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Abstract

Despite the breadth of knowledge on C. elegans and its various cells noone has yet described
a Gene Regulatory Network (GRN) underlying the patterning of C. elegans’s hypodermal
stem cells, the seam cells. In this thesis we aim to produce a seam cell GRN with several
different approaches. We start by focusing on three core transcription factors: elt-1, egl-18,
and ceh-16. We construct an initial network at the late L1 stage, a time point where no
cell is actively dividing. To do this we combine mathematical and biological approaches
to construct a minimal GRN. We test our hypotheses informed by this model on a double
mutant of two of the two core genes ceh-16(bp323);egl-18(ga97) and in the process discover
a highly robust, but erroneous seam cell phenotype at the end of larval development. We
further evaluate the network over different time points and delve into the minutiae of the
differences in expression patterns between the 16 seam cells at various time points. We test
their sensitivities and uncover differences between the seam cells. We identify key positional
patterns in the sensitivities of the seam cells to changes in their core network and link these
sensitivities to Wnt signalling. Finally, we dissect the ceh-16(bp323);egl-18(ga97) double
mutant to further elucidate the mechanisms behind its highly robust loss of self-renewal
divisions. Overall in this thesis we incorporate mathematical approaches into the standard
genetics based approaches for GRN inference. We also demonstrate the importance of
maintaining a spatial and temporal resolution when studying the epidermal stem cells of C.

elegans.
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Chapter 1

General Introduction

1.1 Introduction to Gene Regulatory Networks (GRNSs)

All genes within any species’ genome are interconnected through a web known as a gene
regulatory network (GRN) (Alon, 2019; Goodwin, 1963). These networks are immensely
complex, posing challenges for scientists across disciplines, from biology to physics. A GRN
comprises molecular players and their interactions, governing gene expression in terms of
timing, location, and quantity (Davidson and Levin, 2005). Precise spatiotemporal patterns of
gene expression are crucial for correct organismal development (Peter and Davidson, 2011).
As such GRNs must be able to act with extreme precision. There are many regulatory genetic
modules that integrate thousands of signals, ranging from internal signals from regulatory
proteins (activators and repressors) as well as small chemical molecules, and external signals
such as temperature and access to food (Davidson, 2010). The output of these modules
is precise transcriptional control. Downstream of these modules, there are other regulatory
modules (Figure 1.1A), which contribute to the creation of the complex regulatory system
that allows the control of the majority of biological functions (Alon, 2019) (Figure 1.1A-B). As
experimental methods progressed, it became possible to acquire more and more large-scale
data on the links between genes in the network. Nevertheless, the scale of the problem meant
that manual analysis was often insufficient in the complete understanding of the mechanisms

and as such computational methods had to be integrated in the study of GRNs.
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PROTEIN 3 mRNA 3

En—e o
PROTEIN 1
oo

mRNA 1
A-o@
mRNA 2 PROTEIN 2
B gene 1
(node 1)
edge 1 edge 3
gene 2 edge 2 gene 3
(node 2) (node 3)

Figure 1.1: Diagram showing a model of a GRN: A) A diagram of a GRN model showing the regulatory
mechanisms between three TFs. Dotted arrows denote transcription, dashed arrows translation and block
line arrows show activation or repression of the transcription of the gene. Activation is shown using a green
arrow and repression using a red blunt end line. B) The same diagram as shown in A but simplified to a format
commonly used in GRN representation.
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GRNs can be inferred at various levels of detail, focusing on either the identification or
a more detailed description of links, often referred to as edges, between specific genes,
known as nodes (Figure 1.1B). Edges denote both direct and indirect interactions between
nodes, which encompass genes as well as coding and non-coding regulatory elements, such
as enhancers or promoters. The most fundamental methods of gene regulatory network
inference rely on correlating gene expressions. Experimental techniques like microarrays and
RNA-seq, are used to inform these network models and jump-start large-scale network infer-
ence (Montenegro, 2022; Jupiter et al., 2009). These methods facilitate the high-throughput
inference of links between individual genes within the network. Recent advancements have
even enabled the use of these correlation based techniques to infer link directionality (Khos-
ravi et al., 2015). Despite this, correlation data does not allow for the inference of causality
(Schafer and Strimmer, 2005). Causality in this context means a direct relationship between
one gene and another where the expression of one has a direct influence on the other. In
order to look at the causality of a certain gene’s changes in expression one must perturb the
network (Hughes et al., 2000). These perturbations normally involve physically disrupting the
function and/or expression of one of the genes in the network and then observing the impact
of this change on other genes in the system. Experimental perturbations and measurements
of their effect on a specific gene allow the classification of interactions as positive or negative
as well as identifying feedback loops and even giving a quantitative prediction of the changes
in gene product based on the changes in another gene. It allows the determination of the
architecture of a GRN with detailed directed edges (Gardner and Faith, 2005). However,
there are situations where introducing perturbations can be challenging or impossible. As
such it is useful to understand the tools available for GRN inference from purely correlation

based data to more complex methods (Faith et al., 2007).

The simplest inference methods are correlation based methods (Delgado and Gomez-Vela,
2019), which predominantly rely on co-expression data to establish gene-gene interactions
based on expression dependence levels and do not aim to determine the causality of the
interactions. The choice of thresholds for establishing dependence changes the sparsity of

the network. There are many measures to establish dependence levels, most commonly
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CHAPTER 1. GENERAL INTRODUCTION

correlation coefficients like Kendall or Pearson, however mutual information (the amount of
information obtained about one variable by observing another variable) or euclidean distances
(the smallest distance between the pairs of points within datasets) can also be utilised. Due
to the increased ease and decreases in costs of carrying out RNA-seq, the data available for
correlation-based networks has expanded, providing insights into the transcriptomic behavior
of organisms under many different conditions and enabling the evaluation of millions of
genes simultaneously. These networks also boast a low computational costs, leading to the
development of many methods, including REVEAL (Liang et al., 1998), ARCANE (Margolin
et al., 2006), and MRNET (Olsen et al., 2008) tailored for constructing GRNs using correlation
and by assessing dependence levels. Some methods rely on the directed information metric
(DTI) (Rao et al., 2007) which has been applied to infer causality from scRNA-seq data (Qiu
et al., 2020). Nevertheless inferring causality, using this method, required time variable data,
posing experimental challenges, particularly for the collection of single-cell data. Furthermore
Gaussian graphical models (GGMs) have been employed for the identification of conditional
links within GRNs and distinguishing between direct and indirect links (Xie et al., 2016).
Another computational method that has managed to bypass the need for perturbations to
extract causal relationships is the MIIC algorithm (Verny et al., 2017). However this algorithm
relied on single cell approaches that targeted multiple genes in the same cell.

Overall correlation-based networks have low complexity and are based on large-scale data,
much of which is readily available. These methods are particularly valuable for constructing
large, multi-node networks. However, they require further data to infer causality and are not
inherently suited for detailed quantitative network development or dynamic system predictions
(Margolin et al., 2006). Once causality is established within a connection, one can advance
to modelling at a higher complexity level by incorporating dynamic information (Davidson and

Levin, 2005; Gardner et al., 2003).

1.1.1 Boolean models

Boolean models are one of the simplest approaches for capturing dynamic information within

(GRNs). In standard Boolean gene network models, genes exist in two states: Active (1) or
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Inactive (0). The transition of gene states at time point (¢ 4+ 1) can be either stable or unstable
and depend on the activity of other members within the GRN at time point (¢). Stuart Kauffman
first introduced this model, drawing an analogy between gene behavior and switches to model
cell cycle and replication across various organisms (Kauffman, 1969, 1970). In these models,
continuous parameters such as gene expression levels are discretised through thresholding.
This means that a 0 value doesn’t necessarily indicate a complete absence of expression but
rather low expression. The conversion of expression data to binary values is the most complex
step as it may lead to the loss of crucial nuances as genes often exhibit a continuum of
expression levels rather than binary states. Despite this simplification, meaningful biological
predictions can be derived from Boolean models (Shmulevich et al., 2002; Tabus et al.,
2002). The advantage of Boolean models is their focus on general gene behavior rather
than detailed quantitative biochemical relationships. This simplifies data collection processes
and reduces the risk of over-fitting. While Boolean networks can extrapolate links from
correlation-based data, they can also be adapted for more complex datasets containing
causal information (Liang et al., 1998). Numerous algorithms utilize Boolean systems,
including those presented by Maki et al. (2000), and Davidich and Bornholdt (2008), along
with the Akutsu system (Akutsu et al., 1999) and the REVEAL algorithm (Liang et al., 1998),
which despite being an information theory based model incorporates Boolean modelling in
its mechanic. Boolean models rely on seven logical statements IF, AND, OR, NOT, NAND,
NOR and XOR and are often illustrated in the same way as electrical systems. Boolean
network dynamics are modelled through Markov Chains (Xiao, 2009) and can be used to infer
interactions (Claussen et al., 2017). They can indicate steady states and illustrate strengths of
different attractors. The development of probabilistic Boolean models has further enriched this
modeling approach by incorporating variable dynamics into this simple framework (Malekpour

et al., 2020; Shmulevich et al., 2002).

Nevertheless despite the expansion of the Boolean network toolbox these remain highly
simplistic models and lack the ability to incorporate many of the details underlying a GRN.
Another limitation of Boolean modelling is that while it does allow for the incorporation of

causality, it fails to incorporate strengths of interactions. To address these limitations one
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Figure 1.2: A brief summary of the principles of Modular Response Analysis: Outlining how the steady
state quantities of gene expression are converted into interaction strengths. The quantities of the genes are
compared between the unperturbed and the perturbed state under the context of each gene’s independent
perturbation. This is then converted through a jacobian matrix to a global response and the diagonals of the
matrix showcase the strengths of the interactions from which a network can be inferred. The diagram was taken
from Klinger and Blithgen (2018)

can turn to techniques such as Modular Response Analysis (MRA) or Ordinary Differential

Equations (ODEs).

1.1.2 Modular response analysis (MRA)

MRA was developed by Kholodenko et al. (2002). This approach decomposes the GRN
into its individual components, evaluating how changes in each module affect the remaining
components of the network (Kholodenko et al., 1999, 2002). By evaluating the impact of
perturbations within each module and observing the response of the entire network, MRA
infers quantitative relationships between genes. It integrates the strengths of individual
perturbations and the network’s overall response to predict the network’s behavior. The
MRA uses elements of metabolic control analysis (MCA) which was initially built for the
understanding of enzymatic regulation and aims to establish quantitatively the degree of
control that an enzyme has on concentrations of substrate and product (Moreno-Sanchez
et al., 2008; Heinrich and Rapoport, 1974; Kacser, 1973). The method involves the formation
of two Jacobian matrices. One that involves the specific quantities of each gene under each

condition and the other the predicted strengths of interactions. It is summarised in Figure 1.2.
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1.1.3 Ordinary Differential Equations (ODES)

The discretisation problem found in Boolean models is circumvented by a modelling method
known as Ordinary Differential Equations (ODEs). ODEs utilise continuous variables rather
than discrete ones, however they rely on more detailed assumptions than a Boolean model.
They describe the rate of change of a specific gene’s expression as a function of factors
such as transcription rate, degradation rate, gene expression of other factors and even

environmental influences. This is mathematically represented by the equation:

dl’i

% :fi(:cl,xg,...,xn,p,u) (11)

Here z; indicates the expression level of a gene at a specific time,n is the number of genes,
p represents system parameters and « denotes external perturbation. The each gene z is
commonly modelled using Hill equations. In the context of GRNs the Hill equation represents
the relationship between the concentration of TFs and the transcription rate of a gene. Hence
if we assume that the gene xz;'s expression is dependent only on gene z;, this would be

mathematically expressed as:

dx; x
Y G E— .
ait UKy 4o (-2)

Here x; represents the gene expression in question, x; denotes the concentration of TF J, n
is the Hill coefficient and illustrates binding cooperativity, and K symbolises the affinity of
a TF for a specific regulatory region, dx; symbolises the degradation rate of gene x; and K
symbolises the basal transcription rate of gene z; (Hill, 1910; Monod et al., 1965; Koshland Jr

et al., 1966).

Quantifying these parameters typically necessitates either specific knowledge of bio-
chemical properties or educated guesses. ODEs serve as a valuable tool in elucidating the

strengths of various interactions and building GRNs (Matsumoto et al., 2017; Deng et al.,

25



CHAPTER 1. GENERAL INTRODUCTION

2017). However, they may struggle with large GRNs containing numerous links and nodes.
Moreover, if the parameters are uncertain, each ODE provides only a single numerical solu-
tion, thus, ODEs are often paired with sampling schemes, such as Bayesian inference, to

address parameter uncertainties.

1.1.4 Bayesian inference

In the simplest of descriptions, Bayesian inference involves counting the number of ways
an event could occur based on specific assumptions, relying on probability to determine the

plausibility of said event. The foundation of Bayesian inference lies in Bayes’ theorem:

P(B|A)P(A)

P(AIB) = =5

(1.3)

There are several terms that need to be defined to explain Bayes theorem. The first
is likelihood. Likelihood is the relative number of ways that a specific conjecture could
produce the observable outcome. This is shown as P(B|A) in Bayes theorem and explains
the probability of the observation given a specific conjecture. The next term to define is
parameter. Parameters are events that would explain the behaviour of the data and are
basically conjectures or hypotheses. In this equation the parameter is represented by A.
Estimating the likelihood of each hypothesis or parameter enables us to assess which
parameter is most probable and its likelihood of occurrence. This conditional probability is
known as the posterior and is the probability of observations B given the conjecture A is true
and in the equation is denoted as P(A|B). However, estimating any of these probabilities
necessitates knowledge of the priors. Priors are the probabilities of each parameter A
occurring but also the overall probability of observations B.

Bayesian inference, may imply a form of causality through probabilistic dependency, en-
abling the modeling of uncertainty and variability in causal relationships. However this relies
on the data fed into the model to be perturbational and thus have direct causality. Under-
standing causal relationships is pivotal for unraveling the mechanisms of gene regulation,

facilitating the development of detailed quantitative models that help circumvent confounding
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factors (Friedman, 2004). Without discerning causal relationships, comprehending complex
processes such as stem cell patterning becomes challenging, as they are a result of a
cascade of events that cause downstream changes (Sachs et al., 2005; Vipin et al., 2018;
Mooij et al., 2016).

The Bayesian theorem treats the P(B|A) as a relative plausibility of an event occurring.
Consequently in models such as an ODE, instead of specifying the individual parameters
directly, one can present a confidence interval and thus through sampling obtain different
outputs of the equation, with accompanying probabilities (Bayes, 1763; Pearson, 1925).

Most sampling methods are variations on the Monte Carlo Markov Chain (MCMC) method.
This method is an iterative process which aims to match its samples to a target distribution at
equilibrium. MCMC can be divided into 4 steps.

1) Start. Initiating the system’s initial state.

2) Proposal. Proposing changes to the system.

3) Acceptance. Determining whether the proposed change improves upon the initial state.

4) Update. Updating the network based on the acceptance step.

The probability of each new state depends solely on the previous state, not any preceding
ones. This process iterates until a sufficient number of samples matching the desired
target distribution are obtained (Hastings, 1970). Samples can be updated along a specific
probability, eliminating the need to assume a Gaussian or any other distribution shape. One
of the earliest MCMC algorithms is the Metropolis algorithm (Metropolis et al., 1953), which
assumes the probability of the change from a proposed value to a new updated value is the
same as the reverse. However, this approach may struggle with uneven parameters, such as
standard deviations, when boundaries at 0 exist. Asymmetric proposals are a notable feature
of Gibbs sampling (Geman and Geman, 1984; Casella and George, 1992). In Gibbs sampling,
the distribution of a proposed parameter adjusts based on the present parameter values. This
adjustment relies on pairs of prior distributions and likelihoods for each parameter, referred to
as conjugate pairs, which offer analytical solutions for posterior distributions.

Overall, numerous methods exist for studying Gene Regulatory Networks (GRNSs), with

the choice of method depending on the available information and prior knowledge of gene

27



CHAPTER 1. GENERAL INTRODUCTION

behaviors. For the purpose of this thesis, our attention will be directed towards understanding
GRNs in epidermal stem cells in C. elegans. However, to achieve this objective, it is essential

to grasp the development of GRNs within the broader context of the stem cell field.

1.1.5 GRNs in stem cells

Stem cells are defined by two primary properties. The ability to self-renew and thus produce
more cells of its own kind, and the ability to differentiate and produce new cell types (Boveri,
1888; Haeckel, 1876). The potency of a stem cell is determined by the range of tissues it
can produce. Totipotent stem cells can generate all tissues in an organism, while pluripotent
stem cells can produce most cell types except for a few critical ones essential for early
developmental survival. Multipotent stem cells, on the other hand, generate cells specific to
particular tissue types, such as epidermal stem cells, hematopoietic stem cells, and neural
stem cells.

Even before the precise players involved in stem cell regulation were identified, early
models of cell fate determination laid the groundwork for the GRN field. Waddington’s concept
of canalisation compared cell fate choices to a ball rolling down a hill (Waddington, 1961,
1957, 1942). He illustrated each cell fate as a valley on the landscape. Cells with higher
potency, situated higher up on the hill, possess greater flexibility in their fate choices and
are more susceptible to external signaling. In contrast, cells with determined fates, nestled
deeper in the valleys, exhibit reduced susceptibility to external signals (Waddington, 1961).
Some of the first Boolean models also considered stem cell fate as an application (Preisler
and Kauffman, 1999) and conversely the earliest studies focused on the core stem cell genes
relied on boolean modelling (Boyer et al., 2005). These early models were expanded upon by
incorporating new nodes, through linkage to new pathways, and the addition of new edges,
like the auto-inhibition of NANOG (Chickarmane et al., 2006; Navarro et al., 2012). New
models also took into account spatial localisation of the proteins and gene products.

However the exploration of stem cell gene regulatory networks (GRNs) intensified with
the identification of core stem cell factors. These were initially identified as OCT4, NANOG

and SOX2 and KLF4 and C-MYC (Nichols et al., 1998; Mitsui et al., 2003; Avilion et al.,
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2003). Interactions between OCT4 and SOX2 were observed (Chambers and Smith, 2004),
however the construction of a regulatory network governing pluripotency was initiated through
investigations into Nanog’s regulation of OCT4 and SOX2 (Rodda et al., 2005; Boyer et al.,
2005; Loh et al., 2006). Overexpression and RNAI studies revealed that NANOG regulates
both Sox2 and Pouf51 (Oct4). The conclusion that a few select factors lie at the core of the
GRN driving the pluripotency of stem cells was driven by Shinya Yamanaka, who initially
showed OCT4, SOX2, KLF4 and C-MYC are sufficient to generate induced pluripotent
stem cells (Takahashi and Yamanaka, 2006). Later, replacing C-MYC with NANOG yielded
improved results, and ultimately, OCT4, SOX2, and NANOG were shown to be sufficient for
reprogramming (Okita et al., 2007; Gonzalez et al., 2011).

The main focus of the community for over a decade was expanding the number of genes
incorporated into the relatively simple network. This included adding individual links through
mutagenesis to expand the network up to 13 different interlinked TFs and then linking known
signalling pathways to the stem cell network (Boyer et al., 2005; Kim et al., 2008; Chen
et al., 2008). The linkage to other signalling pathways once again relied on CHIP-Seq data.
More recent work started integrating single cell data and allowed the uncovering of specific
mechanisms underlying the function of this GRN amongst which a bi-stable switch between
pluripotency and differentiation using PCA and clustering algorithms (Shalek et al., 2013;
Eichler et al., 2003; Mojtahedi et al., 2016).

Attempts at more detailed modeling of the core factors were undertaken by Narula et al.
(2013), aiming to elucidate the differentiation into specific fates through precise quantification
of the genes involved in the network. The expansion of studies investigating the quantitative
aspects of the stem cell GRN was partly driven by the advent of single-cell high-throughput
studies, which facilitated the exploration of the transcriptomic landscape of individual cells
within a heterogeneous population (Tang et al., 2009; Okawa et al., 2016; Wei et al., 2016).
This deepened our understanding of the network dynamics, revealing the mechanisms
underlying the bi-stable switch between pluripotency and differentiation, including the role
of positive feedback loops from NANOG, the identification of the primed state in stem cells

transitioning from pluripotency to differentiation, and numerous other detailed findings (Figure
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Figure 1.3: The stem cell GRN in human stem cells: The GRN model as described by Chickarmane et al.
(2006) based on the core genes identified by Takahashi and Yamanaka (2006) showing the positive feedback
loop centred around NANOG

1.3). Overall, the approach to modeling stem cell GRNs began with a focus on a few key
factors, later expanding to incorporate signaling pathways and more detailed analyses of

individual gene connections. We will try and replicate this approach in C. elegans stem cells.
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1.2 Introduction to C. elegans

1.2.1 C. elegans development

Caernohabditis briggsae was described in a 1963 letter by Sydney Brenner as an ideal
organism to study development and the nervous system (Brenner, 1974, 2001). However,
Brenner later decided to focus more closely on the closely related Caernohabditis elegans as
it was easier to grow in laboratory conditions (Félix and Wagner, 2008).

C. elegans is a tiny roundworm which hatches at ~ 0.25mm in length and grows to Tmm
when reaching adulthood. There are many advantages of working with this organism. lts life
cycle from single cell to fully grown adult is ~3 days when grown at 20°C (Brenner, 1974,
2001). The longest developmental stage is the larval stage which is subdivided into 4 stages
known as L1, L2, L3 and L4. These are separated by molting, during which the old cuticle is
shed and replaced with a new one. Development of C. elegans can be accelerated by growing
the animals at 25°C and slowed down at 15°C (Brenner, 1974; Hirsh and Vanderslice, 1976).
However, extremes of high and low temperatures are prohibitive and cause developmental
arrest and death (Hirsh and Vanderslice, 1976).

When the animal is subjected to unfavourable conditions, one of its survival strategies
is to enter the dauer larval stage at the end of L1. This is an additional larval stage which
which enables survival without nutrients and even in a dehydrated state. Upon removal of
stressors, such as the addition of food or a return to normal environmental temperature, the
animal transitions back to L2.

This dauer stage facilitates the maintenance of animals through freezing, making it
highly advantageous for strain preservation. Furthermore, the worm’s transparency allows
for in vivo imaging of various tissues and cells. By utilizing fluorescent proteins, specific
protein behaviors in developmental processes can be visualized without compromising spatial
information or requiring tissue isolation (Chalfie et al., 1994; Huang and Chalfie, 1994; Boulin
et al., 2006; Feinberg et al., 2008).

The majority of any C.elegans population consists of hermaphrodites, characterized by the

sex chromosomes XX. Hermaphrodites exhibit female anatomy, with their sole male trait being
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the ability to produce sperm during the L4 stage. The number of sperm in hermaphrodites
is limited and is only used for self-fertilisation, allowing the production of ~ 300 progeny.
However, albeit infrequently, C. elegans are able to produce males with sex chromosomes
XO. This happens due to X chromosome non-disjunction and occurs in ~1/1000 cases
under laboratory conditions. Males are identifiable by a hook-like structure on the tail, which
becomes visible around the L3 stage and serves to attach to the hermaphrodite’s vulva
during mating. Mating between a male and a hermaphrodite yields more progeny than
hermaphroditic self-fertilization, typically resulting in ~ 1000 fertilized eggs. The presence of
males significantly facilitates crosses between different strains.

One of C. elegans’ most remarkable attributes is its ability to be used as a genetic
model organism. At least 38% of C. elegans protein-coding genes are predicted to have
orthologs in humans, while 60% of human protein-coding genes, including 40% of disease
related genes are found to have orthologs in C. elegans (Shaye and Greenwald, 2011;
Kaletta and Hengartner, 2006; Culetto and Sattelle, 2000). The advent of double-stranded
RNA interference (RNAI) further solidified C. elegans as a premier model organism. First
demonstrated by Montgomery et al. (1998), RNAi enables gene silencing by leveraging
the siRNA machinery to bind and cleave specific mMRNA targets. While this was Initially
administered via injection, subsequent research by Timmons and Fire (1998) revealed that
RNAI can be effectively induced by feeding animals with dsRNA-expressing bacteria or by
soaking them in a dsRNA solution, facilitating systemic interference throughout the organism’s
body (Timmons and Fire, 1998).

Since the development of CRISPR (clustered regularly interspaced short palindromic
repeats-associated) technology (Jinek et al., 2012), the manipulation of genes in C. elegans
has surpassed even Sydney Brenner’s initial expectations. Just a year after its development,
CRISPR was successfully implemented in C. elegans (Friedland et al., 2013). The pioneering
study demonstrated the generation of loss-of-function mutants for unc-119 and dpy-13,
showcasing the precision with which even essential genes could be targeted and their activity
modulated.

Another useful property of C. elegans is its transparency which allows the tracking of
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fluorescently tagged proteins without the need of isolating tissues (Chalfie et al., 1994; Zhang
et al., 2002). It allows the visualisation of protein location, movement and conformational
changes. The transparency of the animal can also be exploited for the visualisation of mMRNA
through techniques like smFISH (Raj et al., 2008, 2010). This technique is able to localise
single mRNAs as diffraction limited fluorescent spots and was first used in C. elegans by
Saffer et al. (2011) but has become since widely used for the quantification of transcripts
(Barkoulas et al., 2013; Katsanos and Barkoulas, 2022; Koneru et al., 2021b). The technique
requires fixation and permeabilisation of the animal to allow the dye-tagged RNA probes
to bind the mRNA of the animal, and thus cannot be paired with live imaging. However, it
provides detailed information on the location and intensity of transcription of specific genes.
New techniques to be paired with live imaging have been developed in recent years, like
the MS2 system (Tutucci et al., 2018; Kinney et al., 2023; Lee et al., 2019; Tocchini and
Mango, 2024). This paired with a micro-fluidics devices can be utilised for true live imaging of
transcription (Keil et al., 2017), however this is an extremely labour intensive process and
thus is more aligned with detailed dynamic studies of individual genes.

Overall C. elegans is an excellent model organism for in-depth understanding of GRNSs.
It is both easy to maintain and to modify genetically. As such genetic perturbations can be
introduced to easily establish causality in links between genes in the GRNs. The animal’s
robust behaviour means that any change in cell division patterns is easily identifiable. Despite

all this there are still broad gaps in our understanding of C. elegans GRNs.

1.2.2 C. elegans epidermis

Skin is an indispensable component in every animal’s physiology, crucial for survival and
developmental processes (Fuchs, 2007). It is defined as the epithelial layer that surrounds an
animal. In C. elegans, this layer is referred to as the hypodermis. Although simpler in structure
compared to mammalian skin, the hypodermis of C. elegans shares several fundamental
traits. Notably, both possess an epidermis supported by a basement membrane, a thin
extracellular matrix providing essential structural support to the surrounding tissue (Figure

1.4). The outermost layer comprises a permeability barrier, characterized by the lipid-based

33



CHAPTER 1. GENERAL INTRODUCTION

GRANULAR LAYER
SPINOUS LAYER
BASAL LAYER

SYNCYTIAL EPIDERMIS (e

C. elegans Epidermis Mammalian Epidermis

Figure 1.4: The comparison between the structure of the C. elegans epidermis and the mammalian
epidermis: An illustration showing the similarities and differences in the general structure of mammalian and C.
elegans epidermis.

epicuticle in C. elegans, whereas in mammals, it consists of the tough, keratinous stratum
corneum. In both cases, the skin contains mechanoreceptors. (Schafer, 2015; Glauser, 2022;
Chisholm and Hsiao, 2012).

A notable distinction between mammalian and C. elegans epidermis is that the main
layer of the C. elegans hypodermis is composed of syncytia. Syncytia are multinucleated
cells formed by fusion. The C. elegans hypodermis comprises numerous syncytia, with hyp7
being the largest among them (Figure 1.5). Originating from the AB and C blastomeres, the
hyp7 syncytium expands during larval development through the differentiation of epidermal
stem cells known as seam cells (Brunschwig et al., 1999; Cassata et al., 2005; Gilleard and
McGhee, 2001; Landmann et al., 2004; Shao et al., 2013; Liu and Murray, 2023). Syncytia
are one of the three epidermal cell types found in C. elegans, which are: syncytia, seam cells

and P cells (Sulston et al., 1983). The focus of this thesis are the seam cells.
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Figure 1.5: lllustration of the epidermal syncytia of C. elegans: The 11 epidermal syncytia of C. elegans,
known as hyp 1-11 and their position within the nematode’s body. Each syncytium is shown in a different colour
that matches its label. Seam cells are shown in green, and the position of the p cells is shown in grey. The
pharynx is shown in light grey.

1.2.3 C. elegans and stem cells

C. elegans maintains two types of cells that can be classified as stem cells post-hatching:
germ cells and the epidermal stem cells. The epidermal stem cells, known as seam cells,
are the sole autosomal stem cells found in C.elegans (Joshi et al., 2010). Upon division,
seam cells can differentiate into neuronal and epidermal cell types while retaining the ability
to self-renew; both defining properties of stem cells (Chisholm and Hsiao, 2012; Page et al.,
1997b; Boveri, 1888). However, upon reaching adulthood, seam cells undergo terminal fusion
and lose their ability to differentiate or divide, leading to their designation as stem-like cells
rather than stem cells. Initially, each lateral side of the animal contains 10 seam cells, which
form ~ 4 hours after the first embryonic cell division. All 20 seam cells originate from the AB
cell lineage within the embryo. Specifically, V3, V5, and T arise from the ABpxap lineage,
while HO and H1 originate from the ABarpa lineage, and H2, V1, V2, V4, and V6 from the
ABarppx lineage (Liu and Murray, 2023).

After hatching all cells except HO undergo multiple divisions (Figure 1.6). The C. elegans
cell division pattern is highly robust meaning that all cells divide in the same way in all animals.
This means that the terminal seam cell phenotype is highly robust and consists of 16 seam
cells. Robustness is defined as phenotypes that remain invariant in the face of internal
(genetic) or external (environmental) perturbation (Félix and Wagner, 2008) V5 is the first

seam cell to divide, often before the animal hatches, which occurs approximately 8-10 hours
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Figure 1.6: Diagram showing the division patterns of the seam cells: The position of the 10 seam cells
that C. elegans hatches with and the division pattern of each of these cells including the expansion to 16 seam
cells. The C. elegans’ pharynx is shown in the head in red, and the rectum is denoted in the posterior with a
green line. Seam cell fate is denoted as green circles, hypodermal cell fate is denoted in orange, and neuronal
fate is shown in magenta. Red thick bars between daughter cells indicate a symmetric division and black thin
horizontal lines indicate an asymmetric division.
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post-bleaching. Most commonly, seam cells undergo asymmetric division, resulting in one
seam cell and one hypodermal cell, which subsequently fuses to the hyp7 syncytium. This
division pattern occurs in all cells except HO. During the L1 stage, V1-6 divide carry out this
division, with the anterior cell adopting the hypodermal fate and the posterior cell remaining a
seam cell poised for further differentiation. H1 follows a similar pattern, but with the posterior
cell acquiring the hypodermal fate and the anterior cell remaining a seam cell. H2 initially
divides to produce two seam cells; the posterior cell remains a seam cell and does not divide
until L2, while the anterior cell gives rise to a hypodermal hyp7 cell and a neuronal anterior
deirid socket cell. The T cell undergoes two divisions during L1: the first division results in
one anterior seam cell and one posterior neuronal cell, eventually giving rise to five different
neuronal cells including the PLN neurons (Sulston et al., 1983; Sulston and Horvitz, 1977;
Chang et al., 2006). In the second division, one anterior hypodermal hyp7 cell is produced,
while the second cell maintains its seam cell fate. These divisions occur between 10-16 hours
post-hatching (Sulston et al., 1983; Harandi and Ambros, 2015).

The early L2 stage in C. elegans is marked by the occurrence of symmetric divisions.
Specifically, V1-V4 and V6 undergo a single symmetric division approximately 25 hours
post-bleaching, followed by an asymmetric division roughly an hour later, which results in one
seam cell and one cell that fuses with the hyp7 syncytium. Similarly, H1 undergoes symmetric
division at L2, but it does not proceed to asymmetric division afterward; instead, the anterior
daughter cell remains undivided throughout larval development, akin to HO, until it eventually
merges terminally with the seam line.

Also during the L2 stage, V5 generates the PVD and PDE neurons from the anterior cell
following an asymmetric division (Sulston and Horvitz, 1977; Sulston and White, 1980). The
remaining cell then undergoes another asymmetric division, with the anterior cell assuming
the hyp7 fate and the posterior cell maintaining its seam cell identity. Likewise, the T cell
undergoes symmetric division at L2 (Sulston and Horvitz, 1977), after which both daughters
undergo further division. The anterior daughter cell produces two hyp7-fated cells, while the
posterior daughter cell gives rise to the PVN neuron from its posterior cell, and a non-dividing

seam-cell from its anterior cell (Hall and Russell, 1991; White et al., 1986). In subsequent
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larval stages, from H2 to V6, each cell undergoes one asymmetric division per stage, yielding
an anterior cell fated for hyp7 and a posterior seam cell. Upon completion of the larval
stages, all 16 cells fuse and cease division (Sulston and Horvitz, 1977). Seam cells play
indispensable roles in C. elegans morphogenesis and ensure proper growth by generating

essential neuronal and epidermal tissues.
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1.2.4 Gene regulatory mechanisms of seam cell patterning

The earliest gene expressed in the hypodermis to be implicated in seam cell specification
is elt-1. ELT-1 functions as a GATA transcription factor and was initially identified for its
role in activating the epidermal differentiation GATA factor cascade in the embryo (Koh and
Rothman, 2001; Page et al., 1997b). ELT-1 has 60% homology to human GATA1, GATA2 and
GATAS (Page et al., 1997a). In humans GATA factors play crucial roles in stem cell regulation,
particularly in hematopoietic stem cells, where they govern differentiation (Simon et al., 1992;
Bresnick et al., 2010; Fujiwara, 2017). Specifically, GATAS is essential for the function human
epidermal stem cells and is implicated in repressing proliferation and promoting differentiation
of epidermal stem cells into keratinocytes (Masse et al., 2014).

