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Abstract 
 

 

           My Ph.D. research project in the Bhagwati Gupta lab focuses on understanding 

the mechanism by which the Axin family of scaffolding proteins functions to regulate 

biological processes in multicellular eukaryotes. Towards this, I am using the nematode 

(worm) Caenorhabditis elegans as an animal model to investigate the role of one of the 

Axin homologs, PRY-1. Studies in various model systems and humans have shown that 

the Axin family of proteins plays crucial roles during cell proliferation, cell 

differentiation, and organ formation. Such a role of Axin depends on the negative 

regulation of the WNT signaling cascade. Consistent with these, alterations in Axin 

function are associated with developmental abnormalities and age-associated diseases 

such as axis duplication, neuroectodermal defect, and muscle degeneration.  

          As a scaffolding protein, Axin family members bind to and recruit multiple 

protein partners that are both WNT dependent and independent. However, how Axin 

interacts with these factors to regulate molecular events is not well understood. While 

some Axin-interacting factors have been identified, many more remain to be discovered. 

My project deals with the identification and functional characterization of pry-1/Axin 

interactors in C. elegans.   

          The key findings of my Ph.D. research are published in five peer-reviewed 

papers. Collectively, the results demonstrate that PRY-1 is necessary to regulate lipid 

metabolism, stress response, muscle health, and aging. I have shown that PRY-1 utilizes 

multiple pathways to control these diverse processes. Specifically, PRY-1 functions via 

the SREBP transcription factor homolog SBP-1 to regulate yolk lipoprotein expression 

to promote lipid synthesis. The analysis of pry-1’s role in aging and muscle health has 

revealed its interactions with the energy sensor AMPK homolog AAK-2, thereby 

affecting the function of the Insulin/IGF1 signaling (IIS) transcriptional regulator DAF-

16/FOXO. Moreover, I have identified several mRNA genes and microRNAs that 

function downstream of PRY-1/Axin signaling to either suppress or enhance pry-1 

mutant defects. All these novel interactors have mammalian homologs. Altogether, 

these findings form the basis to pursue future work to investigate the conserved 

mechanism of Axin signaling and hold the potential for effective intervention to delay 

aging and age-associated muscle deterioration. 
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Chapter 1 

 

Introduction 
 
Signaling pathways control a vast array of biological processes during embryogenesis 

and in adult life. The development of the complex multicellular organism, ranging from 

a series of cell fate decisions and morphogenetic movements leads to the generation of 

different tissues and organs in the body. The network of pathways not only helps in 

generating tissues and organs (development) but also maintains them during aging 

(post-development). Consistent with such integral roles, any perturbations of these core 

pathways lead to various diseases. One such important pathway is the well-studied 

WNT (wingless and int-1) signaling pathway that is conserved from the sponges to the 

vertebrates. WNT signaling activates or regulates several cellular processes, including 

mitogenic stimulation, cell fate specification, and differentiation. Axin is the central 

component of the WNT signaling pathway, with its ability to function as a scaffolding 

protein. With their crucial roles, the Axin family members are evolutionarily conserved 
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among the eukaryotes. My research utilizes the Axin homolog, PRY-1 (poly ray 1), in 

the nematode Caenorhabditis elegans (C. elegans) that negatively regulates WNT 

signaling, to study the regulation of several different biological events such as 

reproductive organ development, seam cell development, lipid metabolism, stress 

response, and aging. In the next few sections, I describe in detail the structure and 

function of the Axin family of scaffolding proteins, their involvement in WNT and non-

WNT signaling pathways followed by how they regulate development, aging, and stress 

response in the eukaryotes. 

 

1.1 An overview of Axin in WNT signaling 

 

The development of complex multicellular organisms, ranging from a series of cell fate 

decisions and morphogenetic movements, leads to the generation of different tissues 

and organs in the body. And one of the central cell-signaling cascades playing a pivotal 

role in regulating these developments is the evolutionarily conserved WNT-β-catenin 

pathway. WNT proteins are secreted, lipid-modified glycoproteins present in organisms 

that range from the sponges to the vertebrates and govern a wide variety of functions, 

including body axis patterning, cell fate specification, cell proliferation, and cell 

migration. Upon the completion of developmental stages, this pathway then maintains 

the stem cells and tissue regeneration in the vertebrates, and mutation of the components 

involved in this pathway has been shown to cause a wide variety of diseases such as 

breast and prostate cancer, glioblastoma, type II diabetes and others (Logan and Nusse 

2004; Komiya and Habas 2008). 
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Previous research in Drosophila has shown that WNT can activate several different 

signaling pathways-canonical and non-canonical WNT signaling pathways. Among 

these, the most extensively studied pathway is the WNT-β-catenin canonical pathway, 

which controls the expression of the target genes through the protein β-catenin. This 

protein is targeted for degradation by a destruction complex, in the absence of WNT 

signaling, that consists of the scaffold protein Axin, the tumor suppressor gene product 

