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Summary AliceElizabeth MarfRees

Investigating the role of thedBgnalling pathwain the regulation of RNA interference in

C. elegans

Bothinositol 1,4,5trisphosphate (I mediatedsignalling and RNA interference are
widespread processes with fundamental roles in animal cell function. In the nem@&toglegans
these two pathways have been shown to intersect such tRagignallingnutants display an altered
exogenous RNAI responsi; is a key second messenger in the transduction of intracellular signals
Produced by the hydrolysis of membrane phospholipid BYfphospholipase (PLC)IRtriggers
Cé&'release from internal stores by binding to the i&ceptor, a ligand gatedalcium channel in the
ER thus triggering downstream calcium signalling pathwalybas beemreviously shown thaloss
of function in the IR receptor(ITR1) or in PLQ (EGLEB) results in an enhancegsponseo
exogenous dsRNA, with a more robaigncing response than that seen in WT worms. Conversely
the potentiation of IRsignallingoy the loss of functiotPR5, a phosphatase which catalyses the

hydrolysis of IPresults in resistance to RNAI.

In order to better understand the context of ¢ R signalling events which are regulating the
RNAI response | sought to identify the upstream activatd®ES8 in thismechanism EGLE8is
canonicallyactivated byG rs homologueELG30. However, by screening the RNAI responses of G
signalling mutantsising a range of assaysGE30was ruled out as an activator BIGES in the
pathway regulating RNAsSinceEGLE30 loss of function does not result in @mhancedRNAI
response TheGryihomologue GOAL, wasidentified as the mosthkely activator oEGES due to
the stronglyenhancedRNAI response igoa-1 loss of functiormutantsin a number of assay©Other

Gr subunits andknown regulators of GOA and EGBO signalling were alsanalysed

The RNAI response is a multistep process in whicketbgenoufRNAI pathway must
compete with the closely related and interlinked endogenous small RNA pathways for resources.
With the aim of better understanding how changes isndignalling might be inflencing the RNAI
responsesmall RNA sequencing wasrformedto look for evidence of change in tiemdogenous
small RNA pathwayd itr-1 mutants, andfollowed up with gPCR .However, no substantial changes

to the endogenous small RNA pathways were found

Downstream of the production of primary siRNAs from exogenous dskRN&ase
argonautegmediate cytoplasmic and nuclear RNAI respongdedilised an established assay to test
for effects of IRsignalling on nuclear RNATheresultssuggesno speific alterations to the nuclear

RNAI pathwg in these mutants.
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Introduction

1.1 C. eleganss a model organism

C. eleganss a smalfree-living nematode which feeds on bacteria found in its natural habitat of
decaying plant matter throughout the temperate and tropical regions (for a beigéw of the
natural history ofC. elegansee(Félix and Braendle, 20)0)ts small size, short generation time,
easeof cultivation in the lab, transparency and convenient genetics are just a few of the reasons why
it has become established as a popular model organism; used in the study of a range of biological
processes since its popularisation as a genetic model hyegrenner in the 1960s (summarised
(Brenner, 20032).

The lifecycle o€. elegansonsists of 4 larval staged-L4, and the reproductive adult stage,
with the majority of the population consisig of selffertilising hermaphrodites. Under stress
conditions, such as overcrowding and low faailability or high temperature the L3 stage is
replaced by a loglived, stress resistant dauer state characterised by an absence of feeding and
morphological changes. In the absence of food L1 worms can also enter diapaugofseet al.,
2015)for a summary of the lifecycle). The timingloé lifecycle varies with temperature and
between strains, but for the classical WTast Bristol N2, at 2@the time from hatching to egg
laying is approximately 3 days in the absence of dauer or L1 diafByedy et al., 197§pee Hgure
1.1).

The anatomy o€. eleganss simple, consisting of single layers of cuticle, hypodermis and
body wall muscle surrounding a body cavity, intestine and gonad, with a simple pharynx in the head
region leading into the intestine and a limiteéuronal network Figure1.2) The majority of body
structure is identical between the male and hermaphrodite, with very few differences detectable
before the L4 stage, although cell lineage differences giving rise to the sex specific structures (tail fan,
lack of vulva, and lack obcyte producing structures in male) are pres@atilston and Horvitz,
1977)Sulston and Horvitz, 1977)(Sulston and Horvitz, 1@8ulston and Horvitz, 1977; Sulston et al.,
1980) Facultative males are produced as a result of randomdigjanction of the X chromosome
during meiosis and occur at a ratéapproximately 1:1000. A sdé#rtilising hermaphrodite can
produce about 300 offspring fertilised using stored sperm produced by the ovitestes in the L4 stage
before switching to oocyte production, whilst a mated individual can produced up to (ILf)8i et
al., 2015) As a consequence of the low frequency of males and rarity of outcrossing events, within

strain genetic variation is near null. This is especially true in the lab but even in the wild out crossing

8
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between locdly adjacent populations appears to be minimal and genetic bottlenecks common
(Barriere and Félix, 2005)

Adult (1110-1150 pm)
capable of egg laying)

nr g

in utero development

Young adult egos laid at Gastrula
(900-940 pm) Fist cieavage (0:0 approxlmately 30-cell)

Comma
/ Q
10 hr
s 1.5-fold
L4 (620-650 pm) KON
“—_—
/ ‘ Lo/
%

3 5
= 2-fold
up to 4 months ©
8 hr S
Dauer (400 um) )

3 (490-510 um) N L /
— — ,' (L1 arrest)
Predauer (L2d) arrest if no food
crowding 1 /
starvation (250 um)
8 hr
L2 (360-380 um)

high temp /\/\-/
g

12 hr

©WormaAtlas

FHgure 1.1. Life cycle ofC. eleganst 22°C under standard conditiondmagereproducedfrom Introductionto
C. elegananatomy (Altun, Z.F. and Hall, D.H. 2009. IntroductiolVdnmAtlas).

C. elegandevelopment was found to be highly invariant, uniquely so among the model
systems, making it a very powerful system to study cell fate. This invariance combined with
transparency and limited cell number made it possible for the entire embryonic and pbstenic
lineage to be mappe@Sulston and Horvitz, 1977; Sulstdrag, 1983) The adult hermaphrodite
consists of 949 somatic cells, each of a clearly defined type. Despite its small size, low cell count and
simple structureC. elegansontains a range of tissue types and displays a surprisingly complex
behavioural repertoire. The invariant development and relatively small number of 302 neurones
made it possible for the entire neuronal map or connectome to be built using serial electron
microscopyWhite et al., 1986)a powerful tool to better understand nervous system development
and function when coupled to the wellefined behavioural repertoireThe mapping of the patterns
of cell division and cell death @. elegansogetherwith a powerful genetic toolkit allowed for the

molecular mechanisms of programmed cell death or apoptosis to be investigated and understood
(reviewed ir{Ellis et al., 199))
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A

nerve ring

cross section

B . ;
tail fan with rays
o y
intestine
| ;
C DNC"iqrsa /cutlcle
o A A : /  epidermis
QOCY wan IV V74 L N\ /(hypodermis)
pseudocoelomic cavity \)

ventral
Figure 1.2. Anatomy of. elegansA- hermaphrodite,B- male, G transverse cross section. Image reproduced
from (Corsi A.K., Wightman B., a@talfie M. A Transparent window into biology: A primer @aenorhabditis
elegans (June 18,2015), WormBook ed. The C. elegans Research Community, WormBook,
doi/10.1895/wormbook.1.177 . Jhttp://www.wormbook.org.)

The power ofC. eleganas a model organism also stems from a vesliablished genetic map
and set of tools to enable genetic manipulation. The diploid genome con$istshromosomsplus
the X chromosoméBrenner, 1974) It was also the first animal for which an entire genome
sequence was available. The draft genome was completed in 1998 By #legansequening
consortium, paving the way for the Human Genome ProjBetspite its apparently simplistic
anatomy and physiology and low cell coutie initial genome sequence revealed 19000 protein
coding genes; roughly equivalent to the human genome and moretti@afly Drosophila

melanogaste(The C. elegan$equencing Consortium, 1998)

One of the most significant discoveries mad€irelegansvas that of RNA interference
(RNAIX gene silencing induced by dsR¥reet al, 1998) The potency, specificity and systemic
nature of the response . eleganmade it ideally suited to studies probing the mechanisms of
RNAI. Ashe mechanisms of RNAi became clearer so did the fact that the small antisense RNAs
whichwere identifiedasthe causal agenfHamilton and Baulcombe, 1999; Zamore et al., 2000)
were one of several abundant classes of small silencing RNAs that formed an integral part of the

endogenous gene regulatory systems; namely the smigtfering RNAs, microRNAs, and piwi

10
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related RNAS. The first genes encoding microRNAs had inréaxtyabeen identified front.
elegandineage mutantgLee et al., 1993; Reinhart et al., 2000; Wightman et al., 1983
discovery of RNA interference not only unleashed a powerful genetic techniquedaygrecipitated
a growing understanding of the mechanisms and roles of the small silencing Ri\éhas been
accompaniedy the realisation of their extent and imptance in endogenous gene regulation and
genome defence, nqustin C. elegandut throughout the eukaryotic kingdomréviewed in
(Ghildiyal and Zamore, 2009; Moazed, 2009; Tabted., 1998; Zhuang and Hunter, 2012a)

1.2 Signal transduction

In order to function efficiently a cell must regulate its behaviour depending on its
environmental context. This ability is pivotal to the survival of all forms of life, €noicellular
bacteria to multicellular organissnwhere each cell has a highly specialised role and must work in
concert with surrounding cells and respond appropriately to external environmental cues sensed by
distant cells. Effective calkbll communicabn and transduction of signals within the cell is therefore
crucial, as misinterpretation of a signal by the receiver could lead to aberrant and inappropriate cell
activity (for a general discussion s@éarks et al., 2009, chapter)l)For a cell to respond to an
external stimulus a signal must fits¢ detected by the recipient cell. Detection usually occurs at the
cell surface membrandhe interface of the inner cell and the outside wonldhere a great diversity

of cell surface receptors have evolved to detect a huge range of highly specifiti.stim

Theparadigm of the receptor consists of sensory, transmembrane and catalytic dgmains
with additional regulatory domains which fine tune the respankpon stimulation by the agonist a
conformational change occurs in the receptor which transnfigsgignal from the substrate binding
or sensory domain, across the cell membrane to intracellular catalytic domain of the receptor which
brings about a change inside the ceften a phosphorylation eventThis intracellular change in turn
servesasa$lv o (}&E& §Z $]1A 3]}V }( (LESZ E JVS3E o00pO0 E % E}S Jve\
AZ] Z S ve up *» 8Z *]Pv o A] "+ }v u se VP E+_ 3} (( 3}E % E}S
response.The same principles of receptors, transducers, and ajfeds also used to transmit
signals in response to internal stimuli (such as the metabolic state of the cell), using the same
fundamental language of signal transduction: direct contact, conformational changes,
phosphorylation events and small moleculesed messengersAt each stage along the signalling
cascade the receiving party is interpreting and transducing the message. Although the molecular

changes seen in members of the signalling cascade are in many ways highly stereotyped the meaning

11
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of the ggnal is highly context dependent, with meaning attributed to signal by the receiver, not

inherent to the messengdiMarks et al., 2009)

As would be expectedletection of a range of unique agonists requires a large repertoire of
highly specific receptors, although the majority of this diversity is generated through slight variations
of a few very common types of receptor, such aspgoteins coupled receptors aeceptortyrosine
kinaseswith large gene families and splice variants encoding receptors which have been adapted for
each new needThe same theme of rase and adaptation can be seen in ttigersity of moleculs
and proteins which are involved in signal transduction, with the same, protein types, small
molecules, lipids and ions, being utilised again and again in signal transduction across and within the
diversity of organismsln a few caes, such as the nuclear steroid hormone receptors, a single
protein acts as both receptor, transducer and final effectdowever the use of second messengers
allows for amplification of the initial signals well as providing opportunitiésr integraion and
divergence of a single signal into a signalling netwdkltiple inputs can feed into the same second
messenger, allowing for the integration of signalling information via coincidence detection, but also
allowing for multiple outputs with paradl, synergistic, or independent signalling roles, as well as
multiple stages of regulatory feedback. The same second messenger is even commonly used within
the same cell to respond to different stimukind yet specificity of outcome is not lodt.follows
that the context of the signal, rather than identity of the messenger itself must therefore be crucial
to specificity. ldentity of the activator(s) and receiver(s), subcellular localisation, timing and spatio
temporal pattering of the signal and adlir context and past exposures all shape the outcome of a
signalling cascaddt is also becoming increasiggpparent that cross talk between what were

previously considered distinct pathways is commonpl@tancock, 2010; Marks et al., 2009)

1.2.i Generating diversity and specificity in signallingalcium signalling

A perfect example of a second messenger betilged over and over again to achieve a vast
variety of different outcomes is €a Ca"is a truly ubiquitous second messenger with a key role in
the regulation of a vast number of cellular and physiological processes, ranging from immediate
effectssuch as exocytosis and muscle contraction to longer term changes to the transcriptional
profile and cell proliferation and development. With such a wide range of potential outcomes how is
specificity and discrimination achieved, even when multiple caleegulated processes eaccur in
a single cell? From an extensive toolkit of calcium signalling regulators, buffers, channels, pumps,
effectors, transducers and receptors a highly specific combination of proteins and isoforms are

expressed and spatiallgcalised in each cell typmfluencing the spatidgemporal dynamics of the
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production and amplification of the signal as well as the state and availability of the receiver
(Berridge et al., 2003)

C&"is present in all parts dhe cell but at carefully regulated concentrations. The
cytoplasmic CA level is kept low, approximately 100hin most cell types, whilst €as stored at
high concentration in subcellular compartments such as the endoplasmic reticulum and
mitochondria External Caconcentration is also higher than cytoplasmic levels, providing two major
sources of Gawhich can be drawn upon for signalling, with the endoplasmic reticulum/sarcoplasmic
reticulumbeing the largest internal reservoif.he relativelydw calcium levels compared to
potassium, sodium or chloride ions means that most calcium signalling events have little effect on
overall membrane potential. The activation ofTQan channels located in the plasma membrane

and internal stores allows farytoplasmic [C4] to be increasedreviewed in(Berridge, 2019)

Although C# is free to diffuse in the cytoplasm most changes are highly localised and
transient, with free calcium quickly bound by local buffers oe@tfirs and then rapidly returned to
the resting level by calcium pumps. The temporal pattern and size of the transient signal, playing a
key part in signal identity. Protein complexes associated with the channel play a regulatory role in
determining thesensitivity of the channel to the agonist or stimulus but also shape the feedback and
feedforward loops which regulate the pattern of calcium transient produced. Receptors and
effectors too can be closely coupled to the calcium channel though anchdBlodpal changes such
as calcium waves require the coordinated action of large arrays of chaneékswed in(Berridge et

al., 2003)

1.2.ii The Inositol 1,4,8risphosphate signalling pathway

One of the key ligand gated calciutnannels is the Inositol 1,4ffisphosphate receptor.
Inositol 1,4,5trisphosphate, or IPhereafter, is a small molecule second messenger frequently used
in the transduction of a range of cell signalling events throughoutttimalkingdom. IRis oneof
the most frequently utilised members of a family of inositol containing phospholipid derivatives
involved in the regulation and transduction of cellular sigfiedsiewed in(Berridge, 1993; Berridge

and Irvine, 1989; Czech, 2000; Hanco®d,(2 Payrastre et al., 200 Figure.13).

The metabolism and modification of specific phospholipid components of the cell
membrane, in particulathe phosphoinositides, is crucial to regulating the localisation of key
signalling proteins and in the paduction of small molecule second messengers. The transduction of

many extracellular signals, including the classical neurotransmitter acetylcholine and the growth
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factor EGF, to name but two examples, utilises hydrolysis of phosphoinositides, prodecioigd
messengers which trigger a signalling cascade, leading to a range of downstream effects which
include calcium mobilisation, protein kinase C activation, arachidonic acid production and guanylate
cyclase activatio(Berridge, 1984) The inositl containing phospholipid phosphatidylinositol 4,5
bisphosphate (PHPis a minor component of the phospholipid membrane but is highly important in
the localisation and activation of key signalling proteins via PH domains, and in the regulation of the
actin cytoskeleton and intracellular traffickirf@ilmore and Burridge, 1996; Martin, 2001; Raucher et

al., 2000; Toker, 1998)

PIR can be hydrolysed to diacyl glycerol (DAG) apddalysed by the phosphodiesterase
phospholipase C (PLC). DAG agrdriPboth able to act as second messengers; with DAG remaining
membrane associated and stimulating protein phosphorylation, whitsslfee to diffuse through
the cytoplasm to triggethe mobilisation of intracellular calcium via binding to theréteptor, a
ligand gated calcium channel, localised to the endoplasmic reticulum (ERjad&ction by PLC
therefore leads to the release of calcium from the ER to the cytoplasm and tiseguent activation

of downstream calcium signalling pathwdBerridge, 1984)

The termination of the Isignal is controlled in part by metabolism of.IRR can be directly
converted to inositol 1,3,%-tetrakisphosphate (IR by the IR kinase IBK (fe-2 in C. elegansor to
inositol 1,4bisphosphate (IR by inositol polyphosphatasefhosphataseipp-5) (Drayer et al., 1996;
Majerus, 1992, 199GHgure 13). IP3K and IP® can act in differst roles to regulate IHevels and
the importance of IP3K vs #BHn the negative regulation of 4Bignalling varies with cellular context
(Bui and Sternberg, 2002)

As a frequently utilised second messengehl been found to play an essential role in a
diverserange of cellular processes; including the initiation of calcium waves accompanying oocyte
activation following fertilisation, regulating synaptic plasticity in neurones, platelet activation, cell
proliferation, differentiation, metabolism, exocytosiseuronal response and smooth muscle
contraction, in response to a range of neurotransmitters, hormones and growth facémis\yed in
(Berridge, 2009, 2015)
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IPP-5

IP3K
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1.2.iiit The IRReceptor

IR was first identified as the protein P400nirce (Furuichi et al., 1989). A transmembrane
glycophosphoprotein, it is most closely related to the ryanodine type Ca2+ receptors (RyR: The IP
gated Ca2+ channel follows a popular prototype for cation channels common to both pro and
eukaryotes a furctional tetramer, each monomer consisting eépan transmembrane channel
forming domain and a4oop which together form a selectivity filter, central cavity and gate. Ligand
dependent gating of the-Germinal channel forming domain is regulated by tki¢erminal ligand
binding domain and modulatory/coupling domains, making for a selective and regulated
transmembrane pore (Furuichi et al., 1989, 1994). Specifically each subunit ofRhetiamer can
be considered to consist of 5 functional domainslapicted inFgure 14 (Uchida et al., 2003), with
the latest evidence suggesting that the Bhding sites of all 4 subunits must be filled for effective
channel opening (Alzayady et al., 2016). Therhhinal suppressoregion is also responsible ftre

differing IR affinities displayed by the three mammali#iaR isoformgMikoshiba, 2007)

Figure 14. The 5domains model of the mouse HR1 receptor I binding triggers a conformational change
which is transmitted through the f&rminal coupling and internal coupling domains to the t€rminal
gatekeeper domain to allow calcium channel openigage eproduced from (Journal of Neurochemistry,
Volume: 102, 1424446, 2007, DOI: (10.1111/j.144159.2007.04825.XMikoshiba, 2007)
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The IBR also displays calciumducedcalciumrelease(CICRpehaviour with calcium acting
as an essential eagonist with IR The belishaped response curve of thigRto calcium
demonstrates a maximal response around 3001@#{], after which calcium becomes increasingly
inhibitory (Bezprozvanny et al., 1991lowever studies using purifiedsfL found that high
concentrations of Caare not intrinsically inhibitory but require the calcium binding protein
Calmodulin to bind bring about this inhibitory effect; with calmodulin binding R iR a calcium
dependent manner at high concentrations ofla&r calciumMichikawa et al., 1999gviewed in
(Taylor and Laude, 2002)These sequential positive and negative feedback loops are thidogitay
an essential role in the generation of calcium oscillations, characteristic of signalling via internal
store calcium releasgBerridge, 1993)For a reviewof IP; receptor structure, function and signalling
dynamics seéMikoshiba, 2007; Prole and Taylor, 2019; Taylor and Tovey,.2010)

As well as being a ligasghted calcium channel thesR has a central role in the organisation
of signalling events as a scaffold for a manecular signalling complex, theorised to be important
in the tailoring of the outcomes of 4Bignallingas is the spatial regulation oélcium release by the
subcellular localisation of 4R The regulation of R localisation through trafficking &R vesicles
and IRR mRNA granules along the microtubule cytoskeleton also plays an important role in the
regulation of IRsignallingreviewed in(Mikoshiba, 2007; Prole and Taylo815, 2019).

1.2iv Phospholipase C (PLC)

A number of different PLC isoforms have been characterised. In mammals these fall into 6

groups: PLQU WU WE W W>v *% Eu *%-z]fC. aléganshere are 5 PLC
genes, plupll-1,ahomologue of thecatalytically inactive PLike protein PL&.1 (aka PRIRYf the 5
putative catalytically active PL@sencode clear homologues of the mammalian Pe@8 (plcte U
plc-1(ple x « U-Fpplz- V), plc4 (ple w* U A ZPas masd similato plc- t (Gower et al., 2005a; Kariya
et al., 2004; Lackner et al., 1999; Miller et al., 1999; Shibatohge et al., 1998; Yin et al(s2604)
Figure 15). All PLC isozymes share comnstructural features, the key characteristic of which are
the central catalytic X and Y domains, responsible for the inositol phospholipase cleavage. All but
W> 2z 0} Z A Vv ESEu]voW, }ulvU AzZ] Z ( ]o]8 &+ ]e ]JvP 8} ]v
PIR, followed by an EF hand, calcium binding domain and a more C terminal C2 dmavigiwéd in
(Katan, 1998; Suh et al., 20p8pther domains are more type specific and provide specificity of
activation(lllenberger et al., @03; Singer et al., 2002for instance, each class of PLC is canonically

$]1A 8 C J(( E v 0 *¢ }( U%*3E U % E}S JveV W> v Z o v (I
by RTKs and contains a number of SH2 and SH3 binding dofh@i$ias been found to be
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activated by heterotrimeric G protein signalling in response to GPCR activation and contains a unique
Cterminal region shown to be needed for interactiorr-@roteins, and which has GAP activity
(reviewed in(Suh et al., 2008.

1.2.v IPssignalling inC. elegans

In vertebrates 3 genes encode distinciRRsoforms with different calcium affinities and
expression patterns. By contrast@n elegans single IER geneijtr-1, encoding multiple isoforms,
has been identiéd in theC. elegangenome(Baylis et al., 1999) ike its mammalian counterparts
ITR1 consists of an f&rminal domain required for HBigand binding, followed by an internal
coupling domain containing MIR and RIH (RyR amiHi®mologydomains which are shared
between IBreceptors and the closely related calcium channels the ryanodine receptors-The C
terminal region is predicted tiorm an integral ion channel consisting of 6 transmembrane domains

and with a pore loop structure between M5 and NBaylis et al., 1999)

The overdlexpression pattern atr-1is broad with ITR expressed in motor neurones,
pharynx, vulva, spermatheca, intestine and rectal epithelial cells and gonad. Numerous alternative
isoforms have been identified froitr-1 cDNA, with variants generated fromehuse of three
alternative start sites and alternative splicifigg(re 16). 3 alternative promoter regions, upstream
of each alternative first exons, direct tissue specific isoform expression. Isoform A is expressed from
promoter pA in the vulva, rectapithelial cells, pharynx terminal bulb, spicule protractor muscles of
the proctodeum and in maitspecific neuron CP8 or CP9. Expression from promoter pB drives
expression in the spermatheca, PDA motor neuron, excretory cells, amphid socket cells, direc
expression in the spicule retractor muscles, gubernaculum retractor muscles, posterior oblique
muscles, diagonal muscles, and the vas deferens. Expression of isoform D from promoter pC drives
expression in the intestine, pharynx isthumus, spermathsparmathecal valve and uterine sheath,

vas deferens and seminal vesi@@owe et al., 2001, 2005
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Figure 1.5PLCs and the $Bignalling pathwaya- The 5C. eleganphosoplipase C homologues and their
mammalian counterparts catalyse the hydrolysis okRIBecond messengerssl&hd DAG.IPsstimulates
release of c& from the ER via binding to thesleceptor. IRcan be further metabolised by conversion te ¢®
IP4. Image reproduced fronBaylis and Vazquédanrique, 2012)b- The structure o6 mammalian PLC types,
showing key domainsAll PLC isoforms contain an EF hand domain and X and Y catalytic domains and C2
domain. All but PL& ohalve a PH domain. PIC o<} }v3§ Herminal CT domain which allows

$]A §]}v qand'ras GAP activitfReproduced from(Kadamur and Ross, 2013)
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Figure 1.6 The alternative isoforns of ITR1 are generated through alternative promoter usage and
alternative splicing of the single IP3R genelitReproduced froniBaylis et al., 1999)

IRsis a key component in the regulation of a number of physiological and cellular processes
including, ovulation, contraction of the spermathecal sheath cells, egg laying, movement, pharyngeal
pumping, intestinal defecation rhythnfertility, lifespan and rale mating behaviouffor review see
(Baylis and Vazquédanrique, 2012)) The known IRdependentprocesses ilC.elegansare

summarised in table 1.1, together with the upstream PLC and other signalling components.

As is seen in other systems many of the roles ¢drB calcium signalling i@. elegans
display a strong rhythmic component; with the spatiganporaldynamics of Ifinduced C&
signalling being a key regulator of the frequency and/or pattern of the rhythmic contractions of
pharyngeal muscle in pharyngeal pumping, the intestinal muscles in the defecation cycle and the
myoepithelial sheath and spermatbal contractions controlling ovulatiorin each case disruption of

the IR signallingpathway affects the rhythm and/or amplitude of the contractions

Successful ovulation requires the carefully regulatetCi#* signalling driverigh frequency
contradions of the sheath celindcorrect timingand magnitude of the contractioanddilation the
spermathecgBui and Sternberg, 2002; Clandinin et al., 199%8signalling islownstream of two
secreted ligands; MSP is producedsipgrm in the spermatheca whilst 1-B\is produced by the
proximal maturing oocyte MSP triggersdih IP;dependent oocyte maturatioand IRdependent
basal contractile activity of the sheath cell via BLQIN3/LET23 acts via L1 to trigger IR
signalling regulating both sheath cell and spermathecal contractions. The importance of precise IP
regulation in this system is highlighted by the complex rangrubfly different phenotypesf failure
in ovulationseen in the IBsignalling mutant$Bui and Sternberg, 2002; Clandinin et al., 1998; Kariya
et al., 2004; Yin et al., 2004%terility can be rescued by loss of function of-8ut is worsened by
LFE2 mutation both of which negatively regulate thesBgnalling pathways regulating ovulation
(Bui and Sternberg, 2002; Clandinin et al., 1998; Kariya et al., 2004a; Yin et al., 2004)

The rate ofpharyngeal pumping i€. elegans regulated depending on food availability,

increasing from 100 pumps/min to 225 pumps/min when food is presémsignalling in the
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pharynx actsglownstream ofegh30 activatedegt8 and upstream of serotonin inducecontractions

of the pharyngeal muscle to regulate this response to food. TireéRiated regulation of the
response to food in this instance is dependent on interaction of tee WAth myosin Illpss of this
interaction leads to a loss of increased phrageal pumping in response to fo¢d/alker et al., 2002b,
2002a)

The signals and rhythms whidefine the defecation cycle have been studied in some detail
however some aspects are yet to be fully understood. In WT worms on food a repeated and
coordinated pattern of intestinal contractions drive a 50s defecation c¥¢le.defecatiormotor
programconsistsof 3 stegs: contractionof the posterior body wall musclepBoqg, contraction of
the anterior body wall muscleaBog, contraction of the enteric muscles and enteric sphincter
relaxation Exp. Though largely invariant in WT fed worms, lack of food leads to a pause in the cycle
while disruptionof IR or C&*signallingcausesnutantsto display an altered andysregulated
rhythm. IR dependent calcium release in the intestinal cells is the @imekeeper of this rhythm
of which the IER is a central componefibal Santo et al., 1999)t was suggested that the intestinal
rhythm could be regulated bythier the rate of activation or rate of shut off of the calcium wave.
Further studies have led to a model whereby propagation of the calcium waves from the posterior to
the anterior intestinal cells coincides with the initiation of pBoc contraction anddgssary to
initiate the further stages of the defecation cyclesrtfediated calcium wave propagation to the
anterior of the intestine acts upstream of the DVB and AVL motor neurones to coordinate the pBoc
and Exp stepéleramoto and lwasaki, 2006; Walker et al., 2002)

A number of roles for B3ignalling in development have alseen identified. Disruption of
IPssignalling though expression of and$ponge results in a high degree of embryonic lethality and
PLECL dependent IPsignallingis also a key signal in the regulation of epidermal morphogenesis
(ThomasVirnig et al., 2004; Vazquétanrique et al., 2008; Walker et al., 2002)

IRsisalsoknown to actneuronally in the regulationf the avoidanceresponseand male
mating behaviours.In the ASH neuronashich mediatethe avoidance respons&GL8 and EGI30
both act up stream of I'TMRto regulatelocomotionin response to nose touch and benzaldehayde
(Walker et al., 2009)ITR1 and EGS8 are also involved in ghregulation male mating behaviour,

being required for both correct turning behaviour and spicule inse(@Gmwer et al., 2005)

Many more processes i@. eleganare regulated by PLC dependent but netd@endent
pathways, instead acting via DA@d a Protein kinase C triggered phosphorylation casckde.
example EGR is also known to act neuronally, again downstream of its canonical effecteBGGL

in the control of &h and neuropeptide release from the neurones regulating locomotion, hewev
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DAG is the primary downstream effector in this clssckner et al., 1999although IRsignalling also
plays a roleReterkin & Baylis, unpublished)A summaryof IR;regulated processes i@. eleganare

given in table 1.1.

Process Upstream Other Experimental Notes References
PLC upstream  modulation of IR
components pathway
epidermal plc-1, egt8 plc-1 overexpression (Thomas
migration egl8 overexpression Virnig et al.,
itr-1(jc5) 2004;
itr-1(sa73) Véazquez
Manrique et
al., 2008)
gastrulation IPs sponge (Walker et
itr-1(sa73) al., 2002)
Other embryonic IPs sponge (Thomas
defects itr-1(sa73) Virnig et al.,
2004; Walker
et al., 2002)
ovulation plc-3 lin-3, let23, itr-1 gf (sy327) Requires PM (Bui and
(myoepithelial plc-1 pip5k itr-1 (sa73) Ca&*entry for Sternberg,
sheath cell itr-1 RNAI refill 2002; Chi and
signalling) ipp-5 (sy605) Reinke, 2009;
Basal contractile plc-3 MSP/vabl, IPssponge Clandinin et
activity of sheath pip5k al., 1998;
cell Hiatt et al.,
ovulation plc-1 Lin-3/ let-23, Ipp-5(sy605) and Emo 2009; Kariya
(spermathecéacell pip5k rescue phenotype et al., 2004a;
signalling) Ife-2 lof Norman et
itr-1 gof al., 2005; Yin
et al., 2004)
oocyte meiotic MSP/let23?  itr-1 (sa73) (Corrigan et
maturation itr-1 gof al., 2005)
itr-1 RNAI
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defecation plc-3
pharyngeal egh8
pumping

male mating egh8

lifespan/healthspan plc-3

neuronal

modulation

necrosis

mechanical egh8, ple3

avoidanceASH

vawl, cedl10,

mig-2, rhol

egh30

let-23, lin3,
hpa-1/2

itr-1(sa73) egl-8 also

itr-1 (jc5) involved but

itr-1 (n2559) not via IB

ipp-5 lof

Ife-2 lof

IPssponge

IPssponge

itr-1 (sa73)

itr-1(tm902)

itr-1 gf

itr-1 (sa73)

itr-1 RNAI

itr-1(sa73) daf-16

itr-1 gof independent

itr-1 (sa73)

itr-1 (sa73) Srp6
induced cell
death

itr-1 RNAI

egh8 neurone
specific rescue
plc-3 neurone
specific rescue

IPssponge

Table 1.1.The many roles of lI¥signalling inC. elegans.

(Dal Santo et
al., 1999;
Norman et
al., 2005;
Teramoto
and Iwasaki,
2006; Walker
et al., 2002a)
(Walker et
al., 2002a)

(Gower et al.,
2005

(lwasa et al.,
2010)
(Hukema et
al., 2006;
Kindt et al.,
2007)
(Luke et al.,
2007; Xu et
al., 2001)
(Walkeret
al., 2009)
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1.2.M GPCRs anHeterotrimeric GProteins

G-protein coupled receptors are a highly diversified family of 7 span transmembrane
receptors which are associated with a membrane bourgt@ein heterotrimer through which the
signal is transduced. their inactive state heterotrimeric G proteinscong }( 'tv Ju & }uv 8§}
'rW' W X¥he standard model of heterotrimeric G protein signalling, agonist binding the GPCR

causes a conformational change which causes the GPCR to act as a GEF, stimulating GDP to GTP

E ZvVvP § 'rX'W (JE 'd¥ o AP po & *A]JS Z & epos]vP Jv E o
which can each activated downstream effectois % }v 'dW §} ' W ZC & }-assediatésZz 'r &
Al§8Z 8Z 'tvU § Eu]v $Wo& Graubsfiiswhaveintrinsic GTPase activity which aan b
accelerated by interaction with GTPase activating proteins (GARS) as RGS proteinBhe
remarkable diversity of the GPCRs is matched by a prolific range of downsfeamors(seeFHgure
1.7) anda complex network of regulators of @rotein signalling(reviewed in(Marks et al., 2009;
Ross and Wilkie, 2000; Sideroveskd Willard, 2005; Syrovatkina et al., 2016)

¢

All 4 classes of mammalianrGe p pv]se Z A A oo 3 0]*Z vviv] o ((
(summarisedBerridge, 2014; Marks et al., 2009) r , activates adenylyl cyclase, an action which is
} %0 %0 } iCrir v. o¢} «SJupo § W/i I]v < zactivAéshoX vid rhoGEF.
Finally Qq signalsA] W> t §} &§]A 3 E vP }( JAV.SE IPRRANIDAGE+ ]v oy
kinase or via Trio to stimulate the MAPK pathw@sooninckx et al., 2012)<v}Av 'tv (( 3}E+ E
varied and include PLi@B-protein coupled receptor kinase (GRK), adenylyl cyclasa@ ion
channels including muscarinic potassium channel GIRK, and calcium chéB(febrd et al.1998)
Through these effectors the downstream outcomes dfv@ctivation may be synergistic with those
}(8Z 'r epy pv]d }JE | AfadmRisoEnesahsalsobe activated by both ther v tv
subunits and byrho family small G proteiriBlenbemger et al., 2003)
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Figure 1.7. The diversity of heterotrimeric-@rotein effectors downstream of the GPCR associategiGtein
cycle.In the active conformation both &™and Gt vsubunits are known to exert a range of effedimage
reproduced from Berridge, M.J. (201@#Il Signalling Biolofggodule 2].