In the C. elegans embryo, elt-1 is expressed in all epidermal precursors and is involved
in the formation of almost all hypodermal cell types (Page et al., 1997b). Loss of elt-1
function leads to failure in hypodermal formation and early developmental arrest (Page et al.,
1997b). Abnormalities in cell behaviour in the absence of elt-1 are noted even up to 2
cell divisions before any of the hypodermal cell types are specified (Page et al., 1997b).
Knockout mutants of elt-1 exhibit a redirection of epidermal cell fate towards non-epidermal
lineages, highlighting the indispensable role of elt-1 in epidermal specification. The ELT-1
protein features a double GATA-type zinc finger domain structure, reminiscent of vertebrate
GATA factors, although unique to C. elegans. While expressed in multiple tissues during
embryonic development (Smith et al., 2005), ELT-1 persists exclusively in seam cells and
neuronal cells of the retrovesicular ganglion during post-embryonic stages. In fact ELT-1
is often portrayed as the master regulator of seam cell fate however, numerous genes are
considered crucial for maintaining seam cell integrity. RNAi experiments targeting elt-1 in the
larva result in defective seam cell development, leading to severe phenotypic abnormalities
such as dumpy phenotypes and impaired motility (Smith et al., 2005). elt-1 has been shown
essential for seam cell formation, and the absence of elt-1 and therefore seam cells is fatal
for animal development (Smith et al., 2005). Notably, repression of elt-1 during larval stages
culminates in the complete loss of structural integrity in animals post-L4 moult, concomitant

with the absence of seam cells. However, the precise causality underlying these observations
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remains to be determined. In order to carry out detailed studies on the role of elt-1 in C.
elegans, the elt-1(ku491) partial loss-of-function mutation was generated. This mutant allele
contains a C-to-T substitution in exon 5, causing missense mutation of ELT-1, which unlike
the elt-1(ok1002) allele, isn’t lethal (Cohen et al., 2015).

Another significant GATA factor in seam cells is eg/l-18. In a study by ENCODE Project
Consortium (2012); Luo et al. (2020) ELT-1 ChlP-seq analysis revealed peaks in the upstream
region of egl-18, suggesting a potential binding mechanism. Although the exact nature of this
interaction remains unexplored, and perturbational experiments have yet to be conducted,
this observation hints at a plausible direct regulatory relationship.

In Koh and Rothman (2001), it was discovered that eg/-18 (then known as elt-5), along
with its paralog elt-6, are essential for seam cell development. These two genes are found to
be transcribed either monocistronically or dicistronically, depending on the cell type. They are
~130bp apart which is characteristic of genes that reside together in an operon (Page et al.,
1997a). However, subsequent studies have suggested that both genes are likely transcribed
from independent transcription sites (Koh and Rothman, 2001). Deletion of both genes
simultaneously results in frequent embryonic arrest (Koh and Rothman, 2001). However,
even the removal of just egl-18 causes a severe seam cell defects, and morphological
abnormalities, particularly in the vulva, resembling those observed with the removal of both
genes and indicative of epidermal defects. This is observed in the egl-18(ga97) mutation,
which converts a CGA Arginine codon in exon 2 to a premature TGA stop codon, leading to a
truncated protein. This results in an average phenotype of 12 seam cells and a malformed
vulva (Eisenmann and Kim, 2000). Knockouts of elt-6, on the other hand, do not appear to
exhibit any discernable phenotype. The losses of seam cells caused by the absence of egl-18,
were found to be a result of inappropriate fusion of seam cells to the syncytium (Koh and
Rothman, 2001). During the 1.5-fold stage (=~ 7 hours after the first cell cleavage) (Chisholm
and Hardin, 2005), the gene elt-3 serves as a marker for all epidermal tissues except seam
cells. In the absence of egl-18 and elt-6, ectopic expression of elt-3 is observed. As reported
in Koh and Rothman (2001), ectopic expression of elt-3 is most frequently observed in the V3

seam cells, occurring in 80% of cases. However, despite this observation, V3 is not the most
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susceptible to fusion but is rather believed to acquire a fate closely related to the P-cell fate
(Sulston et al., 1983). In the vulva, egl-18 has been demonstrated to be crucial for proper
vulval formation, indicating that its role extends beyond the seam cells (Koh et al., 2002). This
underscores the importance of egl-18 in both the determination and maintenance of seam
cells, establishing it as one of the core genes in the seam cell gene network.

When discussing inappropriate fusion resulting from the loss of egl-18, it is important to
consider the role of fusogens. Biological membranes are composed of lipid bilayers with
highly repulsive energy between them due to the polar heads of their phospholipids. Thus,
to facilitate the fusion process, they necessitate specialized proteins known as fusogens.
Within seam cells one of the most important fusogens is EFF-1. In the absence of eff-1, even
cells that successfully exit the seam cell program and differentiate into epidermal tissue are
unable to form a syncitium (Podbilewicz et al., 2006; Koneru et al., 2021b). egl-18 has been
shown to repress eff-1 expression, thereby preventing inappropriate fusion. However, during
differentiation into the hyp7 syncytium, eff-1 expression is activated.

eff-1 has also been shown to be repressed by CEH-16 (Cassata et al., 2005), a gene
identified as a potential direct target of ELT-1 in studies by Luo et al. (2020); ENCODE
Project Consortium (2012). ceh-16 is the homolog of the Drosophila gene engrailed (Cassata
et al., 2005; Eker, 1929), which plays a pivotal role in appendage development and animal
segmentation. The human homologs of engrailed, EN1 and EN2, are implicated in cerebellum
and hind-brain development, establishment of dorso-ventral patterning, and limb development
(Loomis et al., 1996). Since its discovery, engrailed has garnered significant interest due
to its involvement in several degenerative diseases, including Parkinson’s and Huntington’s
(Rekaik et al., 2015; Rissling et al., 2009; Mugat et al., 2008; Simon et al., 2001) Its repression
domain has been widely utilized in constructing artificial transcription factors across various
organisms, ranging from Drosophila to plants, frogs, and even mice (John et al., 1995; Markel
et al., 2002; Viger et al., 2008; Suzuki et al., 2022). Despite its predominant use for its
repressive domain, engrailed has also been implicated in transcriptional activation (Alexandre
and Vincent, 2003; Serrano and Maschat, 1998).

The identification of the homolog of this gene in C. elegans epidermal stem cells provides
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an opportunity to further investigate its function. In a study utilizing extra-chromosomal
arrays to knock out ceh-16 in a subset of seam cells, it was demonstrated that cells lacking
ceh-16 exhibited incorrect positioning and fusion with the epidermis in the embryo, indicating
the essential role of ceh-16 in maintaining seam cell fate and preventing the acquisition of
epidermal fate. The downregulation of CEH-16 is thought to prime a differentiation program
in seam cells in the embryo by both derepressing the fusogen eff-1, involved in seam cell-
epidermal fusion, and independently regulating other factors, as evidenced by the failure
of cells expressing the fusogen to maintain seam cell fate in the absence of ceh-16. In the
embryo, ectopic expression of ceh-16 has been shown to activate egl/-18, a known seam cell
marker, in the dorsal epidermis (Cassata et al., 2005). Furthermore, seam cells that never
expressed ceh-16 in the embryo failed to develop into larval seam cells. Upon entering the
larval stage of development ceh-16 is restricted exclusively to seam cells and its complete
absence leads to embryonic lethality (Cassata et al., 2005).

ceh-16 has been identified as an essential gene for the correct behaviour of seam cells
during larval development. The two essential properties of a stem cell are the capacity
to differentiate into different cell types, but also to self-renew in order to expand its own
population. Given the lethality associated with complete loss of ceh-16, partial loss-of-
function mutants, such as ceh-16(bp323), have been developed. The ceh-16(bp323) mutation
is temperature-sensitive and impairs DNA binding through the conversion of a Threonine to
an Asparagine in the first of the three ceh-16 DNA-binding helixes (Huang et al., 2009). Most
of the self-renewal divisions of the seam cells occur during L2, however in the ceh-16(bp323)
mutant the self-renewal divisions have been observed to fail (Huang et al., 2009). Interestingly,
there are no temporal disruptions, and all asymmetric divisions after the L2 symmetric division
proceed normally. However, loss of ceh-16 results in the conversion of a symmetric division
into an asymmetric one. One cell in which the loss of ceh-16 doesn’t cause the loss of
proliferation, but rather causes an asymmetric division to become symmetric, is the V5 L2
division that results in the differentiation of the postdeirid neuron. In 65% of ceh-16(bp323)
animals, the PDE neuron was absent, and a small proportion exhibited two V5 seam cells at

the end of L4 (Huang et al., 2009).
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Overexpression of ceh-16 during late L1 and early L2 stages leads to seam cell hyper-
plasia, with an average seam cell count of approximately 22.5 (Huang et al., 2009). The
additional seam cell divisions occur during the L2 stage, indicating that ceh-16 overexpression
alone is sufficient to induce seam cell duplication (Huang et al., 2009). This duplication is
thought to be linked to the role of RNT-1 and BRO-1 which are involved with repressing the
gene pop-1 (van der Horst et al., 2019). POP-1 protein asymmetry has been shown to be
highly important in the maintenance of asymmetry in asymmetric divisions (van der Horst
et al., 2019; Harandi and Ambros, 2015; Gleason and Eisenmann, 2010), and the repression
of pop-1 by the RNT-1/BRO-1 complex is thought to be essential in the conversion of the
L2 division to a symmetric one (van der Horst et al., 2019). Despite the role of ceh-16 in
the symmetric division, no link between these genes has been formally established. The
ceh-16(bp323) strain phenotype has also been found to be counteracted by the absence
of the gene apr-1. Under normal circumstances apr-1(bp298) missense mutation causes
a symmetrisation of the L4 division. However, together with ceh-16(bp323) it allows the
recovery of the L2 symmetric division (Huang et al., 2009). Overall, ceh-16 emerges as one
of the most crucial genes for seam cell maintenance, dictating both seam cell specification

and their self-renewal capacity, a defining characteristic of these cells.
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Figure 1.7: Diagram showing canonical Wnt signalling components: Wnt ligands are required to activate
Whnt target genes. The signal from Wnt ligands is transduced through frizzled, dishevelled (DVL), LRP6, the
APC complex and other Wnt components. In absence of Wnt signal 5-catenins are phosphorylated preventing
them from binding TCF whose role is to activate Wnt targets
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1.2.5 Wnt regulatory system in C. elegans

The Whnt pathway is a conserved signaling cascade pivotal in the development of various
animal species, ranging from mammals to sponges. Whnt refers to a conserved group of
lipid-modified glycoproteins (Cadigan and Nusse, 1997; Clevers and Nusse, 2012), which
play crucial roles in regulating diverse processes such as cell division asymmetry and
differentiation (Angers and Moon, 2009). They function not only in short-range signaling
but also provide positional cues by establishing concentration gradients across developing
tissues (Zecca et al., 1996). Canonical Wnt signalling functions through the 5-catenin group
of effector proteins, and non-canonical Wnt functions independently of them. In canonical Wnt
signalling, the absence of a Wnt signal triggers the activation of the g-catenin degradation
complex (Akiyama, 2000). This complex, comprising scaffold protein Axin, (APC), kinases,

and the Dishevelled protein, phosphorylates g-catenins, marking them for ubiquitination
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and subsequent degradation via the proteasome (Nakamura et al., 1998; Huelsken and
Behrens, 2002; Sokol, 1996). Wnt signals are received through the membrane-bound co-
receptors known as frizzled and LRP6. In presence of Wnt signalling LRP6 recruits the
Dishevelled and Axin proteins to the plasma membrane (Ren et al., 2021; Bafico et al., 2001).
Derepressed (-catenins then activate TCF, which modulates target gene expression. In C.
elegans, homologs of these proteins perform analogous functions. For instance, POP-1 is a
TCF homolog, LIN-17, MIG-1, CFZ-2 and MOM-5 are Frizzled homologs, EGL-20, CWN-1,
CWN-2, LIN-44, and MOM-2 are Whnt ligands, BAR-1 and WRM-1 are -catenins, APR-1 is
an APC homolog, and LIT-1 is an NLK homolog and is one of the kinases involved in TCF
nuclear export (Thorpe et al., 2000; Korswagen, 2002; Herman, 2003; Whangbo and Kenyon,
1999). These Wnt genes have been found to be essential in maintaining cell asymmetry, in
particular in the seam cells (Mizumoto and Sawa, 2007a). The Wnt pathway has also been
found to affect division timings and developmental advancement of the seam cells (Ren and
Zhang, 2010), as well as regulating egl-18, a core seam cell gene (Gorrepati et al., 2013).

The gene pop-1 plays a pivotal role in the differentiation program of the anterior cell
during asymmetric division and is crucial for maintaining asymmetry. It functions via the
non-canonical Wnt pathway. pop-1 exhibits three main expression level thresholds (Calvo
et al., 2001; Kidd et al., 2005; Shetty et al., 2005; Huang et al., 2007). At high expression
levels POP-1 forms a complex with the Groucho homolog unc-37 and acts as a repressor
of seam cell fate (Calvo et al., 2001; Bekas and Phillips, 2022). At intermediate levels it
interacts with the g-catenins sys-1 and wrm-1 to activate seam cell fate (Kidd et al., 2005;
Shetty et al., 2005; Huang et al., 2007). The complete absence of pop-1 results in a lethal
phenotype (van der Horst et al., 2019). In asymmetric divisions, with the anterior cell destined
for differentiation, POP-1 protein levels are significantly higher in the anterior cell than in the
posterior (van der Horst et al., 2019). In the asymmetric division POP-1 itself is regulated
by many different factors, key of these being APR-1 and LIT-1, and in turn it regulates many
important seam cell factors, like egl-18 (Gorrepati et al., 2013).

The APC homolog, APR-1, plays a pivotal role in Wnt signalling. APR-1 mutants were

identified through abnormal seam cell phenotypes, as the gene’s absence causes a con-
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version from an asymmetric L4 division to a symmetric one (Mizumoto and Sawa, 2007b).
APR-1 facilitates the export of the WRM-1 and SYS-1 -catenins out of the nucleus (Baldwin
and Phillips, 2014). Furthermore the apr-1(bp298) knock-out, has been demonstrated to
alleviate the loss of symmetry in ceh-16(bp323) mutants (Huang et al., 2009).

LIT-1 is also integral to asymmetry and functions as a protein kinase activated by the
B-catenin WRM-1 (Rocheleau et al., 1999). Under normal circumstances, LIT-1 localizes to
the anterior cortex of cells, but following an asymmetric division, it relocates to the nucleus of
the posterior cell. LIT-1 is crucial for phosphorylating POP-1 in the posterior cell, triggering
the export of POP-1 from the nucleus and maintaining the seam cell fate (Lo et al., 2004).
lit-1 expression has also been found to be repressed by EFL-3 (unpublished data from the
lab). This gene has been found to be expressed in seam cells (Marshall et al., 2016) and
be involved in the maintenance of robust seam cell division patterns in larval development
(Katsanos, 2021).

During a symmetric division, both POP-1 and APR-1 are asymmetrically distributed, similar
to an asymmetric division (Wildwater et al., 2011; Baldwin and Phillips, 2014). However
van der Horst et al. (2019) identified the homologs of RUNX and CBFg, rnt-1 and bro-1
respectively, as potential candidates for converting asymmetric to symmetric cell divisions.
Loss of either gene results in failures in seam cell divisions, whereas overexpression leads to
hyperplasia (Nimmo et al., 2005; Kagoshima et al., 2007). The BRO-1/RNT-1 complex has
been shown to promote seam cell fate, by down-regulating pop-1 expression during the L2
symmetric division. The repression of pop-1 expression results in the anterior cell expressing

pop-1 below the threshold required for the cell to exit into the differentiation program.

1.3 Aims

The objective of this thesis is to understand the genetic mechanisms underlying epidermal
stem cell patterning in C. elegans. Despite being a very well characterised organism, our
knowledge of the C. elegans epidermal stem cell GRN lags behind that of other organisms.

As such our ultimate goal was to describe in detail the mechanisms governing epidermal stem
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cell patterning. The state-of-the-art of the field so far describes three main factors as essential
for seam cell maintenance (elt-1, egl-18 and ceh-16). Several studies propose ELT-1 as the
master regulator of the other two genes as it is the first gene to be expressed solely in the
seam cell (Koh and Rothman, 2001; Baugh et al., 2005; Smith et al., 2005; Thompson et al.,
2016). This however, has never been tested through a perturbational approach. There has
also been a proposed positive interaction between CEH-16 and egl-18 (Cassata et al., 2005).
However, this was only shown at embryonic level and failed to consider that the main seam
cell functions occur at the larval stages.

We selected a time point we assumed to be steady state and developed a detailed
quantitative model of the interactions between these three genes. We relied on smFISH data
coupled with a selection of mathematical approaches, starting from a modified version of the
MRA and finally developing a minimal model using a new bayesian inference technique called
SLING. We test our minimal model by making predictions on the behaviour of the three core
genes in a novel mutant, resulting from a cross between ceh-16(bp323) and egl-18(ga97).
In this cross we observe a highly robust phenotype where the modified nematodes reach
adulthood with only 11 seam cells in over 75% of the animals with a seam cell number range
of 10-12. This very narrow distribution is unusual for strains with an erroneous seam cell
number as most seam cell specific mutants exhibit high variability. As such in Chapter 5 we
investigate the ceh-16(bp323);egl-18(ga97) strain more closely.

An assumption that is widespread in the seam cell community is that all the cells are the
same and that the core genes interact in the same way at all time points. In Chapter 4, we
question this assumption by investigating the seam cells behaviour at different time points
and by questioning the similarities between them. We start by observing these interactions at
3 additional time points: pre-L1 division, post-L2 symmetric division, and post-L2 asymmetric
division. We observe some changes from what we observe at late L1 and some recurring
patterns. We also test our assumption of the 17 hour time point being a steady state and
we reach the conclusion that while 17 hours is most likely the best candidate for a steady
state, the core gene expression is highly variable over time and thus every state appears to

be highly unstable. We theorise that later time points could have lower and more stable core
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gene expression. We further delve into spatial differences in core gene expression, as well as
the different sensitivities of seam cells to the loss of the core genes. We identify patterns that
strongly indicate that further studies of the differences between the individual seam cells are
essential for the full understanding of the mechanisms underlying these highly robust stem
cells. We conclude that the frequencies of loss of different seam cells correlate with the core
gene expression patterns, especially in the late L2 stage. We also describe a connection
between elt-1 spatial patterning and the Wnt signalling pathway.

In Chapter 5 we address the ceh-16(bp323);egl-18(ga97) mutant we generate in Chapter
3. A seam cell phenotype where the terminal number of seam cells is erroneous yet consistent
has never been identified before as seam cell division errors tend to disrupt robustness. We
aim to understand whether the phenotype is truly robust and to uncover the mechanism
underlying its extremely consistent phenotype. We compare it to a ceh-16,,.p mutant as both
strains show a terminal seam cell phenotype of ~ 11 seam cells with low variability. We assess
ceh-16(bp323),;egl-18(ga97) and ceh-16,,,.p resistance to both genetic and environmental
perturbations and note that not only is the double mutant’s number of seam cells at the end of
development more consistent than either of its parental strains, ceh-16;,,» and in fact most
seam cell gene mutants, but also the specific seam cells that are lost are consistently the
same. The resulting phenotype appears to be independent of the WBA pathway, as the Wnt
genes appear to behave in a way that would lead to additional symmetrisation in non mutant
animals. We did however observe a partial rescue using apr-1 RNAi. We propose that apr-1
has a larger role in symmetry than previously thought. Finally, we are able provide the core
seam cell GRN with a connection to the genes involved in symmetry via ceh-16 and egl-18.

Overall, we start by identifying core seam cell factors. We then seek an in depth analysis
of the quantitative relationships between them. We interrogate this network over time and
space and while we note that our minimal model is not sufficient to explain all the behaviours
of the network at certain time points, we further strengthen several of our newly identified
connections. We then expand our network to incorporate Whnt signalling with the help of a

new mutant with a highly robust erroneous stem cell phenotype.
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Methods

2.1 C.elegans specific methods

2.1.1 Maintenance

C. elegans is maintained on 60 mm petri dishes of Nematode Growth Medium (NGM) seeded
with 300 ul of OP50 Escherichia coli strain as described in (Brenner, 1974). The worms were
transferred onto new plates using one of four methods: 1) Picking using a piece of platinum
fused to a Pasteur pipette directly onto a new NGM plate. 2) Transferring a small square of
agar to a new plate by cutting it with a scalpel. 3) Picking using a piece of platinum fused
to a Pasteur pipette into a 10 ul drop of bleach (alkaline sodium hypochlorite solution). 4)
Washing adult animals off a plate and into eppendorph and then resuspending in bleach till
the eggs are extracted, then resuspending in M9 and placing eggs on the plate.

The last two of these methods allow the synchronisation of the animals. Unless stated
otherwise all strains were maintained at 20°C. All buffers were produced as described in

(Theresa, 2006). All strains used are listed in table 2.1 and are in the N2 Bristol background.

2.1.2 Freezing

Strains were frozen after being synchronised, put on standard NGM plates and left at 25°C

for 6 days to induce starvation and entry into dauer phase. Some slow growing strains
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Table 2.1: List of all strains used: We include the names used in the text, the genotype of
the strain and the official strain name.

Strain List

Name | Genotype | Strain Name

Wild Type unc-119(e2498::Tc1)lll;(wis51) V JR667

elt-1(ku491) elt-1(ku491)1V; MBA650
wlis51[SCMp::GFP+unc-119(+)]V

egl-18(ga97) egl-18(ga97)IV; MBA290
wis51[SCMp::GFP + unc-119(+)]V

ceh-16(bp323) | ceh-16(bp323ts); HZ620
wis51[SCMp::GFP + unc-119(+)] V

ceh-16(bp323); | ceh-16(bp323ts) Il ;egl-18(ga97) IV; MBA1216

egl-18(ga97) wis51[SCMp::GFP + unc-119(+)] V

ceh-16;,.p icb128[LoxP:ceh-16(ex1-3):LoxP: MBA1428
ceh-16(ex4)] lll ;wls51[SCMp::GFP] V;
icbSi218[pHIN32(ttTi5605 right::srf-3i1::
delta-pes-10::woCRE::unc-54-3utr::unc119)]

apr-1(bp298) apr-1(bp298) I; HZ194
wis51[SCMp::GFP + unc-119(+)]V

Triple Hox lin-39(n1760);mab-5(e1239);egl-5(n945) IlI; MBA748
wis51[SCMp::GFP + unc-119(+)] V

egl-5(n945) egl-5(n945) Ill; MBA757
wis51[SCMp::GFP + unc-119(+)] V

lin-39(n1880) lin-39 (n1880) Ill; MBA747
wis51[SCMp::GFP + unc-119(+)] V

bar-1(ga80) wis51[SCMp::GFP + unc-119(+)] V; MBA836
bar-1(ga80) X

egl-20(hu105) egl-20(hu105) IV; MBA521
wis51[SCMp::GFP + unc-119(+)] V

lin-17(n671) lin-17(n671) [; MBA450
wis51[SCMp::GFP + unc-119(+)] V

ELT-1::EGFP OP354[unc-119(tm4063) Ill; wgls354[elt- | MBA1465
1:TY1:EGFP:3xFLAG  +  unc-119(+)]];
ouls91[ajm-1::mCherry + unc-119+]? ; him-5
(e1490) V

CEH- ceh-16 nG AID::3xFLAGIII; ouls91[ajm- | MBA1464

16::AID::nG 1::mCherry + unc-119+] ; him-5 (e1490) V

EGL-18::nG ujls113 Il; egl-18(dev210([mNeonGreen::egl- | MBA1615
18])IV ;ouls91[ajm-1::mCherry + unc-119+]?;
him-5 (e1490) V
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Table 2.2: List of all RNAIi used: We include the names used in the text, the official gene
name and the sequence used for the RNAI. All of these sequences were cloned into the
control vector vector is L4440 in the ht115 strain, which we refer to in the text as control
vector and were generated by Kamath and Ahringer (2003); Kamath et al. (2003)

RNAI List
RNAI | Gene ID | Sequence ID
elt-1 WBGene00001249 W09C2.1
egl-18 WBGene00001186 F55A8.1
elt-6 WBGene00001253 F52C12.5
ceh-16 WBGene00000439 C13G5.1
rnt-1 WBGene00004393 B0414.2
lit-1 WBGene00003048 WO06F12.1
efl-3 WBGene00009899 F49E12.6
eff-1 WBGene00001159 C26D10.5
pop-1 WBGene00004077 W10C8.2
apr-1 WBGene00000156 K04G2.8

were left for 13 days. After the plates were full of dauer larvae the animals were washed off
into an eppendorph, in which they were washed repeatedly in M9 and resuspended also in
M9. Finally 1ml of M9-C. elegans solution transferred into a cryo-tube with 1 ml of Freezing
solution. Each strain was frozen in 3 different cryo-tubes, which were placed at -80. If the

test-thaw was successful, two of the three cryo-tubes were placed in liquid nitrogen.

2.1.3 RNA interference (RNAi) by feeding

RNAI was carried out by placing C. elegans on plates of E. coli expressing double stranded
RNA (dsRNA). RNAI bacterial clones for the genes of interest were streaked onto a Lysogeny
broth (LB) agar plate with 50.:g/ml ampicillin and 12.5ug/ml tetracycline. The RNAI clones in
question are listed in table 2.2. The clones were then inoculated in 12 ml of LB medium with
50ug/ml ampicillin and 12.5ug/ml tetracycline. In mixed RNAI treatment the cultures are then
tested through a spectrophotometer to test their OD600 and diluted to equal concentration
before they are mixed to the specified dilution with bacteria containing empty vector RNA.I.
For example, 50% egl-18 would be produced by mixing 6ml of egl-18 RNAi with 6ml of empty
vector RNAI, both diluted to equal concentration.

RNAI plates were prepared through the methods of preparation of NGM as described in
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Theresa (2006) but with the addition of 25ug/ml ampicillin, 12.5ug/ml tetracycline and 1mM
filter-sterilised Isopropyl B-D-1-thiogalactopyranoside (IPTG). The plates were to be used
within three weeks. Animals were spot bleached onto a plate for a 1st generation treatment
and if a two generation treatment is required then those animals, once they reach adulthood,

are bleached onto a second plate of the same RNA..

2.1.4 Genetics

Males were induced by subjecting 5 plates L4 hermaphrodites to heatshock by placing them at
30°C for three hours and then 37 °C for half an hour. These were then allowed to lay eggs and
3 days later screened for males. To set up crosses we picked males and hermaphrodites onto
a plate, maintaining a ratio of 10:1 males to hermaphrodite, with at least 3 hermaphrodites on
the plate to ensure a successful mating encounter. For genotyping of the ceh-16(bp323);egl-
18(ga97) cross we relied on the primers listed in (Table 2.4) for sequencing, as well as visual

observations of egl-18(ga97) induced deformities in the animals.

2.1.5 Temperature treatment of animals

Three sets of 20 gravid hermaphrodites were spot bleached onto a regular NGM plate and
placed at 15°C, 20°C, 25°C. They are allowed to reach adulthood and spot bleached onto
three new plates. These plates are placed back at the same temperatures that the mothers

were kept at. These animals had their seam cells counted once they reached L4.

2.2 Microscopy and Image analysis

2.2.1 Seam cell counts

Seam cell counts were carried out at the end of L4/early adult stage unless otherwise
specified. They were counted using the SCM::GFP (seam cell marker) fusion signal at the

Zeiss compound microscope using a 20x objective. The specific cells that were missing or
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Figure 2.1: Description of how seam cell-specific abnormalities are identified: Here we highlight the
anatomical landmarks used to determine which cells are lost or gained in mutant strains. The seam cells here
are identifiable through the SCM::GFP fusion

gained were determined as shown in Figure 2.1.

2.2.2 Lineaging seam cells

We synchronised mutant animals alongside wild type animals and observed them at 10h
to check for hatching abnormalities, at 15 to check the first asymmetric division, at 25 to
check for the occurrence of the L2 symmetric division, 27 for L2 asymmetric, 36 hours for L3

asymmetric and 42 for L4 asymmetric.
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2.2.3 Single molecule mRNA fluorescent in situ hybridisation (smFISH)

Synchronised animals are fixed in 4% formaldehyde dissolved in PBS. smFISH was performed
using custom-made probes labelled with Cy5, listed in table 2.3. Z-stacks were taken with
30 slices 0.8m apart at 100x magnification using an oil objective using a Nikon Ti Eclipse
epifluorescence inverted microscope. Each slice was exposed to Dapi, Far red and GFP
fluorescence at 100ms, 3s and 300ms respectively and viewed through the NIS Nikon imaging
software.

The data analysis involved using MATLAB software to draw ROIs using the Dapi and
GFP signal as markers for seam cells and to automatically quantify the mRNA spots by
manually setting a brightness threshold. The thresholding was carried out independently for
each worm to consider the noise levels for each image separately. The code used for spot
detection, thresholding as well as all the statistics is available in the GitHub repository https :
//github.com/Allie3004/smF 1S Hcode slicjaphD.git. We opted against using published tools
like FISH-Quant in order to manually inspect the images independently, and to maintain

consistency with previous work in the lab.

2.2.4 CRISPR-Cas9

The LoxP sites were inserted using CRISPR-CAS9 using guide RNAs to cut two regions in
the target gene (in our case ceh-16) to create homologous recombination sites between the
target gene and the repair template (Table 2.4).

