
resolution mapping round, F10D2.12 and inft-2 were PCR amplified and genotyped using RFLPs,
with Kpnl cutting the [R]-form of F10D2.12 and Tfil cutting the [R]-form of inft-2, but neither
enzyme being able to digest the [S]-form of either gene. For more information on the pipeline

and recombination outcomes, see Figure 5.2.
V.15 Genotyping of the nhj-1 locus

The wild type nhj-1 locus and nhj-1(vv144) were amplified using the following gene flanking
primers: TTGTGTTGAAACTGTACCGTCT and CAAAGTAGTCCCCCTAATCGCA. Digestion of the
resulting product with Xbal yields two bands on nhj-1(+) but does not cut nhj-1(vvi44). The
flanking primer pair does not yield a product with nhj-1(vv148), so this allele was amplified with
the primers: TTGTGTTGAAACTGTACCGTCT and TAATAATATTTTTAATAAATAATAGTAATAT, where

the second primer partially anneals in the hairpin insertion of nhj-1(vv148).
V.16 RT-PCR

Total RNA was extracted from N2 [S] and N2 [R] using TRIzol reagent (Thermo Fisher Scientific)
per the manufacturer’s instructions. cDNA was synthesized using the iScript reverse transcription
kit (Bio-Rad Laboratories) following the manufacturer’s instructions. Qualitative PCR was

performed on the cDNA with the following primer pairs:
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cku-70:

F1: CAACAAGCGATCGTGTGCAA and R1: GGCGGAGCAAATCAGGTTTC

F2: GAAACCTGATTTGCTCCGCC and R2: GGCTCCGTGAGCACATTTTG

F3: TCGCGGAGCCTTAACAATCA and R3: GGAGGTTTTCTTCCTCCGCA

cku-80:

F1: TCAAAGGTGTTCTGGGAGCC and R1: CGATTCCAATTATCATCAAATCTGC
F2: TGACAAATGGATTAAACGAGAACA and R2: AGCATCTTTGCGACGTTTTGAA
F3: CTGACAAATGGATTAAACGAGAACA and R3: GCATCTTTGCGACGTTTTGAA
lig-4:

F1: TGTGGCGAAACATGAGGAGG and R1: AGCGCTTCTTTGTCCTTTCAC

F2: ACGTGAAAGGACAAAGAAGCG and R2: AGCCGCAAATCTGTAGAGCG

F3: TGGATGATGGGAACAAACGAGA and R3: AGCACAAGCAGAAGGCGATA
V.17 Immunostaining

Gonad and intestinal immunohistochemistry was performed on dissected organs as described in
(Martinez-Perez and Villeneuve 2005), with the following adjustments: dissection was performed
in M9 buffer, four washes with PBST preceded the blocking, blocking was done with 1% BSA in
PBST, slides were incubated with primary antibodies at 4°C, slides were washed with 1% BSA
PBST four times before addition of secondary antibodies, incubated with secondary antibodies
for 2 hours at room temperature, and washed again four times with PBST before addition of DAPI
in Vectashield mounting medium (Vector Laboratories Inc). This method was used to obtain to

prepare the tissues imaged in Figures 2.6, 3.8A-C, 3.10A-C, and 3.11B.

Immunohistochemistry of L1 larvae was performed using the freeze-crack method as described
in (Butuci, Williams et al. 2015), with the following modifications: slides were left in -20°C for 1

minute, fixed with 1% formaldehyde in PBST for 5 minutes, washed four times with PBST before
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blocking with 1% BSA in PBST, washed four times with 1% BSA in PBST before secondary antibody
incubation, and washed four times with PBST before addition of DAPI in Vectashield. This method

was used to prepare the larvae imaged in Figures 3.6, 3.7A-B, 3.9A-C, and 4.3A-B.

The primary antibodies and concentrations used in this study are as follows: guinea pig a-HTP-3
(1:500) (Goodyer, Kaitna et al. 2008), rat a-OLLAS (1:200) (Novus Biologicals, Inc), mouse a-GFP
(1:200) (Abcam), rabbit a-H3K9me3 (1:500) (Cell Signaling Technology, Inc), and rabbit a-H3K9Ac
(1:200) (Cell Signaling Technology, Inc).

Secondary antibodies used in this study include: Alexa 488-conjugated a-guinea pig, Alexa 488-
conjugated a-mouse, Alexa 555-conjugated a-rabbit, and Alexa 555-conjugated a-rat. All
secondary antibodies were purchased from Molecular Probes Inc, and used at a concentration of

1:1000.
V.18 Microscopy

All worm manipulations, transfers, and crosses (section V.3), as well as brood size scoring (section
V.8), somatic phenotype scoring (section V.9), embryonic lethality scoring (section V.10), and

worm dissection (section V.9 and V.17) was performed on Leica MS5 stereomicroscopes.

