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Abstract 
 
 
The formation of amyloid fibres is associated with degenerative disorders including 
Alzheimer’s, type II diabetes mellitus (T2DM) and dialysis related amyloidosis (DRA) 
amongst others. In order to study how amyloidogenic proteins can aggregate and cause 
toxicity, numerous in vivo disease models have been generated in the roundworm 
nematode Caenorhabditis elegans. Although many amyloid disease models for 
neurodegenerative disorders have been generated, models for systemic disorders such as 
T2DM and DRA are lacking. To address this, novel models of T2DM and DRA were 

generated to express variants of either IAPP (hIAPP, S20G IAPP or rat IAPP) or b2-

microglobulin (WT b2m, D76N b2m or DN6 b2m). A range of behavioural phenotypes were 
explored in these models, including motility, development, lifespan, thermotolerance and 

ER stress. Disease models expressing IAPP or b2m variants with high amyloidogenic 

aggregation propensity in vitro (S20G IAPP, D76N b2m and DN6 b2m) also confer to toxic 
phenotypes in the nematodes. C. elegans expressing variants that do not produce amyloid 

fibres under physiological conditions in vitro (WT b2m and rat IAPP) displayed low 
toxicity. Furthermore, the role of the proteostasis network was explored in C. elegans 

disease models expressing amyloidogenic proteins. The role of HSP-90 in modulating 

amyloid-b toxicity was confirmed in an Alzheimer’s disease strain, both cell-autonomously 
and cell-nonautonomously. Taken together, the results presented here demonstrate the 
utility of C. elegans in understanding the toxicity and aggregation of amyloid proteins; and 
present a platform on which future research studies on IAPP and b2m can be built upon. 
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 Introduction 
 

1.1 Protein Folding 
 

1.1.1 Introduction to Protein Folding 
 
Proteins are considered one of the most essential components in biology as they are 
involved in virtually every cellular process that we depend on to live (Dobson, 2004). 
Proteins are synthesised as a string of different amino acids and are distinguished by the 
order in which these occur and their length. In order for this sequence of amino acids to 
be biologically functional, the majority of proteins need to fold into a compact 
conformational structure (Anfinsen, 1973). Nearly 60 years ago, work by Anfinsen and 
colleagues on the formation of the native ribonuclease A showed that proteins can fold 
spontaneously into structures without outside help (Anfinsen et al., 1961). This provided 
a foundation for future research in protein folding and founded the hypothesis that the 
only information required for proteins to fold is encoded in the primary amino acid 
sequence. It also led to many important questions; namely how do proteins fold?  How does 
this amino acid sequence shape protein folding dynamics? And what happens when this 
goes wrong? 
 
Evidence dictates that the native state of a protein is also that it is most stable under 
physiological conditions. However, the number of possible conformations a protein can 
form is so large that the time taken for exploration of each protein conformation by a 
random search would result in extremely slow protein folding and therefore not on a 
biologically relevant time-scale (Zwanzig et al., 1992). It was proposed therefore that 
proteins can navigate to their native state through a series of independent pathways 
(Levinthal, 1968). These pathways are kinetically controlled and guided by the rapid 
formation of local interactions which determine further folding of the chain and native-
like local structures. This dramatically reduces the number of conformations sampled by 
each protein, representing a more relevant biological time-scale for folding. 
 
Over the years, many models have been proposed to explain the mechanisms of protein 
folding and developed into the widely accepted protein folding funnel model. As correct 
native-like interactions are more likely to be stable than incorrect non-native interactions, 
proteins in principle must “know” and find the lowest energy structure for effective 
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performance (Englander and Mayne, 2017). This information is contained in the “energy 
landscape” of a protein, which describes the free energy of the polypeptide chain as a 
function of its conformational properties (Dobson, 2004). As the conformational space 
accessible to the polypeptide chain folding diminishes as the protein approaches its native 
state, this energy landscape is represented as a funnel. The funnel-shaped energy 
landscape is viewed as a “downhill” pathway, where unstructured high energy polypeptide 
sequences journey downhill to their more stable, lower energy native states, losing 
conformation entropy along the way (Englander and Mayne, 2017). Although studies of a 
group of small proteins containing less than 100 residues appear to follow this simplistic 
folding landscape (Jackson, 1998), in reality the majority of proteins employ “on-pathway” 
folding intermediates to achieve their native states. This is because the free-energy 
landscape is often rough, with high kinetic barriers and low kinetic traps along the folding 
pathway (Figure 1.1).  
 

1.1.2 Protein misfolding 
 
As well as “on pathway” folding intermediates, protein folding pathways are further 
complicated by “off pathway” structures which can form. These partially folded or 
misfolded proteins may become transiently populated, requiring substantial 
reorganisation to achieve their native state (Hartl et al., 2011). Moreover, these partially 
folded or misfolded states can become problematic as they are known to aggregate in a 
concentration-dependent manner (Eichner et al., 2011). Folding intermediates can 
undergo collapse leading to disorganised globular conformations or to intermediates that 
are stabilised by non-native interactions causing misfolded states (Hartl et al., 2011). 
Partially folded or misfolded proteins tend to expose hydrophobic amino acid residues that 
would normally be buried within the structure, driving aggregation of the protein 
resulting in amorphous aggregates. Moreover, fibrillar aggregates called amyloid may 

form. These are defined by b-strands running perpendicular to the long fibril axis, 

generating a highly ordered, thermodynamically stable cross-b structure (Almeida and 
Brito, 2020). These structures are normally accompanied by the formation of oligomeric 
intermediates, which have been shown to exert damaging effects in vivo (Tipping et al., 
2015). 
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Figure 1.1 Free energy landscape of protein folding and aggregation. 
Unfolded proteins funnel down towards a low energy native state. The surface of the energy 
landscape is rough and contains low energy troughs which can result in the accumulation of 
kinetically trapped conformations that need to overcome free-energy barriers to continue 
downwards. This energy landscape may overlap with the aggregation landscape where non-native 
states can traverse from folding to aggregation under specific conditions. This results in the 
formation of amorphous aggregates, oligomers, protofibrils and mature amyloid fibrils. Cross-b 
amyloid fibres have lower energy states than that of the folding landscape. Adapted from (Hartl et 
al., 2011) 
 
 
Although many small proteins refold in the absence of components or an energy source; 
over the years, research has established that in the context of the complex and crowded 
cellular environment, many proteins require additional help from a number of auxiliary 
factors to fold efficiently on a biologically relevant timescale. These factors however do not 
determine the native structure and merely serve to assist natural folding pathways. 
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1.2 Proteostasis 
 
The interior of the cell contains a complex environment comprised of proteins and other 
macromolecules.  A typical mammalian cell expresses over 10,000 different proteins which 
are required to fold into their native state to function. This provides challenges to proteins 
whereby achieving – or remaining in – this native conformational state can be difficult, 
affecting ability to function. In order to preserve this functionality of the active states of 
these proteins, cells act to maintain a state of proteome balance within the cells – known 
as protein homeostasis (proteostasis).  To do so, a large network of molecules act to fold 
and assemble proteins efficiently upon synthesis, as well as recognising aberrantly folded 
proteins in order to refold, disaggregate or clear them from the cell (Hipp et al., 2014). 
This network is called the proteostasis network (PN) and is comprised of molecular 
chaperones, their regulators and machineries of proteolytic degradation (Figure 1.2) 
(Labbadia and Morimoto, 2015). On top of the already highly complex system cells have 
to balance, additional stressors such as temperature, pH, reactive oxygen species, 
radiation, chemicals or infection can impact protein structure and folding, causing 
imbalance within the system for which cells have developed sensitive response 
mechanisms to combat. Moreover, the aberrant behaviour of some endogenous proteins 

such as Amyloid-b or b2-microglobulin can give rise to disease, and therefore maintaining 
this delicate network is crucial to organismal and cellular health.  
 

1.2.1 Molecular Chaperones 
 
A central component of the PN is the molecular chaperones. Chaperones act within the 
cell to regulate client-substrate interactions, folding, disaggregation, degradation and 
trafficking (Hartl et al., 2011). Chaperones are highly conserved across eukaryotes and 
often known as stress proteins or heat-shock proteins (HSPs). In eukaryotes, they are 
broadly classified according to their molecular weight and grouped into the Hsp70, Hsp90, 
DNAJ/Hsp40, chaperonin/Hsp60, Hsp100 and small HSP (sHSPs) families. These classes 
cooperate together to form pathways and delicate networks across different cellular 
compartments in the cell (Mogk et al., 2015; Nillegoda et al., 2018; Tyedmers et al., 2010).  
 
Chaperones that broadly act in de novo folding and refolding (Hsp70, Hsp90 and 
chaperonins) promote folding through ATP hydrolysis and cofactor binding cycles. These 
typically recognise hydrophobic exposed regions of the polypeptide sequence, and function 
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to fold or refold these proteins through kinetic partitioning. Chaperone binding and 
refolding prevents proteins from aggregating (Figure 1.1). These chaperones typically 
work alongside ATP-independent chaperones, such as sHSPs that function as ‘holdases’ 
to buffer aggregation (Hartl et al., 2011) 
 

 
Figure 1.2 Functions of the Proteostasis Network.  
The proteostasis network acts in order to maintain proper protein folding through the folding, 
trafficking, remodelling, disaggregation and degradation of proteins. The black arrows 
represent protein misfolding and aggregation, which the proteostasis network (grey arrows) 
acts to prevent. Adapted from (Hartl et al., 2011). 
 

1.2.1.1 HSP70 
 
The Hsp70 family act to fold and refold proteins and participate in protein disaggregation. 
Hsp70s act through an ATP-dependent client-binding and release cycles which is typically 
rather promiscuous. Binding and release by Hsp70 occurs through allosteric coupling at 
the Hsp70 ATPase domain with the C-terminal substrate-binding domain (SBD) (Kohler 
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and Andreasson, 2020). The SBD consists of a b-sandwich subdomain and a-helical lid 

segment. The b-sandwich subdomain recognises extended ~7 residue stretches enriched 
in hydrophobic amino acids (Rüdiger et al., 1997). These hydrophobic regions typically 
occur every 50-100 residues and correlate with a high propensity to aggregate (Rousseau 
et al., 2006). The α-helical lid regulates the affinity state for the peptide in an ATP-
dependent manner.  
 
Hsp70s never function alone and interact with a variety of co-chaperones and other factors 
to carry out function. These typically include a J protein (Hsp40), and almost always a 
nucleotide exchange factor (NEF) (Kampinga and Craig, 2010). The ATPase rate of Hsp70 
is stimulated by the interaction with a J protein (Hsp40). The hydrolysis of ATP to ADP 
leads to lid closure and stable peptide binding. Hsp40 can also interact directly with 
unfolded polypeptide chains and recruit HSP70 to the substrate (Langer et al., 1992). After 
ATP hydrolysis has occurred, a NEF binds to the Hsp70 ATPase domain and catalyses the 
ADP-ATP exchange. This results in lid reopening and substrate release (Kampinga and 
Craig, 2010). 
 

1.2.1.2 HSP90  
 

The Hsp90 family controls numerous signalling pathways in eukaryotic cells, this includes 
functions in cell-cycle progression, telomere maintenance, apoptosis, mitotic signal 
transduction, vesicle-mediated transport, innate immunity and targeted protein 
degradation (Hartl et al., 2011). Hsp90 normally functions downstream of Hsp70, and 
cooperates with many regulators and co-chaperones to function in the structural 
maturation and regulation of numerous molecules (Taipale et al., 2010). Many of these 
assistant molecules utilise the tetratricopeptide repeat (TPR) domain to bind to Hsp90 
and help to mediate conformational changes in the substrate proteins.  
 
Like many other chaperones, Hsp90 function is driven through the hydrolysis of ATP. ATP 
binding on the N-terminal domain (NTD) of Hsp90 facilitates dimerisation of the two NTD 
domains (Schopf et al., 2017). This causes considerable structural rearrangement 
resulting in the compaction of the Hsp90 whereby the two domains twist around each 
other. After ATP hydrolysis, the ATPase domains dissociate and the individual monomers 
separate N-terminally (Schopf et al., 2017). Numerous co-chaperones assist with Hsp90 
ATP hydrolysis and function. These include CDC37, which functions to deliver kinase 
substrates to Hsp90, HOP which inhibits N-terminal dimerization, AHA1 which 
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stimulates ATP hydrolysis and p23 which stabilises the dimerised form of Hsp90 before 
ATP hydrolysis (Gaiser et al., 2010; Guo et al., 2001; Lackie et al., 2017).  
 

1.3 Cell-autonomous stress responses 
 
Although delicate mechanisms are in place within the cell to maintain the cellular 
proteome, additional environmental challenges such as heat stress, chemical stress and 
oxidative stress aid to increase protein misfolding (Wallace et al., 2015). As environmental 
pressures are ever-changing, organisms have developed intricate networks to maintain 
and re-establish proteostasis in these times of cellular stress. Within the cell, surveillance 
mechanisms and signalling pathways have been established in different cellular 
compartments to detect and respond to protein-folding perturbations. These include the 
cytosolic heat-shock response (HSR), and unfolded protein response (UPR) of the 
endoplasmic reticulum (UPRER) and of the mitochondria (UPRmito) (Hipp et al., 2019).. 
 

1.3.1 Heat Shock Response (HSR) 
 
Initially discovered in Drosophila as a transcriptional response to elevated temperatures 
(Ritossa, 1963), the HSR provides a mechanism to constantly monitor misfolded proteins 
in the cytosol of organisms. The response depends on the coordinated action of the master 
transcription factor and regulator Heat Shock Factor 1 (HSF1) (Baler et al., 1993; Sarge 
et al., 1993). Under normal cellular conditions, HSF1 is sequestered in the cytosol by a 
chaperone complex including the heat shock protein Hsp90, Hsp70 and TRiC (Bharadwaj 
et al., 1999; Guo et al., 2001; Neef et al., 2014). However, in times of cellular stress, levels 
of misfolded proteins accumulate. This leads to the dissociation of chaperones from HSF1 
to facilitate folding or refolding of proteins (Figure 1.3) (Zou et al., 1998). HSF1 is therefore 
alleviated from repression and trimerises into its DNA binding form (Guo et al., 2001; Zou 
et al., 1998). HSF1 can now translocate to the nucleus and bind to heat shock element 
(HSE), driving transcription (Amin et al., 1988). HSEs are characterised by nGAAn 
repeats and are highly conserved throughout species (Lindquist, 1986). This leads to the 
rapid upregulation of numerous chaperone genes to deal with the misfolded proteins 
including Hsp90, Hsp70, Hsp40 and Hsp27 (Prodromou, 2016). The strong chaperone 
upregulation of molecular chaperone leads to increased protein folding in the cell, 
mitigating protein misfolding and returning the cells to a state of proteome balance. The 
resultant excessive molecular chaperone concentration in the cell provides negative 
feedback, sequestering HSF-1 in the cytosol and repressing transcription. 
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Figure 1.3 The Heat Shock Response. 
Upon protein misfolding in the cytosol, HSP90 dissociates from HSF1 to refold misfolded proteins. 
HSF1 then trimerises and translocates to the nucleus where it binds to the HSE promoting 
expression of chaperone genes including HSP90, HSP70 and HSP40. The upregulated chaperones 
act to restore cellular proteome balance.    
 

1.3.2 Unfolded protein response of the endoplasmic reticulum (UPRER) 
 
In order to be secreted extracellularly, proteins are trafficked through the endoplasmic 
reticulum (ER) before they are either delivered to other compartments, displayed on the 
cell surface or released extracellularly. During this process, proteins fold and mature into 
their native structures. Like the cytoplasm, the ER is also subjected to environmental 
pressures causing protein misfolding. In order to maintain proteostasis, a collection of 
conserved signalling pathways monitors the ER, and responds to any misfolding that 
occurs. This response is termed the unfolded protein response of the endoplasmic 
reticulum (UPRER). 
 
The UPRER is comprised of three branches each controlled by a different signalling 
transducer (ATF6, PERK and IRE1) (Taylor and Dillin, 2011). These three branches work 
in parallel in order to maintain proteostasis. Under normal cellular conditions, the ER 
luminal domain of each signalling transducer is bound by the ER resident Hsp70 
chaperone BiP (Schröder and Kaufman, 2005). Upon protein misfolding, BiP dissociates 
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from the signalling transducers in order to refold any non-native proteins. Dissociation 
enables the activation of each branch of the UPRER, which then mediate signalling and 
promote chaperone upregulation and decreased protein production (Hetz et al., 2011).  
 

 
Figure 1.4 The three branches of the Unfolded Protein Response of the Endoplasmic 
Reticulum. 
The three signal transducers (ATF6, PERK and IRE1) sense protein misfolding in the ER resulting 
in the induction of the UPRER. ATF6 sensing triggers vesicular transport to the Golgi, where ATF6 
is cleaved by S1P and S2P to generate ATF6(N), a transcription factor that upregulates UPR target 
genes. PERK triggers the phosphorylation of eIF2a and subsequent decrease in eIF2, blocking 
mRNA translation and inhibition. It also conveys an increase in ATF4 leading to the transcription 
of XBP1 and CHOP. IRE1 activation leads to the splicing of XBP1 mRNA into XBP1s, a 
transcription factor that induces the expression of chaperone genes. Figure is adapted from (Walter 
and Ron, 2011). 
 
Upon detection of accumulated of misfolded proteins, activating transcription factor 6 
(ATF6) is delivered to the Golgi apparatus (Schindler and Schekman, 2009). Once there, 
it is proteolytically cleaved by S1P and S2P, removing the luminal domain and 
transmembrane anchor respectively (Haze et al., 1999; Ye et al., 2000). The remaining 
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cytosolic fragment is then free to move to the nucleus and bind to ER stress elements 
(ERSEs) in the promoters of UPR target genes. Amongst these genes are BiP, protein 
disulphide isomerase and glucose-regulated protein 94 (GRP94) (Walter and Ron, 2011).  
 
Another branch of UPRER is mediated by double-stranded RNA activated protein kinase-
like ER kinase, PERK. Upon activation, PERK oligomerises and undergoes 
phosphorylation. This causes the phosphorylation and inactivation of the ubiquitous 
translation initiation factor eIF2a leading the inhibition of mRNA translation (Harding et 
al., 2000). This inhibition helps to reduce the influx of proteins entering the ER, which 
aids to decrease the protein folding burden. When eIF2 activity is limited, the 
transcription factor ATF4 is preferentially translated. Two target genes of ATF4 include 
the transcription factor C/EBP homologous protein CHOP and growth arrest and DNA 
damage-inducible 34 GADD34. CHOP controls genes encoding components involved in 
apoptosis, and therefore strong levels of signalling can contribute to cell death pathways 
(Marciniak et al., 2004). Furthermore, GADD34 acts to dephosphorylate eIF2a, providing 
a negative feedback loop. 
 
The final branch of the UPRER is defined by inositol requiring enzyme 1, IRE1. 
Conformational changes following IRE1 oligomerisation in the ER membrane activate its 
ribonuclease (RNase) function. IRE1 then cleaves the mRNA encoding the UPR-specific 
transcription factor X-box binding protein 1 (xbp1) into xbp1s (Sidrauski and Walter, 
1997). Translation of this mRNA results in the production of the active transcription factor 
XBP1s which activates genes with an UPR element (UPRE) in the promoter. This includes 
the ER resident chaperone BiP (Yamamoto et al., 2005) and ER-associated degradation 
components (Reimold et al., 2001) which help to manage the increased protein burden in 
the ER, restoring proteostasis. 
 
 
1.3.3 Unfolded protein response of the mitochondria (UPRmito) 
 
Like the ER and cytosol, mitochondria have a specialised response to an imbalance in 
proteostasis termed the unfolded protein response of the mitochondria (UPRmito). This 
response is coordinated by mitochondria-localised chaperones including a Hsp70 family 
member mtHsp70, GroEL (Hsp60) and GroES (Hsp10) (Neupert and Herrmann, 2007). 
Upon the accumulation of protein misfolding in the mitochondria, the mitochondrial 
matrix protease ClpXP degrades excess proteins into short peptides that are exported into 
the cytosol via the transporter HAF-1 (Haynes et al., 2010). This in turn activates the 
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transcription factor ATFS-1 and the complex DVE-1/UBL-5, which drives expression of 
mitochondrial chaperones such as Hsp60 and mtHsp70, mitochondrial import machinery 
and detoxification enzymes (Pellegrino et al., 2013). The action of these components aids 
in the restoration of mitochondria proteostasis. 
 
1.4 Cell-non-autonomous stress responses 
 
As well as intracellular responses to combat proteome imbalance, multicellular organisms 
also possess delicate inter-tissue stress responses. These act to coordinate protein quality 
control processes across tissues and organs in order to maintain organismal proteostasis. 
Transcellular activation of these responses is achieved by endo- and paracrine signalling 
pathways via hormones, cytokines, secreted peptides, neurotransmitters and 
neuropeptides amongst others. Due to the organismal nature of this response, nematodes 
have been heavily used as a model organism for the study of cell-non-autonomous stress 
responses; however, evidence of these responses has also been shown in invertebrates and 
vertebrates alike (Mahadevan et al., 2011; Miles et al., 2019). 
 

1.4.1 The cell-non-autonomous HSR 
 
The cell-non-autonomous activation of the HSR was first demonstrated in rats in the 
1990s; where behavioural stress was demonstrated to induce an adrenal HSR through a 
neuroendocrine activation (Fawcett et al., 1994). Since then, numerous studies in C. 

elegans have demonstrated this response to be primarily controlled by the nervous system. 
In C. elegans, two amphid finger (AFD) neurons and their postsynaptic amphid Y (AIY) 
interneurons have been demonstrated to mediate a response to temperature change (Mori 
and Ohshima, 1995). These AFD neurons act via the transmembrane guanylyl cyclases 
GCY-8, GCY-18 and GCY-23 to enable the activation of a cGMP-gated ion channel (Inada 
et al., 2006; Ramot et al., 2008). This leads to the activation of organismal HSR via 
activation of the master HSR regulator HSF-1 in non-neuronal tissues, promoting 
increased chaperone expression, protein folding and survival (Prahlad et al., 2008; Tatum 
et al., 2015). 
 

1.4.2 The cell-non-autonomous UPRER  
 
The nervous system has also been shown to play a major role in the cell-non-autonomous 
regulation of the UPRER. In C. elegans, overexpression of the transcription factor XBP-1s, 
an ortholog of XBP1 in humans, in the neurons leads to BiP/HSP-4 induction in both the 
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neurons and intestines of the animal (Taylor and Dillin, 2013). This induction leads to 
increased stress resistance and longevity in the organism. The action of XBP-1 depends 
on functional neuronal vesicle release, mediated by UNC-13 which is required for 
neurotransmission involving small clear vesicles (Richmond et al., 1999). In addition, 
neuronal XBP-1 overexpression upregulates lysosomal genes and promotes lysosomal 
maturation and acidity. This has been shown to be required for the increased lifespan 
observed in neuronal XBP-1 overexpression mutants (Imanikia et al., 2019a; Taylor and 
Dillin, 2013). Similarly, when XBP-1 is overexpressed in the astrocyte-like sheath (CEPsh) 
glia, intestinal UPRER signalling is activated through unc-13 dependent neuropeptide 
signalling and leads to an increase in lifespan (Frakes et al., 2020). 
 

1.4.3 The cell-non-autonomous UPRmito 
 
Like both the cell-non-autonomous HSR and UPRER activation, the UPRmito is also 
partially regulated by neuronal signalling. Mitochondrial stress in the neurons can 
activate the UPRmito systemically; reduced expression of the ETC subunit, cco-1, in the 
neurons activates the expression of mtHSP70 in the intestine and extend the lifespan of 
nematodes (Durieux et al., 2011). This mtHSP70 induction was subsequently shown to be 
due to neuroendocrine signals via the neurotransmitter serotonin (Berendzen et al., 2016). 
Further studies have found that cco-1 mediated mitochondrial stress results in Wnt-
dependent induction of cell-non-autonomous UPRmito in peripheral cells (Zhang et al., 
2018). Finally, FLP-2 was also identified as a neuroendocrine signal involved in cell-non-
autonomous UPRmito activation; FLP-2 functions in a sub-circuit consisting of three types 
of sensory neurons and one interneuron to sense and transduce neuronal mitochondrial 
stress to peripheral tissues (Shao et al., 2016). 
 

1.4.4 Transcellular chaperone signalling 
 
Similarly to the cell-non-autonomous specific stress responses discussed previously, 
transcellular chaperone signalling (TCS) acts to coordinate a systemic stress response via 
intercellular signalling. Altered tissue expression of the molecular chaperone HSP-90 in 
C. elegans can cause activation of chaperones in other non-stressed tissue in the organism. 
This is exemplified through tissue specific overexpression of HSP-90 in the intestine or 
the neurons which can cause an upregulation of HSP-90 in the body wall muscle of the 
animal (Van Oosten-Hawle et al., 2013). This response was found to be controlled by the 
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zinc finger transcription factor PQM-1 and its downstream effectors clec-41 and asp-12 
(O’Brien et al., 2018). 
 
 

1.5 Amyloid 
 
The misfolding and conversion of normally soluble, functional proteins into fibrillar 
amyloid structures is associated with over 50 disorders in humans. These disorders cause 
a multitude of symptoms and affect a wide range of functions in the body. Many amyloid 
disorders are strongly associated with ageing and due to the increase in life expectancy 
are becoming more common across the world. This encompasses several disorders that 
cause dementia in patients including Alzheimer’s, Parkinson’s and Huntington’s Disease. 
It is estimated that in 2019 over 50 million people are living with  dementia globally, which 
the Alzheimer’s Disease International predicts is set to further increase to 152 million by 
2050 (World Alzhiemer’s Report, 2019). Other disorders associated with amyloid include 
those associated with lifestyle, including type II diabetes that affects more than 300 
million individuals across the globe. Despite this increasing incidence in the global 
population, amyloid disorders are difficult to prevent or treat. This is due to abundance of 
intermediary species that occur on the pathway to self-assembly that make it difficult to 
pinpoint the originator of disease. In addition, many of these diseases impair the 
proteostasis network across ageing, leading to increased protein misfolding and further 
decline. 
 

1.5.1 Brief History of Amyloid Research 
 
The earliest reference to amyloid dates back to 1639, in the description of a lardaceous 
liver and white waxy deposits in the “sago spleen” (Reuben, 2004). Around 200 years later, 
it was the German pathologist Virchow that decreed the substance to be called amyloid, 
derived by the Greco-Latin word for starch flour, amylum. This was due to the similarities 
of iodine-staining between an amylaceous starch material found in plants and the staining 
of amylacea of the brain (Reuben, 2004). However, just 5 years after being coined, 
Friedrich and Kekule discovered that amyloid was predominantly proteinaceous and 
research shifted to the study of amyloid as a protein (Sipe and Cohen, 2000). Advances in 
light microscopy and histopathologic dyes such as Congo red and thioflavin shed new light 
on amyloid research, pointing towards an ordered sub microscopic structure (Puchtler et 
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al., 1961). Indeed, work in the 1960s by Shirahama and Cohen defined amyloid as 
composed of twisting protofilaments (Shirahama and Cohen, 1965), and further studies by 
Geddes, Aiken and colleagues using X-ray fibre diffraction revealed a distinct ~4.7A 

repeating feature along the fibril axis which was termed cross-b (Figure 1.5) (Geddes et 
al., 1968). Since then, numerous advancements in the study of amyloid have included the 
identification of precursor proteins in disease, high resolution structures of fibrils and 
advancements in our understanding of how amyloid elicits toxic damage. 
 

1.5.2 Structure of Amyloid 
 
Amyloid is associated with the misfolding of native proteins into intractable fibrillar 
aggregates that are associated with both the loss of function of the protein and the 
formation of toxic intermediates that elicit toxic damage. Protein fibres are characterised 
by protofilaments in which the b-strands align perpendicular to the long axis of the fibrils, 

termed cross-b amyloid fold (Geddes et al., 1968) (Figure 1.5). Amyloid fibrils are closely 

packed, highly ordered and confer to a high level of kinetic and thermodynamic stability 
as demonstrated by the deep energy trough they possess in the aggregation landscape in 
Figure 1.1. Due to the breakthroughs and development in cryo-electron microscopy (cryo-
EM) as well as solid-state NMR spectroscopy (ssNMR), near-atomic detail of fibrils 
structures can now be achieved. This has revealed that although fibrils adopt the 

canonical cross-b structure, the fibrils are more complex and elaborate than previously 
thought and a wide variety of amyloid structures exist. As well as variety between fibrils 
containing different precursor proteins, it is now established that different growth 
conditions can dramatically affect the fibril structure. 
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Figure 1.5 Cross-β amyloid fold. 
The cross-b architecture of the amyloid protofilament core. Protofilaments structure self-
assembles into mature fibrils with the common cross-b core. 
 
Despite the common cross-b fold, there is remarkable diversity at the subunit level 

between different fibrils . A 10-residue peptide of transthyretin (TTR) forms antiparallel 
b-strand, where each peptide is the basis for one step along the cross-b ladder. Moreover, 

Amyloid-b (Ab) 40 fibrils form distinct fibrils structures that have in-register parallel 

organisation of their b-strands but differ in the location of their b-loop b-motif (Lu et al., 
2013; Paravastu et al., 2008). Furthermore, a complex arrangement has been observed in 

a structure of Ab42 fibrils, where the b-strands form Leu-Ser motifs that stack in a parallel 

arrangement on the fibril long axis. Other complex organisations of b-strands have been 
observed in fibril structures including those of α-synuclein and tau. 
 
The morphology of the fibril is also determined by the number and arrangement of the 
protofilaments that form the fibrils, as well as the structure of the subunit itself. Although 
some fibrils contain just one protofilament (Wasmer et al., 2008), the majority of fibrils 
are made of multiple protofilaments that twist together (Iadanza et al., 2018). The 
organisation of these protofilaments can result in a variety of arrangements including 
cylinder (Andersen et al., 2010), flat ribbons (Dearborn et al., 2016), and pseudo-
crystalline sheets (Reynolds et al., 2017). Amyloid fibrils of the same monomer can produce 

different arrangements as demonstrated by the 2A and 3Q fibrils of Ab40 in which different 
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morphologies correspond to different organisation of similar b-loop-b subunit motifs 
(Paravastu et al., 2008). Other fibril arrangements have been shown to arise from 
alternative packing of identical subunits, held together by different interactions. Evidence 
for this is provided by the cryo-EM structures of the paired helical and straight tau fibril 
polymorphs (Fitzpatrick et al., 2017), although it is thought that other proteins such as α-

synuclein, Ab40, TTR and b2m fibrils also display this alternative packing (Iadanza et al., 
2018).  
 
Structural analysis of Ab fibrils from brain tissue, however, has revealed right-hand 

twisted fibrils that differ significantly from previously analysed in vitro Ab fibrils (Kollmer 

et al., 2019). Both Ab40 and Ab42 in vitro derived fibrils display a left-hand twist, differing 
strongly from the analysis of brain-derived fibrils (Kollmer et al., 2019). This study 
highlights the importance of using patient-derived fibrils when investigating the 
structural basis for disease, indicating the in vitro conditions may not exactly match the 
conditions of fibril formation in vivo. 
 

1.5.3 Mechanisms of Amyloid Formation 
 
Amyloid is formed from the aggregation of monomeric protein precursors; this is initiated 
by a common nucleation growth mechanism (Knowles et al., 2014). Initially, precursor 
proteins may be unfolded or in a partially folded intermediate state (Figure 1.6), which 
then assemble into oligomeric species. Oligomers are highly dynamic, transient, 
heterogenous species that can have a varied structure (Glabe, 2006; Knowles et al., 2014).  
Association of oligomers can further produce higher-order species which are essential 
precursors for amyloid fibrils or are off-pathway assemblies that do not produce fibrils. 
Off-pathway species are still relevant to disease and have been shown to produce 
damaging toxic effects (Ferrone, 1999). During oligomerisation, a nucleus is formed and 
defined kinetically as the most unstable – and highest energy – species formed before the 
rapid polymerisation of the oligomers into amyloid fibrils. It is the likelihood of nucleus 
formation that determines the amount of time for amyloid assembly, and therefore the 
amyloidogenicity of the protein.  
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Figure 1.6 Mechanisms of aggregation of Amyloid. 
Unfolded, intermediate or native structures form oligomeric structures which assemble to form 
higher-order fibrillar species (primary nucleation). The higher order fibrils can catalyse the 
formation of further oligomers or fragment to produce more fibril ends which monomers can recruit 
to (secondary nucleation). Adapted from (Iadanza et al., 2018). 
 
As mentioned before, amyloid fibrils all contain a common cross-b fold. During self-
assembly, each precursor protein undergoes a structural transformation in order to form 

this b-strand rich structure (Figure 1.5). Once this has been formed, fibrils can fragment 
which produces more fibril ends from which monomers can be recruited to. This eliminates 
the length of time required for the lag phase, causing exponential growth (elongation 
phase) (Figure 1.6) (Meisl et al., 2016). Other mechanisms of elongation include secondary 
nucleation; this occurs when oligomer formation is catalysed on the surface of the fibril, 
enhancing the rate of fibril formation (Ferrone, 1999; Linse, 2017).  
 

1.5.4 Amyloid and disease 
 
Amyloid was first associated with disease in 1901, when Alois Alzheimer reported the first 
case of Alzheimer’s Disease (AD) which included Congo-red-positive plaques in the brain. 
Since then over 50 disorders have been associated with amyloid, including Huntington’s 
Disease (HD), Parkinson’s Disease (PD), amyotrophic lateral sclerosis (ALS), dialysis 
related amyloidosis (DRA), and type II diabetes mellitus (T2DM). These diseases are 
classically associated with neurodegenerative disorders such as AD, HD and PD; however, 
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they can also affect other tissues such as in T2DM (islet of Langerhans) and DRA 
(osteoarticular tissue). Although over 50 disorders have been associated with amyloid 
disease, only 37 peptides or proteins have been identified as the precursor protein in these 
diseases. Certain precursors such as TTR can be associated with many disorders including 
senile systemic amyloidosis, familial amyloidotic polyneuropathy, familial amyloid 
cardiomyopathy and leptomeningeal amyloidosis (Chiti and Dobson, 2017).  
 