For ceh-16;,.» we used sgRNA that were located before exon 1 for the 5’ cut and between
exon 3 and exon 4 for the 3’ cut (Figure 2.2). The injection mix contained:

- 5ul of tracRNA (from 18uM stock)

- 1.4yl of each of two custom sgRNA (shown in (Table 2.4)

- 1ul aliquot of Cas9 (2.5ug)

- 2.2yl of single strand templates (from 25uM solution) (Table 2.4)

- 5ng/ul of myo-2::DsRED

- H,O to bring final volume to 20pl.
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Table 2.3: List of all smFISH probes used: We include the specific binding sequences of
each smFISH probe we used. For the purpose of this thesis we focus on those with cy5 as a

fluorophore.

smFISH Probe List |
elt-1::cy5 egl-18::cy5 ceh-16::cy5 apr-1::cy5 efl-3::cy5 lit-1::cy5 rnt-1::cy5 eff-1::cy5 pop-1::cy5
gttagcatcacgataatgca cgtcattatgctgatcgaca gttcaataccgaatticaga — gttctgtgtatcgttgttic agagccgaagatagttgtca aaactgtccctcttgatttc gagcacaggaatgacgtcat aactggggagaccactcaaaacggaacaccttcacctcat
agattcactttatttcggga ~ agcacttcgtggtgtigtty  gggtagggggaagacaggatgtigtgagtagattccactt — ccgggtggaatattticttt — gaactacagccggatgaact ccatcggattcaatttcagt — aatccgtaggttgtaactge — ctgttgttctgacgtttcac
ccgacaactccatctaacat ctacacggctcatctgacgg tgaaatagttggagatggge cgcacattcgatgtictitt  tctggatctgtigttcgatt  ctgttgctgtcgggatataa  atcttctigcatctggagat  atcgaattictcctcgagtg — gtctaattctgcttccatta
cattcgtgtictgcatatca ctictgtaactgtttgcaac  ttgatggacttgtagcagga tgctcticttcatcatctac  ctggagatggtctiggaaca gtattattgggattgcctga  tggacagetgtgaaattaca tgtcttggaacagtgtggtg — aatcgatggatttcgaccgg
gacggagcaaagagtccaactgctgattgtctttgcaaca  ggagatgcaaaagtaggagatgttatagcatcgtcaacct  gaagcatcggagagttgtga cttgcggcetgatgatgattg — tctccattagaggtttgtit gagatgtttgagcacggaca aaccgggaaacgatggtgac
gatggagtttgtgtcaggat  ttgtccattcgctccataac  cgcaatatttggtgticcat  gacgcaggaagagctttttt gtcacttctagatcgtcatc — ctgctgaatagtgtggtigt tttattcgagcteteegttt gaattgcatttgcattcctc  atccaggactgaagtgtgac
atgttttcctgctcaattgg ctcgtcgagccgatactgaa tgaacacccatgcaggatac gttgatggtticcticgaag — cccaaactcttttctitict tattacgtcagatcgtggca  gttttagtigtgacagtgac  atctgaagcagactgcagtg aacatgggtaaagcagctgc
aattcaacgggttttccttc gctcattgtictctitgagc  ggtcgatcggaatatctigt  acgatigtgtgaagagctge ctgtcicticattgatagca  agagcaaagtgtggtgottg cgataccttatgetcatett  tcattgatctctigggatge  getgegtatggaticataaa
tccagaagaagtgccgagag gatgagaccgatgagcetttt ctgaaaagtcgcatacctge tagtccagegtatacttgag  attcattttccttgcaacgg — tgtatgtgaaactagggeca  acttgttttttcggaggtat atgtctgatttccagcattt  caggcttggtgatcgtagtg
aatggtgcaatggatgcagc cggtgatggtgaggctitic ctactcagagaccttctaga gtgcatgaactgttggtiga cgtagattcgtegttttica  tttttcgtagcacgtcgtag  cctgatctgaagcaatgeta gttcaagcttticcaatcga  tcattgctcccattggaaac
gttggttgctgatgtattgt tctcgacaagceticggagag agttactcctggagtgtata tgtatgtgeatgtactgcag  ttgttagttttctgcatgge agcgaggatcgceattigaag taattccggcaacttgccga  aagtgtaccgetgagttatc  gattgetgetccatagacag
tggataactactcggtgtgg  cotgatactggagegactac cacttatatccgatgtgatt  ctgagtgaccagcaagattc aagagactctaatccttgce  tggagggtagaatggttgtg  cacagcecctagttgtaattg  tggcatgaacttcagggatt  aaagtgttgtttggeggcetg
cctccageatattgatagtt  aagtctggaagtggactcge gattctegttttcgggattt acttcagaattccagtagct ctctggaagaccttcticaa tctggctgactatctigtac ttttttctaaaaccggecgt  tggcatcacactcacagata atgttcagtggagccatatt
atgcatccatatcagtigtc  ggatcaaacatgaatccgtt tgaacttccactacticcag  cgtggaagtaticgcgagat cacgtggtgatgacaactca atgcaccataaccaataggc acaacatacccctcggaaaaagatictgcggtacatgttg — tctgattcattggatgaccg
attgacatatccattccact ~ gcatcattccatttggattt  tacgtggtctttttictict gagtgatgagcaagctictt gagccgacaatatcctigaa gttactgaccatacaactcc aactcggaaattgtccgecg agactctggacaageggtaa ttcgatcgacatictgtgga
cggattgttttgtgttccaa ctcacggattgttgattctc  ccaattgatctccagtgaat — acaagtgaacgaggcactctggtcggtgttgaagtacatg cacgttgggcatttttttga gatgaagtatagcgagtgge gcggtagcatgaagatgttt  tgaacgcgtttaatggettc
gagttgtgtcgttggataga  cacggatticgattgtggtg cggaattcagtittgagccg — attaggtttgcaatagetcc  acgagtgtcaactctcgatc gatttctcgaaacactcget — gagtttggccagtcattata  tggtgtctgatttgggaaga  aatctcttccagcagtgett
gcgagtgtatcatatccata  gatccattggatcttcaatt  gtaatcatgattacctgett  tcacgattcgagtticggag cgtctgcacagc aaaaagcetcggaticgecggg ttcacggcggeggacaattt  tcgaacgtcacagcaaagct geactctgtttctcattatt
cagtaattccagatgctgtc  gactcttcctgtticacatc  tttgccgagttaggacatta  gcagttccatgataageatg cttttcggatattcttcggg ataatcttgtgtaggtcgct aattttccgaggggtatgtt  gtttgactgcgaggaatgtc tccaagctctttaticaact
tacgatagttccatttcctt agtgcatccaaaaggttctg gtigttgctggtaatcggaa  gtggagtctgtatcaactgt aactgtgctagctacatcga tgtcaaagcttgcggggaaa ggtcgtccggtittagaaaa  atgttgcatacgttgtaggt — tcgacaaatcatgccaccte
tgttttgagtgattggctgt gttgctgctaaactgtgetg  cegctttictgttagatate aatccatttcgttgaacggc aaaacctictgtticcggat  ggatgtitgcagtgtgcaaa  tataagagctgtgcaaccgg tttatctttttccacccaat aaatatttcgcetgttcttc
ggtgagaggttgactgttat  tggtggaggtctggaagaacagctcgtgagecaaticttg — gttgttgttgctgcaattga  tataagegtctgcatcgact aagagatticceggtttgat  tcaaacctgectacggaata tgtgticcaccatctaattg — cttatccttctitgecattt
gatgatcctgaagacgtcga gatgatgatgatggtggaga gatctgcgattcgtigagtc  ctgagcacacattgttggag aaccaggacattggcaatgt ctctatagtactgggtcaca — atctctcgegctacttaaaa  cgacgtttttggtcgagatg — gataccgttccttgtgtgtt
gagtttgctgatgagcettga  ttcgatgaccgettgtactt  gcttgtictggaaccagatt  tccgattcagtggatitagg acctitttaatgagcccaag  aaccgacggaccaaatatce tgcacgttaticgcgaattc  ggcagttacagccaatgaaa ttgttaactccgaatctgge
gotgticticggtgtagaag  ttgaactgtctiggettigg  gtcgactttttgagttigge aatgtgtagtgtictgctgt  cgggattttctttgticcaa  tgtagcagctcggcaaatat  gatttttttacaacttgcca  cagttgatgagatgctcgtc  gcttgcagaatttacaccac
atgatcggtttgctttggag ctcgtcteggtitictcaaa  gcatcgatcicttggaacag —actccgagtcatagtgttag ggttcaggaccacagtaaac ccggeggcetigaaatagaat aatagaggcggaggctatta ctecattacttgttcttgag aacgatcagttgcgtactcg
atcttccgtgctgaattgag — acggattgcagacaagcttc tgaggatttggagtgacgga tgtctgticgtgtaccaata aaacatcgaagcttccggtt cgatggggttecc t tggaatacccaaaagaagcctcaatggttgcatictcagt — cctgactgtcagttatatcg
ctccacaattgacacactca gtgcaatcgatagtagagcccctccatgaattgacggatg  tcttctgaagtctticgtgg ~ gtgaactactcagaaggcgt cacaagcgtatticatagec accatccaagacggtcaaagtactgctatacgcaccactt
cgacgccataatggagtatt  attictatiggtcggcgaac ccaactgagccataagtiga acctgggagaacatcatcagcaattttgtcagtctgtget  gecctictictaaatatcga atgaccagaatcgtccattc  tgctgtgtggtcagtgcaat
atgcgttgcagaggtagttt  ttgttggatgtggtttttgc ~ atgtaagctcgagcectgaac gtcaaaagctcgtcatctgt ttttgttctgagagegttct  catacacgagtggaatcgca tccattttcacaactccatt  catcgtatgcatcattgetg
ttcatcttgaagtagaggce  actctttttecttgttcttt atcttcggagtagacgacga tgcgatttttggagtattcc  gtttcgtatagcagcacgag gcaatttttcactttagcct  atcctagacgcatttgcatc
ttcaccaatggacgagcatg tggttgaagatctgtgttge atgcaggagacgatgtigtt tggtgatgatctgacagctg aacaacctcgacggcatatt tcgagcagattgaatccacg tgatggaacgtgcgtcgatg
tttttgagcgttctgetgte atcgtcggcatttgtgtgag gcatcagaagcatcttgacg ccaccictgcgaacataaac atcgatagtcgggacatgtc gtgttacaacagcttgtctg  cctcaacatcagattccgaa
acgacagttgacacactcga ttgaatgtgttgatggctcc gcttcotegttttttgaatg  tatctcattttctcagetge  aaagggcgacaccgtacaac tgaagattagttccticggc  taaccgtcggatcaatctge
atttcttctccagagtgttg ctgcgtgaattgcgagattt gagatgcatcgatctcatcg attgatgctactgatcccaa gcaactgacgagcttgcaaa gacaaggttttgactticca  aagcatatcatgtgtctgct
acaagcattgcacactggat tgctattcatgagctcttga agatcctittggtgtggaag  gatgtcattggatgctgtga  gatggaggtaatictgagge gatggatccactgaagtcac tagtacacatcgattcctge
cgttccaccttatgaagttt gaactcctgggagtgaagat ggaagttgaagaggagcecat agcctcatatactgtcaagt
atccttcttcatggtgattg tcttgactticcattcgtty  ggctttggaatctctggaag ctgatccatcaatttticca
ttgcgattacgggtctgaat agtgatccattcgttitigg  tgtaaactgctttigagect tccaaatccagttgacatct
tttcttcattcttcgegate tgattggcttgggatictta  attgaatcgaggcctagacg atggctggcagtggaataat
gaagatgttgtaggcattcc ttaaaagtgtcggettcggt  ttgcacaggtgtatagtcag tgaatctgctcggagacaga
ccactttgatcaagttcgat caatcgaatcctctictgga agatacgagtgggcgtattg tttccaaagggctctcgaaa
agtgtttttcattccccaaa gtatcatctctcgictgatt  gttgcgaagattctigtgga ccattttccctcaacaagat
tgtcggtgtcatgagceattg aaattcgttctigtictgcc  aatgttttggcttgacgtct attacaagttgggcaggttc
tggatgctgggaatgcatat tgacggtgattgctcaatgt cttcgattcgccaagaatgt gatccaatgagctggattca
tcctcgatcgagttgaagta tagggcgttacaattgcaga tgtgctcgaacgtattctga caccaatcgaactgattcct
ggcacgttttatactccaat atttcgaccagtgaaaggcg cacctggaatgcggaagatg atccgtagcaatcataacge
tccaaagtccaccatcattg ttgtttaggattcggtgtca  ctccgaagacttittttggt gacaaatttgtcccaacgga
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Table 2.4: List of all primers, sgRNA and repair templates used: We include the names
used in the text, and the sequence of all the primers, sgRNA and repair templates used.

Primer List

Primer | Sequence

ceh-16 5’F tttgcggttaccagagatcg

ceh-16 5’'R aatagtgcaaaaccccagtaaaa

ceh-16 3’F aaaacgagaatcaactggaagt

ceh-16 3'R agaatctcctgaggttaaaccattt

ceh-16(bp323)F caggccctcgacatcgaaaa

ceh-16(bp323)R gtgagccaattcttgtcgece

egl-18 ga97 F caacaccaccagcacattga

egl-18 ga97 R tccgttgetgctaaactgtg

M13F 43 agggttttcccagtcacgacgit

M13R 49 cctgtgtgaaattgttatccgcetc

| sgRNA | Sequence |
ceh-16 guide RNA1 gtaattaggtgtgaagaagg
ceh-16 guide RNA 2 tcttgtatcacgaatttgtt
| Repair Template | Sequence |

ceh-16 5’ Repair Template ctctttttactcectctctecttcacctcattcactt
gtcacccgtaattaggtgtgaagaaggegg
agggttttcccagtcacgacgttcccgggat
aacttcgtatagcatacattatacgaagttat
gaaaagaggcggagcttccttagagcggg
gatggacgatgagg

ceh-16 3’ Repair Template tcataaaatataataaatcctttcatcttgtatc
acgaatttgttagggagcggataacaatttc
acacaggcccgggataacttcgtatagcat
acattatacgaagttattagaactcggaaat
gtgtacggtittcaatgataaatcctga
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This mix was administered by microinjection. 2ul of the injection mix was loaded into the
injection needle. 3 young adults were placed in a drop of hydrocarbon oil on a 2% dried
agarose pad and injected. These animals were then transferred to an NGM plate in a droplet
of M9 buffer. The animals were then allowed to lay one generation of animals and then those

animals were allowed to lay eggs and then were lysed to extract genomic DNA.

2.2.5 Worm lysis and PCR

Worm lysis was carried out by placing the a singular animal in 8ul of worm lysis buffer
containing 0.2 ug/pul of Proteinase K. This was then incubated for an hour at 65°C and then
15 mins at 95°C. 1l of this solution was then used in a 50 ul PCR reaction. Diagnostics were
carried out using Gotag® DNA Polymerase from Promega with extension time of 1kb/min.
Primer annealing temperature was set to 56 °C unless otherwise stated. If sequencing was
carried out the primers used are listed in Figure 2.4 and purified using the Promega PCR clean-
up kit. Sanger sequencing was sent to eurofins genomics (https:// www.eurofinsgenomics.eu).

The sequencing was analysed using ape and benchling.

2.3 Mathematical methods

2.3.1 Statistics

Several different statistical methods have been used over the course of this thesis. Mann
Whitney U was used to test for significance of smFISH, T-tests were used to determine
changes in seam cell number, Levene’s tests were used to determine significance of vari-
ability. P-values in graphs were denoted as * = p <0.05, ** = p <0.01, *™* = p <0.001,
**** = p <0.0001. The code for all of our statistics calculations is available at htips :

//github.com/Allie3004/smF1SHcodealicjaphD.git.
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Identifying Homozygotes Identifying Homozygotes

1627 bp 1813 bp

A
5F 3'F
5, ﬂ ﬁ 3,
EXON 1 EXON 2 EXON 3 ‘ m—
-— —
5R 3R
B
5F 3'F
51 !_> :_’ ’
; iy S o 2 FEXON 1 EXON2 g EXON3 g o FUN] G g EXON 4
. 5R| | ; 3R
283 bp . 617 bp .
Insertion Screen ' Insertion Screen '
| 845bp ¥ Smal 782bp | 875 bp ¥ Smal  93gbp |

Sequencing Sequencing

Figure 2.2: Diagram showing the layout of the LoxP insertions in ceh-16: A)We show the location of the
guide RNA complimentarity within ceh-16. B) We also show the location of the LoxP sites and the primers used
to screen them both for the initial insertion as well as for homozygosity.
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2.3.2 MRA

Together with masters student Arianna Ceccarelli we implemented the Modular Response
Analysis algorithm by (Kholodenko et al., 2002) and adapted it by multiplying the amount of
available protein by its expected functionality (0.25 for partial loss of function mutants and
0.01 for complete loss of function mutants). The algorithm is applied to bootstrapped data

following the formula:

R, = [Rijlij,
where
2 fy; — 2l
Rij =215 ©0)
x;” fij +
and
1 if i
fij =
Vi if i=7

x§°> describes the mean expression of gene i in wild type and xﬁj) is the same gene’s
mean expression in the mutant j. R;; represents the difference between transcript levels,
29 £ — 2%, divided by the mean (:cgj)fz-j + x§°)>/2. fi; indicates the fraction of activity of
the protein carrying out the regulatory function. It is 1 in a non-mutant context and ~; in a
mutant context. v, is 0.25 for elt-1in elt-1(ku491) and ceh-16 for ceh-16(bp323), whereas for
egl-18in eqgl-18(ga97) it is 0.01. Further details can be found in Brozek et al. (2023).

2.3.3 ODE

The ordinary differential equations were derived using Hill equations (Hill, 1910) to denote the
interactions of the other genes of the network on each specific gene. The process of deriving
ODEs for GRNs is described in many different pieces of literature such as Hale (2009); Ando

et al. (2002); Delgado and Goémez-Vela (2019).
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2.3.4 SLING

The SLING algorithm was implemented following the process illustrated in (Jargensen et al.,
2023) by Arianna Ceccarelli and Andreas Christ Sglvsten Jargensen. The priors were based
around the range of values provided for each interaction by the MRA. The d.pc described in
(Jargensen et al., 2023) was set to 0.0125 which would be applied if the distance measure of
the best-fitting model within the burn-in divided by 0.0125 is lower than 35. However if not the

dapc is reset by the model itself to encourage convergence.
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Chapter 3

A quantitative Gene Regulatory Network

underlying seam cell patterning

3.1 Introduction

The work in this chapter was part of a project developed together with MSci student Arianna
Ceccarelli, Andreas Christ Sglvsten Jorgensen and Mark Hintze, and is showcased in the
paper (Brozek et al., 2023). My role was the generation of the data and its analysis as well
as the testing of the newly developed models through the generation and analysis of the
ceh-16(bp323);egl-18(ga97) strain. | was involved as Arianna Ceccarelli’s supervisor in the
modification of the MRA and the development of ODEs.

Despite the breadth of knowledge about the behaviour of the C. elegans seam cells and
the robustness of their behaviour no study has actually delved into understanding the links
between the GRN of these highly important cells throughout larval development. The focus
in the GRN community has largely been on building GRNs in human and mouse stem cells.
While this is a highly valuable approach, leaving behind model organisms’ GRNs does result
in underuse of a very important tool. The robustness underlying the behaviour of C. elegans
seam cells makes it the perfect candidate in which to study and model robust stem cell
behaviours, however in order to do this we must understand the basics of their GRN. As such

we selected three genes as a starting point of our network. These were elt-1, egl-18 and
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ceh-16 (Baugh et al., 2005; Smith et al., 2005; Page et al., 1997a; Gorrepati et al., 2013; Koh
and Rothman, 2001; Koh et al., 2002; Huang et al., 2009).

Given the small number of genes we were working with, we decided to take on a quan-
titative approach to construct this network. We started by utilising the MRA (Kholodenko
et al., 2002). This mathematical approach has been utilised for the inference of a variety of
different networks (Alsina et al., 2014; Santra et al., 2013; Klinger and Blithgen, 2018), and
has even been integrated with bayesian approached for the inference of the dynamics of a
GRN (Santra et al., 2018). However, one aspect that this algorithm lacked is adaptation for
use with loss-of-function mutants rather than knockdowns. This is important when working
with essential genes whose full knockdowns cause lethality. MRAs can be used to inform
parameters of ODEs (Santra et al., 2018). However, this is greatly limiting as, ODEs provide
a single numerical solution and thus formulation of individual ODEs to evaluate the validity
of different parameters would be slow. As such it is important to incorporate GRN inference
methods that allow for a parameter search. This is frequently based on Markov Chain Monte
Carlo methods that test different parameters and evaluate whether it improves the model
relative to the data (Hastie and Green, 2012; Ram and Chetty, 2009).

A novel approach for GRN inference called SLING (Sparse Likelihood-free Inference
using Gibbs) was described by Jargensen et al. (2023). This approach relies on a bayesian
framework and Gibbs sampling to identify sparsity inducing priors to find the simplest model
that is able to explain the behaviour of a specific dataset. While this approach has been
tested on synthetic data (Jargensen et al., 2023), it remains to be tested on a real dataset.

The aims for this chapter was to construct a detailed quantitative model of the core seam
cell genes at a time point where the cells were not actively dividing. We aimed to test this
network mathematically and then utilise the newly developed SLING algorithm to eliminate
non-essential interactions from our model. We then aimed to use the minimal model to
formulate predictions on the response of these genes to further perturbations. We tested
these predictions on a double mutant of the network specifically the ceh-16(bp323);egl-

18(ga97) and used our results to refine the network.
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3.2 Results

3.2.1 Gene expression analysis using smFISH data identifies new inter-

actions between core seam cell TFs

In order to elucidate the interrelationship between ELT-1, EGL-18 and CEH-16 which, due
to their importance in seam cell maintenance and function, we consider the core seam cell
TFS, we compared these core genes’ expression profiles in wild-type nematodes to those
of corresponding loss-of-function mutants. Given the lethality associated with complete loss
of either elt-1 or ceh-16, we utilized partial loss-of-function mutants for these two genes.
Although these mutants exhibited severe structural and growth defects, they remained viable,
enabling genetic studies. Notably, these hypomorphs exhibited a loss-of-seam-cell phenotype
almost comparable to that of the complete loss-of-function mutant egl-18(ga97) (Eisenmann
and Kim, 2000) (Figure 3.1A).

As this study marked the first endeavor to quantify the relationship among these three core
genes in C. elegans, we opted to commence our observations from a time point we believed
to be representative of a steady state. Specifically we selected the 17 hour time point, after
all the cells have completed their L1 divisions but before the cells carry out the subsequent
expansion division increasing their number from 10 to 16. Our focus was directed toward
V1-V4 seam cells due to their close positional proximity along the nematode’s body and their
highly similar behavior (Figure 7.1), particularly in egl-18 and ceh-16 expression. To quantify
the gene expression levels in these animals, we employed single-molecule fluorescence in
situ hybridization (smFISH) (Figure 3.1 B-C).

elt-1 exhibited no changes in expression levels in from the wild type in both the egl/-
18(ga97) as well as the ceh-16(bp323) (Figure 3.1 C). Similarly, there were no changes in
expression observed in its own mutant elt-1(ku491) (Figure 3.1 C). This mutant also didn’t
affect the expression of egl-18 relative to the wild type and neither did egl-18(ga97) (Figure
3.1 C). However, a strong increase in egl-18 expression was observed in the ceh-16(bp323)

mutant indicating a significant regulatory role of ceh-16 on egl-18 expression (Figure 3.1 C).
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Furthermore, ceh-16 expression levels were markedly decreased in all mutants compared to
the wild type, particularly evident in the egl-18(ga97) and elt-1(ku491) mutants, although a
notable response was also observed in the ceh-16(bp323) mutant (Figure 3.1C). Collectively,
these findings suggest that elt-1 likely acts upstream of the other two genes. We also
hypothesise that CEH-16 is a likely repressor of egl-18 and that the expression of ceh-16 is
activated by both EGL-18 and ELT-1 with both being required for its expression.

3.2.2 Constructing a gene regulatory network using Modular Response

Analysis

The naive network proposed in (Thompson et al., 2016), depicting ELT-1 activating ceh-16
and egl-18 and CEH-16 activating egl-18, had very significant disparities compared to our
smFISH data. To ascertain the strengths, directions, and significance of the new interactions
in the core seam cell GRN, we employed statistical inference and mathematical modeling. Our
first approach was to utilise the Modular Response Analysis (MRA) to estimate the strengths
of all potential links between the genes. Despite the original MRA being designed for low
noise, low perturbation response matrices, the work of Borg et al. (2023) has shown that
when bootstrapped data with a 95% confidence interval is input into the MRA, it performs well
even when the perturbations are complete knock outs even in 10 gene networks. Due to our
use of loss-of-function mutants (hypomorphs elt-1(ku491), ceh-16(bp323) and the complete
loss of function mutant egl-18(ga97)) and the original MRA being based on knockdowns,
where the quantity of protein corresponded to the amount of functional protein, we had to
modify the existing algorithm found in (Kholodenko et al., 2002). Since the transcriptional
levels of genes in loss-of-function mutants do not necessarily correlate with the amount of
functional protein, as presumed in the original MRA, adjustments were necessary. Thus, we
estimated the percentage of function retained in each gene’s hypomorphs relative to the wild
type. Partial loss-of-function mutants were estimated to function at 25%, considering that
heterozygotes exhibited wild-type behavior, while complete loss-of-function mutants were

assumed to function at 0.1% capacity. The output of the MRA is an interaction matrix where
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Figure 3.1: Phenotypic and gene expression analysis in wild type and TF mutant backgrounds: A)
Seam cell number comparison at the end of the L4 larval stage between the wild type and core seam cell gene
mutant animals. The lines of the box represent the quartiles of the data, and the white square in the middle
represents the median. The p-values are calculated using the Z-test and are shown as described in methods. B)
Representative smFISH images in wild type and TF mutant backgrounds. The mRNAs are visualised as black
spots, and the nucleus of the seam cells appears green because all animals carry SCM::GFP in the background.
C) Quantification of smFISH signal in V1-V4 seam cells. The significance of the changes between mutant and
wild type backgrounds was calculated using the Mann-Whitney U test and is presented as described in methods.
Strains are colour-coded as indicated in the key underneath panel C. We show quantifications of elt-7 (in wild
type (n = 108), elt-1(ku491) (n = 100), egl-18(ga97) (n = 100), ceh-16(bp323) (n = 104)), egl-18 (in wild type (n
=108), elt-1(ku491) (n = 224), egl-18(ga97) (n = 60), ceh-16(bp323) (n = 104)) and ceh-16 (in wild type (n =
153), elt-1(ku491) (n = 80), egl-18(ga97) (n = 87), ceh-16(bp323) (n = 120))

65



CHAPTER 3. A QUANTITATIVE GENE REGULATORY NETWORK UNDERLYING SEAM
CELL PATTERNING

each column indicates a gene carrying out a function and each row indicates the gene being
acted upon. The value in the cell at the overlap of a row and a column indicates the strength
and polarity (positive for activatory, negative for repressive) of the specific interactions. The
analysis, applied MRA to bootstrapped V1-V4 smFISH data, yielding a range of coefficients
(Figure 3.2A). These coefficients were compared with the interaction map from the naive
model (Figure 3.2B) and average coefficient values were utilized to construct the interaction
network (Figure 3.2C). Some of the interactions we have uncovered are consistent with
the naive model, notably ELT-1 exhibits very strong positive interactions with both ceh-16
and egl-18. However, contrary to the naive model, CEH-16 appeared to strongly repress
egl-18, and a novel positive interaction from EGL-18 to ceh-16 was identified. There are two
additional interactions that the analysis produced: a weak repression of elt-1 by CEH-16 and
a weak activation of elt-1 by EGL-18. These are however very weak and the error bars of
the coefficients produced by the MRA do overlap 0. In summary, our predictions suggest
that ceh-16 and egl-18 are downstream of ELT-1, which is consistent with previous findings
(Huang et al., 2009; Koh and Rothman, 2001). Furthermore, CEH-16 and EGL-18 appear to
regulate each other’s transcription through a negative feedback loop that hasn’t previously

been observed.

3.2.3 Using the MRA results to infer a set of ODEs to explain expression

patterns of the core seam cell genes

The MRA facilitated the construction of a model encompassing both strong and weak inter-
actions. However, to determine which interactions were essential for the observed behavior
of the gene network at an assumed steady state, we deemed it necessary to develop a
minimal model. In order to understand which interactions could be eliminated we devised a
set of Ordinary Differential Equations (ODEs) representing each gene’s expression levels,
given the expression quantities of the other genes in the network. Since the MRA does not
generate self-regulatory loops, we included our strongest candidate, based on changes in

expression levels, for such a loop, namely ceh-16. Additionally, we accounted for all potential
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Figure 3.2: Using MRA to construct a seam cell gene network: A) Boxplots of network interaction map
coefficients from the MRA performed on the bootstrapped smFISH data of V1-V4 seam cells. A positive number
indicates activation, a negative number repression, and 0 indicates a lack of an effect. The coefficients of a
gene acting on itself are set to -1 as default in the MRA algorithm. B) The model proposed in the literature that
we use as a benchmark that must be improved upon. C) Network summarising the results of the MRA algorithm
using the average of each coefficient value shown in the boxplots in panel A. Green arrows represent activation,
while orange/red blunt-end arrows represent repression.
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forms of co-regulation by incorporating AND and OR gates for each interaction, represented
by multiplications (-) or additions (+), respectively. We examined all possible combinations,
resulting in 20 different equations. To denote OR or AND links, we used the @ symbol. We
denoted elt-1, egl-18, and ceh-16 as 1, 2, and 3, respectively, with g1, g2, and g3 representing
the quantity of each gene.

The equations (3.1), (3.2) and (3.3) were used to describe the change in expression of

elt-1, egl-18 and ceh-16 respectively, and were derived as:

dg ( (g2f2)™ ) ( ks® >

—_— b —"— a a— r a— - d 9 3-1

di 1+ Vig2 k‘22 mn (92f2)a2 @m 3 k;33 n (ggfg)a3 191 ( )
dgs ( (g1f1)™ ) ( ks® )

— = byt v | sam A 3\ Tan T e | — @292 3.2
di 2 + Va1 kll T (g1f1)‘”‘1 @Uz 3 /{;33 i (ggfg)a?’ 292 ( )

dgs (g1f1)™ (g2fa)? (gafs)*
it =t (g ) @ (i £ ) @ (i )~

(3.3)
where
(
v1 = 0.25 elt-1 mutant (ku497)
fi=
1 otherwise
(
v = 0.01 egl-18 mutant (ga97)
fo=
1 otherwise
)
v3 = 0.25 ceh-16 mutant (bp323)
f3=
\ 1 otherwise

68



CHAPTER 3. A QUANTITATIVE GENE REGULATORY NETWORK UNDERLYING SEAM
CELL PATTERNING

The complete set of parameters utilized in these equations is detailed in Table S7.1A.
Assuming that the late L1 time point represents a steady state, we set the degradation rates
dy, dy, and ds to 1, as we are not considering the system’s progression over time. Activatory
and repressive actions on each gene were modeled using Hill functions, with each action
multiplied by the fraction of fully functional protein involved (denoted as fi, f2, f3), which
is 1 in the wild type, 0.25 in the partial loss-of-function mutants, and 0.01 in the strong
loss-of-function mutants. While these may be considered strong perturbations, and the
MRA was designed around weak perturbations, previous studies have relied on full knock
outs as perturbations to inform the MRA and have shown this approach to be successful
(Borg et al., 2023). Interactions onto the same gene were linked with either AND or OR to
indicate co-regulation, with actions on each gene either added or multiplied, respectively.
This formulation resulted in 20 equation sets labeled 1-20, with their AND/OR links described
in Table S7.1B. The initial set of equations assumed only independent links denoted by OR,
while the final set assumed full co-regulation with all connections denoted by AND.

In these models we included all potential interactions suggested by the MRA. As each
Ordinary Differential Equation (ODE) solution yielded a single numerical output, we sought
a modeling approach allowing parameter search to optimize the strengths of network in-
teractions and achieve a minimum number of required connections. In order to do this we
employed the recently developed Bayesian model discovery approach, SLING. SLING aims
to find the simplest possible model by fitting and optimising parameters of the model while
also setting all non-necessary parameters to zero (see Jgrgensen et al., 2023, and Methods
for more details). This approach prevents the formation of unnecessarily complex models
and avoids over-fitting. Notably, it does not determine whether links exist but rather assesses
whether they are necessary for the model to explain the data and make accurate predictions.
SLING simulates various parameter landscapes and compares model outputs to summary
statistics of the data using a distance measure. We relied on the mean expression of each
of the three TFs under wild type and mutant contexts and compared them to the numerical
solutions of the ODEs with different parameters using a normalised Euclidean distance.

The parameters investigated in the model included b, v, and k, where b represents the
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basal production rate of a gene, v denotes the rate of gene production given the action of
another gene in the network, and & indicates the amount of a gene required to achieve half
of its maximal activation or repression. Each of the 20 models described in Table S7.1B
underwent 3 independent Markov Chain Monte Carlo runs using SLING. The presence of
each parameter was quantified as a proportion of the runs in which it was kept (Figure 3.3A),
which provided the relative importance of each interaction as described in (Figure 3.3B).

ceh-16 exhibited a significant dependence on activation from other genes (>80% of the
Markov Monte Carlo Chain runs kept these links) or self-activation (kept in 25% of the runs)
and thus relied less on basal production which was kept in none of the simulations (Figure
3.2 B). Conversely, elt-1 demonstrated low dependence on activation by other genes (kept in
< 10% runs)but showed a substantial reliance on basal production, which was maintained in
97% of the runs (Figure 3.2 B). egl-18 is highly regulated by the other two genes, however
some of this regulation is repressive and thus while this gene shows reliance on basal
production it was retained in only a few of the simulations, with the b, parameter being kept
as non-zero in 18% of the runs (Figure 3.2 A).

To assess links previously suggested by the MRA, we compared our model’s behavior
to the data and to the output of the naive model proposed by the literature (Figure 3.2B).
The output of the naive model (shown as a black dashed line in Figure 3.3C) showed a
large distance from the data (dashed red line in Figure 3.3C). The data itself had a non-zero
distance measure due to variability stemming from the data and bootstrapping. Our objective
was to develop models that outperformed the naive model, but had an error measure higher
than the data itself to avoid over-fitting. All of our models met these criteria for all three of
their Markov Chain Monte Carlo runs (Figure 3.3 C). Model 11 (with actions on eg/-18 and
elt-1 linked with OR, but actions on ceh-16 linked with AND) and model 16 (with actions on
elt-1 and ceh-16 linked with AND, but actions on egl-18 linked with OR) exhibited the lowest
distance measure in all three runs. However, this could mean that the models fit too closely
to the data and thus could result in over-fitting. As such we can consider all the models to be
equivalent.

This allowed us to calculate the frequencies with which each parameter was retained in all
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of the runs for all of the models (Figure 3.3D). The connection that was deemed necessary
in all the models and all the Monte Carlo runs was the activation of ceh-16 by EGL-18.
Similarly the repression of egl-18 by CEH-16 was kept in 92% of the runs, underscoring the
importance of the negative feedback loop between ceh-16 and egl-18 predicted from our
data. The activation of ceh-16 by ELT-1 is also conserved in the majority of the runs (87%).
Conversely, despite the MRA prediction that the activation of egl-18 by ELT-1 is as strong
as the repression of egl-18 by CEH-16, this interaction was only preserved in 47% of the
models, indicating that whilst it is a strong interaction, it is uncertain whether it is necessary
for the function of the network at steady state. Similarly the self-activation of ceh-716 is only
kept in 35% of the runs. The two actions on elt-1 were described as weak by the MRA and
were also considered necessary in very few models (<10%).

Overall using a combination of smFISH data, a modified MRA and the novel SLING
algorithm, we have developed a GRN for the core seam cell genes. This network however

requires testing at both the mathematical and the biological level.

3.2.4 Mathematical testing of the newly developed GRN

Before applying our model to new data, we first assessed several underlying assumptions.
The first was that there was no cooperative binding to the same site between the proteins and
thus the Hill coefficients of each interaction within each ODE (a) could be set to 1. To explore
the impact of cooperativity, we tested models with « set to 3. For simplicity, we focused on
two models rather than all 20: model 1 (OR interactions only) and model 20 (AND interactions
only). We repeated our previous SLING approach and ran each Monte Carlo Markov Chain 3
times. This resulted in minimal parameters variation (Figure 3.4A). Interestingly, simulations
with o = 3 showed negligible deviation from the data and often exhibited a tighter fit than
the data’s inherent error (Figure 3.4B). As such we decided that « = 1 was less prone to
over-fitting.

Next, we examined whether the MRA’s predicted interaction types were optimal. We
allowed the model to consider each interaction as both repression and activation, selecting

the one that best fit the data. We simulated this in the same way as we did when testing

71



CHAPTER 3. A QUANTITATIVE GENE REGULATORY NETWORK UNDERLYING SEAM
CELL PATTERNING

A X 100 |
3
S 751
3
g
& 50
8
g 251
©
©
o oA T T
by by by ki k» k3 ks Viz Viz Vi Vaar V3 V2 Vial V3az V3a3 V3
B 100
X
3 751
s
3
3
g 50 A
c
<
0 . :  =m
Basal Basal Basal elt-1 elt-1 egl-18 egl-18 ceh-16  ceh-16  ceh-16
production production production activation repression activation repression activation activation activation
ofelt-1  of egl-18 of ceh-16 by EGL-18 by CEH-16 by ELT-1 by CEH-16 by ELT-1 by EGL-18 by CEH-16
B e e o o o o o e e e e e e
C —=—- Naive model d
254" Data d
1st sim
2.0- ™ 2ndsim
EEl 3rd sim

Error distance d
(9
)

1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19 20
Model number

RA: 0.67

MRA: -0.09 SLInG: 47%

SLInG: 7%

\ MRA: -0.67
. - 0,
T SLInG: 92%
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the different as and then checked whether any interactions tended to change signs between
activations and repressions of the v parameters in the equations (Figure 3.4C). This analysis,
denoted as a/r, revealed minimal changes in interaction signs, with only the elt-1 repression
by CEH-16 showing occasional switching, albeit being weak and frequently disregarded in the
models (Figure 3.4C). Additionally, we assessed the model’s performance with relaxed sign
constraints but observed no significant difference compared to standard runs. As no strong
interactions changed signs and the models performed equally well under both constrained and
unconstrained conditions, we concluded that our chosen interaction types were appropriate,
suggesting consistency between the MRA and the SLING algorithm in identifying interactions

from our dataset.