1.2.\vi Heterotrimeric Gprotein signalling in Celegans

The pairing of different e pv]s Je}u E+ A]3Z ](( $Bbundsis one way of
generating specificity and diversity inpgBotein signalling as each functional heterotrimer will display
*0]PZ30C ](( & vS ¢]Pv o0]JvP Cv u] X dZ Zpu v P viu v} 101 'r
allowing for a great deal of sp](] 1SC S} Pv ES SZE}UPZ S$Z u vGC %l}ee] O
By comparison inth€. elegans® viu §Z E & }voC T 't v 1T 'v Z}u}lo}Pu « v}
'r P v dKe Gvhomologue GPR is widely expressed while GR@ only expressed in sete
neurones. Both GRB and GPR are widely expressed though GPB not essential for viability. It
follows logically that the majority of diversity and specificity must be dependent on the identity of
§Z 'r eu pv]3V A]SZ §Z 11 'r ]edadlEmblogEeeiEchuvEl 0] vV 'r -0 e
GSAl (G), GOAL (G), EGE30 (G) and GPA2 (G2/13)- the remainder show no obvious homology to
particularmammalian subunitsThis combinational variation, though not insignificant is small
compared to the 1300 GPCRs encoded inGhelegangenome, most of which are so far orphan

receptors(reviewed in(Bastiani et al., 2006; Koelle, 2016; Wilkie, 2D00)
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Of the 21 G genesgoal, egt30, gsal, gpa7, gpal6, gpal2, gpall, gpa9, gpals, and
gpa-14 are expressed in a range of neuronal and other tissue types wipigsl 7 is expressed only in
the intestine andypa-1, gpa3, gpa4, gpab, gpab, gpa8, gpall and odr3 are expressed in
subses of neurones, mostly sensory, andese to be involved principally in chemosensation. @GPA
and GPA3 also have roles in the Dauer decision, through their roles in detection of the Dauer
pheromone. GPA is also involved in the negative regulation of RAS/MAPK signalling during vulval
develogment (reviewed in(Bastiani et al., 200p) dZ @& }o * }( Z 3} 8Z uuu o] v 'r
Zlu}lo}Ppu ¢ v tlwsiqC. ddganaremany and variedncludng many essential
developmental procssesieviewed in~D §-“ v W &, uandhdmébous physiological and

neuronal rolegKoelle, 2016)

InC. elegansas in other systems PL{EGLS8 is canonically activated by heterotrimerie G
protein signalling, specifically by heterotrimers containting G r homologue EGB0. EGI30
$]A 3§ W> t «]Rbeenfourd © regulate many processe€ireleganicluding
ovulation, movement and viabilitintestinal rhythm and the release of neurotransmitter
acetylcholine (8h) in synaptic transmissigBrundage et al., 1996; JH and M, 2000; Lackner et al.,
1999) But EGI30 has also been foundtoactanW> t Jv % v vS u vv € ]Jv §Z & Ppo
laying(Bastiani et al., 2003acting through the RhoGEF URE&Ltrio) in this and a number of other

instances including locomotion and grow@illiams et al., 2007)

Heterotrimeric G protein subunits GGOA1(Gro), EGE30 (Grg), and GPA2 (Gri2) and GSA
1 (Gr 9 all have roles in the @€leganamotor neurones and act preand post synaptically in a variety
of behaviours. GOA, EGI30 and GPA2 all contribute to the regulation of DAG levels in the
neurones regulating body wall muscle contractions in locomotion.-3Gicts downstream of
MAChRo activate EGB leading to DAG production. GQAacts downstream of a serotonin
activated GPCR to antagonise EBBLsignalling. E&O and GPA?2 both activate DAG kinase
inhibitor RHGL, via the RhoGEFs UM/ Trio and RHGE respectively, to reducedrbakdown of
DAG. A similar circuit of@otein signalling regulates the control of egg laying, with @G#d EGL
30 acting antagonistically upstream of E&IGSAL2 also stimulates neuropeptide release via
adenylate cyclase activation leading to a cAdéPendent pathway. GOA and EGI30 mutants also
both show defects in neuronal migration, male mating behaviour and slow pharyngeal pumping.

(PerezMansilla and Nurrish, 2009)

Outside of the neuronal networks heterotrimerie @otein signalling is key regulator of in
a diverse range of processes and pathways-BEGIGOAL and GSA, GPAL2, GPA7 and GPAG all

act in a variety of muscles. G3Also promotes growth and is required for viability after hatchiltg.
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also has roles in gametogeneaisd morphogenesis and excess GS#ctivity leads to neurotic
neuronal cell death. GOGAand GPAG6 act redundantly in spindle positioning during embryogenesis
and GOAL null mutants display a low frequency of embryonic lethality and partial sterti§L30 is
also required for viability after hatching and loss of function mutants frequently arrest during larval

development. GOA and EGO0 also affect vulval developmereviewed in(Bastani et al., 2000)

1.2.vii Modulation of Gprotein signalling

Theactivity of heterotrimeric Grotein signalling is initiated by the GEF activity of the
agonist bound GPCR with the length of the signal determined by the strength of the GTPaise activ
of the Gr «pu pVIsxXactivity is modified by interactions with a range of regulatory proteins.
GTPase Activating Proteins (GAR®)uding RG&main containingroteins(Koelle, 1997act to
stimulate the intrinsic GTPase activity of @4 E}3 JveU Z 3 v]vP §Z }VvA E-]}v }( 'dV
hence the termiation of the signal.This activity is opposed lggianonucleotideexchangefactors
(GEFs), wibhh encourage the exchange of GDP for GTP, dissociation of the heterotrimer and initiation
of the signallingreviewed in(Siderovski and Willard, 20Q05)Numerous interactions fine tune signal
transduction by Groteins It is common for effector proteins such as Rlt@Chave GAP activity and
hence contain an intrinsic negative feedback mechanism for the termination of the digelle,
1997) InC. elegan&EFs such as RB@re in turn regulated by AGS proteins such as-2\Gofler
and Koelle, 2011; Tall et al., 20@8)romote signalling whildRGS proteinsuch aRRGSL, RG2,
EAT16 and EGILO promote its termination.In some cases interaction of the RGS proteins thi¢h
'r eg pv]d@sde % v vsS }v S$Z 'tA Z}uld{RAapderinden et al., 2001; Robatzek et
al., 2001)

The roles of many @rotein signalling regulators can loéearlyseenin the regulation of the
locomotive and egg laying networks@ elegani which GOAL and EGI30 signal antagonistically
in a neuronal signalling networks upstream of serotorfime v3 P}v]eu SA, w 'rgis
mediated by a numberfdlhe RGS protein EA® was found to supress the lethargic phenotype of
constitutively active GOA (HajduCronin et al., 1999)It was further found that EAT6 and EGI0
« 0 3]A 0oC JvZ] 13 v3]wedgectively, with specificity provided by artétminal
E PJ}v }( Z Z'"X IvZ] 18]1}v }( S$Z } %o %&}arid/EGLO is mepesdry igr d
signalling of the opposing subunit. EAG and EGILO loss of function mutants display phenotypes
simiar though less severe to that of G@Aand EGI30 respectivelfDong et al., 2000; Hajedronin
et al., 1999; Patikoglou and Koelle, 2082) d Zsortholog GPR, encoded byat-11 interacts with
GOAL, EG130, EGi10 and EATL6 and is required by the RGS proteins tgulate the antagonism in
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this circuit with loss of GRB causing a reduction in EA® and EGILO activity(Chase et al., 2001;
Robatzek et al., 2001)'he membrane targeting subunit RSPB also necessary for EAG
function (Porter and Koelle, 2010)The GEF RIB/synembryn activates E&0 and is itself regulated
by AGS3 (Hofler and Koelle, 2011; Lackner et al., 199Bler et al., 2000; Tall et al., 2003)

The calcium/calmodulidependent protein kinase Il (CaMKIl) and the calcium/ calmodulin
dependent protein phosphatase calcineurin are also involved in the regulation of th8#EGDAL
signalling network in &th locomotion and egg layindn response to high cellular calcium CaMKII
and calcineurin act antagonistically to promote GDand EGI30 signalling respective(.ee et al.,
2004; Robatzek and Thom&§00)

G-protein G-protein
coupled coupled
l receptor l receptor

Pl o
RGS " . RGS

EGL-10 |
\/
GBS DGK-1 GBS EGL-8
DAG-Kinase PLCB

N\ 1

Diacylglycerol (DAG) @——— PIP,

'
¢

Behavior (e.g. locomotion rate, egg-laying activity)
Figure 18 GOAL and EGI30 act antagonisticallyn the neuronal signalling
pathways regulating eglgying and locomotionModels suggest that the RGS
proteins EATL6 and EGILO interact directly with GOA and EGI30 respectively,
facilitated by GPR. GOAL signalling inhibits the action of the EGL pathway,
perhaps by direct activation of EA®B, or via DA&inase. A reiprocal negative
regulation of GOA signalling by EGO0 has also been suggesteldnage
reproduced from(Van der Linden et al., 2Qp
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1.3 RNA Interferenceand small silencing RNAs

One of the key roles of intracellular signalling pathways is the regulafioall behaviour via
the regulation of gene expression. One family of epigenetic regulatory mechanisnispibitance
of which has become increasingly apparent over the last two decades, are the small silencing RNAs
which act through an RNA induced silencing complex or RISC. This family of RNA intebsedce
mechanisms are evolutionarily ancieneégiewedin (Carthew and Sontheimer, 2009; Shabalind a
Koonin, 2008; Zamore, 2002peing found throughout the eukaryotic tree, where the processes
have diversified from origins as an antiviral defence mechanisms, to play important roles in the
regulation of endogenous gene expression, genome surveélaand protection from foreign genetic

elements (eviewed in(Ghildiyal and Zamore, 2009; Moazed, 2009)

dZ (( S+ }( e} oo Z vS8]eve ZE [}vu ] S]yRnfland *Jo v JVvP ]
animals had been previously reported, and manipulated; however it was only in 1998 that dsSRNA
was identified as the key trigger in RNA mediated gene silencing or RNA interféféreet al.,
1998) The observation that long dsRNA could induce gene silencthgeiegansoincided with
observations of various forms of virus and transgene induced post transcriptional genéngilenc
phenomena such as euppression, in plants and fun@ogoni and Macindl997; Ratcliff et al.,
1997; Ruiz et al., 1998; Sijen et al., 1998% understanding of the mechanisms of RNAI grew it was
quickly realised that these processes were related and that the same core machinery and
mechanisms were also required for maiiming transposon silencin@fetting and Plasterk, 2000;
Ketting et al., 1999; Montgomery and Fir®9B; Tabara et al., 1999All were using a conserved
mechanismtriggered by dsRNECo@ni and Macino, 1999; Matzke et al., 2001; Montgomery and
Fire, 1998; Ratcliff et al., 1999; Sharp, 1999; Waterhouse et al.,, 898 ndent on the generation
of smallinterfering RNAgHamilton and Baulcombe, 1999; Hammond et al., 2000; Zamore et al.,
2000)and utilising shared machinery to silence complementary mRNaalanotto et al., 2000;

Fagard et al., 2000; Ketting and Plasterk, 2000; Ketting et al., 1999; Tabara et al., 1999)

Further still it was found that the same machinery and mechanisms responsible for RNA
interference were also involved in the generatiand actions of genomically encoded small RNA
regulators-the microRNA$Grishok et al., 2001)in-4 andlet-7 had been previously characterised as
small temporal RNAs responsible for the regulation of developmental timiGgéteganglee et al.,
1993; Reinhart et al., 2000y heywere subsequentiffound tobe the first of a number of microRNAs
to be characterised across the multicellular apjotes, further expanding the family of RNAI related

mechanisms to include developmental regulators, conserved between speisgquinelli et al.,
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2000) Concurrently the effects of dSRNA induced gene silencing were being verified in a diverse
range of eukaryotic systems including drosophila, trypanosomes, zebra fish and mhitean
potential power of RNAI as an experimental technique was rea(issiewed in(Bosher and
Labouesse, 2000; Zhuang and Hunter, 20)12a)

The characterisation of the machinery and mechanisms of RNAi not only allowed the full
exploitation of a powerful experimental technique, but together with the identification of increasing
numbers of endogenous small RNAs, opened the door on the wosichalf silencing RNAs
(reviewedin (Zamore, 2003) In C. eleganghe potency of the effect was noted, as was the systemic
and environmental naturéFire et al., 1998; Tabara et al., 1998; Timmons and Fire, .1B98)i
librarieshave beercreated to allow the targeting of almost every gene in the genome, allowing the
phenotypes of many genes to be characterised for the first {ikemath et al., 2003)Observations
of transgenerational effects of RNAI treatment hdnaen reported in several organisms, particularly
C. elegansyith important implications for transgenerational epigenetic inheritafieariewed in
(Feng and Guang, 2013; Rankin, 2D15)

1.3i The evolutionarily conserved machinery and mechanisms of RNA interference

The exogenousiRNA, or RNAI, pathway and the endogenous small silencing RNAapsthw
have all evolved from common origins, with the overall mechanism and key proteins being well
conserved. At the core in all cases short dsRNARRZ1ucleotides in length are bound by a protein
of the argonaute family. The argonaute cleaves one stdritle short dsRNA to leave an argonaute
bound short single stranded guide RNA which forms the central component of the active compound
the RNA induced silencing complex, or RISC. The active RISC is a complex containing a short single
stranded (ss)RNAR1-32nt in length, bound to an argonaute protein together with variable auxiliary
factors ¢eviewed in(Ghildiyal and Zamore, 2009)Sequence specificity is provided by the guide
RNA whih targets the RISC to complementary mRNAs via Wdlsick base paring. A range of
classe®f small RNAs with diverse targets have been identifiedi¢wed in(Aalto and Pasquinelli,
2012). In most (but not all cases) the overall outcome is reduced expression of the target. The
precise outcome of RNA targeting by ssRNA/argonaute complex is dependent on Argonaute and
auxiliary factor identity and ecainclude mRNA degradation, destabilisation and inhibition of
translation in the cytoplasm, or eémanscriptional nuclear effects leading to transcriptional silencing
and even the deposition of chromatin marks\(iewed in(Holoch and Moazed, 2015; Meister, 2013;

Peters and Meister, 200))
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The prevailing theory for the original purpose of RNA interference is as a viral defence
mechanism. The exogenous siRNA pathway, in which-srteafiering RNAs are generated from
foreign dsRNAm the cytoplasm and used to target homologous RNA sequences for silencing,
represents an ancient mechanism of genome defence from virus and transposable elements
(reviewed in(Obbard et al., 2009; Sarkies and Miska, 2RDIBNAI based mechanisms still play a
critical role in viral defence in many invertebrates and plants, which lack a more complex immune

response, and are still essential for transgene silencing in vertebrates and invertebrates.

From this ancient origin thendogenous small silencing RNAs have evolved to fulfil diverse
roles, centred around genome defence and genetic regulatievidwed in(Carthew and
Sontheimer, 2009voazed, 2009; Shabalina and Koonin, 2008)ith isolated exceptions, where the
RNAI machinery seems to have been lost, organisms from all branches of the eukaryotic tree have
been found to be competent of some form of exogenous RNAI and to utilissgendus RNAI based

mechanism of gene regulation and genome defence.

The critical players in all RNAIi based pathways are the argonautes. Argonaute proteins are
found in all branches of the eukaryotic kingdom and even have prokaryotic homolaoguasved
in(Swarts et al., 201%) In all RNAi related silencing pathways argéesare bound to short single
stranded RNAs which act as a specificity factor to guide the argonaute to a complementary target
transcript. The archetypal design of the eukaryotic argonaute centres around 4 conserved functional
domains, the Nerminal, PAZ MID and PIWI domains. The PAZ and MID domains are involved in
guide RNA binding, with the MID domain forming a nucleotide binding pocket. -Térenikhal and
PIWI domains are critical for target cleavage with PIWI domain containing an RiNesattve site
and DEDX motifneed (}@& $Z "+0] E&_ 3]A]JSC ]J+*% 0 €viewed m(QligaeEP}v ps
al., 2018; Swarts et al., 2034)The small RNA/argonaute based regulatory systems are extremely
adaptable, as can be se@ntheir largely independent blooming in both plant and animal lineages

and the crossver in the roles played by different sm&NA classes between species.

Three major types of endogenous small RNA have been characterised in animals, primarily
via deepsequencing; microRNAs (miRNAs), fintgracting RNAs (piRNAs) and sArakrfering
RNAs (siRNAs). Of these the endogenous siRNAs bear the closest resemblance to the products and
mechanisms of the exogenous RNAI pathwlagpdogenousiRNAgre found inplants, animals, fungi
and ciliatesand have a diverse set of targets and functions. microRNAs are abundant in both plants
and animals where they are key regulators of developmental e\eewsewed in(Bartel, 2018;
Voinnet, 2009), while piRNAs are found only in animals and are critical for maintaining germline

stability feviewed in(Weick and Miska, 2011) More recently extensive deep sequencing has led to
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further classes of argonaute associated small silencing RNAs being identified including tRNA derived
small RNAs (tsRNAs) which have been found in several organisms, and seem to be involved in
transgenerational ejgenetic inheritancéChen et al., 2016; Haussecker et al., 2010; Luo et al., 2018;
Sarker et al., 2019gviewed n (Li et al., 201§) miRNAs, siRNAs and piRNAs each play varied and
sometimes overlapping roles in gene and genome regulation and are distinguished by differences in
their biochemical characteristics (length an@réme/ 5 prime chemistry) andnechanism of

biogenesis. Different classes also typically display difference in argonaute binding partners and
degree of target complementarity, which influence their downstream effeetgiéwed in(Ghildiyal

and Zamore, 2009; Griskp2005).

In both plants and animals small RNA mediated gene silencing can act at either the post
transcriptional level (PTGS) or-tanscriptional level to bring about a variety of different outcomes
The effects of RIS@rgetinginclude down regulation of gene expression via translational repression
andmRNA cleavage or degradatiovhilst in the nucleus the RNMAduced initiation of
transcriptional silencing (RITS) complex effects can inglaljenerase destabilisation during
transcription andecruitment of further proteins leading to chromatin modificatioin some cases
small RNA/argonaute complexes carer promok targetgene expression via mRNA stabilisation or
directing the deposition of activatory chromatin marks. These pleiotropicomues are dependent
on a diverse set drgonautes together with accessory factors, with argonaute identity and cellular

context being the key determinant of the outcome of RISC/Ri@@atedregulation of a target gene.

The evolution of the argonaute proteins mirrors the diversifying functions of the small RNA
pathways with blooms of argonaute clades arising from duplications and subsequent divergence.
The eukaryotic argonautes can be grouped into clades based on hoptolgiye two main families;
the members of the AGO clade are found throughout the eukaryotic kingdom, in animals plants and
fungi whilst members of the PIWI clade have been found only in the metazoa. Largely independent
expansions have taken place iniand animals. miRNAiInd primarily to AGO clade members in
both plants and animals whilst siRNAs in animals bind to members of both clades and the animals
specific piRNAs (pivimteracting RNAs) associate with only the animal specific PIWI cladeaartgsn
for which they are named. In plants the AGO clade has been diversified to fill many functional niches
filled by piwi clade argonautes in animals such that there is little meaningful functional difference

between the two clades.
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1.3ii Small RNApathways inC. elegans

Within the Nematoda a further argonaute bloom has taken place giving rise to the WAGO
clade of argonautes. 18. eleganthe WAGO (Worm argonaute) clade argonautes are responsible
for many of the more derived argonaute functiongdaare tightly linked to the amplification of the
silencing signal via secondary siRNAs to bring about a robust respons€. diegangenome
encodes 21 functional Argonaute proteins, some, such aslCBRG., HRDHE and ®PEL, NRDE3
andERGEL haveunique functions whilst others such as AL&dALG2, AL& andALG4, and

several members of the WAGIadehaveoverlapping roles.

Figurel.9 shows the phylogeny of the C. elegans argonaute lineage and the class of small
RNA with which they are most commonly associatéte specifics of each of the small RNA
pathways, their associated argonautes and functions shall be discussed in theirténierlegans

muchof which is also applicable to other organisms.

33



34| Chapter 1- Introduction

miRNA 3
(]
o
i %)
-
% ?O“q‘,
o) o
/4
o
A
26G siRNA (63
ERGO-1
prE"!
NA )
?S)
Exo-siRNA N )
Felg R
P X =
8 28
uwy
§F ai
x
P

Figure 1.9. An unrooted phylogeny of the argonaute proteins of. elegans Branch length represents
divergence. The 3 major clades of argonaute are represented by different coloured lines: the&@O clade

common to both plants and animals, pirtke metazoan specific PIWI clade, bltlee nematode specific WAGO

clade. Theclass of small RNA most frequently associated with each argonaute is represented by the navy
groupings. In a few cases such as C04F12.1 where there is a lack of experimental evidence this is assumed based
on homology to argonaute of betteknown function. Phylogeny generated using protein sequences of each
argonaute taken from retrieved from WormBase, aligned using Clustal Omega MSAEBNIBbftware and

most likely phylogenetic relationship generated using Simple Phylogeny (EBIBL Where multiple agsorm
sequences were available the longest isoform was used.

1.3iii microRNAs

The first class of the small silencing RNAs to be identified, miRNAs are a highly abundant class
of small silencing RNAs in both plants and animals. microRNAs weigefimsfied duringthe
characterisation of heterochronic mutants@ elegangwith the identification of the norprotein
coding causal lodin-4 andlet-7 (Reinhart et al., 2000; Wightmagt al., 1993) let-7 was found to
have highly conserveldomologues in many other animal species, in all cases acting late in

development(Pasquinelli et al., 2000)nitially known as small temporal RNAs, such small RNA
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regulators were renamed microRNAs as further similar RNAs were iderirftetbundto regulate
non-temporal geneg§Ambros et al., 2003; Lau et al., 2001; Lee and Ambros, 2084jure miRNAs
are 2124nt long, derive from highly structured, genomically encoded loci and principally act as
developmental regulators through pestanscriptional gene silencing of proteinding genes
(reviewed in(Bartel, 2018; Carthew and Sontheimer, 2009; Voinnet, 2009)

miRNAs originate from genomically encoded loci, either from-piatein coding genes or
within the introns of coding prenRNA. Canonical miRNAs are transcribed by RNA polymerase Il, as
O}VP % EJu EC SE ve E]%S* }u%o § ASRNA (pHMIRNA) tdaiseripts} v P %o E |
contain many repeating and palindromic sequences which fold into secondary structures which
always include at least one hairpin stdaop. The double stranded hairpin structures in long pri
mMiRNAs are processed into shortpgis-miRNA sterdoops, 660ivS o}vPU C Zu] E}% E} -«
heterotrimer consisting of RNAase Il drosha together with 2 copies of a dsRNA binding domain
(dsRDB) protein (known as pasha in flies).-rRiRNAs are then exported from the nucleus to the
cytoplasm where they are processed into mature miRNAI2v$ Jv o vP3ZU A]3Z T vs i[ }A (
each end by RNAase lll Dicer, again assisted by a dsRBD protein. The miRNA duplex is then loaded
into an argonaute protein and auxiliaries to form the neRISC, hich then becomes the mature

MIiRISC as one strand of the duplex is cleaved to leave only the guide strand.

microRNAs iiC. eleganare predominantly bound by the AGO class argonautes1Ahsal
ALG2, with a small number of miRNAs being found to assogiétte ALG5 in some studieBrown
et al., 2017) In C. elegansas in other animals, pangto the target RNAs typically incomplete but
with near perfect complementarity within the seed regida regionof 66vs S v & §Z A[ v }( ¢
miRNA(reviewed in(Bartel, 2018)X /v v]u 0¢ % ]JE]VP u}*3 }uu}voC } HEs A]5Z
target transcripts. In most cases limited pairing to they&rtranscript prevents direct cleavage by
the miRISC and silencing is instead brought abotrtamslational repression, mMRNA deadenylation
and mRNA decayin plantswhere high complementarity between miRNA and the target is more
common, mRNA cleavagea common outcoméreviewed inGhildiyal and Zamore, 2009;

Huntzinger and Izaurralde, 2011)

Tissue specific differences are also seen in the outcome and mechanism of miRISC targeting.
In the C. elegansoma AL&/2 miRISC targeting typically results in translational repression and
MRNA decay whilst in the germline AL@ miRISC targeting lda to temporary translational
repression but mRNA stabilisatioithis dramatic difference in behaviour is seen due to differences
in auxiliary and associated protein the germline miRNA targeted mRNAs are localised tothe p

granules along with protaiwhich inhibit trantation whilst also protecting transcripts from
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degradation. This allows target mMRNAs to accumulate to high levels, and is hypothesised to play a

key role in allowing maternal mRNA accumulation in oocfeslaire et al., 2018)

A singlepri-miRNA loascan give rise to several mature miRNAs. Such polycistronic miRNAs
SC%] o0oC o}vP 8§} 8§Z <« u Z( u]loC[U u v]JvP §Z C «Z E o0} 0C &E
particularlywith respect to the seed region, and as such will often target the same set of target
genes. As complementarity is only strictly necessary in the short seed region a single miRISC can
target a number of genes, often functionally related. So far 253 mdAIrsors producing 437
mature miRNAs have been recordeddnelegansyith 113 precursorsneeting stringent confidence
criteria (miRbase 22). This is considerably fewer than (®00 high confidence) or more miRNA
precursors identified in the humaregome. It is predicted that over half of all MRNAs are regulated
by miRNABartel, 2018)

There is some uncertainty ovetether plant and animal microRNAs have evolved from a
common microRNA type ancestral mechanism or if they have been independently derived from
adaptation of a more basal mechanigMillar and Waterhouse, 2005)Despite obvious broad
similarities in mechanism, biogenesis and function there are sufficient differences between plant and
animal microRNAs that independent evolutions seem more likely. It has even been suggested that
the evolution of a miRNA like mechanism could be a prerequisite to the evolution of complex body

plans(reviewed if{Carthew and Sontheimer, 2009; Shabalina and Koonin, 2008)

1.3iv 21U piRNAs

piRNA were first identified in the mouse where they were found to be critical for maintaining
genome stability in the germline, a function whihas since been found to apply to flies and worms
as well as mammals. piRNAs are so named due to their association with argonautes of the piwi
clade, which like piRNAs are found only in metazoans. The critical role of piRNA is to function in the
germlne to maintain genome stability through transposable element silencing, in particular during
spermatogenesis. The rewriting of many silencing chromatin marks during spermatogenesis leaves
the genome vulnerable to mobile genetic elements normally silengp@@NAS appear to play a key
role in maintaining and restablishing this silencing, with loss of the piRNA pathway leading to

infertility (reviewed in(Malone and Hannon, 2009; Weick and Miska, 2014)

Mammalian piRNAs are typically-36nt long however the&. elegangquivalents are 21nt
longwiSZ A ulv}%Z}%Z}ECo § hE-Olmethylatiopn by EENNT THe 21U
RNAs function exclusively in the germline and bind to the PIWI class argonaute bidid®BR@g
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about post transcriptional gene silencing in the cytoplasm. piRNA tésgeis distinctive and

requires neither RARP nor DERprimary transcripts are transcribed by RNA polymerase Il as

individual 26nt cappedmall RNAs from specific clusters of ramding loci on chromosome 1V and

then processed into 21nt RNAs by cleavag( $Z fA[ vp o }S] e« ]Jv op JvP SZ %0 X %o
clusters act as a memory of transposable elements in the genome with the piRNAs acting in trans to
silence the transposable elements. Accordingly, piRNA loci are depleted for exons but are enriched

in the sense orientation at the start and antisense orientation at the end of full length transposon

lociof the TC3 class in particulail he sequence of BLpiRNAs are highly variable, with no evidence

of sequence conservation. However loci are ideriléaby conserved uptream motifs- a large AT

rich motif, with a short core consensus sequence which is bound by forkhead family transcription
factors, followed by the small motif YRNT which acts as the initiator element for pol Il transcription

and trigeers 21U processin@Ruby et al., 2006)A second group of 21U RNA originate from capped

small RNAs which map-tlirectionally to transcription start sites of coding genes. These TSS

associated 21U RNAs hate small but not the large upstream motif and are a subset of capped

small RNAs from TSS, most of which are not processed into 21U RNAs since they lack the YRNT motif.
The significance of these T&Ssociated 21U RNAs is unknoweviewed in(Billi et al., 2014)

The effects of piRNAs are not limited to direct PTGS by 21U RNAs but are atoyplified
RdRP dependent production of secondary siRNA from target transcripts. In mammalian systems
AZl1 Z o 1 Z ZWe v 038 EV S]A -%}VvPISlv E]AR] <A %B(VPIP v o] ]Jo » vX

1.3.v 26G endogenous BRNAs

InC. elegansll primary endes]ZE « & 1T0v3 ]Jv o VP3Z l3Fv U H}@E[A]
monophosphorylated (26G siRNAs) and are produced by RNA dependent RNA transcription from pol
[l transcribed transcripts. 26G RNAs map predominantly antisense to spliced mRNAs of annotated
genespor to longintergenicnon-coding RNAs (lincRNAs) and other IncRA%ewed in(Billi et al.,

2014)) . Two major classes of 26G RNA have been identified based on differences in the argonaute
with which they associate. ERGQlass 26G RNAs are abundant in embryos, larva and in the
oogenic gonad, whilst AL84 class 26G RNAs are found in thersptogenic gonad. The two

classes share a core set of biogenesis factors known as the ERI complex.

The production of both classes of 26G RNAs is dependent on the ERI complex consisting of
RdRP RRE; dicer (DCR), dicerrelated helicase DRB], exonuclase ER1, dsRBD protein RBE
Tudor domain protein EF, and ERB. dsRNAs are produced by RDRP dependent transcription from
long transcripts in the cytoplasm, such as mRNAs and lincRNAs, then processed by Dicer to give short

dsRNAs with 2nt overhangss Z v X dZ]e %@E} p o 1T0v3 *]ZE A]8Z u}v}%o

37



38| Chapter 1- Introduction

terminus. For ERGQ class siRNAs the methyltransferase HENINe E <p]E S} %-E} M T[K
SE]Ju $ZCo & i[ v-ildZ]oed JZE « E u ]Jv i[ ZC E}AECo § X

The ERI complex dependent mechanism of primary esi@dlA production seems to be the
predominant mechanism I€. eleganfiowever other sources of endogenolasig dsRNA are also
possible including dsRNA produced due to overlapping convergent transcripti@msposons,
cryptic loci and aberrant transcripts. dinosophilasome siRNAs are produced from structured loci,

an origin more typical of miRNA.

ALG3/4 siRNAs are produced in the spermatogenic gonad where they are needed for
successful spermatogenies The @ralogues ALG and AL&! act largely redundantly but loss of
function of both results in severe defects in spermatogenesis, in particular at 5di@ne et al.,
2010) ERGAQ class siRNAs are produced in the oogenic gonad and early embryo but perdure
throughout developmentreviewed in(Billi et al., 2014)) They map antisense to botloding genes
and nonrcoding regions and likely play a number of roles including the silencing of recently
duplicated genes, pseudogenes and transgenes and the maintenance of centromeric regions

(reviewed in(Billi etal., 2014; Fischer et al., 2013)

26G siRNAs display complete or near complete target complementarity and targeting by the
26G/ERGAQ or 26G ALG/4 complexes acts at a pesanscriptional level in the cytoplasm to bring
about gene silencing likelyartarget cleavageTarget mMRNAs are then used as substrate shie
production of secondary siRNAs which can act at the-prasiscriptional or cetranscriptional level
due to the actions of a diverse set of argonautes belonging to the WAGO(mdained in(Billi et
al., 2014; Fischer et al., 2013)

1.3vi The exogenous siRNA pathway

The exogenous siRNA pathwtye primary purpose of which is thouglo beas a viral
defence mechanism, can be easily manipulated as a way of silencing endogenous genes by the

introduction of exogenous dsRNA complementaryhi® endogenoudarget.

In C. elegantong dsRNAs can be introduced artificially via feeding, soakiaggene
expression or microinjectiondviewed in(Zhuang and Hunter, 2012a)Once in the cytoplasm the
long dsRNA is first bound by the DICER family endonucleas# &@Rhe dsRNA binding protein
RDE4. Following cleavage by DCRhe short dsRNAyhich is21-24nt long with 2nt single stranded
}JA EZ vP § Zi[ v U]e }uv C 8Z &EP-Avogether(with adxildsyE }S v Z
proteins to form the preRISC. Following passenger straledage by argonaute RElEand
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uszZCo S]}tv }( T7[ w1, te maiEe RISC made up of a guide RNA, an argonaute and
auxiliary factorareformed. The short single stranded RNA targets the RISC to complementary RNA
transcripts in the cytoplasm whichrebound and cleaved to induce gene silencing.

Complementarity between guide and target RNAs in the exogenous pathway is always high, and

usuallyperfect teviewed in(Ghildiyal and Zamor2009).

RDEL1 is the only Argonaute family member essential for the-BROAI pathwayTabara et
al., 1999) It is required for binding primary ex@RNAscleavage of the passenger strastd
initiation of the RNAI response but studies have found thdbis not directly bring about target
cleavage, slicer activity being very I¢8teiner et al., 2009)Instead RDE recruits ribonucleause

RDEB for target cleavag€Tsai et al., 2015)

A number of aspects of the exogenous RNAI respon€e @egansontribute to the robust
organism wide response, which is less appaie other, particularly mammalian systentsrstly,
RNAI can be initiated by environmental uptake of dsRNA, either via feeding or soaking. Sérendly
response is systemid¢he RNA induced silencing can spread between cells and tissues. This together
with the fact that most cell types will readily take up long dsRNA likely contributes to the flexibility
and seeming indifference the system displays to the mechanism of exposure to the original trigger.
Thirdly,the amplification of the silencing sigrtAfough the production of secondary siRNAs coupled
to secondary argonautes multiplies the PTGS effects and mediafE&8ovia the nuclear RNAI
responsgGu et al., 2012; Pak et al., 2013}his second wave of response is key to the
transgenerational heritability of RNAI effects seetthia C. elegangermling with RNAi induced
phenotypes being frequently reported up 4 generatios after exposurgo exo-RNAI triggers and

over 10 generations for piRNA related silendigpetschnig et al., 2015)

1.3vii Amplification and diversification 22GsecondarysiRNAs

The targeting of MRNASs in the cytosol by RIFISC in the ex®@NAI pathway, PRGRISC in
piRNApathway and AL@G/4 and EGRQ RNA induced silencing complexes in the 26G siRNA
pathways in fact represents only the first stage of the effects of each of these pathiNagsleaved
target transcriptisthen used as a template for the production of sedary siRNAs via an RDRP
dependent, dicer independemhechanism(Alder et al., 2003; Pak and Fire, 2007; Shi et al., 2013;
Sijen et al., 2001, 2007; Tsai et al., 2015b)

dZ « ¢ }lv EC *]JZE « & 1WwB}le¥wPMER[OSIXE] v i[ ZC E}ACo §
guanine bias.22G siRNAs are produced as short single stranded siRNAs by RARP dependent
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unprimed synthesis from target transcrgpt The endoribonuclease RBEs recruited by the RDE
RISCtocleavetargetmRN v P v E § i[ HE] Co 8§ (E Pu vde AZ] Z E -
22G productior(Tsai et al., 2015)iaa mechanisms which requires the RDRPsR&fe/or EGA,

the dicerrelated-helicase DRI3 and the tudordomain protein EKI to form an RDRP moduléu et
al., 2009; Pak and FireQ@7; Sijen et al., 2007)The exact role of EXLin the RDRP module is
unknown however it is known to interact with DE3H DRIB is a key element of both the EGO
1/RRFL and RRB/ERI complexes and is proposed to act in template secondary strueiaseation,
promoting sequential initiation of polymerisation, and 22G dissociation.-IRitid EGEl are

encoded in an operon but show quite distinct expression patterns. Both contribute to the 22G
population with the germline expressed EG&Q@lone resposible for CSR class 22G RNA production
and RRHA responsible for 22G production in the somaviewed in(Billi et al., 2014)

Secondary siRNA production amplifies the silencing signal and are key to generating a robust
RNAI response2G siRNAs are also the major effectors of the 26G and 21U path&egsndary
siRNA synthesis also biases the siRNA pool to target expressed genes as only those primary si/piRNAs
with an expressed target will be amplified. In addition to amplification of the silencing signal, the
secondary siRNA response also allowsfdiversification in the downstream effects of RISC
targeting via the diverse actions of the WAGO (Worm specific Argonaute) clade argonautes with

which they associatéYigit et al., 2006nd increases the longevity of the silencing signal.

The WAGO clade is a greatly expanded nematode specific argonantereat®ers ofwhich
seem to bind exclusively to 22G siRNAslike the argonautes which bind to primary siRNA, miRNA
or piRNAs which have the conserved residues of the catalytic triad of the endonuclease like PIWI
domain necessary for direct target strand cleaviadkebut one members of the WAGO clade have
lostth]e Ze0o] @&[ ]0]SCU Z]vS]vP S J(( & vS u Z v]eu(Apkietal}ve v
2007; Yigit et al., 200@eviewed in(Buck and Blaxter, 201)3)

A large number of the WAGO argonautes act sexdundantly in the cytoplasm to bring
about robust PTGS via mechanisms such as translational repression,defblisation and
indirect target cleavage and degradation via the recruitment of auxiliary proteins to the target bound
RISC; enhancing and potentiating the effects of PTGS originated by the primary siRNA/piRNA RISC.
Such is the redundancy of thesdaylasmic WAGOs that loss of function of multiple argonaige
needed for the secondary siRNA response to be completely lost, as evidenited\xGO mutants
(Yigit et al., 2006)

However, a number of other members of the WAGO class actedundantly in unique

roles. Nuclear targeted argontms such as NREE HRDHE and CSR are able to target nascent
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transcripts and thus orchestrate ¢manscriptional effects, including €bGS and chromatin

modifications. The mechanisms by which these nuclear argonautes exert their effects remain poorly
understood but they play important roles in a variety of processes including transgenerational gene
silencing, nuclear RNAI, germline maintenance and even chromosome segregation (for review see
(Cecere and Grishok, 2014; Holoch and Moazed, 2015)

1.3.vii Nuclear targeted argonautesNuclear RNAI, heritability anthe csrl pathway

The argonautes NREEEand HRDHE both contain bipartite Nuclear localisation signals and
are imported to the nucleus upon 22G bindif@guang et al., 2008NRDE3 acts in thesomawhile
HRDEL acts in the germline to mediate transcriptional gene silencing in both exogenous and
endogenous RNAI pathwgfickley et al., 2012)Both engage the same core nuclear silencing
machinery the components of tt NRDE (nuclear RNAI defective) to form the RNA induced
transcriptional silencing (RITS) complex. Upon nuclear localisation 22GB\#RIOR22G/HRDE
bind to nascent complementary transcripts and recruit NRI¥hich together recruit NRBEto
mediate inhbition of transcription elongation. NREIHs also recruited to adjacent chromatin by
NRDH to direct further silencing through H3K9 trimethylation at target (@eirkhart et al., 2011;
Burton et al., 2011; Guang et al., 2010; Mao et al., 2015; Zhuang et al., Z0&3)uclear RNAI
pathway acts in parallel to the cytoplasmic 22G/WAGO RISCs to ensuresitdnsing.