A central question to amyloid research is how and why do these proteins aggregate and 
what initiates the onset of disease? Many amyloidogenic precursor proteins are 
endogenous and have functional roles within an organism; however, they aggregate in the 
instance of disease to cause devastating effects. A key contributor to the progression of 
several amyloid diseases is ageing. The maintenance of proteostasis – and therefore the 
prevention of amyloid aggregation – is closely linked to ageing. As organisms age, 
components of the PN decline in function, and the expression of stress-inducible 
chaperones are impaired (Ben-Zvi et al., 2009), leading to protein aggregation (Morley et 
al., 2002). Due to the increased life expectancy in many countries, this has consequences 
on the incidence of diseases such as AD and PD, which are set to rise and estimate to cost 
€357 billion in Europe by 2050 (Iadanza et al., 2018).  
 
Although some precursor proteins are wild type, mutations in the protein sequence can 
enhance the amyloidogenicity of these proteins and promote an earlier onset of the disease. 
Examples of this includes mutations such as A30P or A53T in α-synuclein in PD (Li et al., 
2001) and E22D or E22K in Ab in AD (Krone et al., 2008). Mutations typically occur in the 
polypeptide chain that undergoes aggregation, affecting aggregation propensity. For 
example, there are more than 100 mutations that have been linked to hereditary forms of 
transthyretin amyloidosis which destabilise the native tetrameric form of the protein 
(Sekijima et al., 2005). Similarly, there are 19 mutations associated with systemic 
apolipoprotein A-1 (ApoAI) amyloidosis, which destabilise the protein and increase solvent 
exposure of the strand that initiates aggregation (Das et al., 2014; Gursky et al., 2012). 
Other examples of mutations include trinucleotide repeat diseases including the 
expansion of polyglutamine (polyQ) in polyQ-associated ataxias such as Huntington’s 
disease (Fan et al., 2014), poly-alanine in oculopharyngeal muscular dystrophy (Brais et 
al., 1998; Scheuermann et al., 2003), and poly-GlyAla expansions in the gene C9orf72 

associated with genetic forms of ALS and frontotemporal dementia (Renton et al., 2011). 
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A small proportion of amyloid-associated diseases are a result of medical treatment. In 
patients undergoing haemodialysis, the inability to effectively remove circulating wild 
type b2m from the system causes a ~50-fold increase in the concentration of b2m leading 

to aggregation and disease (Scarponi et al., 2016). Furthermore, in iatrogenic Creutzfeldt-
Jakob disease, organ transplants or treatment with biological derivatives extracted from 
cadavers contaminated with aggregated PrP can also lead to disease.  
 

1.5.5 Cytotoxicity of Amyloid 
 
Since the discovery of the association between amyloid fibres and disease there has been 
a lot of debate over the cytotoxic nature of the species. Originally it was thought that 
amyloid fibrils themselves were toxic in nature and the causative agent in disease. 
However, over the last 20 years the evidence has shifted the focus from amyloid fibrils to 
oligomeric species as the main culprit in the toxic damage observed. That being said, there 
is still evidence that amyloid fibres can still elicit toxicity themselves. Amyloid fibres of 

b2-microglobulin, α-synuclein, Huntingtin and lysozyme have all been observed to induce 

cellular toxicity (Pieri et al., 2012; Xue et al., 2009). It has been shown that b2m fibrils 

interact with and disrupt lipid vesicles (Sheynis et al., 2013), where changes in pH can 
cause a reduction in fibre length and enhance the membrane disruptive capacity of 
amyloid fibrils (Goodchild et al., 2014; Jakhria et al., 2014). Furthermore, fibres of the 
polyQ-expanded Huntingtin exon 1 (HttEx1) or α-synuclein can bind to and permeabilise 
lipid vesicles, altering Ca2+ homeostasis (Pieri et al., 2012). Other studies have reported 

the interaction between Ab and membranes inhibits long-term potentiation in mice 

hippocampal brain slices; these Ab fibres have also been shown to interact with 
membranes and cause the resolubilisation of fibres into ‘reverse’ oligomers that are 
indistinguishable from other oligomers and cause toxic damage to primary neurons 
(Martins et al., 2008). 
 
Numerous studies have detailed the cytotoxic nature of oligomeric species in amyloid 
disease progression. Studies in AD patients have shown the cognitive decline is not 
associated with amyloid plaque burden, suggesting that the pre-fibrillar aggregates are 
the cause of toxicity and disease (Nelson et al., 2012). Much like fibrillar toxicity studies, 
oligomers have been postulated to exert toxic effects through membrane disruption. In 
1993, it was proposed that amyloid aggregates could exert toxicity through the formation 
of non-specific pore-like channels in the membranes of exposed cells (Arispe et al., 1993). 
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Since then, studies on synthetic phospholipid bilayers and cell membranes have 
demonstrated that membrane protein function is compromised through the interaction 
with oligomers (Kourie and Henry, 2002).  
 
A key observation in cellular and organismal models of protein misfolding diseases has 
been the effect of protein misfolding on components of the proteostasis network (PN). 
Although it is not clear in the majority of cases how amyloid species impairs the capacity 
of the PN, it is generally considered that amyloid species sequester components of the PN, 
making them unavailable to other vital client proteins.  Furthermore, protein aggregation 
can compromise the ubiquitin proteasome system (UPS). For example, expression of 
aggregation-prone proteins can prevent the proteasomal degradation of other endogenous 
proteins, as was shown in cells expressing polyQ-expansion proteins (Bennett et al., 2007; 
Hipp et al., 2012), Prpsc (Kristiansen et al., 2007) and mutants of SOD1 (Urushitani et al., 
2002). In a yeast model of Huntington’s Disease, polyQ aggregates have been shown to 
sequester the Hsp40 chaperone Sis1p leading to proteasomal degradation inhibition (Park 
et al., 2013). Furthermore, aggregates of SOD1 have been demonstrated to sequester 
Hsc70 and its nucleotide exchange factor Hsp110 (J. Wang et al., 2009b). 
 
 

1.6 Caenorhabditis elegans  
 
In 1963, Sydney Brenner first proposed the roundworm nematode Caenorhabditis 

briggsae to be an ideal model to aid in the understanding of molecular biology, most 
notably development and the nervous system. Later on, he eventually settled on the 
related nematode C. elegans, as the strain grew better than the C. briggsae isolate in 
Brenner’s laboratory. It wasn’t until the early 1970s, however, that Brenner, together with 
John Sulston, published their pioneering work on the genetics of C. elegans (Bailey and 
Peddie, 1985; Brenner, 1974). This work led to the mapping of the entire C. elegans cell 
lineage (Sulston et al., 1983), and further to the sequencing of its entire genome – the first 
multicellular organism to have the honour. 50 years on, C. elegans research occurs 
throughout laboratories across the world, and some of the fundamental concepts of 
molecular biology are attributed to this simple organism. 
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1.6.1 Key Features of C. elegans  
 

C. elegans is a free-living, non-parasitic nematode. The adult nematode is ~1mm in length, 
meaning the use of a dissecting microscope is needed to visualise these organisms. As C. 

elegans are transparent, tissues, individual cells and subcellular detail can be visualised 
under increased magnification (Figure 1.8). It’s transparency also has other benefits; the 
use of fluorescent proteins to label proteins can discern further enhanced detail in the 
animals; this includes studying developmental processes, screening mutants, isolating 
cells and characterising protein interactions in vivo. The C. elegans  genome is ~100 
megabases long and contains over 20,000 protein coding genes (WormBase release WS275; 
The C. elegans Sequencing Consortium 1998). It is estimated that around 60-80% of all 
human genes and 42% of human disease genes possess an ortholog in C. elegans. (Markaki 
and Tavernakis, 2010).  
 
A major benefit to C. elegans research is its rapid reproductive cycle and short lifespan 
(Brenner, 1974), allowing for ease of large scale propagation. C. elegans exists primarily 
as a self-fertilising hermaphrodite, which when propagated at 20°C develops from eggs to 
egg-laying adult in 3 days, and lives for 2-3 weeks on average. An hermaphrodite has a 
defined lineage of 959 somatic cells of which 302 are neurons (Sulston et al., 1983). At 
20°C, C. elegans embryogenesis takes ~16 hours, where partial development occurs inside 
the mother. When hatched, the hermaphrodite embryo contains 558 nuclei and develops 
into the first stage (L1) larvae. The L1 stage lasts ~16hr, with a period of inactivity 
(lethargus) occurring at the end of the stage in which a new cuticle is formed and the old 
cuticle is molted. As shown in Figure 1.7, there are four larval stages of development (L1-
L4) in which lethargus occurs at the end of each (Raizen et al., 2008). Approximately 12 
hours after the L4 molt, the young adult hermaphrodite will then start to produce eggs, 
renewing the cycle. An adult hermaphrodite will produce eggs for 2-3 days until they no 
longer have any self-produced sperm to fertilise with. If there is a lack of food source in 
the second stage (L2) larvae, an alternate life cycle is activated whereby animals molt into 
an alternative L3 stage called “dauer” larva. In dauer larva, there is a cuticle completely 
surrounding the animal, plunging it into arrested development. Dauer larva have an 
enhanced resistance to environmental stresses and can survive for many months. When 
they encounter a food source, the animals molts and continues development into the L4 
stage. 
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Figure 1.7 Tissues and lifecycle of Caenorhabditis elegans. 
Top: Diagram of an adult hermaphrodite C. elegans with selected anatomical features highlighted. 
Bottom: Life cycle of the self-fertilising C. elegans hermaphrodite. Adults lay eggs, which hatch into 
the L1 stage. If conditions are favourable, the larvae continue through developmental stages into 
reproductive adults. If conditions are not favourable they enter the dauer stage, an alternative L3 
stage.  
 
 
 

1.7 C. elegans as a model for Amyloid Disease 
 
Although in vitro research provides a wealth of information about the aggregation of 
amyloidogenic proteins, it cannot exactly replicate the complexity of a cellular, multi-
tissue, in vivo environment. Therefore, over two decades ago the first study expressing an 
amyloidogenic protein in the model organism C. elegans was performed. In this study, 
Amyloid-b was expressed in the body wall muscle of C. elegans and animals displayed 

muscle-specific anti-b immunoreactive deposits (Link, 1995). Since then, C. elegans has 
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been utilised in numerous studies to express and study the aggregation of amyloidogenic 

proteins including Amyloid-b (Link, 1995), transthyretin (Madhivanan et al., 2018), α-

synuclein (Van Ham et al., 2008), b2-microglobulin (Diomede et al., 2012), and Huntingtin 
(Morley et al., 2002) amongst others. These resultant disease models have been 
instrumental in aiding our understanding of amyloid aggregation in vivo, furthering our 
knowledge of not just how aggregation-prone proteins accumulate but the delicate 
proteostasis systems in place in organisms to combat this.  
 

1.7.1 Genetic manipulation 
 
As well as its ease of propagation and economical value, a number of features mark C. 

elegans as a suitable disease model for the study of Amyloid. Genetic manipulation of C. 

elegans including forward genetic screens, RNAi knockdown, rapid mutation mapping and 
transgenic animal generation provide C. elegans researchers a powerful genetic toolbox to 
utilise.  Transgenic animal generation has been the basis for the majority of C. elegans 
amyloid studies, where different proteinopathies have been modelled using specific 
promoters that target different tissues and cells including neurons, intestines and body 
wall muscle. Moreover, as the generation of novel transgenic animals is relatively straight-
forward, information can be gathered about the drivers of aggregation through modifying 
the sequence of amino acids. This is exemplified through work by Doherty and colleagues, 
who identified stretches of the α-synuclein sequence that were aggregation prone: P1 (36-
42) and P2 (45-57). By removing P1 and P2 from the α-synuclein transgene and generating 
a novel C. elegans strain, the age-dependent foci accumulation and motility phenotype 
seen in animals expressing wild type α-synuclein was ameliorated (Doherty et al., 2020). 
 
A useful feature to C. elegans as a disease model is the ability to temporally control gene 
expression using RNA interference (RNAi) (Fire et al., 1998; Montgomery et al., 1998) 
making reverse genetic screens relatively easy to perform in the organism. Double-
stranded RNA (dsRNA) can be applied to animals through feeding or soaking, systemically 
knocking down target genes throughout the organism due to transmembrane dsRNA 
transporter SID-1 which facilitates uptake of cellular dsRNA (Winston et al., 2002). RNAi 
screens have been performed on several C. elegans models of protein misfolding diseases 
including those expressing α-synuclein (Kuwahara et al., 2008; Van Ham et al., 2008), tau 

(Kraemer et al., 2006), amyloid-b (Brehme et al., 2014) and polyglutamine repeats 
(Lejeune et al., 2012). 
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1.7.2 Fluorescently tagged proteins 
 
Another major benefit to amyloid researchers has been the transparency of the C. elegans 

system, allowing proteins to be tagged with fluorescent tags and easily visualised and 
tracked in the organism. As many amyloidogenic proteins self-assemble into aggregates 
in an age-dependent manner (Hipp et al., 2014), tagging proteins with fluorescent proteins 
has enabled researchers to track, visualise and quantify protein aggregation throughout 
ageing in real-time. A well-researched example of this includes the polyglutamine (polyQ) 
disease models created by Morley and colleagues that were designed to express different 
length polyQ repeats tagged with yellow fluorescent protein (YFP) in the body wall muscle 
of the animals (Morley et al., 2002). As well as confirming the aggregation threshold of 35-
40 polyQ repeats in the model, the number of aggregates were recorded throughout ageing 
demonstrating age-related aggregation in the models (Morley et al., 2002). Fluorescent 
tagging of amyloidogenic protein in C. elegans can also provide information on the nature 
of the aggregates through the use of fluorescence recovery after photobleaching (FRAP) 
analysis, which measures the mobility of fluorescent molecules within a defined area. For 
example, in a C. elegans model expressing α-synuclein tagged with YFP in the body wall 
muscle, animals developed mobile inclusions during ageing (Figure 1.8), until day 11 when 
a proportion of the inclusions were immobile and this increased with age (Van Ham et al., 
2008).  
 

 
 

Figure 1.8 Aggregation of WT αSyn::YFP foci throughout ageing in C. elegans. 
Images of the WT αSyn::YFP body wall muscle model (Van Ham et al., 2008) at L4 stage, day 3 of 
adulthood and day 7 of adulthood.  
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1.7.3 Behavioural phenotypes 
 
Due to the relatively simple nature of C. elegans, any toxic damage caused by the 
aggregation of amyloidogenic proteins can be easily determined through phenotypic 
changes to the animal as detailed in Table 1.1. A common example of phenotypic readout 
is the measurement of locomotion through the uncoordinated (Unc) phenotype, paralysis 
or a reduction in the thrashing rate of animals in liquid. These locomotion phenotypes are 
present in both animals that express aggregation-prone proteins in the body-wall muscle 
or in the neurons (Pir et al., 2017). Other phenotypic readouts of toxic damage in C. elegans 

include chemotaxis phenotype - such as those observed when Ab is expressed pan-
neuronally (Wu et al., 2006) – and the loss of the touch nose response, as observed when 
tau is expressed in the mechanosensory neurons (Miyasaka et al., 2005). 
 

1.7.4 Limitations of C. elegans as a model 
 
Although it is an established model in amyloid research and provides a wealth of in vivo 
data for amyloid researchers, the use of C. elegans in amyloid research is not without its 
limitations and pitfalls. Erroneous expression of transgenes can impact upon the proteins 
expression; this is exemplified by the original Alzheimer’s disease strain CL2006.  

Originally designed to express the full-length amyloid-b protein Ab1-42  (Link, 1995), it was 
discovered some time later to instead express a 3-42 truncation product due to aberrant 

cleavage of the Ab peptide within the organism (McColl et al., 2009). Researchers then 

generated a new model to express the full-length Ab1-42, which displayed similar 
locomotion phenotypes to the original model (McColl et al., 2012). Further, mosaic 
expression from extrachromosomal arrays and leaky expression of transgenes can cause 
problems and yield misleading results for researchers (Pir et al., 2017). It is therefore 
important that data from studies are appropriately substantiated through further 
experiments such as immunohistochemistry or western blot analysis. Furthermore, it is 
important to appreciate that while the use of C. elegans to study amyloid disease provides 
a simple in vivo environment from which to study the effects of amyloid aggregation, it 
cannot completely reflect the in vivo factors of disease in humans. This is reflected 
throughout the majority of protein misfolding disease that are modelled, where some 
components of tissues are not represented in C. elegans such as visceral tissue. 
Nevertheless, C. elegans as a model does provide a lot of information about aggregation 
kinetics in an organismal context.  
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Disease Protein Tissue Genotype Phenotype Reference 

AD 

Aβ 

 

Bwm 
Bwm 
Bwm 
Bwm 
Glut neu 
Pan-neu 

 

unc-54::human Aβ1-42 

unc-54::human Aβ3-42 

unc-54::human L17P Aβ3-42 

myo-3::human Aβ3-42:: let-851 

eat-4::human Aβ 

snb-1::human Aβ1-42 

 

Accumulation of amyloid deposits, rapid paralysis 
Accumulation of amyloid deposits, progressive paralysis 
No amyloid deposition  
Paralysis  
Loss of glutamatergic neurons 
Reduced chemotaxis, hypersensitive to 5-HT 

 

(McColl et al., 2012) 
(Link, 1995; McColl et al., 2009)  
(Fay et al., 1998) 
(Link et al., 2003) 
(Treusch et al., 2011) 
(Wu et al., 2006) 

Tau 

Pan-neu 
Pan-neu 
Pan-neu 
Sensory neu 
Sensory neu 
Sensory neu 
Pan-neu 
Pan-neu 
Pan-neu 

Pan-neu 

aex-3::human IN4R-MAPT 

aex-3:: human P201L MAPT 

aex-3:: human V337M MAPT 

mec-7::human tau 

mec-7::P301L tau 

mec-7::R406W tau 

F25B3.3::human tau 

F25B3.3::human PHP tau 

Snb-1::human 2N4R tau 

Snb-1::human 2N4R A152T tau 

Uncoordinated  
Severe uncoordinated phenotype and progressive neurodegeneration 
Server uncoordinated phenotype and progressive neurodegeneration 
Age-dependent loss of touch nose response 
Severe and progressive loss of touch nose response 
Severe and progressive loss of touch nose response 
Age-dependent uncoordinated locomotion 
Age-dependent uncoordinated locomotion, defective motor neuron development 
Mild late-onset uncoordinated phenotype 

Early-onset paralysis, reduction of lifespan, neuronal dysfunction 

(Kraemer et al., 2003) 
(Kraemer et al., 2003) 
(Kraemer et al., 2003) 
(Miyasaka et al., 2005) 
(Miyasaka et al., 2005) 
(Miyasaka et al., 2005) 
(Brandt et al., 2009) 
(Brandt et al., 2009) 
(Pir et al., 2016) 

(Pir et al., 2016) 

PD α-Syn 

Bwm 
Bwm 
DA neu 
DA neu 
Pan-neu 
Pan-neu 
Motor neu 

Motor neu 
DA neu 
DA neu 
DA neu 
Pan-neu  
Pan-neu  
Pan-neu  

unc-54::human α-Syn::YFP 

unc-54::human α-Syn::GFP 

dat-1::human α-Syn::GFP 

dat-1::A53T a-Syn 

aex-3::human α-Syn 

aex-3::A53T α-Syn 

acr-2::human α-Syn 

acr-2::A53T α-Syn 

dat-1::A30P α-Syn 

dat-1::A53T α-Syn 

dat-1::A56P α-Syn 

unc-51::human α-Syn 

unc-51:: A53T α-Syn 

unc-51:: A30P α-Syn 

Progressive accumulation of deposits, reduction in motility 
Progressive accumulation of deposits 
DA loss and dendritic breaks 
DA loss and dendritic breaks 
Reduced thrashing rate, DA loss and dendritic breaks 
Reduced thrashing rate, DA loss and dendritic breaks 
Reduced thrashing rate  

Reduced thrashing rate 
Neurite defects 
Neurite defects 
Severe neurite defects 
No obvious phenotype  
No obvious phenotype 
No obvious phenotype 

(Van Ham et al., 2008) 
(Hamamichi et al., 2008) 
(Lakso et al., 2003) 
(Lakso et al., 2003) 
(Lakso et al., 2003) 
(Lakso et al., 2003) 
(Lakso et al., 2003) 

(Lakso et al., 2003) 
(Karpinar et al., 2009) 
(Karpinar et al., 2009) 
(Karpinar et al., 2009) 
(Kuwahara et al., 2008) 
(Kuwahara et al., 2008) 
(Kuwahara et al., 2008) 
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HD 
Htt-

PolyQ 

Bwm 
Sensory neu 

Sensory neu 
Sensory neu 
Sensory neu 
Sensory neu 
Bwm 
Bwm 
Bwm 
Bwm 
Bwm 

Bwm 
Bwm 
Bwm 
Bwm 
Pan-neu 
Pan-neu 
Pan-neu  
Pan-neu 
Pan-neu 
Pan-neu 

unc-54::GFP-Htt-polyQ 

mec-3::Htt-polyQ::GFO 

osm-10::Htt-Q2 polyQ 

osm-10::Htt-Q23 polyQ 

osm-10::Htt-Q95 polyQ 

osm-10::Htt-Q150 polyQ 

unc-54::Q0-YFP 

unc-54::Q19-YFP 

unc-54::Q29-YFP 

unc-54::Q33-YFP 

unc-54::Q35-YFP 

unc-54::Q40-YFP 

unc-54::Q44-YFP 

unc-54::Q64-YFP 

unc-54::Q82-YFP 

F25B3.3::Q0-CFP 

F25B3.3::Q19-CFP 

F25B3.3::Q35-CFP 

F25B3.3::Q40-CFP 

F25B3.3::Q67-CFP 

F25B3.3::Q86-CFP 

Reduced thrashing rate 
Neurodegeneration 

No sensory neuron phenotype 
No sensory neuron phenotype 
Progressive defective sensory neuron endings 
Progressive sensory neuron defect, and death, progressive aggregate accumulation 
Diffuse fluorescence distribution and no motility defects 
Diffuse fluorescence distribution and no motility defects 
Diffuse fluorescence distribution and no motility defects 
Age-dependent foci formation and motility defect 
Age-dependent foci formation and motility defect 

Age-dependent foci formation and severe motility defect 
Localised discrete fluorescent foci  
Localised discrete fluorescent foci  
Localised discrete fluorescent foci and severe motility defect 
Diffuse fluorescent distribution, no motility defect 
Diffuse fluorescent distribution, no motility defect 
Diffuse fluorescent distribution, motility phenotype 
Diffuse fluorescent distribution in the neurons, motility phenotype 
Localised discrete fluorescent foci, severe motility phenotype 
Localised discrete fluorescent foci, severe motility phenotype 

(H. Wang et al., 2009) 
(Wang et al., 2006) 

(Faber et al., 2002) 
(Faber et al., 2002) 
(Faber et al., 2002) 
(Faber et al., 2002) 
(Morley et al., 2002) 
(Morley et al., 2002) 
(Morley et al., 2002) 
(Morley et al., 2002) 
(Morley et al., 2002) 

(Morley et al., 2002) 
(Morley et al., 2002) 
(Morley et al., 2002) 
(Morley et al., 2002) 
(Brignull et al., 2006) 
(Brignull et al., 2006) 
(Brignull et al., 2006) 
(Brignull et al., 2006) 
(Brignull et al., 2006) 
(Brignull et al., 2006) 

SCA 
MJD1-
PolyQ 

Pan-neu 
Pan-neu 
Pan-neu 

unc-119::MJD1-17Q-GFP 

unc-119::MJD1-91Q-GFP 

unc-119::MJD1-130Q-GFP 

Diffuse fluorescence distribution 
Diffuse fluorescence distribution 
Age-dependent aggregation 

(Khan et al., 2006) 
(Khan et al., 2006) 
(Khan et al., 2006) 

ALS SOD 1 

Ubiquitous 
Ubiquitous 
Ubiquitous 
Ubiquitous 

Bwm 
Bwm 
Bwm 
Pan-neu 

hsp16.2::human SOD1 

hsp16.2::A4V SOD1 

hsp16.2:: G37V SOD1 

hsp16.2::G93A SOD1 

unc-54::human SOD1::YFP 

unc-54::G85R SOD1-YFP 

unc-54::G93A SOD1-YFP 

snb-1::human SOD1 

No sensitivity to paraquat under heat shock conditions 
Increased sensitivity to paraquat under heat shock conditions 
Increased sensitivity to paraquat under heat shock conditions 
Increased sensitivity to paraquat under heat shock conditions 

Diffuse fluorescence, no motility defects 
Punctate fluorescent pattern, reduction in thrashing rate 
Punctate fluorescent pattern, reduction in thrashing rate 
No motility defect 

(Oeda et al., 2001) 
(Oeda et al., 2001) 
(Oeda et al., 2001) 
(Oeda et al., 2001) 

(Gidalevitz et al., 2009) 
(Gidalevitz et al., 2009) 
(Gidalevitz et al., 2009) 
(J. Wang et al., 2009a) 
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Pan-neu 
 

Motor neu 
Motor neu 
Ubiquitous 
Ubiquitous 
Ubiquitous 

snb-1::G85R SOD1 

 

unc-25::human SOD1 

unc-25::G93A SOD1 

MosSCI A4V SOD1 

MosSCI H71Y SOD1 

MosSCI G85R SOD1 

Severe motility defect, decreased number of neuromuscular junctions and synaptic 
vesicles 

Progressive locomotion defect and paralysis phenotype 
Progressive locomotion defect and paralysis phenotype 
Increased SOD1 protein accumulation, oxidative stress induced neurodegeneration 
Increased SOD1 protein accumulation, oxidative stress induced neurodegeneration 
Increased SOD1 protein accumulation, oxidative stress induced neurodegeneration 

(J. Wang et al., 2009a) 
 

(Li et al., 2013) 
(Li et al., 2013) 
(Baskoylu et al., 2018) 
(Baskoylu et al., 2018) 
(Baskoylu et al., 2018) 

TDP-43 

Pan-neu 
Pan-neu 
Pan-neu 
Pan-neu 

Pan-neu 
Pan-neu  
Pan-neu 
Pan-neu 

snb-1::human TDP-43 

snb-1::human TDP-43 

snb-1::G290A TDP-43 

snb-1::A315T TDP-43 

snb-1::M337V TDP-43 

snb-1::human TDP-43::YFP 

snb-1::Q331K TDP-43::YFP 

snb-1::M337V TDP-43::YFP 

Uncoordinated phenotype, abnormal motor neuron synapses 
Moderate motor defect, shortened lifespan 
Severe motor dysfunction, degeneration of GABAergic neurons, shortened lifespan 
Severe motor dysfunction, degeneration of GABAergic neurons, shortened lifespan 

Severe motor dysfunction, degeneration of GABAergic neurons, shortened lifespan 
Severe locomotion defects, formation of fluorescent insoluble foci 
Severe locomotion defects, formation of fluorescent insoluble foci 
Severe locomotion defects, formation of fluorescent insoluble foci 

(Ash et al., 2010) 
(Liachko et al., 2010) 
(Liachko et al., 2010) 
(Liachko et al., 2010) 

(Liachko et al., 2010) 
(Zhang et al., 2011) 
(Zhang et al., 2011) 
(Zhang et al., 2011) 

SSA 
and 
FAP 

TTR 

Bwm 
Bwm 
Bwm 
Bwm 

Bwm 
Bwm 

unc-54::TTR::EGFP 

unc-54::TTR1-80::EGFP 

unc-54::TTR49-127::EGFP 

unc-54::TTR81-127::EGFP 

unc-54:: V30M TTR 

unc-54:: D18G TTR 

Diffuse fluorescence, decreased lifespan 
Diffuse fluorescence 
Localised fluorescent foci, decreased lifespan 
Localised fluorescent foci, decreased lifespan 

Impaired nociception, defective dendritic morphology, impaired locomotion 
Impaired nociception, Impaired locomotion 

(Tsuda et al., 2018) 
(Tsuda et al., 2018) 
(Tsuda et al., 2018) 
(Tsuda et al., 2018) 

(Madhivanan et al., 2018) 
(Madhivanan et al., 2018) 

DRA β2m 

Bwm 
Bwm 
Bwm 
Bwm 

unc-54::WT β2m 

unc-54:: DN6 β2m 

unc-54:: P32G β2m 

D76N β2m 

Increased paralysis, delayed larval growth 
Increased paralysis, delayed larval growth 
Increased paralysis, delayed larval growth 

(Diomede et al., 2012) 
(Diomede et al., 2012) 
(Diomede et al., 2012) 
(Faravelli et al., 2019) 

Type II 
diabetes 

IAPP 

Ubiquitous 

Pan-neu, 
Bwm, + 
pharynx 

Hsp-16.2::hIAPP 

Lev-11::hIAPP::YFP; tnt-4:: 

hIAPP::YFP;  

aex-3::hIAPP::YFP 

Defects in chemotaxis 

Insoluble aggregate formation; growth retardation 
 

(Aldras et al., 2019) 

(Rosas et al., 2016) 

Table 1.1 C. elegans amyloid disease models 
Bwm= body wall muscle; DA neu = dopaminergic neurons; glut neu= glutaminergic neurons; motor neu= motor neurons; pan-neu= all neurons; sensory neu= 
sensory neuro
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1.8 C. elegans, Proteostasis and Amyloid Disease 
 
Like humans, other organisms are also constantly under threat from misfolded proteins 
that can occur due to stressors such as heat, oxidative stress, nutrient starvation and 
metabolic imbalances. Therefore the proteostasis network is highly conserved from 
humans to C. elegans in order to facilitate the folding, refolding and degradation of any 
aberrantly folded proteins to ensure proteome balance (Labbadia and Morimoto, 2015). C. 

elegans possess 219 chaperone genes that represent every major functional human 
chaperone family including Hsp90, Hsp70, Hsp60, Hsp40, prefoldin (PFD), sHsps, TPR-
domain containing chaperone families as well as ER- and mitochondria-specific 
chaperones (Brehme et al., 2014). Stress response mechanisms are also conserved in C. 

elegans including the HSR, the UPRER and the UPRmito (Balchin et al., 2016).  
 
As amyloid diseases are based on the misfolding of precursor proteins, it is particularly 
important to understand the interplay between aggregation of the molecules and the 
proteostasis network. Although in vitro cellular studies can replicate the intracellular 
conditions of protein folding, in vivo models are necessary in order to understand how the  
intricate inter-tissue networks maintain the cellular proteome.                                                          
 

1.8.1 Molecular chaperones 
 
Several chaperones have been shown to be associated with the expression of amyloidogenic 
proteins in C. elegans. Mass spectrometry analysis of proteins in an Ab-expressing C. 

elegans disease model identified several chaperones that interact with intracellular Ab 
including two members of the Hsp-70 family and three aB-crystallin related sHsps (Fonte 
et al., 2002). Furthermore, HSP-16 has been shown to colocalise with Ab intracellular 

deposits and when  overexpressed partially suppresses Ab toxicity (Fonte et al., 2008, 
2002).  
 
Studies have also explored the impact of cell-non-autonomous stress responses in 
modulating aggregation in protein misfolding C. elegans disease models. Expression of 
HSP-90 in the neurons or the intestine was sufficient to alleviate the toxic paralysis 

phenotype associated with Ab expression in the body wall muscle of animals, 
demonstrating the transcellular chaperone signalling can ameliorate protein aggregation 
in the model (O’Brien et al., 2018). 
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Similarly to humans, nematodes contain a disaggregase complex comprising of Hsp-110, 
Hsp-70 and J-proteins (Nillegoda et al., 2015). This complex has been shown to act upon 
polyglutamine aggregation in a C. elegans model, whereby knockdown of both a class A J-
protein and the class B J-protein dnj-13 promoted polyQ aggregation, indicating mixed-
class cooperation (Kirstein et al., 2017). Moreover, knockdown of the hsp-1, a Hsp-70 
chaperone, or hsp-110 resulted in the increased number of aggregates in several 
polyglutamine models (Q35, Htt513Q15, AT3CTQ45, AT3CTQ63) (Scior et al., 2018). 
These results were replicated in HD patient derived neural cells, where the overexpression 
of a J-protein DNAJB1 reduced HttExon1Q97 aggregation (Scior et al., 2018). 
 
Gene expression analysis has identified numerous genes related to the proteostasis 
network to be up-regulated in response to the expression of amyloidogenic proteins. In a 

genetic analysis of a temperature-inducible Ab-expressing strain, 67 genes were identified 
to be upregulated including aB-crystallin (CRYAB) and tumour necrosis factor-induced 
protein 1 (TNFAIP1) (Link et al., 2003). An RNAi screen of all C. elegans chaperone genes 
in both an AD and a polyQ disease model further identified a core set of 7 chaperone genes 

which act as suppressors of Ab associated toxicity in both models including Hsc-70, Hsp-

90, hsp-40 and Sti-1 (Brehme et al., 2014). Several RNAi screens in α-synuclein expressing 
C. elegans models have identified modifiers of disease; these include genes involved in the 
ubiquitin proteasome system (UPS) (Vartiainen et al., 2006), mitochondrial genes 
(Vartiainen et al., 2006), endocytic pathway (Kuwahara et al., 2008) and protein quality 
control in the ER/Golgi complex (Van Ham et al., 2008). Another RNAi screen in an α-
synuclein body wall muscle model identified 20 modifiers of aggregation that also 
protected against neurodegeneration induced in a PD dopaminergic model, demonstrating 
the common mechanism of protection between tissues (Hamamichi et al., 2008).  
 

1.8.2 HSR 
 
The interplay between the heat shock response and amyloid aggregation has also been 
studied using C. elegans. Heat shock treatment applied to a neuronal Ab-expressing C. 

elegans model has been shown to alleviate Ab toxicity and reduce Ab oligomerisation (Wu 

et al., 2010). Expression of the Spinocerebellar ataxia-related amyloidogenic protein 
AT3(Q130) in the background of a hsf-1 – the master regulator of HSR - mutant caused a 
deleterious phenotype to the animal (Teixeira-Castro et al., 2011). Moreover, in a model 
overexpressing expanded polyQ repeats, mutations in AFD/AIY thermosensory neurons 
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inhibited organismal HSR, and suppressed protein aggregation (Prahlad and Morimoto, 
2011). 

1.8.3 UPRER  
 
Knockdown of the UPRER transcription factors xbp-1 and atf-6 was found enhance 
frontotemporal dementia with parkinsonism linked to chromosome 17 (FTDP-17) tau and 
tau-related behavioural defects (Kraemer et al., 2006; Waldherr et al., 2019). Constitutive 
activation of neuronal XBP-1 suppressed the loss of chemotaxis in a neuronal 
polyglutamine model and the loss of neurons observed in a tau-expressing C. elegans 
model (Imanikia et al., 2019b; Waldherr et al., 2019). Although tau protein was not 
observed in the ER of the model, it was shown that the ERAD was required for the 
suppression observed (Waldherr et al., 2019). Furthermore, expression of xbp-1 in the 
neurons was also sufficient to alleviate aggregation of polyQ in the body-wall muscle of 
animals, demonstrating the cell-non-autonomous action of this PN component in protein 
misfolding (Imanikia et al., 2019a). DNJ-27, another ER luminal protein has been shown 
to have a protective role against Ab aggregation when overexpressed, ameliorating the 

associated deleterious paralysis phenotype (Muñoz-Lobato et al., 2014).   
 