3.2.5 Biological validation of new model using the ceh-16(bp323);egl-
18(ga97) mutant

The GRN derived using the SLING algorithm and the MRA provided insights into the be-
haviours of the core genes, enabling us to make predictions about their responses un-
der different conditions. To assess the network, we investigated the simultaneous loss-of-
function of two genes. Given our strongest predictions were centered around ceh-16 and
egl-18 we crossed the egl-18(ga97) mutant to the ceh-16(bp323) mutant. The resulting
ceh-16(bp323);egl-18(ga97) strain showed a highly consistent phenotype with an average
count of ~ 11 seam cells at the end of the L4 larval stage (Figure 3.5A). When compared
to the wild type using the Levene’s test we did note that it was significantly more variable
than the wild type (p-value = 0.002), however it was significantly less variable than either of
the parental strains (p-value compared to ceh-16(bp323) = 3.36 x 101, and compared to
egl-18(ga97) = 2.37 x 1071%). The 11 seam cells were consistently evenly spaced with two
cells in the tail, implying that they were the original 10 that the animal hatched with, with an
additional cell in the tail. However given that the definition of robustness includes resistance
to both genetic and environmental perturbations (Félix and Wagner, 2008), in order to truly

describe the strain as robust we must further subject it to perturbations (see Chapter 5).
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To validate our model, we quantified the expression levels of the three core seam cell
transcription factors (TFs) in ceh-16(bp323);egl-18(ga97) at the 17-hour time point and
compared this experimental data with our predictions. While we observed no significant
change in elt-1 levels, there was a significant increase in egl-18 levels and a decrease in
ceh-16 levels compared to the wild type. By utilising the ODEs, we assessed the behavior of
our models under double mutant conditions and calculated the distance from the experimental
data.

While all the combinations of AND/OR links performed well at single mutant level, we
noticed that with the double mutant 24 out of 60 runs showed a decrease in performance,
with the models closest to the single mutant data showing the highest error (Figure 6C).
We categorised poor performance mean expressions with a distance greater than 2.5 in
any of the simulations. Examining the prediction accuracy of specific gene expressions, we
observed that elt-1 expression was accurately predicted in all models and simulations (Figure
3.5D). However, predictions for egl-18 were more variable, with certain models overestimating
its levels while others underestimated them (Figure 3.5D). Finally the SLING runs that
performed poorly tended to underestimate ceh-16 expression levels (Figure 3.5D). Models
that performed poorly on any simulation were discarded. We then examined which parameters
were prevalent in the retained models compared to those that were discarded. Interestingly,
ceh-16 activation by EGL-18 (v3,2) was retained in both the models that were kept and those
that were discarded due to large errors. However, the ceh-16 self-activation parameter (k)
was only retained in the discarded models, suggesting that the ceh-16 self-regulatory loop
may contribute to over-fitting.

Testing our models on the ceh-16(bp323),;egl-18(ga97) double mutant allowed us to
narrow down which AND/OR combinations would function best within this network. We used
this to create the minimal network depicted in (Figure 3.5F). Remarkably, the activation of
ceh-16 by EGL-18 and the repression of egl-18 by CEH-16 were consistently retained in
all Markov Chain Monte Carlo runs that yielded accurate gene expression estimates in the
double mutant, irrespective of whether other actions on the same gene were linked by an

AND or an OR. This highlights the importance of this negative feedback loop for the correct
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functioning of the core network. Similarly, ceh-16 activation by ELT-1 was preserved in the
majority of runs, regardless of whether it was linked to the activation of ceh-16 by EGL-18 with
an AND or OR link. However, the primary uncertainty within this network lies in the activation
of egl-18 by ELT-1, which appears to be present only when linked by an AND to the CEH-16
repression of egl-18. This suggests that the activation of eg/-18 by ELT-1 is conditional on
egl-18 being repressed. By removing links that were discarded in over 90% of the cases in
low-error models, we derived the final network shown in Figure 3.5F. Consequently, the final

equation for elt-1 expression is:

dg,
—— =b; —d;q. 4
dt 1 191 (3 )

There are two forms of equations for egl-18 expression:

% o (ks +k;393f3)> e 39
or
dgs _ M) . (L) _
dt " <k1 + (91.f1) ks + (g93f3) G (3.6)

and also two forms of equations for ceh-16 expression:

dgs . (91f1) (ngz) -
P U3a1 <—k:1 n (g1f1)) + V341 (—k’g n (g2f2)) dsgs, (3.7)

or
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These equations represent the network depicted in Figure 3.5F, incorporating an incoherent
feedforward network and negative feedback as integral components of the regulation of the

three core genes.

3.2.6 Evaluating our model in a protein context

Our final test of the model was to test the response of protein reporters. We utilised ELT-
1::EGFP, CEH-16::AID::nG, and EGL-18::nG (Table 2.1). We tested the same early L1 time
point as we did for the smFISH study. We used RNAI to knock down the three essential
genes and to make sure that the RNAi was functional we quantified the seam cell losses
seen in (Figure 3.6A). We quantified the changes and then calculated the differences from
the untreated animals using Mann Whitney U. As expected from our model we observed
negligible changes in ELT-1 when treated with egl-18 RNAI (p-value = 0.4). We observed a
slight increase in ELT-1 in ceh-16 RNAI treatments (p-value = 0.007) and a highly significant
decrease of ELT-1 in the elt-1 RNAI treatment (p-value = 7.7 x 10°'2). An unexpected result
was the decrease in EGL-18 in the ceh-16 treated animals. However, the ceh-16 RNAi had a
very weak response that wasn’t comparable to that of the mutant. We did however observe a
significant decrease in EGL-18 in the elt-1 RNAI treated animals (p-value = 0.001) which is
in line with our model. Finally in terms of CEH-16 we show significant losses of the protein
in both ceh-16 and egl-18 treatment (p-values of 3.5 x 10"® and 3.2 x 103! respectively).
However, the fact that egl-18 RNAI is more efficient than the ceh-16 RNAI at knocking down
CEH-16 could be indicative of very weak ceh-16 RNAI or a very strong activation from EGL-18
to ceh-16. Another protein result that contrasts our findings is the apparent lack of activation
of ceh-16 by ELT-1, as the decrease in CEH-16 protein in elt-1 RNAI treated animals is not

significant (p-value = 0.15)
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Figure 3.5: Validating model predictions using the ceh-16(bp323);egl-18(ga97) double mutant: A) Seam
cell counts in the double egl-18(ga97); ceh-16(bp323) mutant in comparison to the wild type and the parental
strains. The significance of the changes in cell number was calculated using the Z-test and denoted as shown
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corresponding parental strain. We additionally calculated the difference in variability using the Levene’s test
between the double mutant and wild type, ceh-16(bp323) and egl-18(ga97) and the resulting p-values were
1.85x 104, 3.35 x 1019, and 2.37 x 107'® respectively. B) Quantification of elt-1, egl-18 and ceh-16 expression
in V1-V4 seam cells via smFISH in the wild type (n =77, n = 106, n = 153) and egl-18(ga97); ceh-16(bp323)
double mutant (n = 176, n = 208, n = 120). The significance of the changes in expression was calculated with
respect to the wild type using the Mann-Whitney U test and denoted as described in methods. C) Distance
measure d (on a logarithmic scale) of the median parameter sets in predicting the wild type and single-mutant
behaviour vs the double mutant behaviour. The bars are superimposed with the data presented in Figure 4C,
with the lowest distance measure (depending on the SLING run) shown in front. D) Predicted gene expression
in the double mutant from SLING runs (using the median parameter set) is compared to data (black lines).
SLING runs are grouped into 2 categories based on their double-mutant error: they are discarded when 2.5 <d
and kept when d < 2.5. E) Parameter presence (in % of models) for the two categories of SLING runs is shown.
F) Final model based on all kept SLING runs that are able to predict the double mutant data. The possible
interacting actions on egl-18 are indicated with the symbol *, while the activations on ceh-16 are indicated with
the symbol °. The percentage shown on each link is the number of times each connection is kept given an initial
model that supposes an AND/OR relationship with the effect on the same gene by the other factor.
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Figure 3.6: Core seam cell genes’ protein fusions’ relative fluorescence in RNAi treated animals: A) A
graph showing seam cell counts in animals hatched from eggs bleached onto control vector, elt-1, egl-18, and
ceh-16 RNAI bacteria. B-D Fluorescence intensity of ELT-1, EGL-18 and CEH-16 respecively in each seam cell
relative to the background.

79



CHAPTER 3. A QUANTITATIVE GENE REGULATORY NETWORK UNDERLYING SEAM
CELL PATTERNING

3.3 Discussion

Understanding the genetic regulation of the core seam cell genes is crucial for utilizing seam
cells as a model for stem cell biology. Our approach aimed to integrate experimental and
computational biology to re-evaluate the GRN underlying seam cell patterning. We relied on
smFISH data to quantify core gene expression in mutant and wild type backgrounds. Despite
inherent noise in smFISH data, we successfully identified clear changes in expression patterns
under mutant conditions, which served as the basis for extrapolating the network architecture
using mathematical methods. While the MRA conversion of the global perturbation to a
Jacobian matrix was designed around smaller perturbations, and thus can make erroneous
estimates of the connection strengths at larger perturbations, the algorithm has previously
been used together with full knockout data (Borg et al., 2023). As such we believed it
necessary to complement our approach with other methods. We adapted the MRA algorithm
(Kholodenko et al., 2002) to not rely on the quantity of gene expressed to infer the amount of
functional protein. This allows for broader flexibility to work with hypomorphs and thus study
essential genes in detail. We relied on hypomorphs as even seam cell specific knock-outs of
elt-1 are lethal (unpublised lab data) and we wanted to keep a consistent mutation type across
all three genes. A future approach may include also quantifying the heterozygotes of these
hypomorphs to have a more granular quantitative understanding of the interactions between
the core seam cell genes. By quantifying the strengths of potential interactions between
the genes using the adapted MRA, we were able to develop a series of ordinary differential
equations (ODEs), which we modeled using the newly developed Bayesian model discovery
approach, SLING (Jargensen et al., 2023). This facilitated the generation of a minimal model
of the GRN while incorporating different regulatory logic. We utilised our newly generated
model to formulate predictions on the behaviour of a double ceh-16(bp323);eqgl-18(ga97)
mutant. This mutant served as a means to test and refine our model and we used it to show
that we were able describe the most likely behaviour for our system given changes in the
activity of the three core seam cell genes. Remarkably, the ceh-16(bp323);egl-18(ga97)

mutant exhibited a highly robust loss of seam cell number, with only 11 seam cells present in
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the majority of L4 larva. Additionally the seam cell positional pattern closely resembled that
of newly hatched L1 larvae (Sulston and Horvitz, 1977). This indicates that the loss of the L2
duplication rather than a loss of seam cell fate from any of the seam cells. This differs from
egl-18(ga97) and ceh-16(bp323) seam cell loss patterns that indicate that the C. elegans
either hatches with less seam cells than normal or loses them over development. While most
seam cell gene mutants display considerable variability, the robustness of the double mutant
resembles that of the wild type. We delve deeper into investigating this phenotype in Chapter
5. Notably, this phenotype aligns with the newly proposed seam cell GRN, as the negative
feedback loop would remain unbalanced in the absence of either egl-18 or ceh-16, but the
absence of both would prevent the deregulation of the other gene and thus downstream
targets.

An element of our study that has left room for future directions is the presence of noise.
Gene expression inherently exhibits high levels of noise, which can stem from both intrinsic
factors, such as variability in biochemical reactions involved in gene regulation, and extrinsic
factors, which result from diverse responses to environmental stimuli (Shahrezaei and Swain,
2008). Given the observed noise levels in our study and the significance of understanding
noise in inferring GRNs (Munsky et al., 2009; Stumpf, 2021) one could look into further
methods like two colour TF reporter quantification(Elowitz et al., 2002), dual smFISH (Kramer
et al., 2021) or time lapse imaging (Dunlop et al., 2008) to decouple extrinsic and intrinsic
noise. For our study, we have primarily focused on extrinsic noise and have adopted a
deterministic approach using ordinary differential equations (ODEs), largely informed by
mean expression data. While we have attempted a dual smFISH experiment, the data was
too noisy to draw concrete conclusions as the dsRED dye was not bright enough when
visualised. The experiment could be re-attempted with a different fluorescent dye, further
away in the difraction spectrum from far-red. Additionally, we have assumed direct interactions,
as supported by the binding of ELT-1 and CEH-16 in the upstream region of the elt-1, egl-18,
and ceh-16 gene loci in Luo et al. (2020); ENCODE Project Consortium (2012); Kudron et al.
(2018). However, direct binding data for EGL-18 is currently unavailable.

The network described in literature portrayed ELT-1 as the activator of all seam cell genes,
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including ceh-16 and egl-18(Huang et al., 2009; Cassata et al., 2005; Thompson et al.,
2016). In this study we have confirmed positive interactions from ELT-1 to eg/-18 and ceh-16,
reinforcing the portrayal of elt-1 as the master regulator of the seam cells (Spieth et al., 1991;
Page et al., 1997b). We also confirmed the existence of an interaction from CEH-16 to eg/-18
as shown in (Cassata et al., 2005). Nevertheless while this embryonic C. elegans study
relied on strong ceh-16 RNAi and EGL-18:GFP fusions to show an activation from CEH-16
to egl-18, we observed a repressive interaction in the larval stages. This is in line with the
function of its homolog engrailed which, despite having been observed to also carry out
activatory functions, is largely described as a repressor (Markel et al., 2002; Alexandre and
Vincent, 2003; Genestine et al., 2015; Huang et al., 2009). Several factors may contribute to
this discrepancy. Firstly, the genetic perturbation used in the study by (Cassata et al., 2005)
is RNAi-based rather than a hypomorph. This RNAi was demonstrated to be potent, leading
to premature seam cell fusion and embryonic lethality (Cassata et al., 2005), thus a reduction
in EGL-18 expression could result from a weaker seam cell phenotype rather than solely
loss of expression. However, it is also plausible that an activation from CEH-16 to eg/-18
reflects the TF’s differing roles across developmental stages. Additionally there may be a
need to investigate post-translational regulation of EGL-18 protein expression, given that our
own protein studies point to a decrease in EGL-18 in absence of ceh-16, despite a strong
repression being seen at the same time point at mRNA level.

Our results from the protein studies show that the network has further complexities that
need elucidating. Specifically some links, like the ELT-1 activation of ceh-16 and the egl-18
repression by CEH-16, require further investigation. We delve into this further in Chapter
4, where we conduct the analysis of the core gene network at different time points and
with specific insight on the individual seam cells. Finally, we have uncovered a previously
unreported interaction among the core genes, wherein we observe EGL-18 activating ceh-16.
Our model suggests that this interaction is essential for the network’s function.

Our newly developed seam cell GRN contains both positive and negative feedback
loops as well as an incoherent feed-forward loop where ELT-1 activates CEH-16 which

then represses EGL-18, which is also activated by ELT-1. Such a complex system could
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contain many dynamic mechanisms contributing to robust cell fate maintenance. Numerous
studies propose that robust cellular decision-making and developmental processes hinge
upon nested feedback loops with nonlinear behaviors, such as bistability and threshold-based
decisions (Balazsi et al., 2011; Moris et al., 2016; Saez et al., 2022; Petratou et al., 2018). Our
investigation adds a quantitative dimension to the exploration of the core epidermal stem cell
GRN in C. elegans. We further delve into the GRN further by examining it in various spatial
and temporal contexts (Chapter 4) and investigating a specific robust phenotype resulting

from the mutation of two of the core seam cell genes (Chapter 5).
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Chapter 4

Variations in the seam cell GRN across

time and space

4.1 Introduction

Our initial model was highly focused on a small group of cells at one time point which
we assumed to be steady state. In this chapter we evaluate the differences between the
behaviour of the seam cells over time and consider the extent to which our model explains the
changes in behaviour. Additionally, we explore differences in the behavior of various seam
cells, aiming to understand whether variations in gene expression patterns lead to differences
in phenotype and whether seam cell sensitivity to mutations can be predicted from gene
expression at any of the time points. Finally, we try to disrupt specific positional patterns, that
we have identified in response to a perturbation of elt-1, through the disruption of Hox and
Whnt genes in order to identify whether the positional patterns given by the seam cell master
regulator can be explained through either signalling network.

In order to achieve all this we combine a variety of experimental and mathematical
techniques. We rely on the same hypomorph mutants that we showed in Chapter 3 to study
the behaviour of the core genes over time. However, to obtain a more granular understanding
of the resulting phenotype at a cell-to-cell level, we supplemented this approach with RNA

interference (RNAi). RNAI by feeding is a pivotal technique that underscores the versatility
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of C. elegans as a genetic model organism. Utilizing various dilutions of the RNAI bacteria,
we probed the sensitivities of different seam cells to more moderate disruptions than those
caused by hypomorph mutations.

We also integrated a series of mathematical approaches. We repeated the MRA approach
that we showed in Chapter 3 to visualise gene interactions at different time points. We
concluded that a minimal model may need to integrate additional factors to comprehensively
elucidate the network’s temporal evolution. We also show that while the 17 hour time point
is representative of the behaviour of most of the genes, the gene expression of the core
genes in early larval development is too dynamic to truly identify a steady state with snapshot
data. Additionally, we employed clustering and statistical analyses to identify groups of cells
exhibiting similar expression patterns and compared them to the phenotypic sensitivities of
the seam cells to the various biological perturbations.

We identified specific seam cell sensitivities driven by elt-1 and attempted to perturb them
by disrupting both the Wnt pathway and the Hox genes. The Wnt pathway is essential for
establishing anterior posterior patterns in C. elegans, and given we found clear differences
between anterior and posterior cells, we thought it was an obvious candidate for a link to the
core gene network.

The Hox gene family was first discovered in Drosophila (Bateson, 1894), and first studies
in these genes revealed their dis-regulation could causes duplication of thoracic segments
(Lewis, 1978). They have been demonstrated to regulate anterior/posterior cell patterning in
various organisms (Di Bonito et al., 2013; Lancto6t et al., 2007; Krumlauf, 1994; Martinez and
Amemiya, 2002). This includes C. elegans, where the Hox genes control cell proliferation,
survival, and migration. Six Hox genes were identified in C. elegans:lin-39, mab-5, egl-5,
nob-1, php-3 and ceh-13 (Van Auken et al., 2000; Maloof and Kenyon, 1998; Harris et al.,
1996; Tihanyi et al., 2010). Among these, ceh-13 and /in-39 are predominantly implicated
in anterior function, while mab-5 functions in the mid-body, and egl/-5, nob-1, and php-3 act
in the posterior region (Smith and Kratsios, 2024). There is strong evidence that seam cell
patterning is regulated by the Hox genes (Aboobaker and Blaxter, 2003). For example, egl-5

and mab-5, have been shown to be involved in the patterning of V5 and V6 (Kenyon, 1986;
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Chisholm, 1991). As such when investigating positional patterns one must consider the role
of Hox genes. Given the absence of key studies linking core seam cell genes to the Hox
gene network, we decided to evaluate possible interactions of Hox genes with elt-1 specific
seam cell patterns.

In this chapter, we aim to understand the behaviour of the core seam cell genes at different
time points and different states. We aim to understand pre-division states like the 10 and
26-hour post-symmetric division time points. We also aim to confirm the behaviour of the
post-division states by looking at the 26-hour asymmetric division while aiming to evaluate
whether it is a valid biological assumption to call the late L1 (17 hour) time point a steady state.
We also aim to understand the positional changes between the 16 seam cells in the core
seam cell genes and whether the positional differences in expression patterns and whether
the expression patterns can be used to infer the sensitivities of the individual seam cells. We
further expand our evaluation of the core GRN underlying stem cell patterning to incorporate
differences observed between seam cells. We consider this both from an expression and
a phenotypic stand point by combining our time based smFISH data with seam cell counts
carried out at L4. Upon discovering a positional pattern in response to elt-1 loss we evaluate
whether seam cell specific sensitivities can be disrupted through the disruption of Hox or Wnt
factors and we test whether Hox or Whnt play a larger role in the positional patterning of seam

cells driven by elt-1 expression.

4.2 Results

4.2.1 Constructing the seam cell gene network in the early L1 stage

While our results from the previous chapter illustrate the behaviour of the three core seam
cell genes at an assumed steady state, it is crucial to understand these genes at other time
points and conditions. The 17-hour time point was of particular interest as it lacks actively
dividing cells, with all seam cells having undergone at least one asymmetric division and may

be assumed to be a steady state. This was the earliest time point where none of the cells
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Figure 4.1: elt-1 expression 10 hours after bleaching in wild type, ceh-16, egl-18 and elt-1 mutants:
Quantification of smFISH signal in all seam cells in animals in early L1. Strains are colour-coded as indicated in
the key underneath the panel. The significance of the changes between mutant and wild type backgrounds is
presented using the system described in the methods, and the colour of the * matches the strain that is being
compared to the wild type. The significance of the changes between mutant and wild type were calculated using
Levene’s test to compare variability, and are shown above, whereas below and in bold, we have the comparison
calculated using the Mann-Whitney U test to determine the difference in the distributions.

were actively dividing.

At 10 hours after bleaching, which marks the first time point when the majority of animals
have hatched from their eggs, V5 is typically already divided into V5a and V5p in most
cases. The remaining seam cells are primed to divide shortly after. Therefore, we chose to
investigate this time point to understand the genetic landscape of the core seam cell genes
before their first asymmetric division. Based on our data at 17 hours, we anticipated that
mutations in the core seam cell genes would have minimal effect on elt-1 expression.

We observe minimal change between the wild type and the mutants. A slight decrease
in expression is noted in the elt-1(ku491) mutant in the head cells and V3 and V4 (Figure
4.1). Additionally, elt-1 expression in V3 appears to be the most susceptible to mutations,
showing changes in across all mutants (Figure 4.1). However, given that this cell’s expression
is slightly higher than in the other cells, in the mutants the decrease still falls within the normal
range for the other cells. Furthermore, the ceh-16(bp323) mutant exhibits a slight decrease in

expression in V1, V3, and V5p. Conversely, in egl-18(ga97), we observe no significant change
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Figure 4.2: egl-18 expression 10 hours after bleaching in wild type, ceh-16, egl-18 and elt-1 mutants:
Quantification of smFISH signal in all seam cells in early L1. Strains are colour-coded as indicated in the key
underneath the panel. The significance of the changes between mutant and wild type backgrounds is presented
using the system described in the methods and the colour of the * matches the strain that is being compared to
the wild type. The significance of the changes between mutant and wild type were calculated using Levene’s test
to compare variability, and are shown above, whereas below and in bold we have the comparison of calculated
using the Mann Whitney U test to determine the difference in the distributions.

in expression outside of V3 (Figure 4.1). Variability remains largely unchanged, except for
V5p in the elt-1(ku491) mutant (Figure 4.1).

The most striking pattern that we observe in the elt-1 expression is the difference between
the cells maintaining the seam cell fate and V5a (Figure 4.1). The mean V5a expression of
elt-1is less than one-third of the mean of the other 9 cells we observed (Figure 4.1). This
underscores the critical role of elt-1 in seam cell maintenance.

In the wild type we also observe higher egl-18 expression in the head cells than in the mid
body. Based on the 17-hour data, we expected a gain in expression in absence of ceh-16
(Figure 4.2). Indeed, we observe this in every cell, with egl-18 levels increasing 1.5 times in
the ceh-16(bp323) mutant relative to the wild type (Figure 4.2). We also note a similar level
of increase of egl-18 expression in the elt-1(ku491) mutant (Figure 4.2). Additionally, both
mutants exhibit a slight increase in variability, albeit observed only in certain cells (Figure 4.2).
In contrast, the egl-18(ga97) mutant shows no significant change in egl-18 expression, except

for a slight decrease in V5a, confirming our prediction of the absence of a self-regulatory loop

88



CHAPTER 4. VARIATIONS IN THE SEAM CELL GRN ACROSS TIME AND SPACE

70 ns ns ns ns ns * ns ns * ns ns * ns ns * ns ns * ns ns ** ns ns ns ns ns ns ns ns ** “ * ns

mRNA Count

..

i -
: -
A -
i -
- o+
. -
-
. -
-
-
-
.o
.o

- HO SR H1 H2 . V1 7 V3 o V5a V5p ETR— V6 T

Strains
1 Wild Type I elt-1(ku491) I eg/-18(ga97) I ceh-16(bp323)

Figure 4.3: ceh-16 expression 10 hours after bleaching in wild type, ceh-16, egl-18 and elt-1 mutants:
Quantification of smFISH signal in all seam cells in early L1. Strains are colour-coded as indicated in the key
underneath the panel.The significance of the changes between mutant and wild type backgrounds is presented
using the system described in the methods and the colour of the * matches the strain that is being compared to
the wild type. The significance of the changes between mutant and wild type were calculated using Levene’s test
to compare variability, and are shown above, whereas below and in bold we have the comparison of calculated
using the Mann Whitney U test to determine the difference in the distributions.

(Figure 4.2).

ceh-16 levels are similar across all cells, however V5a expresses slightly less and H1a
and T express slightly more ceh-16 (Figure 4.3). Like with elt-1, ceh-16 appears to have
lower expression in the differentiating V5a (Figure 4.3). Furthermore ceh-16 levels remain
unchanged in both the elt-1(ku491) and the egl-18(ga97) mutants, unlike what we observed
at 17 hours (Figure 4.3). The only cell in which we see a slight decrease in expression in
these mutants is the T cell (Figure 4.3). In the ceh-16(bp323) mutant we note elevated ceh-16
expression in all cells except V5a, V5p and T (Figure 4.3). We note particularly high ceh-16
expression in the H1 cell (Figure 4.3).

We utilized the adapted MRA introduced in Chapter 3 to assess the interaction strengths
at 10 hours. Upon pooling data from all cells, we observed three moderate interactions and
three weak ones. The repression of egl-18 by ELT-1 and CEH-16 both were calculated to
have a strength of ~0.5 (Figure 4.4). The interaction from CEH-16 to egl-18 was previously

observed at 17 hours (Figure 3.5F). However, the interaction from ELT-1 to egl-18 was seen
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Figure 4.4: Strengths of interactions between core genes in early L1 calculated using MRA: lllustration
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response expected due to data variability and boostrapping.
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as a positive interaction, conditional on the repression by CEH-16 (Figure 3.5F). Additionally,
we observed a weak but positive interaction from CEH-16 to elt-1 (Figure 4.4). Although
weak, the error bars from bootstrapping indicate minimal overlap with 0. The remaining three
interactions exhibited strengths below 0.1, and an error bar overlap with 0 (Figure 4.4). As
such we considered them negligible.

In addition to analyzing the strengths of interactions in all pooled cells, we opted to
categorize cells into V1-V4, HO-H2, and V5p, V6, and T to begin observing positional patterns
(Figure 4.4).

In the head cells, we find that the activation of elt-1 by CEH-16 becomes weaker, however
the rest of the network remains similar to the pooled cells (Figure 4.4). Conversely, in V1-V4,
the activation of elt-1 by CEH-16 strengthened slightly, along with the CEH-16 repression of
egl-18. All the other links remain the same as even though the repression of ceh-16 by ELT-1
increases in strength, the errorbars are too large to consider this a viable connection (Figure
4.4). We note no large differences between V1-V4 and V5p-T (Figure 4.4).

Several disparities are evident in the output obtained at 17 hours. These include the
positive interaction from CEH-16 to elt-1, the negative interaction from ELT-1 to egl-18, as well
as a lack of a strong interaction from EGL-18 to ceh-16. We do note that the repression from

CEH-16 to egl-18 remains present and of similar strength to what we observe at 17 hours.

4.2.2 Constructing the seam cell gene network at the L2 symmetric

seam cell division

The L2 symmetric and asymmetric cell divisions occur closely in succession, making it
challenging to identify a time point where only one of these divisions is present. Therefore,
we opted to concentrate on a time point where both types of divisions are easily discernible.
At 26 hours, both symmetrically divided cells and asymmetrically divided quadruplets are
observable. We begin by examining the symmetric daughters, where we refer to the anterior
symmetric daughter by adding a to the cell name and the posterior cell by adding p to the cell

name.
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From our 10-hour (Figure 4.14) and 17 hour (Figure 7.1) data, the assumption that all seam
cells are the same doesn’t appear to be accurate. Therefore, in investigating the symmetric
division, we aimed to examine potential differences in core gene expression between anterior
and posterior cells, as well as disparities between the wild type and the mutants.

elt-1 expression appeared symmetric in all wild-type cells undergoing symmetric division
(Figure 4.5). However, in asymmetrically dividing cells such as H2, V5, and T, elt-1 expression
exhibited asymmetry (Figure 4.5). This asymmetry persisted in the elt-1(ku491) mutant,
except in the T cell (Figure 4.5). Conversely, egl-18(ga97) mutants displayed symmetric elt-1
expression in all cells, including those where the anterior cell would normally activate the
differentiation program (Figure 4.5). Conversely, ceh-16(bp323) mutants exhibited asymmetric
elt-1 expression in all cells, where the anterior cell expressed less elt-1 than the posterior.
This pattern was inverted in H1 (Figure 4.5).

In terms of expression level changes of elt-1 in each cell, in both the H1 cells, we observe
a decrease in expression accross all mutants (Figure 4.5). In H2, decreased expression was
noted in elt-1(ku491) in H2p and in ceh-16(bp323) in both daughter cells, with the latter also
showing reduced variability (Figure 4.5). In V1-V4, the most striking phenotype is the loss
of elt-1 expression in the ceh-16(bp323) mutant (Figure 4.5). This phenotype is particularly
prominent in the anterior cell. V3 is the only V cell that is sensitive to the elt-1(ku491) mutation,
with significant response in both cells (Figure 4.5). V3a appears to lose expression also in
the absence of egl-18. However, the decrease in expression in both these mutants is very
slight (Figure 4.5).

Overall the main effect we observe is the loss of elt-1 expression in anterior symmetric
daughters in the ceh-16(bp323) (Figure 4.5). We also observed lower elt-1 expression in cells
that were not fated to carry out an asymmetric seam cell division, or that were differentiating.

egl-18 expression remains consistent between anterior and posterior cells in the wild
type, but also in the mutants (Figure 4.6). However, egl-18 levels in the head cells show a
positive response to the mutants. Particularly in the elt-1(ku491) and ceh-16(bp323) mutants,
we observe egl-18 expression levels more than double that of the wild type, and a smaller

increase in expression in egl-18(ga97) (Figure 4.6). V1-V3 and V6 all respond very strongly
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Figure 4.5: elt-1 expression 26 hours after bleaching, in the symmetric daughters in wild type, ceh-16,
egl-18 and elt-1 mutants: Quantification of smFISH signal in all seam cells. Strains are colour-coded as
indicated in the key underneath the panel. The significance of the changes between mutant and wild type
backgrounds is presented using the system described in the methods and the colour of the * matches the strain
that is being compared to the wild type. The significance of the changes between mutant and wild type were
calculated using Levene’s test to compare variability and are shown above, whereas below and in bold, we have
the comparison calculated using the Mann-Whitney U test to determine the difference in the distributions.
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Figure 4.6: egl-18 expression 26 hours after bleaching, in the symmetric daughters in wild type, ceh-16,
egl-18 and elt-1 mutants: Quantification of smFISH signal in all seam cells. Strains are colour-coded as
indicated in the key underneath the panel. The significance of the changes between mutant and wild type
backgrounds is presented using the system described in the methods and the colour of the * matches the strain
that is being compared to the wild type. The significance of the changes between mutant and wild type were
calculated using Levene’s test to compare variability and are shown above, whereas below and in bold, we have
the comparison calculated using the Mann-Whitney U test to determine the difference in the distributions.
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to a loss of elt-1 and egl-18 as evidenced by an increase in egl-18 expression in all three
cells in these mutants (Figure 4.6). ceh-16(bp323) only causes gains of egl-18 expression in
Via, Vip, V2p and V3p (Figure 4.6). egl-18 remains unchanged in V4, except for a slight
gain in V4p in the egl-18(ga97) mutant (Figure 4.6). In V5, we observe gains in expression in
the anterior cell in elt-1(ku491), and in the posterior cell in egl-18(ga97). In the T cell, we only
note egl-18 gains in the egl-18(ga97) mutant. We observe no decrease of egl-18 in any of
the mutants, and the variability of the expression remains relatively consistent with the wild
type (Figure 4.6). Overall the sensitivity of egl-18 after the symmetric division appears to be
centred around increases in expression, particularly in absence of elt-1 and egl-18. This is
unusual as egl-18 is associated with maintenance of seam cell fate, and all of these mutants
produce a less stable seam cell phenotype (Gorrepati et al., 2013).

In the wild type ceh-16 expression, we only note differences in expression between the
anterior and posterior daughter in H2 (Figure 4.7). This difference is lost in elt-1(ku491) and
egl-18(ga97) as the anterior cell greatly gains ceh-16 expression (Figure 4.7). However,
the asymmetry is strengthened in ceh-16(bp323) where the posterior cell sees the highest
increase in ceh-16 (Figure 4.7). None of the other cells show any asymmetry in the wild type.
In the ceh-16(bp323) mutant, we note a slight gain in asymmetry in V1, V2 and V6 but none
significant in V3 and V4 (Figure 4.7).