22G siRNAs allow for silencing to perdure after the primary trigger is no longer expressed.
NRDE3 bound 22G siRNAs in the soma ensure that endogeBB@EL targets continue to be
effectively silened throughout larval developmentespit the fall in 26G levelfter embryogenesis
just as somatic ex®NAi silencing perdures after dsRNA trigger remoSath perdurance even
extends across generations, with silencing chromatin marks induced by RNAI being erased and re
established in the Fdeneration via a small RNA dependent mechar({Barton et al., 2011)The
epigenetic inheritance of silencing against somatic targets is NRI2fpendentand perdures for a
single generation whereas the HRDHBependent inheritance of germline silenciognpersists for
far longer(Ashe et al., 2012)The mechanisms of thestablishment ande-establishmenbf RNA
induced silencing in the F1 generatiand beyondemainunclear butinterestinglysilencing
chromatin marks are more robust in the §@neration than in the parental generation, possibly due
to the need for very early exposure to the primary trigger to initiate efficient nuclear silencing
(Burton et al., 2011; Shiu and Hunter, 2Q1A&jter this in the absence of a primary trigger in the
soma silencing chromatin marks along with 22G siRNA are quickiy sogtcessive generationst

seems that 22G siRNAs in the soma are unablatizrgo further rounds of amplificatioand t is
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possible that inherited primary small RNAs are needed testablish the secondary siRNA

population required for nuclear silenciriBurton et al., 2011)

In the germline nuclear RNAI is essential for effective genome surveillance of foreign
elements targeted by the piRNA pathway, acting as an epigenetic memory setfonhich can
perdure for many generations even in the absence of primary trig@ghe et al., 2012)Loss of
function ofhrde-1, nrdel, nrde2 or nrde-4 results in a mrt phenotype equivalent to that seen in
mutants of upstream piRNA components such asIpngsulting in fertility defect§Buckley et al.,
2012) Unlike in thesoma, HRDEL bound 22G siRMNAN thegermlineare capable of undergoing
further rounds of amplification to form new 22G siRNAs or tertiary sikS&ysetschnig et al., 2015)
This seems to be the key to the multigenerational perdurance of silencing since like in the soma new
chromatin marks are laid down each generatidrhe germline expressed cytoplasmic argonaute
WAG®&4 also plays a role in the inheritance of silencing, with WA®Ound siRNAs hypothesised to
be directly transmitted from parent to progerfXu et al. 2018)

Interestinglytertiary siRNAsvere shown tamap to further from the initial target site than do
the secondary siRNAdemonstrating thecisspread of silencinglong the target geneWhere
silencing has been triggered by piRNAs, such asildmecing of a piRNA sensor transgeteetiary
siRNAs also mediathe trans spread ofsilencingwhere by a silenced transgene can trigger the
conversion of amxpressed transgene to the silenced state even inahsence of the initial piRNA
sensorno act as a triggefSapetschnig et al., 2015Thispattern of silencing bears a striking
resemblance to the phenomenon of paramutation such as that seen in the classic example of

epigenetic inheritance the mzg bl locus a phenomenon now also known to be siRNA dependent.

C. eleganargonaute, chromosomsegregation and RNAI deficient (€13k a unique
member of the WAGO clade. GBR the onlyC. eleganargonaute essential for viability. As the
name suggestdoss of CSR leads to defects in chromosome organisation and segregation due to
failuresin chromosome condensation and kinetochore attachment in both germline and somatic
cells. Mutants are sterile, show distinctive defects-granule aggregation and loss of exogenous
RNAI efficiency, in particular against germline and embryonic targ&sil seems to act in a
VUu E }( pv }VA v8]}v o CE}o *V ]88 ]* 8Z }voC + }v ECAoOKER}vV pus §
al., 2007)yet it seemghat the vast majority ofCSRL target genes are not silencethstead CSR
acts cetranscriptionally to promotehe transcriptiontarget genegCecere et al., 2014)CSH also
directs histone modi€ation, is required in holocentromere organisation and chromosome
segregationClaycomb et al., 2009; She et al., 2009)%0c0 C* VvV Ju%}E&S vS E}o ]Jv §Z i]

of histone mMRNAEAvgousti et al., @12) and may also act with pumilio proteins in the cytoplasm to

42



43| Chapter 1- Introduction

inhibit translation, as well as having a possible role in theRX&i responsedviewed in(Wedeles
et al., 2013a))

CSRL 22G siRNAs are preferentially transcribed by BE@G@d are uridylated by CHE
directing them to the CSR pathway(van Wolfswinkel et al., 2009)The gene regulatory effects of
CSRL are prolific, targeting and promoting the expression of over 4000 genes which are
preferentially germline expressd@ecere et al., 2014; Wedeles et al., 2013E)ese include targets
of the AL&G3/4 primary siRNA subset and CBR centrato the action of the ALG/4 siRNA
pathway, with CSR acting in the spermatogenic gonad to upregulate expression of target genes
essential for male fertilityConine et al., 2013nd to provides a memory of male germline gene
expressiorn(Conine et al., 2013)CSH isequally important for protecting gene expressionthe
oogenic germline where protects germline gene expressi@Wedeles et al.2013b) CSRL target
transcripts are protected from accidentsilencing which could beaused by the spread of tertiary
siRNA mediated paramutation downstream of the piRNA pathway, therefore acting in antagonistic
concordancewith piRNA mediated gemoe surveillancéSapetschnig et al., 2015; Seth et al., 2013)
Similarly,CSRL localisation to chromatin also limits the distributiohcentromeric histone identity
to bounds suitable for proper kinetochore asseméhd chromosane segregation. Antagonism with
CDEL dependent siRNA degradation helps to maintain this balévee Wolfswinkel et al., 2009)
CSRL alsoregulates oocyteembryo transcriptional transition during emhogic genome activation
(Fassnacht et al., 28). The diverse actions of GSRprotecting gene expression in the male
germline via cdranscriptional regulation whilst fine tuning maternal mMRNA expression in the
embryo via PTGS, with even less conventional roles in histone maturation servgslighh the

complexity of the small RNA mediated control mechanisms.

The full extent of the function of nuclear RNAI in mediating chromatin dynamics is as yet

unknown.
1.3.ix The systemic nature of RNA mediated gene silencing and environmental RNAI

In C. elegan®NA based silencing signals can be spread betweenhmhswithin the soma
and from the soma to the germline, mediating parental RNI&ie molecular basis for the systemic
nature of RNAI iIC. eleganbegan to be understood with the idefitation of SID (Systemic RNAI
Defective)and RSD (RNA spreading defectimejants(Tijsterman et al., 2004; Winston et al., 2002)
The SIEL, SIE2, SIB3 and SIE> mutants are defective in different parts of systemic and
environmental RNAHunter et al., 2006; Wang and Hunter, 201&)number of studies suggest that
the silencing signal is spread by dsRNA, possibly by a range of different RNA(3pseiesal.,

2011) reviewed in(Chitwood and Timmermans, 2010; Sarkies and Miska, 2014)
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sid-1 andsid-2 both encode transmembrane channelSID1 is a transmembrane dsRNA
import channel needed for import of dsRNA into c€Bkih et al., 2009) SID1 is necessary for
spread of the silencing signal and systemic RNAI is lossigith(Hunter et al., 2006; Winston et al.,
2002) Tissues lacking§ID1 transporter expression such as most neurones are refractory to, RNAI
but susceptibility can bancreasedy expression of SiD(Calixto et al., 2010)sid-2 loss of function
mutants are defective in RNAI by feedirglD2 was found to be a transmembrane transporter for
long dsRNA localised to the apical membrane of the intestinal cells, lining theratdathen. SID2
is required for uptake of dsRNA from the lumen, possibly via endosytiosss of SH2 function
results in an inability for RNAI to be induced via feeding (environmental RNAI) but does not affect the
ability of the dsRNA induced silengito spread from cell to cgHunter et al., 2006; Winston et al.,
2007)

SID5 is requiredor export of the dsRNA silencing signal from intestine, and from other cells
and is endosomally localis¢Hinas et al., 2012)RSEB is ahomologue of human Clathrin interactor
1, anENTHepsin Nterminal homologydomain containing proteimvolved in vesicle trafficking.
RSERB localises to endosomes and the tragslgi networkand is required for the import of silencing
RNAsnNto cells of both the soma and germline, most likely from the pseudocoéimae et al., 2016;
Tijsterman et al., 2004)The identification of many endomembrane localised proteins involved in
RNAI, including the snasec22 (Zhao et al., 2019nd RISC components has led to the suggestion
that rather than taking place freely in the cytoplasm RNAI is a membrane associated process
(Rocheleau, 2012)

1.3.x Subcellular localisation/organisation

There is substantial evidence that RNA silencing processes are membrane asso€ated in
elegansfly, plant and mammalian systemi C. eleganshere is a clear role for the endomembrane
system in systemic and environmental RNAbeih SID5, RSEB arelocalised tadifferent
compartments of the endomembran&@he Mammalian homologues of SIDSIDTZhas alsdeen

shown to belocalised to the endsome and lysosom@ialin et al., 2010; Nguyen et al., 2Q17)

Beyond this many core componentstbé smallsilencingRNA machinery are
endomembrane associatedidluding the RISC and dicd he rough ER is emergingisthe most
likely siteof translational repression by the miRISC and the siRM@&@malianAGO2 was first
isolated asa golgi/ER associated protgi@ikaluk et al., 199%nd miRNA/siRNA loaded AGO2, along

with dicer and otheRISQoading complex(RLCJactors have since been showndo-sediment with
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the rough ERStalder et al., 2013)Stalder et al. further show that the siRISC is anchored to the
cytosolic side of the rough ER by RLC factors TRBP andirgarits, AGO1 also locaésto the ER
and the rough ER localised integral membrametein AMP1 is required for the translational

repressiorof target mMRNA®Y miRNAs

Furthermore the efficiercy of silencing by small RNAs is dependent on endosomal
trafficking miRISC components AGO2 and GW182 congregate iba@i&s which have been shown
to correspond the endosome/MVE@&ibbings et al., 2009; Lee et al., 200Bhematuration to
multivesicular bodies is necessary for an efficient silencing respdapketion of ESCRT
components, required for the sorting of proteins into the MVB, compromises miRNA activity
(Gibbings et al., 2009)WhilstMVBto lysosome fusiotas a negative effect on the RNAI response.
The snaresec22 has been found to reduce RNAI efficietgyregulating late endosome/MVB fusion
to lysosomes, acting in a Sldependent mannefZhao et al., 2017)Kim et al. propose that a
picture is emerging where in tHeRNAiI mediated processes are closely linked to the endomembrane
system not only in the transfer of the silencing sigmalsystemic RNARut with the mughER as the

site of RISC loading and silencing initiation and the $&¢Bites of RISC recyclifi§im et al., 2014)

The mutator class of genes are required for transposon silencing as well as exogenaus RNAI
The six mutator proteins, together with the RDRP-RRfad the DEAD box helicases SMUANd
RDEL2, co-localise toperi-nuclear localiseghunctate foci in theC. elegangermline known as
mutator foci Mutator foci are proposed to be the key sitessiiRNA amplificationThe mutator foci
are notmembrane associated but are insteptbposed to exist as phase separated compartments,
nucleated by the intrinsically disordered protéUT-16 (Phillips et al., 2012, 2014; Yang et al., 2014;
Zhang et al., 2011)

1.3.xi The efficiency of RNiA core machinery and competition between pathways

As may have become apparent, the core RNAi machinery of all small RNA path@ays in
elegansand other organisneconsists of the sam®r homologues of the sameentral protein
components. These are RNA endonucleases such adillesproteins, DEAD/DEAHox helicases,
dsRNA binding proteirgypically type Il with a helicase domaend of coursergonaute (piwiargo)
family proteins. IrC. eleganas in other groups RDRPs play keyswmigrimary and secondary siRNA
generation, however insects and mamals have lost all RDRP genes and therefore rely on
bidirectional transcription to generate dsRNA duplefleswis et al., 2018)Many such core

componentswere identified in mutants defective in the eX®NAI response, so called RNAI defective
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(RDE) mutantsSince a sole dicer enzyme is responsible for the production a range of different small

RNA irC. eleganadditional factors must direct dicer to geneesthis specificity.

In C. elegangdespite the robust and systemmature ofthe RNAI responset is none the less
the case that certain tissues and genes are resistant to RNAi induced knock down, whilst other
display almost total knockdown and some atmdrknock down.Furthermore the response to RNAI
in C. eleganslisplays a stochastic variation or noise; within a population of identical worms exposed
to the same stimulus, some will show RNAi induced knockdown whilst other w{lArmttGoren et
al., 2014) Alterations in the efficiency of RNAi can therefore be seen in changes both in the severity
of the RNAI phenotype, caused by the degree of knockdown within that worm and in the percentage

of worms in the population dplaying a given phenotype.

A range of mutants have been identified which display either an enhanced or reduced
efficiency of RNAr¢viewed inJoyce et al., 2006)n an enhanced RNAtI() mutant genes which
display little or no knockdown inWT background can be knaakdown efficiently, whilst in
mutants with reduced efficiency very little response is seen. Mutations of many core components of
the exogenous RNAI pathway leads to complete loss of the RNAIi induced phenotype as seen in RNAI
defective (Rle) mutants. Mutant phenotypes reveal complex interdependencies and antagonisms

between the availability of different pathway components.

As already discusselbss of function of the Argonaute RRREeads to complete loss of the
RNAI responseyith primary exesiRNAs generated in the same quantity but leading to no
phenotype.(Parrish and Fire, 2001; Tabara et al., 199%9hilst loss of multiple WAGO/MAGO class
Argonautes downstream leads to a reduced RNAI response, suggesting many WAGO/MAGO class
Argonautes each contribute incrementally to RNAI, including SAGAG and PPWL. MAGO
availability appears to be a limiting factor in the efficiency of RNAi which efficiency can be increased

by overexpressiofYigit et al., 2006)

In the exeRNAI pathway the dsRNA binding protein RD&cts as a dimer to bind long
dsRNA and recruit DEIR Tabara et al., 1999, 2002n RDH loss of function mutants primary
SiRNA are produced at much lower than WT levels in response to injection of dSR&RDE but
not the RDEL defect can be partially bypassed by addition of SiRNAs, suggesting a role #irRDE
the recognition of dsRNA leading to siRNA productiBarrish and Fire, 2001)

The DExHD box RNA helicase DRH(Dicer related helicase) interacts with both RDEnd
dicer and also plays a role in the RNAI respdisdara et al., 2002Peletion of DRH leads to loss

of antiviral immunty in C. eleganslue to lack of viral dicer targeting of viral Ri#&he et al., 2013)
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DRHL1 is one of . elegantiomologuesnf the mammalian viral recognition protein RIGDRFB is
required for an efitient RNAI response and in the endogenous RNAI response in the ge(@uimd
al., 2009)

Many RDBproteins have been found to have a role in secondary siRNA production, with
some of the same proteirspparentlyinvolved in secondary siRNA production in both the exogenous
and endogenous siRNA pathwd¥$iang et al., 2012)The RDRIRRFL and EGE are required for
secondary siRNA production, with EG@laying an essential role in the germli#®ki et al., 2007,
Smardon et al., 2000)Many more factors are also needed for efficient RNAI response such as the
ribonuclease RD&, which is recruéd by RDH to target transcripts and recruits RDRIPsai et al.,
2015) The helicases DR#Hand RDE2 ae also required(Gu et al., 2009; Shirayama et al., 2014;
Yang et al., 2014)it is common for genes involved in the production of WAGOsc22G secondary
siRNA to show a dosagensitive RNAI defective phenotype, as seem@&l10, rdell, rsd2, rsd6
andhaf-6 mutants, where injection of high concentration of dSRNA can compensate for the defect

(Zhang et al., 2012)

The secondary siRNA binding argote CSH functionsmainly in endeRNAIi pathway but
also promotes ex&rNAi efficiency in the germlirf&u et al., 2009; Seth et al., 2013; Wedeles et al.,
2013a, 2013b; Yigit et al., 2006)

It is thought that RNA interference origihaevolved as a viral defence mechanism and
competition between viral derived ex&@iRNAs and endogenous small RNAs alters endogesi®idA
and miRNA dependent gene expression in virally infected w¢Baskies et al., 2013Jurthermore
antiviral immunity is lost in strains with a defective RNAI respof#sghe et al.2013) This RNAI
based antiviral immunity does not require a functional systemic nor transgenerational RNAIi response

but appears to acts cell autonomoughshe et al., 2015)

A range of mutants have also been identified which display an enhance@Nforesponse.
Socalled EnhanaRNA interferencelHr) mutants were first noted for their ability to enhance the
efficiencyof RNAI screens against refractory or neuronally expressed géfersy such mutants
have been found to be loss of function in endogenous RNAI pathways components, leading to theory
of competition for shared resources between the pathwéyarkies et al., 2013; Zhuang and Hunter,
2012b) In such model#oss of function in one pathway frees up shared components for use in the
exo-RNAI pathway.The 9 classica&ri class muants are all associated with DQRnd are thought to

be required for endesiRNA productioizhuang and Hunter, 2011, 2012a, 2012b)
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For example, loss of function mutants of RDRB/ eri-2 display enhanced RNAi induced
gene silencing andave beerusedto enhance RNAI scree(Simmer et al., 2003)RRB is
suggested to compete with RDRPs RRIF EGAL (Kishore et al., 2006; Massirer et al., 2012; Simmer
et al., 2002, 2003)Secondary Argonautes, CERand SIBL are all proposed to be limiting resources
as overexpression can increase RNAI efficiéBbhyang and Hunter, 2012bfompetition is also
proposed to differ between tissues, contributing to tissue specific difference in @Ndéang and
Hunter, 2011) All 9 original Eri mutants could be rescued maternally and also enhance RNAI in the
germline(Zhuang and Hunter, 2012a%everal includingri-1, rrf-3, ert3 anderi-5 also display a

temperature sensitive sterility at 2&.

Other Erimutants act by antagonising the RNAIi pathway. The RNAse T enzyfine ERI
degrades siRNAs and is expressed most strongly in the gonad andeguikely contributing to
neuronal resistancé€Jadiya and Nazir, 2014; Kennedy et al., 20BN Aimediated genesilencingn
the soma is also antagonised by the RNA eddithgnosine deaminas@DR2. Repetitive transgene
arrays in the germline are readily silenced whilst $ilencing of repetitive arrays in the soma is less
common However loss of function oADR2 or its regulator ADBR. generates an RNAI
hypersensitive background in whisbmatic transgenes are silenced viarde-1 dependent
mechanismKnight and Bss, 2002; Ohta et al., 2008)

Another group of Eri mutants are transcriptional repressors which act as part of the Rb
complex and form a subset of the class B synthetic multivulval gene classu@nNM his class of
mutants includes Retinoblastomak{Fhomologudin-35, andlin-15B. Loss of function of LHR5
results in an enhanced eX®NAI response, including an enhanced germline and neuronal RNAI
response, enhanced somatic transgene silencing, reduced function in the endogenous RNAIi pathway
and temperature sensitive sterility, as seen in other ERI mutéidgce et al., 2006; Lehner et al.,
2006; Wang et al., 2005)in-35 mutants andother SynMuvB mutants which form part of the Rb
complex also show misexpression of germline specifitaRules and other germline specific genes.
The requirement for RDRP RRfor an efficient RNAI response in the soma is also relaxiad3s
mutants, possibly due to the germline restricted RDRB-EGecoming more widely expressed
(Wang et al., 2005; Wet al., 2012) The enhanced RNAI effects caused by loss of function of the Rb
complex are additive to those seen in the classical Eri mu{aviéag et al., 2005} or example the
strain KP3948 with genotypi-1(mg366) 1V; lirfl5B(n744)X is frequently made use of due to its

RNAI efficiency being greater than that of-&nmutants alone.

LIN35 is a key tumour suppressor regulating cell cycle transition and has numerous

developmentaloles In the developing embryo its expression is regulated by the3BiR1 set of
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miRNAs which have a critical role in early developm@ihie miR35-41 family of miRNA have also
been shown to regulate sensitivity of the eRNAI response, further highlightitige
interconnectivity between the different small RNA pathways. The lorsfRB5-41 results in loss of
LIN35 accumulation, enhanced expression of ersileNA target genesuggesting reduced function
in the endesiRNA pathway, and enhanced response té&\RiY feedingsupporting the ideaf
competition between these pathways influencing érblAi efficiency. This phenotype can be
rescued by overexpression lif-35 from transgenes or by the maternal rescuemdR 35-41 orlin-35

(Massirer et al., 2012; Mushegian, 2016)

Efficient RNAI in certain tissues, such as the pharynx, and efficient transgenerational RNAI
has been showto require the nuclear RNAI pathwéBurton et al., 2011; Shiu and Hunter, 2017)
Initiation of the nuclear RNAI pathway requires early exposure to dsRbtthat the RNAI induced
silencing in the pharynx is only seenfi tsecond generation of RNAI by feeding experiments.
Howeverlin-15and to a lesser exterdri-1 mutants the sensitivity and/or breadth of the critical
window in which the nuclear RNAI pathway may be triggered is increased, allowing some degree of

silencirg in the first generatiofShiu and Hunter, 2017)

Other mutants with an enhanced RNAI response are involved in the transport of or
localisation of the dsRNA or the RNAi machinery. The snare proteip23E45 recently found to
interact with SIB6. Los®f function ofsec22results in a cell autonomous enhanced RNAI response
(Zhao et al., 2017) As previously discussed the correct localisation and targeting of bodih R
effectors and targets within the endomembrane system is likely to have an important role in the
efficiency of small RNA mediated gene silen¢iagiewed in(Kim et al., 2014) Loss ofunction of
MUT-16 strondy reducesthe efficiency of the exogenous RNAI response due to the disruption of the

mutator foci and mutator protein complefehillips et al., 2012; Zhang et al., 2011)

Interestingly insulin signalling mutandsf-2 andage-1 havealsobeen reported to regulate
the RNAresponsgWang and Ruvkun, 2004he insulin like receptor DAFand the PI3 kinase AGE
1 are known to transduce signals regulating metabolism, development, stress resistance and lifespan
but decreased DAE/ AGEL signalling also enhances the eRdlAiresponse. Small RNAs are known

to play critical roles in development and the dauer decision.

Environmental conditions are commonly reportedafiectthe RNAi responsand the
influence the activity of the small RNA pathwaysaufber of small RNA reguéal processesre
temperature dependent For example at 20°C germline expressed transgenes are rapidly silenced
within a few generations of insertion but are not silenced at 25@me et al., 2001)similarly

levels of thesiR1 endogenous siRNAre 10fold lower at 25°C than at 20{Eischer et al., 2013)
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Temperature has been shown to affect the RNAI response in mosquitos, leading to increased
susceptibility to viral infectiofAdelman et al., 2013)Physiological stresses such as growth aC25°

or starvation induced developmental arrest also trigger sSiRNA dependent changes to gene expression
which may be inherited for several generation after the stress is rem@edhavi et al., 2014;

Schott et al., 2014)Starvationhasalsobeenreported to affect the exdRNAI respons€Zhuang and

Hunter, 2012aandalso leads tdneritable changes in the piRNA pathway (Angelo, 2088)allyLin

35/Rb expression is also increased in response to starvdtiGecaret.agunas et al., 2@).

1.4 The IRBsignalling pathway regulates RNAI

Work in the Baylis lab found that the mutants of a number of components of the IP
signalling pathway displayed an altered RNAI respdNsgy et al., 2015)Loss of function of
PLQ | '>8 or the IRreceptor ITRL results in an enhanced RNAI response to feeding and transgene
expression.Whilst loss of IP$B leads to a RNAIresistant phenotype This shows that reducedsP
signaling leads to an enhanced eRbdlAi response whilst increased levels eatPseen impp-5
mutants leads to a reduced respongeurthermore, theenhancedRNAI responsef itr-1 andegl8
mutantsis additive to that seen in classical Eri mutgmsischthat eri-1; itr-1 double mutants are
more sensitive to RNAI thaeri-1 or itr-1 alone, anderi-1;eg}t8;lin-15Btriple mutants are further

enhanced beyoneri-1;lin-15Bdouble mutants

Interestingly tissue specific rescueitrfl in the intestine, but not in target cells, was able to
rescue the enhanced RNAI phenotype, suggesting that this is the site of attimnI® signalling
pathway systemically regulating the RNAi response. This was found to be the case not only in the
case of environmental RNAI, where dsRNA triggers must be taken up through the intestine, but also
in transgene induced RNAI, with dsRNAduarced in the pharynx able to silence GFP in the body wall
muscle. This demonstrates that signaling in the intestine actsceirautonomously to affect the
regulation of RNAI systemically. The intestine plays many rolésetegandyeing not only
important in the regulation of defecation but also as a key site of signaling in stress response
pathways, hospathogen interactions and aging. It is also the primary site of the synthesis and

export of yolk proteins to the developing oocyte.

These intriguig findings raise a number of questions; foremost, how thsifpaling might
be acting to regulate the RNAIi response and whether other small RNA pathways are adfetted
whether the RNAI response is being regulated in response to physiological arengirtal

conditions via the lisignalingpathway? Although IRis a common second messenger utilized
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downstream of a diverse range of cellular receptors the involvement of8#IC suggests that &

protein signalling is involved.

My ainmsin this thesiavere to better understand the context of theslgignalling events
which are regulating the RNAI response and to further investigate which aspects of the endogenous
RNAI pathways were altered insHgnalling mutantsFirstly,| soughtto identify the upstream
activator of EGB in the pathway regulating RNAI by screeningsignallingnutantsfor analtered
RNAI response, using a range of ass&@GL8 is canonically activated byrghomologue ELGO.
However EGE30 was ruled out asreactivator of EGB in ths mechanismsince EGBO loss of
function does not result in an enhanced RNAI resporisstead he Gry homologue GOAL, was
identified as the most likely activator of E&ldue to the strongly enhanced RNAI responsgaa1
loss of function mutants. Other Bubunits and known regulators of GQ4and EGI30 signalling
interactionswere also analysednd a loss of function mutant of the RGS protein-E8Was also

found to have an enhanced RNAI respanse

Next, with the ain of better understanding how changes in $iynalling might be influencing
the RNAI responsé looked to see ithe Eri phenotype oitr-1 mutants could be explained by
changes to th@ndogenous small RNA pathwaySnall RNA sequencing wased to lod for
evidence of such changds|lowed up with gqPCR. However, no substantial changes to the

endogenous small RNA pathways were found.

Finally, following the interesting work of Shui and Hunter suggesting that classical Eri and
SynMuvB mutants have amcreased sensitivity to nuclear RNKitilisedthe myo2p::GFRansgenic
system totest for effects of IPsignalling on nuclear RNAI. The results suggest no specific alterations
to the nuclear RNAI pathway in these mutaragthoughitr-1 mutants do have a mildly increased

sensitivity.
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Materials and Method s

2.1 C.elegansmaintenance

AllWormswere culturedon NGM(NematodeGrowth Media) agarplatesspreadwith OP50E.coli
andgrownat 20°Cunlessotherwisestated. Wormswere culturedusingstandardmediaand
standardtechniguesandwere transferredregularlyto avoidcontamination,starvationor
overcrowdingasestablishedandoutlinedin (Brenner,1974;Lewisand Fleming,1995) Seetable2.1
for all C.elegansstrainsusedin this work, with further detailsof strainsgivenin the strainstablesin

the relevantchapters

2.1.i NGMplates

AnNGMsolutionconsistingof 1.5gNaCl8.5gagarand 1.25gpeptonewasdissolvedn 487.5ml
distilledwater, autoclavedandallowedto solidifyfor storageuntil needed(producedby the
departmentmediafacility). ThisNGMwasthen microwaveduntil melted, cooledto 65°Cin an
incubator, then allowedto standat room temperatureuntil coolenoughto handle Thefollowing
were addedunderasepticconditions: fiiil1M CaGU AT11MMgSQ, fiiilcholesterol(5mg/mlin
ethanol) 12.5mI1M KPQ(pH 6.0) Thefinal NGM solutionwaspouredinto petri dishes.

2.1.ii OP50culturesandseeding

All stepswere carriedout usingaseptictechnique. Liquidculture of singleOP50colonieswere grown
overnightin standardLBbroth (Lennox)at 37°Cwith shakingthen storedat 4°Cuntil needed. Liquid
OP5Cculturewasaddedto eachNGMplate, spreadandallowedto grow at 30°Covernightuntil a
thin but confluentbacteriallawnwasformed ~ i peo50mmplate,2ii ..per 100mmplate).

Spreadplateswere storedat 4°Cuntil used.

2.1.iii Embryopreparation

Anembryo preparationusinghypochloritesolutionwasusedto produceaxenisedembryosin order
to cleancontaminatedstocksand producesynchronisedvorm populations Platesof gravidadults
clearedof bacteriawere washedinto a 15mlfalcontube into atotal volumeof 3.5mIM9 solutionto
whichwasadded0.5mI5N NaOHand 1ml NaClQ5-10%bleach). Tubeswere vortexed

intermittently until wormsdisintegratedto releaseeggs(~10min)at whichpoint tubeswere

54



55| Chapter 2- Materials and Methods

centrifugedat 1300gfor 30seco looselypellet eggsthen the supernatantremovedandreplaced
with sterile H,O and mixed. To createsynchronised.1populationscentrifugation,supernatant
removalandrinsingwasrepeatedthe final time addingM9 buffer [3 g KHPQ, 6 g NaHPQ, 5 g NaCl,
1 ml1M MgS@Q HO to llitre. Sterilize by autoclavingd afinal volumeof 5ml. Axerised eggsin

M9 were incubatedat 21°Covernightwith gentle shakingto hatchinto L1sin the absenceof food.

2.2 RNAIby feeding

AllRNAiexperimentswere carriedout usingRNAIby feedingusingthe systemof IPTGnducibke
dsRNAexpressingacteriaof the E.colistrainHT11§DE3)carryingmodifications of the L4440vector,
asestablishedby Timmons CourtandFire 2001 Thesystemworksasfollows: HT11§DE3)carriesa
stablyinsertedand IPTGAnducibleT7polymerasegene,the L4440vector producesdsRNAproducts
transcribedby the T7polymerasgHgure2.1) (Timmonset al.,2001) dpy-13,lin-1, lin-31andunc15
RNAiclonesusedwere from the AhringerRNAlibrary (Kamathand Ahringer,2003) a clonecarrying
the plasmidpPD128.110vasusedfor gfp RNA(Timmonset al.,2001) arelatedclonewith an RNAI
plasmid carryingthe E coli chloramphenicohcetyltransferasecat) genewasusedasa control (a
gift from A.Fire) Allexperimentswere carriedout usingNGMworm culture plateswith added

carbenicillin(50 .g/ml) and IPTQ1mM) spreadwith dsRNAnducingbacteria(RNANGMplates).

Figure 21. The L444Wector used to express dsRNAmagereproducedfrom dnai.org Copyright 2003, Cold
Spring Harbor Laboratory. All rights reserved, noncommercial, educational use only. MatBiigA iimteractive

may not be used in any form by organizations or commercial concerns, except with egpnesssion.

2.2 Procedure

RNAiassayplateswere establishedasfollows: 6-10 egglayingadults (dependingon strainfertility)
were placedon an RNAINGMplate and allowedto lay eggsfor approximately6 hoursbefore being
removed. TheF1progenyhatchedandmaturedon the plate andwere scoredfor the relevant

phenotype3 daysafter setup,at the adult stage.
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2.2.ii RNAibacterialcultures

Cultureswere grownon standardLBAgarplateswith addedcarbenicillin(50 .g/ml) andtetracycline
(12.5.g/ml). Singlecoloniesof bacteriawere pickedin liquid LBbroth (Lennox)with added
carbenicillin(50 .g/ml) andgrownovernightat 37°Cwith shakingthen storedat 4°Cuntil needed.
Overnightcultures were seeded(30 .l /50mm plate) and spreadonto NGMplateswith added
carbenicillin(50 .g/ml) andIPTE1 .M) andgrownovernightat 30°C.

2.2.iii RNAiassayscoring- lin-31,lin-1, dpy-13and unc-15

Forlin-31, lin-1, dpy-13andunc15 assays3 platesof RNAitreated wormswere scoredper strainand
perrepeat Wormswere scoredby placingthe plate overatransparentgrid of 5Smmx5mmsquares
andtallyingaccordingo phenotypeof wormsyvisiblein eachsquareat that time. Doublecounting
wasminimisedby workingsystematicallyacrossthe grid but couldnot be ruled out entirely dueto
the motile nature of the worms Wormswere viewedat 25xmagnifcation usinga dissecting
microscope.Forlin-1 andlin-31 RNAiassaysvormswere countedasWTif no vulvalphenotypewas
visible MUVif multiple vulvaswere visible or protruding vulvaif a prominentvulvalbumpwas
visible. Forunc15 assaysvormswere scoredasWTif no locomotivedefectwasobservedjmpaired
if locomotionwasabnormal,severeif locomotionwasnot possiblebut somemovementof the head
wasseenor paralysedf completelyimmobile. Stationarywormswere pokedin the tail to encourage
locomotionbefore scoring. Fordpy-13 assaysbsolutemeasuringvasnot possiblewhenscoringby
eyealone. Reductionin sizewasestimatedby comparisorto an untreatedplate of wormsof the
samestrainandwormswere scoredassevereif estimatedto be lessthan half normallength,
moderateif a definite reductionwasdiscernibleestimatedlessthan %length, WTif no effect was

discernible Thenaturalvariationin length of the straintested madeaccuratescoringby eyedifficult.

2.2.iv dpy-13 RNAI- measurement of worm length

dpy-13 RNAiassaysvere repeatedwith animprovedscoringtechnique.Oneplate of dpy-13 treated
wormsandone plate of control (cat) treated wormswere setup per strainper repeataspreviously
described. Sectionof plate containingwormswere photographedusinga LeicaMZ FLIImicroscope
setto 2.5xmagniftation pairedwith a Q imagingmicropublisher5.0 cooledRT\tameraand

accompanying) imagingsoftwareand savedasa Tiff. Followingimagecaptureworm lengthwas

56



57| Chapter 2- Materials and Methods

measuredusingthe softwarelmageJlmageJZijidistribution) (Ruederet al.,2017;Schindeliret al.,
2012)by drawinga segmentedine alongthe midline of the worm andmeasurindine length

2.2.v GFPRNAIiof GABAergimeurones

Oneplate per strainof wormscarryingthe unc47p::GFPtransgenewere treated with gfp RNAior
control (cat) RNAI Youngadult wormswere mountedonto a 10 well multi-test microscopeslide (MP
biomedicals)in a solutionof tricaine/ levamisolg(0.02%ricaine,0.001%evamisolejn M9) and
viewedwith a ZeissAxioskop2plusmicroscopeequippeda Q imagingwlL Sbroad-bandLED
illuminationsystem,a Zeispplan NEOFLUAROxobjectivelens,and a Q imagingmicropublisher5.0
cooledRTVcamera In eachworm the numberof GABAergioeuroneswith visible GFFluorescence
wascounted. Brightlyfluorescentcell bodieswere scoredas1, weaklyfluorescentcell bodiesas0.5.
Sincethe 4 neuronesof the headwere sometimedifficult to distinguishthesewere excludedform

final analysido givea maximumscoreof 21.