Example somatic phenotypes shown in Figure 2.8C were imaged with a 12-bit QICAM digital

camera (Qlmaging and Photometrics) on a Leica MZ8 stereomicroscope.

Micrographs shown in Figure 3.6 and those from which signal intensity was quantified in Figure
4.3A-B were acquired with a DeltaVision Image Restoration System (Applied Precision) on an
Olympus IX70 florescence microscope (Olympus Scientific Solutions Americas Corp), in stacks of
15-25 Z-planes acquired in increments of 0.2 um. Deconvolution and stack projection was
performed in SoftWoRx 3.0 (Applied Precision). Fluorescence quantification was performed on

stacks in SoftWoRx 3.0, and HTP-3 signal was used to normalize the H3K9me3 and H3K9Ac signal.

Micrographs shown in Figures 2.6, 3.7A-B, 3.8A-C, 3.9A-C, 3.10A-C, and 3.11B were acquired
with a Leica DMI 6000B inverted microscope and EM CCD camera C1900 (Hamamatsu Photonics
KK). The DAPI signal was acquired with wide-field X-Cite 120 florescence illumination system

(Excelitas Technologies), while the Alexa-488 and Alexa-555 conjugated antibody signals were
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acquired with a Quorum WaveFX spinning disc confocal system (Quorum Technologies), both
integrated with the Leica DMI 6000B microscope. Images were acquired in stacks of 15-40 Z-
planes in increments of 0.2 um. Stack projections and contrast and brightness adjustments were
performed in Imagel) (National Institutes of Health and Laboratory for Optical and Computational

Instrumentation).
V.19 RNAI of cku-80

RNAi knockdown of cku-80 was done according to the standard feeding protocol (Conte, MacNeil
et al. 2015). Heterozygous com-1 animals were put on plates containing a-cku-80 bacteria at the
L4 stage, and the F1 progeny put onto individual a-cku-80 plates for scoring of embryonic lethality

(see section V.10). Control animals were fed bacteria expressing the empty vector L4440.
V.20 Scoring of DAPI bodies

The number of DAPI-staining bodies in Figure 3.11C was determined in immuno-stained gonads
(V.17) by imaging diakinesis nuclei of -1, -2, and -3 oocytes in stacks of 20-40 Z-slices 0.2 micron
thick using the EM CCD camera C1900 (Hamamatsu Photonics KK) under the Leica DMI 6000B

inverted microscope (V.18), and counting the number of discrete entities in the stacks.
V.21 Statistical analyses, descriptive statistics, and data presentation

In every experiment where brood size was counted, at least one experimental group did not pass
the Shapiro-Wilk test for normality (Shapiro and Wilk 1965). These include Non-normal
distributions were also observed in the number of DAPI bodies (Figure 3.11C) and fluorescence
signals (Figure 4.3A-B). The statistical significance of brood size, DAPI body number, and
fluorescence intensity is therefore analyzed by several non-parametric tests, which do not
assume normality. The most commonly employed such test in the present study is the Kruskal-
Wallis H-test (Kruskal and Wallis 1952), considered a “non-parametric ANOVA”. Because the
Kruskal-Wallis test does not perform pairwise comparisons between individual groups, Dunn’s
post-hoc test is used after a significant difference has been found by the Kruskal-Wallis tests in
at least one group (Dunn 1964), or a Mann-Whitney U-test (Mann and Whitney 1947) is used for

each individual comparison, and a Bonferroni correction (the division of the a-value of the test
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by the number of individual comparisons (Shaffer 1995)) is applied. The same tests were used for

binned brood size data as in Figure 1A-B.

Categorical data, including the incidence of post-IR somatic phenotypes and embryonic lethality,
is analyzed by the venerable Pearson’s Chi-squared test (Pearson 1900), and in cases of multiple

comparisons compared against a Bonferroni-corrected a-value.

Because of the non-normal distribution of the brood size data and the non-parametric tests used
to determine significance, the descriptive statistical metrics used both as error bars in the figures
and reported in the text are the median and the interquartile range, rather than the mean and

standard deviation.