As with egl-18 in the ceh-16 mRNA counts we do not observe any losses in expression
in the mutants but we do observe gains (Figure 4.7). The anterior head cells gain ceh-16
expression in all three mutants, whereas the posterior cells show an increase in expression in
elt-1(ku491) and ceh-16(bp323) (Figure 4.7). Additionally, we observe gains in expression in
all the mutants in V1-V4, with the most significant increase observed in elt-1(ku491) and the
smallest in ceh-16(bp323) (Figure 4.7). Similarly, in V5, we notice an increase in expression in
the elt-1 and egl-18 mutants, although the change in expression is not statistically significant
in ceh-16(bp323) (Figure 4.7). V6 displays increased ceh-16 expression in elt-1(ku491),
and there is also elevated expression in the posterior cell in ceh-16(bp323) (Figure 4.7).
Furthermore, in the T cell, we observe gains in elt-1(ku491), along with a minor increase in

expression in the anterior cell in the absence of egl-18 (Figure 4.7).

95



CHAPTER 4. VARIATIONS IN THE SEAM CELL GRN ACROSS TIME AND SPACE

__________________ S Y~ S —
. 1801 et b il SRTTTRRTTT : : e
% 150 | o - s - ns . i - - - - ns v
O 1201 i
< | 1
Z 90 ¢ : ¢ ¢
X 60 1
S ! ¢, ¢
1 —
0 - n=31 n=13 n=16 n=18 n=32 n=13 n=16 n=18 n=33 n=11 n=13 n=20 n=34 n=11 n=13 n=20
H1a H1p H2a H2p
Cell
ns__ns JI ns __ns * JI_ s __ns__._ns :_ ns__ns__ns
"E 180 -'__TJ:T:_n;____JXT_;_T :__'Z;_;_ES___'TJ&TSTJ*: -__**_*7_*_-n_s-___:*:_n-s_ﬁs-: _____ ;s__:_'__*fkf__'_;
8150— " AR ® mnmi m“m mmmi l‘“’"ns mm“i Lo N ] - R L
O 1201 i i i
< 1 1 1 1
z %0 ' . | LT :
T 60y L° .o Ly et T
301 ’ P g ‘ | | '
] 1 ]
0 " n=28 n=18"n=16 n=27 n=29 n=18'n=16 n=26 n=31n=20'n=14 n=25 n=31n=20'n=15 n=26 n=38 n=28 n=15n=21 n=36 n=28'n=15 n=21 n=25n=24'n=17 n=18 n=27 n=24'n=20 n=17
V1a Vip V2a V2p V3a V3p V4a Vdp
Cell
e oo DS S DS il DS DS T Lo NS oo DS
.. 1801 * ns ns e ns ns ns ns | ns ns ns ns ns ns
% 150 1 - - ns - - ns i #* ¢ g # g W E - - ns * ns ns
O 120 1 H i
< 90 | ‘ :
X 60 i i
E 40/ i 'y i .
' ’ i | $
O " n=15 n=20 "' n=9 n=8 n=13 n=16 ' n=9 n=8 n=22 n=15 'n=14 n=23 n=25 n=15 n=14 n=23 n=19 n=13 'n=16 n=20 n=20 n=13 'n=16 n=20
Vb5a V5p V6a Vep Ta Tp
Cell
Strains

1 Wild Type I elt-1(ku491) I cg/-18(ga97) Il cch-16(bp323)

Figure 4.7: ceh-16 expression 26 hours after bleaching, in the symmetric daughters in wild type, ceh-16,
egl-18 and elt-1 mutants: Quantification of smFISH signal in all seam cells. Strains are colour-coded as
indicated in the key underneath the panel. The significance of the changes between mutant and wild type
backgrounds is presented using the system described in the methods and the colour of the * matches the strain
that is being compared to the wild type. The significance of the changes between mutant and wild type were
calculated using Levene’s test to compare variability and are shown above, whereas below and in bold, we have
the comparison calculated using the Mann-Whitney U test to determine the difference in the distributions.
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The absence of elt-1 not only increases the expression of ceh-16 but also results in an
increase in variability in all cells except the T cell (Figure 4.7). The gain in noise appears to
occur together with an increase in expression levels. Overall ceh-16 appears to be repressed
by all three of the other core genes at this stage. Given that the same interractions appeared
to be activatory at 17 hours, we hypothesise that mutations in the core seam cell gene network
cause a delay in ceh-16 expression.

In order to further unravel the interactions between the core seam cell genes, we utilized
MRA to quantify the strengths of each transcriptional regulation and compared them to
observations made at 17 hours. First, we examined pooled the expression data for all the
cells together. At this time point, we noted strong repressive behavior from ELT-1 on both egl-
18 and ceh-16 (Figure 4.8). While we did observe slight repression at 10 hours (Figure 4.4),
it was considerably weaker than what we observed in the symmetric daughters (Figure 4.8).
Additionally, the previous 17-hour time point shows ELT-1 in the role of an activator (Figure
3.5F). For the first time across our dataset, we also observed egl-18 acting as a repressor
of ceh-16 (Figure 4.8). Furthermore, we observed for the first time an interaction between
EGL-18 and elt-1 (Figure 4.8). However, this interaction appears to be only moderately
activatory, comparable to CEH-16’s activation of elt-1 at 10 hours (Figure 4.4). As in the 10
hour time point CEH-16 does appear to activate elt-1 (Figure 4.8). The most robust link we
observed is the repression from CEH-16 to egl-18, which persists in the merged data from all
cells, albeit less strongly than in previous time points (Figure 4.8).

In the head cells, we detected cell-specific patterns. We observed weaker repression of
ceh-16 by both EGL-18 and ELT-1 (Figure 4.8). However, we also noted stronger repression
of egl-18 by both other core genes (Figure 4.8). Consequently, egl-18 experiences slightly
more repression, ceh-16 slightly less, and elt-1 encounters strong activation in the head cells
(Figure 4.8).

Despite the anterior and posterior V cells being subject to an apparently symmetric division,
we note at a gene expression level specific asymmetries. To address this, we segregated
them for MRA to better comprehend their functional mechanisms (Figure 4.8).

The most noticeable change in the anterior V cells compared to other groups is the
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absence of egl-18 repression by CEH-16, marking the first observed change in this interaction
across all time points (Figure 4.8). egl-18 repression is also diminished by ELT-1. Conversely,
ceh-16 repression is stronger compared to head cells from both ELT-1 and EGL-18 (Figure
4.8). The activation of elt-1 mirrors closely what is observed in the head cells (Figure 4.8).

Despite sharing functionality with the anterior V cells, the posterior V cells maintain
high levels of egl-18 repression by CEH-16 observed at other time points, alongside robust
repression from ELT-1 (Figure 4.8). ceh-16 regulation appears comparable to that in anterior
cells, yet elt-1 regulation by both other genes appears to induce considerable noise (Figure
4.8). Consequently, to visualize the data, we had to remove outliers. Despite the highly
positive values assigned to the elt-1 regulatory interactions, we cannot confirm a positive
interaction due to very large error bars (Figure 4.8).

Overall the head cells experience strong activation of elt-1 and strong repression of egl-18
(Figure 4.8). They experience strong repression of ceh-16, however this is less striking than in
the other cells (Figure 4.8). The anterior V cells lose the CEH-16 repression of egl-18 which
is also less repressed by ELT-1. Meanwhile ceh-16 appears to experience strong repression
from the other genes of the network (Figure 4.8). The difference from the anterior to the
posterior V cells is primarily centred around the repression of egl-18 which is much stronger
in the posterior cells. The changes in elt-1 regulation appear to be very noisy but positive, like
in the anterior cells. Finally, there is no discernible difference in ceh-16 regulation between

the anterior and the posterior cells (Figure 4.8).

4.2.3 Constructing the seam cell gene network at the L2 asymmetric

seam cell division

When discussing the daughters of the L2 asymmetric division we refer to the daughter of the
anterior daughter of the anterior daughter of the symmetric L2 division with aa after the cell
name, we refer to the posterior daughter of the anterior daughter of the L2 symmetric division
as ap, we also refer to the anterior daughter of the posterior daughter of the symmetric L2

division as pa and finally the posterior daughter of the posterior daughter of the L2 symmetric
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Figure 4.8: Strengths of interactions between core genes in the symmetric L2 daughters calculated using
MRA: lllustration of the MRA matrix when combining first, all cells, next just the head cells (H1a, H1p,H2a,H2p)
then the symmetric anterior daughters (V1a,V2a,V3a,V4a,V6a) and finally the symmetric posterior daughters
(V1p,V2p,V3p,V4p,V6p). The colour coding correlates saturation to strength of interaction, and the colour to
the polarity (green positive, red negative). The error bars show the range of response expected due to data
variability and bootstrapping. Outliers were removed in this graph to maintain visibility of the interactions closer
to 0.
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division with pp after the cell name.

During the asymmetric L2 division, distinct differences in elt-1 expression are observed
between the differentiating cells and the non-differentiating cells in the wild type (Figure
4.9). However, these differences seem to diminish in mutant backgrounds (Figure 4.9). We
observed a small yet significant decrease in elt-1 expression compared to wild type in both elt-
1(ku491) and egl-18(ga97) mutants. In contrast, elt-1 expression in the ceh-16(bp323) mutant
appears largely unchanged from wild type, except for the differentiating and non-differentiating
cells exhibiting more equal expression levels (Figure 4.9). egl-18 expression after the L2
asymmetric division appears to be equal between differentiating and non-differentiating cells
(Figure 4.10). Its expression remains largely unchanged by the loss of either elt-1 or egl-18
from its wild-type expression (Figure 4.10). However, we observe more significant changes in
both expression and symmetry in the ceh-16(bp323) mutant. In the absence of ceh-16 the
cells that maintain the seam cell fate appear to express significantly more egl-18 than they do
in the wild type (Figure 4.10). In the ceh-16(bp323) both the anterior asymmetrically divided
cells (aa and ap) and the posterior ones (pa and pp) appear to gain asymmetry in egl-18
expression, with the posterior cells expressing more egl-18 (Figure 4.10). However, the pp
cells appear to consistently have the strongest gains in egl-18 (Figure 4.10).

At the end of the asymmetric L2 division it would appear that ceh-16 expression is
concentrated in the cell that maintains the seam cell fate, however due to gains in expression
in the elt-1(ku491) and egl-18(ga97) mutants, this asymmetry is frequently lost (Figure 4.11).
ceh-16(bp323) does also maintains an asymmetric expression of ceh-16 (Figure 4.11). In all
three of the mutant backgrounds we note gains in ceh-16 expression, however this occurs
mainly in V3 and V4 and less so in V1 and V2 (Figure 4.11). Finally, in running the MRA we
realised that there was a large amount of variability in the gene expression patterns of our
core genes at the asymmetric division stage (Figure 4.12). Particularly in the differentiating
cells. However, we did manage to extract concrete trends in the eight non-differentiating cells.
The MRA found seven very strong interactions and one weak one. These were activatory
links from EGL-18 and CEH-16 to elt-1 and repressive links from CEH-16 and ELT-1 to
egl-18 (Figure 4.12). We also observe ELT-1 repression of ceh-16 (Figure 4.12). Overall in
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Figure 4.9: elt-1 expression 26 hours after bleaching, in the asymmetric daughters in wild type, ceh-16,
egl-18 and elt-1 mutants: Quantification of smFISH signal in all seam cells. Strains are colour-coded as
indicated in the key underneath the panel. The significance of the changes between mutant and wild type
backgrounds is presented using the system described in the methods and the colour of the * matches the strain
that is being compared to the wild type. The significance of the changes between mutant and wild type were
calculated using Levene’s test to compare variability and are shown above, whereas below and in bold, we have
the comparison calculated using the Mann-Whitney U test to determine the difference in the distributions.
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Figure 4.10: egl-18 expression 26 hours after bleaching, in the asymmetric daughters in wild type, ceh-16,
egl-18 and elt-1 mutants: Quantification of smFISH signal in all seam cells. Strains are colour-coded as
indicated in the key underneath the panel. The significance of the changes between mutant and wild type
backgrounds is presented using the system described in the methods and the colour of the * matches the strain
that is being compared to the wild type. The significance of the changes between mutant and wild type were
calculated using Levene’s test to compare variability and are shown above, whereas below and in bold, we have
the comparison calculated using the Mann-Whitney U test to determine the difference in the distributions.
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Figure 4.11: ceh-16 expression 26 hours after bleaching, in the asymmetric daughters in wild type,
ceh-16, egl-18 and elt-1 mutants: Quantification of smFISH signal in all seam cells. Strains are colour-coded
as indicated in the key underneath the panel. The significance of the changes between mutant and wild type
backgrounds is presented using the system described in the methods and the colour of the * matches the strain
that is being compared to the wild type. The significance of the changes between mutant and wild type were
calculated using Levene’s test to compare variability and are shown above, whereas below and in bold, we have
the comparison calculated using the Mann-Whitney U test to determine the difference in the distributions.
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this state the network appears to be highly aimed at repression, leading us to believe that
later developmental time points will experience an even more severe decrease in core gene

expression in the seam cells.

4.2.4 The core seam cell genes follow an L2 centric expression pattern

over time

To gain a comprehensive understanding of gene expression dynamics over time, we plotted
our V1-V4 datasets from various time points, including 17 hours and 25 hours (limited data
points collected alongside the 26-hour symmetric division). This enabled us to assess whether
the 17-hour time point reflects steady-state conditions and whether specific gene expression
information is elucidated only when considering multiple time points (Figure 4.13).

Our initial observation revealed striking similarities in the expression of both elt-1 and egl-
18 between the 10-hour and 17-hour time points across wild type and mutant backgrounds.
Notably, egl-18 expression in ceh-16(bp323) mutants showed a substantial increase at 17
hours compared to 10 hours, despite significant variability. Conversely, wild type ceh-16
exhibited a six-fold increase in mean expression at 17 hours compared to 10 hours, albeit
with considerable variability (Figure 4.13). Another interesting observation we made about
ceh-16 is that while in the wild type we observe peak expression levels at 17 hours, in the
mutants the peak occurs just before the symmetric division (Figure 4.13). This points to a
delay in ceh-16 expression rather than an outward repression. We also note that after the L2
asymmetric divisions pp and ap cells have higher gene expression in all mutants, than the
aa and pa cells for all genes and all mutants. However, after the L2 symmetric division the a
and p cells normally have similar behaviour, except in ceh-16(bp323) where the two diverge
(Figure 4.13).

Another gene where peak gene expression changes in mutant backgrounds is elt-1. In
the wild type, peak elt-1 expression occurs at in the symmetric daughters. However, in all of
the mutants the pre-division 25 hour time point shows expression that is either equivalent or

higher than that of the symmetric daughters. This conversely would indicate an anticipation
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Figure 4.12: Strengths of interactions between core genes in L2 asymmetric daughters calculated using
MRA: lllustration of the MRA matrix when combining first, all cells, next the differentiating cells (V1aa, V1pa,
V2aa, V2pa, V3aa, V3pa, V4aa, V4pa then the non-differentiating cells (V1ap, V1pp, V2ap, V2pp, V3ap, V3pp,
V4ap, V4pp) and finally the symmetric posterior daughters (V1pp, V2pp, V3pp, V4pp, V6pp). The colour coding
correlates saturation to strength of interaction, and the colour to the polarity (green positive, red negative).
The error bars show the range of response expected due to data variability and bootstrapping. Outliers were
removed in this graph to maintain visibility of the interactions closer to 0
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of elt-1 expression (Figure 4.13).

Overall our assumption that the 17 hour time point is a good approximation of steady
state behaviour is only a reasonable assumption for elt-1 and egl-18. ceh-16 expression
appears more variable in early larval development and thus we believe it would only achieve
a stable steady state at time point where it was inactive, as it is in late larval development
when the cells acquire a terminal seam cell fate. We do note that there appear to be time
specific changes in gene expression that snap-shot data may not have the resolution to
assess in detail. Nevertheless, we do believe that investigating this network from a late L1
perspective and then reevaluating it at other time points allowed us to greatly progress in our

understanding of seam cells.

4.2.5 Significant differences exist between gene expression in different

seam cells at various time-points

Having increased the resolution of the behaviour of the core genes through time, we must
also evaluate how position affects the different seam cells and whether that has any specific
impact on their ability to maintain the seam cell fate. In order to do this we re-utilise our
temporal data to gain further understanding on the changes of the behaviour of the individual
cells over time.

Despite the variations in division patterns among seam cells, seam cells are frequently
treated as equal. To scrutinize this assumption, we analyzed our smFISH data at each time
point and conducted Mann-Whitney U tests to assess the similarity of expression patterns
between individual cells. We used this to determine whether the cells can be deemed to
have identical expression patterns or whether the differences between them were statistically
significant. We then further separated the cells using clustering to see which cells were most
likely to show mean expression similarity.

Already at the 10-hour time point, we observed highly significant differences in expression
between seam cells in both the wild type and all three mutants (Figure 4.14A). These are

however very similar to what we observe at 17 hours (Figure 7.1).
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Figure 4.13: Core gene expression throughout early larval development A)The progression of elt-1, B)
egl-18 and C) ceh-16 expression in V1-V4 over the course of the first two larval stages. The error bars denote
90% of the data to eliminate outliers and the points on the graph indicate mean expression levels. In blue
we refer to cells in L1 and early L2 that have either not divided yet or are the posterior daughters of the L1
asymmetric divisions, a and p refer to the anterior and posterior symmetric daughters and aa,ap,pa and pp refer
to the quadruplets formed after the L2 asymmetric division, in order of position.
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Figure 4.14: At early L1 seam cell core gene expression shows similarities and differences between
groups of seam cells: A) A matrix of Mann-Whitney U p-values for each of the three genes in wild type and
mutant backgrounds comparing each cell to each other cell to determine which cells’ expression patterns can be
considered identical. The red colour reflects highly significant values with p <0.05 and the gray colour reflects
non-significant values with darker gray p-values being closer to 0.05.B-F) The clustering of the three genes’
expression. The y-axis denotes the distances between the average means, with each graph grouping together
the three gene expression patterns in different mutant backgrounds: B) wild type and all three mutants together,
C) wild type alone, D) elt-1(ku491), E) egl-18(ga97) and F) ceh-16(bp323).
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To better understand whether there are related groups among cells’ expression patterns
in different strains, we performed hierarchical clustering. This would allow us to correlate
expression pattern trends with likelihood of seam cell loss. Initially, we clustered the expres-
sions of all three genes together in all four strains (Figure 4.14 B), resulting in distinct clusters
for head, midbody, and posterior cells, with the differentiating V5a cell forming a separate
cluster. Next, we clustered the three genes in wild type animals (Figure 4.14 C)and then in
elt-1(ku491), egl-18(ga97), and ceh-16(bp323) in Figure 4.14 D,E and F respectively.

In terms of elt-1 expression patterns, we observed high similarity between HO and H1
across all backgrounds, while H2 exhibited expression patterns similar to the V cells. Likewise,
egl-18 and ceh-16 expression showed no significant difference between H2 and V1-V4 in
the wild type. However, egl-18 expression in (elt-1(ku491) and egl-18(ga97)), H2 exhibited
expression patterns mainly resembling head cells and, in the latter case, V1, differing
significantly from other seam cells. We also noted that the head cells showed similarity in
expression to the T cell, particularly in elt-1. Additionally, head cells showed expression
similarity to the T cell, particularly in elt-1 expression. Clustering analysis grouped H2 with
the V cells in wild type and mutant conditions (Figure 4.14C-F)

In all mutants, elt-1 expression showed no statistical difference between V5p and V6.
Notably, egl-18 expression in the tail-most cells exhibited highest similarity between V5p and
V6, although a small but significant difference was observed between V6 and the T cell in the
ceh-16(bp323) mutant (Figure 4.14 A). Despite some variations, posterior seam cells’ core
gene expression tended to cluster together (Figure 4.14B).

V1-V4 were the cells that consistently showed no significant difference between them.
The only condition where we noted any significant difference between these four cells was
between V1 and V4 in elt-1 expression in the ceh-16(bp323) mutant with a significance of
0.04. In terms of clustering, we noted that while in the pooled set, the wild type and the
egl-18(ga97) clustering, the four cells were grouped into a closely-knit cluster (Figure 4.14 B,
C, E), in ceh-16(bp323), V1, and in elt-1(ku491), V4 clustered more closely with H1 and V6
or V5p, respectively (Figure 4.14 D, F).

V5a displayed significant differences in both elt-1 and ceh-16 expression compared to
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other cells, particularly pronounced in the ceh-16(bp323) and egl-18(ga97) mutants. Despite
these differences, egl-18 expression in V5a remained similar to other seam cells, especially
under mutant conditions (Figure 4.14C-F).

V5a was also the cell that had the highest clustering distance from the other cells in the
pooled data (Figure 4.14 B) and wild type (Figure 4.14 C), as well as all three mutants (Figure
4.14 D-F), with a slight similarity to the T cell in the egl-18(ga97), indicating that despite the
similarities in egl-18 expression, the differentiating cell had the most diverging behavior of the
core genes from all the seam cells.

In summary, V1-V4 displayed the strongest grouping, while V5a exhibited the most distinct
expression patterns. Furthermore, the head cell group demonstrated less distinct clustering,
with H2 and H1 tending to cluster with different V cells depending on conditions.

At 26 hours in the symmetric division, elt-1 is expressed most similarly in H2p, Via,
V1ip, V2a and V2p. H2a only shows similarity in behaviour with V5a and Tp, suggesting
that that specific expression signature can be linked to differentiation. In elt-1(ku491), H2a
acquires similarity in expression to H1a and H1p as well as V6a, V6p and Ta. In all cases
where cells resemble H2a in elt-1 expression, we note lower elt-1 mRNA counts than in the
other cells (Figure 4.5). In the wild type we also note similarities between H1a, H1p and
H2p,V1a,V1p,V2a, V2p, which is lost in elt-1 and egl-18 mutants, however the H1 similarity to
V6 is maintained also in the mutants (Figure 4.15 A).While comparable in expression, V3 and
V4 have slightly higher elt-1 expression than the other V cells.

In wild type the V4 cells express egl-18 at significantly higher levels than any of the
eight anterior cells (H1a, H1p, H2a, H2p, V1a, Vip, V2a, V2p) as well as the T cells. Tp
expresses lower egl-18 than any of the posterior V cells (V3a, V3p, V4a, V4p, V5p, V6a,
V6p). H2a exhibits a similar expression pattern to the T cell in this regard, as its expression is
significantly lower than that of any of those cells as well. Notably, H2a’s expression is lower
than even V2p, which represents the cell with the lowest expression among the anterior V
cells.

In the elt-1(ku491) mutant the differences in egl-18 expression between the V cells are

decreased. The only significant differences can be observed between V2 and V3 and even
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Figure 4.15: At early L2 seam cell core gene expression shows similarities and differences between
groups of seam cells: A) A matrix of Mann-Whitney U p-values for each of the three genes in wild type and
mutant backgrounds comparing each cell to each other cell to determine which cells’ expression patterns can be
considered identical. The red colour reflects highly significant values with p <0.05 and the gray colour reflects
non-significant values with darker gray p-values being closer to 0.05 . B-F) The clustering of the three genes’
expression. The y-axis denotes the distances between the average means, with each graph grouping together
the three gene expression patterns in different mutant backgrounds: B) wild type and all three mutants together,
C) wild type alone, D) elt-1(ku491), E) egl-18(ga97) and F) ceh-16(bp323).
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those are relatively minor compared to what is observed in the wild type. However, the T cell
shows significantly fewer egl-18 counts than any of the other cells, including those that are
differentiating (H2a and V5a). In the egl-18(ga97) mutant we observe a striking difference
between the 4 head cells (H1a, H1p, H2a and H2p) from the middle 4 V cells (V2a, V2p, V3a,
V3p). The head cells express less than half of the egl-18 expressed in the V2 and V3. This
decrease in expression in the head cells renders them more similar in expression pattern to
the T cells. Additionally, V5a and V1p also strongly resemble the expression pattern found in
head cells, suggesting a potential inclination towards differentiation in these cells.

ceh-16 in wild type behaves differently in H1a and H1p to all the other cells, with signif-
icantly higher expression levels observed. H2a, the differentiating cell, shows decreased
expression compared to H2p, V3a, V3p, V4a, V4p, and V6p, but not compared to the anterior
V cells (V1 and V2). V2p in particular appears to experience low ceh-16 expression in the
wild type. However, the pattern of seam cell ceh-16 expression undergoes drastic changes in
the elt-1(ku491) mutant. Due to the increase in ceh-16 expression in absence of elt-1, we
observe that despite the levels of ceh-16 in the T cells being higher than most of what we
observe in the other cells in the wild type, their expression levels are still lower than what we
see in the other cells in this elt-1(ku491) mutant. Thus the T cells will express less ceh-16
compared to other cells even in mutants that cause an increase in ceh-16 expression. Apart
from this, the remaining cells’ ceh-16 expression levels show high similarity, with the only
significant inter-cell differences observed in V3a and V3p compared to H2a, H2p, V5a, and
V5p. The ceh-16 counts in V3a and V3p are significantly higher than in the four cells that did
not divide symmetrically. This pattern is highly similar to what we observe in the egl-18(ga97)
mutant. This pattern is highly reminiscent of what is observed in the egl-18(ga97) mutant.
Here, the T cell again shows very little expression of ceh-16, while V3 cells, particularly V3p,
exhibit the highest ceh-16 expression among all the cells. This difference is not significant
relative to the H1, V1, and V2 cells, which still have relatively high expression levels; however,
the remaining cells all express ceh-16 at significantly lower levels than V3p.

Finally, the most striking pattern we observed was in the ceh-16(bp323) mutant. Most

prominently in elt-1 and in ceh-16 expression, but also to a lesser extent in egl-18 expression,
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we observe the asymmetrisation of the core genes in the symmetric daughters. This is
particularly striking where each ’a’ cell is significantly similar to the others and different from
the ’p’ cells. This pattern is reversed in H1 where H1a shows no significant difference from all
the V p cells and shows highly significant differences to the a cells. The other exception to
the rule are the T cells which have high similarity between them and both show similarities in
expression pattern to the anterior cells but remain significantly different from the posterior
cells. In ceh-16 expression in ceh-16(bp323) we note this pattern in H2, V1, V2, and V6
and, while there are differences in V3a/V3p and V4a/V4p, these are not deemed significant.
V4p does however show significant differences in expression pattern to H2a, V1a, V2a, and
V3a. The other interesting pattern resulting from ceh-16 expression in ceh-16(bp323) is a
significant difference between V6a, V6p, Ta and Tp. In the case of V6a, Ta and Tp its due to
particularly low expression, however in V6p we note particularly elevated ceh-16 levels which
causes very large asymmetry between anterior and posterior V6.

In order to summarise our findings and make predictions on the behaviour of the cells
in mutant contexts we clustered our three gene’s expression in both wild type and mutant
backgrounds. The first approach involved clustering all four strains together (Figure 4.15 B).
The most distinct cell was the T cell, primarily due to its low core gene expression. Following
was HO, which formed its own distinct cluster. V1, V2, V3, and V4 clustered together, further
supporting the validity of grouping these four cells to study their behavior collectively. Notably,
among these four cells, V2 exhibited the highest difference from the other cells. H1, H2, V5,
and V6 clustered in the fourth cluster.

In the clustering carried out solely in the wild type background we do note significant
changes from 10 and 17 hours (Figure 4.15C). While most of the V1-V4 cells still clustered
together, they also clustered with H2p, while V1p clustered with H1, HO, V6, and V5p. The
third cluster comprised the two differentiating cells: H2a, V5a, along with the T cells. In
the elt-1(ku491) mutant, we again observed V1-V4 clustering together, this time along with
V5p and V6a. There is a second large cluster in elt-1(ku491) and this is composed of the T
cells, the H1 cells, the two differentiating cells (H2a and V5a) and HO, H2p and V6p. In the
egl-18(ga97) the V1-V4 cluster together again into a single cluster, with the exception of V3a
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which clusters with V6, V5p and H2p. HO, H1, H2a, V5a and the T cells cluster separately.
Finally, as described previously, the most significant change in seam cell similarity in gene
expression at the L2 symmetric division time point was observed in ceh-16(bp323). The
clustering draws a clear line between the anterior daughters of a symmetric division and the
posterior daughters. The clustering drew a clear distinction between the anterior daughters of
a symmetric division and the posterior daughters. H2p clustered more distinctly, but V1p, V2p,
H1a, V4p, V3p, HO, and V6p all clustered together. We'd expect these cells to have more
robust phenotypes due to their being grouped with HO. The remaining cells are the anterior
daughters that are frequently lost in ceh-16(bp323) due to the loss of the symmetric division.
The final developmental stage that we studies was the late L2 stage following the asymmetric
division. We excluded the anterior differentiating cells from our intracellular comparison as
they exhibited clear differences from the non-differentiating cells (Figure 7.2). The number of
animals studied were also fewer as cells were frequently lost in the mutant animals. At this
stage the cells show extremely high similarity in expression (Figure 4.16 A). In the wild type
the only large difference between the cells is between V4pp and the remaining 7 cells in elt-1
expression. The only cell with which the difference is not significant is V4ap. V4pp exhibited
lower expression than the other cells. This is lost in the elt-1(ku491), where for all probes
the cells behave similarly (Figure 4.16 A). egl-18 expression in egl-18(ga97) replicates the
wild type pattern of V4 behaving differently to the other V cells, particularly V2ap and V2pp.
In the ceh-16(bp323) elt-1 shows a difference between V3pp, V4ap, V4pp and Viap, V1pp,
V2ap (Figure 4.16 A). The low significance values could be due to the low counts, however
the trend points to high expression of elt-1 in the posterior V cells and low in the anterior V
cells in ceh-16(bp323). There are also cell specific differences in egl-18 expression in this
mutant, with V4pp having lower expression than any of the other pp cells. The ceh-16 mutant
also shows differences in ceh-16 expression with V1ap having the lowest expression of any
non differentiating cell (Figure 4.16 A).

In order to formulate hypotheses on the behaviour of the individual cells in response to
the mutants we relied again on clustering. The clustering of all the probes together with

all the mutants showed the most distinct expression pattern in V4pp (Figure 4.16 B). The
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Figure 4.16: At late L2 seam cell core gene expression shows similarities and differences between
groups of seam cells: A) A matrix of Mann-Whitney U p-values for each of the three genes in wild type and
mutant backgrounds comparing each cell to each other cell to determine which cells’ expression patterns can be
considered identical. The red colour reflects highly significant values with p <0.05 and the gray colour reflects

non-significant values with darker gray p-values being closer to 0.05. B-F) The clustering of the three genes

expression. The y-axis denotes the distances between the average means, with each graph grouping together
the three gene expression patterns in different mutant backgrounds: B) wild type and all three mutants together,
C) wild type alone, D) elt-1(ku491), E) egl-18(ga97) and F) ceh-16(bp323).
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rest of the clustering pointed to two separate groups. One containing V1pp, both the V2s
and V3ap, and the other Viap, V3pp and V4ap. In the wild type, the clustering showed
clear positional tendencies: the two V4 cells clustered with V3pp, while separately, the V1s
clustered with V2ap (Figure 4.16 C). Additionally, the intermediate group of V2pp and V3ap
also preferred to cluster with the V1s. The split between anterior and posterior V cells became
more pronounced in the three mutants, particularly in elt-1(ku491) (Figure 4.16D) and ceh-
16(bp323) (Figure 4.16F), but the boundary is shifted between them. In elt-1(ku491), the V1
cells and V2 were grouped together. This group was characterized by high elt-1, low egl-18,
and low ceh-16 expression. The ceh-16(bp323) clustering appears to be largely driven by
changes in elt-1 which has heightened expression in the V4s and V3pp and V2pp. All the
other genes appear to be equivalent across all cells. The egl-18(ga97) mutant clustered V1s
together with V3pp, then the proximal V2pp with V3ap, and finally V2ap with the V4s.
Overall this highlights the validity of using V1-V4 as a group for most early stage exper-
iments. However, in the late L2 stage we start observing differences between V1, V2 and
V3, V4. As such it is important to maintain cell specific resolution when looking at later

developmental time points in seam cells.

4.2.6 Understanding how expression differences in the core genes

impact different seam cell sensitivity

Differences in susceptibility of a seam cell to be lost could be related to the differences in core
gene expression between the seam cells not only in mutant but also in wild type backgrounds.
For example, we'd expect cells that frequently cluster with differentiating cells to have a
decreased ability to maintain seam cell fate. However, given that the groupings of the cells
change over time it is important to understand which time point determines susceptibility to
loss and which gene drives the changes. We already know from Huang et al. (2009) that
symmetry in the L2 division is lost in ceh-16(bp323) and as such anterior cells acquire a
non-seam fate. The illustration of the expression changes in the L2 symmetric division is

clear evidence that core seam cell genes are linked directly with seam cell losses, as the
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cells that are lost have significantly lower elt-1 and ceh-16 with little change in egl-18. We
then need to evaluate whether a similar pattern of gene expression can be identified in the
cells more commonly lost in elt-1(ku491) and egl-18(ga97) mutants.