1.8.4 UPRmito 
 
Increasingly, research has linked the UPRmito and various amyloid-associated diseases. 
Data from AD patients has revealed a strong correlation to genes in the UPRmito pathway 
(Sorrentino et al., 2017). This upregulation of mitochondrial stress response genes was 
also observed in an AD C. elegans disease model that displayed age-dependent amyloid 
aggregates. Conversely, upregulation of the UPRmito transcription factor atfs-1 in the same 
model was able to reduce the number of amyloid aggregates in the model (Sorrentino et 
al., 2017). Expression of 40 polyglutamine repeats in the neurons of C. elegans induced 
both cell-autonomous and cell-non-autonomous upregulation of mtHsp70/HSP-6 in distal 
tissues (Berendzen et al., 2016). 
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1.9 Thesis Overview and Aims 
 
The aim of this research was to investigate amyloid aggregation and mechanisms of 
amyloid toxicity in vivo. To achieve this, the roundworm nematode Caenorhabditis elegans 

was utilised as a model for the expression of amyloidogenic proteins, and the consequences 
of chaperone involvement in aggregation were explored. C. elegans has been used as a 
useful tool to study amyloid aggregation in vivo. This includes the expression of 

amyloidogenic proteins b2-microglobulin and IAPP which are involved in the protein 
misfolding diseases dialysis related amyloidosis and type II diabetes mellitus respectively. 
Although C. elegans models expressing b2-microglobulin and IAPP have been generated 

previously, each have their limitations, and are therefore subject to improvements. 
 

Previous C. elegans models of b2-microglobulin aggregation have been generated to 

express wild type, D76N and DN6 b2m (Diomede et al., 2012; Faravelli et al., 2019). To 

study the differences between the toxic damage caused by each b2m variant, it was 

necessary to generate three similar C. elegans disease models, each expressing a variant 
of b2m. Chapter 3 outlines the generation and characterisation of each disease model, 

including the exploration of protein aggregation within the model and the effects of 
aggregation on the proteostasis network. 
 
IAPP aggregation has been previously modelled in C. elegans through the expression of 
human IAPP simultaneously in the neurons, body wall muscle and pharynx (Rosas et al., 
2016), or an inducible neuronal model (Aldras et al., 2019). To elucidate the cell-
autonomous and cell-non-autonomous  effects of IAPP aggregation, the research presented 
in Chapter 4 explores a newly generated model,  expressing IAPP in the body wall muscle 
of animals alone. To discriminate the toxic effects of IAPP in vivo, models expressing other 
variants of varying amyloidogenicity were also generated. Chapter 4 further outlines the 
generation of these IAPP-expressing models and the characterisation of any aggregation 
or toxic damage during development and aging of the organism. As IAPP is known to affect 
Ab aggregation, the generated IAPP models were also crossed into Ab expressing C. 

elegans models in order to further explore this relationship in vivo. 
 
The proteostasis network has been demonstrated to be vital in maintaining proper protein 
folding and prevent the aggregation of peptides into amyloid species. The molecular 
chaperone, hsp-90  is essential for the folding of metastable client proteins as well as 
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preventing aggregation of amyloid beta (Brehme et al., 2014; Evans et al., 2006). Chapter 
5 explores this relationship further, to gain understanding of the cell autonomous and cell-
non-autonomous relationship of HSP-90 and the aggregation of the AD protein, Amyloid-

b in C. elegans.  
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 Materials and Methods 
 

2.1 Caenorhabditis elegans strains and maintenance 
 
Unless otherwise stated, strains were maintained at 20°C on 60 mm NGM agar plates 
seeded with OP50-1 Escherichia coli as a food source. All strains were maintained on NGM 
plates with plenty of food source and transferred to a new plate every few days using a 
platinum wire pick to ensure a food source was maintained.  
 

2.1.1 Preparation of Nematode Growth Medium (NGM) or RNAi plates 
 
Nematode growth medium (NGM) was prepared using protocols recommended by 
WormBook (Stiernagle, 2006). Briefly, agar medium was prepared as 1.7% (w/v) agar, 50 
mM NaCl and 0.25% (w/v) bactopeptone and sterilised by autoclaving. Following 
autoclaving additional supplements were added to the medium including 25 mM KPO4 pH 
6.0, 1 mM CaCl2, 1 mM MgSO4, 5 µg/mL cholesterol, and 200 µg/mL streptomycin. Agar 
medium was dispensed into 60 mm petri dishes under sterile condition and plates were 
left overnight to dry. The next day NGM plates were seeded with 250 µL bacterial cultures 
of OP50-1 E. coli. 
 
Bacterial cultures of OP50-1 E. coli were prepared my inoculating lysogeny broth (LB) 
with a small amount of OP50-1 glycerol stocks. LB was prepared to contain streptomycin 
at a final concentration of 1 mg/mL and the cultures were incubated overnight at 37°C 
shaking. Glycerol stocks of bacterial cultures were made by thoroughly combining 600 µL 
of bacterial culture with 300 µL of 60% glycerol and stored at -80°C until use. 
 

2.1.2 Genetic crosses 
 
To generate genetic crosses between two strains, males of one of the strains were 
generated. As males represent a low incidence in a normal C. elegans population, the 
strains were subjected to heat shock to increase the probability of X chromosome non-
disjunction (Rose and Baillie, 1979). To obtain males, three plates of 10 L4-stage 
hermaphrodites were placed at 35°C for 3 hours, and then returned to 20°C to recover. 
Plates were checked every day for the presence of male progeny until a sufficient amount 
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of males could be detected. To initiate the genetic cross, seven adult males of one strain 
were placed onto an NGM plate with two L4-stage hermaphrodites of the second strain 
and allowed to cross-fertilise for two days. Males were then removed from the plate to 
avoid potential mating with the progeny.  
 
Plates were checked daily for the presence of F1 progeny containing the appropriate 
phenotypes of each strain. Four L4-stage hermaphrodite F1 progeny were moved to a new 
NGM plate and allowed to self-fertilise. The progeny of the F1s were checked daily for the 
development of F2 progeny containing the appropriate phenotypes (e.g. fluorescent 
transgenic marker) of both strains. 20 F2 progeny were selected and isolated onto separate 
NGM plates, allowed to self-fertilise and the population to grow. The F2 populations were 
monitored for population homozygosity. Identified homozygous populations were 
maintained for future use. 
 

2.1.3 Generation of transgenic strains via microinjection 
 
L4-stage N2s were isolated onto an NGM plate and left overnight to develop. Day 1 young 
adult animals were transferred onto 2% agarose pads containing a drop of microinjection 
oil in order to immobilise the nematode. Injection needles were loaded with 1 µL of 
transgenic DNA solution (5 ng/µl myo-2p::mCherry, 10 ng/µl DNA in dH2O). The injection 
needle was fitted onto a Zeiss Axioscope with a DIC filter and a needle arm for injections. 
The gonad arm of the nematode was brought into focus using the 40X objective and the 
needle gently lowered into focus at a 15-45° angle. The N2 gas was turned on until 
noticeable swelling of the organism from the DNA solution could be seen. Nematodes were 
recovered using M9 buffer and placed onto new NGM plates for recovery. Three to five 
days later, plates were checked for successful transgenic progeny. Any successful 
transgenic animals were isolated onto new NGM plates and checked daily to ensure a 
stable extrachromosomal transgenic line had been established. 
 

2.1.4 Synchronisation of populations and ageing 
 
Populations of strains were synchronised by either bleaching or egg-laying. Unless stated 
otherwise, stains were synchronised by egg-laying methods. 10 gravid adults were selected 
from the strain and placed onto new NGM plates and allowed to lay eggs for 6 hours. 
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Following this, all 10 adults were removed from the plate, and the remaining eggs were 
allowed to develop. 
 
To bleach synchronise strains, a population was grown on NGM plates until a large 
population of eggs and non-starved gravid adults were present. The nematodes were 
washed from the plate using M9 buffer into a 15 mL microcentrifuge tube and pelleted by 
centrifugation at 1000 rpm for 1 minute. M9 supernatant was removed carefully to not 
disturb the nematode pellet, and 10 mL of bleach solution (1% sodium hypochlorite (v/v), 
0.25M NaOH) was added to the pellet. The tubes were inverted for 5 minutes then 
centrifuged to pellet. The bleach supernatant was removed and the pellet was washed 
three times with 15 mL M9 buffer to remove any trace of bleach solution. The pellet was 
suspended in 1 mL of M9 buffer and placed on a rotator overnight for the eggs to hatch. 
The following day the hatched larvae were added to NGM plates to further develop. 
 
To age animals, L4-stage animals were selected onto NGM plates and transferred daily to 
new NGM plates until the desired stage was reached. Animals were transferred daily to 
ensure any progeny did not infiltrate the strain population. Alternatively, where stated 
animals were also aged from L4 stage on NGM Agar plates supplemented with 50 µM 
fluorodeoxyuridine (FUdR). The addition of FUdR to plates induces sterility by preventing 
eggs from hatching. Therefore nematodes grown on FUdR were not moved daily and grown 
until the required age. If the food source was limited on the plates, animals were washed 
using M9 buffer and transferred to a new FUdR NGM plate. 
 
 

2.2 Phenotypic C. elegans assays 
 

2.2.1 Developmental assay 
 
Ten gravid adult nematodes were placed on an NGM plate with OP50-1 as a food source 
and allowed to lay eggs for 2 hours then removed. Eggs were left to develop for 65 hours 
after removal and animals on the plate were assessed for developmental stage and 
recorded. Three independent experiments were performed for each strain. 
 

2.2.2 Fecundity assay 
 



 38 

Thirty L4-stage nematodes were transferred onto separate individual NGM plates 
supplemented with OP50-1. At time-points of 24-, 48-, 72- and 96- hours, individual 
animals were transferred onto a new NGM plate using a sterilised platinum wire, and the 
number of eggs laid over the previous 24 hours were counted and recorded.  
 

2.2.3 Lifespan assay 
 
Animals were synchronised by egg-laying, and 80 L4-stage animals were selected per 
strain and transferred onto four NGM plates with 20 animals per plate. Every other day 
each nematode was assessed for survival, death or censored and numbers were recorded. 
Animals were assessed as dead if they did not display movement when gently touched on 
the nose using a platinum wire, and no pharyngeal pumping could be observed. Animals 
were censored if they crawled up the edge of the plate and became desiccated, burrowed 
into the agar, displayed the ‘bag of worms’ phenotype where eggs hatched internally, or if 
they could not be found. Any dead or censored animals were recorded and left on plates, 
while alive animals were transferred onto a new NGM plate. Data was analysed using 
OASIS 2 online software (Han et al., 2016)  
 

2.2.4 Paralysis assay 
 
Animals were synchronised using egg-laying methods, and 100 L4-stage nematodes were 
transferred onto five NGM plates with OP50-1 (20 animals per plate). Every 24 hours for 
8 days, each nematode was assessed by the touch-nose response for paralysis and the 
numbers of mobile, paralysed or censored animals were recorded. Nematodes were 
identified as mobile if they were able to move freely, either when touched by a platinum 
wire, or when unprompted. Nematodes were assigned as paralysed if little movement was 
seen when touched by a platinum wire, but still displayed minimal movement or 
pharyngeal pumping to indicate they were still alive. Censored nematodes included 
nematodes that had died, displayed the ‘bag of worms’ phenotype, crawled up the side of 
the plate, or could not be identified. Mobile nematodes were moved onto a new plate each 
day to ensure any progeny did not influence the results.  Wilcoxon signed-rank test was 
used to compared populations. 
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2.2.5 Thrashing assay 
 
Animals were synchronised by egg-laying and aged to either day 1 or day 8 of adulthood 
by picking. At the appropriate time point, 15-20 nematodes of each strain were transferred 
into a 24-well plate containing 1 mL M9 buffer. Animals were left to recover for 30 seconds, 
then video recorded for 30 seconds using a WiFi camera attached to a Microtec light 
microscope. At least three videos of each strain were recorded. Videos are analysed in 
ImageJ using the WrmTrck plugin (Nussbaum-Krammer et al., 2015) to quantify the 
number of body bends per second (BBPS) an animal performed. 
 

2.2.6 Thermotolerance assay 
 
Progeny were synchronised by egg-laying and 50 L4-stage animals were selected and 
placed onto an NGM plate. The next day (day 1 adults), plates were incubated at 35°C for 
6 hours then moved immediately into a 20°C incubator. Plates were left for 16 hours for 
recovery, then survival of animals were scored. Animals were scored as alive if movement 
or pharyngeal pumping was observed and dead otherwise. The percentage of alive and 
dead animals was calculated and mean survival rates were determined using Student’s t 
test.  
 

2.2.7 ER stress assay 
 
Nematodes were synchronised by egg-laying and L4-stage animals were selected and 
placed onto new NGM plates. Nematodes were left overnight to grow and 50 day 1 adult 
stage were transferred using a sterilised platinum wire into M9 buffer containing 50 
µg/mL tunicamycin. Animals were incubated in tunicamycin for 6 or 10 hours at 20°C on 
a rotator. After incubation, nematodes were washed three times in M9 buffer and plated 
onto NGM plates. After 16 hours of recovery, animals were scored for survival. Alive 
animals were determined by their ability to move spontaneously or when stimulated by 
touch, or pharyngeal pumping was observed. Dead animals were determined through lack 
of movement or pharyngeal pumping. Percentages of alive and dead animals were 
calculated and plotted. 
 
 
2.3 Imaging techniques 
 



 40 

2.3.1 Immunostaining 
 
Nematodes were synchronised by egg-laying and aged according to experimental needs. 
When animals reached the relevant age but were not starved, they were washed off the 
plate using M9 buffer and transferred into 1.5 mL microcentrifuge tubes using a glass 
pipette. The animals were pelleted by centrifugation at 1000 rpm for 1 minute, 
supernatant removed and washed three more times using M9 buffer. As much 
supernatant was removed as possible without disturbing the pellet, and 500 µL M9 buffer 
supplemented with 40 µL Pulsin (PolyPlus transfection SA) and an antibody against 
Amylin (R10/99) tagged with Alexa 647 or b2-microglobulin (Dako). To tag Alexa 647 onto 

R10/99, the Alexa 647 Antibody Labelling Kit (A20186) was used (Invitrogen). Animals 
were incubated in Pulsin and appropriate antibody for 6 hours, and then imaged.  
 

2.3.2 X-34 staining 
 
Nematodes were synchronised by egg-laying and aged to the relevant stage by transferring 
the animals onto a new NGM plate everyday using a platinum wire pick. Animals were 
transferred off the plate into 500 µL M9 buffer and washed three times in M9 buffer to 
remove as much bacterial contaminant as possible. The pellet was resuspended in M9 
buffer containing 1 mM X-34 (stored in 10 mM Tris pH 8.0). Animals were incubated at 
20°C for 2 hours on a rotator. Animals were washed three times in M9 buffer and 
transferred to a new NGM plate using a glass pipette. Plates were incubated at 20°C for 
12-16 hours and animals were imaged (excitation 400-410 nm, emission 455 nm). 
 

2.3.3 Confocal Microscopy 
 
Individual nematodes where transferred into a drop of 5 mM levamisole on a 2% (w/v) 
agarose glass slide to anaesthetise. Slides were left to dry for a 1-2 minutes before a glass 
coverslip was placed on top of the slide. Images were taken of the slides using an upright 
Zeiss LSM880 laser scanning confocal microscope and Zen software. Images were taken 
at magnifications of 10X, 20X and 40X. Images were taken together for each experiment, 
and identical settings were used. 
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2.4 Quantitative Reverse Transcription PCR (RT-qPCR) 
 

2.4.1 Sample Preparation 
 
Samples were prepared from ~100 L4-stage nematodes which were collected into 250 µL 
of M9 buffer in a 1.5 mL microcentrifuge tube. The  nematodes were centrifuged at 1000 
rpm for 1 minute and supernatant removed. The nematode pellets were washed in M9 
buffer twice more to remove as much bacterial contamination as possible. Upon the final 
wash, as much supernatant was removed as possible without disturbing the nematode 
pellet. The pellets were then frozen at -80°C for at least a day. To homogenise the samples, 
the Zymo Direct-Zol RNA MiniPrep kit was followed. Briefly, 50 µL of TRIzol (Ambion) 
was added to the frozen pellet and using a pellet grinder the nematodes were ground on 
ice three times for 30 seconds each. A further 150 µL of TRIzol was added to the samples 
and the solution was vortexed at 4°C for 10 minutes. To facilitate salt formation, 200 µL 
of 100% ethanol was added to the sample and the reaction was transferred to a Zymo-Spin 
IICR column with collection tube. The sample column was centrifuged for 13,000 rpm for 
30 seconds, and the flow-through was discarded. Samples were washed using RNA Wash 
Buffer and then treated with DNase I and DNA Digestion Buffer. Samples were further 
washed and eluted using RNase-free water. A Thermo Scientific NanoDrop One was used 
to record the RNA concentration of the samples, and they were stored at -80°C until 
further use. 
 

2.4.2 cDNA synthesis 
 
Each sample was reverse transcribed into cDNA using a Bio-Rad iScript cDNA synthesis 
kit. Briefly, reactions were set up in PCR tubes to contain 250 ng RNA sample, 4 µL iScript 
5X mix, 1 µL reverse transcriptase and nuclease-free water to a final volume of 20 µL. The 
reactions were placed into an Applied Biosystems Veriti 96-Well Thermal Cycler for the 
following profile: 5 minutes at 25°C, 20 minutes at 46°C, 1 minute at 95°C then held at 
4°C. cDNA samples were stored at 4°C for short-term storage and -80°C for long term 
storage. 
 

2.4.3 Quantitative PCR (qPCR) 
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Quantitative PCR was set up in 96-well plates in a reaction volume of 20 µL. Reactions 
were set up to contain 1 µL of cDNA sample, 8µL nuclease-free water, 0.5 µL 10µM 
forward primer, 0.5 µL reverse primer, 10 µL 2X Bio-Rad SsoAdvanced Universal SYBR 
Green mix. qPCR was performed in a Bio-Rad CFX Connect Real-Time System using the 
programme described in Table 2.1. 
 
 
 

Step Temperature (°C) Duration (seconds) 

Denaturation 95 180 

40X 

Denaturation 95 15 

Primer annealing 56 30 

Extension 72 30 

Final Extension 72 60 

Melt curve 55-95 10 

Table 2.1 qPCR thermal cycler programme. 

 
 

2.4.4 Primers 
 

Gene 
Sequence 

Forward Reverse 

C12C8.1 GATCAAGCCGCTCGTAATCC AACCTCAACAACGGGCTTTC 

cdc-42 TGTCGGTAAAACTTGTCTCCTG ATCCTAATGTCTATGGCTCGC 

GFP AGTCCGCCCTGAGCAAAGA TCCAGCAGGACCATGTGATC 

hIAPP ATTGAGTCACATCAAGTGGAGAA GCTAGACAGAATAGCACCGAAAT 

hsp-1 ACTTCTACACCAACATCACTCG CAAGGACGATGTCATGAACTTG 

hsp-4 GTGGCAAACGCGTACTGTGATGA CGCAACGTATGATGGAGTGATTCT 

hsp-90 GACCAGAAACCCAGACGATATC GAAGAGCACGGAATTCAAGTTG 

rIAPP TCAGGTGGACAAACGGAAGT TGCCACATTCCTCTTCCCAT 

sti-1 CTTGCCTATATCAATCCAGAGCTT GGATGTATCCCTTGTAAATTTCG 
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WT B2m CAACTTCCTGAACTGCTATGTTTC ACAAGAGGTAGAACGACCAATC 
Table 2.2 qPCR primers 
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 Expression of b2-microglobulin in C. 
elegans 

 
 

3.1 Abstract 
 
Amyloid is associated with numerous misfolding diseases and can cause a range of 
localised or systemic disorders. This includes dialysis related amyloidosis, a disease 
caused by the aggregation and deposition of b2-microglobulin in haemodialysed patients. 

Although the aggregation of b2m into amyloid has been studied extensively in vitro, in vivo 

models of b2m are comparatively lacking.  To address this, three new transgenic C. elegans 

strains were generated to express either the wild type (WT) human b2m, or two of its 
highly amyloidogenic naturally occurring variants: D76N and ΔN6, in the body wall 

muscle of the nematodes. In this chapter, the effects of b2m expression in C. elegans were 
characterised throughout ageing. Strains expressing the more amyloidogenic variants, 

D76N and DN6 exhibit increased amounts of protein aggregation compared with WT b2m-
expressing animals. This increased protein aggregation correlated with the severity of 
toxicity observed in animals and included increased paralysis, reduced thrashing rate, 
delayed development and shortened lifespan. A reduced capacity to cope with ER stress 

and decreased basal expression of the ER chaperone hsp-4 was observed in all three b2m-

expressing strains. Furthermore, WT b2m and D76N b2m but not DN6 b2m expressing 
strains were observed to not upregulate hsp-4 transcripts in response to ER stress. These 

data suggest a possible link between b2m toxicity, and the unfolded protein response of 
the ER.  
 
 

3.2 Introduction 
 
The misfolding of proteins has been associated with many different diseases in humans; 
of which a large number are associated with the formation of amyloid fibres, including 
Alzheimer’s Disease, Parkinson’s Disease and Dialysis Related Amyloidosis (Hartl et al., 
2011; Hipp et al., 2019, 2014). Amyloid diseases are characterised by the formation of 
insoluble fibres containing a cross-b fold and are the result of aberrant misfolding of the 

protein involved (Hipp et al., 2014). Many of these diseases involve the self-assembly of 
different proteins which do not share a common native structure or amino acid sequence; 
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however,  the chemical properties of the amino acid sequence, the conformational stability 
of its folded state and its cellular concentrations allow these proteins to misfold into the 
generic amyloid fibres associated with disease (Hipp et al., 2019, 2014; Knowles et al., 
2014).  
 
This chapter focuses on one of these proteins, b2-microglobulin (b2m), which is the non-

covalently bound light chain of the major histocompatibility complex class I (MHC I). b2m 

is composed of 99-residues and contains a characteristic b-sandwich immunoglobulin fold, 

which consists of seven b-strands and one intrachain disulphide bond (Strominger et al., 

1987; Verdone et al., 2009). In patients on long-term dialysis, b2m can cause severe 
complications as it is not properly removed from the system, and therefore concentrations 

of b2m in the plasma increase up to >60-fold compared with healthy individuals (Gejyo et 

al., 1985). Aggregation of human wild type (WT) b2m initiates the formation of amyloid in 
osteoarticular tissues leading to the condition known as dialysis-related amyloidosis 

(DRA). Amyloid deposits of b2m are mainly composed of wild type (WT) b2m (~70%), but 
also contain truncation products, of which the majority represent a six amino acid N-
terminal truncation, ΔN6 (~30%) (Esposito et al., 2000).  
 

3.2.1 WT b2m 
 
The aggregation of b2m into amyloid has been extensively studied in vitro (Jadoul and 
Drüeke, 2016; Karamanos et al., 2019, 2014; Scarponi et al., 2016). Although it is the major 

component of the amyloid deposits found in DRA, WT human b2m cannot aggregate under 
physiological conditions in vitro, and requires partial unfolding which involves the cis-

trans isomerisation of Pro32 and the formation of a non-native, unstable state (Chiti et 
al., 2001; Eichner and Radford, 2009; Smith et al., 2020). This partial unfolding and 
subsequent amyloid formation can be achieved in vitro via the lowering of pH or the 
addition of additives such as Cu2+ ions, detergents or organic solvents (Benseny-Cases et 
al., 2019; Yamamoto et al., 2005). Although the mechanism of recruitment of WT b2m to 
osteoarticular tissues is not fully understood, extracellular matrix components present in 
these tissues such as collagen, apolipoprotein E and the glycosaminoglycans (GAGs) 
heparin and hyaluronic acid have been found to enhance amyloid formation in vitro 
(Benseny-Cases et al., 2019; Hoop et al., 2020; Myers et al., 2006; Relini et al., 2008, 2006; 
Wyatt et al., 2012).  
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3.2.2 D76N  b2m 
 
Mutations in b2m can also affect characteristics of its aggregation. The single point 

mutation Asp76Asn (D76N) of b2m has been implicated in a rare hereditary systemic 

amyloidosis. Unlike WT b2m deposition in DRA, patients with D76N b2m develop extensive 
amyloid deposits in visceral tissues that are not a result of dialysis complications (Valleix 

et al., 2012). Comparison of the three-dimensional structures of WT and D76N b2m shows 

that they are almost identical (Figure 3.1). However, D76N b2m is less thermodynamically 
stable, and forms fibrils under physiological conditions (Mangione et al., 2013; Valleix et 

al., 2012). NMR experiments have also revealed that D76N b2m possesses enhanced 
molecular dynamics, and a loss of rigidity (Valleix et al., 2012). It was shown in vitro that 

D76N b2m can also recruit WT b2m into amyloid fibrils. However, WT b2m is absent from 
D76N fibrils in vivo and this is speculated to be due to inhibition by chaperone activity 
(Mangione et al., 2013).  

 
Figure 3.1 Monomeric structures of WT b2m, D76N b2m and ΔN6 b2m. 
Structures of WT b2m (Protein Data Bank (PDB) ID code 2XKS), D76N b2m (PDB ID code 4FXL) 
and ΔN6 b2m (PDB ID code 2XKU) (Eichner et al., 2011; Valleix et al., 2012). Structures generated 
using ChimeraX software.  
 
 

3.2.3 ΔN6 b2m 
 
As previously mentioned, the 6 amino acid truncation of WT b2m, ΔN6, is present in ex-

vivo DRA deposits (Esposito et al., 2000). Previous studies have shown that ΔN6 b2m can 

induce amyloid formation of WT b2m in vitro (Eichner et al., 2011) and can co-assemble 
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with WT b2m into amyloid fibrils (Sarell et al., 2013b). In contrast to WT b2m, ΔN6 is 
highly amyloidogenic, and can readily aggregate into amyloid in vitro at the physiological 
pH of 6-7 in the absence of any additives or fibril-seeds (Eichner et al., 2011; Karamanos 
et al., 2016; Myers et al., 2006). It is thought that ΔN6 is a structural mimic of the partially 
unfolded state of WT b2m, the precursor to amyloidosis. This is because the ΔN6 b2m 
protein contains a trans His-Pro peptide bond at residue 32 (in contrast to the native cis 

isoform (Figure 3.1), which facilitates rapid aggregation (Eichner et al., 2011). ΔN6 forms 
amyloid in a specific assembly mechanism that involves the formation of head-to-head 
dimers that pack into symmetric hexamers. These hexamers are not cytotoxic, retain the 

immunoglobulin fold of native b2m and appear to be primed for further conformational 

change into the cross-b structure of amyloid (Karamanos et al., 2019).  
 

3.2.4 b2m toxicity in cells 
 
Numerous studies have sought to uncover the mechanism by which b2m exerts its toxic 
effects. It has been established that the oligomeric intermediates of amyloid assembly can 
be cytotoxic, and this has been demonstrated both in vitro and in vivo for several 
amyloidogenic proteins (Tipping et al., 2015). In contrast, amyloid fibrils in general are 
thought to have little cytotoxic activity, and therefore have been proposed by some 
researchers to instead represent inert end-stage products of amyloid assembly (Tipping et 

al., 2015). In contrast to this, research on the toxicity of b2m has mainly focussed on the 

cytotoxic effects of fibrils. Amyloid fibrils of b2m formed in vitro were observed to disrupt 

artificial lipid membranes, where fragmentation of the fibrils disrupted membranes to a 
greater extent than in the longer unfragmented precursors (Xue et al., 2009). Cryo-

electron tomography of the fragmented b2m fibrils in the presence of liposomes revealed 
fibril-lipid interactions occur primarily at the fibril ends and result in membrane 
distortion (Milanesi et al., 2012), and this is modulated by lipid composition and pH 
(Goodchild et al., 2014). Subsequently, it was shown that these fragmented fibrils were 
more readily internalised by cells, accumulating in lysosomes, inhibiting protein 
degradation by lysosomes and perturbing trafficking in the endolysosomal pathway 
(Jakhria et al., 2014).  
 
Macrophages have also been implicated in the progression of DRA, and have been shown 
to be present in b2m deposits (Argilés et al., 1994). Indeed, b2m has also been reported to 

be cytotoxic to monocytes, the precursor to macrophages (Porter et al., 2011). Moreover, 
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bone resorbing osteoclasts – cells of the monocyte/macrophage lineage – have been 
suggested to be responsible for osteolytic lesions in DRA (Menaa et al., 2008; Porter et al., 
2011).  Indeed, human b2m has been shown to promote osteoclastogenesis in murine 

macrophages (Menaa et al., 2008), and inhibit the formation of osteoclasts (Porter et al., 
2011).  
 
Similar to WT b2m, D76N b2m also induces cytotoxicity. When applied to human 

neuroblastoma cells, fibrillar D76N induced MTT cytotoxicity, increased Ca2+ and ROS 
levels, leading to necrotic cell death. This cytotoxicity was dependent on interactions of  

D76N b2m with the cell membrane (Leri et al., 2016). 
 

3.2.5 In vivo models of b2m associated amyloidosis 
 
The roundworm nematode C. elegans has been used previously to investigate the toxicity 
of several different amyloid disease-related proteins in vivo. Its small size, short life-cycle 
and ease of maintenance make C. elegans an excellent model for biological research. 
Moreover, C. elegans shares many characteristics with mammalian systems, and roughly 
60% of human genes possess a C. elegans ortholog (Shaye and Greenwald, 2011). In 
addition, genetic manipulations of the organism are performed easily, including forward 
genetic screens, RNAi screens, rapid mutation mapping and transgenic animal generation 
(Nance and Frøkjær-Jensen, 2019). Due to the transparent nature of the nematode, 
previous studies have also utilised fluorescent protein tags to study the aggregation of 
amyloidogenic proteins in real time (Morley et al., 2002; Van Ham et al., 2008). 
 
Although C. elegans has been widely utilised to study neurodegenerative amyloid diseases 
such as Alzheimer’s disease (Link, 1995) and Huntington’s disease (Morley et al., 2002), 
research on systemic amyloidoses is lacking in comparison. That being said, a few models 
have been generated to mimic these systemic diseases C. elegans, including models 
expressing transthyretin (TTR) (Link, 1995; Madhivanan et al., 2018), or b2m (Diomede et 

al., 2012; Faravelli et al., 2019). In regards to b2m models, Diomede and colleagues 

generated three new transgenic C. elegans strains expressing either wild type (WT) b2m, 
the six amino acid truncated variant ΔN6, or P32G a non-naturally occurring variant in 
the body wall muscle of animals (Diomede et al., 2012). Expression of the highly 
amyloidogenic variants ΔN6 and P32G affected larval growth and shortened lifespan, 
while expression of all three variants caused a reduction in the number of body bends, and 
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this was rescued by tetracyclines (Diomede et al., 2012). The naturally occurring  familial 

variant of b2m, D76N has also been expressed in C. elegans, and caused a growth and 
motility phenotype in the model which was also rescued by tetracyclines (Faravelli et al., 

2019). Although models of b2m have been generated in C. elegans before, the 
characterisation of these models was limited to cell autonomous locomotion phenotypes, 
and the mechanisms of the toxicity observed were not explored. Thus, this study sought 
to generate new improved models from which novel insights about the mechanisms of 
toxicity of these proteins in vivo could be uncovered.  
 

3.2.6 Protective cellular stress response pathways and amyloid diseases 
 
Cells employ stress response and clearance pathways to combat the accumulation of 
misfolded amyloid proteins (Hipp et al., 2019; Rendleman et al., 2018). These include the 
ubiquitin-proteasome system (UPS), and autophagy which facilitate degradation of 
misfolded proteins, and signalling cues that upregulate the expression of protective 
protein quality control components, including the heat shock response (HSR) (Hajdu-
Cronin et al., 2004), and the unfolded protein response (UPR) of the endoplasmic reticulum 
(UPRER) and the mitochondria (UPRmito) (Neupert and Herrmann, 2007). Of these 
signalling responses, the UPRER maintains the proteome in the endoplasmic reticulum. It 
is defined by three ER transmembrane stress sensors IRE1, PERK and ATF6 that are 
regulated by the interaction and dissociation of the molecular chaperone BiP. PERK 
activation inhibits general protein translation and activates the activating transcription 
factor 4 (ATF4), which leads to expression of genes involved in autophagy, amino acid 
metabolism, antioxidant responses and apoptosis (Walter and Ron, 2011). IRE1a 
activation leads to the splicing of the transcription factor XBP1 which controls regulation 
of genes related to protein folding, ER-associated protein degradation (ERAD), protein 
translocation and lipid synthesis (Hetz et al., 2011). Moreover, activation of ATF6 leads to 
activations of ERAD genes, and the master transcription factor XBP1s (Walter and Ron, 
2011a). In C. elegans, the IRE1a/XBP1 branch is involved in ageing (Taylor and Dillin, 
2013). For example, the constitutive activation of XBP-1s can extend lifespan (Taylor and 
Dillin, 2013) and has been shown to ameliorate toxicity associated with a tau model 
(Waldherr et al., 2019). Other components upregulated by stress response pathways have 
also been shown to ameliorate toxicity associated with amyloidogenic protein expression, 
including the HSP-70, HSP-16, DNJ-27 and HSP-90 (Fonte et al., 2008; Muñoz-Lobato et 
al., 2014; O’Brien et al., 2018) 
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3.3 Aims of the chapter 
 
In Chapter 3, I sought to generate and characterise three new transgenic C. elegans 

disease models expressing different variants of b2m: wild type (WT) b2m, D76N b2m and 

DN6 b2m. Through characterising the toxic phenotypes observed in these transgenic 
disease models and determining the aggregation characteristics of the models I aimed to 
gain further insight into how these proteins cause toxic damage. Further, I aimed to 
uncover any mechanisms through which toxicity of the proteins was exerted on the 
animals, in particular whether expression of these proteins caused effect to the 
proteostasis network.   
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3.4 Methods 
 

3.4.1 C. elegans strains  
 

Strain name Genotype 

N2 (Bristol) Wild type 

PVH69 pccEx007[myo3::WT hb2m::GFP::unc-54 3'UTR + myo2::RFP]  

PVH177  pccEx009[myo-3p::WT hb2m::unc-54 3'UTR + myo-2p::RFP] 

PVH178 pccEx010[myo-3p::D76N b2m::unc-54 3'UTR + myo-2p::RFP] 

PVH179 pccEx011[myo-3p::ΔN6 b2m::unc-54 3'UTR + myo-2p::RFP] 

PVH182 pccEx024[myo-2p::RFP] 
Table 3.1 C. elegans strains used in Chapter 3 and their genotypes 
 
 
3.4.2 Generation of a b2m-expressing transgenic vector 
 
The expression vector pPD95_75 (Fire lab, Addgene) was digested with AgeI and EcoRI, 
blunt-ended and ligated to generate an expression vector without the GFP cDNA. The 
myo-3p body-wall muscle promoter was ligated into the pPD95_75 vector using HindII and 
SalI sites. Ligations were transformed into DH5α cells and analysed through colony 
restriction digestion using HindII and SalI. Successful colonies were sent for sequencing. 
 