2.2.M Measurementof pharyngealGFHollowing RNAI

Thefluorescenceof strainscarryingthe myo2p::GFRransgene(seetable 2.1 for straindetails)was
quantifiedin the Fland F2generationfollowingeither gfp RNAior cat RNAitreatment for two
generationsor one generationof gfp RMAitreatment followed by secondgenerationcat treatment.
Forthe starvation treatment group, prior starvationtreatmentwascarriedout by placingmixed
populationson plateswithout food for 10 days. Starvedwormswere reintroducedto food for one
generationbefore assayset up to allow egglayingto resumeprior to RNAiassaysetup.
Youngadultwormswere mountedonto a 10 well multi-test microscopeslide (MP
biomedicals)in a solutionof tricaine/ levamisolg0.02%iricaine,0.001%evamisolejn M9) and
viewedwith a ZeissAxioskop2plusmicroscopeequippeda Q imagingWLS_EDlluminationsystem,
aZeisplanNEOFLUAROxobjectivelens,anda Q imagingmicropublishel5.0 cooledRT\camera
Wormswereimagedwith a focuson achievinga clearimageof the pharynxwhilst alsocaptuiing
sufficientbodyto scorefor the presenceof BWMfluorescence.Wormswere imagedwithout
brightfieldillumination. Thishelpedto maximisethe dynamicrangeof fluorescencewhichcouldbe
capturedbut meantthat in instances where GFFknockdown wasneartotal wormscouldnot be
seenin images. In suchcasesa matchedimagetakenunder brightfield conditions wasalsocaptured.
Imageswere analysedusingimageJ(ImageJ2,Figistribution) (Ruederet al.,2017; Schindeliret al.,
2012)asfollows:the file openedwith bioFormats importer, channels were split to create 3 separate
images and the channel 1 imagmas analysed The rectangular selector and selector rotator tools

were used to fifa tightfitting quadilateralaround the head of the worm from the nose to the base

57



58| Chapter 2- Materials and Methods

of the pharyngeal bullfas seen imigure 2.2) The measure tool was used to measure fluorescence
intensity in this area and 3 background aredspproximately equal size, selected from different
points in the imageWhere the pharynx was not visible in the dark image the matched light image
was used teelectthe pharyrgealregion for measurement in the dark image. The presence of
fluores@ncein the BWMnuclei was noted as present, absent or pdrtieor convenience of scdle
AUwasdefined as the mean value of HB955 wormscahRNAI acrosthe Fland F2generations
Percentage change and normalised valwese calculatedy dividingthe value for each worm by

the mean value ofattreated wormsof that strainin that generation.

Figure2.2. The pharyngeal area was
selected as shown (yellow outline
indicated by red arrow) and the pixel
intensity within this area measured

2.3 SmallRNAlibrary preparation

Populationsof BristoIN2 anditr-1(sa73wormswere synchronisedy hypochloritetreatment of
fecundadult wormsto extractthe embryos(asdescribedn section2.1.iy). Embryoswvere removed
from bleachandallowedto hatchin the absenceof food in liquid suspensiorof M9 buffer at 20°C.
L1stagelarvaewere then plated onto NGMto grow asa synchronisegopulationof worms. As
youngadultswormswere washedin M9 buffer and centrifugedinto a pellet of packedworms.10ml
of TREkolreagent(Invitrogen)wasaddedper ml of packedwormsandthe suspensiorwasflash
frozenusinga dry ice and ethanolbath before beingstoredat -80°Covernight. Wormswere lysedby
repeatedcyclesof freezingin liquid Nitrogen,thawingat 37°Candvortexingfor 1 minute. Thiswas
repeated8 times. Chloroform extractionusing0.2mlof chloroformper 1ml of TRIzolreagentwas
usedto extractRNAfrom the lysedwormsinto the upperaqueousphase. A secondchloroform
extractionwascarriedout with equalvolumeschloroformand sampleextractandthe upperphase
againselected RNAwasprecipitatedusingisopropanolandwashedin ice cold 75%ethanol. RNAwas

re-suspendedn RNAasdree water. Purityof RNAwasassessd by measuringhe 260/280nm
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absorptionreadingusingNanoDropspectrophotometefND1000Q ThermoFishe&cientifig. The
presenceof undegradedrRNAIn eachsamplewasconfirmedby agarosegel electrophoresisand
ethidium bromide staining. Samplesvere storedat -80°C.

Forthe fAindependentlibraries5ugtotal RNAwastreated with 1ul RNAS [Polyphosphatase
(Epicentre) RNAwasthen re-extractedby phenolextractionfollowed by chloroform/isoamydalcohol
extraction.RNAwasthen precipitated overnightin ethanoland sodiumacetateandre-suspendedn
RNAasdree water. i flependentandindependentsequencdibrarieswere then preparedas
describedn the TruSegSmallRNAsamplepreparationguide:RNAsamplesvere then convertedto
cDNAseqencelibrariesandthe fraction of the cDNAlibrary correspondingo the smallRNA
populationwasselectedby bandextractionafter agarosegel electrophoresisQualitycontrolwas
alsocarriedout on the librariesprior to llluminasequencing.if % vS v A[ ]Jv % v VvS§
libraries of WTanditr-1(sa73) C. elegarstrainswere prepared These 4 libraries were then

sequenced using high throughput Illumina sequencing, 2 techrd@phitatesper group.

2.4 Quantitative real-time PCR

Total RNAwasextractedfrom synchronisegopulationof N2,itr-1(sa73).egk8(e2917%, ipp-5(sy609
L1worms wormswere synchronisedy hypochloritetreatment of fecundadult wormsto extractthe
embryos(asdescribedn section2.1.iV). Embryoswvere removedfrom bleachandallowedto hatch
overnightin the absenceof food in liquid suspensiorof M9 buffer at 20°Cfollowed by being
centrifugedinto a pellet of packedworms. Wormswere lysedin 10mlTREkol per 1ml packedworms
by repeatedcyclesof freezingin liquid Nitrogen,thawingat 37°Candvortexingfor 1 minute. This
wasrepeated8 times. Chloroform extractionusing0.2mlof chloroformper 1ml of TRkolwasused
to extract RNAfrom the lysedwormsinto the upperaqueots phase. A secondchloroformextraction
wascarriedout with equalvolumeschloroformand sampleextractandthe upperphaseagain
selected RNAwasprecipitatedusingisopropanolandwashedin ice cold 75%ethanol cDNAwas
producedby reversetranscrigion usingthe PromegaReverselranscriptionSystemaccordingto

u vp( Spu@@ot@prandusingrandomprimers(Promega,i X fi ... P4gRCBReactionswere
carriedout usingKAPASYBRASTIPCKit and BioRadCycler30ngtotal cDNAwasused per
reaction.

gPCPRrotocolwasasfollows. 95.0°Cfor 05:00 min50X(95.0°Cfor 00:15 60.0°Cfor 01:00, 95.0°C
for 01:0Q 50.C°Cfor 01:0Q 80X 55.0°Cfor 00:10.

All test and control reactions were carried outtiiplicate. Relative abundance of test gene mRNA to

the control gene GAPDH mRNA in mutant strains compared to the N2 strain was calculated using the
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44 5 u 8Z} Ju%o u vs A] §Z zZh%ag JIDPBicZok RS Ruschhaupt M (20b@)t:
The ddCt Algorithm fdhe Analysis of Quantitative Reime PCR (gFACR)R package version
1.40.0). See table 2 for gPCR primers used in this work.

2.5 Statistical analysis and data presentation

All Statisticalanalysisn chapters3 and5 wasperformedin Rstudio (version1.2.1335)usingR
((version3.6.1)(RCoreTeam(2019).R:Alanguageand environmentfor statisticalcomputing.R
Foundationfor StatisticalComputingVienna,Austria.URLhttps://www.R-project.org/.))

Most statisticalanalysisincludingthe fitting of analysisof variancemodels fitting linearmodels
fitting generalisedinearmodels TukeyHSDtestsand Wilcoxonrank sumtests,wascarriedout using
functions of the RstatspackageAdditionally,the carpackagevasusedfor > A v tgat (JohnFox
and SanfordWeisberg(2019).AnRCompaniorto AppliedRegressionThird Edition. Thousanddaks
CA:SageURL https://socialsciences.mcmaster.ca/jfox/Books/Companipiite packagdme4 was
usedto fit generalisednixedlinearmodels(DouglaBates Martin Maechler,BenBolker,Steve
Walker(2015).Fitting LinearMixed-EffectsModelsUsingime4. Journalof StatisticalSoftware,67(1),
1-48.d0i:10.18637/jss.v067.i0landthe DHARMaackaje wasusedto assesshe fit of models
(FlorianHartig(2019). DHARMaResiduaDiagnosticdor Hierarchical(Multi-Level/ Mixed)
RegressioModels.R packageversion0.2.4.https://CRAN.Roroject.org/package=DHARMa

Resultdigureswere producedin Rusingthe ggplot2packaggH. Wickham.ggplot2:Elegant
Graphicdor DataAnalysisSpringerVerlagNew York,2016), the scalegpackaggHadleyWickham
(2018).scalesScaleFunctiondfor VisualizationR packageversion1.0.0. https://CRAN.R
project.orgipackage=scal@¢andthe Viridiscolour palette (SimonGarnier(2018).viridis: Default
ColorMapsfrom 'matplotlib’. Rpackageversion0.5.1 https://CRAN.Rproject.org/package=virid)s
Thecowpla packagenvasusedto assemblenultipanelfigures(ClausO. Wilke (2019).cowplot:
StreamlinedPlot Themeand Plot Annotationsfor ‘ggplot2'. Rpackageversion1.0.0. https://CRAN.R

project.org/package=cowplit

Thestatisticalanalysiof the smallRNAsedjbrariespresentedin chapter4 wasperformedin
SegMonk(Andrews, 2011) An unbiased probe set of comtious 40bp windowed probes covering
the entire genome assembly was used to compare libraries. Libraries were corrected for total read
count. Theihtensity differencdand ReSeqd(Love M.I., Huber, W., Anders, S. Moderated
estimation of fold change and dispersion for R&&4 data with DESeqg2 GenoBmlogy 15(12):550

2014)statistical testing tools were used to looks for probes which were differentially expressed
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between theJT73 and Rllibraries. Figures not generated using SeqMonk were generated using R

(§ & pelvP 8Z % | P Z~"Z}YESZ [ §} (M.%B40r@an, S. Anders, ] E E] -
Lawrence, P. Aboyoun, H. Pages, and R. Gentleman (2009): "ShortRead: a Bioconductofgrackage
input, quality assessment and exploration of htghoughput sequence data". Bioinformatics
25:26072608. GO term enrichment analysis was performed using WormB&esemiBase web site,
http://www.wormbase.org, release W52, date2019)

Strain Genotype Reference Labelled as
N2 WT (Bristol) (Brenner, 1974) WT
YY216 eri-9(gg106) (Pavelec et al., eri-9
2009)
JT73 itr-1(sa73) (lwasaki et al., itr-1
1995; Nagy et al.,
2015a)
CB6614 egh8(e2917) (Nagy et al., egh8

2015a; Yok and
Hodgkin, 2007)

PS3653 ipp-5(sy605) (Bui and ipp-5
Sternberg, 2002;
Nagy et al.,
2015a)

Egt30 mutants screened

DA823 eghk30(ad805) I. (Brundage et al., egh30lofl
1996; McMullan
et al., 2012)

MT1434 eghl30(n686) I. (Brundage et al., egt30 lof2
1996) (Trent et
al., 1983)

DA1084 egt30(@d806) I. (Brundage et al., egt3010f3
1996)

CG21 egh30(tg26) | him-5(e1490) V. Bastianiet al., egl30gofl
2003)

CE1047 egh30(ep271) I. (Fitzgerald et al., egt30gof2
2006)

PS4264 egh30(sy676md186); him-5(e1490) V. (Bastiani etal.,  egl-30lof
2003) gofrescue

PS4263 eght30(md186); dpy-20(e1282)V; Bastiani et al., egl-30 lof

syls105¢gBB0::gfp+ dpy20(+)]. 2003) OErescue
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PS2444

dpy-20(e1282) IV; syls36 [ e§0::egt30(+)].

'r UpS vsSe ¢« E Vv

MT363

DG1856

MT2426

PS1493

KG421

NL795

NL1147

NL594

BW1809

RB1800

goa1(n363)

goal(sa734)

goa1(n1134)

dpy-20(e1362) 1V; syls9.

gsal(ce8l)
gpa7(pk610)
gpa10(pk362)

gpa-12(pk322)

gpa16(it143) ; himb(el490)

gpa17(0k2334)

Regulators of Grotein signalling mutantscreenel

LX147

MT8504

JT609
LX1313

RM1702

rgs-1(nr201 7).

egh10(md17g§ V.

eat-16(sa609 I.
eat-16(tm761)l; egh10(md176 V.

ric-8(md303)IV.

(Bastiani et al.,
2003; Brundage
et al., 1996;
HajduCronin et
al., 1999;
Robatzek and
Thomas, 2000)

(Dong et al.,
2000; Robatzek
and Thomas,
2000; Segalat et
al., 1995)
(Robatzek and
Thomas, 2000)

(Segalat et al.,
1995)
(HajduCroninet
al., 1999; Mendel
et al., 1995)

(Schade et al.,
2005)

(Plasterk et al.,
1999)

(Plasterk et al.,
1999)

(Alam et al.,
2016;Plasterk et
al., 1999; Yemini
et al., 2013;
Ziegler et al.,
2009a)
(Johnston et al.,
2008)

(Yemini et al.,
2013)

(Dong et al.,
2000)

(Esposito et al.,
2010; Koelle and
Robert Horvitz,
1996; Porter and
Koelle, 2010)

(Wani et al.,
2012)

(Miller et al.,
2000)

egl-30 OE

goallofl

goallof2

goallof3

goal OE

gsal gof
gpa7 lof
gpa-10lof

gpa-12 lof

gpa-16 lof

gpa-17 lof

rgs-1 lof

egh10 Ial

eat-16 ldfl

eat-16: egh
10lof

ric-8 lofl
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RM2209 ric-8(md1909)V.
RB1145 ags3(ok1169)
JT603 gpb-2(sa603)
DA541 gpb-2(ad54) I.

LX1270 rsbp1(vs163 1.

Unc47::GFP transgenic strains

EG1285 lin-15B&Ilin15A(n765); oxIs12 (uat7p::GFP +
lin-15(+))

HB900 itr-1(sa73)IV; hinb(e1462)V; oxls12X

HB450 goa1(n363); oxls12X

HB451 sylS9pxiIs12Xgoal xs)

HB452 eght30(ad805)pxlIs12X

PharyngealGFPstrains

HB955 ccls4251 | [my8p::mitoGFP]; mis12 Il [myo
2p::GFP]

HB953 ccls4251 | [my@p::mitoGFP]; mis12 Il [myo
2p::GFP]

HB948 ccls4251 | [my@p::mitoGFP]; mis12 Il [myo
2p::GFP]; ee8(e2917)V

HB949 ccls4251 | [my@p::mitoGFP]; mis12[thyo-
2p::GFP]; ee8(e2917)V

HB951 ccls4251 | [my@p::mitoGFP]; mis12 Il [myo
2p::GFP]; ipfp(sy605)X

HB952 ccls4251 | [my@p::mitoGFP]; mis12 Il [myo
2p::GFP]; ipfp(sy605)X

HB954 ccls4251 | [my@p::mitoGFP]; mis12 Il [myo
2p::GFP]; it (sa73)IV

HB956 ccls4251 | [my@p::mitoGFP]; mis12 Il [myo

2p::GFP]; itd(sa73)IV

(Miller et al.,
2000)

(Hofler and
Koelle, 2011)

(Robatzek et al.,
2001)

(Robatzek et al.,
2001)

(Porter and
Koelle, 2010)

(Mclntire et al.,
1997)

(Nagy et al.,
2015b)

This work

This work
This work

(Nagy et al.,
2015a)

(Nagy et al.,
2015b)
(Nagy et al.,
2015b)
(Nagy et al.,
2015b)
(Nagy et al.,
2015b)
(Nag et al.,
2015b)
(Nagy et al.,
2015b)
(Nagy et al.,
2015b)

ric-8 lof2

ags3 lof

gpb-2 lofl

gpb-1lof2

rspb-1 lof

EG1285
Itr-1

goal lofl
goal OE
egl-30 lof

WT 2

WT 1

egl8 1
egh8 2
ipp51
ipp-5 2
itr-1 1

itr-1 2

Table 21. C. eleganstrains wsed in this work Strains not created in the Baylis lab were supplied by the

Caenorhabditis Genetics Centre (University of Minnesota).
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GAPDH ED2822 TGGAGCCGACTATGTCGTTC
ED2823 GCAGATGGAGCAGAGATGAT
T02G6.4 AR2856 TGAATGCCGTAGGAGCAACC
AR2857 GCATTCCAAATAGGTGCAG
F55C9.5 AR2858 GGAAACAATEBBTGGAGC
AR2859 TTGGAAATGGAATCTCCTTC
Y11611A.1 AR2860 AGCAGCAAAAGCGATCGGAC
AR2861 GTGCCAGCTCGCTAGGAGT(
C11G6.2 AR2862 AGAGTAGTTTTGATGACTGG
AR2863 CGATGATAATAAGTCGTGTC
F52G3.4 AR2864 ACAGTCCCGT@BUCTG
AR2865 TGTCGATTGCACTCCGTGTG
C40A11.10 AR2866 TCGGACAATATCACTGGATC
AR2867 GGTGTGATGCTATCGCTTAG
Lin-35 AR2868 ACTAATACACCGCCAL
AR2869 TCAAGAGAAACCCGTTGAAC

Table 22. gPCR primers used in this wark
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Identification ofcell signalling mutants with an altered RNAi response

3.1 Introduction

IPssignalling, both irC. elegansnd more widely is initiated byhe activation of inositol
specific phospholipases of the PLC family. As previously discusseddger 1.2.iythe C. elegans
genome encodeS putativelyactivePLC genes, 4 of which are clear homologues of mammalian
counterparts, each known to playrale in the regulation of E&ignallingn different contextGower
et al., 2005; Lackner et al., 1999; Miller et al., 1999; Yin et al., 26Gé)ved in(Baylis and Vazquez
Manrique, 2012). In each case the PLC is activagcan upstreansignal transduer of a particular
type, principally heterotrimeric roteins, small Groteins or receptor tyrosine kinaséviewed in
(Suhetal., 2008% >]1 ]3[¢ u ecounteipart PLEWEGLES is canonically activated by-@otein
*]Pv oo0]JvP v Z - V% E ] § §} % o0 }(]vs & 8]}v A]J8Z }5§7
componentglllenberger et al., 2003; Singer et al., 2002)

Since only%. ohdmologueeg}8 lossof-function mutants were found to display an enhanced

RNAI phenotype comparable to that of &l lossof-function mutant it seems clear that E@Ls
responsible for the production of 4 the ITRL dependent signalling pathway regulating the
exogenous RNAésponse irC. elegangNagy et al., 2015)The most obvious candidate for the
upstrean signalling component responsible for the activation of B@Lthis pathway was therefore
the wellestablished canonical activator, tii2 eleganfomologueof u uu o] v 'r< ey pvJsuU '>
30(Brundage et al., 1996)However preliminary screens @f30 mutants for an altered RNAI
phenotype performed in the lab showed no consistent RNAi phenotype and therefore no clear role
for EGLE30 in this pathway, raising the possibility that heterotrinee@&protein signalling involving a

1(( E v8 'r e pv]sS }puo -8actvationsr this pathway.

A central goal of my project was therefore to identify the upstream signalling components
regulating EGB activation, and therefore pproduction, in the signalling pathway modulating the
exogenous RNAI respons&he approach | took was to screen existing mutant strains of candidate
genes for an altered (enhanced or decreased affirRNAI response, using RNAI by feeding to target
knock downof genes known to have an incomplete penetrance of the RNAI induced loss of function

phenotype in a WT background, but an easily scorable phenotype in an enhanced RNAIi background.

A range of such genes have been previously characterised and useddentiécationof Eri
mutants(Kennedy et al., 2004; Simmer et al., 2002; Wang et al., 2008Stommonly seen that in
such an enhanced RNAI lkgcound where the effi@acy of RNA interference is improvdabth the

frequency of the occurrence of the knockdown phenotype in the population, and the severity of the
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phenotype are increased/Vhen screening mutants for a global increase in the effichtiyeo
exogenous RNAI pathwatyis important to characterise the efficacy RNAi induced knockdown
against a range of genggperating in a variety of different pathwayia order to establish whether it
is the RNAI response itself which is alteredwhether a more apparent phenotype is sedne to
genetic interaction between the RNAI target gene and the mutant being scredndle latter case

if a mutant is already partially compromised in a pathway regulating a given phentbigpdurther
compromi® to that pathway due to even partial RNAI induced kndokn of a second gene is more
likely to produce the target phenotype, due to the genetic background being sensitised to that
phenotype rather than due to any change in the efficacy of the RNAIi.pd$s#bility warrants
particularconsiderationrwhen dealing with mutants of genes known to play diverse and pleiotropic

rolesinC. eleganssp Z <« SZ 'r %o Ethgireeond messengers.

Using this approach, | screened a range@H30 mutants inorder totestthe preliminary

finding thatEGLTi ~'r<e A o v}8 §Z u%*SE u-0 )W >3} &ERsignating
pathway regulating the exogenous RNAi response.o*} « E Vv E vP }(}18Z & 'r % &

mutants basean the working hypothes that heterotrimeric Grotein signalling involving a

J1(( & v8 'r s pv]8 A « §Z %o 3 @B, which $¢éméd e mpst likely scenario
PJA v 8Z 8§ W>1t ]« A oo +§ 0]z e v (( S}uotdif sigaing § E}SE]Ju (
Finally,| screened a number of mutants of proteins known to be involved in the regulation of
heterotrimeric Gprotein signalling in order to build a clear picture of the signalling network

regulating the RNAI response.

The RNAI target genes utilised wdire31, lin-1, dpy-13andunc15. All of which are well
established as targets for measuring RNAI resppihssy have been previously used in the
characterisatiorof eri mutants(Kennedy et al., 2004; Simmer et al., 20@2)Jd were used to
characterse the altered RNAI responseitfl, egt8 andipp-5 mutants(Nagy et al., 2015)lin-31
and linl encodethe heterodimeric components of the transcription factor comptiexvnstream of
the MAP kinasesignalling pathway involved in vulval inducti@ran et al., 1998)Loss of eithe lin-1
or lin-31leads to a multivulval phenotype, or in the caseagfartial knock down thenilder
phenotypeof a protruding vulva.Dpy13 encodes a component of theuticlecollagen loss of which
leads to altered body shapgenown asdumpy (Dpy)Jvon Mende et al., 1988)unc-15is a paramyosin
ortholog loss of which leads to loss of locomot{gtagawa et al., 1989Animals display a sluggish
locomotion in the mildestase and complet#taccidparalysis in the most severe cas¢éong with a
variety of other phenotypes associated with loss of functional myssalm as an Egl phenotypall
strains tested were compared to the wildtype strain Bristol N2e® mutant grain, displaying an

enhanced exdRNAI response, as a positive control andpgmsb lof mutant strain, displaying a greatly
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decreased efficiency of ex®NAias a comparison for a decreased responal strains were scored

as adults after 1 generation ekposure to dsRNA by feeding.

Neuronal GFP knockdown using GFP RNAIi was used to confirm results in cases where an
altered RNAI response seemed likely but complex strain phenotypes made phenotype scoring and
ruling out compounding genetic interactions afflt. Neuronally expressed genes are generally
refractory to RNAI but knockdown is seereimhanced RNAI backgrour{@alixto et al., 2010;

Kennedy et al., 2004; Lehner et al., 2006FP knockdown is a good readout of exogenous RNAI
efficacy, withgfp expression more likely tbe truly indepenént of signalling pathway activity than
endogenous genetic pathways such as those regulating vulval development, cuticle formation, or

locomotion.
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3.2 Results
3.2.i Investigating the role of EGLLT ~'r<e Jv §Z @b dPth®R8Ai response

/( 'reghk30 A & &} §]vP Jv 18« v}v] o E}o egtEiZthe IB]A 3} E }(
signalling pathwayegulating the exeRNAI responsehen it would be expected that loss of function
of egh30would phenocopy loss ofifction ofegk8 anditr-1, resulting in an enhanced RNAI
response.To test this hypothesis@nge of previously characterised E&Lmutant strains were
identified and selected for screenindhese included loss of functigiof), gain of functior(gof),
overexpressiofOE) and loss of functiomutantsrescuel by either a second masking gain of
function mutation or by transgen@of gof rescue/OErescue) Each strain display&arying severities
of egl30 associatedoss of function and gain of funoti phenotypes representing a range of
pleiotropic effects. Loss of function efF30is associated with a severe Egl phenotype leading to
bloating due to egg retention, lethargy/flaccid paralysis, which becomes more pronounced with age
and causes a not&pabnormal pattern of locomotion and foraging, reduced rate of pharyngeal
pumping, and ovulation defects contributing to reduced fertiéityd egg layingand reduced viability
Loss of function oégl30wasfound to suppress the lethal effects of ardioe seen irgpb-2 (eat-11)
lof mutants(Brundage et al., 1996)Gain of function or over expression@gl30 causes a set of
opposite phenotypesGOF mutants are hyperactive, spending tésg at rest, change direction
more frequently and have an exaggerated body heHaky also display a constitutiegglaying
phenotype whereby eggs amore frequently andat earler stagesof development than WT strains

(<4 cell stage)The strains usedre described iTable 31.
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key phenotypes

Strain name  genotype labelled as variant/ description key references

DA823 egh30(ad805) | egl30 lof 1 Likely near null. Severe flaccid near (Brundage et
Intronic point paralysis, very sluggish al., 1996;
mutation predicted to  with shallow tracks, McMullan et
cause defective severely bloated with  al., 2012)
splicing of intron 2. eggs, reduced

pharyngeal pumping,
unresponsive to harsh
body touch. Reduced
behavioural and
immune response to
bacterial infection.
Semi dominant
suppressor oéat-11
(9pb-2).

MT1434 egh30(n686) | egl30 lof 2 lof. Sluggish with variable  (Brundage et
Intronic point tracks, bloated with al., 1996)
mutation predicted to eggs, reduced (Trentetal.,
cause defective pharyngeal pumping.  1983)
splicing of inton 4. Semi dominant

suppressor otat-11
(gpb-2).

DA1084 egt30@d806) I  egl-30 lof 3 lof. Sluggish, bloated with  (Brundage et
Point mutation eggs. al., 1996)
leading to Ser(6) to Semi dominant
Phe. suppressor oéat-11

(gpb-2).
CcG21 egh30(tg26) | egl30 gof 1  g/a substitution. Hyperactive movement, Bastiani et al.,
him-5(e1490) V Hypermorph GOF increased coiling, 2003)

melatonin resistant,

small.

Table3.1.egl-30 mutants used inwork described in this chapter.
Descriptions taken from referenced papers or from WormBase.

70



71 Chapter 3 ldentification of cell signalling mutants with an altered RNAI response

Strain name  genotype labelled as variant/ description key phenotypes key references
CE1047 egh30(ep27) | egl30 gd 2 Dominant, gairof- Hyperactive movement, (Fitzgerald et
function constitutive egg laying. al., 2006)

g/a substitution

leadingto Mto L

substitution.
PS4264 egh egl-30 lof gof Rescuing and gof. Semidominant (Bastiani et al.,
30(sy676md186) resuce sy676intragenic hyperactive movement 2003)
I; him-5(e1490) revertant in lof with exaggerated body
V. mutation md186. bends and constitutive
egg laying.
PS4263 egh30(md186); egl30 lof OE [egh30::GFP Hpy- partially rescue egl Bastiani et al.,
dpy-20(e1282) rescue 20(+)] including all of 30(mdL86) with respect 2003)
IV; syls10fegh the presumptive 5' to pharyngeal pumping,
30::gfp+ dpy transcriptional egg laying and
20(H)] regulatory sequences, movement.
Integrated introns, and Hypersensitive
transgene presumptive 3 response to

regulatory sequences neurotransmittersin

for egh30. egglaying assays.
PS2444 dpy-20(e1282) egl-30 OE WT gl-30 Hyperactive movement, (Bastiani et al.,
IV;syls3q egh overexpressed. exaggerated body 2003; Brundage
30::egt30(+]. syls3q(pLB2)egt bends, eggs laid et al., 1996;
30(+)+ pBS + (pPMH86 constitutively and early Hajdu-Cronin et
dpy-20(+)]. stage, sarved al., 1999;
appearance. Robatzek and

Thomas, 2000)

Table 3.1 (continued)egl-30 mutants used in work described in this chapter.
Descriptions taken from referenced papers or from WormBase.
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The effects ofin-31andlin-1 RNAwere measured by scoring the phenotype of adult worms
as a WTunaffected), multivulval phenotype (W) orasingle protruding vulval phenotype
(protruding) Each worm was scored for the presence or absence of these phenotypes allowing the
proportion of worms of each strain population with each phenotype to be calculatéa: results of
the lin-31 RNAiassays against thegl30 mutants are shown in figurg.1l. All 3egh30 Id strains
consistently shovalower level ofresponse tdin-31 RNAitreatmentthan the WT strain, whilst some
but not allegt30 gof strains appear to show an enhanced responskrt@1 RNAI A higher
incidence of MUV and protruding vulval phenotype is seen iretft80 gofl andegt30 lof OE
rescuestrains, with response levels comparable to that of &nied strains. A statistically significant
but less dramatic increase isem in the strairegh30 loft gof, whilst no significant difference in

response from the WT is seen in the stradgs30 gof2 andegh30 OE.
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Figure 3.1. Results oflin-31 RNAi by feedingon egl-30 mutants. Successfullin-31 knockdown during
development results in a multivulval (MUV) phenotype, or a milder protruding vulva phenogydox plots
representing the range of values of the sum MUV or protruding vulval phenotypes seen for eachBiain
edges represent upper anlower quartiles with the central line representing the medi&ach coloured dot
represents one experimental plate with a median population of 104 worargge 15380. Statisticakignificance
was assessedsinglogisticregressionanalysismodelling the proportion of population affected, weighted for
plate population, and including observatibevel random effectStatistically significant differencé®m WT are
indicated.b- Representshe data shown irmbut % MUV or protruding vulval is broken dotw classThe mean
percentage of worms of each strain with a MUV or protruding vulval phenotype is shown, error bars represent
standard deviation (SDfach row represestan independent repeat consisting of 3 replicate plates per strain.
Avu_ E %o (Eamn ndt ¢ested in this repeaData foregh8 anditr-1 strains is shown for comparison
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The response to |1l RNAI, seen in figure 3.2, follows a very similar pattern to the response
to lin-31 RNAI. Thegt30 lof strains each exhibit a responsengparable to €gF30 lofl, egi30 lof3
or lower than €gt3010f2) that seen in the WT strain, whilst the gain of function mutagi30 lofl
(egh30(tg26) and theegt30 lof +OEescuestrain carrying the, display a significantly enhanced
response. Thee are the same two strains which show the strongest responke-81 RNAI, once
again with levels of response comparable to, or higher than, that oéth@ mutant. In the case of
both lin-31 andlin-1 RNAI treatment an clear increase in proportiditiee population with the more
severe MUV phenotype as well as an increase in protruding vulval phenotype is seen, as shown in
figure 3.1b and 3.2b respectively. The other gain of function and overexpression strains show no
significant difference in respseto lin-1 RNAI treatment compared to the WT, as was seen with
lin-31.

Theimplication from these result¢hat reducedegl30 signalling may have an inhibitory
effect on the RNAI response whilst reduced function may increase efficacy is a sunegsilhgince
this is the exact opposite of the response which would be expectagl-80is acting in its canonical
role as an activator of §Bignalling. These results should be interpreted with the caveatttbtit
lin-31andlin-1 act downstream intie MAPK signalling cascade regulating vulval ldpweent. It
was to be expected thereforghat a similar pattern of apparent sensitivitieslin-1 andlin-31 RNAI
would beseen across thegh30 mutants, since any potential genetic interactions betweba t
target gene anaght30due to pathway specific interactions or background sensitivity to aberrant
vulval development would be expected to be seen in both assays. It was therefore important to

assay the RNAI sensitivity of tagt30 mutants using a rage of independent assays.
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Figure 3.2. Results d¢ifh-1 RNAI treatment on egB0 mutants.a- Box plots representing the range of value
the sum MUV or protruding vulval phenotypes seen for each strain. Box edges represent upper ar
guartiles with the central line representing the median. Each coloured dot represents one experiment
with a median population of 109 worms, range-221. Statistical significance was assessed using I¢
regression analysis, modelling the prapon of population affected, weighted for plate population, and inclut
observationlevel random effectStatistically significant differences from the WT strain are shdaRepresent:
the same data shown ig, but % MUV or protruding vulval is brokéown by class. The mean percentag
worms of each strain with a MUV or protruding vulval phenotype is shown, error bars represent si
deviation (SD). Each row represents an independent repeat consisting of 3 replicate plates peDstaifol
egh8 strains is shown for comparison.
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Theeffects of unc15 RNAitreatment on theegl30 mutantswere assayedsee figure3.3)
and showed a markedly different pattern of sensitivitieghe lin-31 andlin-1 assays The eg}t30 lof
mutants all showda highdegree of paralysis and impaired locomotjequivalent to the response
seen in the WT strainThis isvery different from the reducedasponse seen tbn-31 andlin-1 RNAI
However thisresult is lessurprising given that loss ahc15and loss oegl-30 both result in
lethargy andlaccidpardysis. The apparent increased sensitivity seere@h30 lof1 mutants
therefore is likely not a result of an increassehsitivityto RNAI but to an increased predisposition
to the measured phenotype. Convelgehe egh30 gof2 egt30 OEandegt30 lof gof rescue
mutantsall showsignificantly reduced percentage of paralysed and impaired worms compared to
the WT. Theegt30 gofloverall shows no significant difference to the WT response, however the
percentaye of paralysed worms is decreased whilst éige30 lof OE rescue shows a greater than WT
response The reduced paralysiseen in several of the gof strainsutd conceivably b@ part be
due to the hyperactive phenotype of these strains compensdtingpss ofunc-15 function, making

the results of this assay difficult to interpret reliably.

Thedpy-13 RNAI assay provides a more independent assessment of the effect of RNAI
sensitivity since the Dpy phenotype does not overlap with any knegk30 phenotypes. The
results shown in figur8.4a show that whilst some strains did appear to show a change in the
frequency of occurrence of the Dpy phenotype some gof strains, suephd8 gof 1show an
increased frequency of Dpy worms, whisji-30 gof 2 show a decreased response. There is also a
significant inconsistency between the behaviour of same strains between repeat experiments (fig
3.4b). | found that thelpy-13 RNAIi phenotype manifested as a full spectrum of alteration in length
with a high penatance of a milemoderate Dpy phenotype characterised by slightly shorter length
but otherwise normal appearance seen in WT populations with a continual spectrum of reduction in
length seen through to the severe Dpy phenotype, characterised by worm apgesdrieast less
than half their normal length seen ari-9 mutants. The continuous nature of spectrum of this
phenotype combined with the natural variations in worm length between strains made reliably

scoring the phenotypes by eye into discrete categmtions challenging.
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Figure 3.3Resultsof unc-15 RNAI treatment onegl-30 mutants. Successfulinc-15 knock down results in a

paralysis phenotype, with partial knoclown producing a milder impaired locomotion phenotype. Thean

percentage of wormmdisplaying the paralysed (green bars) or impaired locomotion phenotypes (blue) is shown

for each strain, error bars represent standard deviation (SD). Number of worms per plate ra2@jé 4dedian

84, with 3 plates per strairSStatistical significanceas assessed using logistic regression analysis, modelling the
proportion of the population with paralysed or impaired phetype, weighted for plate population, fitted to a
quasibinomial distribution. Statistically significant differences from the WT strai v}s C "N2727_
~% DiXiiieU "ZZ ~%DiXiiANWPZ +]PB DI XUSIXKIiD%DiXisU ~ve ~v}§ «]PVv](] V3
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Figure 3.4. Effects afpy-13 RNAI by feeding orgl-30 mutants. a- Box plots representing the range of val
of the Dpy phenotypes seen for each stratach coloured dot represents one experimental plate withealiar
population size of 93 worms, range -2B6. Statistical significance was assessed using logistic regr
analysis, modelling the proporticof the population with paralysed or impaired phenotype, weighted for p
population, fitted to a binomikdistribution with strain as a fixed effect and with s#national level randor
effect. Statistically significant differences from the WT strain are as indicalbedRepresents the same da
shown ina, but % [py or protruding vulval is broken down biass. The mean percentage of worms of ¢
strain with MUV and protruding vulval phenotypes is shown, error bars represent standard deviation (SI
E}A E % E » vie v ]Jv % vV VS E % 5 }ve]eS]VvP }( i G % 0] d&n rie
tested in this repeat.
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In order to try to improve the accuracy and the reliability of @13 RNAI assay |
measuredhe effect ofdpy-13 RNAI treatment by measuring the length of each worm from an image
rather than scoring the phenotype by eye. As can be seen from the variation in the size of the
control treatment(CATWworms in figure 3.5a (blue boxes) there is considerable variatitimein
natural length of the different strains when grown on the control bacteria, withst strains being
significantly shorter than the WTThe mean length of the worms of each strain raised on control
bacteria was therefore used to normalise the lengteasurements for each strain allowing the
change in length from expected length for each worm to be calculated (figubbg. 3;ASexpected
eri-9 shows a clear reduction in mean length whiigp-5 shows no changeAlthough severabf the
strainstestedshow a significant difference in change in length compared to theikMfiost cases
this change in relatively small when compared to the levels changeese@mutants (figure 3.5,

3.6). Figure 3&shows the unnormalized data. To better compare the meas and observational
counts of the effects aflpy-13the change in length was binned into categories and plotted to show
the percentage of each strain displaying a reduction in length greater than 20, 40, or 60% (figure
3.6).