All statistical tests were performed in GraphPad Prism 5 (GraphPad Software Inc). Vertical scatter
plots were generated in GraphPad Prism 5, and 100% stacked column bar graphs were generated

in Microsoft Excel (Microsoft Corporation).
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Tables and Figures
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Table 5.1
Strain name Genotype Source

N2 (Zetka) Wild type isolate Obtained from the CGC
N2 (CGC) Wild type isolate Obtained from the CGC
N2 (Roy) Wild type isolate Ge”g:?;?%g;g"é%eyd 2
N2 (Hekimi) Wild type isolate G%ﬁ?gg;%ggﬁfﬁ?ﬂ?y
N2 (Andersen) Wild type isolate GeBerrchrisCIyAp;]rg;/ng o
N2 (Zhen) Wild type isolate Ge”eg’r‘_’f\'ﬂg’ﬁ‘gﬂed by

N2 (NBRP) Wild type isolate OﬁtBaF'{”F?gffzoar;at:e
Qx1211 Wild type isolate Obtained from the CGC
JU775 Wild type isolate Obtained from the CGC
CB4856 Wild type isolate Obtained from the CGC
DL238 Wild type isolate Obtained from the CGC
MY16 Wild type isolate Obtained from the CGC
MY23 Wild type isolate Obtained from the CGC
EG4724 Wild type isolate Obtained from the CGC
JU258 Wild type isolate Obtained from the CGC
LKC34 Wild type isolate Obtained from the CGC
JU1088 Wild type isolate Obtained from the CGC
ED3073 Wild type isolate Obtained from the CGC
DL226 Wild type isolate Obtained from the CGC
AB4 Wild type isolate Obtained from the CGC
JU1171 Wild type isolate Obtained from the CGC
AB1 Wild type isolate Obtained from the CGC
JU1652 Wild type isolate Obtained from the CGC
JU1896 Wild type isolate Obtained from the CGC
VT847 C. briggsae wild type isolate Obtained from the CGC
PB800 C. briggsae wild type isolate Obtained from the CGC
NL2098 rrf-1(pk1417) | Obtained from the CGC

EZ208 htp-3(vc75) | ENIS Midant fom
NL2099 rrf-3(pk1426) || Obtained from the CGC
YY470 der-1(mg375) 1l Obtained from the CGC
WM158 ergo-1(tm1860) V Obtained from the CGC
NL2550 ppw-1(pk2505) | Obtained from the CGC
NL5117 ppw-2(pk1673) | Obtained from the CGC
WM160 sago-1(tm1195) V Obtained from the CGC
WM154 sago-2(tm894) | Obtained from the CGC
MT13649 nurf-1(n4295) 1l Obtained from the CGC
RB1831 set-22(0k2370) V Obtained from the CGC
EU1481 orls20 [pie-1p::GFP::MOE] Generously provided by

Dr. Richard Roy



Table 5.1 (continued)

Strain name Genotype Source

. Generated from a single
EZ412/N2 [S] Wild type N2 (CGC) animal 9
EZ413/N2 [R] Wild type Generated from a single

EZ421

EZ422

EZ437
RB873
EZ436

EZ443

EZ454

FX01203

HBR1099

EZ477

EZ463

EZ459

EZ461

EZ460

EZ457

EZ464

EZ465

MR156

EZ466

GE4132

EZ467

EZ476

der-1(ww121) Il [S]
der-1(vw122) Il [R]

inft-2(v135) F10D2.12(vw136) V [R]
lig-4(ok716) Ill
lig-4(vv134) Il [R]

lig-4(vv141) Il [S]
nhj-1(w144) V [R]

cku-80(tm1203) Ill

unc-119(ed3) lll; goeEx386
[WRMO0635D _B04(pRedFlip-Hgr)
(H19N07.3[21364]::S0001_pR6K_Amp_2xTY1c
e EGFP_FRT rpsl_neo_FRT_3xFlag)
dFRT::unc-119-Nat]

unc-119(ed3) Ill; nhj-1(vv144) V; goeEx386
cku-80(tm1203) Ill; nhj-1(vv144) V

nhj-1(v147[nhj-1::OLLAS]) V [R]
cku-80(tm1203) ll; nhj-1(vw147[nhj-1::OLLAS])
Vv

lig-4 (vw134) WII; nhj-1(vw147[nhj-1::OLLAS]) V
lig-4(vv145[lig-4::OLLAS]) Il [R]
cku-80(tm1203) lig-4(vv145[lig-4::OLLAS]) Ill

lig-4(vv145[lig-4::OLLAS]) Ill; nhj-1(vw144) \V

unc-119(ed3) lll; rris01 [elt-2::GFP unc-119(+)]
X
unc-119(ed3) ll; nhj-1(vv144) V; rrls01 [elt-
2::GFP unc-119(+)] X
unc-32(e189) com-1(t1626)/qC1 [dpy-
19(e1259) glp-1(q339)1 1l
unc-32(e189) com-1(t1626)/qC1 [dpy-
19(e1259) glp-1(q339)1 lll; nhj-1(vw144) V
unc-32(e189) com-1(t1626) lig-4(vv134)/qC1
[dpy-19(e1259) glp-1(q339)] lll
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N2 (Andersen) animal
Generated by CRISPR
mutagenesis in N2 [S]
Generated by CRISPR
mutagenesis in N2 [R]
Generated by CRISPR
mutagenesis in N2 [R]
Obtained from the CGC
Generated by CRISPR
mutagenesis in N2 [R]
Generated by CRISPR
mutagenesis in N2 [S]
Generated by CRISPR
mutagenesis in N2 [R]
Obtained from the
NBRP of Japan