The signal sequence for human WT β2m was generated by oligonucleotide annealing of 
SalI-signalpeptideB2m-for (Table 3.2) and BamHI-signalpeptideB2m-rev (Table 3.2). 
Oligos were mixed in a 1:1 ratio in 10 µL, then placed at 94ºC and allowed to cool until 
they reached less than 30ºC. Serial dilutions of the oligos were made (1:5, 1:10, 1:50, 
1:100). 5 µL of the undiluted oligos and the serial dilutions were ligated into the 
successfully sequenced myo-3p-pPD95_75 vector. Ligations were transformed into DH5α 
cells. Colony restriction digestion was performed using BamHI and SalI restriction 
enzymes and analysed for a 100 bp band, successful constructs were sent for sequencing 
using the AgeI-β2m-rev primer. 
 
Finally, Human WT, D76N and ΔN6 β2m cDNA (Radford lab) were PCR amplified using 
BamHI-B2m-for (Table 3.2) and MscI-B2m-rev (Table 3.2) to contain BamHI and MscI 
restriction sites and ligated into the myo-3p-ss-pPD95_75 vector. Ligations were 
transformed into DH5α cells. Colony restriction digestion was performed using BamHI 
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and MscI restriction enzymes and successful colonies containing a 300 bp band were 
analysed for sequencing using the MscI-B2m-rev primer. 
 

3.4.3 Single nematode PCR 
 
5 µL of nematode lysis buffer (100 µg/mL proteinase K, 50mM KCl, 10 mM Tris pH8.3, 2.5 
mM MgCl2, 0.45% (v/v) NP-40, 0.45% (v/v) Tween-20, 0.01% (w/v) gelatin) was added to 
the bottom of a PCR tube. Between 5-10 nematodes were picked directly into the tube with 
lysis buffer. Nematodes were frozen at -80°C. Nematodes were lysed and genomic DNA 
released by heating the tube to 65°C for 60 minutes, then proteinase K was inactivated by 
heating to 95°C for 15 minutes.  
 
Standard PCR procedure was performed on the resultant DNA, where the following 

reagents were added to a PCR tube: 5 µL 10X Taq buffer; 1.25 µL BamHI-b2m forward 

primer (Table 3.2); 1.25 µL MscI-b2m reverse primer (Table 3.2); 1 µL dNTPs; 0.5 µL Taq 
polymerase; 0.5 µL Template DNA; 40 µL dH20. The reaction was run on a thermocycler 
at 95°C for 5 minutes. Then 35 cycles of amplification at 95°C for 30 seconds, 58°C for 30 
seconds and 72°C for 30 seconds was performed. The reaction was then run at 72°C for 5 
minutes and kept at 4°C until further use. The resultant amplified DNA was run on an 
1% (w/v) agarose gel and analysed for successful 300bp DNA bands. 
 

Gene Sequence 

BamHI-B2m-for AAAGGATCCATTCAAAGAACTCCAAAAATTC 

MscI-B2m-rev AAATGGCCATTACATGTCTCGATCCCACTTA 

SalI-signalpeptide 
B2m-for 

TCGACAAAAATGTCTCGCTCCGTGGCCTTAGCTGTGGCCTTA 
GCTGTGCTCGCGCTACTCTCTCTTTCTGGCCTGGAGGCTG 

BamHI-
signalpeptide 

B2m-rev 

GATCCAGCCTCCAGGCCAGAAAGAGAGAGTAGCGCG 
AGCACAGCTAAGGCCACGGAGCGAGACATTTTTG 

Table 3.2 Primer sequences used in Chapter 3 
 

3.4.4 Soluble/insoluble protein fractionation 
 
Animals were aged to day 1 or day 8 adults using FUdR plates (Chapter 2.1.4). Nematodes 
were collected using M9 buffer, and resuspended in lysis buffer (20 mM Tris, pH 7.5, 10 
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mM b-mercaptoethanol, 0.5% (v/v) Triton X-100, complete protease inhibitor (Roche)). 
Extracts were shock frozen in liquid nitrogen, and the frozen nematode pellet was ground 
using a motorized pestle, then lysed on ice in the presence of 0.0025 U/mL benzonase 
(Sigma). Lysates were centrifuged at 1000 rpm for 1 min in a tabletop centrifuge and the 
supernatant was extracted. 2% (v/v) N-Lauroylsarcosine was added to the supernatant 
and was ultracentrifuged at 100,000 g for 1 hour at 4°C. The supernatant was removed, 
and the resulting pellet was resuspended in the same volume of dH2O as the supernatant. 
 

3.4.5 Silver-Stain 
 
Nematode extracts were run on an 4-20% (w/v) SDS-PAGE gel (BioRad). The gel was fixed 
in solution A (50% (v/v) ethanol, 10% (v/v) acetic acid) for 30 minutes, then incubated in 
solution B (5% (v/v) ethanol, 1% (v/v) acetic acid) for 15 minutes on a gentle rocker. The 
gel was washed in dH2O three times for 5 minutes, and then incubated in solution D (0.02 
g sodium thiosulphate in 100 mL dH2O) for 2 minutes while gently rocking. The gel was 
washed again in dH2O three times for 30 seconds, then incubated in solution E (0.2 g silver 
nitrate, 75 µL formaldehyde in 100 mL dH2O) for 20 minutes. After three washes in dH2O 
for 20 seconds, the gel was developed in solution F (6 g sodium carbonate, 50 µL 
formaldehyde, 0.2 mL solution C in 100 mL dH2O) until protein bands could be visualised 
and the reaction was stopped using solution G (5% (v/v) acetic acid). The gel was then 
stored in dH2O and imaged.  
 

3.4.6 Western blot 
 
Nematodes were collected and lysed on ice using a motorised pestle in lysis buffer (150mM 
NaCl, 50 mM Tris pH 7.4, 1 mM EDTA, 0.1% (v/v) NP-40). Extracts were centrifuged at 
13,000 rpm for 1 minute to pellet the carcasses and the supernatant collected. The protein 
extract was run on a 10% (w/v) Tris-Tricine gel and proteins were electro-transferred to 
0.22 µM nitrocellulose membranes. The blots were blocked using 5% (w/v) milk overnight, 
washed four times in PBS/Tween (0.1%) for 5 minutes, then probed with primary anti-
human β2m rabbit polyclonal antibody (Dako) at a 1:1000 (v/v) dilution in PBS/Tween 
(0.1%) and 1% (v/v) milk for 2 hours. Blots were washed then probed with 1:10000 (v/v) 
dilution HRP-conjugated goat anti-rabbit secondary antibody for 1 hour. Blots were 
developed using ECL (Fisher) and images were exposed onto film. 
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Methods for the following experiments can be found in the Methods chapter (Chapter 2): 
C. elegans maintenance  Chapter 2.1 
Developmental assay   Chapter 2.2.1 
Fecundity assay    Chapter 2.2.2 
Lifespan    Chapter 2.2.3 
Paralysis assay   Chapter 2.2.4 
Thrashing assay   Chapter 2.2.5 
Thermotolerance   Chapter 2.2.6 
ER stress     Chapter 2.2.7 
Immunostaining   Chapter 2.3.1 
X-34 staining    Chapter 2.3.2 
RT-qPCR    Chapter 2.4 
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3.5 Results 
 
3.5.1 Generation of a b2-microglobulin-expressing C. elegans strain 
 
To study the aggregation of b2m and the effects of its proteotoxicity in vivo, three new 

strains of C. elegans expressing different variants of b2m were generated, including wild 

type human b2m, the single point familial mutation D76N and the N-terminal 6aa 
truncated variant ΔN6. For this, the C. elegans expression vector pPD95_75 (Addgene, 
Fire Lab) which contains a GFP sequence positioned upstream of the C. elegans unc-54 
3’UTR was used. The C. elegans body wall muscle promoter sequence myo-3p followed by 
the b2m variant sequences was cloned upstream of the GFP sequence in order to direct 

expression of the C-terminally tagged b2m proteins to the muscle of the animal (Figure 

3.2a). Expression of b2m variants in the body wall muscle allows the measure of toxicity 
based on locomotion phenotypes. In addition, the signal peptide sequence of the protein 
was included in the transgene to secrete the protein, in order to replicate the natural 
environment of aggregation in extracellular tissue.  
 

The myo-3p::b2m::GFP transgene was microinjected into wild type (N2) C. elegans 
animals, along with a myo-2p::RFP co-injection marker that causes the expression of RFP 
in the pharynx of animals. Extra-chromosomal lines were established; however, only the 
co-injection marker was observed and no GFP fluorescence could be observed in the body 
wall muscle of the animals (Figure 3.2b). To investigate whether the resulting transgenic 
nematodes did indeed contain the b2m::GFP transgene, mRNA levels of b2m and GFP were 

measured using quantitative real time PCR (qRT-PCR). An 80-fold upregulation in b2m 
expression and a 40-fold upregulation in GFP expression compared with the wild type (N2) 

control strain was observed in the transgenic myo-3::b2m::GFP strain (Figure 3.2c), 
confirming the presence of the transgene in the animals.  
 
To validate whether the transgene contained the correct sequence for either the myo-3p 
body wall muscle promoter or the GFP fluorescent tag, a new vector was created whereby 
the human b2m and signal sequence was removed. This generated a transgene containing 

the GFP sequence under the control of the myo-3p promoter (myo-3p::GFP) (Figure 3.2d). 
Microinjection of this transgene vector in C. elegans resulted in the expression of GFP in 
the body wall muscle of the animal and was clearly observed when imaged (Figure 3.2e). 
It was postulated that as protein folding is essential for the chromophore formation and 
fluorescence of GFP, the absence of GFP fluorescence observed in b2m fused to C-terminal 
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GFP could be due to improper folding of the b2m-GFP fusion protein. Furthermore, the 

large GFP tag (~27 kDa) on the relatively small protein b2m (~11 kDa) could affect the 

folding and aggregation potential of b2m in this in vivo environment. 

 
As GFP could not be visualised when a b2m::GFP fusion protein transgene was expressed 

under the control of the body wall muscle promoter myo-3p (Figure 3.2b), the b2m 
expression construct was redesigned. A new construct without the GFP tag was 
engineered, which contained the human wild type b2m signal peptide followed by a variant 

of b2m (WT, D76N or ΔN6) under the control of the body wall muscle specific promoter 
myo-3p (Figure 3.3). Firstly, the GFP transgene was removed from the vector pPD95_75 
using the AgeI and EcoRI restriction sites. Using the HindIII and SalI restriction sites the 
myo-3p body wall muscle promoter was then cloned into the vector. The resultant vector 

was then subjected to SalI and BamHI treatment and the human wild type b2m signal 
peptide sequence was ligated into the vector. Finally, the BamHI and MscI restriction 

sites were utilised to clone in one of three b2m variants (Figure 3.3a and 3.3b). Three 

different variants of b2m (WT, D76N and ΔN6) were chosen to be expressed in C. elegans 
in order to further understand the relationship of protein aggregation and toxicity. The 

three b2m transgenes (Figure 3.3b) were microinjected into wild type C. elegans, and stable 
extrachromosomal lines were established for each expressed transgene using the myo-

2p::RFP co-injection marker. 
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Figure 3.2 Generation of a transgene expressing b2-microglobulin tagged with Green 
Fluorescent Protein (GFP). 
A) Schematic of the transgene myo-3p::b2m::GFP, designed to express human wild type b2m tagged 
with GFP under the control of the body-wall muscle promoter myo-3p. b2m ss = b2m signal sequence 
B) Representative confocal image of C. elegans expressing the transgene myo-3p::b2m::GFP. 
Expression of the co-injection marker myo-2p::RFP is highlighted, as well as fluorescence in the 
intestine of the animal produced by the autofluorescence of fat granules. C) Transcript levels of b2m 
or GFP in the myo-3p::b2m::GFP strain compared with a wild type (N2) control. D) Schematic of the 
transgene of myo-3p::GFP, where the fluorescent protein GFP in under control of the body wall 
muscle promoter myo-3p. E) Representative confocal image of C. elegans expressing the transgene 
myo-3p::GFP. Images were collected using the LSM880 Confocal Zeiss Microscope. 
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Figure 3.3 Generation of plasmids for the expression of β2m in the body wall muscle of C. elegans. 
A) Cloning strategy for the generation of a plasmid encoding variants of β2m under the control of the body wall muscle promoter myo-3p. The promoter 
myo-3p was cloned into the HindIII and SalI restriction sites of the pPD95_75 C. elegans vector. The resulting constructs were digested with SalI and 
BamHI and the signal peptide of β2m was cloned in. cDNA of the human WT β2m, D76N β2m or ∆N6 β2m were then cloned into the BamHI and MscI 
sites to generate the WT β2m, D76N β2m and ∆N6 β2m transgenes. B) WT β2m, D76N β2m and ∆N6 β2m transgenes generated for the expression of β2m 
in C. elegans. C) WT β2m, D76N β2m and ∆N6 β2m with the human b2m signal peptide amino acid sequences. The signal peptide amino acid sequence 
(1-20) is highlighted in green. Any differences between the amino acid sequences are highlighted in grey. Mutations between the amino acid sequences 
are in red. 
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3.5.2 Genotypic characterisation of b2m-expressing C. elegans strains 
 
The transgenic b2m strains were first confirmed for the expression of the b2m transgene 
through quantitative RT-PCR and single nematode PCR methods (Figure 3.4). 
Quantitative RT-PCR against the b2m gene revealed an upregulation of ~13,000-fold, 

~4,000-fold and ~2,000-fold in the WT b2m, D76N b2m and ΔN6 b2m strains respectively, 
compared with the N2 control that does not express the transgene (Figure 3.4a). A strain 
expressing the myo-2p::RFP co-injection marker only (marker control; MC) was generated 
as an additional control. As expected, an upregulation of the b2m transgene was not 
observed in marker control animals compared with wild type (N2) animals (Figure 3.4a). 
Next, single nematode PCR was performed on transgenic strains to further validate these 

results.  Using primers (Table 3.2)  for the full length b2m gene and signal peptide 

sequence, the expected ~360bp (WT b2m or D76N b2m) or ~340bp (DN6 b2m) product was 
observed in the corresponding strains (Figure 3.4b), but not in the control strains,  N2 and 

MC (Figure 3.4b). Taken together, these results indicate that the b2m transgene is 

transcribed in the newly generated C. elegans strains expressing WT, D76N or DN6 b2m. 
 

 
 

Figure 3.4 Confirming b2m gene expression in transgenic C. elegans 
A) RT-qPCR of adult transgenic animals transfected with the marker control (MC) or vectors for 
the expression of WT β2m, D76N β2m or ∆N6 β2m compared with a wild type (N2) control. Data 
represent the mean of three independent experiments. Error bars = SEM. B) PCR confirmation of 
adult transgenic animals expressing WT β2m, D76N β2m or ∆N6 β2m compared with wild type (N2) 
and MC control nematodes expressing the myo-2p::mCherry co-injection marker only. Single 
nematode PCR was performed on each strain using primers encompassing the signal peptide and 
full-length sequence. The expected size of the PCR product was 360bp (WT β2m and D76N β2m) or 
342bp (∆N6 β2m).  
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3.5.3 Expression of b2m in C. elegans causes age-dependent protein aggregation 
 
As expression of the WT b2m, D76N b2m or DN6 b2m transcripts was observed in the new 
transgenic lines, next protein expression was assessed. For this, nematode lysates from 
the corresponding strains were prepared and analysed by western blot methods using 

polyclonal anti-human b2m antibody (Dako). In the control N2 and marker control strains, 

b2m protein expression was not observed (Figure 3.5a). By contrast, b2m protein was 

detected in all three b2m variant-expressing strains (Figure 3.5a). The amount of b2m 

detected was considerably higher in the WT b2m lysates and D76N b2m than the ΔN6 b2m 

samples. This indicates that steady-state WT b2m and D76N b2m protein expression is 

higher than the ΔN6 variant and could suggest potential degradation of DN6 b2m protein 

(Figure 3.5a). Furthermore, recombinant protein samples of WT b2m, D76N b2m and DN6 

b2m (gift from the Radford lab) which do not contain the signal sequence were used as a 

positive control alongside the nematode protein extracts (Figure 3.5a). Because the b2m 
variants of the recombinant protein samples and the nematode protein extracts are 
observed at the same molecular weight on the western blot (Figure 3.5a), this indicates 

that b2m detected in the lysates does not contain the signal sequence and suggests it is 
cleaved. 
 

As b2m has been shown to aggregate and form toxic species over time in vitro (Karamanos 
et al., 2019; Sarell et al., 2013b) and in vivo (Diomede et al., 2012; Faravelli et al., 2019), 
the amount of b2m protein that is soluble or insoluble was assessed throughout aging in 

C. elegans. Nematode lysates of age-synchronised day 8 adults of wild type (N2), WT b2m 

and D76N b2m expressing animals were prepared and separated into insoluble and soluble 

fractions by ultra-centrifugation. b2m protein levels in each fraction were then assessed 

by western blot. b2m was detected in the soluble fraction of WT b2m animals, and a low 

amount of b2m protein was also present in the insoluble fraction (Figure 3.5b). A larger 

proportion of D76N b2m protein was found in the insoluble fraction of D76N expressing 

nematodes compared with WT b2m (Figure 3.5b and 3.5e). The presence of more D76N 

b2m protein in the insoluble fraction could be a reflection of increased protein aggregation 

of this variant in vivo. D76N can readily aggregate into oligomeric and fibrillar species in 

vitro, while WT b2m does not aggregate under physiological conditions in vitro (Mangione 

et al., 2013), and therefore the observation of a higher amount of aggregated b2m species 

are observed when D76N is expressed in vivo correlates with the protein’s behaviour in 

vitro. Further experiments to detect the amount of b2m in soluble and insoluble fractions 
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in the ΔN6-expressing strain should also be performed in order to compare between 
strains. 
 

Next, whether the expression of b2m variants affected aggregation of endogenous proteins 
in C. elegans in an age-dependent manner was assessed. For this, soluble and insoluble 

fractions of day 1 and day 8 adults of each the b2m-expressing strains and two controls 
(N2 and MC), were prepared and examined using SDS-PAGE. Silver staining was used to 
visualise the total amount of protein present in each sample. The density of protein in the 
insoluble and soluble fractions of each sample was analysed in ImageJ, and the proportion 
of insoluble protein was calculated by dividing the density of the insoluble sample by the 
combined density of the insoluble and soluble samples [density of insoluble]/[density of 
soluble + density of insoluble] to achieve the ratio of insoluble protein in the sample. At 
day 1 of adulthood, a lower proportion of total protein was found in the insoluble fraction 
of the lysate than the soluble fraction of all samples (Figure 3.5c and 3.5f). At day 8 of 
adulthood however, a larger proportion of protein was detected in the insoluble fraction of 

lysates prepared from D76N b2m (0.64 ±0.13) and ΔN6 b2m (0.60 ±0.08) expressing animals 
compared with N2 day 8 adults (Figure 3.5d and 3.5f). In contrast, lysates prepared from 

WT b2m expressing animals showed a similar ratio of total protein present in the insoluble 
day 8 fractions compared with N2 day 8 adults (0.51 ±0.07 compared with 0.48 ±0.11). 

These results suggest that expression of the D76N b2m and ΔN6 b2m variants are causing 

widespread endogenous protein aggregation. Although expression of b2m is higher in WT 

b2m-expressing animals (Figures 3.4 and 3.5a), this protein remains soluble until old age 
(day 8 of adulthood) (Figure 3.5b) and leads to little aggregation of endogenous total 
protein in vivo during aging (Figure 3.5c and 3.d). This is consistent with in vitro 

observations demonstrating that D76N b2m and ΔN6 b2m are more highly amyloidogenic 
(Eichner et al., 2011; Mangione et al., 2013). The analysis of total protein content in the 
soluble and insoluble fractions clearly provides an insight into the possible effects of β2m 
aggregation in vivo and during aging. 
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Figure 3.5 Expression of β2m causes age-dependent aggregation in C. elegans. 
A) Western blot of day 1 adults wild type (N2), marker control (MC), WT β2m, D76N β2m and ∆N6 
β2m transgenic C. elegans strains alongside recombinant samples of WT β2m, D76N β2m and DN6 
β2m (Gift from Radford lab). Whole nematode extracts of day 1 adults were immunoblotted with 
polyclonal anti-human β2m antibody (Dako) and anti-human tubulin antibody (Invitrogen). B) 
Western blot of the soluble and insoluble fractions of wildtype (N2), WT β2m and D76N β2m 
transgenic C. elegans strains. Nematode extracts of 8-day old adults were collected and 50 µg of 
protein was ultracentrifuged for 100,000 g. The soluble fraction (s) and insoluble fraction (i) were 
immunoblotted with a polyclonal anti-human β2m antibody (Dako) and anti-human tubulin 
antibody (Invitrogen). C and D) Silver stain of the soluble and insoluble fractions of day 1 (C) and 
day 8 (D) adult nematodes. Samples were run as detailed in B) and stained using silver nitrate and 
imaged. E) Quantification of protein levels collected in B. Gels were analysed in ImageJ and data 
represents density of indicated bands normalised to the density of tubulin detected (n=1). F) 
Quantification of total protein levels in C and D. Density of lanes were analysed in ImageJ, and 
fraction of insoluble protein calculated using [density of insoluble]/[density of soluble + density of 
insoluble] (n=3). P-values represent significance compared with Day 8 N2 extracts. p*<0.05; 
p**<0.001 
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3.5.4 Localisation of b2m protein could not be determined in b2m-expressing 
transgenic animals 

 
As b2m protein was detected in the transgenic b2m-expressing strains (Figure 3.5a), the 

location of the protein throughout the animal was next questioned. To achieve this, wild 
type (N2), WT b2m- and D76N b2m- expressing animals were fixed and immunostained 

using an antibody against human b2m (Dako). However, the antibody appeared to bind 

non-specifically, as a fluorescence signal was observed in wild type (N2) animals (Figure 
3.6a). This inconclusive staining is in contrast with the previous WT b2m- and DN6 b2m-

expressing models that have been produced; where staining was shown in the vulva and 
anal sphincter in WT b2m-, P32G b2m- and ΔN6 b2m-expressing animals, but consistent 
with the previous D76N models where staining could not be observed (Diomede et al., 
2012; Faravelli et al., 2019).   
 
Previous transgenic C. elegans models expressing amyloidogenic proteins have used 
amyloid binding dyes to both confirm the presence of amyloid fibres and visualise the 
localisation of the deposits in the animal (Link et al., 2001; Olzscha et al., 2011). Here, the 
amyloid binding dye X-34 (Sigma) was used to locate amyloid deposits in the b2m-

expressing strains. Due to the short excitation and emission wavelength of this dye, a lot 
of autofluorescence was observed throughout wild type (N2) animals, in particular in the 

intestine (Figure 3.6b). Transgenic C. elegans expressing WT b2m displayed a similar 
pattern of fluorescence to wild type (N2) animals, suggesting there is little amyloid 

deposition in the animal. However, in transgenic animals expressing D76N b2m, the 
presence of foci was observed surrounding the pharyngeal bulb. This could represent the 
deposition of amyloid in the muscle tissue; however, as some foci were also observed in 
wild type (N2) animals (Figure 3.6b) this is not conclusive. As inconclusive 

immunostaining and X-34 images were obtained for both WT b2m- and D76N b2m-

expressing animals, staining and imaging of marker control (MC) or DN6 b2m-expressing 
animals was not further explored.  
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Figure 3.6 Localisation of β2-microglobulin in β2-microglobulin expressing transgenic 
strains. 
A) Representative confocal microscopy images of day 1 adult wild type (N2), WT b2m- and D76N 
b2m-expressing transgenic strains immunostained with anti-b2m antibody (Dako) and anti-rabbit 
Alexa-647. Images shown are for 10X, 20X and 40X, and depict immunofluorescence and overlay of 
bright field and immunofluorescence. B) Representative images of X-34 staining of day 4 adult wild 
type (N2), WT b2m- and D76N b2m-expressing transgenic animals. Immunofluorescence images, 
bright field images and overlay are depicted. White arrows indicate foci. All images were obtained 
using a Zeiss LSM880 confocal microscope. 
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3.5.5 Expression of D76N b2m and ΔN6 b2m variants but not WT b2m in C. elegans 
causes a developmental delay and reduces lifespan 

 
Expression of D76N and DN6 b2m in C. elegans correlated with an increase in age-

dependent aggregation in vivo (Figure 3.4), reflecting the increased aggregation 
propensity of these proteins in vitro (Esposito et al., 2000; Mangione et al., 2013). 
Therefore, it was questioned whether this increased protein aggregation also correlated 
with increased toxicity. For example, fibrillar β2m has been shown previously to be 
proteotoxic to human SH-SHY5Y cells when added extracellularly (Jakhria et al., 2014; 
Xue et al., 2009).  To investigate whether expression of β2m in C. elegans causes 
organismal toxicity, the development and lifespan of the C. elegans models was first 
explored. 
 
To assess whether expression of β2m variants caused a developmental delay, the 
developmental stage of animals was recorded 65 hours after eggs were laid. At this time 
point the majority of wild type (N2) animals were adults and only 6.8 ±2.0% of animals 
were at the L3-L4 stage of development (Figure 3.7a). The marker control (MC) strain did 
not significantly affect the development of the animals compared with wild type (N2), 
where 8.4 ±2.3% of animals also remained in the L3-L4 stage after 65 hours. Remarkably, 
the expression of either of the highly amyloidogenic proteins D76N β2m or ΔN6 β2m 
resulted in a delay in the percentage of animals reaching adulthood, whereby 22.7 ±2.0% 
and 32.3 ±4.6% of animals respectively did not reach adulthood 65 hours after hatching 
(Figure 3.7a) compared with just 6.8 ±2.0% of wild type (N2) animals that were not adults 
after 65 hours. Interestingly, expression of WT β2m did not significantly affect the 
development of the animals compared with the wild type (N2) control. Thus, these 
observations indicate that expression of D76N β2m or ΔN6 β2m impair the development of 
C. elegans, while expression of the less amyloidogenic variant WT β2m did not affect this 
phenotype in the animals.  
 
As the development of animals expressing either D76N β2m or ΔN6 β2m was delayed, it 
was hypothesised that the fecundity of the animals could also be affected. To test this, the 
number of eggs laid each day was analysed for 4 days after the appearance of the vulva. 
In the wild type (N2) and marker control strains, on average ~200 eggs and ~190 eggs 
respectively had been laid after 96 hours (Figure 3.7b). By contrast, animals which 
expressed either WT β2m, D76N β2m or ΔN6 β2m had laid a significantly fewer of eggs 
(~140 eggs after 96 hours) than the wild type (N2) control (Figure 3.7b). These results 
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indicate that the expression of WT β2m, D76N β2m or ΔN6 β2m causes a decrease in 
fecundity in C. elegans. It is however not clear whether the reduced fecundity is the result 
of a reduced brood size or whether this was due to a deficient vulval muscle, resulting in 
reduced egg-laying.   
 
Developmental and egg laying deficiencies provide a picture of the early-stage 
consequences of expression of β2m variants. Earlier in this chapter, it was demonstrated 

that protein aggregation was present in aged D76N b2m- and DN6 b2m-expressing animals 

(Figure 3.5). Whether D76N b2m and DN6 b2m variants also affected the survival and long-
term lifespan of the animals was also investigated. Lifespan experiments were therefore 

conducted on b2m-expressing transgenic strains and control animals (N2 and MC). Wild 
type (N2) nematodes lived for a maximum of approximately 37 days and had a mean 
lifespan of 18.70 ±0.58 days (Figure 3.7c and 3.7d). This was similar to the strains 
expressing either the marker control (MC) or WT β2m where the mean lifespan was 17.55 
±0.53 and 17.76 ±0.70 respectively, and a maximum lifespan of 33 days was observed in 
both strains. A significant decrease in mean lifespan was observed in animals expressing 
the β2m variants D76N or ΔN6 compared with the wild type (N2) strain, where the mean 
lifespan was 13.81 ±0.59 and 13.87 ±0.80 respectively (Figure 3.7c and 3.7d). These results 
indicate that the expression of D76N β2m or ΔN6 β2m reduces lifespan, while the 
expression of WT β2m does not affect the survival of animals. 
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Figure 3.7 Expression of β2m variants leads to a developmental delay and reduces 
lifespan. 
A) Development of WT β2m, D76N β2m and ΔN6 β2m-expressing transgenic nematodes compared 
with wild type (N2) and marker control (MC) nematodes 65 hours after eggs have been laid. Data 
are expressed as the percentage of total nematodes on the plate at each developmental stage. Three 
independent experiments were performed (n=100 animals per experiment). **p<0.005 ***p<0.001 
B) Number of eggs laid by wild type (N2), marker control (MC), WT β2m, D76N β2m and ΔN6 β2m 
transgenic C. elegans 24, 48, 72 and 96 hours after the appearance of the vulva. Three independent 
experiments were performed (n=30 animals per experiment).C) Survival curves of wild type (N2), 
marker control (MC), WT β2m, D76N β2m and ΔN6 β2m transgenic C. elegans. Adults were placed 
on seeded NGM plates (Chapter 2.1.1) from L4 stage, cultured at 20°C and transferred every other 
day. Survival rate was scored and expressed as percentage survival. Plots are representative of 
three independent experiments (n=80). D) Mean lifespan of wildtype (N2), marker control (MC), 
WT β2m, D76N β2m and ΔN6 β2m transgenic C. elegans. Data from C) were analysed using OASIS 
2 (Han et al., 2016) and mean lifespan, standard error, p-value and age in days at 25%, 50%, 75%, 
90% and 100% mortality is displayed. P-value represents significance compared with the wild type 
(N2) control strain, ns. = not significant, **** p<0.0001 
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3.5.6 Expression of b2m in C. elegans in the body wall muscle reduces motility 
 
Expression of D76N b2m and ΔN6 b2m in the body wall muscle delays development and 
reduces fecundity and lifespan, suggesting that the expression of these proteins are toxic 

at an organismal level. As b2m was expressed in the body wall muscle of the animals, an 

obvious phenotype of toxic damage from the expression of WT b2m, D76N b2m or ΔN6 b2m 

would be in the movement of the animals. To address this, the paralysis of transgenic 
animals was monitored for 8 days. Wild type (N2) animals displayed an age-dependent 
increase in paralysis, whereby ~10% of animals were paralysed at day 8 of adulthood 

(Figure 3.8a). In animals expressing either the marker control (MC) or WT b2m, ~15% of 
animals were observed to be paralysed after 8 days, which was not significantly different 
to the wild type (N2) control  (Figure 3.8a). In nematodes expressing D76N b2m, 30% of 

animals were paralysed at day 8 of adulthood, a significant increase of 20% compared with 
wild type (N2) animals (Figure 3.8a). Interestingly, animals that expressed the 6 amino 

acid truncated variant of human b2m, ΔN6, started to paralyse at day 2 of adulthood, and 
displayed a significantly higher percentage of paralysed animals (~30%) at day 8 of 
adulthood compared with the wild type (N2) control (Figure 3.8a). These observations 
suggest that expression of D76N and ΔN6 are proteotoxic to muscle cells, leading to muscle 
cell collapse and increased paralysis in the animals. 
 
From these observations it can be postulated that expression of either D76N b2m or ΔN6 

b2m reduces locomotion in an age-dependent manner. To explore this further, whether 
expression of these proteins also impairs the frequency of body bends throughout aging 
was assessed. While the percentage of paralysed animals can provide information on the 
total muscle cell collapse occurring in a population, the frequency of body bends will 
disseminate more subtle changes and damage to muscle cells. The number of body bends 
per second (BBPS) an animal could perform in M9 media was analysed at days 1 and 8 of 
adulthood to distinguish age-related effects of expression of the proteins. Wild type (N2) 
and marker control (MC) animals displayed an average of 1.12±0.05 and 1.07±0.07 BBPS 
in day 1 adults, and this decreased to 0.90 ±0.05 BBPS and 0.85 ±0.06 BBPS respectively 

in day 8 adults. Animals which expressed either WT b2m or D76N b2m in the body wall 
muscle performed on average 1.27 ±0.04 and 1.07 ±0.08 BBPS at day 1 of adulthood, which 
was not significantly different to wild type (N2) animals. In contrast at day 8 of adulthood 

WT b2m or D76N b2m animals displayed a significantly decreased thrashing rate of 0.65 

±0.04 BBPS and 0.56 ±0.08 BBPS respectively (Figure 3.8b). Expression of ΔN6 b2m in C. 
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elegans displayed a slightly decreased number of BBPS (0.93 ±0.10) compared with wild 
type animals (N2) at day 1 of adulthood, although this was not significant. At day 8 of 
adulthood, however, animals expressing ΔN6 b2m displayed 0.18 ±0.04 BBPS, a significant 

a decrease compared with the wild type (N2) control (Figure 3.8b). These results indicate 
that the expression of either ΔN6 b2m and to a lesser extent WT b2m and D76N b2m in the 
body wall muscle of C. elegans leads to muscle damage and suggests an association with 
the aggregation of the proteins to the proteotoxic effects observed. This is consistent with 

previous research, whereby expression of either WT b2m, D76N b2m or ΔN6 b2m in C. 

elegans was associated with a decrease in the thrashing rate of the animals (Diomede et 
al., 2012; Faravelli et al., 2019). Taken together the results displayed in Figures 3.8a and 
3.8b indicate that expression of D76N b2m and ΔN6 b2m cause strong proteotoxicity to 

muscle cells. Expression of WT b2m is associated with only a mild thrashing phenotype, 

suggesting a milder proteotoxic effect of this protein.  
 