The results of these two ethods of assaying the effedpy-13 RNAI treatments are largely
consistent. In figure 3.4 he threeegt30loss of functiorstrains show no consistent significant
difference from the WTThis is also the case fegt30 lofl andegt30 lof3 in figure3.5, whereegh
30 lof 2shows a very small but significant decrease compared to the WT. The results seen for the
eghk30gain of function strains are less consisteagl30 gof 1 show a signifiantly greater reduction
in averagdength upondpy-13than the WT, buiegt30 gof2 shows a decreasedhows a decreased
prevalence of the Dpy phenotype (as seen in figure 3.5 anda8.6kll as an increased incidence of
the more severe Dpy phenotype (fig 3.4a, 3.4b and 3M6honsignificant and smaller increasn
both of these measures is also consistently seen iretit&0lof OE rescustrain. Howeve, the
other egh30 gof or OEstrains show either a slight decrease in th®~13 RNAi phenotype or no

consistent change.
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Figure 3.5Reduction of lengthcaused bydpy-13 RNAI by feeding treatment oregl-30 mutants.

a- The length of worms of each strain treated fed either contaat) or dpy-13 RNAI cultures is shown for

comparison. There is considerable variation in the control treated length of worrtvgeke strains b- The

reduction in length of worms compared to the mean control treated length for that strain in thatMedian

n/strain =82, range 48&.18. Statisticalsignificanceassessed by regression analysis. Linear model accounting for

length, RNAtreatment and strain. Overaltipy-13 treatment results in asignificant reduction in length.

Statistically significant difference in response to di3yRNAI treatment for the test strains compared to the WT

*SE Jv & v}s C "N227Z_ ~0DieXiifTZU AZ/DAXPEBYPV](] v3 iXifiD%DiXisU ™
significant, p>0.1).
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Figure 3. 6. Reduction of length causeddiyy-13RNAI by feeding treatmenbn egl-30 mutants. Thedata from
figure 3.5b is here represented as tfrequency of dpyl3 RNAI treated worms of each strain which show a
reduction in lengthof <20%, >20%, >40%, >60%

81



82| Chapter 3 ldentification of cell signalling mutants with an altered RNAIi response

Conclusiont EGLE30 is not the upstream activator of EGLin this pathway

Taken together the results of tHm-31, linl, unel5anddpy-13 RNAI assaysgainstegh30
mutants paint & unclear picturglsummarised in table 3.2)vith inconsistent results seen between
different strains of a similar nature in response to the same RNAI taagdtwith different patterns
seen inthe response of the same straio RNAI treatmentgainstdifferent target genes.
Comparably inconsistent results were seen in preliminary work (Baylis pers cohtomvgver a few
strainsdo show a more consistent patterregl-30 gof 1 shows an increased response to RNAI to all
target genes apart fromnc15 as does theegh30 lof OErescue strainwhich also shows a significant
increase in response tanc15 RNAI egh30 gof 1 has the strongest gof phenotype of all the strains
tested. By comparison th& egh30 lof mutant tested,show a tendency towards a reduced response
with the exception ofunc-15 RNAi(which may be an unrepresentative assay for reasons already
discussed) Whilst a few gairof-function and overexpression mutant strains show an enhanced
response in to bothin-31 andlin-1, anddpy-13 RNAI this is not seen for all strairiBhis could be
due to a number of reas@including the range of severities of the mutants, the differing nature of

mutations or the tissue of action in the case of OE mutants.

The only firmconclusion that can be drawn is thegt30 loss of function mutants certainly
do not display a consistent enhanced eRblAi response to RNAI by feeding as seén-h(IRR)
v W >gt8loss of function mutants. Thisakes it unlikely that r < ' >30is the upstream
activator of EGB in the IBsignalling pathwaygegulating the exeRNAI response. Interestingly
however the results do not rule out the possibility thatieased EGBO function increases the RNAI

response.These resultdeave open the question of the identity of the upstream activator of-BGL

§Z u}*s o]l oC Vv] 8§ VP ]J(( E v 'r % E&}S Jv }E 'tv Ju EX
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Strain RNAIi Response
lin-31 lin-1 uncl5 dpy-13
eri-9 ++ + ++ ++
ipp-5 lof -- -- -- --
egh30 lof 1 -- n.s.(-) + n.s. (+)
egh30 lof 2 - -- n.s. -
egh30 lof 3 -- n.s.(-) n.s. ns
eghl30 gof 1 ++ ++ n.s. ) +
eghk30 gof 2 n.s. n.s. -- -
egh30 lof gof + n.s. -- ns
rescue
egh30 lof OE ++ + + +
rescue
egh30 OE n.s. +(n.s.) -- n.s. €

Table 3.2 Summary of the RNAI response of the tested -€§l mutants

Smi-quantitative summary of the changes seen in the RNAI response of the strains t
relative to the WTstrain. + significant increase, ++ significant large increasignificant
decrease;- large significant decrease (minimal response), ns no significant change.
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3.2ii-/ V3](C]JVP 'r % E}S ]Jv upd vée A]JSZ v 083 E ZE ] & *%}ve

Having uled out EGI30 as a direct activatorof EGA & vP }( }SZ & upsS vSe }('r
subunits were screenedCandidate genes were selected based on the known expression pattern of
§Z 'r oy UK]SXZ 11 P v ¢ (}E& 'r Z}u}o}PQu elegangeverdlare known to
have a highly restricted expression pattebeing detectedn a narrow range afostly sensory
neurones(Plasterk et al., 1999)A neuronal role for the signalling pathway regulating RNA
interferenceis possible howevehe intestine was previously identified as theost likely site of
action of the IRsignallingegulating this the RNAI responfi¢agy et al., 2015and no neurones
directly innervate theC. elegangvs «3]Jv X 'r ep pv]se A]3Z &} E% E ]}V % S
known to be expressed in the intestine were therefore prioritig¢see table3.3). As withegh30
mutants severald@ $Z }3Z €& 'r upd vse o0e} «Z}A E} E VP }( %Z v}3C%
goal lof mutants show an almost identical set of phenotypes asehe30 gof mutants including
hyperactive movement, constitutive egg laying and exaggerated body bendi teigoa-1 OE
mutant phenocopieggh30I1of. The strains tested and their key phenotypes are further summarised
in Table 3.3.
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Strain name genotype labelled as variant/ description  key phenotypes key references
MT363 goa1(n363) goa-llofl1 Nul. Hyperactive (Dong et al.,
Large deletion of movement, 2000; Robatzek

entire coding region. constitutive egg laying, and Thomas,
early stage eggs, 2000; Segalat et

increased amplitude of al., 1995)

tracks.
DG1856 goal(sa734) goallof2 Likely null. Hyperactive (Robatzek and
Substitution in aa52 movement, Thomas, 2000)

causing early stop.  constitutive egg laying
of early stage eggs,
increased amplitude of

tracks.

MT2426 goal(nl134) goallof3 Likely partial LOF Hyperactive, (Segalat et al.,
G to A substitution in constitutive egg laying, 1995)

the initiationcodon  early stage eggd.ess

of goa-l. severe phenotype than
n363 or sa734.
PS1493 dpy-20(e1362) goa-1 OE Integrated transgene Lethargic/flacid (HajduCronin
IV;syls9. carrying several paralysis, retain eggs. etal., 1999;
copies of Mendel et al.,
constitutively active 1995)

goal.under control

of goal promoter.

KG421 gsal(ce8l) gsalgof  gof hypermorph Hyperactive (Schade et al.,
Point mutation c/t locomotion, aldicarb ~ 2005)
substitution. hypersensitive,

levamisole

hypersensitive, oocyte

meiotic maturation

variant.
NL795 gpa-7(pk610) gpa-7 lof lof. Body posture and (Plasterk et al.,
961 bp deletion. locomotion variations, 1999)

melatonin resistant,

egg laying defective.
d o iIXiX 'r upd vs «SE Jve pe Jv A}JEI .« E] lv 8Z]e Z %S &
(not including theegF30 mutants, see table 3.1). Descript®taken from referenced papers or from WormBas
Strain name genotype labelled as variant/ description  key phenotypes key references
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NL1147 gpa10(pk362) gpa-10lof Iof. minor Body posture (Plasterk et al.,
2895 bp deletion and and locomotion 1999)
unknown 445bp variant- increased
insertion forward locomotion.

NL594 gpal2(pk322) gpa-12lof Presumed lof. Minor body posture (Alam et al.,
1935 bp deletion and locomotion 2016; Plasterk
(Tcl transposon variations. Axon et al., 1999;
excision) regeneration defective, Yemini et al.,

defective antifungal 2013; Ziegler et

innate immunity. al., 2009)
BW1809 gpa16(itl43) gpa-l6lof Presumed lof. Spindle orientation (Johnston et al.,
him-5(e1490) g/a substitution defective in early 2008)
exonic embryo.
RB1800 gpal7 gpa-17lof  Presumed lof. Minor body posture (Yemini et al.,
(0k2334) 1693bp deletion. and locomotion 2013)

variants. carbon
dioxide avoidance

variant.

d o iXi ~ }vE]vh X 'r upS v «SE Jve pe Jv A}JEI . E] Jv 8§21 Z
(not including theegF30 mutants, see table 3.1). Descriptions taken from referenced papers or from WormE
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When challenged within-31 ZE ] S Su vS upo ahksiairs shovud significantly
higher incidence of MUV or protruding vulva phenotype than the WT reference strain N2 (figure
3.7a). Theawo goal lof mutants, thegsal gof mutant andgpa-16 lof mutants all show a significant
increase in incidence of MU protruding vulva phenotype, comparable to the-9 positive control.
Comparison of the incidence of MUV phenotype compared to protruding vulval phenotype as shown
in figure3.7b reveals that in the case gpa-16the increased effects seen are largdlye to an
increase in the incidence of the milder protruding vulval phenoty#ilst in the case ajoa1l lofl,
goal lof2andgsal gofan increase is seen in the incidence of both the MUV and protruding vulval
phenotypes, witha significant increasie MUV phenotype compare to the WHowever bothgoa-1
lof andgsa1 gof mutants also display a higher than WT incidence of vulval bump or protruding vulva
when not treated withlin-31 RNAi (known phenotype, data not shown) which could suggest an
increa®d susceptibility to the MUV phenotype and makes lihe81 assay a less reliable indicator of
any change in the underlying RNAi phenotype in these strgipa-12 shows a significantly lower
incidence of the phenotype whilgipa-7, gpal0andgpa17 showno significant difference in

response.

By comparison, in response tmc15 RNAI treatment (figure 3.8) two out of threma1
strains ¢oa-1 lof2andgoa1 lof3)show an increased response with an increased incidence of both
complete paralysis and sidicantly impaired locomotion caused by partial paralygjpa-12
mutants again show a dramatically decreased respoighilstgoa-1 lofl, gpa7 and gpal7 shows
no significant difference compared to the Wjpa-10 shows a norsignificant but noticeable

increase compared to the WT
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Figure 3.7Resultsofin-31 ZE ] C ( ]JvP }v 'r.8ugcesefiin-31knockdown during developme
results in a multivulval (MUV) phenotype, or a milder protruding vulva phenotgp&ox plots representir
the range of values of the sum MUV or protruding vulval phenotypes seen for each strain. Box edges r
upper and lower quartiles with the central line representing the median. Each coloured dot represel
experimental plate with a median population 8 worms, range 1293. Statistical significance was asse
using logistic regression analysis, modelling the proportion of population affected, weighted fol
population, and including observatidavel random effect. Statistically significant défencesfrom the W1
strain are shown, dv } § C "NZ7Z7Z_ ~%DiXiiieU "Z7Z_ ~%BvX3ielPOF(] ~%& DXX
(not significant, p>0.1p- Represents the same data shownaibut % MUV or protruding vulval is broken dc
by class. dditionally, results oftr-1 andeg}8 strains are shown for comparison. The mean percentage of w
of each strain with a MUV or protruding vulval phenotype is shown. Error bars represent standard d
(SD) Each row represent an independentrepept e [¢S]VvP }( T E %0] § %0 S ¢ % E -

not tested in this repeat.
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Figure 3.8 Resultsouncl5ZE 1| C ( ]JvP S&E Su vS§ }BuccessidineE>knock down result:
in a paralysis phenotype, with partial knedwn producing a milder impaired locomotion phenotypse.box
plots represent the range of values for the % of worms of each strain displaying either a paralysed or
impaired phenotype. Each coloured dot represents one plate with a median populatiéh wbrms, with :
plates per strainStatistical significance was assessed using regression analysis, modelling the prayfdint&
population with paralysed or impaired phenotype, weighted folate popuation, fitted to a gaussia
distribution. Statistf ooC <]Pv](] vS J(( € v ¢ (E}u $Z td SCE Jv &
~%DiXiieU "Z . ~%DEXIAPW (] v3 IXifiD%DiXisU ~vb-Theméar perednthgev
worms displaying the paralysed (green bars) or imgzhlocomotion phenotypes (blue) is shown for each st
error bars represent standard deviation (SD9s@ts ofitr-1andegk8 «SE Jve & +Z}Av (}E
represents strain not tested in this repeat.
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Figure 3.9Effect ofdpy-13 RNAI treatment on Galpha mutant strains a- The length of worms of each strain trea
fed either control (cat) odpy-13 RNAI cultures is shown for comparison. There is considerable variation
control treated length of worms between strains- The reductiorin length of worms compared to the me
control treated length for that strain in that set. Median n/straib4; range 33-186. Statistical significan:
assessed by regression analyiear model accounting for length, RNAI treatment and strain. Ovejpsl3
treatment results in a significant reduction in leng8tatistically significant difference in response to i3
ZE ] SE Su vS (}E& SZ S ¢35 «SE Jve }u% E S} SZ td SE Jv &
NZ  ~% DIXHWBW (] vS iIXifiD%DiXieU ~ve )~v}3 «]PV](] Vv3U %EiX
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Figure3.10. Reduction of length caused by dfy8 RNAI by feeding treatment against egd mutants. The
data from figure 3.9 is shown agatmgre represented as the frequency of dpg RNAI treated worms of each
strain which show a reductioin length of <20%, >20%, >40%>60% Only eri9, goal lofl and the god lof3
populations contain worms witthe most severe reductions in length60 %.

The results of thelpy-13 RNAI treatment assayed by measuringgémshow that, as was
seen in theegk30 mutants, there is significant variation in the length of the control treated worms
(figure3.9a, blue bars)Even more variation is seen in the length of tpr13 RNAI treated worms.
In order to easily comparéné changes in length seen for each stihi@ measured length of each
worm (length AU)wasnormalised according tmean length of the worms of each strain raised on
control bacteriaThis allowed the relativehange in length from expected length for eagbrm to
be calculatedhs seen in figure 3.9bl'he majority of strains also show significant differences in

response tadpy-13 RNAI treatment compared to the wildtype (figure 3.9a, green bars and 3.9b).
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However, in most cases these differences are swih, only 2 strains of thgoa-1 lof 1 andgoa1

lof 3 showing mutants showing an average reduction comparable to that oétF@mutant. These
strains are also the only ones to show incidences of reduction in length greater thaasci¥én in
figure 3.10. Thegpa-12 lof mutant which was significantly reduced RNAIi response compared to WT
uponunc15andlin-31 RNAI treatmentoes not show a significant decreasdength upondpy-13

RNAI treatmenin comparison to the W.TVery little change was alseean in the WT in this set of
dpy-13 assays, making, a reduction in efficiency of RNAI difficult to detect, although a significant

difference was still seen betweeépp-5 and theWT.

Conclusiont goa-1 lof strainsfrequently show astrongly enhanced RNAigsponse

dZ @& eposSe }( 8Z ZE ] e+ Ce (}E& SZ ]J(( E vS 'r *SE ]Jve S *8
iX8X dZ u i}E]SC }('r «S3E Jve § 3 +Z}A v} }ve]e3 vE % 35 EvV }(
compared to the WT strain across the three different RNAitinesaits. gpa-7 and gpalOshow no
significant difference to the WT in the frequency or severity of their response phenotyties3tb
or unc1l5RNAI treatmentwith a slight lightly enhanced response to i RNAI treatment The
gpa12 lofstrain showsa significant decrease in responsetath lin-31 andunc15 RNAI treatment
but the response to dpi3 RNAI treatment is very closely aligned to that seen in the WT sta@.

1 and gpal6 both show arenhanced response tin-31 RNAI treatment, witlgpa-16 also showing
an enhanced response tipy-13 RNAI treatmentUnfortunately, the response ofjpa-16to unc15
RNAI was not tested due to the temporary loss of this. ligea-1 lof2 shows a significaht and
dramaticincreased response to all the RNAgdtments tested, whilstjoa-1 lof3shows a similarly
clear enhancement for the two RNAI treatments against which it was tegtedl loflshows a
clear enhancement in its RNAI response tedliror dpy-13 RNAI treatment, but this enhancement
was not deteted in response tanc15RNAireatment. Neverthelessthe results of the 3joa-1 lof

strains taken together point to a strongly enhanced RNAI response.
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Strain RNAI response
lin-31 uncl5 dpy-13
eri-9 ++ ++ ++
ipp-5 -- -- -
goa-1 lofl + Ns(-) ++
goa-1 lof2 ++ ++ +
goa-1 lof3 nm + ++
gsal gof ++ nm ns (+)
gpa-7 lof ns ns(-) +
gpa-10 lof ns ns (+) +
gpa-12 lof - -- ns
gpa-16 lof + nm +
gpa-17 lof ns ns -

Table 3.4 Summary of the RNAI response of the testedafpha mutants.Semi-quantitative

summary of the changes seen in the RNAI response of the strains tested, relative to tl
strain. + significant increase, ++ significant large increasignificant decrease;- large

significant decrease (minimal response), ns no Baamit change.

3.2.iii Confirmation of results using thenc47p.:GFRransgenic system

The complex phenotypes and potential pleiotropic interactions ofate30 andgoa-1
mutants with the RNAI targets make reliably interpreting the results oRN&\ assays based on
developmental and behaviourghenotypeddifficult. | therefore wished ta@onfirmthat goa-1 lof
mutants were indeea@&nhancedn their RNAI response using a method not based around the knock
down of an endogenous gendheunc47p.:GFRransgenic system developed by the Ruvkun lab,
where GFP is expressed in only the GABAergic neurones has been previously used in the
characterisation of Eri mutants suchers1 (Kennedy et al., 2004)lt is therefore a well
characterised system for assessing the efficacy of enhanced RNAI regyanstifyingthe loss of
GFP flueescence from the neurones upon GFP RNAI treatmemmic-47 is expressed iall the
GABAergic neurons of adult and larval staglse 26 GABAergic neurons of the adult
hermaphrodite conprise of theRIS interneuron andL\ DVB 4 RME, 6DD and 3VD mot@unons
which can each be easily visualig®dhite et al., 1986) The neurons o€. elegankave been found
to be refractory to RNAI in a WT background but knockdown is possible when t#iN&Xiaresponse
is enhancedKennedy et al., 2004Bothitr-1 and egi8 mutantsshow enhanced knockdown ahc

47p:GFRNagy et al., 2015)Theunc47p.:GFRransgene was first crossed intayaa-1 lof, goa-1 OE
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andegt30Ilof backgroundTheitr-1; unc47p.:GFPstrain had been previously constructe@he

strain EG128fin-15B&lin15A(n765); oxIs12 (uat7p::GFP + lih5(+)), which does not showan
enhanced RNAesponsewas usedasthe reference to which levels oinc47p::GFRknockdown
were comparedRNAI by feeding using a GFP dsRNA construct was used to induce GFFhENA..
effects werequantifiedby scoringhe 22D-type, DVB, ALV and RIS neuron cell bodies for the
presence of absence of visible fluorescenés.a control the numbeosf fluorescent neurones were
also counted in control RNAI treated worms. All strains showed similar and consistently high

numbers of fluorescent neurones (data not shown).

Figure 3.14 shows the response of GFP RNAIi on the GFP fluorescence in the GABAerg
neurones inrEG1285itr-1(sa73)of, goa1l lof, egh30 lofandgoa1l OBbackgrounds In EG12830ss
of fluorescence from any neurons is ravdgth the number of GFP positive neurones counted ranging
from 22 to 16, with an average of 20 fluorescent rangs. The median number of GFP positive
neurones following GFP RNAI treatménthe itr-1 andgoa-1 lof backgrounds is dramatically
reduced, to 14 and 12 respectively. Notably the individual variation is extremely high, reflecting the
stochastic nature bthe RNAI process in each neurofhe median number of GFP positive neurones
in the egh30 lof andgoa-1 OEbackgroundss 20, showing no difference from that seen in EG1285
although the distribution of the observed values is narrower, being comparalifeat seen in

untreated worms.

This assaglearlysupports the findings thagoa-1 loss of function results in an enhanced
RNAI phenotype, and that neithegt30Iloss of function nogoa1l OE cause an enhanced RNAI
phenotype. Howeveit is not posdile to conclude whetheeght30loss of function nogoa-1 OE

results in a reduced sensitivity to RNAI due to the unidirectional nature of this assay.
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Figure 311. Knockdown of GFP flouresneein GABAergic neurones due to GFP RNAI by feeding
A significant loss of flouresecnce is seernitml lof (p<0.001) and goa-1 lof (p<0.001)backgrounds but not in
the egk30 lof and goa-1 OEbackgroundscompared to EG1285The 22 Btype, DVB, ALV, RIS neurones were

scored for their presence or absence®@FP Stastistical ignificance tested by ANOVA followed by Tukey HSD
test.
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3.2.iv Investigating a role for regulators of th& OAl/ EGL30 antagonismt Regulators of

G-protein signalling

The finding thagoa-1 loss of function leads to an increasedi@éncy in the exeRNAI
response suggests thgbalU }E $Z $§]A 'tv ]ucaatadngieteratrimersee
chapter 1-1.2.vii)is likely acting to activategt8 in the pathway regulating the RNAI response.
Sgnalling byheterotrimericG-proteins is carefully regulated by a range of proteinsraypas
activatorsor inhibitorsof Gprotein signallingJv % &S] po & }( STo better undardtdind
how GOAL1 may be regulating E&_ activity linvestigatedwhetherany knownregulatorsof GOA1
heterotrimeric signalling had an altered RNAip@sse. SinceGOA1 and EGI30 are known to signal
antagonistically in a number of pathwaysGneleganknown E P po S} & ¢} (ré&twonk

were focussed ofias discussed in chapter1.2.viij.

One of the key ways in whighprotein signalling isegulatedis through influencing the

"dWI'" W 5 § }( $Z 'Conformatiéndl change in the subcellular domains of the GPCR
upon agonist binding triggers GTP/GDP exchange leaditiggociation} ( §Z Sl Vr 'tv
U MV]SeX 'r epveinhdrenEsTPase activitgnd so will in time return to GDP state, leading
to reformation of the inactive heterotrimerln vivointeractions with accessory proteins serve to
further regulate the timing and@pecificityof Gprotein activation and interaons with effector
% E}S Jve ]Jv. vpu E }( A CeU Jv op JvP Jv(op v JvP SthroughV!l'dW 3 § )
GAP(GTPase activating proteiahd GEFGuanonucleotide exchange fact@gtivity (reviewed in
(Lanier, 2009) GEFs promote formation of the active grpstate, complementing or substituting
for the role of the GPCR andtentiating the time the Groteins spend in the active conformation
ConversefRGSregulator of Gprotein signallingproteinsact as GAPstimulatingthe GTPase

$]1A18C }( 'ruU o & 3]vP §Z & SuEv 8} §Z ]v SphingfWatsonv $Z § @
et al., 1996)

In C. eleganshe antagonism betwee®OA1 and EGE30 signallingwhichthrough the
regulationof neurotransmitter secretiomegulates, locomotive and egg laying behaviasrs
mediated by theGGEdomain containinqR7RGS praeinsEAT16, EGE1I0andRGSL. EAT-16 is an
inhibitor of EGE30whilst EGE10is aninhibitor of GOAL. An interaction withGPB2, the orthologue
}( u uu o] vyistequired foboth EAT16 and EGILO function(Chase et al., 2001; Robatzek et
al., 2001) The R7 anchoring proteRSBH, ahomologue of mammalian R7BiB required to target
EAT16to the plasma membranéorter and Koelle, 20100ther knownregulatorsof this network
include theGEEB RIG8 and AGS3 which together withGOAL also regulate spindle formation during
embryogenesigHofler and Koelle, 2011; Miller and Rand, 2000; Miller et al., 2p@@note
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GTP/GDP exchange adidsociatiorof the hetaotrimer respectively.Like EGI10, RGSL is also a
negative regulator o6OAL. The strains tested ardescribedn table 35. This group of strains was

tested using thdin-31 anddpy-13 RNAI assays.
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Strain genotype labelled as variant/ description  key phenotypes key references

LX147 rgs-1(nr2017)l.  rgs-1lof Likely null. Weak egg laying (Dong et al.,
638bp deletion with  defects. 2000)
35bp insertion.

MT8504 egll0(md17¢ V. eghtlOlof Likely null Retains eggs, slow, (Esposito et al.,
Deleted or severely  sluggish locomotion 2010; Koelle
rearranged. and foraging and Robert

behaviour with Horvitz, 1996;
shallow tracks, Porter and
Long. Defective Koelle, 2010)
avoidance

response.

JT609 eat-16(sa609 1. eat-16 lof lof Hyperactive, lays

c/t substitution. early stage eggs,
adicarb
hypersensitive,
levamisole
hypersensitive. Eat
LX1313 eat-16(tm761)l; eat-16:egl-10  Likely double null. (Wani et al.,
egt1l0(md17§ V. lof tm761is a 1225bp 2012)
deletion/ 16bp
insertion.

RM1702  ric-8(md303)IV. ric-8 lof 1 Strong lof. Reains eggs, (Miller et al.,

C/A substitution that  sluggish 2000)

converts alanine 275

to glutamic acid.

locomotion, near
paralysis in older
worms, reduced
body
flexion/straight
posture, reduced
pharyngeal
pumping and
growth rate. Some
embryonic lethality

and early defects.

Table 3.5. Regulators of-@rotein signalling mutant strains used in work described in this chapter
Descriptions taken from referenced papers or from WormBase.
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Strain genotype labelled as variant/ descripton  key phenotypes key references
RM2209 ric-8(md1909)V. ric-8lof2 lof. Poor growth and (Miller et al.,
1.6 kb Tcl fertility at 25°C. 2000)

transposon insertion Milder forms of the

following amino acid. md303phenotypes

RB1145 ags3(ok1169) ags-3 lof Null. Partial defects in (Hofler and
Estimated 1200bp food search Koelle, 2011)
deletion. behaviours after

food deprivation.

JT®3 gpb-2(sa603) gpb-2 lofl Likely null. Variable (Robatzek et al.,
g/a substitution locomotion ranging 2001)
causing premature  from lethargic to
stop codon after hyperactive,
second WDA4O0. intermittent
exaggerated body
bends. Egg laid
slightly late stage,

Eat.
DA541 gpb-2(ad541 1. gpb-1lof2 lof. Starvation (Robatzek et al.,
Substitution causing hypersensitive, 2001)
W368X. arecoline
hypersensitive,

intermittent
exaggerated body
bends, eggs laid
slightly late stage

pharyngeal
pumping variant.
LX1270  rsbpl(vs163 1. rsbp-1 lof Null. Eggs laid early, (Porter and
169 bp deletion hyperactive Koelle, 2010)

removing exon 2 and movement, slow
causing frameshift. ~ development, Eat.
Phenocopiegat-16

null.

Table 3.5 (continued). Regulators off3otein signalling mutant strains used in work described in this chaptel
Descriptions taken from referenced papers mmh WormBase.
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Figure 3.12 shows the results of the-31 RNAi assays. Thkee-9 andipp-5 lof strains behave
as expected consistently showing a dramatic increase and decrease respectively, compared to the
WT, in the percentage of multivulval or protruding vulval phenotypes obsereatd1l6 lofalso
shows consistently high levels of MUV and protngdvulval phenotypes at levels comparable to
those seen in theri-9 mutant strainand is significantly enhanced compared to the WT in respect to
incidence of these phenotypes. A significant change in the opposite direction is sghilof,
which $iows lower than WT levels of the responsdite31 RNAI, though not to the extreme aéro
incidence seen in thipp-5 mutant. Thestriking difference in effect din-31 RNAion eat-16 lof and
egh10lof would seem to reflect the opposing roles of thdse RGS proteins. That-16;egt10 lof
double mutant shows a significantly enhanced respondat81, similar to that seen ieat-16 lof.

As might be expected given the role known roles of both-&Bd RSBP in assisting EAT6
function,gpb-1 lofl, gpb1 lof2, rsbpl lofall show a significant enhancement of incidence of MUV
and protruding vulva phenotype, similar to that seerat-16 lof. No significant difference from the
WT is seen ings-1 lof. Amongthe GEFs tested, neither of thiee-8 lof mutants show a significant

difference from the WT whilsigs-3 shows a subtle but significant increase.
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Figure 3.12. Results &ih-31RNAI by feeding against mutants of@otein regulators a- Box plots representing

the range of values of the sum MUV or protruding vulval phenotypes seen for each Boaiedges represent
upper and lower quartiles with the central line representing the medtzath coloured dot represents one
experimental platewith a median population 067 worms, range 15297. Statistical significance was assessed
using logistic regression analysis, modelling the proportion of population affected, weighted for plate population,
and including observatictevel random effect andep as random effects.Statistically significant differences
from the WT strain are showb- Represents the same data shovmna, but % MUV or protruding vulval is broken
down by classThe mean percentage of worms of each strain with a MUV or protrudihgpl phenotype is
shown, error bars represent standard deviation (§B¢h rowrepresent an independent repeat consisting of 3

E %0] S %0 S ¢ % E *SE JvX *vu_ E % E - ReSults s&@-8]lofanpird lefStraily $Z]« &
are shown for comparison.
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The results oflpy-13 RNAI treatmentissayed bgcoring phenotype presends eye (figure
3. 13 andoy measurindfigure 3.14, 3.154re largelyconcordant. Once again figure 3.14a shows
significant variation between strains ihg average length of worms grown on control bacteria. This
variation likely had a confounding effect on the scoring of the mitiig¥13 phenotypes by eye and
requires the normalisation of the measured lengths by the within strain average in order tonmatte
in the change in length upaipy-13 RNAI treatment. Aignificant increasin % reduction in length
compared to the WT iseen acroseat-16 lof, egt10 lof, rgs1 lof, ags3 lof andric-8 lof 2 mutants
with bothric-8 loflandeat-16;egt10 lof showing a norsignificant increase in average reduction in
length (see figure 3.14bBothgpb-2 lof mutants show no significant change from the WT reduction
in length, whilstrspb-1 lofis the only strain to show a significant decrease in reductioerigth,
compared to the WT strain. A closer look at the distribution of the change in lenghdf3 RNAI
treated worms, seen in figure 3.15 shows that for most strains the vast majority of worms show no
more variation length than that seen in controkated worms (<20% = no change). Even for strains
which show a significant increase in reduction in length than that seen in the WT, differences are
slight with an increase in the percentage of the population showing a moderate reduction in length
of between 2040%. Onlgat-16 loflanderi-9 populations consistentlgontain worms with the

more dramatic Dpy phenotypesreductions in length greater than 40 or even 60%.

These results of thdpy-13 measured assays are largely compatible with those sedgtiref
3.13, wheredpy-13 RNAi assays have been scored by eye. The most notable exceptions to this are
ags3 lofandrsbp-1 lof, with ags3 showing a norsignificant slight decrease in incidencelpiy
phenotype whilstsbp-1 shows a significant increaseincidence oDpy phenotype These effects
are the opposite to those seen when lengttaccurately measuredn the case of thesbp-1 lofthis
conflict could in part me explained by ti@s-scoringof worms of this strain as mildly Dpy due to the
signficantly shorter length of the control treated worms compared to the wildtypée variation in

the measured length aipy-13treated worms of this strain is also highly variable.
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Figure 3.13. Effects adipy-13 RNAI by feeding on mutants of regulators of-gotein signallingmutants.
Successfutlpy-13 knockdown results in a distinctive Dpy phenotypeBox plots representing the range
values of the Dpy phenotypes seen for each straach coloured datepresents one experimental plate witt
median populationsize of 112 worms, range 4@288. Statistical significance was assessed using Ic
regression analysis, modelling the proportiofithe population with paralysed or impaired phenotype, weigt
for plate population, fitted to a glm of a binomial distribution with strain as a fixed effect and with re
observational level as random effectStatistically significant differences from the WT strain are shdwf
dpy is broken down by clas§he mean percentage of worms of each strain with Mahd protruding vulve
phenotypesis shown, error bars represent standard deviation (&arh row represents an independent ref

}veleSIVvP }( T & % 0] § %0 S ¢ % E SE ]sted ithis refiealbo E ¢ vSe «5a
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Figure3.14. Effect ofdpy-13 ZE ] S Su v8 }v Z Ppo 8§} &E- }( 'r *]Pva-dbé\eRgtha
worms of each strain treated fed either contrtat) or dpy-13 RNAI cultures is shown for comparison. The
considerable variation in the control treated length of worms between sgdin The reduction in length
worms compared to the mean control treated length for that strain in that set. Median n/strfn range 2¢
58. Statistical significance assesssdregression analysinear model accounting for length, RNAI treatm
and strain. Overall dp§3 treatment results in a significant reduction in lengttatistically significa

difference in response tdpy-13 RNAI treatment for the test strains cqrared to the WT strain argshown
Results okgl8 lof strainare shown for comparison.
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Figure3.15. Reduction of length caused ldpy-13 RNAI by feeding treatment againshutants of Gprotein
regulators.The data from figure 14 is shown agdims time showing this timehte frequency ofipy-13 RNAi
treated worms of each strain which show a reduction in length <20%, >20%, >40%, 60%.
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Conclusiont eat-16 lof results in an enhanced RNAI response.

The results of the RNAI assays testing the response of the known regulatory mutantssafAtie

and EGE30 antagonism to RNAI treatment are summarised in table 3.6.e@h&6 lofstrain alone
shows a consistent and clear enhancement in the RNAI resgorixzth lin-31 and dpy-13 RNAI
treatments. ags3 lofalso shows a less dramatic but significantly increased response tdit@th

RNAI andipy-13RNAI (detected when length measujednhileric-8 lofl consistently shows no
significant change from theildtype in response to both treatments. A consistent trend is also seen
in the eat-16;egl10 lofdouble mutant. However, all the strains tested show almost no consistency
between response ttin-31 RNAI treatment and response tipy-13 RNAI treatment, elative to the

WT strain.

Strain RNAIi Response
lin-31 dpy-13 dpy-13 (measured)
eri-9 ++ ++ ++
ipp-5 - - -
eat-16 lof ++ + ++
egl-10 lof - + +
eat-16; egt10 lof ++ ns(+) ns (+)
gpb-2 lofl ++ ns (+) ns
gpb-2 lof2 ++ ns ns
rspb-1 lof ++ ns(+) -
rgs-1 lof ns ns €) +
ric-8 lofl ns ns (+) ns (+)
ric-8 lof2 ns + +
ags3 lof + ns €) +

Table 3.6 Summary of the RNAI response of the tested regulators gbi@tein signalling
mutants. Semiquantitative summary of the changes seen in the RNAI response o
strains tested, relative to the WT strain. + significant increase, ++ significant large inc
- significant decrease; large significant decrease (minimal response), ns goifstant
change.
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3.3 Conclusionst goa-1 lof and eat-16 lof but not egl-30 lof results in an enhanced RNAI
response

E AJvP 3}P 8Z E $Z € *uodes }(3Z 'r % E}S Jve « E v (}E
goa1 lof mutants standout for both the strength and penetrance of their responsent81, unel5
anddpy-13 RNAI treatment, with responseonsistently comparable to the resporssseen in theeri-
9 mutant strain and initr-1(sa73)andegt8(e2917)of mutants That this apparent increase in
response to RNAI treatment is also seelGiRFRNAI knockdown in thenc47p:GFRsystem, a
phenotype independent assay, confirms thyata-1 lossof function does result in a general increase
in the efficiency of the gene silicing response to exogenous dsRNA, similar to that seen itrthe

andeg}8 lof mutants.