To understand the phenotypic implications of the observed expression changes, we
decided to evaluate the frequency of different cells’ losses at different concentrations of the
core genes. In order to do this we utilised the RNAI by feeding technique. We diluted bacteria
containing RNAI vectors targeting specific genes with bacteria containing an empty RNAI
vector to decrease the intensity of the treatment in order to allow us to observe which cells
are most sensitive to changes in RNAi concentration. Unfortunately, in order for this to work
the RNAI has to show a highly significant phenotype at 100% concentration, however not
so strong that the cells became impossible to differentiate between each other. This meant
that for this experiment we focused on elt-1 RNAi exposure for one generation and egl/-18
RNAI treatment for two consecutive generations. elt-1 RNAi treatment for two generations
frequently resulted in a phenotype below 5 cells which was difficult for determining which
cell is which as the cells were often not located near the markers we used for differentiating
between seam cells. egl-18 RNAi treatment of eggs showed a very weak phenotype after one
generation of animals reached L4 even at 100% concentration. Likewise we couldn’t conduct
this experiment with ceh-16 RNAI as the resulting phenotype was too weak to monitor its
changes over serial dilutions. The percentages of RNAI indicate the proportion of bacteria of
each strain mixed before plating. However, the slower growth rates of bacteria containing elt-1
and egl-18 RNAI vectors compared to empty vectors may result in a different final composition
of the plate lawn.

elt-1 exhibits a substantial increase in variability even at 25% RNAi (Figure 4.17. However,
at 25% elt-1 RNAI, we observe the average seam cell number decrease only to ~ 15. 50%
and 75% elt-1 RNAI result in larger decreases of seam cells with an average of ~ 13 and
12 respectively. Finally, we observe a significant drop in the number of seam cells at 100%
RNAI, with an average of 8 seam cells and some animals having as few as a single seam cell.
The quantity of elt-1 appears to be directly proportional to the number of seam cells present

(Figure 4.17). Regarding the cells lost in elt-1 RNAI treatments, we identify a highly specific

117



CHAPTER 4. VARIATIONS IN THE SEAM CELL GRN ACROSS TIME AND SPACE

pattern. Despite HO typically being considered the most robust cell, the least sensitive cell
across all concentrations was T. As such, we will refer to it as a control, and cells whose
losses are not statistically higher than those observed in T will be considered not significantly
lost (Figure 4.17).

At 25% elt-1 RNAI, despite the minimal change in seam cell counts, we observe highly
significant losses in H1p, V1a, V1p, and V2a. In H1a, we also note a statistically significant
difference from T, however this is less strong than the other 4 anterior cells. Meanwhile the
posterior seam cells show no significant difference from the immutable T(Figure 4.17). This
categorises the cells into sensitive ( HO, H1p, H2, V1a, V1p, V2a,) and less sensitive (V3a,
V3p, V4a, V4p, V5, V6a, V6p and T).V2p and H1a appear to be halfway between the sensitive
group and the insensitive group, especially V2p (Figure 4.17). In terms of V2p losses, while
not significantly different from T it does not show significant differences from the other cells
except H1p and V6a which belong to different groups. H1a shows borderline significant
differences from the sensitive group, and insignificant differences to the less sensitive group
(Figure 4.17).

At 50% elt-1 RNAI, we observe an expansion of the cell group sensitive to treatment, now
encompassing V2p, V3a, V3p, V4a, and V4p. Subsequently, at 75%, a small percentage of
losses (10%) are also noted in V6a and V5 (5%). At 50%, occasional losses are observed
even in HO, with more pronounced losses at 75%. Despite the fact that HO is only lost when
H1a, H1p and frequently H2 are also lost this indicates the overall instability of the seam
cells under the 75% elt-1 RNAI treatment. However, the loss of HO is not significant relative
to T. At 50% elt-1 RNAI concentration, although the posterior V cells (V3a, V3p, V4a, V4p)
are significantly less robust compared to T, they still maintain significant differences from the
other seam cells, particularly V4 relative to Vi1a, V1p, H2, and H1p. At 75%, the borderline
behavior observed in V2p at 25% is now exhibited by V3a(Figure 4.17).

At 100% RNAI we see significant losses in all cells except T. However, once again, certain
cells are lost with higher frequencies than others. Specifically, H1p, H2, V1a, V1p, and V2a
exhibit very strong losses in most animals and do not show any statistical difference between

them. Similarly, V3p, V4a, V4p, V5, and V6a display high similarity between them while
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demonstrating less sensitivity. H1a and V6p appear not to belong truly to either group, and
the same applies to HO and T.In contrast, V2p and V3a show similarities to both groups.
These findings suggest strong positional trends when elt-1 RNAI is administered to wild-type
animals (Figure 4.17).

The elt-1(ku491) mutant shows behaviour that seems to resemble the 25% RNAi treatment,
showing the accuracy of our estimate of ELT-1 function in elt-1(ku491), with two notable
differences. In the mutant we see strong losses in the T cell. We did observe occasional
losses in the T cell at 25% RNAI but this was much less frequent than what we observed
in the mutant. Secondly, across all treatments, no significant gains are observed, except in
the case of the elt-1(ku491) mutant, where we do note some gains in V3a and T. However,
these occurrences are relatively infrequent, with frequencies of 9.4% and 12%, respectively,
compared to the frequencies of losses. Additionally, slight gains are detected in V2a in the
wild type (Figure 4.17).

In the context of elt-1, a pronounced difference between the anterior and posterior halves
of the organism is evident. Specifically, H1p, H2, V1a, V1p, V2a, and occasionally V2p exhibit
distinct behavior compared to V3a, V3p, V4a, V5, V6a, and V6p. Notably, HO and T display
the highest resilience among the cells. This observed pattern bears a striking resemblance
to the expression pattern observed at L2 in elt-1 expression in the wild type, elt-1(ku491),
and egl-18(ga97). The impact of egl-18 RNAI treatment is notably milder compared to elt-1
RNAI. At 25% egl-18 RNAI treatment, we observe no significant change in expression, with
a mean of 16 similar to the wild type. However, the first discernible effect surfaces at 50%
egl-18 RNAI, where we observe an average of approximately 12 seam cells. Interestingly,
this average remains consistent even at 100% eg/-18 RNA..

In observing seam cell specific changes in egl-18 RNAI, we once again observe that HO
and T are the least sensitive of the seam cells. We will consider a highly significant loss
of seam cell one that has a p-value <0.01 relative to T. At 25% egl/-18 RNAi we note no
significant losses in any of the cells. The only significant difference between T and other cells
is the increased seam cell duplications in V2a, a phenomenon also observed in the wild type.

However, at 50% egl-18 RNAI, we once again observe a significant difference in sensitivity
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Figure 4.17: Changes in seam cell sensitivities caused by different dilutions of elt-7 RNAi bacteria: A)The
number of cells in each animal plotted against the strength of RNAi treatment and compared to the elt-1(ku491)
mutant. The red line indicates the progressive decrease of the mean counts. The white spots indicate counts
of individual animals. The box plot indicates the interquartile range of the seam cell counts. B) We show
changes in individual cells. The n number for each treatment is the same as the one in the graph above as
these quantifications were obtained from the same experiment. This graph is further separated into losses and
gains C) and D) respectively.
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between the anterior V cells (V1 and V2) and the posterior V cells (V3, V4, and V6). H1p
and especially H2 behave very similarly to the anterior V cells, with H1p exhibiting even more
severe losses than the anterior V cells. The losses in HO, V5, and T are not significantly
different from those in the posterior V cells. H1a shows no significant difference to any cell
except H1p; as such, this cell would be described as moderately sensitive. The most sensitive
group of cells at 50% egl-18 RNAi is H1p, H2, V1a, V1p, V2a, V2p, whereas the group most
resistant to egl-18 loss includes HO, V3a, V3p, V4a, V4p, V5, V6a, V6p, and T. At 75% RNAI
the sensitivity caused an even bigger difference between H1p and the remaining cells with
two thirds of the animals losing H1p. All cells between H2 and V2p are lost in at least 35% of
the cases and H1a is shortly behind with losses in 29% of the animals while the remaining
seam cells are never lost in more than 13% of the cases. Nevertheless despite this stark
anterior-posterior differences at lower concentrations of egl-18 RNAI, at 100% egl-18 RNAi
the cells become more equal in their loss patterns. H1p becomes lost in only 49% of the
cases, whereas V3a, V3p, V4a, V4p, V6a, V6p, and T disappear in more than 13% of the
animals and the only cells with less than 13% of losses are HO (12%), V5 (7.8%) and T which
remains unperturbed by the loss of egl-18.

Finally, upon comparing the average seam cell count between the different RNAi con-
centrations and the mutant, we observe that the mean is consistent for 75% egl-18, 100%
egl-18, and egl-18(ga97). We know that egl-18(ga97) is a strong loss-of-function mutant
thus its phenotype can be regarded as equivalent to the complete absence of egl-18. RNAI
administered through feeding is likely to have incomplete silencing within a population due
to different feeding habits of different animals. As such both 75% and 100% RNAi should
have higher levels of egl-18 than the mutant. Nevertheless despite the increase in egl-18
downregulation in the egl-18 hypomorph we note that H1p has a decreasing frequency of
losses from 75% to 100% RNAI and finally to the egl-18(ga97) mutant. This indicates that at
lower levels of egl-18, while the number of cells does not decrease further (Figure 4.18A) they
are lost more evenly (Figure 4.18 C). In the egl-18(ga97) mutant H1p is lost with approximately
the same frequency as H2, V1a and V2a. We note the highest rate of losses in V6a, and we

observe that V5 and V6p have very similar loss patterns to the anterior V cells and the head
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cells, with the exception of HO. Additionally, we observe that in all the V cells, the anterior cell
is lost with a higher frequency than the posterior, although the difference is not statistically
significant(Figure 7.3).

Given the consistent pattern observed in elt-1 RNAI, and the theoretical expectation that
elt-1, as a master regulator, should affect all seam cells equally, we aimed to investigate
if disrupting key pathways involved in maintaining positional information could alter this
observed pattern. Thus, we targeted key Hox and Wnt genes.

To address Hox genes we focused on the posterior Hox gene egl-5 through egl-5(n945),
and the anterior/midbody Hox gene /in-39 through /in-39(n1880). We also used the triple Hox
gene mutant /in-39(n1760);mab-5(e1239),;egl-5(n945) to look for overall signalling disruption.
In order to target Wnt we focused on the bar-1(ga80) p-catenin mutant, the egl-20(hu105)
Wht ligand mutant and the frizzled mutant lin-17(n671). We aimed to gain insight into whether
either of these pathways could reverse the anterior sensitivity observed in elt-1 RNAi down-
regulation. We utilized elt-1 RNAI at a 50% concentration to observe a strong positional
pattern without compromising our ability to differentiate between cells if the phenotype proved
to be compounded.

We initially evaluated our animals based on seam cell number (Figure 4.19). While all
six untreated mutants exhibited slight differences in seam cell number compared to the wild
type, only the /in-39(n1760) mutant showed significant change in distribution of counts. Upon
treatment with the 50% elt-1 RNAI, in the Hox mutants we observed a weak increase in seam
cell number in egl-5(n945). We also noticed a slight increase in seam cell counts in the triple
Hox mutant. We observed no change /in-39(n1760) compared to the wild type when treated
with 50% elt-1 RNAi. When the Wnt mutants were treated with 50% elt-1 RNAi we observed
a significant increase in seam cell defects in all of them except bar-1. The bar-1(ga60) mutant
was highly variable however the resulting change in seam cell defects was not significant.
Nevertheless both egl-20(hu105) and lin-17(n671) both showed strong seam cell losses and
with fewer animals having higher seam cell counts. This strongly suggests that Wnt, rather
than Hox, may play a more significant role in maintaining the posterior seam cells.

Most of the Hox genes showed a similar pattern to what we observed in the wild type when
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Figure 4.18: Changes in seam cell sensitivities caused by different dilutions of eg/-18 RNAi bacteria:
A)The number of cells in each animal plotted against the strength of RNAI treatment and compared to the
egl-18(ga97) mutant. The red line indicates the progressive decrease of the mean counts. The white spots
indicate counts of individual animals. The box plot indicates the interquartile range of the seam cell counts. B)
We show changes in individual cells. The n number for each treatment is the same as the one in the graph
above as these quantifications were obtained from the same experiment. This graph is further separated into
losses and gains C) and D) respectively.
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Figure 4.19: Seam cell counts in Hox and Wnt mutants upon treatment with 50% elt-1: We plot the number
of cells in each animal when treated with control vector RNAi and 50% elt-7 RNAI, in seven different strains. The
strains are divided into wild type, Hox mutants (egl-5(n945), lin-39(n1880) and lin-39(n1760);mab-5(e1239);egl-
5(n945)) and Wnt mutants (bar-1(ga80), egl-20(hu105) and lin-17(n671)). The white spots indicate counts of
individual animals. The box plot indicates the interquartile range of the seam cell counts. The significance
relative to the wild type is denoted with * following the method discussed in the method section, with the colours
matching the treatment in the legend.

treated with 50% elt-1 RNAI (Figure 4.19). However, we did note slight differences. In the
egl-5 mutant, the only cell showing any change from the wild type 50% elt-1 treatment is H2,
which appears to have a slight decrease in the number of losses (p-values in supplementary
figure 7.4). In the /in-39 mutant, we again did not observe a particularly strong effect; however,
we noted that V3a, V3p, and V4a appeared to decrease in sensitivity. In the triple Hox mutant,
we observed this decrease in sensitivity of V3 but not in V4a. However, similar to egl-5(n945),
we noted an increase in H2 sensitivity. Nevertheless in none of the Hox mutants do we see
any decrease in H1p losses, and while the mid body cells to regain some robustness this
doesn’t fully counterbalance the anterior/posterior inequality in losses that we see in the 50%
elt-1 treatment.

bar-1(ga80) did not show a significant change in seam cell number most likely due to
a large increase in variability between animals. Nevertheless we did observe a significant
increase in V6 sensitivity. In the other two Wnt mutants, where an increase in overall seam

cell losses was observed, we noted that these losses were concentrated in the posterior of
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Figure 4.20: The elt-1-specific seam cell sensitivities are disrupted in Wnt but not Hox mutants: Percent-
ages of animals with each seam cell lost and gained in wild type, Hox mutants (egl-5(n945), lin-39(n1880) and
1in-39(n1760);mab-5(e1239);egl-5(n945)) and Wnt mutants (bar-1(ga80), egl-20(hu105) and lin-17(n671)). The
percentage is as a factor of the n values shown in Figure 4.19 as the data is a part of the same experiment. This
graph showcases losses in red, with the intensity of the colour showing the relative frequency of the change.
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the animal. In the egl-20(hu105) mutant, significant increases in sensitivity occurred in V4p,
V5, V6a, V6ep, as well as H1a. Meanwhile, in the lin-17(n671) mutant, we noted increases
in sensitivity in the entire posterior from V4a to T, as well as V3a and H1p. Nevertheless,
this posterior-specific increase in losses in both /in-17 and egl-20 mutants was paired with a
general increase in seam cell loss. Therefore, we propose bar-1 as the leading candidate for

disrupting the elt-1-specific seam cell loss pattern.

4.3 Discussion

4.3.1 The layout of the core seam cell GRN changes over time

Overall, both time and position significantly impact the arrangement of the core gene reg-
ulatory network (GRN) underlying seam cell patterning. Interestingly many of the core
connections change over time. We find that at 10 hours ELT-1 only regulates eg/-18 and even
then only as a repressor. This is a novel perspective on elt-1 that is largely portrayed as an
activator in Gorrepati et al. (2013); Thompson et al. (2016) and in Chapter 3. However, the
two roles of this gene are not mutually exclusive and the entire GRN may involve different
regulatory mechanisms at different time points.

One element that is consistent between 10 and 17 hours, and across all time points is that
CEH-16 represses egl-18. This again is opposed to the portrayal of CEH-16 as an activator
in Cassata et al. (2005) in embryonic regulation of egl-18. Again the two opposing roles of
CEH-16 are not mutually exclusive but show the different roles that these proteins can have
in different contexts.

The concentration of core seam cell genes appears to increase before the L2 symmetric
division. Specifically in the ceh-16(bp323) mutant, known for losing symmetric divisions
(Huang et al., 2009), there is a decrease in expression of all three core genes before this
division. After the L2 division we observe both a severe decrease in core gene expression
under all conditions and a conversion of most of the interactions within the network to

repressive ones (Figure 4.21).
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Figure 4.21: A diagram illustrating quantitative GRNs for the core seam cell genes in early larval stages:
The five main networks of the regulation of V1-V4, at 10 hours, 17 hours, 26 hours symmetric (separated
into anterior(a), and posterior(p) symmetric daughter) and 26 hours asymmetric where we only focus on the
non-differentiating cells (ap and pp). The colour and ending of the arrow indicate the polarity of the interaction
(red blunt-ended arrow for repression, and green arrow for activation) and the number refers to the strength of
the interaction predicted by the MRA.
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The core seam cell genes start acquring repressive roles at the end of L2, this could imply
that over the course of development the seam cells decrease their expression of the core
genes. This allows them to terminally differentiate at the end of L4. Our data indicates that
the L2 symmetric division requires the highest concentration of core genes.

The peak of core gene could be because there needs to be a sufficient accumulation of
the core gene mRNA in the nucleus to allow both daughters to maintain a seam cell fate.
We observe that low concentration of the three core genes, particularly elt-1 is a symptom
of differentiating cells. This goes against the concept of a steady state as it shows that
the core seam cell genes are highly dynamic in early larval development. We believe that
while elt-1 and egl-18 can be considered to be at steady state in the 17 hour time-point,
ceh-16 may experience too many transcription rate changes in early larval development for
there to be an easily identifiable steady state. Furthermore all three of the genes appear to
exprience highly dynamic transcription patters as is shown by the low expression of elt-1in
V5a. Given that the cell would have only divided at most in the previous hour and levels of elt-1
are already significantly lower than in the posterior cell, either the mRNA is asymmetrically
segregated during the division, or the degradation rate of the mRNA is extremely high. While
our assumption of a 17 hour steady state is fair based on the biological behaviour of the
system, reflecting on the expression patterns we believe that ceh-16 may be more dynamic
than originally expected at that time point. Additionally all three of the mutants appear to
affect the dynamics of the system, with elt-1 experiencing premature peak expression in all
three mutants, and ceh-16 delayed peak expression. In order to study the dynamics of this
system, one would most likely have to rely on live imaging of gene expression. At present this
is not achievable through smFISH. However, one can utilise novel imaging techniques like the
MS2 repeats fused to MCP/GFP (Tutucci et al., 2018; Kinney et al., 2023; Lee et al., 2019;
Tocchini and Mango, 2024), paired with microfluidics-based imaging techniques (Keil et al.,
2017). This could shed a more detailed light on the dynamics of the system and provide the
possibility of using modelling approaches that incorporate time as a variable.

An important thing to consider is the likelihood of these interactions being direct or indirect.

While a direct repressive function of ceh-16 is highly likely due to its homology with the known
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repressor engrailed, elt-1is portrayed more frequently as an activator. As such a potential
mechanism for the increase in repressive action from ELT-1 to the other two genes in the
network, could involve the activation of a repressive gene. A gene that whose upstream
region contains ELT-1 chip-seq peaks (Luo et al., 2020; ENCODE Project Consortium, 2012),
and that has been shown to repress egl-18 (Katsanos and Barkoulas, 2022), is nhr-25. While
we have no evidence of it downregulating ceh-16 its role as an intermediary between ELT-1
and egl-18 makes it a promising candidate. Another candidate for an intermediary for L2
based repression of the core seam cell genes could be unc-37 whose homolog groucho is
described frequently as a repressor (Cinnamon and Paroush, 2008; Chambers et al., 2017),
particularly of the homolog of ceh-16, engrailed (Celis and Ruiz-Goémez, 1995). UNC-37 has
also been described as a repressor (Winnier et al., 1999).

The ultimate proof of concept of a stem cell regulatory network would be the ability to
revert to a more pluripotent state. In the case of C. elegans this could require reprogramming
L4 seam cells back to an early L1 state as shown in Okita et al. (2007). Based on our results
this would require raising the levels of all three genes, in particular elt-1.

Here we also note similarities between the C. elegans stem cell gene network and the
human stem cell gene network. Both appear to require extremely high levels of the core
factors, boosted through internal feedback loops in order to maintain a high level of potency.
In both cases the progression of the network to a more differentiation-prone state requires the
downregulation of one specific factor. In C. elegans this would be elt-1 whereas in humans it
would be NANOG.

Another important consideration that we should account for is the limitation of using MRA.
While the MRA has the capacity of predicting a steady state response, it makes no estimation
of long term behaviours. For example the activatory/repressive interaction between egl-18
and ceh-16 could lead to oscillatory behaviour. This could only be proven through live imaging
as singular snapshots wouldnt be able to capture any oscillations. There have been new
methods that have been developed with the purpose of applying an MRA to a dynamic
system (Sarmabh et al., 2022), however these require a regular time course dataset following

a singular cell over time. Our system followed the subsequent daughters of cells and as such
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the gene behaviour wasn’t based around changes within a single cell.

4.3.2 The frequencies of seam cell losses and gains are correlated to

core gene expression patterns

We observed important positional patterns in both expression levels and seam cell losses
and gains. We use our smFISH data that the seam cells have non-identical expression
patterns, and over the course of development the clusters of similarity change. At 10 hours
the head (HO, H1, H2), midbody (V1, V2, V3, V4) and tail (V5, V6, T) distinction remains as
the leading pattern in similarities and differences between cells. The V5a cell which goes on
to differentiate into the hypodermis has a highly distinct expression pattern, marked by low
elt-1 and ceh-16 with an average of <5 counts in both.

In the symmetric division time point the distinction between the head, midbody and tail,
becomes slightly less clear. The pattern remains to some extent in elt-1 expression, however
is lost in both egl-18 and ceh-16 expression. Once again differentiating cells (H2a and
V5a) have low elt-1 and ceh-16, an expression signature shared by the anterior symmetric
daughters (V1a, V2a, V3a, V4a, V6a) in the ceh-16(bp323) mutant. egl-18 expression does
nor appear to be as clearly related to cells prone to loss of seam cell fate. In the asymmetric
division, we observe differences between V1, V2 and V3, V4 with V3 and V4 having higher
elt-1 and ceh-16 expression.

Our findings correlate the absence of elt-1 and ceh-16 to seam cell losses and thus
reinforce the portrayal of elt-1 as an essential seam cell gene (Koh and Rothman, 2001; Smith
et al., 2005; Brabin et al., 2011; Page et al., 1997a), and strengthen the role of ceh-16 in
seam cell maintenance (Huang et al., 2009; Cassata et al., 2005; Hughes et al., 2013) and
not only in seam cell symmetry, as cells with low expression of ceh-16 are more prone to
being lost. Additionally our data from early larval stages indicates that even early differences
in expression can make a cell more or less prone to being lost. V3 is the cell least susceptible
to losses and has elevated elt-1 expression at all time points. While this difference is not

significant relative to all cells it shows significant differences to the cells with least elt-1
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expression. We again highlight elt-1 as a key gene in seam cells using RNAi as we show that
the loss of seam cell number is directly proportional to the loss of elt-1. However, in order to
establish the causality between the absence of specific genes in individual seam cells and
gene expression one would have to develop core gene knock-outs specific to individual seam
cells.

We also suggest that egl-18-based seam cell loss plateaus at an average of 12.5 and
that knockdowns of egl-18 stronger than what we see with the 75% RNAI lose cells more
evenly, rather than losing more cells. This could be caused by EGL-18 opposing either a
Hox gene function or a Wnt gradient. Given that egl-18 has previously been shown to be
regulated by Wnt (Gorrepati et al., 2013) and that egl-18 and ceh-16 appear to also regulate
Whnt effectors, as we show in Chapter 5, and given that Wnt has been shown to have an
anterior-posterior gradient, it is very likely that this effect is due to an interaction with Wnt

(Harterink et al., 2011; Pani and Goldstein, 2018).

4.3.3 The positional effect of elt-1 is modulated by Wnt

Given the clear seam cell pattern caused by decreasing amounts of elt-1 we decided to
evaluate whether this could be caused by Hox or Wnt. Our aim was to find a phenotype that
would make H1p, H2, V1a, V1p, and V2a more robust or that would cause more significant
losses in the posterior seam cells (V3a, V3p, V4a, V4p, V5, V6, T). We tested three Hox gene
mutants and three Wnt effector mutants. For Hox we focused on an anterior/midbody gene
(lin-39), a posterior gene (egl-5) and a triple Hox mutant (lin-39, mab-5 and egl-5 ) (Chisholm
and Hsiao, 2012). For Wnt we looked at the -catenin bar-1, the Wnt ligand egl-20 and the
frizzled homolog /in-17.

These pathways are closely interlinked as various Wnt genes have been shown to regulate
Hox, for example EGL-20 regulating mab-5 (Harris et al., 1996), and Wnt component PRY-1
regulating /in-39, mab-5 and egl-5 (Maloof et al., 1999). However, when we treat the Hox
mutants with 50% elt-1 RNAi we note only a weak increase in seam cell losses and positional
sensitivities. Meanwhile in the Wnt mutants we note severe changes in both number of

seam cells and frequency of individual seam cells lost. In bar-1(ga80), we note no significant
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change in seam cell number, however we do observe an increase in V6 losses. The other
two Wnt mutants experience both a loss in seam cell number and a sensitisation of the
posterior of the animal to elt-7 RNAI treatment. This indicates that Wnt is essential for the
elt-1 uneven sensitivity. This could be caused by an increased severity of the elt-1 phenotype
as more concentrated elt-1 RNAI treatment does also lose the posterior cells. As such bar-1
makes a slightly better candidate than the other two genes as its absence causes changes in
frequency of losses of the posterior cells without a significant effect in seam cell number.
Whnt signalling is also involved in stem cell regulation in humans. It is one of the signals
that are linked to pluripotency maintenance in stem cells (Chickarmane et al., 2006). While in
humans cells with high levels of Wnt are linked to a failure of self-renewal (Tao et al., 2015),
our findings show that the posterior cells which tend to be exposed to higher levels of Wnt
signalling are less prone to erroneous differentiation (Harterink et al., 2011). This indicates

that like in humans high levels Wnt are correlated to the maintenance of the stem cell fate.
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Chapter 5

Understanding the robust seam cell
number phenotype caused by the

combined loss of ceh-16 and egl-18

5.1 Introduction

C. elegans carries out all of its cell divisions in a highly robust manner. Robustness was
first defined by Waddington (1957, 1961) and is used to describe phenotypes that remain
invariant in the face of internal (genetic) or external (environmental) perturbation (Félix and
Wagner, 2008). Most studies have focused on robustness in single cell organisms like yeast
(Levy and Siegal, 2008) due to ease of use. However, recently this became a topic of
interest in the C. elegans community. Due to the accuracy and precision with which the cells
in C. elegans divide, changes in robustness of phenotype are easily quantifiable through
variability in terminal seam cell number (Katsanos et al., 2017; Hintze et al., 2021; Koneru
et al., 2021b). Studies of robustness in C. elegans have closely linked disruptions of robust
phenotypes to the Wnt pathway. However, most seam cell gene mutants that were studied
through the lens of robustness showed significant gains in variability. We introduce the mutant
ceh-16(bp323);eqgl-18(ga97) which, despite producing a consistently erroneous seam cell

number, shows minimal loss of robustness.
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In the wild type during, L2 V1-4,V6 and H1 seam cells undergo two divisions, one of which
is a self-renewal division, while the other results in one seam cell and one differentiating
cell. Remarkably, this symmetric division occurs despite an asymmetry in Wnt signaling
between the resulting cells. Wnt signalling is essential for selecting which cell differentiates
and which becomes a seam cell. The gene pop-1 is one of the key players in the maintenance
of asymmetry in divisions and has to be modulated using RNT-1/BRO-1 in order to allow
symmetric divisions to occur (van der Horst et al., 2019).

Despite all the knowledge regarding symmetry and asymmetry in seam cell divisions,
there are very few studies linking the genes involved in seam cell divisions to the core seam
cell genes. The phenotype we identified in Chapter 3 in the ceh-16(bp323);egl-18(ga97)
double mutant was characterised by a regular 11 seam cell phenotype. This appeared to be a
more extreme version of the phenotype resulting from ceh-16(bp323) as described in Huang
et al. (2009). In order to study this mutant we generated a seam cell specific knockout of
ceh-16 using the Loxp Cre system. This mutant will be referred to henceforth as ceh-16;,.p.

The objectives of this chapter include evaluating the robustness of the ceh-16(bp323);egl-
18(ga97) double mutant, analyzing its role in regulating symmetric division, and assessing if
the phenotype solely stems from the loss of ceh-16 through the comparison of its behaviour
to the ceh-16,,.p mutant. We investigate the resistance of this phenotype to internal (genetic)
and external (environmental) perturbations, identifying specific developmental stages and
locations where cell count errors occur, and elucidating the underlying mechanisms behind

the consistent loss of seam cells.

5.2 Results

5.2.1 Generating and characterising a seam cell specific ceh-16 mutant

To discern the specific phenotype of the double mutant from that potentially caused solely
by an increased loss of ceh-16, we needed to address the challenge posed by the lethality

associated with complete loss of ceh-16. To overcome this obstacle, we generated a seam
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cell-specific ceh-16 knockout utilizing the Cre/LoxP system. Originally adapted from the P1
bacteriophage for eukaryotic use Sauer (1987); Sauer and Henderson (1988) the Cre/LoxP
system functions through the recognition of specific short repeat sequences flanking a target
genetic sequence, known as LoxP sites, by a recombinase, resulting in excision of the target
sequence. This process leaves behind one copy of the target sequence as a ’'scar’. In C.
elegans, the first Cre-LoxP system was employed for Pn.P cell-specific deletion of apr-1,
aiming to circumvent embryonic lethality associated with such deletions (Hoier et al., 2000).
Conditional knockouts using a Cre/LoxP system can be achieved by expressing the Cre with
different promoters, such as heat-shock or tissue specific promoters. For our ceh-16.,.p
construct we relied on a seam cell-specific promoter in order to avoid ceh-16 based defects
in other tissues. The newly generated strain had an average seam cell count of ~ 10.4 (n =
40) with a maximum of 13 seam cells and a minimum of 8. This range was slightly wider than
what we observed with the ceh-16(bp323);egl-18(ga97) mutant (maximum of 12, minimum
of 10), however the double mutant mean of 10.9 (n = 31) was highly similar (Figure 5.1 and
5.2). One of the preliminary experiments we did was to test the ceh-16;,.p» on egl-18 RNAI
and compare it to the double mutant. The difference between the two strains was significant.
While ceh-16(bp323);egl-18(ga97) showed no response to the RNAI (n = 28) the ceh-16,,.p
average seam cell count dropped to an average of 5.5 (n = 33) (Figure 5.3). This is an
indication that the phenotype observed in ceh-16(bp323);eqgl-18(ga97) is not solely due to
a strong loss of ceh-16, but that a complete loss of ceh-16 may cause a similar phenotype.
Additionally the seam cell specific ceh-16 knock-out showed a similar seam cell number to
what we observed in the double mutant, however there was more variability in the seam cell
specific ceh-16 knock-out compared to the double mutant. In 19% of the ceh-16;,.p animals
the H1 cells on each lateral side were missing before the L2 symmetric division. Additionally
in 78% of the ceh-16.,.p animals one of the H1 cells was missing before the L2 division.

Only in 3% did both the lateral sides of the animal have a H1 cell (n = 32).
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Figure 5.1: Impact of temperature on ceh-16(bp323);egl-18(ga97) and ceh-16;,.p: A graph showing the
seam cell number of wild type, ceh-16(bp323), egl-18(ga97), ceh-16(bp323);egl-18(ga97) and ceh-16.,.p
animals grown at 15, 20 and 25°C. The significance is shown as described in methods. The p-values shown at
the top in black were calculated comparing the 20°C animals to the 15°C or 25°C using Mann Whitney U test to
compare the means. The p-values shown below in grey are also a comparison with the 15°C or 25°C to the
20°C animals but these are compared using Levene’s test, that compares the variances of the animals.

5.2.2 The ceh-16(bp232);egl-18(ga97) is more phenotypically resistant

to both environmental and genetic perturbations than ceh-16;,,»

Our initial experiments aimed to determine whether the double mutant and the ceh-16,,.p
exhibited resistance to environmental perturbations, such as changes in temperature. The
standard growth temperature of all C. elegans strains in this study was 20°C. Wild type
animals observed at the L4 stage have been shown to exhibit an increase in seam cell
duplications, particularly in V6a at 25°C (Hintze et al., 2020). Our data shows that the
decrease in temperature to 15°C results in fewer erroneous seam cell duplications relative
to the 20°C, albeit occasionally resulting in seam cell loss (Figure 5.1), thus while there is a
significant decrease in seam cell number from ~ 16.1 to 16.0 there is no substantial change
in variability at the lower temperature. It is important to consider that animals kept at 15°C are

slow growing and are not as healthy as those kept at 20°C. As is in line with the literature we
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observe an increase in cell duplications at 25°C which leads also to an increase in variability.
The ceh-16(bp323) strain has been shown to be a temperature sensitive mutant (Huang et al.,
2009) and has been shown to lose the symmetric division in the majority of the cells at 25°C.
Indeed, we observed a higher occurrence of seam cell losses at 25°C and a reduction in
seam cell losses at 15°C. However, the variability of seam cell counts for the mutant remained
consistent across all three temperature conditions.

The egl-18(ga97) mutant has previously shown a reduction in errors at higher temperatures
(Koneru et al., 2021a). We confirm this finding as we see a statistically significant increase
in seam cell number at 25°C. However, we also observe a significant decrease in seam cell
number at 15°C which has not previously been reported (Figure 5.1). However, despite the
changes in seam cell number in both ceh-16(bp323) and egl-18(ga97) we do not observe any
changes in variability at either 15 or 25°C that would be statistically significant when tested
using a Levene’s test (Figure 5.1).

Notably in the ceh-16(bp323);egl-18(ga97) we do note a decrease in variability at 15°C.
This is accompanied by a loss in seam cell number to ~ 9. We observe no significant
change in either seam cell number or variability of seam cell counts at 25°C (Figure 5.1).
Given the inherent temperature sensitivity of the ceh-16(bp323) mutant we also evaluated
the temperature sensitivity of a ceh-16,,,p strain (Figure 5.1). As with the double mutant
and the egl-18(ga97) mutant we note a decrease in seam cell number at 15°C compared to
20°C, however the seam cell counts between 20°C and 25°C remain comparable with a slight
decrease in seam cell counts at the higher temperature (Figure 5.1). The variability for all
conditions of the ceh-16,,,p strain remains high. Given our findings in Chapter 3, in order
to dissect the temperature effect on the two new mutants we focused more closely on the
pattern of the cell losses.