 
 
Figure 3.8 Locomotion phenotypes of β2m-expressing C. elegans strains. 
A) Paralysis assays of C. elegans expressing either WT β2m, D76N β2m, ΔN6 β2m or the marker 
control (MC) compared with wild type (N2) animals at 20°C. Paralysis data represents the SEM of 
3 independent biological repeats (n=100 animals). Statistical significance was determined using 
the Wilcoxon matched-paired signed rank test. *p<0.05 B) Thrashing rates of wild type (N2), 
marker control (MC), WT β2m, D76N β2m and ΔN6 β2m transgenic C. elegans at day 1 and day 8 of 
adulthood. Data represent the number of full body bends per second (BBPS) in M9. Three 
independent experiments were performed (n=20 animals). Data are given as a mean of the number 
of body bends per second ±SEM. A student’s t test was used to assess significance: **p<0.01, 
***p<0.005 
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3.5.7 C. elegans expressing variants of b2m have reduced stress survival 
 
The proteostasis network (PN) has several stress response pathways to cope with the 
increased burden of misfolded and aggregated proteins throughout aging and acute 
environmental stresses (Åkerfelt et al., 2010; Hipp et al., 2019; Tyedmers et al., 2010). 
Two of these stress response pathways are the heat shock response (HSR) and the 

unfolded protein response of the ER (UPRER). Because expression of D76N b2m or ΔN6 b2m 

led to proteotoxicity compared with wild type (N2) and WT b2m-expressing animals, 
whether the impairment of these stress responses could be responsible at least in part for 
this effect was next explored.  
  
The ability of animals to cope with heat stress was first investigated. Control strains (N2) 
and marker control (MC) displayed a survival rate of 30 ±2.9% and 27 ±0.5%, respectively, 
after a 6-hour heat shock at 35°C (Figure 3.9a). In comparison, nematodes expressing WT 
b2m and D76N b2m exhibited a survival rate of 15 ±1.5% and 9 ±1.5%, respectively (Figure 

3.9a). Interestingly, the expression of ΔN6 b2m did not significantly affect the survival of 

the animals compared with wild type (N2) animals, where 24 ±4.9% of animals survived 
heat shock treatment (Figure 3.9a). This shows that expression of WT b2m and D76N b2m 

affects the ability of animals to deal with heat stress and could indicate a different 
mechanism of toxicity between these b2m variants and nematodes expressing ΔN6 b2m. 
 

 
Figure 3.9 β2m-expressing strains have a reduced capacity to thermal stress 
A) Survival rates of wild type (N2), marker control (MC), WT β2m, D76N β2m and ΔN6 β2m strains 
after thermal stress. Day 1 adults were placed onto seeded OP50-1 and incubated at 35°C for 6 
hours. Animals were left to recover for 16 hours and scored for survival. Three independent 
experiments were performed (n=50 animals per experiment). Error bars indicate ±SEM. A student’s 
t test was used to assess significance **p<0.005 ***p<0.001 ns. = not significant  
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As the expression of WT b2m and D76N b2m affected the ability of animals to deal with 
heat stress, it was next investigated whether other stress response pathways could also 

be affected in these animals. In particular, all the b2m variants contain a signal peptide 
to direct the protein to be secreted via the ER (Figure 3.2), and this is cleaved in our models 
indicating that the protein is entering the ER (Figure 3.5). Therefore, the UPRER pathway 
could be affected. This was investigated by treatment with tunicamycin, an inhibitor of N-
linked glycosylation that induces ER stress (Taylor and Dillin, 2013). Wild type and 
marker control animals treated with 50 µg/mL tunicamycin cultures for 6 hours and 
showed an 86.3% (±0.850) and 86.4% (±2.365) survival rate respectively; when treated 
with tunicamycin for a longer 10-hour time period, these strains showed reduced survival 
rates at 81.6% (±1.212) and 80.2 (±4.416) respectively (Figure 3.9b). Although expression 
of either WT b2m or D76N b2m did not affect the survival of the nematodes after 6 hours 

incubation in tunicamycin compared with the wild type (N2) strain; when incubated for 
the longer 10-hour time period the percentage of animals surviving was significantly 
reduced to 62.1% (±6.775) and 58.4% (±4.726) respectively. Furthermore, ER stress 
survival was slightly but significantly decreased in ΔN6 b2m-expressing strains after both 

6 hours (79.4 ±1.027) and 10 hours (59.5 ±12.271) of tunicamycin treatment (Figure 3.9b). 
Together, these results indicate that expression of b2m affects the PN in the ER and 

disrupts the organism’s ability to deal with ER stress.  
 

The observation that expression of different variants of b2m disrupted the ability of the 

nematodes to cope with ER stress was intriguing. In order to gain further understanding 
of this phenomenon, expression of the ER resident Hsp70 chaperone, hsp-4, was explored.  
hsp-4 is a homolog of the ER Hsp70 chaperone BiP, and is upregulated upon ER stress in 
an IRE-1- and XBP-1- dependent manner (Calfon et al., 2002; Taylor and Dillin, 2013). 
Using quantitative RT-PCR, mRNA levels of hsp-4 were measured during basal conditions 
and during ER stress, using tunicamycin as a stressor (Figure 3.10). As expected, hsp-4 
transcript levels in the marker control strain (MC) were similar (0.947± 0.090) compared 
with the wild type (N2) control during basal conditions (Figure 3.10a). However, hsp-4 

transcripts were reduced to 0.641 (±0.039) in the WT b2m strain, 0.702 (±0.050) in D76N 

b2m expressing animals, and 0.506 (±0.069) in the DN6 strain compared with the wild type 
control strain (Figure 3.10a).  ER stress resulted in a 2.7-fold (±0.526) upregulation of hsp-

4 transcript levels in wild type (N2) animals and a 2.5-fold (±0.408) induction in the 
marker control strain compared with basal N2 hsp-4 transcript levels (Figure 3.10b).  hsp-

4 transcripts were induced 1.4-fold (±0.130) following ER stress in the DN6 strain, however 
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upon tunicamycin treatment no hsp-4 induction was observed in the WT b2m and D76N 

b2m strains (Figure 3.10b). This indicates that expression of b2m variants WT b2m and 

D76N b2m variants could impair the activation of UPRER in response to ER stress, which 

is also reflected by the reduced survival rates (Figure 3.10a). While the UPRER can be 
induced in DN6 expressing animals (Figure 3.10a), the magnitude of UPRER dependent 

hsp-4 induction is lower when compared with control animals (N2 and MC strains). It is 
nevertheless puzzling that animals expressing DN6 can induce hsp-4 following ER stress, 

whereas C. elegans expressing WT and D76N b2m cannot. Furthermore, the differences in 

effect of the b2m variants on hsp-4 induction indicates a possible different mechanism of 

toxicity between b2m variants, whereby expression of WT b2m and D76N b2m act to impair 

hsp-4 ER stress response while DN6 does not.  
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Figure 3.10 β2m-expressing strains have a reduced capacity to ER stress. 
A) Survival rates of wild type (N2), marker control (MC), WT β2m, D76N β2m and ΔN6 β2m strains 
after 6- and 10-hours ER stress. Day 1 adults were incubated in 50 µg/mL tunicamycin for either 6 
or 10 hours then recovered on plates for 16 hours, and survival was scored. Three independent 
experiments were performed (n=40 animals per experiment). Error bars represent mean ±SEM. B) 
Transcript levels of hsp-4 in day 1 adult marker control (MC), WT β2m, D76N β2m and ΔN6 β2m 
transgenic C. elegans compared with wild type (N2). Levels were measured through quantitative 
RT-PCR and are given relative to transcript levels in N2 animals, with error bars indicating mean 
±SEM. Three independent experiments were performed. C) Transcript levels for hsp-4 with (+) or 
without (-) tunicamycin treatment in day 1 adult marker control (MC), WT β2m, D76N β2m and 
ΔN6 β2m transgenic C. elegans compared with wild type (N2). Day 1 adult animals were incubated 
in 50 µg/mL tunicamycin cultures for 2 hours, RNA was extracted, and quantitative RT-PCR was 
performed. Transcript levels shown are relative to N2 animals, with error bars indicating mean 
±SEM. Three independent experiments were performed. Experiments were performed and data are 
displayed as in B). A student’s t test was used to assess all significance: *p<0.05 **p<0.001 ns. = 
not significant  
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3.6 Discussion 
 

Previous research has demonstrated the cytotoxic nature of the amyloidogenic protein b2m 
both in vitro (Karamanos et al., 2014; Scarponi et al., 2016) and in vivo (Diomede et al., 

2012; Faravelli et al., 2019). However, in vivo analysis of b2m toxicity at the organismal 

level is comparatively lacking. I set out to further understand the relationship of b2m 
aggregation and toxicity in vivo by generating three new C. elegans disease models 

expressing different variants of b2m in the body wall muscle of the roundworm nematode 
C. elegans. A correlation between the expression of the highly amyloidogenic variants 

D76N b2m and ΔN6 b2m, protein aggregation and toxic phenotypes in the animals was 

observed. In contrast, expression of WT b2m resulted in little toxicity and no protein 

aggregation. This is consistent with in vitro data demonstrating that WT b2m does not 
readily form amyloid fibres under physiological conditions in vitro (Chiti et al., 2001; 
Eichner et al., 2011). This suggests that the amyloidogenic propensity of the protein in 

vitro reflects the toxicity of the protein in an in vivo organismal animal model.    
 

3.6.1 The b2m-expressing transgenic models generated throughout this study 
display similar phenotypes to previous disease models 

 
In this chapter, a new transgenic C. elegans disease model expressing the naturally 
occurring b2m variant D76N b2m was described. Although a similar D76N b2m-expressing 
C. elegans disease model was generated previously, referred to as CPV27 (Faravelli et al., 
2019); the model in this thesis work differs from CPV27 in a number of ways. Firstly, in 

the model presented in this chapter, D76N b2m was directly expressed under the control 
of the body-wall muscle promoter. In comparison, the CPV27 strain used the smg inducible 

system and the authors of the study observed early stage lethality when D76N b2m was 
directly expressed. It would therefore be interesting to explore embryonic lethality in the 
D76N b2m-expressing strain generated in this chapter to explore whether this phenotype 

could also be observed. A possible explanation for the difference in complete embryonic 
lethality could be that the strain generated in this study expressed a lower copy number 

of the D76N b2m transgene than in the CPV27 strain, and therefore expressed a lower 
amount of protein which negated the embryonic lethality observed. Analysis of the CPV27 

strain also observed little b2m protein in the insoluble fraction of nematode lysates at day 
5 of adulthood (Faravelli et al., 2019) whilst the strain generated in this thesis contained 

an increased amount of b2m in the insoluble fraction at day 8 of adulthood (Figure 3.4). 

This could be due to differences in age and expression levels of D76N b2m in the two 
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models, therefore affecting the aggregation of the protein.  The phenotypes associated with 

CPV27 were however consistent with the phenotypes observed in the D76N b2m disease 
model of this study. These included reduced motility, lifespan and fecundity and thus 

indicate that expression of D76N b2m in vivo results in toxicity. 
 

3.6.2 Locomotion defects are associated with the expression of b2m in C. elegans 
 
Expression of amyloidogenic proteins in the body wall muscle of nematodes has been 
widely reported to cause motility defects shown through analysis of the frequency of body 
bends in animals, including in models expressing amyloid-b (Link, 1995; McColl et al., 

2012; Sorrentino et al., 2017), a-synuclein (Doherty et al., 2020; Hamamichi et al., 2008; 

van Ham et al., 2010; Van Ham et al., 2008), huntingtin (Brehme et al., 2014; Morley et 
al., 2002; H. Wang et al., 2009) and previously generated b2m models (Diomede et al., 2012; 

Faravelli et al., 2019). Consistent with the previous literature, the expression of WT b2m, 

D76N b2m and ΔN6 b2m also caused defects in the frequency of body bends in the animals. 
Therefore, the expression of these amyloidogenic proteins in the muscle is cytotoxic and 
could represent a generic mechanism of proteotoxicity across species.  
 

To further complement the thrashing rate analysis in all b2m-expressing strains, paralysis 
of the animals throughout aging was also monitored. Measurement of paralysed animals 
represents the end-point total collapse of the muscle cell, as opposed to muscle cell damage 
observed through measurement of the frequency of body bends. Animals expressing D76N 
b2m and ΔN6 b2m displayed increased paralysis during aging, which reflected the reduced 

thrashing rates. In contrast, WT b2m-expressing animals showed little paralysis 

throughout aging (Figure 3.8). The increased paralysis in both D76N b2m- and DN6 b2m-
expressing nematodes correlates with the increased protein aggregation in the same 
animals. This suggests that the age-dependent accumulation of aggregated species in 
these animals is cytotoxic. This is consistent with in vitro studies which positions both 

D76N b2m and DN6 b2m as highly amyloidogenic proteins (Eichner et al., 2011; Valleix et 
al., 2012)., and demonstrates a correlation between their ability to aggregate in vitro to 
their toxicity in vivo. 
 

In contrast, expression of WT b2m - although higher than D76N b2m- and significantly 

higher than in ΔN6 b2m-expressing animals (Figure 3.4 and Figure 3.5) – did not cause 
paralysis, suggesting there is less toxic damage occurring in this model. Further, an 
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increased amount of WT b2m protein aggregation was not observed in the insoluble 

fraction of aged animals (Figure 3.5). Therefore, it could be postulated that WT b2m may 
not be aggregating in this in vivo model, which is consistent with in vitro findings that WT 

b2m does not aggregate under physiological conditions (Eichner and Radford, 2009; 

Scarponi et al., 2016). Aggregation of WT b2m has been shown to require conversion to a 

partially unfolded state via lowering of pH or additives including collagen and 
glycosaminoglycans among others (Myers et al., 2006; Relini et al., 2008, 2006; Smith et 
al., 2020). Although both collagen and glycosaminoglycans are present in the basement 
membrane of the C. elegans muscle system (Hutter et al., 2000), the results here suggest 

that the in vivo environment in the WT b2m-expressing model is not sufficient to initiate 

aggregation. As 30% of ex vivo b2m deposits are made of ΔN6 b2m (Esposito et al., 2000), 

and ΔN6 b2m has been shown to induce WT b2m aggregation (Eichner et al., 2011), it might 

be interesting to generate a model that expresses both WT b2m and ΔN6 b2m to initiate 

WT b2m amyloidogenesis and fibril formation, and provide further insight into the 
aggregation of this protein in vivo.  
 

3.6.3 Expression of b2m in C. elegans causes cell non autonomous toxicity 
 
Expression of D76N b2m or ΔN6 b2m led to a developmental delay, while expression of WT 

b2m caused no developmental effect (Figure 3.7). This suggests that the aggregation of the 

amyloid proteins might be occurring early on in development. A similar effect on early 
stage development was also observed in the b2m variant strains generated by Diomede 
and colleagues, which they postulated to be caused by changes in mitochondrial efficiency 
(Diomede et al., 2012). Indeed, mitochondria have been shown previously to be a sensitive 
target of other amyloidogenic protein aggregates (Ashkavand et al., 2020; Eckert and 
Pagani, 2011; Sorrentino et al., 2017; Teo et al., 2019), and also play a crucial role in larval 
development (Tsang and Lemire, 2003). It would therefore be interesting to explore the 
role of oxidative stress and ROS species in the models generated in this chapter further 
and uncover whether animals have enhanced phenotypes under oxidative stress.  
 

As well as a developmental delay, the animals expressing b2m variants also produced a 
reduced number of eggs over 3 days (Figure 3.7b). Egg-laying in C. elegans is controlled 
by dopamine, whereby exposure to environmental toxins can cause changes in dopamine 
signalling, and alter fecundity or brood size in the animals (Weinshenker et al., 1995). 

Expression of b2m in C. elegans could therefore be disrupting this neuronal signalling 
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pathway and cause a reduction in the egg-laying capabilities of the strains. Furthermore, 
this response could be due to an effect in the vulval muscles, whereby eggs cannot be laid. 
This leads to a “bagging” phenotype in animals, as the eggs hatch inside the parent 
nematode.  To further explore whether this is occurring in the animals, the number of 
nematodes that display the “bagging” phenotype needs to be assessed in the strains. This 
would distinguish whether this phenomenon is due to reduced function of the vulval 
muscle, or it is indeed due to a reduced dopamine signalling. 
 

3.6.4 Widespread proteome aggregation occurs when D76N and DN6 b2m are 
expressed in C. elegans 

 
As organisms age, the protein quality control network that responds to stress associated 
with proteostasis becomes compromised (Ben-Zvi et al., 2009; Hipp et al., 2019; Ji et al., 
2020; Walther et al., 2015). This process is further exacerbated under increased 
proteostasis stresses, such as the expression of aggregation-prone proteins (Gidalevitz et 
al., 2006; Sui et al., 2020). Results in this chapter revealed the expression of the 

amyloidogenic proteins D76N b2m and ΔN6 b2m to correlate with increased global protein 
aggregation in aged animals (Figure 3.5). This is consistent with other studies in C. 

elegans demonstrating that expression of another amyloidogenic protein containing a 
polyglutamine expansion disrupts the global balance of the PN, and therefore animals 
display aberrant folding of the metastable protein paramyosin (Gidalevitz et al., 2006). 
Further, different proteotoxic stresses, such as expression of amyloidogenic proteins, 
modulation of chaperone expression and oxidative stress have been shown to induce highly 
specific proteome changes (Sui et al., 2020). Therefore, widespread proteome changes 

demonstrated in D76N b2m- and DN6 b2m-expressing nematodes could be responsible for 
the toxic phenotypes observed. It would therefore be interesting to explore and compare 

the differences in protein remodelling observed in D76N b2m- and ΔN6 b2m-expressing 
animals through proteomic analysis. This could potentially lead to further understanding 
in the differences in phenotypes observed in these strains.  
 

Although proteome changes and the presence of b2m was observed in the insoluble fraction 

of aged b2m-expressing strains (Figure 3.5), the nature of these aggregated species in the 

models is still yet to be determined. The majority of b2m cytotoxicity studies published to 

date have focussed on the proteotoxic nature of short b2m fibrils which have been shown 
to disrupt membranes and inhibit the endolysosomal pathway (Goodchild et al., 2014; 
Jakhria et al., 2014; Xue et al., 2009). Therefore, determining the species of aggregated 
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b2m formed in the transgenic strains could provide further insight into the toxic 

mechanisms by which b2m exerts its cytotoxicity. Attempts were made to stain the C. 

elegans b2m disease models with X-34, an amyloid-specific dye that binds to amyloid fibrils 

(Link et al., 2001); however, staining was not reproducible and inconclusive in the models 
(Figure 3.6b). Further research utilising anti-amyloid antibodies - such as WO1 
(O’Nuallain and Wetzel, 2002) - or anti-oligomer antibodies – such as A11 (Kayed et al., 

2007) - to immunoblot lysates of the b2m models generated in this study would be useful 
to provide a clearer picture of the mechanisms of toxicity observed. 
   
A major drawback of the data presented in this chapter was the lack of visualisation of 

b2m localisation in the animals. Western blot analysis using anti-b2m antibodies detected 

the presence of b2m in the strains (Figure 3.5). However, when using standard C. elegans 

immunostaining techniques, reproducible antibody staining of b2m in the animals could 
not be visualised (Figure 3.6a). This is in contrast with the previous studies expressing 

b2m variants, where staining was observed in only the anal sphincter and vulva in animals 

expressing WT b2m or ΔN6 b2m in the body wall muscle; however, staining could not also 

be observed in previous models expressing D76N b2m (Diomede et al., 2012; Faravelli et 

al., 2019). As the signal peptide sequence was included in the expressed b2m transgene 
and this was found to be cleaved, it is expected that the protein is extracellularly secreted. 
However, lack of visualisation is limiting this conclusion. Further immunofluorescence 
studies need to therefore be developed and will be important to elucidate the pathology of 

the b2m-induced phenotypes observed in the models.  
 

3.6.5 The ER stress response could be contributing to toxicity associated with 
b2m expression in C. elegans 

 
In this chapter, it was demonstrated that expression of b2m variants impaired the ability 
of C. elegans to deal with heat and ER stress. It is particularly interesting to note that WT 
b2m and D76N b2m expression led to both reduced survival under heat stress and ER 

stress conditions, while animals expressing DN6 b2m were unaffected by heat stress 

(Figure 3.9). This difference between D76N b2m and DN6 b2m expression is particularly 
interesting as both are highly amyloidogenic in vitro and suggests a different mechanism 
of toxicity between the two proteins. Indeed, clinically these two proteins are associated 
with different pathologies in patients; D76N b2m deposits are found in visceral tissues 

(Mangione et al., 2013), while DN6 b2m is found in b2m deposits in osteoarticular tissue 

(Esposito et al., 2000). Moreover, in WT b2m- and D76N b2m-expressing animals, induction 
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of the UPRER in response to protein folding stress in the ER is reduced at day 1 of 
adulthood. The expression of ER chaperones are downregulated during aging (Ben-Zvi et 
al., 2009; Taylor and Dillin, 2013). Therefore, a possible explanation of these results could 

be that expression of either WT b2m or D76N b2m could be triggering early proteostasis 
collapse of the UPRER in young animals. Constitutive upregulation of other UPRER 
components such as XBP-1 have been shown to ameliorate this collapse, improving ER 
stress resistance and the longevity of animals (Taylor and Dillin, 2013). It would therefore 
be interesting to further explore whether upregulation of UPRER components such as IRE-
1, XBP-1 or ATF6 could also ameliorate the toxic phenotypes observed in the models.  
 

It is particularly puzzling that DN6 expressing animals can induce the UPRER, albeit lower 

than control samples, while WT b2m and D76N b2m expressing animals cannot (Figure 

3.10). It would be interesting to investigate the molecular and structural reasons 
underlying this result in more detail, such as investigating binding studies of DN6 b2m to 
the human hsp-4 homolog BiP (Taylor and Dillin, 2013). It is also worthwhile noting that 

steady-state levels of DN6 b2m are reduced, which could be indicative of increased 

degradation of this b2m variant. Thus, future studies could include the role of ER 

associated degradation (ERAD) in this process of b2m variant turnover. 

  

3.7 Conclusions 
 
Overall, this chapter demonstrated toxicity of both D76N b2m and DN6 b2m in vivo in C. 

elegans, replicating the aggregation of the proteins observed in vitro. The results suggest 
that this toxicity can be linked to protein aggregation at an organismal level, although 
further research is needed to fully characterise which tissues are affected by proteotoxic 

b2m species. It was also demonstrated that b2m expression impairs the UPRER; however, 

further investigation is needed to understand how b2m affects proteostasis in the ER and 

whether this is associated with reduced clearance of aggregated b2m in the organelle. The 
data from this thesis chapter could be useful to future research and be used to help find 
new ways to ameliorate disease such as through the testing of small molecules or protein-
based therapies to limit aggregation. 
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 Expression of Islet Amyloid 
Polypeptide in C. elegans 

 
 

4.1 Abstract 
 
Type II diabetes mellitus is associated with the deposition of islet amyloid polypeptide 

(IAPP) deposits surrounding insulin producing b-cells. To further investigate the 
aggregation and toxicity of this protein in vivo, three new C. elegans disease models were 
generated to express variants of varying amyloidogenicity: wild type human IAPP 
(hIAPP), a highly amyloidogenic mutant S20G and the non-amyloidogenic rat IAPP. 
Animals expressing the amyloidogenic variants hIAPP and S20G displayed delayed 
development, shortened lifespan, reduced thrashing rates, increased paralysis, reduced 
thermotolerance and reduced survival to ER stress. C. elegans expressing rat IAPP 
displayed sensitivity to ER stress but were resistant to heat stress.  The phenotypes 
observed in these models in vivo correlates with the aggregation potential of the proteins 
previously demonstrated in vitro, linking amyloid formation with toxicity. Interestingly, 

co-expression of hIAPP with other amyloidogenic disease models - Ab and Q35 – protected 
animals against the toxic paralysis phenotypes associated with these models. 

 
 

4.2 Introduction 
 
Type II diabetes mellitus (T2DM) is a condition characterised by high blood glucose levels 
and glucose intolerance (Pillay and Govender, 2013). Defective insulin production and 

secretion by the pancreatic b-cells in patients leads to long-term consequences including 

heart disease, strokes and kidney failure. Loss of b-cells has been linked to various 
pathologies including glucolipotoxicity, islet cholesterol accumulation, and islet 
inflammation (Stumvoll et al., 2005). Increasing evidence has also implicated the 

neuroendocrine hormone islet amyloid polypeptide (IAPP) in b-cell dysfunction and 
disease (Raimundo et al., 2020). Accumulation, aggregation and deposition of IAPP 
oligomers and amyloid in the surrounding tissues leads to the disruption of normal islet 
architecture and function, and aids in the pathology of disease. These deposits of IAPP 
amyloid in the Islets of Langerhans are a histological hallmark of T2DM and are 
represented in ~90% of patients (Costes, 2018). 



 81 

 
IAPP is a 37-amino acid prohormone which plays a role in the regulation of metabolism 
and glucose homeostasis (Westermark et al., 2011). IAPP is co-secreted with insulin in a 
1:100 manner, and works in synergy to stimulate uptake of blood glucose into tissues and 
inhibit glucose output from the liver, stabilising blood glucose levels (Westermark et al., 
2011). IAPP is synthesised as a 89-residue preprohormone and processed by proprotein 
convertase (PC) 1/3, PC 2, PAM and carboxypeptidase E (Yonemoto et al., 2008) (Figure 
4.1). IAPP is directed to the endoplasmic reticulum (ER) and cleaved to form proIAPP. 
ProIAPP is processed in the late Golgi complex, and undergoes amidation of the C-
terminal end, and a disulphide bond forms between cysteines at positions two and seven 
(Westermark et al., 2011) (Figure 4.1). 
 

 
 

Figure 4.1 Processing of preproIAPP into mature IAPP. 
The primary sequence of the 89-residue preproIAPP which is cleaved by signal peptidase to 
generate proIAPP. proIAPP undergoes cleavage by PC2 and PC1/3 in the ER at the sites indicated 
by arrows. Further processing by CPE/PAM amidates the C-terminus to generate the 37-residue 
mature IAPP. The signal peptide sequence of preproIAPP is indicated in dark red and the pro IAPP 
flanked regions indicated in light red. 
 

4.2.1 In vitro assembly 
 
Various studies to uncover the amyloid assembly pathway of IAPP have been performed 
in vitro. Native hIAPP is an intrinsically disordered, positively charged, hydrophobic 

peptide with weak sampling of a-helical states across residues 5-22 (Williamson et al., 
2009). IAPP interaction with a phospholipid bilayer stabilises this helical subdomain and 
increases the conversion of IAPP to an amyloid form (Apostolidou et al., 2008; Williamson 
et al., 2009); this is thought to be due to the helix bringing together the amyloidogenic 

region of hIAPP (residue 20-29), increasing nucleation of the b-strand structure 
(Williamson et al., 2009). Electrospray ionization-ion mobility spectrometry-mass 
spectrometry (ESI-IMS-MS) of IAPP oligomers has identified oligomeric species up to 
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hexamers of IAPP (Young et al., 2014). These early pre-amyloid lag phase oligomers are 

cytotoxic, and reduce b-cell viability (Abedini et al., 2016). Amyloid deposits of IAPP, like 
many other amyloid deposits, contain serum amyloid P component (SAP), apolipoprotein 
E (apoE), and the heparan sulphate proteoglycan (HSPG) perlecan (Conde-Knape, 2001; 
Vidal et al., 2003). The interaction of IAPP and SAP or apoE does not appear to be vital in 
amyloid deposition; however, the glycosaminoglycan (GA) component of HSPGs has been 
shown to accelerate amyloid formation of IAPP and the partially processed form proIAPP 
in vitro (Jha et al., 2011). 
 

4.2.1.1 S20G  
 
Mutations in human IAPP have been shown to increase its aggregation propensity. The 
naturally occurring S20G mutation has been associated with early onset diabetes 
(Sakagashira et al., 1996).  S20G IAPP has a higher aggregation propensity than hIAPP 
in vitro (Ma et al., 2001; Morita et al., 2013). It is thought this increased amyloidogenicity 
is due to increased local flexibility, or to conformational pre-organisation in the monomer 
prior to self-assembly (Xu et al., 2009). Furthermore, the peptide segment between amino 

acids 19-29 of the hIAPP-S20G variant forms pairs of b-sheets that share structural 
similarity to full length hIAPP fibrils. In contrast, the  peptide segment between amino 

acids 15-25 of hIAPP forms non-toxic labile b-sheets (Krotee et al., 2017). Expression of 

the hIAPP-S20G mutant in mouse b-cells caused increased b-cell apoptosis, decreased b-
cell area and impaired insulin release (Meier et al., 2016). Furthermore, downregulation 
of insulin in cells enhanced cytotoxicity in cells, a mechanism that is mimicked in hIAPP 
cytotoxicity (Morita et al., 2013).  
 

4.2.1.2 Rat IAPP 
 
As discussed, IAPP can form into amyloid in humans; however, this is not the case for all 
species. Rats express a form of IAPP which cannot form amyloid fibrils (Betsholtz et al., 
1989). Protein sequences of rat and human IAPP are similar but differ mainly in the 20-
29 region.  In particular, the three proline residues (positions 25, 28, and 29) and the His-
18 to Arg substitution in rat IAPP are thought to disrupt hydrogen bonding and 

intermolecular b-sheet formation, inhibiting amyloid formation (Betsholtz et al., 1989). 
Indeed, replacement of His-18 in hIAPP with Arg decreases the amyloidogenic nature of 
the protein (Abedini and Raleigh, 2005). Moreover, the rat IAPP sequence gives rise to a 

lower bend angle between the two a-helices of the molecule. In hIAPP and the S20G 
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mutant, it is a more pronounced bend that favours amyloid formation (Duan et al., 2012; 
Nanga et al., 2011). Rat IAPP was also found to be an inhibitor of hIAPP amyloid 
formation, as it slowed growth rate, reduced the amount of fibrils in a dose dependent 
manner and altered the morphology of fibrils (Cao et al., 2010). 
 

4.2.1.3 ProIAPP  
 
Upon translation, IAPP is targeted to the endoplasmic reticulum (ER), where proIAPP is 
converted to mature IAPP (Figure 4.1). ProIAPP has also been shown to be highly 
fibrillogenic (Exley et al., 2010). Increased concentrations of proIAPP in the ER has been 
shown to induce ER stress, activating stress responses in the UPR which can lead to 
cellular death (Westermark et al., 2011). ProIAPP is thought to initiate aggregation into 

amyloid fibrils, triggering aggregates in secretory granules of b-cells (Paulsson et al., 
2006). Inhibition of processing of proIAPP into mature IAPP in murine cell models has 
also been shown to lead to rapid formation of intracellular amyloid suggesting this variant 
is important in aggregation and disease progression (Paulsson et al., 2006).  
 

4.2.2 Mechanisms of IAPP-induced toxicity  
 
IAPP has been shown to induce islet cell apoptosis that is characterised by pancreatic b-

cell death, plasma membrane blebbing, chromatin condensation, and DNA condensation 
(Abedini and Schmidt, 2013). A number of different mechanisms have been proposed as to 

how IAPP exerts b-cell toxicity. IAPP aggregates into a number of different species which 
can induce differential cellular effects. However, the literature positions the oligomeric 
species of IAPP as the main culprit in the progression of disease, inducing a higher amount 
of damage.  
 
IAPP toxicity mechanisms are further complicated as the initiation site of amyloid 
formation is controversial. Amyloid deposits in T2DM patients are found extracellularly; 
therefore it could be assumed that IAPP forms into amyloid extracellularly and this is 
supported through studies using cultured mouse islets (Aston-Mourney et al., 2011). 
Reagents increasing IAPP secretion but not effecting IAPP levels increased the amyloid 
formation and toxicity of IAPP, while inhibition had the reverse effect (Aston-Mourney et 
al., 2011). Studies have revealed that applying hIAPP peptides to primary cultures of 
human pancreatic islets causes increased expression of chaperones in the ER stress 
response pathway and a reduction in proteasome activity contributing to cellular apoptosis 
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(Casas et al., 2007). Oligomeric species of hIAPP have also been shown to permeabilise 
membranes, forming an “IAPP amyloid pore”. This pore is temporally correlated with the 
formation of early IAPP oligomers, and is not induced by fibrillar IAPP (Anguiano et al., 
2002). IAPP interacts with membranes through the N-terminal region, and this 
interaction markedly accelerates fibre formation (Knight et al., 2006). These membrane 
traversing-pores cause toxicity through the entry of calcium ions (Anguiano et al., 2002).  
 
Other studies that over-express hIAPP in vivo point to an intracellular origin of toxicity 
(Gurlo et al., 2010). Toxicity caused by intracellular aggregates has been shown to activate 

the JNK pathway and mediate b-cell apoptosis. This pathway can be activated by a range 
of events such as ER stress, ROS formation, oxidative stress, increases in glucose 
concentration and the production of pro-inflammatory cytokines (Gurlo et al., 2010). 
Moreover, interaction between IAPP and Fas – another downstream signalling pathway 
– has been shown to lead to caspase 3 activation and cell death (Park et al., 2012; 

Subramanian et al., 2012). Studies inhibiting caspase 3 have been shown to protect b-cells 
against IAPP-induced cell death in vivo (Law et al., 2010; Park et al., 2012). Other 
intracellular proteotoxic effects of IAPP aggregation include the induction of the ER and 
oxidative stress pathway (Huang et al., 2007; Zraika et al., 2009). Moreover, patients with 
T2DM have reduced ubiquitin carboxyl-terminal hydrolase L1 (UCH-L1) protein levels, 
thought to be caused by hIAPP aggregation that leads to ER stress and apoptosis (Costes 

et al., 2011). These intracellular effects are thought to destroy b-cells, releasing amyloid 
into the extracellular matrix from where it can provide seeds for further fibril growth.  
 

In b-cells, autophagy is important for maintaining the secretory granule population and 
removal of damaged mitochondria and other foreign material in the cytoplasm. In hIAPP 
transgenic mouse islets, hIAPP bound to p62, a protein essential for targeting proteins for 
autophagy, suggesting hIAPP fibrils are recognised for degradation via autophagy (Rivera 

et al., 2014). Furthermore, expression of hIAPP in a mouse b-cell line caused the formation 
of autophagosomes, whereby treatment with rapamycin – an inhibitor of autophagy – 
increased the viability of cells (Morita et al., 2011). 
 