03Z}uPZ « A E 0 }3Z & 'r uus vde «Z}A v]v E + E *%}ve 3§}
one or more targed, including thegsal gof,gpa10lof, gpa7 lof, gpa-16 lof andgpa-17 lof,none
show a consistently increased response comparable to that seen go#é mutants. gpa-12
stands out for consistently showing a markedly low response to all RNAI treatments tested, although
when length is measured there is smnificant change in reduction in length causedipy-13 RNAI
compared to the WTThe lack of response tinc-15RNAI treatment is particularly striking, although
it should be noted that this was only tested on one occasion (figure 3v8ether this reflects a
decrease in the efficiency of the elRNAI response as is seen in thg-5 mutants is uncertain, since
the changes seen in responselit®31 and dpy-13 RNAI treatment are less dramatiGPA12 is
known to act, with RACK upstream of EGI8 and PL@ in a conserved signalling pathway

regulating an innate immune response to injury and infec(idiegler et al., 2009)

Amongst theegh30 mutant strains the general trend seen in responsdine81 andlin-1
RNAI treatment, of a decreased response amongst loss of function mutant and an incregsmtsee
amongst some of the gain of function and OE mutants is poorly reproduced in other assays. Amongst
the lof mutants none show a significant reduction in responsepg13 RNAI treatment, and only
egh30Iof 2 shows a significant decrease in respotsepy-13 RNAI treatment. Of thegt30gof and
OE strains onlggl30 lof OFescue shows a consistently enhanced response to all 4 treatment
conditions compared to the WT straimgle30 gofl also shows a trend for enhanced response, being
significanty increased in response to all treatments lomic-15to which there is no significant
difference to the WT. Howevdhere seems to be no discernible consistent trend for any of the
other egh30 mutants. Theuinc47p.:GFP assay confirmed theqt30 lof does not enhanced the RNAI

response but any reduction in response was unable to be confirmed due to limitations of the assay.
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The potential confounding influence of the pleiotropic phenotypes ofdge30 andgoa-1

mutants, as well as several oftheottE 'r ups vsSe }jv §Z « }E]JVP v JvS E% E& S S]]

e Ce ¢Z}uo }ve] & X /8§ ]e %o}ec] 0 S§Z S}v }E ulE& }(SZ 'ru
unidentified role in the regulation of vulval development, whilst several of the mutants tested are
known to display movement variants, and to have varying degrees of altered body length/shape. The
most obvious of these are the near paralysis seen in seagh80 mutants orgoa-1 hypermorphic
mutants which make it very difficult to reliably score or dna&aningful conclusions from thenc
15RNAI assay. It should also be noted that bothaégE30 OEandgoa1 OBransgenes contaidpy-
20and are carried in dpy-20 lofbackground, and as such could be potentially sensitised to the
induction of the Dpy penotype bydpy-13 RNAI. For all of these reasons the testing of the suspected
enhanced RNAI response using a system independent of confounding phenotypes, such as GFP

knockdown in thainc47p:GFPsystem is the crucial.

On top of the differing patternef response seen to the different RNAI targets for many
strains it is worth noting the considerable variation seen across replicates of the same assay including
in some cases contradictory results seen for some strains in different sets. Sourcestioivaria
include different RNAI cultures, different IPTG batches and experimental error as well as natural

variation resulting in part from the stochastic nature of the biological processes involved.

What can be concluded is from these results and the rasfithe unc47p.:GFRGFP RNAI
assays in argh30 lof background is thaggt30 lof mutants do not show an enhanced RNAI response
as is seen irgh8 anditr-1 lof mutants. In fact, the balance of evidence points towards a potential
RNAI resistant phenope inegh30 lof mutantsanda possible enhanced RNAi phenotypedh30
gof mutants. Therefore, counter to the canoniad}30 cannot be the upstream activator efjt8 in
the IR signalling pathwayegulating the RNAI response. Instegabk-1 has emerged as the most
likely candidate for the upstream activator @8, with goa1 lof mutants showing an even greater
enhanced RNAiI response than that seeitriti(sa73)mutants at 20°C.

GOAL and EGR30 are known to signal antagonistically to uégje several independent
processes iilC. eleganicluding the modulation of locomotion and egg laying, L4 to adult lethargus,
the ASH mediated avoidance response. Cross talk in this antagonistic system occurs at a number of
levels, downstream of EG0 activated EGB signalling via the GGAinduced inhibition of DAG via
DAG kinase, but also upstream at the level of @@8 EGB0 activation, mediated by the RGS
proteins EATL6, EGI10, RGS and RGS (not tested), and by the GEFsRBland AGS, with GPB
2 required by both EAT6 and EGILO, and RSBPrequired by only EAT6. Several of these

regulators therefore phenocopyoa1 andegt30 mutants to varying degrees.
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Figure3.16. The antagonism between the gaaand egi30 signalling pathways ishypothesised to be
mediated by GPE, EAT16 and EGIL0. Reproduced from (Van der Linden et al., 2001).

Given the variation seen in many of thgh30 strains in particular perhaps it is unsurprising
that the responses of the regulators ofgBotein signalling, selected for their known roles in the
regulation ofGOA1 and/or EGE30 signalling, to théin-31 anddpy-13 RNAI assays are similarly
mixed.ed-10 lof,which generally phenocopieg30lof due to EGI10s role in the inhibition of
GOAL, shows a decreased responsdlite:31 RNAI but a slight increase in responsapy-13 RNAI.
eat-16 lof, whichas negative regulator oégt30, phenocopiegjoa-1 lof (HajduCronin et al., 1999)
shows an opposite phenotype &gt10with respect tolin-31 RNAI treatment but theeat-16, egil0
andeat-16;egt10 double mutant all show very similar responses to-d@yRNAi treatmentLoss of
function mutants ofgpb-2 andrsbp-1, binding partners oégt10 ,andegtl0andeat-16,
respectively, show a clear increase in respaiasin-31 RNAI treatment and no change, or a
decrease in the case aBbp1,in response talpy-13 RNAI treatment. Whilstgs-1 lof shows no
change in response compared to the WTIiis:31 treatment,a small increase in responsedpy-13
RNAI, a pattern also seen in batb-8 mutants. Although the opposing function @gll10andeat-16
are not seerin the dpy-13 RNAi assays the strongly enhanced response oéatd 6 lofmutant in
response to bothin-31 RNAi andlpy-13 RNAI treatments is strikingly similar to that seegaa1 lof

mutants and suggests a possible general enhanced RNAI response.
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Theunc47p:GFPRsystem could be used in In order to confiwhether the results seen for
eat-16 lofsofar reflectan enhanced RNAihenotype in accordance with that seengoa-1 lof. The
involvement of eatl6 would strengthen the suggestion thegl30 lof mutants show a decrease
efficacy of RNAI. Thenc47p:GFRransgenic system was unable to confirm this due to the
unidirectional nature of this assay. A better system to confirm the results of possible decreased RNAI
mutants such aegh30 lof goa-l OE/gof, and potentiallygpa-12 lof, whilst still being free of
confounding phenotypic variants would be a Aneuronal GFP transgenic system, in WEHFPRNAI

produces a strong but not total reduction in fluorescence in a WT background.

There are a number of possible way in whicka-1 could be acting taegulate theegh8/IP;
signallingpathway in the regulation of the RNAIi response. One possibility iggtheal is acting
directly upstream o&gk8. Anotheris thatgoa-1 activity may ifluenceegh8 activity in a more distal
manner, perhaps acting at a different of the signalling pathway in a different cell or even a different
tissue. It is also possible thaba 1 is regulating the RNAI response via an independent pathway to
egh8, suchthat multiple signalling pathway converge on the regulation of the RNAI response.
Ultimately epistasis analysis gba-1; egt8 or goa-1; ipp-5 double mutants would be needed to
confirm whethergoa-l is acting upstream or in parallel to the;Hgnallirgpathway to regulate the
RNAI response. Tissue specific transgenes could be used to attempt to geselim the intestine
to see whether this is able to rescue the systemic RNAi phenotype, as it does in the itage of

mutants.

110



111 Chapter 4 -Doitr-1 mutants have an altered small RNA profile?

Chapter4

Do itr -1 mutants have an altered small
RNA profile?

111



112| Chapter 4 -Doitr-1 mutants have an altered small RNA profile?

Doitr-1 mutants have an altered small RNA profile?

4.1 Introduction

Small RNA sequencing has been used extensivElyaleganand other organism# gain
better understanding of the nature, origindiversityand function of small endogenous RNAg(
(Gent et al., 2010; Ruby et al., 2006; Sarkies et al., 2015; Shi et al). 248]) RNAsequene
profiles are indicatig of cell type, cell state andt the organismabr populationlevel,
developmental stat®r population profile Small RNA sequence profiling adso reveal deficiencies
in one or more branches of trendogenousmall RNAathways For example dss of function
mutants in components unique to the 26G siRNA pathway suehgasl, rrf-3, eril, eri9 fail to
accumulate 26G small RNAs, a change which is clearly evident by small RNA se¢@entiegal.,
2010)

Whilst someRNAipathway components are unique to a given pathway others are shared
between pathways and act as a limiting resource to generate competition between patliasays
discussed in section 1.3.xiyhere is evidence for such competition 8rared resources betwedhe
exo-RNAi and endasiRNA pathways aruetween both the exeRNAI, endesiRNA andniRNA
pathways(Zhuang and Hunter, 2012for example the classical Eri mutants suclem4, rrf-3 and
eri-9 whilst enhanced for exogenous RNAI are defective in endogenous siRNA induced Hjlareing
et al., 2006) One possible explanation for the altered exogenBiMAI efficiency of fpathway
mutants isthat it isunderpinned by changes in the endogenous small RNA pathways. Changes such
as a decrease in endogenous siRNAs would increase tHahilitsti of shared components for the
exogenous pathway as is seenhie Ei mutants. If there is a change in one or more branches of the
endogenous RNAI pathways this change may be detectable via high throughput sequencing of small
RNA librariesThe endogenous clagsof small silencing RNAs in C. elegans and their key
characteristics are summarised in table 4.1. For a full discussion of the different endogenous small

RNA types please see section 1-B.8.vii.

itr-1(sa73)is a temperatire sensitivdoss of functiormutation in the IRreceptor which acts
as near WT at & and near null at 2&. Even at the less restrictive temperature ofG@r-1(sa73)
displays a strong Eri phenotype comparable to that of classical Eri mutarasder b lookfor
differences in theendogenousmall RNA populatiothat might provide clues as to the mechanism
through which the enhanced RNAI phenotypétofl mutantsis achievedl prepared small RNA

libraries of WT andtr-1(sa73)mutant worms. Following smalRNA sequencanalysisa gPCR based
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experiment was designed to follow up on potential changes identified by small RNA sequencing using

a broader range of Bpathway mutantsitr-1, egt8 andipp-5.

Small RNA Length Biogenesis Associated Known functions
type v fA[ v argonautes
chemistry
MiRNA 21-24 nt, most Primary transcripts ALG1, AL&, Development
22 nt from pri-miRNA ALG5S
Afu}v} W encoding loci
26G siRNA 26 nt RDRP from pol Il  ERGE, Oogenic gonad and throughout
Al u}v} %o transcripts development
followed by Dicer ALG3, AL&4  Sermatogenesis
cleavage.
22G siRNA 22 nt RDRP from 26G =~ WAGO clade Various
Ai[ SE] W siRNA, piRNA and
exo-siRNA target
transcripts
21U piRNA 21 piRNA clusters PRGL Silence transposons
fifulv} W in thegermline
sdRNAs (sno Various Cleavage of Small MiRNA like
RNA derived) A[ u}v} W nucleolar RNAs by
Dicer
tsRNA (tRNA 28136 nt Cleavage of tRNAs Various including ribosome
derived) (tiRNA3 by Dicer biogenesis, intergenerational

14130 nt(tRP

A[ ulvi W

inheritance(Li et al., 2018)

Table4.1. Theendogenoussmall RNAs of C. elegans
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4.2 Resultsof small RNA sequencing

As small RNA expression is dependent on the stage of the worms it was important that the WT and
1(sa73)populations were comparableSince thegrowth defects ofitr-1(sa73)worms are suchhat
comparable populations edd not be achieved on mixestage platedibraries werepreparedfrom
synchronised populations of young adult worgrewn at 20C. The adapter ligation reaction used to
prepare the libraries for sequencing requires molecules to halredno-phosphate and [hydroxyl
groups, which are naturally present on the subset of small Ri¥¥eh are processed by Dicefiwo
different library types were prepared from the WT aiid1 RNA extracts.5 [independent libraries
were phosphatase treated to convert[Bi-phosphate group to monphosphate prior to adaptor
ligation and therefore include all small RN#ilst the untreated Hrime dependent library captures
only the subset of small RNAs with fmono-phosphategroup(and does not include the 22G siRNAS)

I made both 5dependent and Jindependent libraries of Wilr-1(sa73)C.elegansstrains. These 4
libraries were then sequenced using high throughput lllumina sequencing, with 2 technical replicates

of each library.

ET A % v:dwWSIUA[ % v vdOWVA[ Jv %bibrariesdll showed good
overall read countIn each case over 95% of reads mapped to the genoth&. ET fi[ ]v % v VS
library unfortunately had far lower total read count (circa 10 fold) and only 50% of reads successfully
mappedto the genome.The dramatically lower total read count and mapping efficiency of this
library is indicative of the lower quality and it is therefore difficult to draw reliable direct
Ju% E]e}ve SA v §Z ET v :doi A % v this wheddis@Edutioxs are « %o ] 3
corrected fortotal read count the quantileguantile distribution of all 4 libraries is very similar, as is

the profile of read length and other properties.

4.2.i N2 anditr-1 small RNApopulations shoved no obviousdifferences

Figured.1 «Z}Ae 3Z ]«3E] us]}v }( 8} 0 E =+ ]v Z o] @ EC Co
}8Z 8Z ]SE] pS]}vi( & < C o vPsZ v 8§Z Al v }Iu%}e]S]1}tv }( S
between N2 andtr-1(sa73) %o } %o L0 $]} v *ehd d@gendept librariedHgure 41 a, b), showing
v} } Altpue J(( EvVv X o & J((EvVv « E A] v8 B8A v sz #A[ v
independent librariega and b, ¢ and d)The most obvious difference being an increased
representationofre « A]§Z @[ 'X D vC }( 8Z +«+ @& o]l oC 8} 8Z + }v EC
E +AZ]Z E Vv}3 & %E » vS v SZ A[ % v v3 o] E EC pn 3} 8
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dramatic difference in representation of the 36nt peak is ignotednthe distribution of reads in
§Z ET v :doéi A[]Jv % v vS o] & E] « ]J* o EP oC <Ju]Jo EX

A relatively small number of reads with high copy number account for the majority of total
E - ]Jv }SZ S2Zv ifS % A[ ]v % v v I hede @gllyoressed reads belong
mostly to the miRNA clas§igure 5.2¢Z}Ae §Z 3 E] ps]}v }( pvl<p E =+ C 0 VPZ
nucleotide. Her®nce again the distributions of reads in the N2 and JT73 libraries are extremely
*Julo & Jv }SZ s§Z n[ i%dependent libraries with the only obvious difference being
§Z J(( E v8 E % E « v3 8]}v }( 8Z i0vE8 E =« B3A v 8Z A[]v %o v
seems likelytobev &S ( 8§ & § C 3Z o}A E E tuvs }(.8Z2 ET A] %

Differing methods of biogenesis mean that whilst miRNAs are expressed in high copy number
26GsiRNA are largelyexpressed agniquereads or in low copy numbewith amplification
following 22G productionComparing the histograms of total and unique re#its peak of 26G
E ¢ ¢]ZE ¢ ] ( E u}E A] v8]v 3Z A[ % v v3 oThepredegcauv]«uy E
of additional 22G readsi8Z @[ Jv % v vS o] E E] « ]+ A v tijudonoA] v3 Jv §:

unigque reads than in figuré.1.
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Although no obvious changes to the overall small RNA profile were apparent it was possible
that there were spcific changes to a subset of small RNA® program SegMongAndrews, 2011)
atool to visualise and analyse high throughput mapped sequence datassdgsaicarry out more
in-depth analysis.Specificallyin order tolook in more detail at where in the genome reads were
mapping to and whether there were any changethia relative depthat each point between the N2

anditr-1 libraries

Reads mapping to continuous 40bp windedprobescovering the entire genome assembly
were compared Figure 5.3ashows a scatter plot of the number of reads (correcledtotal read
count) which map to each genomic location coloured by the genomic feature to which they map.
This allows the comgsition of the libraries to be inferred and is consistent with the profiles seen in
the read length distributionsThe majority of highly expressed reads map to genes encoding miRNA.
A largenumber of reads also map wiRNAs of both high and low exprass A mixture of sense
and majoritively antisense oriented reads map to mRNA and pseudogemmesenting siRNA
targets *u oo (E vpu €&+ }( E <+ U % S} SZE U eu 00 VU 0 }0o E ~ev}e Z
independent libraryfigure 5.3 b greater proportion of reads map to the mRNAs and pseudogenes,

as would be expected due to theclusion of 22G secondary siRNAs in the library
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4.2.ii itr-1 small RNA populationgare enriched for subclasses of miRNAd SiRNAs

Although the scatter plot of normalised read counts for each probe position show no points
of dramatic difference there are groups of points which are could be differentially expresisang
SegMonk tested for any statistically significadifferencesin read count between the N2 and JT73
Al % v Vv3§ qht@ clEfobe locatiorusing the intensity difference and DeSeqals.

Intensity differenceestingidentified a small subset of points which appear to be differentially
expressedetween the two groups. An alternative statistical analyBE®q2) identified alargerset

of significantpointsas shown iffigure 54.

Notably Included in these statistically significant probe sets are a subset of microRNAs which
form the mir-35-41family. All 7 of the miRNAs in this cluster have a slightly higher expression in the
:doiT A % v vS 0] & EC SZ v Jv §Z ETX dAr}35413arhily niiRNAs E S «]v
have been shown to regulate RNAI sensitivity via the actions e8®/Rb, a synMUV B gene and core
component of a chromatin complexnir-35-41 family miRNAs positively regulate the accumulation
of retinoblastoma homologue LiB6/Rb and bothmir-35-41 andlin-35loss of function results in an
enhanced RNAI response, ugtdation of endesiRNA target gendsrishok et al., 2008; Lehner et
al., 2006; Massirer et al., 2012; Wang et al., 2005; Wu et al., 28iRyever he mir-35family are
also important developmental regulators and are strongly expressed in oocytes and the early
embryo. It was therefore possible that differences in M35 family expression could be accounted
for by changes in embryo number or stage between the two samples. However, the far lower
fertility of itr-1(sa73)mutants made this unlikely and levels of other mik&Nknown to be expressed

in the early embryo were no higher in the JT73 library than the N2 libdaig (ot shown).

The set of probes identified as significantly different by the DESeq2 analysis included reads
which map to know ERGODclass siRNA target One of the two major branches of primary siRNAs,
ERGEL class siRNAs are produced in the oogenic gonad and early embryo but persist throughout
development. Highlighting other probes mapping to known ER@lass siRNA targets (as identified
in (Vasale et al.,@10)) shows that a large cluster of reads slightly more highly expressed in the JT73
0] E &GC A[ % v VvS ofiglEe ®AC < ¢« Vv ]v
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9nce a mild enhancement of small RNAs mappingr¢im-1 targets and a more definite enhancement

of miR35-41 family miRNAs was seen in the JT73 library compared to the WT library | decided to use
quantitative realtime PCR to investigate whether these changes translated to changes in mMRNA levels
of lin-35 and a small selection gbreviously identifiedERGEL target genes. lin-35 wasan obvious

target for further investigation due to its role as the regpolr of RNAi downstream @nhir-35-41 whilst

ERGEL target genes were selected based on a combination of differential target siRNA expression in
the small RNA sequencing data amadget siRNAs which were found to be strongly enriched in an
ERGA ImmuncPrecipitation experiment performed b{vasale et al., 201@nd were therefore high

confidence ERGO class siRNA targets.

4.2.iii IPssignallingmutants show no change itin-35or ERGEL target gene mRNA levels

gPCR primers were designed agairtist-35 and four ERGQ target genes: F55C9.5,
Y116F11A.1, C11G6.2 a0d0A11.10 To avoid any potential bias in enrichment created by different
embryonic stages or numbers in adult worms and to maximise synchrog@Rwvas performed
using RNA harvested frohll wormsgPCR was performed on N#-1(sa73) egt8(e2917) and ipp
5(sy605)mutants, using the housekeeping gene GAPDH as a c¢s¢mitable 4.2 for strain details)
The 4 €t method was used to calculate relative abundance of mMRNA levels in thatreotapared
to the WT samplesThe results of thgPCR analysis are showrfigure 5.5 No significant change in

relative abundancéexpression fold changegsted byt-test) was detected in any of the target genes.

Strain Genotype Variant/description Reference Labelled as
N2 WT (Bristol) (Brenner, 1974) WT
JT73 itr-1(sa73)  Near null at 25°C, partial lof at 20°C. (lwasaki et al., itr-1
Substitution leading to TS lof. 1995; Nagy et al.,
2015)
CB6614 egh8(e2917) Likely Null (Nagy et al., egh8
MOS1 transposon insertion. 2015;Yook and
Hodgkin, 2007)
PS3653 ipp-5(sy605) Likely Null. (Bui and ipp-5
951 bp deletion. Sternberg, 2002;

Nagy et al., 2015)

Table 4.2. Strains used in this chapter.
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for any of the 5 target genes.
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Since the results of thgPCR did not support the changes detected in the small$&gA
analysis | looked for alternative explanations for the differences seen. As previously mentioned
differences in oocyte or embryo numbers or stage would offer one espilan for the changes
however other miRNAs expressed in the early embryo showed no differential expression and the
fertility defects ofitr-1 analysis seemed to make this explanation unlikely since you would not expect
higher number of developing embryasitr-1 animals To look for alternative explanatioriisr the
differences detected in the small RNA librariessed WormBas#o performgene set enrichment
analysidor the genes to which probes with significantly higher expression irititke5 prime
dependent library mappedPhenotypes for which this set of genes were enriched included
endomitotic oocytes (Emo) ardkcreasedocyte number. These phenotypes are consistent with
those ofitr-1 mutants and so are not unexpected however they could &cent to explain the
enrichment ofmir35-41 since upon further investigation, as well as in developing embryos and
oocytes, high expression ofir-35-41 genes are alsassociatedvith an Emo phenotypegsseen in

itr-1 mutants.

Other GO terms for whitthe genes to which probes with significantly higher expression in
theitr-1 5 prime dependent library mapped were enhanced for were biological adhesion, peptide
biosynthesis, actin based processes, and regulation of cellular amide metabolic procefisdise Wi
set of genes including cadhergdh-1, ints-8 andhsp-1, all of which have links to membrane

transport/ localisation.

Since the results of thgPCR make it unlikely that the enhanced RNAi phenotye-bf
mutants can be explained by changes iiner the ERGQ siRNA pathway or changeslito-35 levels
I looked for genes showing large differences in small RNA read mappings which were not part of the
mir-35-41 or ERGQ pathways. Levels of reads mapping to the long intergenic réigioh2 were
significantly higher in the JT738medep library as were reads mapping to Y116A8B.1 and
TO5E12.8. All three genes are associated withdtfe2 the insulin like receptor pathway. Mutation
of this pathway also show to enhanced RNAI respgitéeng ad Ruvkun, 2004)However, such
changes to the reads mapping to these genes could simply be consistent with the altered germline

composition ofitr-1 mutants stemming from the severe fertility defects.
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4.3 Conclusioa- changes to the endogenous small RNA pathways a&lg§nallingmutants
remain elusive

Althoughanalysis of Small RNs&q dataof WT andtr-1 adult worm populations suggested
an enhancement of a subset of small RNAs in JT73 worms, including the miR{SB< inand
ERGEL class siRNAs a follow up stuthing QPCR to look at transcript levelslioF35 andergo-1
target genes showed no changes between WTL, egt8, and ipp5 populationsof L1 worms.Since
the QPCR was performed at a different dey@iental stage to the RNgeq it is possible that robust
changes would be seen in adult worms or at a different stage. The L1 stage was chosen to maximise
synchronicity between strains with variable developmental timing and therefore maximise
comparabilitypbetween the samples without any confounding factors such as differences in germline
composition or developmental stagd-bwever, this approach comes with the limitation that
although all the target genes are expressed in the L1 stage several are more strongly expressed in
other stages.Another consideration is that althoughir-35-41 family mutants are decreased in EIN
35/Rb proten levels no change im-35transcript levels was detected Ifassirer et al.who
propose thatlin-35 regulation bymir-35-41 occurs at a postranscriptional level, possibly via
intermediates. Given this it is possible that even i-&%41 levels are altered in 4Bignalling

mutants you would not see a changdim35transcript levels.

However, a major caveat to the sthRNA sequencing data is that although technical
replicates were sequenced both WT aitrdl libraries come from a single biological replicate of each
and as such the differences seen may not be a reliable representation of the differences between the
two strains. Although statistically significatiite changes seen are relatively slight and repeat
sequencing with more biological replicates would be needed to ensure that the changes detected are
robust and representativeldeally synchronised mixed polations would be used to create the
libraries in order to capture the small RNA state at all developmental statmsever the fairly
severe growth defects dhe itr-1(sa73)worms, which are slower to develop and more variable,
meant thatcomparable poplations could not be achieved on mixsthge platesinstead| used
synchronised populations of young adult worms for sequendiogvever even achieving equivalent
populations at the young adult stage was challenging dueovariability in growth and
development ofitr-1(sa73)mutant, such that the time period during which all worms complete their
final molt is far broader than for WT worms. This mak@sieving perfectly synchronised
populations beyond the L1 challengiagd was the reason why L1 worms were chosen for the gPCR

experiment in order to maximise perfect synchronicity and reduce stage dependent variability
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In summary no gross changes to the small RNA profite-bimutants were detected by
small RNA spiencing suggesting no drastic changes in levels of any of the endogenous small RNA
pathways and as such no impairments to the miRNA, 26G IRPIRNA pathways were detected.
dZ o}A €& «<pu 0]3C }( 8Z ET A[ ]Jv % v v3 o] Gli@blgcompare]s ulE& ]((]
changes to the 22G siRNA population of ithel and WT worms however no change was suggested.
Although a subset of reads were identified as enhanced inttke Ai] % v vS 0] B EC i ¢ U
gPCR failed to confirm the changes suggesteniir-35-41 and ERGQ subsets and it is possible the
enhanced genes can be explained by the Emo and other germline phenotypestofltheutants.
Overall no satisfactory explanation for the enhanced RNAI phenotyp&-dfmutants could be

found bysmall RNA sequencing analysis.
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Chapter5

Do IPz signalling mutants display an
altered nuclear RNAI response
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Do IRsignalling mutants display an altered nuclear RNAi response?

5.1 Introduction - The nuclear RNApathway

In addition to themechanisms ofmall RNA direted posttranscriptional gene silencinghich take
placein the cytoplasmboth the exogenous and endogenous Rp&thwayscanalso direct
transcriptional genesilencing(TGSand other effects within the nucleusniRNAs, siRNAs and
piRNAs have all been found capable of triggering TGS, either directly or indirecthariety of
systems Having multiple levels at which the expression of target genes carghlated allows for
fine-tuned control in endogenous gene regulah andfor a more robust silencing response in the
exogenous RNAI pathwayn C. eleganshe major effectors opiRNA endosiRNA and exogenous
SiRNA types are the 22G secondary siRNAs which bind to WAGO clade argmnfauteshe central
components of a number of downstream pathwaithe WAGO, CSRand nuclear RNAi pathways
The WAGO and nuclear RNAI pathways magtarallel to mediate silencing in the cytoplasm and

nucleus respectivelyhilst the CSR pathway protects targets from aberrant silencing

Evidence of a link between RNA induced silencing and changes to transcriptional activity was
first seen in plantand yeast with very similaffectsnow established iiC. eleganas well as
Drosophilaand mammalian cellsln ArabidopsisisRNA washown to lead to changen target gene
transcription and promoter methylatiofMette et al,, 1999, 2000; Mette, Matzke and Matzke, 2001
In the yeassS. pombdoss of key RNAI pathway components was found to lead 4@dession of
silenced genes, with alterations in histone methylation and surrounding chromatin, stiadieron-
coding RNAs produced from the cen regio®irppombdiave been found to be important for the
maintenance of centromeric heterochromatin and the silencing of transgenes, and maintenance of
the histone methylation in these regions in an RNAIi dependent mafRenhart and Bartel, 2002;
Volpeet al., 2002)

In C. eleganshe first evidence foRNAI silencing of nuclear transcripts came from
observations of the cgilencing of genes expressed in an operon, anttanascribed into a single
pre-mRNA, such ds-1/lin-26. RNAI directed against either mature mRNA induces timedathal
phenotype as #in-26 null mutation, which cannot be explained by losdi{l alone(Bosheret al.,
1999) A similar result is seen with the silencing of time15 bicistron by RNAIi againkt-15aor lin-
15b. Observations that cguppressioracted via an RNAiI related mechanism further suppogted
nuclear role for RNAKetting and Plasterk, 20Q0kvidence ofRNAi induced TGS in the soma came
from observations of thainexpected silencing of thelt-2::GFReporter by RNAI by feeding
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constructs not targetingsFPand from observations dhat co-suppression Theelt-2::GFReporter
transgeneis expressed in the intestinal cells@f elegansSlencing was found to be indine by
feeding on bacteria expressing dsRNA complementaonty therepetitive transgene backbone
Slencingwas foundto be occurring at the transcription&vel with decreased levels of preRNA
and changes to the chromatin state including decreased histone H4 acetylatidrio be dependent
ondcr1land a number of other genémiplicated in RNAi and chromatin remodellii@rishok,

Sinskey and Sharp, 2005)

RNAI induced TGS is dependent upon the production of secondary 22G &RN&sussed
in section 1.3.viiThe production of new siRNAs fronettarget mMRNA enables a phenomenon
known as transitive RNAI whereby silencing can spread beyond the initial targetlsiig the
MRNA Further work using thelt-2::GFRransgenicsystem found that RNAI by feeding targeting
GFRGFP dsRNA treatmérsienced not only theslt-2::GFRransgene but also the endogenoak-2
genedue to thetransitive spread of the silencing signal to sequences expressastinthe original
targetsequencethis led to the silencing of complementary sequences expressethims. Such
treatment results irthe deposition of histone markand second generation silencing is dependent
on the efficiency of nuclear silencifBurton, Burkhart and KennedyQ21; Zhuang, Banse and
Hunter, 2013; Maet al,, 2015)

Forward geneticaeens for mutants deficient in nuclear RNA silenéitagl to the isolation
of NRDENuclear RNAI Deficient)utants each a critical comgment in the nuclear arm of the
exogenow’ RNAI respongg&uancet al., 2008, 201Q) Characterisation of such mutants has shed
light on the mechanisms of the nuclear RNAIi pathway.ieleganand has revealed that two parallel
pathways act in the soma and germline, with many shared NRDE componenmt#tbatdifferent
central argonaute In the soma théArgonaute NRDB isthe central component of the nuclear
siRISQWhilst in the germline HRBEacts in a similar and extended role to also permit

transgenerational inheritance of silencifes discusseih section 1.3.viii)

Primary exesiRNA, end@iRNAs, piRNAs all trigger secondary siRNA production upon
binding to target mRNAs in the cytoplasrithese 22G siRNAs are produced througiprimed
synthesis by RARRf-1 andego-1 from the target mMRNA terplate. 22G siRNAs in ¢hcytoplasnare
bound by a range aiVAGCclade argonautes to amplify the initial silencing response, inclutieg
nuclear argonauteBlRDE3 in the somand HRD# in the germline NRDE3 contains a bipartite
nuclear localisatiosignal (NLS) bus cytoplasmicdy localised in the absence of a 22G small RNAs.
Thepresenceand binding of sSiRNAs allows both siRNA /NBRBEbe transported into the nucleus

(Guanget al,, 2008) In the nucleus siRNA/NRBBindsto complementary sequences of nascent

129



130 Chapter 5 Do IRsignalling mutants display an altered nuclear RNAI response?

pre-mRNA transcripts and recruit further effector proteins including NRENRDE and NRDE to
form the RNA induced transcriptional silencing complex or.RNRDE associates with
siRNANRDE3 complexand is required for cdranscriptional silencing of the nascent pmeRNA via

mechanisms which include inhibition of RNA pol Il during trapisefongation(Guanget al., 2010)

In addition to polymerase inhibition nuclear RNtivity includes changes to chromatin at
the target locus. The pmRNA associated congsl of SIRNA/NRDE andNRDE2 further recruits
NRDEL and NRD#, all of which are required for chromatin association of NRC#ad the
associated H3K®imethylationand H3K27 trimethylatiormarkers of gene silencir{g§urkhartet al.,
2011; Macet al,, 2015) Chromatin methylation requires recruitment of additional factors idahg
the methyltransferases SEXb, SEB2 and METR which all contribute to H3K9me3Vhilsthistone
methylationwas shown not to be essential fefficient nuclear silencingKalinavaet al., 2017)
factors mediating histone methylation and other chromatiodificationsdo play an important role
in the transgenerational maintenancehestablishment of silencin@Asheet al., 2012; Luteijret al.,,

2012; Shirayamat al.,, 2012; Macet al., 2015; Woodhouset al., 2018)

The methylation marks directed by nuclear RNAiemgeciallyevident inthe Flprogeny of
wormsexposed to the primary triggéMao et al., 2015) Interestindy, marksseem to be
redeposited in a secondary siRNA dependent proeash generationPrimary siRNAs may also be
passed down. In the soma silencing is only effectively maintained for a single generation however

additional mechanisms are in play in the germli{8apetschnigt al,, 2015; Xwet al., 2018)

In the germlineHRDEL acsin place of NRDEas the argonaute at the heart of the nuclear
RNAI pathway There are a numbeof differences in the behaviour of this HRDgermline pathway
compared to its somatic counterpart; most notably the abilay stable transgenerational silencing
of germline genes. Whilst somatic nuclear silencing induces and strengthens silencing in the
generation following dsRNA exposusdencing is quickly lost in subsequent generations. The nature
of the inheritance o0RNA induced silencing in both the germline and soma remains only partially
understood. A combination of cytoplasmic and nuclear WAGO clade argonautes are required for
efficient transgenerational inheritand®uckleyet al., 2012; Xwet al,, 2018) It may be the primary
siRNAs which are passed onto tHeté establish the silencing of somatic genes aneseablish the
secondary siRNA populationn the somaecondary siRNA do not appear to be transmitted/ capable
of further amplification in future generations.By contrast the production of tertiary siRNA in the
germline allows the restablishment of the siRNA pool in subsequent generations and hence the

maintenance of silencingSapetschnig,a8kies, Nicolas J. Lehrbaeh.al, 2015)
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The endogenous functions of the nuclédilAiargonaute pathwaysare varied(as discussed
in section 1.3.viii). ass of funtdon of any of the core NRDE components leads to a mortal germline
(mrt) phenotype with the gradual loss of fertility over several generations. Many of these
phenotypes closely align with those seen in piRNA mutants and are likely caused by loss of
transposon silencing in the germline. Loss of NRBMBEich functions only in the soma dss in a
milder phenotype than other NRDE mutants. There are likely many somatic endogenous roles of
nuclear RNAIIn C. elegandlRDE3 bound siRNAs target pr&NAs to regulate rRNA homeostasis
(Zhouet al,, 2017)and inhuman cells nuclear localised argonautes have been showirdot
alternative splicingAllb et al,, 2009; AmeyaZazoueet al,, 2012) miRNAshavealsobeen found to
play important roles in the regulation of gene expression through TGS in the nucleus (reviewed
(Huang and Li, 201R)

5.1.i The nuclear RNAI pathway in response to exogenous RNAI

The majority of tissues i6.eleganswith the notable exception of theaeuronesare
competent for silencing by ex@NAI, however a few including the pharynx and vulval muscle have
been reported to be resistantShiu and Hunter recently showed that whilst GFP expressitite
pharynx is resistant to silencing in the firgingration of exposuréo the dsRNA trigger, GFP is
efficiently silenced in the second generation of exposure and that this silencing requires the nuclear
RNAI pathwayShiu and Hunter, 2017)'heir finding show that a critical window exists early in the
lifecycle ofC elegangduring which the worm is competent for nuclear RNAI, and pharyngeal GFP can
be silenced, with the pathway becoming increasing incompetent from hatching onwahes. also

found that in Eri mutants of the SynMuvB class, saglin-35to extendthe competent window.