Throughout our seam cell counts we noticed that that temperature affects cells unequally
(Figure 5.2). Consistent with previous findings, wild type animals exhibit the highest sensitivity
to errors in the V6a cell (Hintze et al., 2020) which we also observed (Figure 5.2). This
sensitivity manifests through seam cell duplications. Additionally, we observed gains in Via

that were statistically more frequent than in other cells, with p-values lower than 0.03 when
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Figure 5.2: Both the ceh-16(bp323);egl-18(ga97) mutant and the ceh-16.,.» show frequent losses in
anterior cells, and gains in tail cells: The percentage of animals with specific cells lost (left) or gained (right)
at different temperature conditions. The intensity of the colour corresponds to how high the percentage is
relative to all conditions in the same mutant. The strains analysed are (In order from top to bottom): Wild Type,
ceh-16(bp323), egl-18(ga97), ceh-16(bp323);eql-18(ga97) and ceh-16.,,p. The n numbers are the same as
shown in Figure 5.1 and the p-values for the inter-cell comparisons are shown in Figure 7.7
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compared to all cells except V2a, V5, and V6a (Figure S7.7). In the ceh-16(bp323) mutant
at 20°C, we noted high similarity among all V cells, except for V3 cells, which appeared to
be more resistant to this mutation. At 25°C, we observed a higher sensitivity in the anterior
V cells compared to the posterior V cells, particularly in V6, where V6a showed the highest
significance of losses relative to the other cells. V4a was a notable exception, as it lost
fewer seam cells than its posterior cell. Likewise, H1a is more resistant at 25°C in the
ceh-16(bp323) mutant than H1p. In fact, H1p, H2, and V6p showed no significant differences
in their losses compared to the notoriously stable HO. The frequent loss of anterior V cells in
the ceh-16(bp323) mutant is characteristic of a loss of symmetry, consistent with the findings
of Huang et al. (2009). We also observed gains in V5 and T cells in the ceh-16(bp323) mutant
at 25°C, attributed to a failure of neuronal differentiation, aligning with the observations of
Huang et al. (2009). Finally, in the ceh-16(bp323) mutant at 15°C, the majority of its losses
were attributed to H1p and V6a. Despite fewer losses occurring at this temperature, it is
interesting that these cells maintained equal or even higher sensitivity than expected at higher
temperatures (Figure 5.2). Other than those two cells the majority of the seam cells maintain
a frequency of losses at ~ 10%. HO, H2, V3p and T cells were never recorded to be lost and
are significantly more robust than the other cells in ceh-16(bp323) at 15°C.

In the egl-18(ga97) mutant at 20°C, we observe frequent losses in the majority of the
V cells (Figure 5.2). However, the two V3 cells are once again notable exceptions. The
highest frequency of losses was observed in V6a, V2a, Via, H2, H1p and H1a. HO and
T exhibit negligible losses although the T cell features a significant number of gains. The
15°C treatment of egl-18(ga97) greatly homogenises the distribution of losses, as there are
no significant differences between any of the V cells except V6a, which is lost slightly more
frequently than the others. H1 and H2 cells also follow the same pattern. HO and the T cell
remain relatively unperturbed. At 25°C we see 10-20% of losses in most cells. Once again
the V3 cells exhibit fewer losses. The most spatially striking pattern in egl-18(ga97) at 25°C
is in the seam cell duplications. These occur exclusively in V3p, V5, V6a, V6p and T showing
a strong posterior sensitivity to the loss of egl-18 at high temperatures.

The ceh-16(bp323);egl-18(ga97) phenotype is highly robust. Not only are the cells lost
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consistently the same ones but also there is very little variation of the loss pattern even at
unfavourable temperatures (Figure 5.2). The only variability we see is whether or not H1a,
V4a and V6a are lost, which happened in >85% of the animals, and whether ornota T or
V6 cell are gained. The T cell gain happened in =~ 70% of the cases at 15°C and 20°C, but
dropped to 42% at 25°C. We also noted a <10% occurrence of V6 gains and HO, H1p, H2,
V3p, V5 losses. These losses amount to 24% of the animals at 20°C but drops to 15% and 5%
in 25°C, and 15°C incubated animals respectively. V1a, V2a and V3a were lost in every single
animal that was counted, and we only note one occurrence of any of their posterior cells being
lost (V3p at 20°C) (Figure 5.2). This result is strong evidence that ceh-16(bp323);egl-18(ga97)
is resistant to environmental perturbation and that the seam cell losses and gains in it follow
a highly specific pattern which is virtually unchanged under environmental perturbation.

Finally, when comparing the loss pattern of the ceh-16(bp323);egl-18(ga97) to that of
ceh-16;,.p, we note significant differences. Firstly, the seam cell loss pattern is a lot less
binary in the latter, the differences between anterior and posterior cells are less pronounced.
H1p is lost with a very high frequency in ceh-16;,.p, While it is never lost in the double mutant.
Despite the strain being highly resistant to external perturbation, there is a lot more variability
as to which cells are lost.

To assess the robustness of both the ceh-16(bp323);egl-18(ga97) and the ceh-16;,,.p,
against genetic perturbations, we carried out an RNAI screen of the core seam cell genes,
described in Chapter 3 as elt-1, egl-18 and ceh-16. We found that RNAI treatment of these
three genes has a significant effect on both the wild type and mutant worms with losses in
seam cell number and an increases in variability between worms (Figure 5.3). In order to
more completely also target egl/-18 we wanted to evaluate the effects of removing elt-6 as
well given elt-6 and egl-18 have been shown to be at least partially redundant (Gorrepati
et al., 2013).

In the ceh-16(bp323) mutant we see a seam cell loss even in absence of RNAI with the
average seam cell count being ~ 13.5 (Figure 5.3). elt-6 RNAI treatment causes no further
defects. However, both egl-18 and ceh-16 RNAI treatment do cause a significant decrease in

seam cell number. The elt-1 RNAI treatment of ceh-16(bp323) results in a highly significant
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Figure 5.3: The core gene RNAi on eg/-18 and ceh-16 mutants showcases the robustness of ceh-
16(bp323);egl-18(ga97) in the face of genetic perturbations: A graph showing the seam cell number of wild
type, ceh-16(bp323), egl-18(ga97), ceh-16(bp323),;egl-18(ga97) and ceh-16,, p animals grown on elt-6, egl-18,
ceh-16 and elt-1 RNAI. The p-values are denoted as discussed in methods. The p-values shown at the top in
black were calculated comparing the RNAI treated animals to the same strain grown on control vector RNAI
using Mann Whitney U test to compare the means. The p-values shown below in grey are also a comparison
with the RNAI treatments to the control vector animals but these are compared using Levene’s test, which
compares the variances of the animals. Finally, in purple we show the significance of the changes in the elt-1
RNAI treatment compared to the same treatment of the wild type using Mann Whitney U test.
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loss of seam cells, however the loss is equivalent to the same treatment of the wild type
indicating that ceh-16 is likely downstream of elt-1. elt-1 is also the only RNAI treatment
which results in a in increase in variability compared to the control ceh-16(bp323) (Figure
5.3).

Untreated egl-18(ga97) mutants exhibit a lower seam cell count compared to ceh-
16(bp323). The average seam cell count is =~ 12 with the control vector (Figure 5.3).
Consistent with findings by Gorrepati et al. (2013), treatment of egl-18(ga97) with elt-6
RNAI leads to a significant reduction in seam cell number, resulting in an average count of ~
10 (Figure 5.3). We did not observe any significant effects from either the egl-18 or ceh-16
RNAI treatments. This outcome aligns with expectations, considering that egl-18(ga97) repre-
sents a complete loss-of-function mutant and the effect of ceh-16 RNAI is minimal. However,
it is worth noting that treatment with elt-7 RNAI resulted in a more severe loss of seam cells
compared to other mutants, with an average count of ~ 3.5, representing just over half the
count observed in any other strain except ceh-16.,..p. However, due to the high variability of
egl-18(ga97) itself, the changes in seam cell number caused by the various RNAI treatments
do not increase this mutant’s variability (Figure 5.3).

After analyzing the parental strains, our next step is to assess the behavior of the double
mutant (Figure 5.3). The ceh-16(bp323);egl-18(ga97) double mutant exhibits a seam cell
number range between 9 and 13, with only 5% of the animals displaying either 9 or 13 seam
cells, while the remaining 95% fall within the range of 10 to 12 cells. Notably, 75% of the
animals have 11 seam cells (Figure 5.3).

elt-6 RNAI treatment results in a modest reduction of seam cells relative to the untreated
double mutant, with the average decreasing from 11 to 10. However, there is a large change
in the distribution of the counts with animals having 9, 10, and 11 seam cells are observed
with approximately equal frequency. The difference appears to be largely centred around
whether the T cell is duplicated or not or lost in animals with 9 seam cells (Figure 5.3). The
animals at L4 appear to have the same cells that they hatched with, however while in the
control RNAi we frequently see a T cell duplication, when treated with elt-6 RNAi the T cell is

frequently lost. The difference between the double mutant treated with the control vector, and
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the elt-6 RNAI is significant, and is most likely due to the change in frequency of T cell losses
and duplications (Figure 5.3).

Treating the ceh-16(bp323);eqgl-18(ga97) mutant with egl-18 RNAI yielded no significant
effect, consistent with observations from the single egl-18(ga97) mutant (Figure 5.3). As
the latter is a complete loss-of-function mutant, it is already incapable of further loss of
egl-18 function. Conversely, ceh-16 RNAI treatment induced a minor effect, resulting in a
slight increase in the frequency of animals with 10 cells. This subtle change in seam cell
number is similar to what we observe in the ceh-16(bp323) mutant. The final treatment on the
ceh-16(bp323);egl-18(ga97) mutant was elt-1 RNAI, resulting in an average seam cell count
of ~ 6.5. While this count matches that of the wild type and ceh-16(bp323), it significantly
exceeds that of its parental strain, egl-18(ga97). This suggests that the absence of ceh-16
partially mitigates the impact of elt-1 on C. elegans’ seam cells (Figure 5.3).

The last strain we perturbed using RNAi was ceh-16;,.p (Figure 5.3). As previously
discussed in this chapter, this strain is a seam cell-specific knockout of ceh-16, exhibiting an
average seam cell count similar to that of the double mutant (Figure 5.3). Like the double
mutant it appears resistant to temperature-based perturbation. It does however, have a
different seam cell loss pattern to the ceh-16(bp323);eqgl-18(ga97) mutant. Therefore, we
proceeded to compare the response of these two mutants to RNAi-based perturbations
targeting essential seam cell genes (Figure 5.3). In the case of ceh-16,,.p, contrary to
the double mutant, we see no difference between the untreated mutant and the elt-6 RNAI
treatment. However, consistent with our initial analysis of the mutant, it demonstrated
heightened sensitivity to egl-18 RNAI treatment (Figure 5.3). The response of ceh-16;,.p 10
the loss of egl-18 was highly variable with L4 larvae exhibiting seam cell counts ranging from
as high as 13 to as low as 3. From the untreated mutant the seam cell count drops from ~ 10
to ~ 8. We also noted a minor effect of ceh-16 RNAIi on the LoxP mutant, possibly attributable
to the general epidermal effects of ceh-16, given that the RNAI is not seam cell-specific.
Finally, the elt-1 RNAI treatment resulted in an average seam cell count of ~ 4 which is slightly
higher than that of the egl-18(ga97) mutant (~ 3.5), however also slightly lower than that of

the other three strains which is ~ 6.5 (Figure 5.3).
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Overall, this experiment highlights the robustness of the ceh-16(bp323),;egl-18(ga97) strain
to genetic perturbations compared to its parental strains. Even with significant perturbations
its seam cell count range doesn’t change outside of the 9-13 range that the untreated strain
presents. The only exception is elt-1 RNAI treatment which shows a significant loss in all
strains. However, in the ceh-16(bp323);egl-18(ga97) strain, this loss is less pronounced
compared to its parental strain egl-18(ga97). Furthermore, the elt-1 RNAI treatment elicits
a similar phenotype in wild type, ceh-16(bp323) and ceh-16(bp323);egl-18(ga97) strains,
suggesting that elt-1 may act upstream of ceh-16.

The comparison between the behavior of double mutant animals and the ceh-16;,,p strain
reveals significant differences. Unlike the double mutant, the ceh-16;,.p strain does not
respond to elt-6 RNAi and demonstrates a severe defect upon treatment with eg/-18 RNAI.
Additionally the complete loss of ceh-16 makes the seam cells more sensitive to the elt-1
RNAI treatment. This finding suggests that the observed effect in the double mutant cannot
be solely attributed to the decrease in ceh-16 activation by EGL-18 and thus the two strains
are different. In order to delve into understanding a robust phenotype one should focus on

ceh-16(bp323);egl-18(ga97).

5.2.3 The double mutant converts the L2 symmetric division to an

asymmetric division

To dissect the double mutant and the ceh-16,..p phenotypes we had to understand both the
temporal and mechanistic aspects of the errors. Positionally, as illustrated in Figure 5.1, we
observed that the only seam cells lost in ceh-16(bp323),;egl-18(ga97) mutant were the anterior
V cells and H1a, and while ceh-16,,.p followed a similar pattern, this was less stringent. We
observed the two mutants at all four of the larval stages we found that at every stage we
could see divisions. We tracked divisions by observing whether we could see instances of
sets of two divided cells. This would occur just before the anterior cell would acquire the
hypodermal fate. In the L2 this meant that we expected to see some animals with sets of two

cells (the artefact of the symmetric division) and, for a brief period of time, sets of four cells,
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referred to here as quadruplets. We’d expect quadruplets to form in every asymmetric division
following the L2 symmetric. The animals hatched with all 10 cells which divided normally until
L2. However, despite normal division activity, we never observed the formation of quadruplets
at the L2 stage when observing 26 animals. This observation strongly indicated a shift from
symmetric to asymmetric division.

Our next hypothesis was that the normally symmetric division became one of the asym-
metric divisions where the anterior cell fused with the hyp7 hypodermis. This fusion would
require the expression of the eff-1 fusogen. We confirmed that the divisions we saw at L2
were asymmetric using eff-1 smFISH, which showed extremely high expression levels of
eff-1in the anterior cell in all of the seam cells meant to divide symmetrically in in the double
mutant (Figure 5.4). We observed that 26 out of 32 animals showed most of the V cells
following the same eff-1 expression pattern as the double mutant. In ceh-16;,.» we saw eff-1
expression also, albeit less frequently, in the posterior cells (1 out of 32 animals had two cells
with only posterior expression and 5 out of 32 animals had at least one V cell expressing
eff-1 in both cells) (Figure 5.4). In the wild type eff-1 is absent during the symmetric division
(Figure 5.4). Additionally having followed both the ceh-16(bp323);egl-18(ga97) and the ceh-
16;,.p mutant strains over the course of development, alongside the wild type, we noticed
no discrepancies in developmental timing. This is despite the fact that ceh-16(bp323) has a
slight developmental delay.

In order to evaluate the response of ceh-16(bp323);egl-18(ga97) and ceh-16;,,p t0 a
perturbation of key pathways involved in symmetry, we decided to carry out an RNAi screen on
the double mutant, the seam cell specific ceh-16 mutant, and their parental strains, targeting
several genes implicated in symmetry regulation. These include rnt-1 (pop-1 repressor
thought modulate Wnt signalling during the symmetric division), /it-1 (a kinase involved in
pop-1 export in the anterior cells of an asymmetric division), efl-3 (a potential regulator of
lit-1 and a gene known to cause increases in seam cell number), eff-1 (the hyp7 fusogen,
expressed in the anterior cells of both ceh-16(bp323);egl-18(ga97) and ceh-16,,,.p during the
first L2 division), pop-1 (one of the main components of the Whnt signalling pathway involved

in conveying asymmetry in seam cells, its absence causes seam cell hyperplasia), and apr-1
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Figure 5.4: eff-1 distribuition in the double mutant and ceh-16;,.» 26 hours after bleaching: smFISH
image showing eff-1 expression. eff-1 mMRNA is bound to a cy5 fluorescent probe shown as black spots. We
show differences in eff-1 expression between the wild type, ceh-16(bp323);egl-18(ga97), and ceh-161,.p strains
at the symmetric division time point in L2. The figure shows the difference in the expression of this gene between
the anterior and the posterior cell for each of V1-V4 shown using SCM::GFP. The scale bar in the bottom right
corner indicates a distance of 10um
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(mutations of which cause the conversion of the L4 asymmetric division to a symmetric
division; this gene’s mutant has been shown to rescue ceh-16(bp323) (Huang et al., 2009)).
Among these, rnt-1 showed no significant effect in any strain. This could be as a result of the
RNAI treatment being particularly weak rather than a resistance to the loss of rnt-1.

lit-1 RNAI has been previously shown to promote differentiation and cause a decrease
in seam cell number (Harandi and Ambros, 2015). Our own /it-1 RNAI treatment resulted in
significant seam cell count reductions in all strains except the ceh-16(bp323);egl-18(ga97)
mutant. We also observed cases of lethality with some of the mutants (Figure 5.6), a
phenotype that has not been previously observed. The most severe lethality occurs in the
egl-18(ga97) and the ceh-16.,,.p strains when treated with /it-1 RNAI. /it-1 treatment of these
two mutants also causes the greatest reductions in seam cell counts. /it-1 RNAI treatment of
ceh-16(bp323) has a significant decrease in seam cell number but doesn’t result in lethality.
The ceh-16(bp323),;egl-18(ga97) mutation does become lethal in 28% of the cases when
paired with /it-1 RNAi. However, there is no significant change in seam cell counts, other than
an increase in variability (Figures 5.5 and 5.6).

efl-3 RNAi treatment has previously been shown to cause an increase in seam cell number
(Katsanos and Barkoulas, 2022). We confirm this as we observed a significant increase in
both variability and seam cell number to an average of ~ 17 in the wild type. However, in all the
efl-3 RNAi treated mutants except the ceh-16(bp323),;egl-18(ga97) double mutant we observe
a decrease in seam cell number. In particular, egl-18(ga97) experienced drastic seam cell
loss, with some nematodes having only 3 seam cells, accompanied by substantial variability
increase. In ceh-16(bp323);egl-18(ga97), efl-3 RNAI treatment increases the variability of the
seam cell counts but doesn’t affect the mean. This once again shows that ceh-16(bp323);egl-
18(ga97) and ceh-16,,,.p have different responses, as the latter experiences a loss of seam
cell number without a change in variability when treated with efl-3.

The eff-1 treatment, like the rnt-1 treatment, shows limited effect. Specifically, it induces
a significant increase in seam cell number in the wild type, and increases the variability of
the counts between worms in the ceh-16(bp323);egl-18(ga97), as illustrated in Figure 5.5.

However, apart from these effects, no other significant alterations were observed (Figure 5.5).
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The pop-1 RNAI treatment induces a significant increase in seam cell number in the wild
type, with seam cell counts averaging ~ 32 seam cells. However, this effect is severely
impaired in all of the mutants with ceh-16(bp323) mutants only having ~ 23 seam cells per
lateral side. The egl-18(ga97) mutant even showing a decrease in seam cell number when
treated with pop-1 RNAi compared to the untreated egl-18(ga97). In ceh-16(bp323);egl-
18(ga97) there is a gain of seam cells relative to the untreated strain, with an the average
increasing to ~ 13 seam cells (Figure 5.5). Likewise, the ceh-16;,,p strain shows minimal
change in the mean seam cell number, increasing only from approximately 11 to 12 with
pop-1 RNAI treatment. However, a significant increase in variability is noted, with seam cell
counts ranging from as low as 3 to as high as 17 (Figure 5.5).

With apr-1 RNAI treatment, a gain in seam cell number is observed, albeit less pronounced
in the wild type compared to pop-1, with an average of ~ 20 seam cells (Figure 5.5). However,
nearly all mutants exhibit an increase in seam cell number in the absence of apr-1. In the
ceh-16(bp323) mutant, this gain is slightly higher than in the wild type, averaging 20.5 seam
cells. The egl-18(ga97) showed no significant gain in seam cell number when treated with
apr-1 RNAI. However, unlike the pop-1 treatment of this mutant the average seam cell number
did not decrease. Some individual egl-18(ga97) animals exhibited an increase in seam cell
number beyond that of the untreated mutant, although still lower than the apr-1 treated wild
type, albeit with significantly more variability (Figure 5.5). The most striking phenotype of the
apr-1 RNAI treatment is observed in the ceh-16(bp323);egl-18(ga97) double mutant, where
seam cell counts surpass not only those of both parental strains subjected to the same RNAI,
but also the wild type apr-1 RNAi response. The ceh-16.,,p mutation showed an increase
in seam cell number when treated with apr-7 RNAI, however this was not as large of an
increase as we observed in the ceh-16(bp323);egl-18(ga97). Indicating that the complete
loss of ceh-16 and RNAI of apr-1 isn’t enough to generate the 33 cell phenotype we observe
in the apr-1 treatment of the double mutant. This again highlights the differences between
the two mutants, despite exhibiting similar phenotypes. It gives a strong indication that the

mechanism of the loss of symmetry is different between the two strains.
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Figure 5.5: Impact of symmetry regulators on the loss of symmetry in the double mutant and parental
strains: A graph showing the seam cell number of wild type, ceh-16(bp323), egl-18(ga97), ceh-16(bp323);egl-
18(ga97) and ceh-16;,,p animals grown on efl-3, rnt-1, lit-1 , pop-1, eff-1 and apr-1 RNAi. The p-values are
denoted as described in methods. The p-values shown at the top in black were calculated comparing the RNAI
treated animals to the same strain grown on control vector RNAi using Mann Whitney U test to compare the
means. The p-values shown below in grey are also a comparison with the RNAi treatments to the control vector
animals but these are compared using Levene’s test, which compares the variances of the animals. In orange
we show Mann Whitney U comparison of all apr-1 treatments to the the wild type animals subjected to the same
treatment
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ceh-16(bp323),
Wild Type ceh-16(bp323) egl-18(ga97) egl-18(ga97) ceh-16;0xp

e 28% 78%
100% 100%
38% 2% 22%

Dead Alive

Figure 5.6: Survival of lit-1 RNAi: Pie charts showing the percentage of animals that were alive and mobile at
the end of L4 when treated with /it-1 RNAIi. The strains tested were wild type, ceh-16(bp323), egl-18(ga97),
ceh-16(bp323),egl-18(ga97) and ceh-16,.p

In order to evaluate whether the increase in seam cell number was caused by a rescue
of the L2 division or simply further symmetric divisions at L3 and L4 we had to look more
closely at L2. For an animal to exceed 28 seam cells without engaging any of the cells that
don’t normally divide symmetrically in a symmetric division, one would require all of the cells
carrying out at least 2 symmetric divisions. However, in order for the seam cell number to
remain below 52 under the same conditions, all of the cells can divide a maximum of 3 times.
That means that in order for more than half the cells to have between 28 and 43 seam cells
we’d expect the majority of the cells to divide 2 times symmetrically and no more than 3 of
them to divide 3 times. Despite the fact that in this case the RNAI treatment was applied to
two generations before quantifying the seam cells, RNAI by feeding is always limited by the
fact that the animals need to start eating the bacteria in order for the RNAI to take effect. This
in all likelihood excludes the possibility of the L1 division being affected. Given more than
half of the ceh-16(bp323);egl-18(ga97) mutant animals treated with apr-1 RNAi showed a
phenotype of more than 28 seam cells but less than 43 there are three possible scenarios
that can occur during this treatment. First of all the remaining four divisions could have
cells randomly dividing symmetrically and asymmetrically. Secondly one could have the L2
symmetric division happening as normal, and the L4 division resulting in two seam cells
as occurs in the apr-1 mutants. The final option is that the first L2 division also remains

unaffected, whether this is because of the type of treatment applied or because it is insensitive
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to symmetrisation, and the asymmetric L2 is only partially affected, however by the time one
reaches L3 and L4 all the divisions are symmetrised. Our observations of the treated mutants
however showed no change in the L2 division indicating that the effect of the RNAi was on
the L3 and L4 division. Despite all this information we decided to delve deeper in order to

further understand the mechanism.

5.2.4 Investigating possible mechanisms of symmetry loss through

mutations in both ceh-16 and eg/-18

Having established the conversion of symmetric division to asymmetric division in the ceh-
16(bp323);egl-18(ga97) and ceh-16,,,.p mutants, it is essential to understand the mechanism
underlying this switch. One of the key proteins involved in generating asymmetry between
seam cells during division is pop-1, prompting us to initially examine changes in its gene
expression. Our analysis of pop-1 focused on two aspects: first, the differences between
anterior and posterior cells’ expression, and second, the variation in expression levels
compared to wild type. We first looked at pop-1 and rnt-1 (Figure 5.7). pop-1 is considered
essential for maintaining asymmetry as its high levels of expression are thought to induce
differentiation, whereas rnt-1 is thought to downregulate pop-1 in order to permit symmetric
divisions (van der Horst et al., 2019). As such in the case of our two mutants the expected
levels of these two genes would be increased levels of pop-1 particularly in the anterior
cell and lower levels of rnt-1to cause a symmetric division to fail. We notice that although
the symmetric division results in similar behaviors in both cells later in development, the
expression of pop-1 appears slightly asymmetric in several cells. Specifically, we observe
slightly higher expression in the anterior cell in H2, V1 and V2 while in V3, the posterior cell
exhibits slightly higher expression where the p-value comparing the anterior and posterior
cell was <0.05.

The most significant finding is the disparity in expression levels between wild type and the
two mutants. We observe a marked reduction in pop-1 expression at the time of symmetric

division in the ceh-16(bp323);egl-18(ga97) mutant (Figure 5.7A). While some cells, such
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Figure 5.7: Change in pop-1 and rnt-1 levels between wild type and ceh-16(bp323);egl-18(ga97) double

mutant and ceh-16;,,p at the L2 symmetric division: A) A graph showing the number of pop-7 mRNA

spots and B) rnt-1 mRNA spots in wild type, and ceh-16(bp323);egl-18(ga97) and ceh-16y,.p. The p-values

were calculated using Mann-Whitney U denoted as described in methods. The stars shown in black show the
significance of the difference between wild type and ceh-16(bp323);egl-18(ga97) and in gray ceh-16r,.p.
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as H1a, H1p, H2p, V6a, and V6p, behave similarly to wild type, V1-5 are highly affected.
Additionally we see an inversion of asymmetry in H2, V1, and V2, as in these three cells in
the mutant the posterior cell has higher pop-1 expression than the anterior cell (Figure 5.7A).

For the ceh-16;,.pwe were unable to quantify pop-1 expression in the H1 cell as it is
largely absent in this mutant. Nevertheless, even more so than in the ceh-16(bp323);egl-
18(ga97) strain, we observe a significant decrease in pop-1 expression. In V1 and V2, we
note a greater decrease in expression in the anterior cell compared to the posterior cell, with
some animals exhibiting non-detectable levels of pop-1 expression in one or more cells. While
the extent of pop-1 loss varies across cells compared to wild type, every cell experiences this
change in the ceh-16.,,p strain (Figure 5.7A).

rnt-1 expression levels showed no discernible difference between anterior and posterior
cells of the same lineage in both wild type and the ceh-16(bp323),;egl-18(ga97) and ceh-
16;,.p mutants. Additionally there was minimal change in mean between the wild type and
the ceh-16.,,.p mutant (Figure 5.7B). We did note a small increase in rnt-1 mRNA counts in
the ceh-16(bp323);egl-18(ga97) double mutant, particularly in the posterior cells of V1, V2
and V4 and in H1, H2 and V3. The increase in rnt-1 levels could explain the low levels of
pop-1(Figure 5.7B).

Our next candidates were efl-3, lit-1 and apr-1. We quantified efl-3 as its loss resulted in
seam cell duplications in wild type but failed to do so in the mutants. Additionally it has been
shown (unpublished lab data) that efl-3 regulates lit-1 which is involved in POP-1 export. If
pop-1 levels are low but /it-1 isn’t functional or is highly repressed by efl-3 then the POP-1
protein would accumulate in the nucleus still resulting in the loss of seam cell fate mainly in
the anterior. We also quantify apr-1 levels as we saw large gains in seam cell number in both
the double mutant and the seam cell specific ceh-16 mutant in absence of apr-1, indicating
that the loss of symmetry in both these mutants occurs via apr-1.

In the wild type expression pattern of efl-3, we observed a subtle anterior-to-posterior
difference in wild-type expression, particularly noticeable in cells V4, V5, and V6, although
overall expression appears relatively consistent along the nematode’s body (Figure 5.8A). This

anterior posterior pattern is not observed in either of ceh-16(bp323),;egl-18(ga97) and ceh-
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Figure 5.8: Change in efl-3, lit-1 and apr-1 levels between wild type, ceh-16(bp323);egl-18(ga97) double
mutant and ceh-16; .. at the L2 symmetric division: A) efl-3 expression levels B) lit-1 expression levels
and C) apr-1 expression levels in wild type, ceh-16(bp323);egl-18(ga97) and ceh-16;,.p in different cells. The
p-values were calculated using Mann-Whitney U, denoted as discussed in methods. The asterisks are in black
for ceh-16(bp323),egl-18(ga97), and in grey for ceh-161,.p-
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161..p (Figure 5.8A). There is however a significant loss of efl-3 in these mutants particularly
in the anterior cells. Particularly in the ceh-16;,,, mutant the posterior V1,V3, V4 and V5
cells’ expression is comparable to that of the wild type, whereas the anterior cells show
significant losses in expression (Figure 5.8A).

In the wild type animal, lit-1 expression does not exhibit a clear anterior-to-posterior
pattern, with all cells displaying very similar expression levels (Figure 5.8B). The only cells
with slightly lower expression are V5p and both the V6 cells. The ceh-16(bp323);egl-18(ga97)
strain shows no significant difference in lit-1 expression levels compared to the wild type.
However, a significant increase in lit-1 levels is observed in the ceh-16,,.p strain. We note
that /it-1 expression becomes slightly asymmetric in H2, V1 and V6 cells, however all of
the cells experience a rise in lit-1 mMBRNA counts, often doubling the expression observed in
equivalent wild type cells. The difference in /it-1 expression between the ceh-16;,,.p strain
and the ceh-16(bp323);eqgl-18(ga97) strain is of particular interest, considering both strains
have a disrupted ceh-16 gene (Figure 5.8B).

Despite apr-1 being the gene that resulted in the most significant changes in seam cell
number when absent in both mutants, we observed no significant changes in apr-1 expression
in the seam cells of either the ceh-16(bp323),;egl-18(ga97) double mutants or the ceh-16;,.p
mutants, except for V5. We also note no anterior-posterior pattern between the cells except
in V3 in the wild type and the ceh-16;,,.» mutant and even then this difference appeared to
be minimal (Figure 5.8C).

Given the lack of change in apr-1 expression in the double mutant, we hypothesized that
apr-1 function was mediated by egl/-18 and ceh-16, and not vice versa. As such we employed
the apr-1(bp298) loss-of-function mutant to compare egl-18 and ceh-16 levels to the wild
type. ceh-16 is expressed symmetrically in all cells, except H2, both in the wild type and
apr-1(bp298). However, the striking result is the increase in expression in apr-1(bp298).
ceh-16 expression appears to be more than triple what it is in wild type in every seam cell
(Figure 5.9 A).

Likewise egl-18 also exhibits no asymmetry between anterior and posterior cells during

the L2 symmetric division, with the exception of H2, in both wild type and apr-1(bp298) (Figure
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5.9 B). However, we observed a highly significant increase in expression levels of egl-18 in
the absence of apr-1 (Figure 5.9 B). This increase in expression is less pronounced than that

observed with ceh-16; however, it is present in all cells except for V4a.
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5.3 Discussion

5.3.1 Robustness of the double mutant

One of the main reasons for our initial interest in the ceh-16(bp323);egl-18(ga97) double
mutant was our observation of the robustness of its phenotype. For the purpose of this thesis
we define a robust phenotype as a phenotype that is consistent and resistant to change when
exposed to internal (genetic) and external (environmental) perturbations, whereas a consistent
phenotype as one with low variance. This definition is in line with Barkoulas et al. (2013).
According to this definition we find that the ceh-16(bp323);egl-18(ga97) phenotype is both
consistent and robust. The strain showed resistance to both internal perturbation, throught
the disruption of core seam cell genes, as well as temperature. Given the opposed patterns
of temperature sensitivity in the parental strains, one could attribute the lack of change in
seam cell number in the double mutant to a counterbalancing between the sensitivities of
the two parental strains. However, upon observation of the cell-specific loss patterns, this
appears to be highly unlikely, as the cells lost always follow the same pattern regardless of
temperature; a pattern that does not truly reflect either of the parental strains. In fact the
cells that the animal hatches with appear to be significantly more resistant to perturbation
than either of the parental strains, which are prone to losing cells during larval development.
This points to a balancing interaction between the two genes. We theorise that the genes
function though a counterbalancing mechanism. This is supported by the interactions we
have proposed between them in Chapter 3 and 4 as an activation repression feedback loop
would be characteristic of genes that require highly consistent expression levels relative to
eachother.

Our hypothesis that the double mutant phenotype is solely attributed to the ceh-16 mutation
being enhanced by the absence of egl/-18 activation is challenged by our observations of
the ceh-16,,.p animals. While the pattern of seam cell loss in the ceh-16,,,.» mutant closely
resembles that of the ceh-16(bp323);egl-18(ga97) mutant, and the temperature sensitivity
exhibits similar trends, we observe a significantly higher variability in the tissue-specific

ceh-16 mutant. Although some variability can be attributed to Cre expression noise, and thus
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considered as technical error, we observe seam cell losses beyond what can be attributed
to the absence of seam cell gain during development. The ceh-16,,.p strain frequently
loses seam cells that they hatch with, particularly H1, indicating a non-identical mechanism
between the two. However, as with the ceh-16(bp323);egl-18(ga97) mutant, predominant
pattern between the cells in ceh-16;,.p is highly indicative of the loss of symmetry at L2.