4.2.3 In vivo IAPP models 
 
Various animal models have been utilised in research of IAPP aggregation and toxicity. 
Transgenic technology has been used to generate many rodent models which overexpress 
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hIAPP to investigate adverse effects of hIAPP aggregation on b-cell destruction. Initial 

mouse models noted the presence of abnormal hIAPP aggregates in b-cell secretory 
granules, but the models did not develop diabetes (De Koning et al., 1994). However, when 
bred to homozygosity, transgenic mice developed diabetes spontaneously, and 

demonstrated a rapid decline in b-cell production. This decline preceded the development 
of amyloid surrounding islets, and supported in vitro findings that small IAPP oligomers 
were the cytotoxic species (Janson et al., 1996). Other rodent models include the HIP rat 
model, that rapidly develops diabetes within the first two months of life when homozygous, 

correlating with a rapid decline in b-cell mass although no extracellular amyloid is 
observed. In the hemizygous model, the animal develops diabetes over 5-10 months, 

developing the presence of extensive extracellular amyloid deposits and an increase in b-
cell apoptosis (Butler et al., 2004). 
 
The model organism Caenorhabditis elegans has been used before as a model system for 
investigating IAPP aggregation and toxicity in vivo (Aldras et al., 2019; Rosas et al., 2016). 
Modelling disease in C. elegans provides a less expensive and simpler system to the 
traditional rat model, whereby the short ~3-day life cycle allows for an easier system to 
study the effects of IAPP expression on ageing throughout the entire lifespan of the 
animal. Rosas and colleagues utilised expression of proIAPP with a yellow fluorescent 
protein (YFP) tag on the C-terminal end of the protein in the body wall muscle of the 
animals. Their model displayed insoluble YFP aggregates throughout the animal during 
ageing, and a delayed development phenotype. Co-expression of Hsp72 in the animals 
improved this aggregation, decreasing the number of insoluble aggregates observed (Rosas 
et al., 2016). An inducible IAPP C. elegans model has also been generated which utilised 
the hsp-16.2 promoter for expression in the neurons, pharyngeal muscle and hypodermal 
cells upon heat induction. This model displayed defects in sensory behaviour and was used 
to investigate transcriptional changes associated with hIAPP and demonstrated profile 
changes in diverse physiologically responses (Aldras et al., 2019). 
 

4.2.4 IAPP and other amyloidogenic diseases 
 
Several studies have implicated IAPP in the progression of the amyloidogenic disease 
Alzheimer’s disease (AD). A genome-wide study has revealed that IAPP gene 
polymorphism is associated with brain amyloid burden and cognitive impairment in AD 
(Jackson et al., 2013). Moreover, the association of IAPP concentration and AD onset in 
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patients is non-linear. Compared with patients with a low concentration of plasma IAPP, 
patients with high concentrations of IAPP correlate with lower rate of AD incidence, but 
patients with extremely high concentration of IAPP have a higher potential to develop AD 

(Zhu et al., 2019). A number of studies have focussed on the interplay of Amyloid-b (Ab) - 
a major component of amyloid plaques in Alzheimer’s disease - and IAPP. Indeed in 

patients suffering both T2DM and AD, IAPP was found in Ab deposits in the brain 

(Oskarsson et al., 2015). IAPP and Ab share 25% sequence identity, that is particularly 
prominent in regions important for fibril assembly (O’Nuallain et al., 2004). Further, two 

regions of Ab (11-21 and 23-37) have high binding affinity to IAPP (Andreetto et al., 2010), 

and both bind to the amylin receptor. Co-assembly occurs between Ab and IAPP, and IAPP 

promotes Ab aggregation in a seeding-like manner, leading to the formation of cross-

seeded oligomers (Andreetto et al., 2010; Young et al., 2015). 
 
 

4.3 Aims of the chapter 
 
In this chapter, I aimed to generate C. elegans disease models of type II diabetes mellitus 
by expressing different variants of IAPP that possess differing amyloidogenicity in vitro. 
The human wild type IAPP, a mutant protein harbouring the S20G point mutation that 
increases amyloidogenicity, and the non-amyloidogenic variant rat IAPP were chosen for 
expression in the body wall muscle of animals. To understand the toxicity of these variants 
in vivo, I aimed to characterise these models for any phenotypes that might be a result of 
toxic damage including motility, development and lifespan. I further aimed to understand 
the aggregation and interaction of IAPP with other amyloidogenic proteins by co-
expressing hIAPP with other amyloidogenic proteins Amyloid-b and Q35.  
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4.4 Methods 
 

4.4.1 C. elegans strains and maintenance 
 
Strain name Genotype 

 

AM167 (Q35) rmIs156 [unc-54p::Q35::YFP] 
 

GMC101 (Ab1-42) dvIs100[unc-54p::A-beta-1-42::unc-54 3'-UTR + mtl-2p::GFP] 

N2 (Bristol) Wild type 

PVH180  pccEx012[myo-3p::WT IAPP::unc-54 3'UTR + myo-2p::RFP] 
 

PVH181  pccEx013[myo-3p::S20G IAPP::unc-54 3'UTR + myo-2p::RFP] 
 

PVH182 pccEx024[myo-2p::mCherry] 

PVH222 pccEx025[myo-3p::rat IAPP::unc-54 3'UTR + myo-2p::RFP] 
 

PVH223 dvIs100[unc-54p::A-beta-1-42::unc-54 3'-UTR + mtl-2p::GFP]; 

pccEx012[myo-3p::WT IAPP::unc-54 3'UTR + myo-2p::RFP] 

PVH224 dvIs100[unc-54p::A-beta-1-42::unc-54 3'-UTR + mtl-2p::GFP]; 
pccEx013[myo-3p::S20G IAPP::unc-54 3'UTR + myo-2p::RFP] 

PVH225 rmIs156 [unc-54p::Q35::YFP] 
pccEx012[myo-3p::WT IAPP::unc-54 3'UTR + myo-2p::RFP] 
 

Table 4.1 C. elegans strains used in Chapter 4 and their genotypes 
 

4.4.2 Generation of an IAPP-expressing transgenic vector 
 
The C. elegans expression vector pPD95_75 (Fire lab, Addgene) was digested with HindII 
and SalI, and the body wall promoter sequence myo-3p inserted. cDNA of hIAPP, S20G 
and rat including their signal peptide sequence and pro regions were made by Eurofin 
Scientific. Using the SalI and EcoRI restriction sites, the preproIAPP variant sequences 
were cloned into the vector downstream of the myo-3p promoter, which removed the GFP 
sequence from the vector.  Successful constructs were sequenced and analysed to verify 
the correct sequence. 
 

4.4.3 Soluble/insoluble protein fractionation 
 
Animals were aged to day 1 or day 8 adults using FUdR plates (Chapter 2.1.4). Nematodes 
were collected using M9 buffer, and resuspended in lysis buffer (20 mM Tris, pH 7.5, 10 

mM b-mercaptoethanol, 0.5% (v/v) Triton X-100, complete protease inhibitor (Roche)). 
Extracts were shock frozen in liquid nitrogen, and the frozen nematode pellet was ground 
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using a motorized pestle, then lysed on ice in the presence of 0.0025 U/mL benzonase 
(Sigma). Lysates were centrifuged at 1000 rpm for 1 min in a tabletop centrifuge and the 
supernatant was extracted. 2% (v/v) N-Lauroylsarcosine was added to the supernatant 
and was ultracentrifuged at 100,000 g for 1 hour at 4°C. The supernatant was removed, 
and the resulting pellet was resuspended in the same volume of dH2O as the supernatant. 
 

4.4.4 Silver-Stain 
 
Nematode extracts were run on an 4-20% (w/v) SDS-PAGE gel (BioRad). The gel was fixed 
in solution A (50% (v/v) ethanol, 10% (v/v) acetic acid) for 30 minutes, then incubated in 
solution B (5% (v/v) ethanol, 1% (v/v) acetic acid) for 15 minutes on a gentle rocker. The 
gel was washed in dH2O three times for 5 minutes, and then incubated in solution D (0.02 
g sodium thiosulphate in 100 mL dH2O) for 2 minutes while gently rocking. The gel was 
washed again in dH2O three times for 30 seconds, then incubated in solution E (0.2 g silver 
nitrate, 75 µL formaldehyde in 100 mL dH2O) for 20 minutes. After three washes in dH2O 
for 20 seconds, the gel was developed in solution F (6 g sodium carbonate, 50 µL 
formaldehyde, 0.2 mL solution C in 100 mL dH2O) until protein bands could be visualised 
and the reaction was stopped using solution G (5% (v/v) acetic acid). The gel was then 
stored in dH2O and imaged.  
 

4.4.5 Western blot analysis 
 
Nematodes were collected and lysed on ice using a motorised pestle in lysis buffer (150mM 
NaCl, 50 mM Tris pH 7.4, 1 mM EDTA, 0.1% (v/v) NP-40). Extracts were centrifuged at 
13,000 rpm for 1 minute to pellet the carcasses and the supernatant collected. The protein 
extract was run on a 10% (w/v) Tris-Tricine gel and proteins were electro-transferred to 
0.22 µM nitrocellulose membranes. The blots were blocked using 5% (w/v) milk overnight, 
washed four times in PBS/Tween (0.1% v/v) for 5 minutes, then probed with primary anti-
human amylin mouse polyclonal antibody (R10/99, Invitrogen) at a 1:1000 (v/v) dilution 
in PBS/Tween (0.1% v/v) and 1% milk for 2 hours. Blots were washed then probed with 
1:10000 (v/v) dilution HRP-conjugated goat anti-mouse secondary antibody (Invitrogen) 
for 1 hour. Blots were developed using ECL (Fisher) and images were exposed onto film. 
 

4.4.6 Aggregation assay 
 
Age-synchronised C. elegans (n > 30) expressing unc-54p::Q35::YFP (Q35) were imaged 
using a Leica MZ10F fluorescent stereoscope with a YFP filter and the number of 
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aggregates was counted each day of adulthood (L4 = day 0). Aggregates defined as 
fluorescent foci were brighter and clearly distinguishable from background YFP 
fluorescence (Morley et al., 2002). 
 
Methods for the following experiments can be found in the Methods chapter (Chapter 2): 
C. elegans maintenance  Chapter 2.1 
Developmental assay   Chapter 2.2.1 
Lifespan    Chapter 2.2.3  
Paralysis assay   Chapter 2.2.4 
Thrashing assay   Chapter 2.2.5 
Thermotolerance   Chapter 2.2.6 
ER Stress survival   Chapter 2.2.7 
Immunostaining   Chapter 2.3.1 
X-34 staining    Chapter 2.3.2 
RT-qPCR    Chapter 2.4 
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4.5 Results 
 

4.5.1 Generation of IAPP-expressing C. elegans strains 
 
To study the aggregation and proteotoxicity of IAPP in vivo, we generated three new 
transgenic C. elegans strains expressing different variants of IAPP, including human wild 
type IAPP (hIAPP), the single point highly amyloidogenic variant S20G, or the non-
aggregation prone variant rat IAPP (Figure 4.2b). To generate expression constructs 
targeted to the muscle, the body wall muscle promoter myo-3p was inserted into the 
pPD95_75 C. elegans expression vector using HindII and SalI (Figure 4.2a). Next, cDNA 
encoding either the human wild type preproIAPP, human S20G preproIAPP or rat 
preproIAPP - which contains the gene of interest, its pro regions and the signal peptide 
sequence – was inserted into the myo-3p-pPD95_75 vector using SalI and EcoRI sites to 
generate myo-3p::preproIAPP C. elegans transgenes (Figure 4.2a). Transgenes were 
microinjected in the gonad of wild type (N2) animals alongside the co-injection marker 
myo-2p::mCherry which causes red fluorescence in the pharynx of animals. A marker 
control was also generated, where the co-injection marker (myo-2::mCherry) alone was 
injected into animals and subsequently used as a negative control (marker control). 
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Figure 4.2 Generation of plasmids for the expression of different variants of IAPP in 
Caenorhabditis elegans. 
A) Cloning strategy for the generation of a plasmid encoding variants of IAPP under the control of 
the body wall muscle promoter myo-3p. The protomer myo-3p was cloned into the HindIII and SalI 
restriction sites of the pPD95_75 C. elegans vector. The resulting constructs were digested with 
SalI and EcoRI and cDNA of the human prepro hIAPP, S20G IAPP or rat IAPP were then cloned 
in to generate the hIAPP, S20G IAPP and rat IAPP transgenes. B) hIAPP, S20G IAPP and rat 
IAPP human prepro amino acid sequences. The signal peptide amino acid sequence (1-22) is 
underlined. The pro regions of the amino acid sequence (23-33; 71-89) are in italics. Any differences 
between the amino acid sequences compared with hIAPP are in red. 
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4.5.2 RNA expression characterisation of IAPP-expressing transgenic strains 
 
Extrachromosomal lines for each construct were established by selecting C. elegans 
expressing the myo-2p::mCherry co-injection marker in the pharynx. To confirm that these 
lines expressed the IAPP transgene as expected, quantitative real time PCR (qRT-PCR) 
was performed on each strain using primers for human IAPP sequence (hIAPP or S20G 
IAPP), or the primers for the rat IAPP sequence (rat IAPP).  Expression of IAPP in control 
animals expressing the co-injection marker only (MC), did not have any significant effect 
on IAPP levels. (Figure 4.3a and 4.3b). Transgenic animals expressing either hIAPP, S20G 
IAPP or rat IAPP were observed to have 34000-, 4000- and 10000-fold increased mRNA 
levels of IAPP respectively, compared with wild type (N2) animals. Therefore, this 
validated the transgenes were successfully expressed in the disease models.  
 

 
Figure 4.3 IAPP RNA expression in the IAPP-expressing transgenic C. elegans strains. 
A) Transcript levels of IAPP in adult transgenic animals transfected with the marker control (MC) 
or vectors for the expression of hIAPP or S20G IAPP compared with a wildtype (N2) control.  
Quantitative RT-PCR using primers for hIAPP (Chapter 2.4, Table 2.2) coding sequence was 
performed on day 1 adults. Data represent the mean of three independent experiments. Error bars 
= ±SEM. B) Transcript levels of IAPP in adult transgenic animals transfected with the marker 
control (MC) or rat IAPP compared with wild type (N2). Quantitative RT-PCR using primers for 
rat IAPP (Chapter 2.4, Table 2.2) coding sequence was performed on day 1 adults. Data represents 
the mean of three independent experiments. Error bars = ±SEM 
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4.5.3 IAPP could not be detected in transgenic strains using western blot 
methods 

 
The presence of the IAPP gene transcript in IAPP-expressing C. elegans models generated 
(Figure 4.3) confirms successful transcript expression but does not necessarily correlate to 
protein expression in our disease models. To confirm this, western blot analysis was 
performed on IAPP-expressing C. elegans strains using antibodies specific for the IAPP 
protein. However, IAPP protein could not be detected in either control strains or the 
hIAPP- and S20G-expressing disease models (Figure 4.4a). As IAPP is a relatively small 
protein (3904.5 MW), it was questioned whether the protein was transferring through the 
nitrocellulose membrane.  A western blot was therefore performed on differing amounts 
of synthetic IAPP. Protein transfer from the gel to the nitrocellulose membrane was 
confirmed by Ponceau red staining, before antibody staining with IAPP. Ponceau Red 
staining detected the presence of protein at the correct molecular weight in the 25 ng, 12.5 
ng and 2.5 ng samples, confirming the protein had transferred onto the membrane (Figure 
4.4b). However, subsequent antibody staining of the same membrane did not yield any 
detectable bands (Figure 4.4b). These results suggest that the antibody used for this 
western blot analysis could not detect the protein at the concentrations required for 
analysis.  
 
IAPP protein expression could not be detected in the transgenic strains generated. 
However, the protein could still be expressed and affect the aggregation of endogenous 
proteins in these strains. To explore this, soluble and insoluble fractions of protein extracts 
of aged (day 8) adult nematodes of IAPP variant expressing strains and control strains 
(N2 and MC) were prepared and examined using SDS-PAGE and silver staining (Figure 
4.4c). The ratio of insoluble to soluble proteins in the samples were calculated (Figure 
4.4d). In the wild type and marker control strains, a similar ratio of insoluble/soluble 
fractions of 0.36 ±0.02 and 0.31 ±0.04 respectively was observed (Figure 4.4d). Both the 
hIAPP- (0.41 ±0.05) and rat IAPP- (0.35± 0.003) expressing strains displayed similar 
insoluble/soluble ratios compared with the wild type control strain (Figure 4.4d). 
Expression of the highly amyloidogenic IAPP variant S20G correlated with a significantly 
increased insoluble/soluble protein ratio of 0.54 ±0.03, suggesting that expression of S20G 
but not hIAPP or rat IAPP leads to widespread global protein aggregation within the 
organism. 
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Figure 4.4 Western blot analysis of IAPP-expressing transgenic C. elegans. 
A) Western blot of wild type (N2), marker control (MC), hIAPP-expressing or S20G-expressing 
transgenic animals. Anti-amylin antibodies (R10/99, Invitrogen) were used to in a 1:1000 ratio to 
detect IAPP. Bands shown are non-specific staining. B) Ponceau red staining (Top) and western 
blot staining (bottom) of 0.0025ng, 0.25ng, 1.25ng, 2.5ng, 12.5ng or 25ng of synthetic IAPP. Arrows 
denote the expected weight of IAPP. C) Representative silver stain of the soluble and insoluble 
fractions of day 8 adult nematodes. Protein was extracted from nematodes and ultracentrifuged for 
1 hour at 100,000 x g. The soluble fraction (s) and insoluble fraction (i) were run on an SDS-PAGE, 
stained using silver nitrate and imaged. D) Quantification of protein levels in C. Density of lanes 
were analysed using ImageJ, and fraction of insoluble protein calculated using [density of 
insoluble]/[density of soluble + density of insoluble] (n=3). 
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4.5.4 Localisation and aggregation of IAPP in IAPP-expressing transgenic C. 
elegans 

 
As IAPP expression could not be detected by western blot analysis in the strains using an 
anti-amylin antibody, a different approach was required to detect the protein. The IAPP-
expressing strains were immuno-stained using an anti-amylin antibody conjugated to 
Alexa-647 and the protein delivery reagent Pulsin. Pulsin has been previously described 
to limit degradation of proteins in the gut and promote absorption into body tissues of C. 

elegans (Perni et al., 2017). In wild type (N2) animals, some non-specific staining was 
observed throughout the gut, suggesting little presence of IAPP throughout the animal 
(Figure 4.5a). Interestingly, animals expressing hIAPP in the body wall muscle were 
observed to have fluorescence signal in the body wall muscle of animals, specifically 
surrounding the vulva muscle (Figure 4.5a). This suggests hIAPP is present in the body 
wall muscle of the animals.  
 
Another useful localisation technique in amyloid disease models is staining with the 
amyloid binding dye X-34. X-34 stains amyloid deposits, which allows for the depiction of 
both the localisation of deposits and the presence of amyloid species in the animal (Link 
et al., 2001). In wild type (N2) animals, the presence of any foci could not be detected in 
the body wall muscle of the head region of animals (Figure 4.5b). It is worth noting 
however, that non-specific staining was observed throughout the entire wild type (N2) 
animals, in particular in the intestine. Transgenic animals expressing hIAPP were 
observed to possess small foci in the outer region of the head, indicating the formation of 
amyloidogenic species in this region. Further experiments to identify whether expression 
of S20G or rat IAPP yield similar results are required to draw comparisons between 
strains. 
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Figure 4.5 Localisation of aggregates in hIAPP-expressing transgenic C. elegans. 
A) Immunofluorescence of day 1 adult wild type (N2) and hIAPP-expressing transgenic C. elegans 
using anti-amylin (Invitrogen) antibodies. Images show are fluorescence imaging, brightfield and 
overlay B) Representative images of X-34 staining of day 5 adult wild type (N2) or hIAPP expressing 
transgenic animals. Immunofluorescence images and overlay with bright field are depicted. White 
arrows indicate foci. All images shown were obtained using a Zeiss LSM880 confocal microscope.  
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4.5.5 Expression of hIAPP and S20G IAPP but not rat IAPP delays development 
in C. elegans 

 
After establishing the C. elegans strains expressing different IAPP variants, it was next 
questioned whether expression of these proteins could affect the behavioural 
characteristics of the animals. Previous studies using hIAPP-expressing C. elegans have 
noted a delay in the development of the animals (Rosas et al., 2016), and thus it was 
questioned whether the disease models generated in this chapter caused a similar 
phenotype. When the developmental stage of animals was analysed 65 hours after egg 
laying, 93.4% (± 1.3) of wild type (N2) animals had reached the adult stage (Figure 4.6a). 
Likewise, expression of the marker control (MC) or the non-amyloidogenic rat IAPP in 
animals did not affect development, where 91.6% (± 2.8) and 93.7 (± 0.7) of animals also 
reached adult stage after 65 hours respectively (Figure 4.6a). Remarkably, in transgenic 
animals expressing either hIAPP or S20G IAPP, 74.3% (± 4.3) and 36.8% (± 3.3) of animals 
reached adult stage, a significant decrease compared with wild type (N2) animals (Figure 
4.6a). This was consistent with the previous literature implicating hIAPP expression in 
developmental toxicity (Rosas et al., 2016), and further confirms the toxic nature of S20G 
IAPP in vivo. Further, as a stronger phenotype was demonstrated in S20G IAPP-
expressing animals, this could provide a link between its in vitro amyloidogenicity and the 
toxicity it exerts in vivo. 

  
As a developmental delay was observed in IAPP-expressing animals, it was next 
questioned whether the disease models also displayed differences in lifespan. To measure 
lifespan, the survival of animals was monitored every other day from L4 stage until death. 
Wild type (N2) animals had a maximal lifespan of 37 days (Figure 4.6b and 4.6c), and a 
mean lifespan of 18.7 ±0.6. Expression of the marker control (MC) in animals did not 
significantly affect the lifespan, where a mean lifespan of 17.6 ±0.5 was observed in the 
population (Figure 4.6d). Consistent with previous results showing expression of rat IAPP 
has no effect on development, no significant effect on the mean lifespan was observed in 
rat IAPP-expressing animals (18.5 ±0.8) compared with wild type (N2) animals (Figure 
4.6c). Expression of either hIAPP or S20G IAPP in animals correlated with a decreased 
mean lifespan, where animals on average lived for 13.7 ±0.4 and 15.3 ±0.6 days 
respectively (Figure 4.6c). Together these results suggest that expression of either hIAPP 
or S20G IAPP reduced the mean lifespan. The phenotypes in development and the reduced 
lifespan observed in hIAPP- and S20G IAPP-expressing animals could represent toxic 
damage caused by the aggregation of amyloid species in these models.  
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Figure 4.6 Developmental phenotypes of IAPP-expressing C. elegans strains. 
A) Development of hIAPP, S20G IAPP and rat IAPP -expressing transgenic nematodes compared 
with wild type (N2) and marker control (MC) nematodes 65 hours after eggs have been laid. Data 
is expressed as the percentage of total nematodes on the plate at each developmental stage. Three 
independent experiments were performed (n=100 animals per experiment). **p<0.005 ***p<0.001 
B) Survival curves of wildtype (N2), marker control (MC), hIAPP, S20G IAPP and rat IAPP 
transgenic C. elegans. Adults were placed on seeded OP50-1 plates from L4 stage, cultured at 20°C 
and transferred every other day. Survival rate was scored and expressed as percentage survival. 
Plots are representative of three independent experiments (n=80). C) Mean lifespan of wildtype 
(N2), marker control (MC), hIAPP, S20G IAPP and rat IAPP transgenic C. elegans. Data from B) 
was analysed using OASIS 2 (Han et al., 2016) and mean lifespan, standard error and age in days 
at 35%, 50%, 75%, 90% and 100% mortality is displayed. P-value displayed is in comparison with 
wild type (N2) strain. 
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4.5.6 Expression of hIAPP or S20G IAPP but not rat IAPP affects locomotion in 
C. elegans 

 
Because all hIAPP variants are expressed in the body wall muscle, an obvious phenotype 
of toxic damage could be disruption to the locomotory action of the animals. To explore 
this further, animals were monitored for 8 days and the paralysis was recorded. Wild type 
(N2) animals were observed to paralyse starting at day 4 of adulthood, and by day 8 of 
adulthood ~17% of animals were paralysed (Figure 4.7a). Similarly, expression of the 
marker control (MC) or the non-amyloidogenic variant rat IAPP in animals did not 
significantly affect paralysis compared with wild type (N2) animals, where ~17% of 
animals were paralysed at day 8 of adulthood (Figure 4.7a). Expression of the hIAPP 
transgene led to an increased paralysis at day 8 of adulthood, where ~29% of animals were 
paralysed (Figure 4.7a). Likewise, the expression of S20G IAPP affected paralysis 
compared with wild type (N2) animals, as animals started paralysing two days earlier, 
and ~32% of animals were paralysed after 8 days of adulthood (Figure 4.7a). The paralysis 
observed in hIAPP- and S20G IAPP-expressing animals is indicative of toxic damage to 
muscle cells.  
 
The locomotion of animals was further explored using thrashing assays which record the 
frequency of body bends an animal performs in liquid. The thrashing rate was recorded at 
day 1 and day 8 of adulthood in order to assess any age-related consequence of IAPP 
expression. In wild type (N2) animals, a thrashing rate of 1.11 ±0.05 body bends per second 
(BBPS) was recorded at day 1 of adulthood which decreased to 0.90 ±0.05 BBPS at day 8 
of adulthood (Figure 4.7b). Expression of the marker control (MC) did not significantly 
affect the motility of animals compared with wild type (N2) and a thrashing rate of 1.21 
±0.07 BBPS was observed at day 1 and 0.88 ±0.07 BBPS at day 8 (Figure 4.7b). Likewise, 
the expression of rat IAPP had no significant effect on motility, where 1.15 ±0.07 BBPS at 
day 1 and 0.85 ±0.08 BBPS at day 8 of adulthood was recorded (Figure 4.7b). Expression 
of hIAPP in C. elegans did not significantly affect the thrashing rate of animals at day 1 
of adulthood (1.19 ±0.07 BBPS) compared with wild type (N2) nematodes; however, at day 
8 of adulthood the thrashing rate was significantly decreased (0.57 ±0.08 BBPS) compared 
with wild type (N2) animals (Figure 4.7b). Intriguingly, the expression of S20G IAPP 
affected the thrashing rate of animals at day 1 and day 8 of adulthood, where a thrashing 
rate of 0.92 ±0.03 BBPS at day 1 and 0.51 ±0.07 BBPS at day 8 of adulthood was observed 
(Figure 4.7b). Combined, these results demonstrate the toxicity associated with the 
expression of WT hIAPP and S20G IAPP in C. elegans.  
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Figure 4.7 Locomotion phenotypes of IAPP-expressing C. elegans strains. 
A) Paralysis assays of C. elegans expressing either hIAPP, S20G IAPP, rat IAPP or the marker 
control (MC) compared with wild type (N2) animals at 20°C. Paralysis data represents the SEM of 
3 independent biological repeats (n=100 animals). Statistical significance was determined using 
the Wilcoxon matched-paired signed rank test. * p<0.05 B) Thrashing rates of wild type (N2), 
marker control (MC), hIAPP, S20G IAPP and rat IAPP transgenic C. elegans at day 1 and day 8 of 
adulthood. Data represents the number of full body bends per second (BBPS) in M9 (n=30 animals). 
Data is given as a mean of the number of body bends per second ±SEM. A student’s t test was used 
to assess significance: **p<0.01, ***p<0.005 
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4.5.7 Expression of hIAPP and S20G IAPP but not rat IAPP impairs C. elegans 
thermotolerance  

 
In order to cope with external stressors, organisms have developed specialised defence 
pathways which become transcriptionally activated during times of stress. Of these, the 
heat shock response mitigates against the increased protein misfolding and aggregation 
that occurs under environmental stress such as increased temperature. To understand the 
effect of IAPP expression on the ability of C. elegans to cope with thermal stress, survival 
assays were performed under heat stress conditions of 35°C for 6 hours. Wild type (N2) 
animals display a 30% (± 2.8) survival rate after a 6-hour heat shock (Figure 4.8). Both 
expression of the marker control (MC), or the non-amyloidogenic rat IAPP had no 
significant effect on survival, where survival rates were 27% (± 0.5) and 27% (± 2.3) 
respectively (Figure 4.8). Expression of the hIAPP however, correlated with a decrease in 
heat stress survival to 20% (± 1.7) (Figure 4.8). Moreover, C. elegans expressing the highly 
amyloidogenic variant S20G displayed a significantly decreased survival rate, where just 
11% (±1.4) of animals survived the 6-hour heat shock (Figure 4.8). Concurrent with the 
developmental and motility phenotypes in both hIAPP- and S20G IAPP-expressing 
animals, these results suggest that expression of these amyloidogenic proteins cause toxic 
damage in vivo.  
 

 
Figure 4.8 Animals expressing amyloidogenic IAPP are thermosensitive. 
Survival rates of wild type (N2), marker control (MC), hIAPP, S20G IAPP and rat IAPP strains 
after thermal stress. Day 1 adults were placed onto seeded OP50-1 and incubated at 35°C for 6 
hours. Animals were left to recover for 16 hours and scored for survival. Three independent 
experiments were performed (n=50 animals per experiment). A student’s t test was used to assess 
significance *p<0.01 ***p<0.001  
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4.5.8 Expression of hIAPP, S20G IAPP and rat IAPP impairs C. elegans ER 
stress survival 

 
As expression of either the wild type or S20G variant of IAPP affected the ability of the 
animals to cope with heat stress, it was next questioned whether the expression of these 
proteins could also affect other stress response pathways. As IAPP is a pro-hormone that 
is post-translationally modified throughout the ER secretory pathway in order to generate 
the mature 37 amino acid IAPP protein (Raimundo et al., 2020) the ER stress response 
could be affected. Several studies have linked the trafficking of IAPP through the ER with 
the early amyloid formation and toxicity (Raleigh et al., 2017). In particular, proIAPP can 
form amyloidogenic species and aggregates in the ER and so cause cellular damage (Exley 
et al., 2010; Paulsson et al., 2006; Paulsson and Westermark, 2005). To investigate 
whether expression of hIAPP, S20G IAPP and rat IAPP affects the ER stress response, 
the transgenic animals were exposed to tunicamycin. Tunicamycin is a glycosylation 
inhibitor that perturbs protein folding in the ER and elicits an ER stress response 
(Harding et al., 2003). Animals were treated with 50 µg/mL tunicamycin cultures for 
either 6 or 10 hours and the survival of the animals was scored. The control strains N2 
and MC displayed similar survival response to tunicamycin, with 86.3% (± 0.9) and 87.4% 
(± 2.4) survival after 6 hours of treatment and 81.6% (± 1.2) and 80.2% (±4.4) survival after 
10 hours treatment (Figure 4.9a). After 6 hours of treatment, hIAPP (79.9% ±2.8) and rat 
IAPP (86.1% ±2.6) expressing nematodes displayed similar survival rates to the control 
strains; however, strains expressing S20G IAPP displayed a small but significant decrease 
in the percentage of animals surviving treatment with 75.8% (±1.1) survival (Figure 4.9a). 
When hIAPP, S20G IAPP and rat IAPP were treated with tunicamycin for a longer period 
of time (10 hours), all three IAPP variant strains displayed significantly reduced ER stress 
survival compared with the wild type (N2) strain of 44.7% (±4.6), 50.9% (±5.9) and 50.2% 
(±5.9) respectively. This impairment in ER stress survival suggests that these proteins 
could be impairing the ER stress response. 
 
As an ER stress response phenotype was observed in all IAPP variant expressing strains, 
it was next questioned whether this could be linked to reduced chaperone expression in 
the ER. The ER Hsp70 BiP homolog, hsp-4,  is upregulated upon ER stress in an IRE-1 
and XBP-1 dependent manner (Taylor and Dillin, 2013). The mRNA levels of hsp-4 were 
measured using quantitative RT-PCR at both basal levels and under ER stress conditions 
and analysed relative to basal hsp-4 wild type (N2) levels (Figure 4.10b and 4.10c). During 
normal growth conditions, the marker control strain (MC) expressed hsp-4 levels 
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(0.95±0.09) similar to wild type animals (N2) (Figure 4.9b). When tunicamycin was applied 
to both the wild type (N2) and marker control (MC) strains, a significant upregulation of 
hsp-4 to 2.73 (±0.53) and 2.49 (±0.41) was observed respectively (Figure 4.9c). Although 
basal hsp-4 levels of hIAPP (0.87 ±0.15) were not significantly different compared with 
wild type (N2) levels, upon treatment with tunicamycin hsp-4 levels (1.02 ±0.09) did not 
significantly increase. Basal levels of hsp-4 transcripts in S20G IAPP expressing 
nematodes were significantly reduced (0.74 ±0.08) compared with the control strain and 
did not significantly increase upon ER stress (0.74 ±0.20) (Figure 4.9c). Expression of the 
non-amyloidogenic rat IAPP did not affect basal hsp-4 levels (0.99 ±0.02) compared with 
wild type strain or significantly affect hsp-4 levels when ER stress was applied (1.90 
±0.23). This suggests that the ER chaperone response in hIAPP- and S20G IAPP- 
expressing strains could be impaired.  
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Figure 4.9 Animals expressing amyloidogenic IAPP have a reduced survival under ER 
stress. 
A) Survival rates of wild type (N2), marker control (MC), hIAPP, S20G IAPP and rat IAPP strains 
after 6- and 10-hours ER stress. Day 1 adults were incubated in 50 µg/mL tunicamycin for either 6 
or 10 hours then recovered on plates for 16 hours, and survival was scored. Three independent 
experiments were performed (n=40 animals per experiment). Error bars represent mean ±SEM. B) 
Transcript levels of hsp-4 in day 1 adult marker control (MC), hIAPP, S20G IAPP and rat IAPP 
transgenic C. elegans compared with wild type (N2). Levels were measured through quantitative 
RT-PCR and are given relative to transcript levels in N2 animals, with error bars indicating mean 
±SEM. Three independent experiments were performed. C) Transcript levels for hsp-4 with (+) or 
without (-) tunicamycin treatment in day 1 adult marker control (MC), hIAPP, S20G IAPP and rat 
IAPP transgenic C. elegans compared with wild type (N2). Day 1 adult animals were incubated in 
5 µg/mL tunicamycin cultures for 2 hours, RNA was extracted, and quantitative RT-PCR was 
performed. Transcript levels shown are relative to N2 animals, with error bars indicating mean 
±SEM. Three independent experiments were performed. Experiments were performed and data are 
displayed as in B). A student’s t test was used to assess all significance: *p<0.05 **p<0.001 ns. = 
not significant 
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4.5.9 The effect of co-expression of different amyloidogenic proteins in C. 
elegans 

 
The cross-seeding capability between different amyloidogenic proteins has been 
demonstrated in several instances (Chaudhuri et al., 2019; Dubey et al., 2014; Sarell et 

al., 2013a) . Heterologous cross-seeding has be reported to occur between amyloid-b (Ab) 

and IAPP (O’Nuallain et al., 2004; Oskarsson et al., 2015), Ab and prion protein (PrP) 

(Morales et al., 2010) and Ab and a-synuclein (Köppen et al., 2020). Furthermore, more 
amyloidogenic variants of proteins have been shown to induce higher aggregation rates in 
less amyloidogenic variants through cross-seeding, as shown through the increase in rat 
IAPP amyloidogenicity when S20G is incubated with it (Young et al., 2017). Co-expression  
studies of amyloidogenic proteins in C. elegans are limited, and therefore we sought to 
explore this phenomenon further by co-expressing IAPP with other amyloidogenic 
variants. 
 