My aim was to use themyo2p::GFRransgenc system to probe whether background
mutations in my genes of intereaffected the efficiency of RNAiduced gene silencirig the
pharynx,as a proxy for the nuclear RNi@sponse.| confirmed findings thapharyngealGFP is only
substantially reduced in the second generation of RNAI by feedinglanthvestigated whether
prior starvation of wormsa strong environmental signddad any effect on the efficiency of RN i

the pharynx
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5.2 Results

| used strains carrying thayo-2p::GFRransgenemIS12 andmyo-3p::GFRransgene
ccls4251which express GFP in the pharyngeal muscle, and in all muscle with nuclear and
mitochondrial localisation, respectively. A straarrying both of thee transgenes had been
previouslycrossed tdpp-5(sy605), itrl(sa73), egB(e2917)strains to generate new strains carrying
the transgenes ifpp-5(sy605), itrl(sa73), egB(e2917)and WTgenetic backgroundsDetails of he

strainsused, their genotype and the cross from which they derived are given in table 5.1.

RNAI was induced by feeding bacteria expressing dsRNA complementargfimor to the
bacterial genecatas a control.Adult worms were placed on plates, allowed to éggs for
approximately6 hours then removedTheprogenyof these wormsare labelled as Fhand their
progeny as F2Worms werefed either control RNAI bacteria for two generatiog§ RNAIi bacteria
for two generations, ogfp RNAI in the Fiollowed bycontrol RNAin the F2 Live worms were
imaged and the level of pharyngeal fluorescence quantified using Imag#hilst fluorescence
intensity of the pharynx was precisely quantified, expression of therpascularmyo-3p::GFRvas
simply scored as prest, absent or partial (if knockdown was evident but incomplete). A

representative image showing GFP expression in a control treated worm is shown irbfigure
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Strain genotype Labelled Variant description From samecross
name as as
HB955  ccls4251;Imlis12 I WT 2 ccls4251 | [myo HB954, HB956
3p::mitoGFP]; mis12 1l
HB953  ccls4251 |; mis12 i WT 1 [myo-2p::GFP] HB951, HB952
ccls4251
HB948 ccls4251 |; mis121l; egh81 Likely null. HB949
eght8(e2917y MOS1 transposon
HB949 ccls4251 I; misi2 Il; egl82 insertion HB948
eght8(e2917y
HB951 ccls4251 I; mis121l;  ipp-51 Likely null. HB953, HB952
ipp-5(sy605X 951 bp deletion.
HB952  ccls4251 |, mis121l;  ipp-52 HB953, HB951
ipp-5(sy605X
HB954  ccls4251 I; mIs12 ftr- itr-11 Near null at 25°C, partial HB956, HB955
1(sa73IVv lof at 20°C.
Substitution leading to TS
HB956  ccls4251 |; miIs12 ftr- itr-12 lof. HB954, HB956
1(sa73IVv

Table 5.1. Th€. eleganstrains used in this chapteiSee (Nagyet al, 2015)for details of these strains.

5.2.i Levels of transgene expression vary between strains

In order to establish haseline level of GFP expression from the transgene in the pharynx the
level of fluorescence of the pharynx was quantified in worms following control RNAI treatment.
There is a high degree of variability in the expression of the GFP transgene in thexpbatty
within and between strainsas shown in figuré.1. The level of pharyngeal fluorescerise
significantlylower inthe WT2 strain, than in the mutant strains and WT 1 strain. There are also
significant but less dramatic differences in fluorescence between the WT 1 strain and tite-two
strains as seen ifigure 5.2). The reasons fathese differencesre unclear.Shuiand Hunter found
that the transgene was expressed more strongly amongst mutants defective in transgene silencing
however, the differences in behaviour between the tWHT strains suggests that a significant
amount ofvariationin fluorescenceand presunablytransgeneexpressionmay be due to random
variation in silencing behaviouor other differences in the genetic background rather than being
attributable to the gene of interestThe very high degree of variability in fluorescence intensity
measural between worms of the same strain supports the theory of an inherently stochastic
mechanism of somatic transgene silencifignefluorescence intensity of theyo-3::GFRransgene
which is expressed outside of the pharymxas notquantified preciselyhowever expression was
scored as present, absent or partiahyo-3::GFRransgenewasvisiblyexpressedn allcontrol

treated worms.
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Figureb.2. Difference in fllorescencentensity of control treated worms There is a high degree of variability
both within and between strainsBetween strain differeces were tested statistically using anova followed by
TukeyHSDtest. All strains show a significantly higher level of fluoresence tha strainWT2, and seeral also
showsignifican differencesfrom strainWT 1, asindicated in the plot. The box plots represent the range of the
recorded data points. The n&al line represents the median with the box edges representing the upper and
lower quatrtiles. Coloured dots represent individual worms with colaadicatingthe data set and generation in
which they were recorded. StraigT landipp-5 2 were included in only the rep 2 data set.

5.2.ii Effects ofRNAitreatment in the first generation

As would be expected given the reports of the pharynx being resistant to BiNANAI
treatment had only a limited effect on thituorescence intensity of the pharynx in the F1, despite
clear loss of fluorescence the body wall musclesAs shown in §ure5.3.a, followinga single
generation of eithegfp RNAI or control treatmentnost strains showed a small reduction in
fluorescence intensity of in the pharynx, however not all strains behaved the s8igeificance
testing using an analysis of var@model followed by podtoc testing shows a significant global
effect ofgfp compared to control treatmentLooking at the effect on each strain no significant
change is seen in either W Tor egl8 strains while both of theitr-1 strainsshow signittantly lower
levels of pharyngeal fluorescence followigip treatment than control treatment.Neitheripp-5

strainsshows any decrease in fluorescence following gfp treatment. In the spad 1 significantly
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higher levels of fluorescence were recoddafter gfp treatment than after control treatments whilst
inipp-5 2there is no significant changaVith the exception of thep-5 strains, all other strains

show a trend for a small reduction in pharyngeal fluorescence intensity following treatmengfpith
RNAI. The effects offp RNAion GFHluorescence outside of the pharynx werelime with the

expected behaviour dfr-1, ed-8 andipp-5 mutants(see figure 5.3.b). Individuals from both WT
strains show a range gffp knockdown, from complete loss of visible fluorescence in the bwm, to the
loss of fluorescence in only some bwm nuclei. All individuals frontrtieand egh8 strains showed

a complete loss of GFP fluoresceirtéghe bwm whilstthe majority of worms belonging to thipp-5

strains showedo loss ofluorescence.
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Figureb.3. a - Effect ofgfp RNAI treatmenton the fluorescence intensity of the pharynix the F1 generation.

In the F1 generatiogfp RNAI treatment has a small yet significant ovestitict. Sgnificant differerce between

the controlandgfp treated groups was found in some strajlasindicated. Statistical significance of treatment,
strain and interaction thereof was tested using anova followed by Tukey tesBox plots representing the
range of the recorded data points are shown. The cetral line represents the median with the box edges
representing the upper and lower quartiles. Outliers to the expected data range are shown as pofitect

of gfp RNAI treament on the fluorescence of théwm in the F1 generation.GFP expression in the body wall
muscleof each wormwas scored as not visible, partial (visible in some nuclei) or full (no visible reduttimes.

are constructed of dots colourestcording to lwm GFPstate, each dot representing a single worm.
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5.2.iii Effects of RNAI treatment in the second generation

Althoughgfp RNAI treatment had little effect on pharyngeal fluorescence in the first
generation due to the resistance of the pharynx to RNAI, exposure in the first generation would be
expected tatriggerknockdownof GFP expression in the secageheration, due to theroduction of
secondary siRNAs engagthg nuclear RNAI respong8hiu and Hunter, Z00). Consistent with the
findings of Shiu and Hunter that RNAI in the pharynx requires the nuclear RNAIi pathway, which can
only be triggered during a critical period early in developm#rg,overall effect of gfp RNAI
treatment in the F1 generation véa dramatic reduction in pharyngeal fluoresceriicehe F2
generation(p<<0.001) As can be seen in figu#e3.agfp RNAI treatmentn both the F1 and F2
generation, or in the F1 generation aloresulted in aclear andsignificantreductionin the level of
pharyngeafluorescencentensity across all strairtested, with the notable exception app-5 2. In

all strainsa largevariabilityin fluorescence levels seen following both control ogfp treatment.

Across the WT 1, W&, itr-1 1,itr-1 2, egl-8 1, egk8 2 andipp-5 1 strains the same general
trend in response t@fp RNAI treatment is seenvhilst the strairipp-5 2 shows no significant
reduction in response to either one or two generations of exposugfpalsRNA.Since the baseline
level of fluorescence expression differs between straims, level of pharyngeal fluorescence as a
percentage of theneanfluorescence of control treated worntf that strainwas calculate@ndis
shown in figurés.4.b. This allows angifferences in response between strains toliegter
compared Whilst the difference in behaviour of thipp-5 2 strain is most obviousereis also a
statistically significant differences in behavidogtween the WT 1 and several other straittsough
these are small compared to the overall effects of treatmdihtere is no significant difference
between the response of thpp-5 1strain and either WT strain/v E *%o}ve S} §Z Z&i P (% U
RNAI treatment bothtr-1 1, itr1 2andegt8 2have asignificantly greater mean percentage
reduction fluorescenceThisdifference]s o0e¢} ¢ v Jv (E *%}ve 8} Z&i P (% &7 }vsd

both itr-1 and botheg}8 strains.

A high variability in responsis seen across all straingith someindividualsfrom all strains
showingno detectable reduction in pharyngeal GRResponse to eithegfp treatment condition,
whilstthe majority show substantial GFP knockdown the strairipp-5 1the median responséo

}8Z Z(i P(% U fligh¥%[(Tv 3}V E}o[ SkBhthSless/thanlkat seen in the Bifains
and is greatly less ipp-5 2 where no response is seeConversely the median response is slightly

greater in alitr-1 andegH8 strains.
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Figure 5.4. Effect of gfpRNAI treatment on the fluorescence intensity of the pharynx in the F2 genera
a-Across all strains except ifp2, the expected response of a significant difference in fluorescence inten
the pharynx of gfp vs control treated worms is seerthia second. Exposure to gfp dsRNA in only the
generation leads to a clear decrease in GFP expression (p<<0.001), whilst exposure in the first ar
generations leads to and even great decrease (p<<0.001). Significance of response, badthayidbfal eac
strain (as shown) was testedatisticallyusing anova followed by Tukey tebt. The fluorescence intensity
the pharynx following one or two generation of RNAI treatment is shown as a percentage of the mean \
control treated woms of that strain. The red liredicatts $Z u ] v o A o }( (op}&E + v
treated worms of both WT strains combined. Significance valodisate difference from the equivalel
treatment group ofthe WT1 strain, tested using Wilcoxorank sum test
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In order to test whether the nuclear RNAI response is entirely dependent on inherited
silencing signals or whether-exposure strengthens the response worms expose@f® RNAI
treatment inthe F1 were treated with eithegfp or control RNAI bacteria in the F2 generation.
Exposure tagfp RNAI treatment in th@nly the first generatiorf Z1&fp, 2 } v S Gstith fesults in a
clear reduction in pharyngeal fluorescence in the F2 generatieasly demonstrating the hereditary
componentof the nuclear RNAIi pathway, even when targeting a somatically expressed gene.
However interestingly the level ajpparentGFFnock dowrresulting from onlyFL exposure~Z & i
P (% U &i$ siyficamtly less than that seen in worms exposed to GFP dsRbi#th generations
(p<<0.001) These differences can be seen clearly in the density chart in fighrawhich shows
that the three differenttreatment conditionsresult in distinguishable populations with separate

peaks bubverlapping density distoutions.

Shui and Hunter repoed that early exposure to dsRNA expressed from a heat inducible
promoter can trigger nuclear RNAI in that same generation. Differences in the fluorescence intensity
seen between worms exposed for GFP RNAI treatment for gpeierations and those exposed in
only the f1 generation could suggest additiveeffect of distinct inherited and early exposure
components contributing to silencing, or could reflect differesicelevels of initial trigger, simply

resulting from lengthof exposure.

Unlike the fuorescencen the pharynx, fluorescenda the body walimuscles was
substantiallyrecovered in the F2 generation &dl&fp, F2 cat [treated worms(see figure 5.5b,
compared to 5.3b) with most worms showing partial of full fluoresceregin the F1 generation the
proportion of worms showing no visible fluorescence, partial fluorescence and full bwm
(OU}E « v U (}oo}AlvP RRYE Z&ii P(TwW &7 P (%[ SE .SAswsld A E] -
be expected tkitr-1 andegk8 RNAIi enhanced strains shale strongest response, whilst the strain
ipp-5 2shows almost no response. Tipp-5 1strain shows a strength of response intermediate
between the WT strains angp-5 2 These results show the same pattern of response as was seen in

the pharynx.
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Figure 5.5 a- Reexposure to primary dsRNA stimulus aids silencing in the second generaliba.combine
density distribution for normalised pharyngeal fluorescence intensity in the f2 generation of all strains
coloured by treatment, reveals distinct peaks f@r&ontrol &1 }v § @3 gfp, F2 contrdl E1 gfp, F2 of
treated populatons. Exposure to gfp primary dsRNA in the first and second generation is the treatmer
likely to result in maximal silencin@he wide distribution of the intensity values recorded for control tre:
worms show the high degree of variability in tleel of transgene expressiotn- GFP expression in the bo
wall muscle in the F2 Worms werescored as nbvisible, partial ¢isible insome nuclei) or full (no visit
reduction).Lines are constructed of dots coloured according to bwm gfp phenosgeh dot representing
single wormbwm fluorescence was substantially recovered in the F2 generation of F1 gfp, F2 control
worms (compared to 5.3.b).
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5.2.iv Does starvation affect the nuclear RNAIi response?

Starvation is an environmental caeda physiological stresshich has been shown to
trigger the production and transgenerational inheritance of SIRNAS ieleganiRechavet al,
2014) In order totest whether the prior starvation of worm populations has any inherited effect on
the efficiency of the nuclear RNAI response populations of worms belonging to thg4g,,itr-1 1,
itr-1 2andegt8 2strains were firsstarved forl0 days then transferred to OP50 plates for 2 days to
allow an egg laying adult state to be reached before baiagsferred tocat or gfp RNAplatesand

allowed to lay eggs.

Priorstarvationdid not have asignificant effect on theneanlevels of fluorescence intensity
measured in thgharynx in eithegenerationof most strain As can be seen in figure 4.6 few
strains did show weakly significant difference (p<0.05) in the mean level of pharyngeal fluorescence
in either the F1 or F2 generation, however, there seems to be no pattern to these chahlgiesugh
there is no significant difference in the meantloé starved and unstarved treatment groups of the
cattreateditr-1 2worms there is significant heteroskedasitgsted using Leverletest. This
heteroskedacitys also seen in thgfp treatment groupof itr-1 2, which also shown a significant
difference in mearand in thecat treatment group of thapp-5 strain. All other strains however
show no significant difference in either mean or heteroskedacity. No differences were seen in the

gfp fluorescence outside die pharynx.

In thef2 generation no significant differences in heteroskedacity or mean are seen between
the starved and unstarved treatment groups for among taeRNAireated worms, howevesome
small but significant difference in mean and detectedhe gfp RNAigroups. Prior starvation seems
to increase the pharyngeal fluorescence intensitgfpftreateditr-1 1 strainworms, whilst it is

decreased iregh8 2 strainworms. No other strains show any significant difference.

Overall there seems tbe no effect of starvation on the nuclear RNAi response however the
increased variation in pharyngeal GFP intenfsitipwing starvation which iseen in thefl

generationbut not the f2 mayindicate a more general effect of starvation on transgene expression.
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Figure5.6. The effect of starvation on pharyngeal fluorescence intensitgtarvation increases the variation in
the levels of pharyngeal intensity measured in the f1 but not the f2 gefmrats measured by theevene[ test,
in particular in the straintr-1 2 Statistical significancef difference in mean was tested using the pairwise

Wilcoxonsignedranktests and is inaiated as ns=not significant, *=p<0.05.
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5.3 Conclusions

ThelPs signalling mutard tested do appear to shovosie changes in the strength oticlear
RNAI induced silencing &s-1 1, it-1 2,andegh8 2mutants allshowa significantly greater mean
percentage changim pharyngeal fluorescendatensity in the F2 generatiofgllowing eithergfp
RNAI treatment than the WT strains. One of the fp@5 mutant strain testedipp-5 2 was shown
to be almost entirely resistant RNAi induced GFP knockdown in the pharynx whilgpihd strain

showed a response more similar to the WT strains.

The compromised nuclear RNAI response seen ipiir® 2 strainis comparabldo that
seen in botmrde-3 andrde-1 mutants(Shiu and Hunter, 201Mut as in the case afle-1 mutants
this change is likelyhe result of upstream changes in the exogenous RNAI response altering the
availability of material for engagement by the nuclear RNAI pathway. aMlaynparable response
not seenin the strainipp-5 1 is unclear It is worth noting that tke ipp-5 1 strain was also less
resistant thanipp-5 2to RNAI in the body wall muscle in both the F1 and F2 generatitiough
both strains werestill less sensitive than the WT strairEhe reasons for the differences in behaviour
of the twoipp-5 strains willneed to be resolved in order to confirm thigip-5 loss of function
decreases sensitivity to nuclear RNAhe first step in resolving theskiscrepanciesvould be to
sequence both strains to confirm that both as homozygous for the spm® lof mutation, as

expected.

RNAIi enhanced mutants belonging to tBéand SynMuvB classes show clear evidence of
silencing in the pharynx in the F1 generation, proposed to be due to an extension of the critical
window for initiating the nuclear RNAI respon(&hiu and Hnter, 2017) Such a change is not seen
in the IR signallingnutants tested.No change is seen in thegt8 strains and Bhoughsomeitr-1 1
anditr-1 2worms show evidence @ightpharyngeal silencinghe mean level of pharyngeal
fluorescence ofjfp treated groups being significantly lower than control groups, this is very different

from the dramatic silencing seen across \MF1 andeg}8 strains in the F2 generation.

Additionalcontrolswith a known specific effect on the nuclear RNAi pathwawld allow for
better evaluation othe differences in pharyngeal silenciegen in IRsignallingnutants in the first
and second generation. uclear RNAI defective mutastich asirde-3 should beused as a
negative control whilslin-35 should beused as a positive control for enhanced nuclear RNAI.
Without these controls it is difficult to judge whether the changes seen to pharyngeal GFP silencing

are due toanyspecific effecon the nuclear RNAi gthway:.
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Thesubtleenhancemenbf pharyngeal GFP silencisgen in thdtr-1 andeght8 mutantsin
the F2, and the lack of silencingipp-5 2,seem more likely to refleathanges in the RNAI response
upstream of the engagement of the NRBpathway Changes which increase the response to the
primary sSiRNA pathway are likely to result in an increase in secondary siRNA production and
therefore increase the availability of 22G siRNAs for engagement by the-BIip&Ewvay. Such
changes would be expected strengthen the nuclear RNAI response even wittehanges to the
critical window for nuclear RNADveral] this data suggests that thed§ignalling pathway has no
specific effect on nuclear RNAut that the general changes in RNAI sensitivity sedR signalling

mutants do extend to the nuclear RNAI response.
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Chapter6

Discussion

How does IR signalling regulate the
RNAI responsé
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DiscussionHow does IPsignalling regulate the RNAIi respdhse

Reduced IEsignallingas seennitr-1 (IR receptor)or egh8 (PLQ) lossof-function mutants
leads to an enhanced response to RNAIi. This enhancement is also proportional to the degree of ITR
1 function. In the temperature sensitive mutaitit-1(sa73)no change to the RNAI response is seen
at 16°C, a strong enhancement is seen @t@, and the strongest response is seen &2®quivalent
to that seen in otheitr-1 null mutants. Conversely increasingsignallingpy overexpressingr-1 or
by los of function of the Inositol phosphatag#p-5, strongly reduces the efficacy of the RNAI
response It was previously shown that rescuing $iynalling in the intestine by expression of WT
1 from the intestinal specific promotarha6pis sufficien to restore the WT RNAI response in other
tissues Rescuing K&ignalling in the intestine resulted in WT RNAI response to both endogenous
genes introduced by feeding and WT silencing of GFP transgenes in nelahesall muscle
(BWM)and the pharyr, even wherdsRNA is produced from transgene expression in the pharynx
rather than being introduced by feeding. Rescuingighalling in neurones did not affect the RNAI
responsgNagy et al., 2015)In the work presentedh this thesid have screened a number of cell
signalling mutantspotential regulators of the ¥ignalling pathwayfor an alteed response to RNAI
by feeding, analysed the small RNA profil@mel mutant worms and assayed the nuclear RNAI
response oftr-1, egt8 and ipp-5 mutants, with the aim of better understanding how alterations in

IP;signallingcauseshanges the RNAI response.

6.1 Conclusionand future work

6.1.i Gprotein signalling mutants with an altered RNAIi response

As thewell-establishedupstream activator oEGLES (PLQG s EGE30 (Grq) lossof-function
was expected to lead to an enhanced RNAI response, comparable to that ssgh8 ior itr-1 lof
mutants. However this is not the cas@f the threeegh30 lof mutants screened, which range in
severity from a likely null mutation to partial lee§function, none displayed consistenenhanced
response tdRNAI by feeding targetidm-1, lin31or dpy-13. The responses of the five differeagl
30gof and oveexpression mutantgestedwere more variable and ranged from a largely WT
responseto aconsistentlyenhanced RNAI responseen in the straiegl30 gofl, and egl30 lof OE
rescue The only RNAI target gene where this pattern of results was not seemwasgonse tanc
15silencing. Howevethe flaccidparalysisand hypermobility seen iregt30 lof and gof mutants

respectivelymakes this a unsuitable assay for testing the RNAI response in these mutants. The lack
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of an enhanced RNAiI responseei-30 lof mutants was confirmed assaying neuronal GFP
knockdown in thaunc47::gfptransgenic system. Overdlhese results demonstrate thaig-30loss
of-function does not cause an enhanced RNAIi response and may cause a mild redugtizi in

respong, whilstegt30 gainof-function or overexpressiomay lead to an enhanced RNAsponse

It is clear that EGBO is not the upstream activator of EBlin the pathway regulating RNAI
sensitivity. Alternative Gr subunits, which could be acting #ee activator ofegh8, either directly or
through Gt v weretherefore screened for an altered RNAI responktund that loss of function of
the Gro homologuegoa1 resultsin an enhanced RNAI phenotype analogous to that seen i8 egl
mutants ThisenhancedRNAiphenotype was robust, seen in several differgoe-1 lof in response
to lin-31, unc-15anddpy-13 RNAI and was confirmed using thec47p: GFRransgenic system.

Other 'r mutantsproduced more mixed resultSeveral showed an altered response in one or more
RNAI assay, whidh some casesould be due to specific genetic interactionih the target Gpa-12
showed areduced response ttin-31 andunc-15 RNAI but this was not replicated idpy-13 assays.

gpa-16 showed a moderate enhancement in response to Ho#81 anddpy-13 assays.

Working from the hypothesis thajoa-1 andegl30 may be signalling antagonistically in the
pathway regulating RNAI sensitivity, as is known to be the case in the reguatgglaying and
locomotion,| testedproteins known to regulatéhis antagonisnfor an altered RNAI respons&hese
included the RGS family GAPS-HB,TEGLL0 and RG$, the GEFS R8and AGS, GPBIU SZ 't
}ESZ}o}Pp v Z}lu}o}Pu }(s,uwhiah intpractstwith both EAT6 and EGILO to
mediate their repression oEGE30 and GOA respectivelyand RSRB, required forthe localisation
of EATL6 to the cell plasma membrane. Ladgunction mutants oeat-16, gpb2 and rspb-2 all
showed a strongly enhanced responsdiie31 RNAI, whilsegl10 showed a reduced response,
results which strongly support the hypothesisgoia-1 and egF30 signalling antagonistically.
However, this pattern of results was not replicatedipy-13 RNAi assays, where botiat-16 and
egt10showed an enhanced response. This enhancement was strong in the astel6fand milder
in egk10 and nosignificantchange in response was seen in tat-16;egt10 doublemutant nor in
either gpb-2 mutant. Themixed results of these mutants mean that need further investigation is

needed to clarify a potential role f@at-16in the regulation of RNAI sensitivity.

The pleiotropic effects of many iGroteins and their regulators make accuratalysaying
alterations in the RNAI silencing of maegdogenous genes difficuliThe locomotive phenotypesf
goal, egh30, egtl0andeat-16 among othercomplicate the scoring dincassaysanddifferences
in sizes makaccurately scorin@py phenotypes by eydifficult. Even when assays can be scored

accurately it is difficult to rule out a more specific regulatory folethe gene in question in the
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developmental or neuronal signallipgthway being assayeavhich is why it is important to test the

RNAI respnse of mutants using a variety of target genes

However, the scoring accuracy of the assays used could be improved in some ways.
Measuring the length of worms in thdpy-13 RNAI assafrom images of wormgs time consuming
but improves the accuracyf this assay. It may be possible to automate the measurement process
using image analysis softwar®1UV phenotypegould be assayed more accurately by testtigles
which seem to alter the RNAI response in a strain carrying a fluorescently expressechatker.
This would allow multivulval phenotypes to be scored definitively without relying on the protruding
vulva phenotype ~]v. 'r «]Pv o00o]vP ]+ o]l oC &} Z A E}o ]Jv ApoA o
to confirm that there is no increasadcidence of MUV phenotypes in the untreatedcontrol

treatedworms.

The use of theinc47p::GFRansgenic system is@owerful tool forconfirming the enhanced
RNAI phenotype of mutants however angroved assay is needed for measuring reduced RNAI
phenotypesdue to te very low knockdown neuronal GE&enin WT backgroundsAssayng GFP
knockdownin a nonneuronal tissue such as ti8VM, with the myoJp::GFRransgeneccls3251
would be a good optionWhen this transgene was used as a control fordkalmwn in the neuronal
RNAI assay intermediate partial to complete knockdown was seen in a WT background, complete
knockdown was seen in an enhanced RNAI background stithlaand no knockdown or partial
knockdown was seen in the reduced RNAI backgranimop-5 mutants Assayingilencing of this
transgene in the BWNdy GFP RNAterefore allows for biirectional modulation in the RNAI
response to be accurately detectedhis system guld be used to confirm #h potentially reduced
RNAI sensitivity ofgF30 lof mutantsandgoa1l OE mutantsand the potentially enhanceBNAI
sensitivityof egl-30 gof mutants. Thegpa-12lof mutant should also be tested using this system
using this system to confirm or rule out a reduced RNAI respogpe:16 lof andeat-16 lof should
be tested for enhance®NAiresponse usinthe unc47p::GFPRsystem. It is important to control for
any underlying differences in transgene expression by scoring GFP knock down in worms fed on
control expressing dsRNA against a control target gene @utiecat (Escherichia coli

chloramphenicol actetyltransferasgene)
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6.1.ii - How CouldGOAL1 be regulatingeGES activity?

Althoughgoa1, egh8 anditr-1 all show an enhanced response to RNAI further work is
needed to confirnthat they are acting in the same pathwapistasis analysis gba-1;egl8 and
goal;ipp-5will shed light on whethegoa-1is actingn the same pathwagr in parallel to IR
signallingto regulate RNAIIf goa-1is acting in the same pathway egl8it is likely to be acting as
the direct upstream activatgralthougha more distal ra isalso possible goa-1 could even be
acting in the same pathway ag}8 but in another tissue, downstream of an extracellular signal
produced in response to 4Bignalling in the intestine. Thanc47p::GFRystem should be used to
confirm whether he RNAI response gba1:egt8 double mutants is greater than that seen in either
single mutant.An additive effect would suggest they are acting in independent pathways to regulate
RNAI.goa1;eril andeg-8;eri-1 double mutants should be used as cais, as theegh8;eri-1
double mutants is already known to have an additive effect the RNAIi respémsdysis of the RNAI
phenotype ofgoa-1;ipp-5 as compared tegh8;ipp-5 double mutants will providadditional
information. Ifgoa1lisin factactingdownstream of IEsignallingthen the enhanced RNAI
phenotype ofgoa-1 lof would be expected to bepistaticto the reduced RNAIi phenotype gip-5
lof. Due to the manner in which IF¥acts to influence abundance of;)Bs opposed tbeing part of
the direct signalling pathway ffoa-1 is acting upstream dpp-5, ipp-5 lof is unlikely to completely
rescue thegoa-1 enhanced RNAIi phenotypdt will therefore be important to comparthe RNAI
phenotype ofgoa-1;ipp-5 andeg}8;ipp-5 double mutants.If the results of the analysis of double
mutant strains suggest thafoa-1 is acting upstream afgk8 in the IR signalling pathway regulating
RNAI sensitivity, then tissue specific rescue experiments, expressifigfgma thevha6p intestinal
promoter, could be used to confirm the likelihood gba-1 acting in the same cell &g+8 anditr-1in

the regulation of this response.

If GOAL is acting directly upstream of EGlhow might it be positively regulating EG2.
W > tcdnonically activated bgGEii A] v Jvd & 3]}vu ] § C €D W> t *%o
However$Z @& Ppupo 3]}v }( W>t vICu « ]contrdlietby twp admhibitory
domains, interactions with the plasma membrai@geractions with scaffold proteinsiegative
regulaors,and activation by'tv e pv]Se v ZZ} ( upm@insjvoo TS8]}v S} 'r
(reviewed Lyon and Tesmer, 20)3 In particular the Gv e puv]$ }( u uu;ahtaining
heterotrimers is has been shown to regulateGagnalling via PLE in synerg; S }q (Rebres et al.,
2011). SincegoalistheC.elegansZ}u}o}Pu }( u uu @] $1A 3]}v CviZu fv]s }(
a GOAL heterotrimeric Gprotein is a possibilitylt is also possible that G&Acould directly activate
EGLS8 or recruita further factor(s)to do so. It is becoming increasingly clear that in many cases cell

signalling pathways are not linear but exist as part of complex and overlapping networkstededia
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part by interactions with scaffolding proteins to form signalling complexes. How these signalling
Ju% o £ « (( 8 @ Puo 8]}v }(W>1t v }3Z & +]Pv 00]vP VICu ¢ Js v

Though results are mixed, the data suggests-BEBhay beacting in oppositiorto GOA1

v W EGL30in this pathway. One explanation for this behaviour could be thatIBGL

Ju%o § ¢ (JE v JvP }( W3 EUAPZAK E E vuu E}pd gndBGL « }( 'k
30signallingantagonisticallyn C. elegashowever the nature of the interactions mediating this
antagonism are not well understo@@ollins et al., 2016; Esposito et al., 2010; JH and M, 2000; Miller
et al., 1999, 2000; Tanis et al., 2008pmpetitionfor binding of GPR between the EGBO inhibitor
EAT16 and the GOA inhibitor EGL10, regulatingthe activation state of GOA vs EGB0has
shown to be a regulator of this antagonism in some behavi@@ingse et al., 2001; Van der Linden et
al., 2001; Robatzek et al., 2001; Zwaal et al., 19@6nfirmation of if and howegl30andeat-16 and
egl10 mayaffect RNAresponsanay help to better understandow goa-1 may beinteracting with

egh8.

Whether by GOAIU §Z 'tv ey puv]sSU }E v}-B5 lENngactivdied irresponse
to an unknown upstream stimulus, most likely acting via a GPCRC.&legans genomencodes
approximately 1300 putative GPCRs. Mosthafse are orphan receptors with no known ligand and in
most cases unknown roles. This is partly because studies of loss of function mutatiordegans
GPCRs suggest that mutation in a single GPCR rarely produced a noticeable phenotype, however
some plenotypes have been noted in muttiutants. Approximately 1200 of these are predicted to
be chemosensory receptors, and several more are expressed in only a narrow subset of neurones.
Based on the available data of known expression patterns apbtin coupling, the list of
candidate GPCRs for an initial screen can be narrowed down substantially. Mutants for some of
these candidate GPCRs are available and for some and multi mutants are available. The available
candidate mutants should be screened for @tered RNAi response. Failing any promising results
utilising existing mutants, knockout could be generated for candidate GPCRs for which mutants are
unavailable. Should this fail to yield results a broader reverse or forward genetic screen for mutants
with an enhanced RNAI response could be carried out in an attempt to identify the receptor
upstream of the IEsignalling pathway regulating sensitivity to RNAI. A reverse genetic screen of
strains engineered to carry multiple GPCR would likely be ¢lsedpproach and is increasingly
feasible given development of genetic engineering techniques such as CRISPR based approaches

which have already been used successfullg.ielegans
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Figure 61. Propposed model for theregulation of EGE3 by GOAL in an IR signalling pathway regulating the
RNAI responself goa-1 is confirmed to be acting as the upstream activatoregf8 this could be via a direct
Jvd & 3]}v }E A] 'tvX %0 }ee] 0 gos§aRdthpeaanonicAl astivator @gh8, egt30 could
be mediated by the GEEst-16 andeg}h10.

6.1iii The small RNA profile afr-1 worms

Comparison of themall RNA populations d@f-1 andWTworms, in the absence of stresses
or exoRNAI stimulatio showed no grosshanges Changego the endogenous small RNA
populationwould be expected if one of the endogenous RNAI pathways was compromiged in
mutants. Although some more specific enhancements were found these were not dramatic and

gPCR based follow up experiments differencedetween WT and ¥ignalling mutants

The major caveat of this work is that the growth and fertility defectitref(sa73)are severe
enough even at the intermediate temperature of 20 that it was notpossible to generate matched
mixed populations of WT aritf-1 worms, which would have captured changes at every
developmental stagelnstead synchronised populations of young adult worms were uggaBNA

expression is a tightly controlled developmentadjulator and as such profiles are tissue stage
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specific. It is therefore possible that changes to specific miRNA populations may have been missed by

sequencing only young adult worms.

Given the lack of changes to endiRNA®rofiles of itr-1 mutantsit is veryunlikely thatthe

enhanced RNAI response seeritifl and egi8 can be accounted for by decreas@dsignalling
leading to adownregulation inthe endosiRNA pathway, increasing availability of resources to be
redirected to the exesiRNA pdiway. However, it does remain possiblé unlikely, that sufficient
resources are available for WT ersilRNA function in the absence of an RNAI stimulus, and that
reducedIPs signalling favours the redistribution of resources to the gexaous RNApathway only
whenitis active.dZ ( JopE& }( $Z td A[ ]Jv % v vS o] @ EC u ve $Z § ](
e }Jv EC *]ZE %}%po 3]}v ~AZ] Z ]* v} % SUE v 8Z A[ %o VvV V
accurately comparedThe up regulation of secondasiRNAproductionor the up regulation of core
components of the ex®NAI pathway in response to reduceddignalling therefore both remain
possibilities These possibilities} p o § o8 C SZ e <pv]vP v }u% E]e}v }( A

v A ]Jv &at small RNA libraries from WT anddignalling mutant worms treated with RNAI
against an endogenous target gene. The choice of target gene must be made carefully so as to limit
knock on affects which could affect small RNA profiles, developmenta&ttasgch afin-31 for
example would be unsuitable since this leads to a change in the developmental identity of a number
of cells, whilst a widely expressed neuronal target sualnasl5 could be suitable choiceThe use
of a nonendogenougarget suchas a GFP expressing transgene could be analytically difficult as
these sequences would not map to the C. elegans gendrheeght8(e2917)may be a better choice
thanitr-1(sa73)for sequencing experiments since it displays milder growth and fertilityatieféut a
similarly altered RNAI response. It may therefore be possible to generate well matched mixed
populations of WT andgt8 wormswhich would allow changes across all developmental stages to

be captured.
6.1iv The nuclear RNAesponse

Testirg the nuclear RNAI responadilising fact that RNAI silencing in the pharynx is
dependent on nuclear RNAhowed amodest alterationin nuclear RNAi mediated silencing ia IP
signallingnutants. Shi and Hunter found that in WT worms GFP silencing in the pharynx is only seen
in the second generation of exposure to dsRNA due to the narrow developmental window, early in
development, during which dsRNA exposure is needed in order to engage the riRidléaresponse
(Shiu and Hunter, 2017) found a small but significant decrease to pharyngeal fluorescence in the F1
generation ofitr-1 mutants; however, this decrease was not seen in thgh8 strains In the F2

generation, enhanced silencing was deg&gtinitr-1 andegh8 mutants, and a resistance to silencing
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was clear in one of the twipp-5 mutant strains (possible reasons for and work needed to resolve
this discrepancy is discussed in chapter&pecific hanges to thedevelopmentalwindow during

which dsRNA exposure is needed in order ttate the nuclear RNAI pathwagsis seen inlin-35
mutantswere not testedfor, but it is possibleéhat asimilar change is present insliRutants.
Alternativelyit is possible thaenhancedsensitivity & an earlier stage of thR&NAipathway,

increasing the availability of SIRNAs to be engaged by the nuclear RNAi machinery is sufficient to
account for the changeseen without anyspecificalterations tonuclear RNAinachinery. If there

were significanthanges to the window of opportunity for initiating nuclear RNAiril andeg8
mutants | would expect to see a more figtneration silencing, as was reported fior35 mutants

(Shiu and Hunter, 2017)

To better understand how §Bignallings affecting the nuclear RNAI response these
experiments should first be repeated with the inclusioradih-35 mutant strainso that F1 silencing
can be directly compared betwedin-35 anditr-1 mutants. nrde-3 (nuclear argonaute) mutants,

defective in nuclear RNAIi should also be included as a control.