The difference between the double mutant and the tissue specific ceh-16 mutant is
underscored by the core seam cell gene RNAi experiment. We note differences in variability
in all treatments between the double mutant and the LoxP mutant. Notably, the LoxP
mutant exhibits a pronounced seam cell phenotype in the absence of egl-18, with cell counts
significantly below the baseline 10 cells with which the animal hatches. This suggests that the
combined reduction in ceh-16 expression and loss of egl-18 manifests this robust phenotype
only within a specific expression range. Below a certain threshold, it results in the loss of
cell fate. Furthermore, LoxP animals treated with eg/-78 RNAI fail to produce viable progeny,
further highlighting that the phenotype we observe in the double mutant is threshold specific.

Given that elt-6 is a paralog of egl-18, we initially anticipated similar regulatory mech-
anisms between these two genes. Consequently, we hypothesized that the observed ro-
bustness in seam cell number could be attributed to an upregulation of elt-6 expression in
the absence of ceh-16, which we have identified as a repressor of egl-18. Nevertheless
while the absence of elt-6 does appear to have an effect on the double mutant, we never
see a seam cell count below 9, and even the animals with 9 seam cells have only a missing
T cell. This suggests that the robustness of the seam cell loss of symmetry phenotype
in the ceh-16(bp323);eqgl-18(ga97) is not contingent upon an increase in elt-6 expression.
Furthermore, we observe no discernible effect from elt-6 treatment on the LoxP mutant,
indicating that the stability of seam cell number in both strains is not mediated by alterations
in elt-6 expression.

The elt-1 treatment underscores the critical role of elt-1 in seam cell maintenance, as
evidenced by a consistent maximum mean number of 6 seam cells across all strains. It also
demonstrates that while the loss of egl-18 alone leads to a less severe phenotype than the

loss of elt-1, the simultaneous absence of both genes results in an even lower seam cell
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count than either of the individual losses. This highlights the importance of egl-18 in seam
cell maintenance but also indicates that eg/-718 may not be entirely dependent on elt-1 but
rather may be activated in a separate pathway. This aligns with our previous observations in
Chapter 3, where we described egl-18 as conditionally activated by ELT-1 in the presence
of CEH-16 repression. Additionally, the egl-18(ga97) strain doesn’t lay viable progeny when
treated with elt-1 RNAI, once again showing both the importance of the genes in the animals’
development, and the importance of the seam cells for C. elegans survival.

Despite the fact that the egl-18(ga97) mutant suffers an exacerbation of the seam cell
response to elt-1 RNAi compared to the wild type, when this strain is crossed to the ceh-
16(bp323) the elt-1 treated seam cell phenotype returns back to wild type levels, again
showing that the partial loss of ceh-16 paired with the complete loss of egl-18 is more
robust than its parentals. When the double mutant is treated with elt-7 RNAI, the resulting
phenotype mirrors that of both the wild type and the ceh-16(bp323) mutant, suggesting that
this particular reduction in seam cell numbers is primarily driven by elt-1 alone. The ceh-
161...p exhibits a slightly lower seam cell count compared to the wild type, ceh-16(bp323) and
ceh-16(bp323);eqgl-18(ga97), albeit higher than that of the egl-18(ga97) mutant. This again
disproves the theory that the double mutant behaviour is caused solely by a more severe loss
of ceh-16, and it shows that a complete loss of ceh-16 sensitises C.elegans to elt-1 losses.
Moreover, the lower phenotype observed in elt-1 RNAi-treated ceh-16,,,.p animals compared
to wild-type animals treated with elt-1 suggests that while ceh-16 is downstream of elt-1, its
activation may involve additional regulatory mechanisms beyond elt-1 alone.

Overall, the double mutant displays greater resilience to both environmental and genetic
perturbations compared to either of its parental strains. While the phenotype observed
in these animals closely resembles that of a complete loss of ceh-16 in the seam cells,
significant differences between the two strains suggest that neither the robustness nor the
seam cell loss pattern can be solely attributed to the loss of EGL-18-specific activation of
impaired ceh-16. To fully comprehend the outcomes of both the double mutant and the
tissue-specific ceh-16 mutant, a comprehensive understanding of seam cell behavior in these

strains is essential.
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5.3.2 Seam cells lose capacity to divide symmetrically at L2 in ceh-

16(bp323);egl-18(ga97) and ceh-16;,,.p

In order to understand the robustness of the two strains we had to observe the changes
that occurred in their seam cells. After observation of the behaviour of the seam cells
over the entire course of development we noted normally occurring seam cell divisions
with one exception. The L2 symmetric division. We confirm the asymmetry of this division
through the lack of quadruplet formation and we established that the anterior cell initiated
the differentiation program into hyp7 through observation of eff-1. Specifically, at 26 hours
post-hatch, all observed divisions featured eff-1 expression in the anterior cell, indicative of
its commitment to differentiation and fusion. Intriguingly, we identified two distinct divisions
during L2, suggesting a conversion from symmetric to asymmetric division. Therefore we
conclude that the phenotype we observe both in the ceh-16(bp323);egl-18(ga97) and the
ceh-16;,.p is caused by the conversion of the symmetric division to an asymmetric division.
Further observations in the LoxP mutant revealed the consistent absence of H1 and frequent
missing seam cells, suggesting impaired seam cell maintenance, a phenomenon that we do

not observe in the ceh-16(bp323);egl-18(ga97) double mutant.

5.3.3 ceh-16 and egl-18 both influence and are influenced by genes

known to be involved in division symmetry

To fully understand the behaviour of these two mutants we directed our focus on the L2
symmetric division. In order to do this we knocked down key genes involved in symmetry
using RNAI in wild type, egl-18(ga97), ceh-16(bp323), ceh-16(bp323);eqgl-18(ga97) and ceh-
16...p. The genes we selected can be separated into three groups. Those that caused a
decrease in seam cell number (/it-1 and efl-3) those that caused an increase in seam cell
number (apr-1 and pop-1), and those with little to no effect (rnt-1 and eff-1). The latter of
these are still considered genes of interest as their apparent lack of effect may stem from the
RNA interference technique itself being ineffective, given that mutants of both of these genes

cause severe seam cell defects.
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pop-1 is a pivotal gene involved in the switch between symmetry and asymmetry. Its
expression is typically downregulated by the RNT-1/BRO-1 complex, enabling cells to divide
symmetrically despite the asymmetrical distribution of many Wnt components. We observed
an increase in seam cell counts in the ceh-16(bp323) mutant upon pop-71 knockdown, but a
decrease in counts in the egl-18(ga97) mutant under the same treatment. This is in line with
previous findings by Gorrepati et al. (2013) which indicate that eg/-18 may be downstream of
pop-1 and part of the role of pop-71 in asymmetric divisions, involves the downregulation of
egl-18. Our seam cell counts indicate that seam cell gains in absence of pop-1 are dependent
on the presence of ceh-16 and potentially egl-18. Given that the absence of pop-1 causes
seam cell gains, and that a loss of pop-1 is normally associated with an increase in symmetry
(van der Horst et al., 2019; Gorrepati et al., 2013) we expected the pop-1 levels in both the
double and the LoxP mutants to be higher than in the wild type. Nevertheless we note highly
significant decreases in pop-1 expression compared to the wild type. This indicates that the
loss of symmetry in both these mutants occurs independently of pop-1 as such we had to
interrogate other potential mechanisms. We hypothesise that the decrease of pop-17 is a
response to the loss of symmetry as the system attempts to lower pop-1 levels to permit the
symmetric divisions to occur. We also note slight changes in expression between anterior
and posterior cells, however this is unlikely to explain a full loss of symmetric division. This
means that the change we observe in pop-1 expression are the effect of the system trying to
regain symmetry. We also show that low pop-1 is insufficient to induce a symmetric division,
unlike what is shown in van der Horst et al. (2019).

In literature, the ceh-16 loss of symmetry effect is described as being rescued through a
complete knockout of apr-1 (Huang et al., 2009). We see this effect in the ceh-16,,,p mutant
as well as the ceh-16(bp323) mutant through apr-1 RNAI treatment, although not to the extent
described with the apr-1(bp298) cross. In our RNAI screen we note that the loss of apr-1
does indeed allow for an increase in seam cell number in wild type and all three of the ceh-16
mutants. However, we only see an increase in variability in egl-18(ga97) with no gain in seam
cell number. This suggests that the function of apr-1 in promoting symmetrization may be

dependent on egl-18. However, we also observe an extremely large increase in seam cell
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number in the double mutant, which disputes this hypothesis. The extreme effect of apr-1
RNAI on the double mutant could be partially due to the decrease in pop-1 levels.

The function of APR-1 is closely linked to Wnt signaling and the nuclear export of -
catenins in the anterior cell, its absence leading to the symmetrisation of the final asymmetric
division in the seam cells. The fact that ceh-16(bp323) has been shown to gain symmetric
divisions in absence of apr-1, does however show that apr-1 is able to somewhat compensate
for ceh-16 deficiencies. Both the double mutant and the ceh-16,,,.p mutant are capable of
carrying out symmetric divisions when apr-1 is removed. This suggests that ceh-16 and
egl-18 are not essential for all aspects of seam cell symmetry. However, we did not observe
symmetrisation of the L2 division even in the absence of apr-1. This could be either a result
of delayed feeding on the apr-1 RNAI or it could mean that specifically the L2 division requires
ceh-16 and to a lesser extent egl-18.

Despite the strong influence that the absence of apr-1 has on both the ceh-16(bp323);egl-
18(ga97) and the ceh-16,,.p mutants, we observed no changes in expression of apr-1 in
either of them. Nevertheless we do note strong increases in expression in both ceh-16 and
egl-18 in absence of apr-1. Given the evidence for ceh-16’s role in the symmetric division
(Huang et al., 2009) and it's rescue when crossed to the apr-1(bp298) and the fact that
ceh-16(bp323) is a partial loss-of-function mutant, it could be that the symmetrisation caused
by the loss of apr-1in a ceh-16(bp323) mutant is caused by an increase in ceh-16 expression
caused by the absence of apr-1 which compensates for the protein’s decreased function.
This may explain why the ceh-16;,.p mutant does not respond as robustly as ceh-16(bp323)
and ceh-16(bp323);egl-18(ga97) to the loss of apr-1. The limited response of egl-18(ga97)
suggests the importance of this transcription factor (TF) in apr-1-dependent symmetrisation.
The elevated levels of egl-18 caused by the loss of apr-1 could be necessary to induce
symmetry the seam cells. However, the knockdown of ceh-16 together with the removal of
egl-18 overrides egl-18’s resistance to apr-1 downregulation. This could be due to the loss of
pop-1 in the double mutant. As such | believe that the symmetrisation induce by the lack of
apr-1 requires: low pop-1, low egl-18 and low apr-1. | believe that knocking out eg/-18 alone

doesn’t reduce pop-1 levels to a sufficient level to induce this symmetry.
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Another striking aspect of both the ceh-16(bp323);egl-18(ga97) and the ceh-16;,,,p mu-
tants, is their response to the loss of /it-1. LIT-1’s role in symmetry is often portrayed as a
regulator of POP-1. It phosphorylates POP-1, which in turn gets exported, allowing for the
posterior cell to continue in its differentiation program (Harandi and Ambros, 2015). In its
absence we do observe very severe losses of seam cells which can be explained through the
nuclear accumulation of POP-1. Nevertheless we believe this to not be the case at least for
the double mutant as /it-1 levels are unchanged in the ceh-16(bp323);egl-18(ga97). As such
we believe that the loss of symmetry in this mutant is independent of pop-1. What is striking
however is that in the ceh-16,,.» mutant we do see increased levels of /it-1, which further
highlights the differences between the two mutants and hints towards different mechanisms
of symmetry loss. The complete loss of ceh-16 does cause an accumulation of /it-1 and thus
potentially of nuclear POP-1 which could mean that the loss of symmetry in ceh-16.,,.p could
be centred around POP-1. Nevertheless this is unlikely to be the case for ceh-16(bp323);egl-
18(ga97) despite this mutant also having severe disruptions in ceh-16. This ought to be
confirmed through protein reporters of POP-1 crossed into ceh-16(bp323);egl-18(ga97). This
would be a challenging endeavour due to the physical malformations of the double mutant,
however would determine whether the ceh-16 and egl-18 provide a pop-1 independent
symmetry pathway. We believe that the mechanism of symmetry loss in the double mutant is
linked to its robust phenotype. In absence of the need to carry out a self-renewal division
the cells are also less likely than either of its parentals to lose the seam cell fate. This is
backed up by the fact that the least consistent cell is the T-cell which maintains a self-renewal
division.

Overall, in both the ceh-16(bp323);egl-18(ga97) and the ceh-16;,,.» mutants we observe
a loss of symmetry in the L2 division. Despite the seam cell number phenotype being highly
similar, there is a difference in variability between the two strains, as well as the additional
seam cell losses, particularly of H1, that we observe in the ceh-16;,.p. Despite the loss
of symmetry being similar between the two mutants, the mechanism by which it is induced
appears different. The ceh-16;,,.p loss of symmetry appears to be centred around a gain

in /it-1 expression, whereas in this is not the case in the double mutant. We corroborate
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findings by Huang et al. (2009) that APR-1 appears to rescue a ceh-16-based loss of
symmetry. We believe that the low levels of pop-1 in the double mutant primes the cells for a
symmetric division, which is then triggered when apr-1 is removed. The symmetrisation of apr-
1(bp298);ceh-16(bp323) observed in Huang et al. (2009), is likely linked to an overexpression

of the partially functional ceh-16 which explains the lesser response of ceh-16,,.p.
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Chapter 6

General Discussion

6.1 The new quantitative gene regulatory network underly-

ing core seam cell genes at early L1

In order to start the construction of a detailed GRN for the epidermal stem cells in C. elegans,
we initially focused on three core seam cell genes: elt-1, ceh-16 and egl-18 at the late L1
stage, which we theorised to represent a steady state. This was later shown to be a difficult
assumption to make due to the dynamics of the core seam cell genes, however the 17 hour
time point appears to be the closest approximation of a steady-state one can observe in early
larval development. elt-1, egl-18 and ceh-16 are essential for correct seam cell specification
(Baugh et al., 2005; Smith et al., 2005; Page et al., 1997a; Gorrepati et al., 2013; Koh and
Rothman, 2001; Koh et al., 2002; Huang et al., 2009). However, this does not necessarily
indicate that no other genes are involved in the core seam cell network. We initially focus on
the interactions between the three core genes in order to further expand the network around
them. We rely on smFISH data to infer quantitative relationships between the genes, which
we modeled using a new adaptation of the MRA (Kholodenko et al., 2002). This adapted
version of the MRA enabled us to work with loss-of-function mutants rather than knockdowns,
which is particularly useful for working with essential genes where complete knockdowns are
lethal. We applied this approach to infer strengths and polarity of the interactions between

these genes. A key consideration in our data analysis is that the perturbations applied are
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substantial. Despite the use of the MRA with complete knock outs in Borg et al. (2023), the
algorithm was originally developed to deal with smaller perturbations (Kholodenko et al., 2002).
This limitation may lead to erroneous estimates regarding the strengths and directionality of
the interactions. However we performed additional mathematical testing by utilising a set of
ODEs which we simulated using a Bayesian inference approach called SLING (Jorgensen
et al., 2023). We initially informed the network using the values obtained from the MRA but
then relaxed the constraints on the polarity of the interactions. Both the methods reached
the same conclusions as to the polarity and the strengths of the interactions. The ODE
approach allowed us to explore different parameter combinations within the network and
assess their necessity for a minimal network. We compared our network to the one previously
described in the literature (Thompson et al., 2016) and confirmed that our adjustments led
to more accurate data predictions even in novel mutants. Our revised network introduced
several changes from the literature-based model. Although the ELT-1 activation of ceh-16 and
egl-18 was consistent with previous findings, the activation of egl-18 appeared uncertain and
occurred only in response to gene repression. We also revised the interaction from CEH-16
to egl-18 to a repression. Additionally we identified a novel link, an activation from EGL-18 to
ceh-16.

We use the revised network to make predictions for the genes’ response to the removal
of ceh-16 and egl-18 together. Our predictions accurately matched the expression levels
observed in the ceh-16(bp323);egl-18(ga97) mutant. Coincidentally, this mutant results in
a loss of seam cell phenotype with a highly invariable terminal seam cell number which
prompted us to conduct further investigation.

Our protein data at the same time point shows further complexity of the network. While
some of our interactions remain consistent at protein level, others do not, like the repression
of egl-18 by CEH-16. While we do test this interaction further at other time points, the fact of
the matter remains that we have not explored the post-transcriptional regulation of the system.
Given the importance of miRNA in the C. elegans regulatory landscape, we believe that these
findings are an opportunity to explore miRNA based regulation of the seam cell core genes

and a better understanding of the behaviour of the proteins and not just the transcripts of the

167



CHAPTER 6. GENERAL DISCUSSION

the three core genes.

6.2 The seam cell GRN changes over time and position

Having generated the model of the seam cell GRN at the late L1 stage, we compared this
network to the GRN at other time points. We sought to identify significant changes in the
network’s state due to the differing roles of seam cells across larval development. We note
that the most consistent interaction across all time points is the repression of egl-18 by
CEH-16, which aligns with the established function of its homolog engrailed (Markel et al.,
2002; Alexandre and Vincent, 2003; Genestine et al., 2015). However, we also note significant
time-specific differences. Notably, in earlier stages, there is limited activity directed towards
elt-1, while activation of elt-1 occurs during both symmetric and asymmetric divisions. The
dynamics of these interactions are complicated by high noise levels in the data.

In later stages, we observed a shift in the role of elt-1. Despite its identification as an
activator, our studies at 17 hours indicate strong repression of ceh-16 and egl-18 by ELT-1
in late L2. This suggests a potential change in behavior or the activation of an intermediate
regulator, possibly NHR-25, which has shown peaks in expression in ELT-1 ChlP-seq data
and has been reported to negatively regulate egl-18 (Luo et al., 2020; ENCODE Project
Consortium, 2012; Katsanos and Barkoulas, 2022). We do not however have any data
indicating it could downregulate ceh-16. Another candidate we would strongly recommend for
further study is unc-37, whose homolog groucho represses the ceh-16 homolog engrailed.

Additionally despite our knowledge on the binding sites of both ceh-16 and elt-1, we have
no such information on egl-18 thus in order to confirm the directness of our interactions a
proposed approach would be using techniques like TaDa (Marshall et al., 2016) to identify
EGL-18 binding sites and confirm in particular whether it could bind the ceh-16 promoter
region.

We observe that the peak gene expression occurs during the self-renewal division. We
also note that the gene expression levels fall at the end of L2. We predict that in order for

the seam cell genes to exit their seam cell fate and differentiate terminally at the end of L4,
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the core gene levels need to be extremely low. As such they are downregulated over time
through repressive loops starting from the symmetric division onwards. To further investigate
this an a follow up study on the core genes behaviour in the two later larval stages would be
required.

Furthermore, we observed that differences in gene expression and loss frequencies
among individual seam cells are more closely linked to position than to lineage or downstream
roles. Using graded RNA interference (RNAI) to induce progressive losses of seam cells,
we focused on egl-18 and elt-1. Notable differences in sensitivity were observed between
anterior (V1 and V2) and posterior (V3 and V4) V cells. Prior research has often treated
V1-V4 as a homogenous group (Katsanos and Barkoulas, 2022; Ren and Zhang, 2010;
Koneru et al., 2021b; Mallick and Yi, 2014). However, our findings suggest that this grouping
can obscure critical nuances necessary for understanding seam cell behaviors, including
cell fate determination. Our data show that the amount of active elt-1 correlates directly with
seam cell retention by the end of L4. Anterior cells (V1 and V2) express lower elt-1 levels and
are more prone to loss than posterior cells (V3 and V4), particularly following asymmetric
division. Similar expression patterns between H1 and H2 and the anterior V cells further
support this trend. Thus, it is beneficial to group V1 and V4 together while treating head cells
separately for the L1 stage, while later larval development may require single-cell resolution.

We also show that the anterior-posterior patterning of the elt-1 loss of seam cells is driven
by Wnt. While Wnt has been previously shown to interact with the core gene network through
the egl-18/pop-1 (Gorrepati et al., 2013) interaction a Wnt effect has not previously been
shown on elt-1. We note that a loss of any of the three Wnt effectors we have tested results
in increasing losses in the posterior cells in absence of elt-1. A further study we believe
would greatly inform the mechanism behind seam cell patterning in absence of elt-1 is testing
whether overexpression of Wnt effectors, decreases the sensitivity of anterior seam cells like
H1p and the V1s.

Another important study that ought to be carried out to fully characterise the seam cell
network is in-vivo imaging. This could be done using MCP/GFP and MS2 constructs (Tutucci

et al., 2018; Kinney et al., 2023; Lee et al., 2019; Tocchini and Mango, 2024; Keil et al.,
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2017). Our observations indicate highly variable dynamics of the three genes, and the
repression/activation links between ceh-16 and egl-18 particularly at 17 hours could be
indicative of oscillatory gene expression. As such live imaging would shed further light on the
gene regulatory patterns of the three genes as well as illustrating their dynamics.

In order to fully also understand the spatial patterning of the seam cells one would have
to generate gene knockouts specific to individual cells. We believe that while currently this
approach is not feasible we believe that the LoxP based approach is the most promising for
driving this forward. One possible technique that could be evaluated is Wnt or Hox gene
driven CRE. This could allow regional targetting and Whnt specific targetting on the seam
cells. One approach we would recommend is the generation of a MAB-5:CRE which would
allow the targeting of V3 and V4 (Smith and Kratsios, 2024; Cowing and Kenyon, 1992). This
crossed with a ceh-16, or elt-1 LoxP strain might be used to disrupt the robust behaviour of
these two cells. In summary, while we have made substantial progress in understanding the
core seam cell GRN, the network’s complexity suggests the need for further research.

Finally if we compare our temporal analysis of the seam cell core gene network to the
Yamanaka network, we note that the late L1 timepoints more closely resembles the pluripotent
cells. This is due to the large amount of positive interactions which get aren’t present at other
time points. As such it would be an interesting consideration to evaluate whether the L2 and
early L1 cells could be more prone to differentiation. An experiment that could address this

could be a temperature based perturbation and seam cell quantification at various stages.

6.3 The complete loss of egl-18 coupled with a partial loss

of ceh-16 causes a robust loss of symmetry

Most mutants with an aberrant seam cell count exhibit considerable variability in cell counts
across different animals (Huang et al., 2009; Hintze et al., 2020, 2021; Katsanos et al., 2017).
We have identified a mutant that not only shows low variability in seam cell number in the

wild type and under normal conditions, but that also is resistant to environmental and genetic

170



CHAPTER 6. GENERAL DISCUSSION

perturbation. The robust phenotype of the ceh-16(bp323);egl-18(ga97) double mutant was
initially thought to arise from an exacerbation of symmetry loss due to the absence of ceh-16
(Huang et al., 2009) through the loss of the 17-hour activation of ceh-16 by EGL-18 (as
discussed in Chapter 3). To test this we generated a ceh-16;,.p seam cell specific knockout.
This mutant did have a similar phenotype to what we observed with ceh-16(bp323);egl-
18(ga97) however it lacked the robustness we observed in the double mutant. Both mutants
were shown to lose the L2 symmetric division, however ceh-16,,.p also occasionally failed to
maintain seam cells. The loss of egl-18 combined with a partial loss of ceh-16 generated
seam cells that while failing to self-renew at L2, were a lot more robust.

The question that arises here is whether a stem cell that loses is capacity for self-renewal
remains a stem cell and whether the cells fail to self-renew under the current conditions or
are inherently incapable of doing so. We know from our seam cell specific quantifications of
losses and gains in the ceh-16(bp323),;egl-18(ga97) that the T cell maintains the capacity to
self renew, even if the other seam cells don’t. We also show that in absence of either pop-1
or apr-1 self-renewal divisions do occur, however this involves genetic perturbation beyond
what would be considered a normal self-renewal, nevertheless we do show that these cells
are capable of dividing. The ultimate proof of concept here would be identifying conditions,
such as a change in temperature, or the ablation of one of the seam cells that would trigger a
self-renewal division. However, given that the T cell does divide and that with RNAi based
perturbation of apr-1 and pop-1 we do observe some self-renewal divisions, we conclude that
these cells remain stem-like cells and in fact become a more robust version of their wild type
equivalent.

To fully understand this phenotype, it would be valuable to identify a mutation that can
restore the L2 symmetric division to its normal behavior in the ceh-16(bp323);egl-18(ga97)
mutant. So far the best candidate for this is targeting the apr-1 gene. While the RNAi converts
L3 and L4 divisions to symmetric in the mutant, we believe that a cross to the apr-1(bp298)
mutant could rescue the L2 division as it does in (Huang et al., 2009) and we believe this would
be an essential experiment despite the difficulty of crossing ceh-16(bp323);eqgl-18(ga97) due

to its physical malformations. The mechanism by which the mutation remains so robust, we
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believe is centred around its loss of symmetry, as such a key observation that would need to
be made is whether the robustness is maintained even when the symmetry loss is rescued.
If that is the case that would be evidence that robustness in seam cell number is centred
around ceh-16 and egl-18, nevertheless if in regaining symmetry we see a loss of robustness

then the robustness itself is due to the cells avoiding the self-renewal division.

6.4 The core seam cell gene network regulates essential

genes involved with asymmetry

There are many key players involved in seam cell divisions. We have chosen a few key
genes to examine their behavior in our two loss-of-symmetry mutants. We showed that these
genes in a state that would be expected to induce hyperplasia: decreased pop-1 levels (Calvo
et al., 2001; van der Horst et al., 2019), elevated rnt-1 levels (van der Horst et al., 2019),
elevated lit-1 for pop-1 nuclear export (Lo et al., 2004). These changes would normally be
indicative of animals predisposed to hyperplasia. However, only downregulation of apr-1,
whose expression was unaltered in our mutants, resulted in increased seam cell counts.

Downregulating apr-1 had a particularly strong seam cell gain effect in the ceh-
16(bp323);egl-18(ga97) double mutant, which we believe to be linked to the fact that
the other genes involved with symmetry are primed for a symmetric division. However, in
order for the double mutant to carry out the symmetric division apr-1 has to be downregulated.
We observe elevated expression of both egl-18 and ceh-16 in the apr-1(bp298) mutant, which
explains why the partial loss of function ceh-16(bp323) mutant is rescued in the absence of
apr-1 (Huang et al., 2009) as the increase in expression, could compensate for the partial
loss of function.

While we know that apr-1 is essential for the maintenance of asymmetry in the L4 (Ren
and Zhang, 2010), further studies of apr-1 need to be carried out to fully crystallise its role in
symmetry in the L2. The observed increase in ceh-16 expression in the absence of apr-1

suggests that apr-1 acts as a repressor of ceh-16. As such the duplications in the seam cells
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at L4 paired with the decrease in ceh-16 expression over larval development, could mean
that the duplications in the apr-1(bp298) are caused by an increase in ceh-16 levels at L4.
This could be tested through ceh-16 smFISH at L4 stage in the apr-1(bp298).

Additionally given that apr-1 appears to repress both egl-18 and ceh-16 that makes it a
candidate for an L2 regulator that results in the repression of the core seam cell GRN. The
only caveat for this is the lack of ELT-1 chip-seq peaks in the apr-1 promoter region.

We would suggest identifying the time point at which the seam cell duplications occur in a
ceh-16(bp323);apr-1(bp298) mutant as they have only previously been counted at L3 (Huang
et al., 2009). We would also expect this mutant to no longer have the L4 duplication seen in
the apr-1(bp298) mutant as we'd expect the increase in ceh-16 levels to not compensate for
the decrease in protein functionality at that stage. Moreover, RNAI targeting of Wnt factors in
the apr-1(bp298) mutant could provide insights into its role in the choice between symmetric
and asymmetric divisions.

Nevertheless we have identified crucial links between the core seam cell genes and
symmetry and we have furthered the understanding of the L2 self-renewal division. We have
broadened our understanding of ceh-16 as both a regulator of seam cell self-renewal and a
critical factor in seam cell maintenance. Moreover we have identified apr-1 as a key player in
the switch between symmetric and asymmetric divisions and have identified it as a repressor
of ceh-16 and egl-18, further linking the core seam cell network to the Wnt pathway and

expanding our understanding of the seam cell GRN.
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Figure 7.1: P-values of the comparisons between the late L1 seam cells’ gene expression patterns: A
matrix of Mann-Whitney U p-values for each of the three genes in wild type and mutant backgrounds comparing
each cell to each other cell to determine which cells’ expression patterns can be considered identical. The red
colour reflects highly significant values and the gray colour reflects non-significant values.
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Table 7.1: Additional description of the various ODE models used: A) Parameter names
and definition. B) Description of the AND/OR logic of different models tested based on the
initial MRA.

A
Parameter "
- Parameter meaning
b1 Basal production of elt-1, i.e. the amount of elt-1 produced independently of the presence of the other two genes
b2 Basal production of egl-18, i.e. the amount of egl-18 produced independently of the presence of the other two genes
bs Basal production of ceh-16, i.e. the amount of ceh-16 produced independently of the presence of the other two genes
k1 The quantity of ELT-1 to produce half occupation on the activation sites, rescaled to be proportional to elt-1 levels
k2 The quantity of EGL-18 to produce half occupation on the activation sites, rescaled to be proportional to egl-18 levels
k3 The quantity of CEH-16 to produce half occupation on the repression sites, rescaled to be proportional to ceh-16 levels
k3s The quantity of CEH-16 to produce half occupation on the activation sites, rescaled to be proportional to ceh-16 levels
Via2 Production of elt-1 activated by EGL-18 (OR link)
Vir3 Production of elt-1 repressed by CEH-16 (OR link)
Vi Production of elt-1 activated by EGL-18 AND repressed by CEH-16 (AND link)
V2a1 Production of egl-18 activated by ELT-1 (OR link)
V2r3 Production of egl-18 repressed by CEH-16 (OR link)
V2 Production of egl-18 activated by ELT-1 AND repressed by CEH-16 (AND link)
V3a1 Production of ceh-16 activated by ELT-1 (OR link)
V3a2 Production of ceh-16 activated by EGL-18 (OR link)
V3a3 Production of ceh-16 activated by CEH-16 (OR link)
V3 Production of ceh-16 activated by the AND action of 2 or 3 of the PROTEINS
B
1 (2 |3 |4 |5 |6 |7 |8 |9 (10 (11 (12 (13 (14 |15 |16 |17 |18 |19 |20
EGL-18 activation,
CEH-16 repression OR | OR | OR |AND|AND |AND| OR | OR | OR | OR | OR |AND |AND |AND AND|AND| OR | OR |AND |AND
of elt-1
ELT-1activation,
CEH-16 repression | OR | OR | OR | OR | OR | OR |AND|AND|AND| OR | OR |AND|AND|AND| OR | OR |[AND AND|AND |AND
of egl-18
ELT-1 activation,
EGL-18 activation OR | OR|OR | OR|OR | OR | OR |OR | OR |[AND/AND| OR | OR | OR |AND|AND |AND | AND|AND |AND
of ceh-16
ELT-1 activation,
CEH-16 activation OR | OR |[AND| OR | OR |AND| OR | OR |[AND| OR |AND| OR | OR |AND| OR |AND| OR |AND| OR |AND
of ceh-16
EGL-18 activation,
CEH-16 activation OR |AND| OR | OR |AND| OR | OR |[AND| OR | OR |AND| OR |AND| OR | OR |AND| OR |AND| OR |AND
of ceh-16
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Figure 7.2: P-values of the comparisons between the L2 asymmetric daughter seam cells’ gene expres-
sion patterns including the differentiating cells: A matrix of Mann-Whitney U p-values for each of the three
genes in wild type and mutant backgrounds comparing each cell to each other cell to determine which cells’
expression patterns can be considered identical. The red colour reflects highly significant values and the gray
colour reflects non-significant values.
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Figure 7.3: P-values of the comparison of each cell’s frequency of abnormal counts with each other
cell’s frequency of abnormal counts at increasing concentration of elt-1 and eg/-18 RNAi: We showcase
the p-values of the cell-to-cell comparison of abnormal counts as calculated using Mann-Whitney U. Green
indicates non-significant values and the redder the value the more significant the difference between two cells.
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Figure 7.4: P-values comparing the mean number of cells in wild type and Hox and Wnt mutant strains,
with and without 50% elt-1 treatment: We showcase the p-values of the each cells comparison of abnormal
counts relative to the same treatment in the wild type as calculated using Mann-Whitney U. Green indicates
non-significant values and the redder the value the more significant the difference between two cells.
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Figure 7.5: P-values of the comparison of each cell’s frequency of abnormal counts with each other
cell’s frequency of abnormal counts in wild type and Hox mutants (eg/-5(n945), 1in-39(n1880) and lin-
39(n1760);mab-5(e1239);egl-5(n945)) treated with the empty RNAi vector (ht115) and 50% elt-1 RNAi: We
showcase the p-values of the cell-to-cell comparison of abnormal counts as calculated using Mann-Whitney U.
Green indicates non-significant values and the redder the value the more significant the difference between two
cells.
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Figure 7.6: P-values of the comparison of each cell’s frequency of abnormal counts with each other cell’s
frequency of abnormal counts in wild type and Wnt mutants (bar-1(ga80), egl-20(hu105) and lin-17(n671))
treated with the empty RNAi vector (ht115) and 50% elt-1 RNAi: We showcase the p-values of the cell-to-cell
comparison of abnormal counts as calculated using Mann-Whitney U. Green indicates non-significant values
and the redder the value the more significant the difference between two cells.
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Figure 7.7: P-values between cells of wild type, ceh-16(bp323), egl-18(ga97), ceh-16(bp323);egl-18(ga97)
and ceh-16,,,p at 15°C, 20°C and 25°C: These were calculated using Mann-Whitney U to establish whether
the frequency of the different numbers of seam cells was the same between cells
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