Generously provided by
Dr. Henrik Bringmann

Generated by crossing
HBR1099 with EZ454
Generated by crossing
EZ454 with FX01203
Generated by CRISPR
mutagenesis in N2 [R]
Generated by crossing
YA942 with EZ459
Generated by crossing
EZ436 with EZ459
Generated by CRISPR
mutagenesis in N2 [R]
Generated by crossing
YA942 with EZ457
Generated by crossing
EZ454 with EZ457
Generously provided by
Dr. Richard Roy
Generated by crossing
MR156 with EZ454

Obtained from the CGC

Generated by crossing
GE4132 with EZ454
Generated by CRISPR
mutagenesis in GE4132



Table 5.1 - List of strains used in this study

This table presents the list of all strains used in this study, listing the strain name, genotype (and genetic

background, if known), and the source from which the strain was obtained.
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Figure 5.1
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(Control) (gene X) (gene Y) (gene Z) (Control) (gene X) (gene Y) (gene Z)

Figure 5.1 - L1 IR response RNAi screen method

This figure shows the screening strategy employed to identify candidate chromatin-associated genes
affecting the IR response at the L1 stage. Twelve-well NGM plates (Fisher Scientific) were seeded with E.
coli strain HB101 carrying the empty RNAi vector L4440 (Timmons and Fire 1998) in the first column of
each plate, and clones from the chromatin factor RNAi sublibrary (Tursun, Patel et al. 2011) in the other
three columns. At day 0O, synchronized populations of L1 animals were dispensed (15-20 per well) into the
wells, allowed to feed for 4 hours, and then irradiated with 75 Gy on the treatment plate or left
unirradiated on the control plate. Four days later, each well was qualitatively examined for the
combinatorial effects of RNAi treatment and IR exposure, and candidates scored as positive if the
population-level amount of progeny was smaller or larger than would be expected from a merely additive
effect of the two conditions. The rows in each plate acted as replicates, and each plate was also replicated

three times, with hits scored as positive only if they consistently exhibited an effect on brood size.
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Figure 5.2
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Both loci homozygous [S] (71/75 — 94.6%)

F10D2.12[8] inft-2[S]
EEEmm——— ° °

[ ) [ )
F10D2.12[8] inft-2[S]

F10D2.12[S] inft-2[S]
I o [ )

° o I
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F10D2.12 homozygous [R]; inft-2 homozygous [S]
(2/75 - 2.7%)

F10D2.12[R] inft-2[S]
EEEe——CE— ©

L0 ___EENJ
F10D2.12[R] inft-2[S]

N2 [S] sequences

Figure 5.2 - Mapping of the IR-sensitivity-causative locus

Both loci heterozygous (1/75 - 1.3%)

F10D2.12 [R] inft-2 [R]
______________ 6 0|
[ )] [ ]
F10D2.12[S] inft-2[S]

F10D2.12[R] inft-2[S]
0 | [}

° EO——
F10D2.12[8] inft-2[R]

F10D2.12 heterozygous; inft-2 homozygous [S]
(1/75 - 1.3%)

F10D2.12 [R] inft-2[S]
e | [ ]

[ ) [ )
F10D2.12[S] inft-2[S]

messssssm N2 [R] sequences

(A) This pipeline shows the first line strategy in mapping. Twenty-one phenotypically IR-sensitive lines

were derived from an N2 [S] X N2 [R] cross as shown here, and the 15 N [S]-specific, protein sequence-

altering single nucleotide mutations sequenced in the hybrid IR-sensitive lines (Figure 2.12).

(B) For higher resolution mapping, another 75 phenotypically sensitive hybrid lines were derived, and

F10D2.12 and inft-2 genotyped to identify recombination events between the causative locus and these

two markers.

(C) This panel shows the possible recombination outcomes that explain the observed genotyping

outcomes. The causative locus recombined away from F10D2.12 in 4/75 strains and from inft-2 in 1/75

strains, showing that it is located closer to inft-2.

FDR = false discovery rate; X = number of hybrid lines sequenced for each gene
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