4.5.10 Co-expression of the amyloidogenic proteins hIAPP and Ab1-42 in the same 
tissue of C. elegans affects the paralysis of animals 

 
The interaction between the amyloidogenic disease related proteins IAPP and Amyloid-b 

has been proposed to aid in the progression of disease in Alzheimer’s patients (Raimundo 
et al., 2020). To further investigate this interaction, hIAPP-expressing strains were 

genetically crossed into an Ab1-42-expressing transgenic C. elegans model, GMC101 (Figure 
4.10a). When transferred to the permissive temperature of 25°C at L4 stage (day 0), 

animals expressing Ab1-42 display age-dependent paralysis, where ~80% of animals are 
paralysed after 3 days (Figure 4.10b). Comparatively, under these conditions wild type 
(N2) animals are not observed to paralyse, where on average 3% of animals are paralysed 
after 3 days at 25°C (Figure 4.10b). Transgenic IAPP- or S20G IAPP-expressing animals 

were also observed to induce a paralysis phenotype – although to a lesser extent than Ab1-

42-expressing animals – where on average 25% of animals were paralysed after day 3 at 

25°C (Figure 4.10b). Remarkably, co-expression of both Ab1-42 and either hIAPP or S20G 

ameliorated paralysis associated with Ab1-42 toxicity, resulting in 40% animals paralysed 
at day 3 of adulthood (Figure 4.10b).  
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Figure 4.10 hIAPP and Aβ co-expression in the body wall muscle of C. elegans reduces 
the paralysis associated with the Alzheimer’s disease model. 
A) Graphical representation of the Aβ, IAPP cross. hIAPP or S20G IAPP was crossed into the 
Alzheimer’s Aβ1-42 disease model (GMC101), where both Aβ and IAPP are expressed in the body 
wall muscles of animals. B) Paralysis assays of C. elegans expressing either Aβ; hIAPP; S20G IAPP; 
Aβ, hIAPP; Aβ, S20G or wildtype (N2) animals at 25°C. Animals were shifted to 25 °C at L4 stage 
and the number of paralysed nematodes was recorded every day for 3 days. Paralysis data 
represents the mean ±SEM of 3 independent biological repeats (n=100 animals).  
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4.5.11 Co-expression of the amyloidogenic proteins hIAPP and Q35-YFP in the 
same tissue of C. elegans affects the aggregation of Q35-YFP protein 

 
The specificity of the beneficial effect of hIAPP was next questioned on another 
amyloidogenic C. elegans disease model. The Huntington’s Disease model expressing the 
expanded polyglutamine chain Q35 tagged with a yellow fluorescent protein (Q35-YFP) 
has been utilised as a proteostasis sensor in studies before (Gidalevitz et al., 2006). 
Expression of the Q35-YFP in the body wall muscle of the animal leads to an age-
dependent aggregation of fluorescent YFP foci which can be quantified (Morley et al., 
2002). Therefore, the hIAPP-expressing transgenic model was crossed into the Q35-YFP 
body wall muscle disease model, AM167 (Figure 4.11a). The number of YFP foci was 
monitored in the animals every day for 5 days post vulval development. Animals 
expressing Q35-YFP were observed to have rapid aggregation and formation of foci, where 
on average 28.1 ±1.2 aggregates were observed at day 2 and 51.9 ±0.9 aggregates were at 
day 4 (Figure 4.11b and 14.11c). In comparison, animals expressing both hIAPP and Q35-
YFP displayed delayed aggregation progression, where on average 16.9 ±2.1 aggregates 
were observed in day 2 adults and 41.8 ±1.7 aggregates were observed at day 4 (Figure 
4.11b and 4.11c). This suggested that hIAPP expression was delaying Q35-YFP 
aggregation and could represent a mechanism of suppression. It is important to note 
however, that the number of aggregates in animals co-expressing Q35-YFP and hIAPP 
appear to converge with Q35-YFP expressing animals at day 5 (Figure 4.11c). Further 
experiments are required at later time points beyond day 5 to investigate the aggregation 
kinetics of animals co-expressing Q35 and hIAPP. 
 
As a delay in aggregation was observed when we co-expressed hIAPP and Q35-YFP, it was 
next questioned whether this also ameliorated toxicity. To do so, the paralysis of animals 
over 8 days from the onset of adulthood was assessed. After 6 days, 55% of Q35-YFP 
expressing animals were paralysed (Figure 4.11d), whereas animals co-expressing hIAPP 
and Q35-YFP displayed 60% paralysis in a population, and only 40% of animals expressing 
hIAPP were paralysed at day 6. (Figure 4.11d). Interestingly, no other time points were 
observed to have a differing percentage of paralysed animals. Our results suggest that co-
expression of hIAPP with other amyloidogenic proteins could ameliorate aggregation and 
toxicity associated with those models. It would therefore be interesting to further dissect 
this mechanism further and demonstrate whether disruption in aggregation is caused by 
direct protein aggregation or an indirect cellular response.  
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Figure 4.11 hIAPP and Q35 co-expression in the body wall muscle of C. elegans reduces 
the aggregation of Q35-YFP foci and paralysis associated with a Q35 disease model. 
A) Graphical representation of the Q35, IAPP cross. hIAPP or S20G IAPP was crossed into the 
Huntington’s Q35 disease model, where Q35 is expressed in the body wall muscles of animals and 
tagged with YFP. B) Representative confocal images of day 2 adult Q35, hIAPP and Q35 strains. 
Images were taken on the LSM880 Zeiss microscope using the YFP parameters. C) Quantification 
of accumulated Q35-YFP in age-synchronised Q35 or Q35, hIAPP animals. The number of Q35-
YFP foci was recorded every day from day 1 until day 5 of adulthood. The data represents three 
independent experiments (n=20 per experiment ±SEM. *p<0.05 **p<0.01  D) Paralysis assays of C. 
elegans expressing either Q35, hIAPP or co-expressing hIAPP and Q35 at 20°C. Paralysis data 
represents the SEM of 3 independent biological repeats (n=100 animals). **p<0.01 
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4.6 Discussion 
 
Research in this chapter detailed the generation and characterisation of a new C. elegans 
type 2 diabetes disease model expressing different variants of IAPP including hIAPP, 
S20G and rat IAPP.  Using phenotypic readouts such as motility, development, lifespan 
and heat stress, I demonstrated that the amyloidogenicity of each variant in vitro 
correlates with toxic effects in vivo. Specifically, expression of the highly amyloidogenic 
variant S20G conferred to greater defects in motility, thermotolerance and development 
compared with hIAPP. Moreover, expression of the non-amyloidogenic variant rat IAPP 
was not observed to have little effect on the behavioural phenotypes analysed. This was in 
line with previous research demonstrating the high amyloidogenicity of the S20G variant 
(Sakagashira et al., 2000), while the rat IAPP variant does not aggregate or induce toxic 
damage (Cao et al., 2010). This study further adds to the increasing evidence that the 
aggregation of proteins into amyloid species induces toxic damage, where the faster a 
protein aggregates, the more toxic damage is observed.   
 

4.6.1 Expression of hIAPP and S20G IAPP in animals may correlate to 
increased aggregation 

 
The expression of toxic amyloidogenic protein has been proposed to interact with and 
impair the proteostasis network (PN) within cells (Hipp et al., 2019). As amyloidogenic 
proteins can aggregate readily, it has been suggested that this aggregation can overwhelm 
the PN and sequester away components from the folding of endogenous proteins 
(Gidalevitz et al., 2006), or impair vital protein degradation pathways (Bennett et al., 
2007; Kristiansen et al., 2007; Park et al., 2013). The expression of S20G IAPP in C. 

elegans was shown to correlate with increased protein in the insoluble fraction of aged 
animals (Figure 4.4). As organisms age, the protein quality network becomes compromised 
and declines (Ben-Zvi et al., 2009; Walther et al., 2015). The data presented here suggests 
that expression of the S20G IAPP mutant could exacerbate this decline and cause aberrant 
folding and widespread proteome aggregation in C. elegans.  Expression of wild type 
hIAPP, however, did not affect global protein aggregation in the nematodes, and suggests 
that the S20G variant might be more amyloidogenic in vivo and so replicate the highly 
amyloidogenic nature of S20G observed previously in vitro (Meier et al., 2016; Sakagashira 
et al., 2000). 
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It was also noted that the expression of hIAPP in C. elegans models coincided with the 
presence of X-34 positive foci in the head region of the nematodes, indicating the formation 
of amyloid fibres (Figure 4.5). This is consistent with aggregated foci observed in a 
previous C. elegans model expressing proIAPP tagged with YFP in various tissues of the 
animal (Rosas et al., 2016). However, although we observed the presence of amyloid 
deposits in our model, it would be interesting to also analyse the amount of oligomeric 
species in the animals. Oligomers can be detected by western blot analysis using 
antibodies specific against amyloid oligomers (such as A11), or dyes that bind to a wider 
range of amyloid species encompassing oligomeric species. Moreover, it would be 
interesting to extract the IAPP amyloid deposits from these models (by generating 
nematode extracts) and analyse their in vitro aggregation properties, seeding potential 
and structure compared with in vitro or ex vivo fibrils. 
 
A major pitfall in the IAPP disease models presented in this chapter is that IAPP protein 
could not be detected using a western blot (Figure 4.4). Attempts were made to optimise 
this protocol; however, the anti IAPP antibody used could not detect synthetic IAPP at 
relevant concentrations. This might be due to denaturation of the protein in the gels, 
which could modify the structure and effect binding capabilities of the antibody. Despite 
these negative results, some signal was detected surrounding the vulva muscles when 
immunostaining was performed on the animals, indicating the protein is present in the 
animals (Figure 4.5a). However, as this was localised to the vulva muscle region it poses 
further questions: is expression of IAPP protein vulval specific or is incomplete 
immunostaining occurring? To address this, further investigation using different 
antibodies or alternative techniques are required.    
 
Furthermore, the processing and secretion of preproIAPP in the models needs to be 
assessed. Although some deposits were observed in the head region of the animal (Figure 
4.5), a number of questions still remain surrounding the secretion and processing of the 
prohormone. The construct for IAPP expression was designed to include both the human 
signal peptide sequence and the pro region of the IAPP variant in order to replicate the 
natural processing of the protein. IAPP is normally directed to the secretory pathway via 
it’s signal peptide that is cleaved upon entry to the endoplasmic reticulum (ER) (Paulsson 
and Westermark, 2005). In the ER proIAPP undergoes processing by the prohormone 
convertases PC1/3 and PC2, followed by modifications by carboxypeptidase E (CPE) and 
PAM to generate an amidated C-terminus (Chen et al., 2018). In C. elegans, there are four 
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proprotein convertase genes, of which egl-3 encodes a PC2-like convertase (Kass et al., 
2001). In addition, carboxypeptidase E is also expressed by the egl-21 gene (Jacob and 
Kaplan, 2003). However, although abundantly expressed in the neurons of the animal, 
these are expressed relatively low in the body wall muscle (Jacob and Kaplan, 2003). 
Therefore, cleavage of proIAPP into mature IAPP may not occur in our model and needs 
further investigation to resolve. Nevertheless, the study of proIAPP aggregation is still 
important as the aggregation of proIAPP in the secretory pathway has been proposed to 
initiate toxic damage in T2DM disease progression (Paulsson et al., 2006). ProIAPP has 
been identified in intracellular fibrils of IAPP. The accumulation of unprocessed proIAPP 

in b-cells overwhelms the ER and generates a forward feed-back cycle that promotes 

oligomerisation, fibril formation and b-cell injury (Paulsson et al., 2006). Cells lacking  
PC1/3 and PC2 increased amyloid deposition and cell death (Marzban et al., 2006). 
Together this corroborates the idea that unprocessed proIAPP is important in disease 
progression.   
 

4.6.2 Expression of IAPP in C. elegans causes both cell autonomous and cell non 
autonomous toxicity 

 
In the models generated in this study, expression of hIAPP and S20G led to a 
developmental delay. This was consistent with a previously generated C. elegans IAPP 
disease model, where expression of proIAPP tagged with YFP caused a growth retardation 
phenotype (Rosas et al., 2016). This phenotype may represent cell non autonomous toxicity 
of IAPP in our model, whereby expression of IAPP in one tissue causes systemic toxicity 
by affecting multiple cellular processes involved in development. Questions still remain 
on whether this cell non autonomous toxicity is due to signalling triggered by aggregation 
of the protein in the muscle cells, or by extracellular protein aggregation that could 
potentially damage other tissues. As discussed earlier, further experiments are needed to 
fully understand the secretion of IAPP in the models, enabling conclusions to be drawn 
about the mechanisms of toxicity. 
 
It was unsurprising that a reduction in motility was observed in animals expressing IAPP 
(Figure 4.7) variant given that they were engineered to express the aggregation-prone 
protein in the muscle cells of the animal. Toxicity observed could be due to the interaction 
of IAPP species with components of the proteostasis network in the muscle cell. Amyloid 
fibrils are known to sequester away molecular chaperones, which function to prevent the 
misfolding or refolding of these fibrils (Olzscha et al., 2011). Reduced chaperone function 
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in muscle cells affects the stability of myosin fibres leading to reduced muscle function 
(Barral et al., 2002; Frumkin et al., 2014) which could explain the toxic damage caused by 
hIAPP and S20G expression. This is further exemplified by the rat IAPP strain, where no 
reduction in locomotory action was observed in animals suggesting there was no toxic 
damage resulting from expression of the non-amyloidogenic variant. This indicates that it 
is the amyloidogenic potential of hIAPP and S20G variants that is causing the phenotypes 
observed. It would therefore be interesting to further investigate the myosin fibres in the 
disease models, staining of the myosin fibres using dyes such as phalloidin can detect any 
disruptions to the myosin fibre pattern (Gaiser et al., 2011). This could further 
demonstrate toxic damage in the cells.  
 

4.6.3 Stress responses may be compromised in IAPP expressing C. elegans 
models 

 
In this chapter, expression of either S20G or hIAPP in C. elegans was demonstrated to 
decrease the thermo stress survival capability of the animal. This could indicate that the 
proteostasis network (PN) in the animals is impaired. The heat shock response (HSR) is 
responsible for maintaining the cytoplasmic cellular proteome, and is coordinated by the 
action of the master regulator heat shock factor 1 (HSF-1) (Abravaya et al., 1992; Nadeau 
et al., 1993). Environmental stressors such as heat promote protein misfolding, engaging 
activity of the chaperones HSP-90 and HSP-70 to restore proteins to their native 
structures (Hipp et al., 2014). The presence of additional aggregation-prone proteins 
hIAPP and S20G in the models presented in this chapter could be further overwhelming 
the balance of the proteostasis network under heat stress. Thus, this could possibly 
explain the decrease in survival observed during heat stress conditions. Further 
experiments to investigate the response of the proteostasis network are required to gain 
insight into the molecular mechanisms behind this phenotype. This includes exploring the 
expression levels of chaperones such as HSP-90 and HSP-70, as well as the effect 
knockdown of key components of the PN such as HSF-1 has on survival. 
 
This chapter also explored the effect of expression of IAPP variants in C. elegans on the 
UPRER and demonstrated that expression of hIAPP, S20G IAPP or rat IAPP led to reduced 
survival under ER stress conditions (Figure 4.9). These results could indicate that hIAPP, 
S20G IAPP and rat IAPP in the generated transgenic strains are being directed to the ER 
secretory pathway and affected the stress response pathways there. It was particularly 
interesting to note that the expression of rat IAPP confers to reduced survival under ER 
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stress as rat IAPP expression did not correlate with any other phenotypes in the animal. 
While rat IAPP cannot form into amyloid fibrils, it – like the majority of proteins - has the 
propensity to aggregate, and this aggregation could explain the phenotype observed. As 
well as the reduction in ER stress survival of hIAPP and S20G IAPP expressing animals 
under tunicamycin treatment, an inhibition of hsp-4 upregulation was observed in these 
animals as well, suggesting an impairment of the UPRER. IAPP and ER stress have an 
established relationship; the accumulation of proIAPP into fibrils has been observed in 
the secretory pathway where intracellular aggregates have been observed (Paulsson et al., 
2006). As previously discussed, a drawback of the data presented in this chapter was the 
unknown localisation of IAPP within the animal. The ER stress phenotype could indicate 
that IAPP is not being processed and secreted as normal in our model, instead 
accumulating in the ER and affecting the stress response pathway there. Future 
experiments to address the localisation of IAPP in the models including different 
immunostaining and localisation techniques would be useful in order to understand this 
phenotype further.  
 

4.6.4 Co-expression of hIAPP with other amyloidogenic protein reduces 
aggregation in C. elegans 

 
Although primarily associated with T2DM, numerous studies have also implicated hIAPP 
in the progression of Alzheimer’s Disease (AD). The literature shows a complicated 
relationship between expression and aggregation of hIAPP and amyloid plaques formed 

in AD. In this study, co-expression of hIAPP and Ab1-42 in muscle cells reduced paralysis 

compared with animals expressing Ab3-42 only (Figure 4.10). This was particularly 
interesting as a range of clinical studies have implicated high levels of IAPP, or IAPP gene 
polymorphisms to increase the incidence of AD (Jackson et al., 2013; Zhu et al., 2019).  
 
This chapter demonstrated that hIAPP expression protects animals from Ab1-42- and Q35-

associated toxicity. However, it is not clear whether hIAPP directly or indirectly 
ameliorates the aggregation kinetics of Q35 and/or toxicity of Ab1-42. It is possible that 

the direct interaction of hIAPP and Ab1-42/Q35 could be delaying aggregation of the 
proteins. Cross-inhibition of the two proteins could delay the initial nucleation phase of 
protein aggregation, accounting for the fewer aggregates observed in the Q35 model, and 
the reduction in paralysis observed in both models. This would be consistent with in vitro 

studies showing cross-seeding Ab and hIAPP leads to a delayed initial nucleation stage 
and an accelerated fibrillisation stage (Hu et al., 2015). However, as the interaction 
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between IAPP and Q35 has not been explored before, it is unclear whether these two 
proteins can cross-seed. Experiments including pull-down studies of aggregates are 
needed to further confirm whether it is indeed direct or indirect consequences of hIAPP 

expression that is protecting animals against Ab and Q35 proteo-toxicity. 
 
 

4.7 Conclusions 
 
To conclude, this study demonstrated that the expression of the amyloidogenic proteins 
hIAPP or S20G IAPP in C. elegans caused toxicity. The toxicity observed here in vivo is in 
accordance with the amyloidogenicity of these variants observed in vitro, providing further 
evidence for the correlation between aggregation and toxicity of these proteins. It was also 
demonstrated that co-expression of hIAPP could alleviate the toxicity and aggregation 

associated with an Amyloid-b or Q35 disease model. These observations could provide the 
basis for future experiments exploring the stress responses associated with amyloidogenic 
protein expression. 
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 HSP-90 and Alzheimer’s Disease 
 

5.1 Abstract 
 
The interplay of chaperones and protein misfolding is a complex relationship that serves 
to protect organisms from proteotoxic stress. The metazoan chaperone hsp-90 has been 
established to regulate myosin folding in a cell autonomous and cell-non-autonomous 
manner. Using C. elegans, whether this beneficial regulation can also aid against the toxic 

nature of the Alzheimer’s Disease-related protein Amyloid-b (Ab) was explored. This 

chapter demonstrates that hsp-90, as well as its co-chaperone sti-1, can protect against Ab 
toxicity.  hsp-90 was further demonstrated to act through cell-non-autonomous signalling 

via the neurons or intestine to rescue Ab-associated toxicity in the muscle, and this was 
coordinated through the GATA zinc-finger transcription factor PQM-1. These results 
provide further insight into proteostasis dysfunction and could guide potential therapeutic 
interventions. 
 

5.2 Introduction 
 
Heat shock protein 90 (Hsp90 or HSP-90 in C. elegans)  is a highly conserved molecular 
chaperone that is essential for the folding and maintenance of many cellular proteins, 
including transcription factors, hormone receptors and protein kinases (Zhao et al., 2005). 
Hsp90 is a homodimeric unit that is composed of three distinct regions (Figure 5.1), a N-
terminal domain (NTD) for nucleotide binding, a middle domain (MD) important in client 
recognition and ATP hydrolysis and a C-terminal domain (CTD), which is required for 
dimerization (Pearl and Prodromou, 2006). Moreover, the CTD contains a conserved 
MEEVD sequence that is required for interactions with co-chaperones of the 
tetratricopeptide repeat (TPR) domain class (Young et al., 1998). 
 

5.2.1 Hsp90 and its co-chaperones 
 
More than 20 co-chaperones interact with Hsp90 in order to facilitate Hsp90 client 
recognition, binding and biochemical activity (Figure 5.1) (Schmid et al., 2012). STI1/Hop 
(STI-1 in C. elegans) is a Hsp70/Hsp90 co-chaperone that is composed of three TPR 
domains (TPR1, TPR2A and TPR2B) and two aspartate- and proline- rich domains (DP1 
and DP2) (Schmid et al., 2012; Song and Masison, 2005). The multiple TPR domains of 
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STI1 allow for simultaneous binding of both Hsp90 and Hsp70 and therefore facilitates 
the successive action of each chaperone to mature client proteins (Taipale et al., 2010).  
In C. elegans, however, the STI1 homolog STI-1 or CeHop (Figure 5.1) contains only the 
TRP2A-TPR2B-DP2 module and therefore can still bind Hsp70 and Hsp90, but not 
simultaneously (Gaiser et al., 2009; Song et al., 2009). STI-1 shares approximately 56% 
sequence identify with human STI1 and is expressed in the pharynx, intestine, nervous 
system and muscle in all developmental stages (Song et al., 2009). Through the use of a 
sti-1 (jh125) null mutant, STI-1 has also been shown to be important in ageing and the 
heat stress response in C. elegans (Song et al., 2009). 
 

 
Figure 5.1 HSP-90 and its co-chaperones. 
Left. Hsp90 is composed of three domains, the N-terminal Domain (NTD), containing the lid 
and a linker to the Middle Domain (MD), which connects to the C-terminal Domain (CTD), 
containing a MEEVD binding sequence for co-chaperone binding. A selection of Hsp90 co-
chaperones and the regions they bind to are illustrated. Right. Table of Hsp90 and its co-
chaperones detailing their corresponding Human genes and C. elegans orthologs. 
 
 
5.2.2 Hsp90 and neurodegenerative disease 
 
Hsp90 has been shown to play diverse roles in many neurodegenerative diseases, 
including the most common form of dementia, Alzheimer’s disease (AD) (Brehme et al., 
2014; Chen et al., 2014; Evans et al., 2006; Kakimura et al., 2002; Wang et al., 2017). In 

AD, two types of protein aggregates form in the brain, extracellular plaques of Amyloid-b 
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(Ab) and intraneuronal neurofibrillary tangles (NFT) of the microtubule-associated 
protein tau (Huang and Mucke, 2012). Analysis of Alzheimer’s patients brains uncovered 
a chaperome subnetwork that is suppressed with ageing and in AD patients, of which 
Hsp90 and Sti1 were members of a 16 component chaperone “core-network” (Brehme et 
al., 2014). This core-network was confirmed in both an Alzheimer’s and Huntington’s C. 

elegans disease model, identifying hsp-90 (the C. elegans Hsp90 ortholog) and sti-1 
amongst others, as genes that control the Ab-associated motility phenotype observed in 

animals (Brehme et al., 2014). This research is supported by in vitro studies which 
demonstrated that Hsp90 can block early stage Ab self-assembly (Evans et al., 2006). 

Moreover, Hsp90, as well as Hsp70 and Hsp32, can increase the phagocytotic activity of 
microglia, and promote the clearance of Ab peptides (Kakimura et al., 2002). However, 
balance of this activity is critical, as chronic induction of microglia is a hallmark of AD 
and contributes to neuronal damage (Wang et al., 2015).  
 
Although Hsp90 has been shown to be directly beneficial to the inhibition and toxicity of 

Ab aggregation in vitro and in C. elegans models, due to the complex nature of the brain 
and the proteins that Hsp90 affects, downregulation of Hsp90 in AD can stimulate 
beneficial effects as well. Use of the Hsp90 inhibitors 17-AAG and OS47720 in AD mouse 
models have been shown to improve synaptic protection and memory loss through the 
activation of HSF1 and the upregulation of synaptic genes (Chen et al., 2014; Wang et al., 
2017).    
 
Although it was not explored in this chapter, it is also worth mentioning that Hsp90 plays 
a role in the accumulation of tau and other amyloidogenic proteins (Blair et al., 2013; 
Dickey et al., 2007; Jinwal et al., 2010; Luo et al., 2007; Salminen et al., 2011). Studies 
have shown that Hsp90 and its co-chaperones regulate tau phosphorylation and 
dephosphorylation (Salminen et al., 2011). Hsp90 inhibitors in cellular and mouse models 
of tauopathies have been shown to reduce the toxicity of tau, and reduced the amount of 
aggregated tau observed (Dickey et al., 2007; Luo et al., 2007). Furthermore, Hsp90 in 
complex with the co-chaperone FKBP51 protects tau from proteasomal degradation, 
promoting neurotoxic tau accumulation (Blair et al., 2013; Jinwal et al., 2010). 
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5.2.3 Sti1 and neurodegenerative disease 
 
The role of Sti1 in neurodegenerative diseases has also been explored before (Ambegaokar 
and Jackson, 2011; Maciejewski et al., 2016; Ostapchenko et al., 2013; Wolfe et al., 2013). 
Sti1 plays an important role in the clearance of tau protein, whereby loss-of-function 
mutations in STI1 in a Drosophila melanogaster model of tauopathy triggers the 
accumulation of tau (Ambegaokar and Jackson, 2011). Further, knockdown of Sti1 in a 
Huntingtin Q103 yeast model exacerbated toxicity and hindered the packaging of Htt into 
foci, while elevation of Sti1 suppressed toxicity and promoted the organisation of small 
Htt103Q foci into larger assemblies, suggesting that Sti1 acts to buffer proteotoxicity 
through spatial re-organisation (Wolfe et al., 2013). 
 
As well as the critical functionality of Sti1 in Hsp70/Hsp90 machinery, further research 
on Sti1 has focussed on the extracellular effects of the interaction between Sti1 and the 
cellular prion protein (PrPc). PrPc is anchored to cell membranes by 
glycosylphosphatidylinositol (GPI) and serves as a molecular scaffold protein, organising 
signalling complexes (Linden et al., 2008). In order to interact with PrPc, Sti1 is secreted 
via exosomes, and can interact with the PrPc on the surface of neurons, causing effects on 
cell growth and survival (Hajj et al., 2013). In Alzheimer’s disease, PrPc has been shown 

to help transmit neurotoxic signals of soluble oligomers of Ab (AbO) (Ostapchenko et al., 
2013), which are well recognised to be toxic to synapses and thought to increase early 
plaque formation (Ferreira and Klein, 2011). In vitro studies have uncovered the ability of 
Sti1 to inhibit AbO binding to PrPc, and prevent AbO-induced synaptic loss and death in 

cultured mouse neurons (Ostapchenko et al., 2013). Interestingly, Hsp90 interaction with 
Sti1 decreases the PrPc-dependent STI1 neuroprotection observed, suggesting that Hsp90 
may interfere with the interaction between STI1 and PrPc (Maciejewski et al., 2016). 
 

5.2.4 Transcellular chaperone signalling 
 
In order to preserve proteostasis in multicellular organisms, a coordinated activation of 
the protective PN components is required.  Thus, when cells are stressed in one tissue of 
the animal, this can trigger a stress signalling response that leads to altered chaperone 
expression in cells distinct from the stressed sender cell and is known as transcellular 
chaperone signalling (TCS). Previous research has utilised the nematode C. elegans to 
understand the cell-non-autonomous activity of chaperones across tissues, including the 
action of ER chaperone XBP-1, and HSP-90 which is explored further in this chapter 
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(Taylor and Dillin, 2013; Van Oosten-Hawle et al., 2013). HSP-90 expression in the 
intestine or neurons can suppress misfolding of myosin temperature-sensitive (ts) 
mutants in the muscle cells of the animals, and was shown to be controlled by the FoxA 
transcription factor PHA-4 (Van Oosten-Hawle et al., 2013). Following on from this, the 
GATA-transcription factor PQM-1 and innate immunity-associated transmembrane 
protein CLEC-41 were shown to be involved in the TCS associated with neuronal HSP-90 
expression, and the aspartic protease ASP-12 with the intestinal HSP-90 TCS (O’Brien et 
al., 2018), of which data presented in this chapter contributed to. 
 
 

5.3 Aims of this chapter 
 
Chapter 5 aimed to investigate the cell nonautonomous activity of HSP-90 and its co-

chaperone STI-1 to protect the roundworm nematode C. elegans from Ab-associated 
toxicity. Further, I wanted to uncover if HSP-90 could cell-non-autonomously protect C. 

elegans from proteotoxic stress induced from Ab3-42 expression in the muscle and sought to 
uncover the signalling molecules that are involved with this process. 
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5.4 Methods 
 
5.4.1 C. elegans strains  
 
Strain name Genotype 

 
AM986 rmIs 345[vha-6p::HSP-90::RFP] 

 
AM987 rmIs 346[F25B3.3::HSP-90::RFP] 

 
AM988 rmIs347[unc-54p::HSP-90::RFP] 

 
CL2006 dvIs2 [pCL12(unc-54/human Abeta peptide 1-42 minigene) + pRF4] 

 
N2 (Bristol) Wild type 

 
PP11972 unc-54p::STI-1::GFP 

 
PVH40 dvIs2 [pCL12(unc-54p/human Abeta peptide 1-42 minigene) + pRF4]; unc-

54p::STI-1::GFP 
PVH50 dvIs2 [pCL12(unc-54p/human Abeta peptide 1-42 minigene) + pRF4]; 

rmIs347[unc-54p::HSP-90::RFP] 
PVH59 pkIs2386 [unc-54p::alpha-synuclein::YFP + unc-119(+)]; rmIs347[unc-

54p::HSP-90::RFP] 
PVH71 dvIs2 [pCL12(unc-54p/human Abeta peptide 1-42 minigene) + pRF4]; unc-

54p::STI-1::GFP;  rmIs347[unc-54p::HSP-90::RFP] 
PVH85 dvIs2 [pCL12(unc-54/human Abeta peptide 1-42 minigene) + pRF4]; rmIs 

346[F25B3.3::HSP-90::RFP];  
PVH86 dvIs2 [pCL12(unc-54/human Abeta peptide 1-42 minigene) + pRF4]; rmIs 

345[vha-6p::HSP-90::RFP] 
Table 5.1 C. elegans strains used in Chapter 5 and their genotypes. 
 

5.4.2 RNAi silencing of genes 
 
RNAi plates were made using standard NGM protocol with the addition of 1 mM IPTG 
and the replacement of streptomycin with 100 µg/mL Ampicillin. Overnight cultures of 
HT115 containing target RNAi constructs (gifted from Ahringer lab) were made and 1 mM 
IPTG was added 3 hours before seeding to induce RNAi expression. Plates were seeded 
with 200 µL of cultures and left to dry for at least a day before use. Animals were placed 
onto control (L4440) or target RNAi plates at L4 stage and then analysed for paralysis. 
 
For the following methods see the Materials and Methods Chapter: 
Paralysis assay   Chapter 2.2.4  
RT-qPCR   Chapter 2.4  
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5.5 Results 
 
5.5.1 The cell autonomous action of HSP-90 on Aβ-associated toxicity 
 
The C. elegans strain CL2006 (unc-54p::human Aβ3-42) expresses human Aβ3-42 in the body 

wall muscle of the animal which leads to a progressive, age-dependent aggregation 
resulting in toxicity observed through decreased motility and paralysis (Link, 1995; 
McColl et al., 2012). Modulation of various PN components have been shown to suppress 
or exacerbate the Aβ toxicity associated with this C. elegans disease model, including HSP-

90 and HSP-16.2 (Brehme et al., 2014; Fonte et al., 2008; Muñoz-Lobato et al., 2014; 
Sorrentino et al., 2017).  
 
In order to explore the relationship between HSP-90 (or DAF-21 in C. elegans) expression 
and the toxicity of Aβ in these models, CL2006 (Aβ3-42) was genetically crossed (Chapter 

2.1.2) into the HSP-90 body wall muscle overexpression strain AM988 (HSP-90bwm) to 
generate the strain PVH50 (Aβ; HSP-90bwm). The resulting strain combines both the 

overexpression of HSP-90 and the expression of Aβ3-42 in the same tissue of the animal - 

the body wall muscle. Animals were assessed for paralysis from the onset of adulthood for 
8 days. The overexpression of HSP-90 alone had no effect on the percentage of paralysed 
animals compared with wildtype (N2) controls (Figure 5.2a). However, the overexpression 
of HSP-90 in the Aβ3-42 model significantly suppressed the associated progressive paralysis 

observed in the Alzheimer’s strain reducing the percentage of paralysed animals at day 8 
of adulthood from 50% to 15% (Figure 5.2a).  
 
Moreover, the cytosolic HSP-90 gene hsp-90 was knocked down using RNAi in both the 
Aβ3-42 strain and the N2 wildtype strain at L4 stage and the paralysis of the animals were 

assessed for 8 days afterwards (Figure 5.2b). Interestingly, knockdown of hsp-90 in both 
strains caused a comparable severe paralysis phenotype in the animals, whereby 80% of 
animals were paralysed after 8 days. HSP-90 has been shown previously to be essential 
for myosin folding and muscle cell integrity (Frumkin et al., 2014). Our data confirmed 
this result, as animals treated with hsp-90 RNAi exhibit an age-dependent paralysis 
comparable to Ab-expressing nematodes (Figure 5.2b). One possible explanation of these 

results could be the increased folding load in the muscle cells caused by Ab, whereby HSP-
90 is sequestered away from maintaining the folding of myosin and towards the folding of 

Ab. This disrupts muscle cell integrity and causes collapse observed through increased 
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paralysis. Therefore, maintaining the expression of HSP-90 to cope with both myosin and 

Ab misfolding is crucial in protecting the proteome during aging. 
 