The finding that IPmutants display an altered nuclear RNAI response is further eviderace of
clear role for IRsignalling in the modulation of the egenous RNAI responddowever the specifics
of the interaction between isignalling and the RNAésponseremain elusive. The lack of major
changes to the endogenous small RNA profilag €f mutants suggest that the endogenous RNAI
pathwaysare notcompromised in I£signalling mutantsThis is consistent with the hypothesis that
an IR signalling pathway is specifically regulating theg=musRNAI responseTo better
understandthe possible ways in whidR; signallingcould regulate the RNAI resnse, known

mechanism®f regulation should be considered.
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6.2 How could IBsignallinginfluencethe RNAI response?

6.21 Influences on the efficacpf the RNAI responsén C. elegans

To better understand how §RBignalling most likelyin the intestine might be affecting the
RNAiresponsethroughout theorganismwe mustconsiderall the potential points of regulation of
the exogenous RNAI response, both systemically and intracelluméydifferent ways in which
other characterisedRNAI mutants exert their effectaust also be consideredihree factors
principally determine the efficacy of the RNAI respoims€. elegansl- Exposure andvailabilityof
dsRNA to initiate silencingransportmutants affe¢ the availability of dsRN# the silencing cells.-2
sensitivity of the silencing cell to the dsRNKe recipientcell must becompetentfor RNAI response
and must have sufficient resource of RNAiI machinerth&target gene.Some genes are less
receptive to siencingbut why B unclearIn many cases increasing either availability of dSRNA or
sensitivity can overcome this, as is demonstrated to by the use of genes which are not effectively
silenced in the WT background to screen for enhanced RNAI mutsiatst RNAI mutants fiinto
one of two categoried either they act on or in the core ex®NAi pathway or endogenous RNAI
pathways, or they act in the intercellular and/or intracellular transport of silencing RNgare 6.2
outlines the key stages of the e@INAI response i8. elegansAny stage in the transport,
amplification and silencing process is a potential point of regula®afficiency at each stage

contributes to a robust silencing response
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Figure 6.2. The exogenous RNAI pathwayirelegans.

Each stage in the RNAI pathway is a potential point of regulation. On the left some of the protein:
to contribute to each stage of the RNAI process. Though not all are essential, all contribute to an
and effective silencing response.
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6.2.i1 Availability of dsRNA trigger

It is clear from the strong systemic response to RNAI. ieleganghat silencing RNAs are
spread between cells and tissues. Although much has been learnt from the identification of SID and
RSD mutants many aspectstioé mechanisms involveid intercellular spread remain poorly
understood. What is known about the proteins required for an effective systemic response suggests

there may be several mechanisms of import, export and transport involved.

dsRNA dosage at theceiving cells depends on both the initial exposure/uptake and the
efficiency of delivery to the effector celhlithough in many cases a relatively small amounnifal
dsRNA trigger is need tdggerthe RNAI response due to the efficient amplifioa mechanism
initial dosage is none the less an important factor in the strength of response, with a higher dose of

dsRNA leading to a stronger response via all methods of induction.

Could the altered RNAI response of thedignallingmutants be eplained byalterations in
exposure to dsRNA triggeiid the case of RNAI by feeding increased environmental uptake of
dsRNAseitherby increased consumption of bacterthe amount of time bacteria spend in the gut,
or increased expression of SAouldlead to ahigher dosage of dsRNA being delivered to the
intestinal cellsand thereforea stronger RNAI responsétr-1 mutantsare constipated due to reduced
IP;signalling leading to a lengthened defection cyflal Santo et gl1999; Espelt et al., 2005;
Teramoto and Iwasaki, 2008hd are also slower to develop such that the time period of exposure to
dsRNA when measuring KD of a developmental gene is slightly lengthened. However these
possibilities were investigated by fjaet al. and mutant animals with similar defecation and growth
phenotypes tatr-1 were not found to have an increased RNAIi respqiNsagy et al., 2015)
Consistent with this thgrowth and defecation phenotypes seendgl8 mutants are milder than
those seen iregk8 mutants but the enhancement to the RNAI response is comparalite.
canonicalegh30, egi8, itr-1 signallingoathwayregulates pharyngeal pumping, with loss of function
of any of these genes leading to redudedding Differences in feeding therefore cannot explain
the enhanced response to RNAI by feeding seetn-h andegt8 lof mutants. Thereforewhilst it is
important to consider the effeaivhich defection and growtphenotypes may have, when combined
with the reduced feeding seen itr-1 mutants, and more mildly iegt8 mutants the dosage of
dsRNA to whicked-8 anditr-1 mutants are likely to be exposed to remains lower than would be
expected for e WT animalFurthermore changes in feeding, defecation or environmental uptake of
dsRNA from the gudre clearly insufficient to explain the enhanced RNAI pherebfglh8 anditr-1
mutantssince this is also seen in response to other methods of induciseh as transgene

expression.
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SID2 is a dsRNA receptor found in membranes facing the intestinal lumen. It is only required
for the initiation of RNAI by feedg where is actively transports long dsRNAs from the lumen to the
intestinal cells(Hunter et al., 2006; McEwan et al., 2012; Winston et al., 208132 dependent
uptake is dependent on the PH of the lumen and is likely by endocytosis. Increased exmeSsian
2 would increase uptake and therefore increase the response to RNAI by feéthimgever,a change
in SID2 expression would not explain the increasedponseof IP; and egh8 mutants, and
decreased response gip-5 mutants to dsRNA introduced liyjection or transgen&xpression This

phenomenon cannot then be explained as a simple dosage effect.

Efficient systemic response by any method of induction requires efqort the donor cell
stable transporthrough the pseudocoelorand importto the recipient cell Changes to any one of
these stages could alter the dosage of RNA trigger receieamost likely conduit for the spread of
RNA species arour@. eleganss the pseudocoelom or PC, a fluid filled intercellular spdbe.
relatively low abundance of initial triggaeededand dependence on amplification and secondary
siRNA production for a strong response might logically lead to the suggestiosiRh&k species
might be transported.However, experimental evidence poininstead to dsRNAs being timain
mobile species i€. eleganswith amplificationoccurring as downstream eventvithin the recipient

cellwhere silencing is occurring.

By studying the silencing response in different RNAiI mutants with mosaic regssagGarcia
and Hunter(Jose et al., 201Tpund that long dsRNA and at least one other species of dsRNA is
transported intercellularly. This second species is an intermediate in the production of the mature
siRNA, having already been processe®@R1 (dicer), the long dsRNA binding protein RDd&hd
the nucleotidyl transferase MUZ/RDE3 before export, bypassing the requirement for these
proteins in the receiving cgllose et al., 2011)RDE4 is required for recruitment of dicer whils
MUT-2 modifies the RNA. The RBE&ENnd MUT2/RDE3 mutants display minteresting third tissue
rescue phenotype, whereby rescuing expression in tissues containing neither the donor not receiving
cell can rescue the defects in tRNAi pathwayPresumaby this is mediated by the export of dsSRNA
from the donor cell, import and processing into short dsRNA in the tertiary cedkpert and import
into the recipient cell to initiate silencinglhe ways in which RNAs are recruited to become mobile

RNAs andf they are specifically modified for this purpose are unknown.

Efficient delivery of sufficient dSRNA trigger to each cell is therefore an important step in
initiating robust silencingMutants which causehanges to export from the donor cebls uptake
into the recipient celblter the efficacy of the systemic RNAIi respon@&aekey protein for an

efficient systemic RNAI responseGnelegansregardless of the initiation method, is SIDSIBL is
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an integral membrane channel, strongly selective for dsRN#&. selectivity of SHD for dSRNA

supports the finding that transport of single stranded small RNA species, such as the active siRISC
bound siRNA or secondary siRNAs, is unlikely to be corgribuhe systemic RNAi responsedn
elegans SID1 isnot required for export of dSRNA from donor cells into fis=udocoelonbut is

required for entry into the recipient cellsin in particular entry into the cytos@ither from vesicles

or external) Evidence of a length bias in Sliransport is mixed, with some studies finding some
selectivity for longer dsRNAs whilst other studies suggest no selectivity, and even a faster rate of
shorter dsRNA transport in vitfdose et al., 2009; Li et al., 2015; Shih et al., 2009; Winston et al.,
2002) Loss of functin of SIBL leads to a complete loss of systemic RNBD1 is expressed in the

PM of most cells i€. eleganwvith the notable exception of neurones. This lack of BEXpression is

a limiting factor in the RNAI response to neuronal genes, since ovessipn of SH2 in neuronal

cells can overcome the natural tendency of neurones to be refractory to @dito et al., 2010)

IP; signalling mutants also display enhanced response to neuronal RNAI, however this phenotype is
also seen in the classidai mutants. Regardless of the low or absent IBxpression in neurones
some dsRNA must be able to entefle@nd initiate a response in mutants where cells argano
sensitive. Whist SIBL expression is important for an effective systemic RNAI respBii3e
transportfrom the PC directly into the cytosol is rtbe only dRNA imporpathway. Changes to

SID1 expression are therefore one way in which sensitivity to RNAIi can be altertedestingly
enhancing SIH2 expression in ngones was found to cause a reduced RNAIi phenotype more
generally.This is thought to be due to the increase uptake RNA inte ogltrexpressing SID acting as

a sink for dsRNA, reducing the availability of dsSRNA to be taken up by othéCedikto et al., 2010)

Studies of the requirements of SIDin parental RNAi demonstrate multiple functional roles.
In the embryo, the yolk protein receptor RMEunctions in dsRNA import, with RABSIBE6 and
SID1 needed for trafficking antklease into the cytosol from the endosorfang and Hunter,
2017)

Traffickng and localisation within the endomembrane system is clearly an important part of
the RNAI responseRSE8 is an epsinR homologuéhich localises to the trargolgi network and is
thought to be required foendocytosis of dsRNAia clathrin coated veslies(Imaeet al., 2016) SID
5 seems to be expressed in all tissues where it localises to the late endoStBaes required for
export of dsSRNAs from donor cells ahd alsohypothesised to mediate theelease olRNAfrom
endosomesnto the cytosol (Hinas et al., 2012)Loss ofSID5 leads todss ofthe systemicRNA
response whst lossof the endomembrane protein SEX2 leads to amnhancedRNAiresponse
(Zhao et al., 2017)SID3 is an effector protein Kinase, homologue of mammalian ACK1. CK#m

mammals SID3 regulates actin dynamics downstream of CDG42 1 §] & oXU 1ii6e
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How dsRNAs are recruited or modified to become mobile is poorly understood, as is the way
in which they are transported betweasells. Changes to the efficiency of transport of the mobile
dsRNA responsible for the spread of silencing is therefore a possible way in which the systemic RNAI
response could be modulatedisRNAS appear to be stable in the extracellular environmerftef t
pseudocoelom but how this is achieved is unknown. Regulation of the stability of mobile dsRNAs is

another possible point of control which could be influenced bgitfhalling

6.2iii Changes to the RNAensitivity at the level of the effector c#

Many of the proteins identified from mutant screens for enhanced RtlAaiclassical Eri
mutants- are now thought to form part of the ERI complex, the core set of biogenesis factors
required for 26G siRNA production. Whilst some ERI complex comsoaentequired for both
endogenous and exogenous small RNA production such a4 [AR-B and RD#, other
components including the RARP FRExonuclease ERland Tudor domain proteins ERANd ERI
3 are only required in end®iRNA productiofPavelec et al., 2009).0ss of function of these
components compromises the endogenous siRNA pathway but leads to an enhanced sensitivity to
exogenous dsRNAThe competition model postulates that the lack of, for example-8Rfakes
components such as DREIDCRL, and RDE more available to process extsRNA. This suggests a
finely balanced antagonism between the endogenous and exogenous RNAI pathways where
influencing the availability of sSiRNA biogenesis factors could regulate efficiency of both pathway
(Zhuang and Hunter, 201222G siRNAs produced downstream of both the emshays and
exogenous RNAI pathways are also likely to compete for binding to secondary argonautes.
Competition also differs between tissues. Of thel, rrf-3, eri3, erib, eri6/7, eri-8, eri9 anderi-11
mutants, not all show an enhanced RNAIi phenetypall tissues and the degree of enhancement
differs by both strain and tissudnterestingly alB of these mutants show strong somatic maternal
rescue of the Eri phenotypa response tapy-13, unc73andhmr-1 RNAI, but not of the
spermatogenesisefectsshared byeri-1, rrf-3 anderi-3 mutants(Zhuang and Hunter, 2011The
ability for Eri defects to be maternally rescued damatratesthat either the maternal contribution to
the embryo includes either thBri components themselves or the 26G siRNAs in sufficient quantities

to compete with the exesiRNA pathway and restore the balance of competition to WT levels.

Beyond itgole in the ERI compldke RNA exonucleadgril is thought to further antagonise
the exogenous RNAI pathwly degradingexo-siRNA®nd miRNASEr+1 is widely expressed but is

particularly strongly expressed the gonad and imeurones whereRNA degradation is thought to
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contribute to the low sensitivity of these cells to R{iRennedy et al., 2004Reductionn Erilis

another way in which RNAI sensitivity can be incregdadiya and Nazir, 2014)

Following primary siRN#ogenesisthe amplificationof silencing through th@roduction of
secondarsiRNASs a further point of potential regulgion. Mutantsincluding RDEO, RDEL1, RSP
6, RSE! and HAFG are compromised in this stage and exhibit a far weaker RNAIi responsé. &8D
RSB were originally thoughto be defective in the spread of silencing due to their ability to respond
to RNAby injection but not to feedingHowever a better understanding of the stages in the RNAI
pathway has allowethis to be refined. Mutants defective in the amplification of silencing are can be
described as dosage sensitive since the much higher dogatsRdIA provided by injection rather

than feeding allows these silencing defects to be overc@itamn et al., 2008; Zhang et al., 2012)

A further set of enhanced RNAiI mutants belong to the synMUVBaiasstantsand form
part ofthe Rb complexCeron et al., 2007; Lehner et al., 2008hese includén-35Rbandlin-15b.
The Rb complex istenscriptionalrepressor but the precismechanisms by whichlin-35/Rb
regulatesRNAI istill poorly understood In part it may be due to the misregualtion of normally
germline restricted genes for RNAI such asRa&RRego-1 (Wu et al., 2012) EGO1 functionsin
place of RRE in the RARP module for secondary siRNA production in the germpbssibly allowing
for increased production of secondary siRNAs in the soma &3uimutants. Consistent with this the
Nuclear RNAiesponsewhich is depadent of secondary siRNA production is enhanced ir8BIN
mutants. The time sensitive window during which dsRIMposureis needed to trigger nuclear RNAI
is also relaxed in LiBb mutants(Shiu and Hunter, 2017Bimilarly to the classical Eri mutants,

maternal rescue olin-35/Rb reducesRNAihypersensitivityMassirer et al., 2012)

In the analysis of thér-1 small RNAeq library | identified theniR-35-41 miRNA family as
mildly enhanced compared to N2 wormsiR-35-41 regulates lin-35 expression and deletion afiir-
3541 resultsin an enhancedRNAI phenotypéMassirer et al., 2012)This herefore suggested
possible link between #Bignalling and the regulation of the eNAI response viie miR-35
41/lin-35 pathway. However gPCRdiled to detect and changes lim-35 transcript levels and whilst
there are a number of reasons why this could be the ¢asdiscussedn chapter 4 the endomitotic
phenotype ofitr-1 mutants is a more likely source of the changes iR85-41 expressio seen IR
signalling cannot be acting via the same rout@iiser Rb complerutants(lin-35, linl5b) oreri-1
to regulatethe RNAI responseince the very strongly enhanced RXSponse of theeri-1(mg366);
lin-15b(n744)doublemutant is further enhanced ithe eri-1(mg366); linl5b(n744); egB(e2917)

triple mutant. Therefore IP;signalling must be regulating RNAI sensitivity by another mechanism.
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As already discussed theckaofany significanthanges to endsiRNAgrofile deected seen
in the small RNA seq experimantke itunlikely that P; signalling downmegulatesthe endo siRNA
pathway, increasingvailabilityof resources to be redirected to the estRNA pathwayThe up
regulation of secondary siRNdoductionor the up regulation of core components of the elRRNAI
pathwayin response to reduced 4Bignalling bothremain possibilies As discussedhis could be
testedby the sequencingy  }u % E]e}v }( A] % v v8 v A[]Jv % v VvS eu 0O

from WT andPssignalling mutantvorms treated with RNAIi against an endogenous target gene

Correct trafficking on dsRNAs within the endomembrane system is likely to be important for
both the export of mobile dsRN#nd the import of dsRNAs for siRNA producti@orrect sub
cellular localisation of siRNAs and components of the siRICS is also is also likely to be important for an
efficient silencing response, although much about the subcellular localisation of sSiRNA processing
remains poorly understoodin mammaian cells the Rough ER has been shown by Stalder et al. to be
the major site of siRISC loading and silencing. They also showed that whilst submejan#ation
is important for the efficiency of RNAI response it is not essential for silerdigrgption of loading
of the siRISC at rER by depletion of components of thelBa8itig complex makes the slows
silencing, as does nocodazole treatmeWthilst perturbation of anteretrograde transport with
brefeldin A leads to accumulation of products in ER iareased RNAI efficien¢$talder et al.,
2013) The ERs also the largest store of intracellular calciuend therefore the locatin of many
calcium channels includirige IR;receptor. What is morethe dynamic structure of the ERd&ey
aspect of cell function, changing with cell state and in response to intracellular sigciisling in

response to calcium signalling (revien&chwarz and Blower, 20)6)

The insulidike signding pathway regulates response to stress and longevigy.ébegans via
the regulation of transcription factor DAF6. Loss of function of the insuliike receptorDAF2 or
the downstream PKkinase AGH results in an enhanced RNAI response whicltiseen in the
absence of DAE6 function(Wang and Ruvkun, 2004low the many DAEG regulated changes in
gene expression lead to changes in RNAI response is unknown, howevddAkFib@regulated
processes include the dauer response whgttependent on the endogenous siRNA pathwé#yis

regulationmay notbe specific to the ex&®NAi respons@Bharadwaj and Hall, 2017)
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6.2iv Role of the intestine irregulatingRNAI

Despiteits small cell numberthe C. elegasintestine is not merely a primitive digestive
system but a complex factory of many overlapping rol@sese include acting as a protein factory for
the production and export of yolk protedrfor the oocytesas a signallingub for theregulationof
various physiological processes, and as therface between the worm and the surrounding world.

Allthree of theCaenorhabditisirusso fardiscoveredtarget intestinal cell§Félix and Wang, 2019)

Rescuing Waignalling in the intestine by expression of WT1 from the well characterised
intestinal specific promotevha6pis sufficient to rescue the RNAi phenotype systemically, restoring
the WT RNAI response in other tissues. This is seen not only in response to RNAI by feeding but also
in response to dsRNAsqaluced intracellularly.Complete rescue of the RNAI response was
demonstrated for GFP silencing in neurones, in response to RNAI by feedimgboth the BWM
and the pharynxin a transgenic system wherelgRNA is produced from a transgene in the

pharynx, andpartiallyrescie was seen in response lin-1 RNAby feeding.

Therefore the best evidence for the site of actiofithe IR signallingoathwayregulating
RNAisensitivityis that it is acting na-cell autonomously in the intestine. Sinitee effects ofitr-1,
egh8 andipp-5 mutantsare seennot only in response to RNAI by feeding, these effects cannot be
explained by the regulation of the import of dsRNA from the intestine. Howeeggral other
possibilitiesremain open. | propose four hgotheses forhow IR signalling in the intestine could be

exerting a systemic effect on RNAI.

6.2v Hypothesedor the role of IR signalling in theregulation of RNAI
1- Oocyteprovisioning

Given the role of théntestinein the production of yolk proteins for oocyte provisionjtige role
demonstrated for the yolk protein receptor RMEN the entry of dsRNAs into the embryo, and the
maternal rescughenotype seen in severatifnutants the possibility that IFPsignalligcould be
regulating the RNAI response via oocyte psmnshould be consideredChanges tanaternal
factors-the proteins or RNAs produced in the intestine and imported into the emiayold lead to
changes in the expression of components of the-BX&\i pathwayin the next generation, altering
the sensitivity of the cells to respond to dsRNA. In this tadeegh8 andipp-5 mutants would be
acting as maternal effect mutants. This could be confirmed by maternal rescue experiments,

involving crosiig WT and isignallingmutants. The temperature sensitive mutaiit-1(sa73)could
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also be utilisede used If signalling occurs in the parent then embryos laid at 16 but raised at 20 will

show a WT response.
2- Intestinal sink

Enhancingid-1 expression in neurones was found to cause a reduced RNAIi phenotype more
generally. This is thought to be due to the increase uptake RNA into cells overexpressing SID acting as
a sink for dsRNA, reducing the availability of dSRNA to be taken up by otkéCedikto et al., 2010)

Could IRsignalling in the intestine lead to changes in the expressiadf whichreduce or
increase the availability of mobile dsRNAs for uptake by other cHltbi’s were the casehanges to
RNAI sensitivity in the intestine wousthow the opposite patterto other tissues.This hypothesis is
easily tested byassaying theesponse ofir-1, egt8, ipp-5, andgoa-1 mutants in response t®&NAi of

intestinal gene targetsuch asact-5, gt-1, andife-2.
3- Changes to the stability or transport of mobile RNAs

Very Ittle is known about factors which affect the stabilityrobbile dsRNA in the
extracellular environment of the pseudocoelphoweverthe stability of these mobile RNAs is crucial
for an effective systemic RNAismnse. It isconceivabldhat IR;signalling in the intestineould
regulate thesecretion of RNA bding proteins, or RNases which influence the stability of mobile
RNAs and therefore the systemic RNAI respotissuch stability factors are factors are required for
the efficient transport of mobile RNAs through the extracellular space then | argtéhthanique
position of the intestine as the gateway of the environmental RNAIi response would make this the

most likely tissue to produce such factors.

In this hypothesis thenhancedRNAIi phenotype dfr-1, egl8 andgoa1l mutantsis entirely
mediated via changes to the systemic transport of mobile RNAs. Counter to this idea is the
observation that changes to GFP silencing in the pharyitx-bfindipp-5 mutants is also seen when
silencing is induced by dsRNAs expressed in that same tissuas $nehario a substantial
proportion of the dsRNA produced would have to be expottethe pseudocoelonand reimported
into cells of the same tissy@n order forchanges to mobile RNA transport to influence silencing.
However there are reasons to thinthat this may be the case. The ability of silencing to be rescued
in rde-4 and mut-2 mutants by expression in a third tissue demonstrates that there must be sufficient
long dsRNA exported from the donor cells, imported into the third tissue for processing by dicer, re
exported as short dsSRNAs and imported into the receiving cell in suaffgiiantities to compenate
for a lack ofrimary exesiRNA production in the donor and recipient cell$is implies a very active

flow mobile RNAs between cells, and there is no a priori reason to assume that export of dSRNAs
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should be any less prevalewhen dsRNA is produced in the same cell as the target gene as in other

scenarios.

The hypothesis that #8ignalling is regulating changes to the stabilitgystemic transport
of mobile RNAs could be testa@usid-1 mutant background.If silenchg of GFP in the pharynx in
response to dsRNAs expressed in the same tissue is still enhantetinmutants in asid-1 null
background, when no systemic spread of mobile RNAs can occur gegniflling is not regulating

the RNAI response via changeghe systemic spread of mobile RNAs.
4- Humoral signal altering RNAI sensitivity in distal cells

Arguably the most likely scenario for how $ignalling in the intestine could alter the RNAI
sensitivity of cells in other tissues is via the productiba umoral signal In response to this signal
the RNAI sensitivity of receiving cells could be altered in a number of ways; changes to degradation
or intracellular trafficking of exaiRNAs, or dsRNA intermediateBanges to availability of core
comporent of the exeRNAI pathway involved in primary or secondary siRNA production. For
examplethe enhanced RNAI phenotype of Eri mutants such as3RiREgests that components of
the RARP module responsible for secondary siRNA are a limited resogreagd expression of the
RdRP module would therefore be expected to enhance production of secondargi®tbAs without
compromising the endogenous siRNA pathw8uch a model is consistent with the changes seen in
the nuclear RNAI response of #iyynalling natants. In this model it is possible thabg-1 is acting at

the level of the receiving cell to regulate the response to the humoral signal.
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Figure 6.3.Possible models for the regulation of RNAI sensitivity by $Rnalling inC. elegans

A- The anatomy of the alimentarganaland germline.Image Mdified from Worm Atlas (wormatlas.org)

B- Signallingn the intestine influences RNAensitivityin the other tissues.This could be achieved by changes
in efficiency of transporbf mobile dsRNA§2,3), or changes to the sensitivity of the receiving cell either in
response to a humoral signal or changes in maternal fagigig
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6.3 BeyondC. elegans Cell signalling regulating RNAI pathways

A growing body of evidence forstudiesin mammalian and othein neuronalsystems
suggests that the rapid regulation of miRNA levels is a key mechanism in neuronal pldsticiear
examples of cell signalling pathways altering gene expressioniRIdA pathways, eseral different
studies have found that neuronal stimulation via divees¢racellular signalsuch as Serotonin,
NmMDA, mGIuR and BDNF can lead to rapid degradation of specific mifei&sing transcriptional
silencing and altering gene expressiogviewed(Fu et al., 2016§) Fu, Shah and Baraban suggest
that the miRNA sysm in itself could be thought of as a second messenger systsponding to
extracellular stimuli to regulate gene expressidrisintriguing idea towards a more generalised
and complewiew of the cellular signalling pathways, reflecting the reactind dynamic role small

RNA pathway seem to play in regulating gene expression.

Brain derived neurotrophi€actor (BDNF) is a widely expressed secreted protein important
for healthy brain function, including differentiation and neuronal plasticity. BDiNflstion of
neurones in the hippocampus leads to BDNF dependent aborization via specific changes in gene
expression to allow dendrite arborization which are regulated by rapid changes in miRNA activity.
BDNF, signalling via a RTK/ MAPK signalling pgtregalates miRNA activity in two ways. Increased
expression of miRNA maturation factors, dicer and TRBP, both part of the risc loading complex acts
non-specifically to increase global miRNA production, thereby repressing the expression of a broad
set of ggnes. This is accompanied by the simultaneactss/ation of the lin28 pathway, leading to
the specific degradation of lét family miRNAs and therefore increase translation o l&trget
transcripts. Combination of global changes via altering dicenresgn and specific changékluang
et al., 2012)

The process dbngterm potentiation (LTP) in neurones, a form of synaptic plastity
known to be highly dependent ondéhd C&'signalling eventsThe NMDAreceptor is digand gated
calcium channel and major mediator of excitatory neurotransmissiomhilst the mGIuR receptor
family are glutamate stimulated GPCRs, wltigahregulate calcium signalling via bothr@sactivation
of PLQ and via interactions with NMDARa a protein scaffol@reviewed(Willard and Koochekpour,
2013) . Studiesof LTHN the rat hippocampus$ound that activation of te NMDARbidirectionally
regulates changes tmiRNAs associated with tiheggo2RISC NMDA signallingromotes decayf
somemature miRNAs, whilst other miRNAs show increased expression and increased association
with Ago2. Group 1 mGIuR signalling was a&own to alter miRNA expression during LTP.
Expression of the primary miRNAs corresponding to the mature miRNAs which are downregulated in

response to NMDAR signalling are upregulatedioyp 1 nGluR signallingPai et al., 2014; Wibrand
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et al., 2010) The direct mechanisms of this regulation are unknpalthough NMDAR signalling has
also been shown to alterBody localisation and compositionterestinglyblockade oNMDAR
signallings knownto increase expression of thesifeceptor inhippocampal neuronegCai et al.,
2004) whilstgroup ImGIuR recepta activatethe G rg/PLC/IPssignalling cascadeA role for Ps

signalling in the regulation of MiRNA expression in mammalian neurones is thelikédye

One of the mechanisms through which signalling pathways have been shown to regulate
small RNA leveia neuronal cell$s via the translin/RAXcomplex or C3PO C3PQs anoctameric
RNasenvolved in small RNA processirigoth the function and theonsituent componentstranslin
and closely related proteinRAXof C3PGappear to be well conserved with homologues identified in
yeast, flies and humandn humancell ines andD. melanogastetranslin/TRAXNcreases the rate of
siRNApassenger strandegradation promoting the formation of the active RI8Cthe exeRNAI
pathway(Liu et al., 2009)In humancell lines translinTRAXan also degradpre-miRNA by
targetingmismatchedstem bulgedor cleavagdAsada et al., 2014yvhilst inD. melanogaste€C3PO

also functions in passenger strand cleavage in the eiedlApathway(Liu et al., 2019)

Very hterestingly adirect interaction betweePLG and C3PChas been showhby to be
involved in theregulaion of boththe exasiRNA and miRNA pathwagpsmammalian neuronal cell
lines(Aisiku et al., 2010; Philip et al., 2012, 2018)mammalian systems there are 4 Rlgénes,
with further alternative isoforms. Whilst €g localisation appears to be limited toglPM, together
with the majority of PLE a significant proportion of PUC]e o0+} o} o] 8§} §Z CS8}+}o v
nucleus.In an attempt to identify potential alternative activatoos biding partners otytosolicW > t
Aisiku, Runnels and Scarlataried out a yeast two hybrid screen using the C terminal helical domain
}( W> ti e« Thi$$eteen identified C3PO component TRAX as a high dffidiggpartner of
W> tiuU v e} ] 8]}v A E](] v A]A)ddlodaliseRuith C3P¥Aisiku envak,
2010) Furthermorg TRAX v Ju% 5 » A]3Z 'r< (}E ]v JVvP }( W> RAXKA E /E %o C
leads to a reduction @&/ PLQ signallingasdemonstrated by a reduction in both PIP2 hydrolysis and
C&*signalling following stimulatianConverselpverexpressiomf Grq leads to a reduction in
cytosolic PL€expression.The esultof PLQ interactionwith C3PO is to reduce dfrate of
hydrolysis othe passenger strandf exosiRNAs, leading toraductionin siRNA activityThis
reduction in catalytic activity appears to be spedificapidly hydrolysed siRN#vith changes in
'r<W> 1t «]Pv o0]vP }voC (( ofrevgenggPhiliptet hl}A0%2, 2016; Sahu et al.,
2014) W> t E Ppo S8]}v }( SCE &£ o0°} Z « v }P wpressidh pbsomk HRNRAs0 S]vP
and in the regulation of cell cycle progression. 1a2P¢klls PLETRAXvas found toassociated with
different CDKat different points of cell cycle regulate progressiofScarlata et al., 2016, 20183

directrole for W>1t v W <nthe control oferythropoiesisviathe regulaton ofmiR210evels has
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also been demonstratedMTH induced erythroid differentiation is inhibited bphancedW > t
signallingor decrease W < leading to a loss of miRLO expression via an unknown mechanism
(Bavelloni et al., 2014)

Whilst this connection between-@rotein signalling, PC v Z Es intriguing neither
components of the C3PO teromer, TRAX and tradin appear to be present i€. elegans Despite a
seemingly weltonserved role for the translin/TRAX (C3PO) complexes from human to drosophila no
role for translinTRAXomplexes in RNAI has been reportecCirelegansnd neither translin nor
TRAXhomologues have beeidentified in the C. elegangenome Consistent vih this, | carried out
blast searches which failed to find a likely homologue despitesirdif RAXomologues being
present inmanynon-mammalianlineages includingother nematodes.Further, in this system the
binding of PLEto TRAX in the cytosol, tar than to Gproteins at cell membrane, would lead to a
reduction in both IPproduction and the RNAI response, the opposite of the pattern se€h in

elegans.

Despite the apparent lack of direct trangdaility of this mechanism of regulation 16.
elegans this does highlight the potential role of naranonicalnteractions in theregulation of cell
signalling or RNAIn particular the competition for binding of PLC $A v 'r<« v dZ y « v
Z & o -+ 3} Wsahonicalactivator Grg acting in opposition in the regulation of RNA.
§Z e }( W> tldZ y «]Pv o00]vP ]spwlictionhd@veévértRishdne/the less
demonstratesthat the interactions between &g and PLG are not limited to the roles of activator
and effedor but can and are utilised in more complex systems of regulation. Could a similar
competitive binding model account for the difference in the rolesgh8 andeglk30in RNAI
regulation in C. elegafisin such a modejoa-1 or the GBvsubunit from agoa-1 heterotrimeric G

protein could directly compete witegt30 for the binding and activation ag}8.

In plants a number of cellularegulatorsof RNAi have been identified including the
conservedprotein AtRLI2and calmodulidike protein rgsCaM (egulator of gene silencing
calmodulinlike protein). AtRLI2and its mammalian homologudBCEIATRbinding cassette sub
family E member lhavemultiple conservedunctions in RNA processing aaldoboth act as
suppressors of RNAEurthermore, overexpression of human ABCE1 frormtlge-3 promoter inC.
elegansnhibits GFP RNAI in the BWKkirblane et al., 2015Severavirally encodedsuppressoref
PTGS have been identifiedplants A search for plant proteins which interact with onelsu
suppressor identified th€almodulin related proteinggsCaM andrgsCaM itself was found to act

acts as a suppressor BNAi(Anandalakshmi et al., 20Q0As a calmodulitike proteins rggCaM
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contains multiple EfRand calcium binding domains, demonstrating a direct link between calcium

signalling and control of RNAI in plants.

6.24 Why regulatethe RNAiresponse

Whether by the production of a humoral signal to regulate the RNAI response throughout
the organism, or by an alternative mechanism, such a change would be expectedacehdly
regulated and could be acting in response to physiological or environnfactals. However
speculation of what suchnaupstreamstimulus is likely to be is hampered by the poor understanding
of the endo@nous roles of the exogenous RNAIi respongbe RNAI response is an important
antiviral defencenot only inC. elegandut in plants and other animaldn C. elegansnammalian
RIG1 homologue DRH is essential for initiation of the antiviral response bulispensabldor RNAI
(Ashe et al., 2013)his implies that therenay beendogenous roles @xo-RNAibeyond an antiviral
response EnvironmentaRNA is clearly not an accideaitsideeffect of the systemic transport of
endogenous dsRNAgnce it relies on the expressiamd localisatiorof the specialised dsRNA
trangported SIE2 in cell membranes facing the intestinal lumeddnderstanding the reasons for

environmental RNAi may shed light on why and when regulation of the RNAI response is required.

There has been speculation about the potential for silencing REéiespthemselves to act
asmessengers at the intracellular, intercelluland even transgenerational level. The systemic
nature of the RNAI response allows dsRNAs to transmit information about the state of one cell to,
other cells in the organism, whereinfluences the expression of genes in that cell in respanse
essentially acting as a humoral sigmalRNAs have been shown to act as intercellular signals in
plants and the detection miRNAs in extracellular fluids in mammals, has led to the sugtfesstion
they may also do so in animalds with othersignalghere must be careful regulationot only at the
level of the producing cell but at the level of the receiving cell, which must be competent to interpret

that signal and respond correctly.

In conclusion the negative regulation of an$kRynallingpathway inC. elegansesults in a
systemic enhancement of RNAI response, whilst increasaigiiallingesults in resistance to RNAI.
This response appears to be specific to the exogenous RNAI pathweayno changes were detected
in the endogenous small RNA profilestofl mutants. }uvs €& 8§} §Z viv] o egl8o }( W>
§]A §]}v (hOmblogueegh30,tZ ', homologuegoa1is proposed to act as the upstream
activator } (W =gk8, with possible negative regulation leglt30. This signalling pathway most

likely acts in the intestine to regulate RNAI sensitivity systemically, either through changes tot eh
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efficiency @ transport of mobile RNAs or through changes to sensitivity of distal cells to these mobile
RNAs, either in response to a humoral signal in the adult worm or though changes in gene expression

in the adult worm resulting from maternal factors.
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