 
 

Figure 5.2 Paralysis phenotypes of C. elegans Alzheimer’s models with modulated HSP-
90 expression. 
A) Paralysis assays of C. elegans expressing Aβ3-42 in the body wall muscle compared with wild 
type (N2), HSP-90bwm overexpression or Aβ3-42; HSP-90bwm. B) Paralysis assays of wild type C. 
elegans (N2) or C. elegans expressing Aβ3-42 (CL2006) on control L4440 RNAi or hsp-90 RNAi. 
Paralysis data represents the SEM of 3 biological replicates (n=100 animals). Statistical 
significance was determined using the Wilcoxon matched-paired signed rank test. * p<0.05 
**p<0.01 
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5.5.2 Chaperone expression levels in HSP-90 overexpression models 
 
Chaperones have been shown to work in complex networks, whereby upregulation of one 
chaperone can influence the expression of other chaperones or co-chaperones both cell 
autonomously and cell-non-autonomously (Taylor and Dillin, 2013; Van Oosten-Hawle et 
al., 2013). Therefore, I asked whether the overexpression of hsp-90 can modulate the 
expression of other chaperone proteins, and aid in maintaining proteostasis. As expected, 
cytosolic hsp-90 was significantly upregulated in all strains where HSP-90 has been 

overexpressed: the HSP-90bwm, Ab; HSP-90bwm, and Ab; HSP-90bwm; STI-1o/e strains had 
increased hsp-90 transcript levels of 4-, 9- and 4-fold respectively compared with the 

wildtype (N2) control (Figure 5.3b). However, in the Ab strain, although hsp-90 expression 
appears to be upregulated, this was not significant (Figure 5.3a). Transcript levels of the 
HSP-90 co-chaperone gene sti-1 was significantly upregulated 3-fold in only the Ab; HSP-

90bwm; STI-1o/e strain (Figure 5.3b). Levels of the constitutively expressed Hsp70 gene 
hsp-1 were not significantly up- or down-regulated in any strains compared with the 
wildtype (N2) control (Figure 5.3d). However, levels of the stress-inducible hsp-70 gene 

C12C8.1 were upregulated 40- and 10- fold respectively in the Ab and Ab; HSP-90bwm 

strains, but was not significant in the HSP-90bwm and Ab; STI-1o/e; HSP-90bwm strains 

(Figures 5.3c and 5.3d). The upregulation of the inducible hsp-70 gene C12C8.1 in the Ab 

and Ab; HSP-90bwm strain could be a response to the increased load on the PN components 

due to the expression and aggregation of Ab in this strain. The increased folding load from 

the expression and misfolding of Ab could be sequestering HSP-70 and HSP-90 and thus 
inducing the heat shock response (HSR). The HSR is activated in the shortage of cytosolic 
HSP-70 and HSP-90 and could be upregulating chaperones such as HSP-70 in order to 
maintain proteostasis.  
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Figure 5.3 mRNA levels of chaperone genes in wild type (N2), Aβ3-42 (CL2006), HSP-90bwm 
overexpression, Aβ3-42; HSP-90bwm or Aβ3-42; HSP-90bwm; STI-1o/e. 
mRNA levels of chaperone genes A) hsp-90 mRNA expression of all strains compared with the 
wild type (N2) control. B) sti-1 mRNA expression of all strains compared with the wild type 
(N2) control. C) hsp-70 mRNA expression of all strains compared with the wild type (N2) 
control. D) hsp-1 mRNA expression of all strains compared with the wild type (N2) control. All 
bar graphs are representative of the mean of three independent experiments, error bars 
represent ± SEM. p*<0.05 ns, not significant. 
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5.5.3 The effect of the HSP-90 co-chaperone STI-1 on Aβ-associated toxicity 
 
The HSP-70/HSP-90 co-chaperone STI-1 has been shown to be required for both muscle 

cell integrity and the safeguarding of the proteome from Ab-toxicity in C. elegans (Brehme 
et al., 2014; Frumkin et al., 2014). To further evaluate the potential of STI-1 to modulate 

Ab-toxicity, the STI-1o/e strain (PPI1972) was crossed into the Ab3-42-expressing 

Alzheimer’s disease strain (CL2006) to generate the strain PVH40 (Ab; STI-1o/e). This 

strain alleviated the paralysis phenotype associated with Ab3-42 expression from 45% of 
animals paralysed at day 8 of adulthood to 20% paralysed (Figure 5.4a). Furthermore, the 
overexpression of STI-1 alone did not significantly affect nematode motility compared with 
the wildtype (N2) control (Figure 5.4a). 
 
Knockdown of sti-1 has been shown previously to affect the motility of an Alzheimer’s 
strain and a unc-45 mutant strain (Brehme et al., 2014; Frumkin et al., 2014). Knockdown 
of sti-1 in the Ab3-42 model resulted in a 10% increase in the percentage of paralysed 

animals at day 10 of adulthood compared with Ab3-42 nematodes on control RNAi (Figure 
5.4b). However, knockdown of sti-1 in the wildtype (N2) strain had no significant effect on 
the paralysis of the animals (Figure 5.4b), similar to previous literature (Frumkin et al., 
2014). Combined, these results potentially indicate that STI-1 may not be essential in 
maintaining muscle integrity under normal conditions; however, when the muscle cell is 
under stress – for example under the proteotoxic stress induced by Ab3-42 expression - STI-

1 is required to protect the proteome. This is consistent with previous research that 
investigated the upregulation of STI-1 during heat stress (Song et al., 2009). 
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Figure 5.4 Paralysis phenotypes of C. elegans Alzheimer’s models with modulated STI-1 
expression. 

 

A) Paralysis assays of C. elegans expressing Aβ3-42 in the body wall muscle compared with wild 
type (N2), STI-1bwm overexpression or Aβ3-42; STI-1bwm. B) Paralysis assays of wild type C. 
elegans (N2) or C. elegans expressing Aβ3-42 (CL2006) on control (L4440) RNAi or sti-1 RNAi. 
Paralysis data represents the SEM of 3 biological replicates (n=100 animals). Statistical 
significance was determined using the Wilcoxon matched-paired signed rank test. * p<0.05 
**p<0.01 
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5.5.4 Chaperone expression levels in STI-1 overexpression strains 
 
Similarly to the HSP-90 overexpression strains at the start of this chapter, I next asked 
whether STI-1 overexpression affected the expression other chaperone genes. RT-qPCR 
analysis showed a significant increase of 2.5-fold in the transcript levels of sti-1 in both 

the STI-1o/e and Ab; STI-1o/e strains and a 3-fold increase in the Ab; STI-1o/e; HSP-90o/e 

strain; while the Ab strain did not display any significant increase in sti-1 levels (Figure 

5.5b). The Ab; STI-1o/e; HSP-90o/e strain displayed a 4-fold increase in hsp-90 transcript 
levels, while the other strains did not significantly upregulate hsp-90 (Figure 5.5a). Levels 
of stress-inducible hsp-70 were significantly upregulated 40-fold in the Ab strain, but not 

any of the other strains (Figure 5.5c). Further, the constitutively expressed Hsp70 gene 
hsp-1 did not show any significantly up- or down-regulation in any of the strains analysed 
(Figure 5.5d). Therefore, apart from the expected increase in sti-1 expression, these results 
suggest sti-1 overexpression does not actively regulate any of the chaperone subset 
analysed. This indicates the protective effects of sti-1 overexpression might be direct 

effects, and not indirectly impacting Ab3-42 folding through the upregulation of other 
chaperones, although more research into the expression of other genes is required to 
confirm this. 
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Figure 5.5 mRNA levels of chaperone genes in wild type (N2), Aβ3-42 (CL2006), STI-1o/e,  
Aβ3-42; STI-1o/e or Aβ3-42; HSP-90bwm; STI-1. 
A) hsp-90 mRNA expression of all strains compared with the wild type (N2) control. B) sti-1 
mRNA expression of all strains compared with the wild type (N2) control. C) C12C8.1 mRNA 
expression of all strains compared with the wild type (N2) control. D) hsp-1 mRNA expression 
of all strains compared with the wild type (N2) control. All bar graphs are representative of 
the mean of three independent experiments, error bars represent ± SEM. p*<0.05 p**<0.01 ns. 
= not significant 
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5.5.5 The cell-non-autonomous action of HSP-90 on Aβ-associated toxicity 
 
Multicellular organisms employ transcellular chaperone signalling (TCS) of PN 
components in order to maintain the proteome across all tissues of the animal. In C. 

elegans, modulation of the essential molecular chaperone HSP-90 has been shown to 
activate TCS (O’Brien et al., 2018; Van Oosten-Hawle et al., 2013). Overexpression of HSP-
90 in the intestine or neurons of C. elegans has been shown to elevate misfolding in muscle 
cells induced in myosin temperature-sensitive mutants (Van Oosten-Hawle et al., 2013). 
Here, it was questioned if the cell-non-autonomous action of HSP-90 can also alleviate the 

toxicity associated with the expression of the aggregation-prone protein amyloid-b, and 
which signalling molecules are involved in this response. 
 

5.5.6 Intestinal specific upregulation of HSP-90 rescues Aβ-associated toxicity 
 
To explore the cell-non-autonomous relationship of HSP-90 further, the HSP-90 intestinal 
overexpression strain AM986 (HSP-90int) was crossed into the Alzheimer’s disease model 

CL2006, where Ab3-42 is expressed in the body wall muscle, to generate the strain PVH86 

(Ab; HSP-90int). The overexpression of HSP-90 in the intestines of the Alzheimer’s disease 
model significantly reduced the number of paralysed animals observed during ageing, 

where 25% of animals were paralysed at day 8 of adulthood in the Ab; HSP-90int strain 

compared with 50% in the Ab Alzheimer’s disease model (Figure 5.6). This demonstrates 

intestinal HSP-90 TCS is beneficial to the prevention of Ab misfolding in the distal body 

wall muscle tissue and furthers our understanding of the effects of intestinal TCS. 
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Figure 5.6 Paralysis phenotypes of C. elegans Alzheimer’s models with modulated tissue-
specific HSP-90 expression 
A) Paralysis assays of C. elegans expressing Aβ3-42 in the body wall muscle compared with wild 
type (N2), intestinal specific expression of HSP-90 (HSP-90int) or Aβ3-42; HSP-90int. Paralysis 
data represents the SEM of 3 biological replicates (n=100 animals). Statistical significance was 
determined using the Wilcoxon matched-paired signed rank test. * p<0.05 ns, not significant. 
 
 
 
5.5.7 Neuronal specific upregulation of HSP-90 rescues Aβ-associated toxicity 

and is mediated by pqm-1  
 
Next it was explored whether this protective effect was also apparent when HSP-90 was 
overexpressed in the neurons of the animals. To address this the tissue-specific neuronal 
HSP-90 overexpression strain AM987 (HSP-90neuro) was genetically crossed into the 
Alzheimer’s disease model CL2006 which expresses Ab3-42 in the body wall muscle of the 

animal to generate the strain PVH85 (Ab; HSP-90neuro). Neuronal HSP-90 overexpression 

alleviated the paralysis phenotype seen in the Ab3-42 strain to levels similar to wild type 
(N2) (Figure 5.7a). The percentage of animals paralysed at day 8 of adulthood were 

reduced from 50% in the Ab strain to 20% in the Ab; HSP-90neuro strain (Figure 5.7a).  
 
Building on this, I sought to uncover the signalling molecules involved in the cell-non-
autonomous action of HSP-90 observed through the overexpression of HSP-90 in the 
neurons of C. elegans. The FoxA transcription factor pha-4 has been previously identified 
by chromatin immunoprecipitation to bind to the promoter of hsp-90 and to regulate cell-
non-autonomous hsp-90 expression in a myosin ts mutant (Celniker et al., 2009; Van 

Oosten-Hawle et al., 2013). Knock-down of pha-4 expression through RNAi in the Ab, 
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HSP-90neuro strain reversed the protective effect of neuronal HSP-90 overexpression on the 
Alzheimer’s disease model and increased the percentage of paralysed animals on day 8 of 
adulthood from 25% to 45% (Figure 5.7b). Knock-down of pha-4 in the Ab3-42-expressing 

Alzheimer’s disease strain also caused an increase in the percentage of paralysed animals 
during ageing, from 40% of animals paralysed at day 8 of adulthood on control RNAi to 
65% of animals paralysed on pha-4 RNAi (Figure 5.7b). Therefore, this suggests that pha-

4 knockdown might be affecting Ab misfolding in a separate pathway to neuronal HSP-90 

TCS in order to mediate protein folding in the muscle.  
 
Through RNAseq analysis of the HSP-90neuro strain, our group identified 34 genes to be 
significantly upregulated, of which a motif with the consensus sequence AGATAACA or 
TGTTATCT was found to be enriched in the promoter regions of 27 of the 34 upregulated 
genes (O’Brien et al., 2018). This motif resembled the GATA-like binding site for the zinc-
finger transcription factor PQM-1, and therefore we asked whether this transcription 
factor could be involved in TCS. Using RNAi, pqm-1 was knocked down in Ab; HSP-90neuro 

strain, and remarkably exacerbated paralysis, reversing the protective effect of neuron-
induced TCS, from 20% of animals paralysed at day 8 of adulthood to 40% of animals 

paralysed (Figure 5.7c). Interestingly, knockdown of pqm-1 in an Ab3-42 Alzheimer’s 
disease strain had no significant effect on the percentage of animals paralysed, indicating 
that this transcription factor is not essential for general muscle cell integrity but is likely 
required for TCS-mediated protection against amyloid toxicity. 
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Figure 5.7 Overexpression of HSP-90 in the neurons of an Alzheimer’s model rescues its 
paralysis phenotype, and is modulated through knocking down pqm-1 or pha-4. 
A) Paralysis assays of C. elegans expressing Aβ3-42 in the body wall muscle compared with wild 
type (N2) or neuronal specific expression of HSP-90 (HSP-90neuro) or Aβ3-42; HSP-90neuro. B) 
Paralysis assays of CL2006 (Aβ3-42) or Aβ3-42; HSP-90neuro on control (L4440) RNAi or pha-4 
RNAi C) Paralysis assays of CL2006 (Aβ3-42) or Aβ3-42; HSP-90neuro on control (L4440) RNAi or 
pqm-1 RNAi. Paralysis data represents the SEM of 3 biological replicates (n=100 animals). 
Statistical significance was determined using the Wilcoxon matched-paired signed rank test. 
* p<0.05 **p<0.01 
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5.6 Discussion 
 
Molecular chaperones are highly conserved across organisms and their function is 
essential for proteome maintenance during aging. The analysis presented in this chapter, 
modulating the expression HSP-90 and its co-chaperone STI-1 in C. elegans has validated 
their role in maintaining cellular proteostasis during aging in a cell-autonomous and cell-
non-autonomous manner. Elevation of both HSP-90 and STI-1 levels in an Alzheimer’s C. 

elegans disease model was shown to alleviate the age-associated paralysis phenotype 
characteristic for this disease model (Figures 5.2a and 5.4a). Further, it was demonstrated 
that knockdown of these two components of the PN exacerbated the paralysis phenotype 
observed in the Ab-expressing disease model (Figures 5.2b and 5.4b). Together, these 

results indicate that HSP-90 and STI-1 are crucial in protecting the cell against Ab 
misfolding and aggregation. This is consistent with previous research performed by 
Brehme and colleagues, who knocked down both HSP-90 and STI-1 in both an Alzheimer’s 
and a Huntington’s disease model of C. elegans and observed a reduction in the thrashing 
rate of animals at day 4 of adulthood compared with the disease model alone (Brehme et 
al., 2014). Moreover, in vitro studies using human Hsp90 and Ab, suggested that Hsp90 is 

involved in Ab oligomer assembly (Evans et al., 2006), and our group further demonstrated 

that HSP-90 overexpression reduced the amount of Ab oligomers in C. elegans (O’Brien et 
al., 2018). As STI1 has also been previously shown to protect neuronal cells and an AD 

mouse model from the toxic effects of Ab oligomers (Ostapchenko et al., 2013), it is likely 

that STI-1 and HSP-90 overexpression in our Ab3-42 C. elegans model reduces the amount 
of toxic oligomer species in the animals, reducing muscle damage and alleviating the 
paralysis phenotype observed. Further investigation probing the toxic species in our 
disease models using anti-oligomer antibodies would aid in the understanding of this. 
 

5.6.1 Knockdown of HSP-90 but not its co-chaperone STI-1 causes an increased 
paralysis phenotype in both an Alzheimer’s model and wild type C. 
elegans   

 
Knockdown of HSP-90 caused widespread paralysis in the wild type (N2) control strain 
and the Alzheimer disease model (Figure  5.2b). This is unsurprising considering the key 
role HSP-90 has been shown to play in maintaining correct myosin folding (Barral et al., 
2002; Frumkin et al., 2014; Gaiser et al., 2011). HSP-90, in conjunction with UNC-45 has 
been shown previously to control the assembly of myosin filaments (Barral et al., 2002). 
The down-regulation of either HSP-90 or UNC-45 causes a reduction in motility -measured 
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by the thrashing rate of animals - and the accumulation of aggregate-like myosin in the 
muscle cells of animals (Gaiser et al., 2011). It is therefore hard to differentiate the effects 
of increased Ab misfolding and toxicity when HSP-90 is knocked down, from the effects of 

ineffective myosin folding causing paralysis. However, as overexpression of HSP-90 in the 
body wall muscle alleviates paralysis associated with the Alzheimer’s disease model, and 

was shown by other members of the group to reduce the amount of Ab oligomers present 
in the animals (O’Brien et al., 2018), it is likely that HSP-90 also plays a vital role in 

reducing misfolding and toxicity associated with Ab. 
 
On the other hand, knockdown of sti-1 in the wild type (N2) strain did not have an effect 
on the paralysis of the animals (Figure 5.4b), suggesting it plays a less important role in 
maintaining muscular homeostasis than hsp-90 in C. elegans. This is further exemplified 
through the knockdown of sti-1 in the Alzheimer’s disease model where a 10% increase in 
the percentage of paralysed animals was observed at day 10 of adulthood compared with 
30% increase observed when HSP-90 was silenced (Figure 5.2a and 5.4a). Indeed, previous 
literature has implicated STI-1 in muscle cell integrity and regulation, but only when 
paired with unc-45 knockdown (Frumkin et al., 2014). It has been purposed this effect 
observed could be mediated through the interaction of HSP-90, STI-1 and UNC-45; 
however, pull-down of STI-1 revealed an interaction with HSP-90 but not UNC-45 
(Frumkin et al., 2014). Further reports of the relationship between STI-1 and HSP-90 
have revealed that sti-1 knockdown correlates with an upregulation in hsp-90 transcripts 
(Burga et al., 2019). This interplay with hsp-90 could be responsible for both the lack of 
effect of STI-1 knockdown in the wild type strain, and the reduced protective effect 
observed when STI-1 is knocked down in the Alzheimer’s model, where the effects of STI-
1 knockdown on Ab could be partially mitigated by up-regulation of HSP-90.  

 
As STI-1 modulation only effected animals under increased stressed conditions due to Ab 
aggregation, another possible explanation of the results could be that STI-1 function is 
strongly linked to the stress response. Indeed, STI-1 has been previously shown to be 
upregulated in response to heat stress, and has a potential heat shock element sequence 
(TTCTa/cGAA) upstream of the start codon (Song et al., 2009). This points to the 
involvement of STI-1 in the stress response pathway, although overexpression STI-1 did 
not induce the transcript expression of a subset of chaperone genes (C12C8.1, hsp-1 or daf-

21),  likewise HSP-90 overexpression did not upregulate sti-1 expression. Other genes 
could be involved in this response, and further investigation, such as the co-
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immunoprecipitation of STI-1 with either HSP-70 or HSP-90 is needed to provide a 
complete picture. Overall however, it seems likely STI-1 is important in times of stress, in 
order to maintain protein stability and inhibit protein aggregation. 
 

5.6.2 Transcellular chaperone signalling can be used to improve phenotypes 
associated with Amyloid-b 

 
As well as providing beneficial effects to proteostasis through cell autonomous means, this 
study demonstrated the upregulation of HSP-90 in distal tissues can also induce a cell-

non-autonomous protective response against Ab aggregation. HSP-90 overexpression in 

the intestines or the neurons of the animals can alleviate the toxicity of Ab observed 

through monitoring the paralysis of animals (Figures 5.6 and 5.7a).  This is consistent 
with the previously observed protective effect observed towards the misfolding of 
metastable myosin in the muscle (Van Oosten-Hawle et al., 2013). This previous study 
also identified the FoxA transcription factor pha-4 to be required for TCS, as TCS-induced 
cell nonautonomous hsp-90 expression is reduced when pha-4 is knocked down (Van 
Oosten-Hawle et al., 2013). In the HSP-90neuro Alzheimer’s TCS model, a reduction in the 
protective cell-non-autonomous action of HSP-90 was observed, which is consistent with 
this conclusion. However, when pha-4 was knocked down using RNAi in the Alzheimer’s 
disease model, an increase in paralysed nematodes was observed during ageing (Figure 
5.7b). This might instead suggest that PHA-4 is not TCS-specific and instead involved in 
a separate pathway to regulate the misfolding of proteins in the muscle. It has been widely 
reported that PHA-4 controls other stress response pathways, including the insulin-like 
signalling (IIS) and the unfolded protein response pathway of the endoplasmic reticulum 
(UPRER) (Matai et al., 2019; Shpigel et al., 2019). It is thus possible that these pathways 
are regulating the response observed in the nematodes. It would therefore be interesting 
to further explore pha-4 in the context of cellular proteostasis and Ab toxicity and identify 

the pathway upon which protein misfolding is exacerbated in our model. 
 
Following on from this, we also identified the novel signalling component of transcellular 
activation of hsp-90, PQM-1. Research from the group used RNAseq and motif analysis to 
identify this GATA-transcription factor as a possible signalling molecule in neuronal-
activated HSP-90 TCS (O’Brien et al., 2018). PQM-1 has been shown previously to control 
development and longevity, and to display opposing patterns of nuclear localisation to 
DAF-16 (Tepper et al., 2013). Our group also explored the localisation of PQM-1 further, 
showing a higher percent of PQM-1 in HSP-90neuro animals to be localised in the nucleus 
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in the than in the control animals (O’Brien et al., 2018). Subsequently, it was shown that 
PQM-1 aids in the protective TCS response seen through HSP-90neuro expression, where 
knock down of PQM-1 ablates the protective nature of neuronal TCS (Figure 5.7c). As 
knockdown in the Alzheimer’s disease model did not also increase the amount of paralysed 
animals, PQM-1 is likely to act in this cell-non-autonomous pathway and regulate the 
protective effect of TCS observed.  
 
 

5.7 Conclusions 
 
Overall, this chapter has demonstrated the beneficial effects of HSP-90 and its co-
chaperone STI-1 towards the toxicity associated with Ab3-42 expression. As protein 

misfolding diseases are responsible for a large number of debilitating conditions and 
deaths each year, the development of new therapeutics is vital. The beneficial effects of 
HSP-90 (Hsp90) and STI-1 (STI1) need to be further explored in more relevant human 
systems, especially in the light of developing these PN components for therapeutic 
interventions. Moreover, targeting of the PQM-1 TCS pathway using genetic or small 
molecule interventions could also provide another possible route for therapeutics for the 
treatment of protein misfolding diseases. 
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 Conclusions and Future Directions 
 
 
The formation of amyloid species and their toxic effects have been well documented in the 
progression of many diseases; however, many questions still remain as to the mechanisms 
of amyloid toxicity and the cellular response mechanisms an organism employs to combat 
this.  The utilisation of C. elegans as a model organism for amyloid disease research has 
been well established in respect to gaining further understanding of these topics. The 
majority of C. elegans research has focused on neurological conditions, and therefore 
systemic amyloid diseases such as DRA and T2DM have limited disease models in 
comparison (Aldras et al., 2019; Diomede et al., 2012; Faravelli et al., 2019; Rosas et al., 
2016). To address this, the thesis research presented here displays the generation and 
characterisation of new amyloid disease models expressing proteins associated with either 
the systemic amyloid diseases DRA or T2DM (Chapters 3 and 4), and further delves into 
the effects of amyloid protein aggregation and the cellular response to combat these 
(Chapters 3, 4 and 5).  
 

6.1 Phenotypes of amyloid protein expression in C. elegans 
 
Overall, this research has demonstrated the benefits on using the model organism C. 

elegans in studying the relationship of amyloid aggregation and toxicity. These models 
provide a simple system from which to study the aggregation of amyloidogenic proteins 
and how this contributes to toxicity from which implications to human disease can be 
translated. It is interesting to observe that the highly amyloidogenic disease linked 
mutations D76N b2m and S20G IAPP confer to stronger toxic phenotypes in the models 

presented (Chapters 3 and 4), and replicate in vitro research (Ma et al., 2001; Mangione 
et al., 2013). Further research into the mechanism of toxicity of these variants would be 
interesting to disseminate whether these phenotypes are due to higher rates of 
aggregation as previously thought, or due to a different mechanism of toxicity. 
 

Expression of highly amyloidogenic variants of both b2m (D76N and DN6) and IAPP 
(hIAPP and S20G) were demonstrated to affect motility of C. elegans in an age-dependent 
as shown by the increase in paralysed animals with age and reduction of the thrashing 
rate of the nematode (Chapter 3.8 and 4.7). Locomotion phenotypes are also observed in 
other C. elegans disease models expressing amyloid proteins in the body wall muscle of 
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animals such as in those expressing amyloid-b (Brehme et al., 2014; Fay et al., 1998; Link, 

1995; McColl et al., 2012), a-synuclein (Kuwahara et al., 2008; van Ham et al., 2010; Van 
Ham et al., 2008) and polyglutamine expansions (Morley et al., 2002; Wang et al., 2006). 
As similar defects were observed between models, these observations might point towards 
a common mechanism of toxicity that underlies motility defects between the 
amyloidogenic proteins. Amyloidogenic proteins have been known to sequester chaperone 
components, disrupting normal cellular processes such as myosin folding and integrity, 
which could explain the common phenotype. 
 

6.2 The proteostasis network and amyloid 
 
Throughout this thesis, the role of the proteostasis network (PN) has been highlighted to 
be critical in amyloid aggregation and toxicity. In particular, expression levels of the ER-
resident chaperone hsp-4 (Human ortholog of BiP) were found to be reduced in C. elegans 

models expressing b2m proteins (WT b2m, D76N b2m and DN6 b2m) and amyloidogenic 
IAPP variants (hIAPP and S20G IAPP) (Chapter 3.10 and Chapter 4.9). Interestingly, 

when ER stress was applied to the models, strains expressing WT b2m, D76N b2m, hIAPP 
and S20G IAPP hsp-4 transcripts were not induced (Chapter 3.10 and Chapter 4.9). In 

these amyloid models b2m and IAPP expression constructs harboured a signal sequence, 
which allows to target the protein to the ER and the secretory pathway. The reduced ER 
stress survival and impaired hsp-4 transcript response in the strains could point to 
common mechanism whereby upon entering the ER, the initiation of aggregation occurs 
and impairs stress responses. This is consistent with previous studies that demonstrate 
that amyloid aggregation can affect the ER (Chien et al., 2010; Hull et al., 2009). Future 
experiments to explore this phenomenon are needed, such as to investigate whether 
reduced ER stress survival is further exacerbated in an ire-1 mutant or  rescued in an xbp-

1s mutant, which shows elevated hsp-4 levels and ER stress survival rates throughout 
aging (Taylor and Dillin, 2013). These strains could be used to exacerbate the phenotypes 
associated with amyloidogenic protein expression and understand the relationship 
between these ER components and the expression of these proteins further.  
 

Chapter 5 demonstrated the importance of HSP-90 function on amyloid-b toxicity. The 
proteostasis network has been shown numerous times to be vital in protecting the 
organism against proteotoxic damage from the expression of aggregation-prone proteins 
(Hipp et al., 2014). These results also tie in with previous research showing that Hsp90 
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can modulate protein aggregation (Brehme et al., 2014; Evans et al., 2006; Luo et al., 
2007). However, it would also be interesting to explore whether these chaperone responses 
are common across the amyloid models presented here. Experiments could include RT-

qPCR experiments to analyse the levels of hsp-90 in the IAPP and b2m models generated 
in this study in order to understand whether hsp-90 has a generic role to play in 
preventing amyloid aggregation. It would also be interesting to explore whether HSP-90 

overexpression or knockdown could exacerbate or alleviate the phenotypes we observed. 
Furthermore, hsp-4 expression and the ER stress response could be explored in the 

intracellular amyloid-b expressing strains; presence of an ER stress survival phenotype in 
this model could allude to an intracellular effect on the ER response or lack thereof could 

implicate the targeting of IAPP and b2m to the secretory pathway in the response 
observed. 
 

6.3 Screening of therapeutics 
 
The generation of new disease models of amyloid diseases provides many avenues for 
future research. As there are limited in vivo models of systemic amyloidosis - in particular 

for b2m models - an obvious direction could be for small molecule drug screening. 
Traditional in vitro methods such as ThT assays, NMR and mass spectrometry analysis 
are useful in screening large numbers of therapeutics and understanding their mechanism 
of action against amyloid aggregation. Cellular based assays are also useful in screening 
therapeutics and can provide a clearer picture on the efficacy of a drug. However, the 
efficacy and in particular the safety and toxicity of many of these therapeutics differs 
considerably in an organismal environment and therefore in vivo disease models such as 
the ones presented in this thesis are required. Similar screening studies have been 
performed in numerous C. elegans amyloid models (Chen et al., 2015; Lublin and Link, 
2013; Miyasaka et al., 2016; Perni et al., 2017). An example of this includes an Ab42 

Alzheimer’s model where the drug Bexarotene was discovered to reduce amyloid 
aggregation through a chemical kinetics-based strategy (Habchi et al., 2016). The drug 
was subsequently tested on neuroblastoma cells which displayed a delay the formation of 

toxic species and when applied to a C. elegans model of Ab42-mediated toxicity, Bexarotene 

suppressed Ab42 deposition and ameliorated the reduced motility observed in the model 
(Habchi et al., 2016).  
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A major problem for the treatment of amyloid diseases is that as the aggregating amyloid 
fibres are highly ordered and thermodynamically stable, they are difficult to disaggregate 
or remove (Tipping et al., 2015). As amyloid proteins undergo conformational changes on 
different timescales in vivo compared to in vitro studies, challenges arise from the highly 
heterogeneous toxic body of oligomers that are generated on pathway to fibril formation. 
These oligomers are thought to be the leading cause of cellular toxicity, and play an 
important role in the pathogenesis of many amyloid diseases (Chiti and Dobson, 2017; 
Glabe, 2006; Stefani, 2012). Therefore, the timing of drug administration in amyloid 
diseases is crucial to the efficacy. As well as standard therapeutic screening using the b2m 
and IAPP models, future studies could focus on the timing of administration of 
therapeutics. By administering therapeutics at various time points in the lifecycle of the 
organism, it would provide information about not only the efficacy of the therapeutic but 
the species the drug acts upon.   
 

6.4 Limitations and improvements to research 
 
Although the models generated in this study are useful in modelling the aggregation and 
subsequent toxicity of both b2m and IAPP variants, there are several improvements that 

could be made to both models.  The expression of the amyloidogenic proteins could be 
explored in other tissues using different tissue specific promoters. In particular, it would 
be interesting to express IAPP in the neurons of animals. Before IAPP is secreted, it 
undergoes several steps involving several auxiliary factors including pro-hormone 
convertases in order to generate the mature form of the protein (Chen et al., 2018). In C. 

elegans factors such as PC2 and CPE are abundantly expressed in the neurons of the 
animal (Jacob and Kaplan, 2003; Kass et al., 2001) and therefore could represent a better 
tissue for IAPP to be expressed and secreted in. Future studies could also focus on 

expressing b2m in the neurons of the animal, in order to discriminate differences in toxicity 
between different tissue types.  
 
Although all amyloid disease models generated throughout this study where designed to 
secrete the disease protein extracellularly, it was not established whether this was the 
case. Future experiments need to concentrate on determining on the localisation of the 
proteins in the animal. This could be through improved immuno-staining techniques and 
different amyloid binding dyes. The localisation of the protein throughout the animal is 
critical in understanding the nature of toxicity throughout the animal. If found to be 
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extracellular, it would be interesting to determine if the expression of these amyloidogenic 
proteins are capable of inducing other cell-non-autonomous effects such as the neuronal 
phenotype of nociception. This has been demonstrated in other models such as a TTR-
expressing C. elegans model, that demonstrated cell-non-autonomous nociception 
neuronal phenotypes when TTR was expressed and secreted in the body wall muscle 
(Madhivanan et al., 2018). Furthermore, it would be interesting to explore the 

extracellular proteostasis network, and the effect of expression of the b2m or IAPP variants 
on this. A recent study has shown that extracellular proteostasis prevents pathogenic 
attack, and utilised the extracellular protein lipid-binding protein 2 (LBP-2) as a sensor 
for extracellular protein aggregation (Gallotta et al., 2020). To understand whether the 
models presented in this thesis also affected extracellular protein aggregation, future 

studies could focus on exploring whether IAPP and b2m expression in the models 
generated could affect the extracellular aggregation of LBP-2 and reveal more information 
about the aggregation of these proteins.  
 
Throughout this thesis, the phenotypic effects of amyloidogenic protein expression was 

described. However, with the exception of insoluble fractionation of the protein in the b2m 
models demonstrating aggregated species (Chapter 3.4), there was little other evidence to 
pinpoint the exact nature of the species. As different amyloid species contribute to 
different cellular effects within a disease, future research should work on disseminating 
the species contained within the model to gain further understanding of the mechanism 
of amyloid toxicity. This could include using oligomer or fibril specific antibodies – such as 
the anti-amyloid antibody WO1 (O’Nuallain and Wetzel, 2002) and the anti-oligomer 
antibody A11 (Kayed et al., 2007) - to obtain a picture of the species populations in the 
models. Further research could even consider a more in depth look into the fibrils at atomic 
resolution employing techniques to pull down amyloid fibres and analyse their structures 

using cryo-EM. Recent research on Ab fibrils from patient brain tissue has shown that 
these in vivo fibrils differ significantly from previous research on fibrils formed in vitro 
(Kollmer et al., 2019). Establishing and comparing the structural composition of the fibrils 
formed in in vivo disease models to patient samples would be beneficial in generating new 
better amyloid models and understanding the complex nature of the diseases involved. 
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