APC (adenomatous polyposis coli), and the kinases CKI (casein kinase I), and GSK3 

(glycogen synthase kinase-3). Notably, β-catenin has a conserved phosphorylation site 

at the N-terminus, which upon phosphorylation leads to β-Trcp (F-box protein β-

transducin repeats-containing protein)-dependent ubiquitination and proteasomal 

degradation. When FRIZZLED and LRP6 (low-density lipoprotein-related protein 6) 

receptors are activated upon WNT ligand binding, β-catenin degradation is inhibited 

through a mechanism involving the cytoplasmic protein DVL (dishevelled) and the 

recruitment of Axin to the LRP6 in the plasma membrane (Mallick et al. 2019b). Then 

the stabilized β-catenin translocates to the nucleus where it activates the transcription 

of the target genes by interacting with the members of TCF/LEF1 (T-cell 

factor/lymphoid enhancer-binding factor 1) family of proteins, HMG-box containing 

transcription factors. 

 

Axin was first identified as a negative regulator of the WNT-signaling pathway, where 

it functions as the scaffold of the destruction complex and inhibits axis formation (axis 

inhibition) in the mouse. Then, its role in other processes, including developmental 

events like embryogenesis, neuronal differentiation, and tissue homeostasis, has been 
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shown (Logan and Nusse 2004). Once bound to the destruction complex, β-catenin is 

phosphorylated and undergoes β-TrCP mediated ubiquitination followed by proteolytic 

degradation (Clevers 2006; Clevers and Nusse 2012; Nusse and Clevers 2017). When 

the WNT signaling is ON, destruction complex activity is inhibited by the recruitment 

of the complex to the cell membrane, thus increasing the cytoplasmic β-catenin content, 

which translocates to the nucleus and promotes transcription of target genes (Hart et al. 

1998; Clevers and Nusse 2012). Research has shown previously that the constitutively 

active β-catenin, due to loss of destruction complex (by loss of Axin function), is 

involved in various disorders of lungs, heart, muscles, bones and is also associated with 

different types of cancers (Clevers and Nusse 2012). All these shreds of evidence show 

that precise regulation of Axin is crucial for WNT-mediated signaling (Also see Section 

1.6).  

 

The Axin family of scaffolding proteins is conserved in eukaryotes with its ability to 

recruit and interact with multiple pathway components that are both WNT dependent 

and independent. In the nematode C. elegans, there are two Axin homologs namely, 

PRY-1 and AXL-1 (Axin like 1), with three characteristic Axin-like domains (RGS, 

DIX, and GSK3-β-catenin). However, PRY-1 appears to be the major Axin homolog 

with severe mutant phenotypes and broader expression pattern as described in the 

subsequent thesis chapters (Chapters 3, 4, 5, and 6). A comprehensive review of this 

master scaffolding protein Axin and its function in various model systems can be found 

in the published review article at the end of this chapter (Section 1.6). 
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1.2 Role of Axin in non-WNT pathways 
 

The works described in this thesis and other emerging studies have shown that Axin 

interacts with many other factors that are WNT independent to carry out its functions. 

Apart from being the negative regulator of WNT signaling, Axin is involved in several 

other signal transduction pathways through its scaffolding property. Axin family 

members cooperate with an increasing number of proteins (MEKK1, MEKK4, Smad3, 

Smad7, p53 and LKB1-AMPK) in other, non-WNT processes. These interactions 

involve pathways such as JNK (c-Jun N-terminal kinase), TGF-β (transforming growth 

factor-beta), p53, and AMPK (AMP-activated protein kinase) (reviewed in Mallick et 

al. 2019, Section 1.6). Moreover, Axin1 facilitates the formation of a destruction 

complex for c-Myc transcription factor (Arnold et al. 2009). Such a property of this 

scaffolding protein makes it an attractive target to understand the processes regulated 

by different pathways in an overlapping manner. 

 

1.3 Overview of thesis organization 
 

My research questions described below (Section 1.5) focus on uncovering the tissue-

specific interacting partners of Axin in C. elegans and their role in Axin-mediated 

regulation of cellular processes such as aging (Section 1.3), lipid metabolism (Section 

1.3) and stress response (Section 1.4). In the following sections, I have briefly described 

the regulation of these major biological processes by Axin that have been discovered as 

part of my Ph.D. thesis and other published studies. Moreover, key findings are 

summarized in the following four chapters (3-6). In Chapter 3, I report the first miRNA 
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transcriptomic of pry-1 mutants which revealed six differentially expressed miRNAs 

(lin-4, miR-237, miR-48, miR-84, miR-241, and miR-246) involved in seam cell 

development, stress response, aging, and immunity. Here, we emphasize the role of pry-

1 in regulating seam cell division and miRNA expression via the WNT-asymmetric 

pathway. In Chapter 4, I describe the first mRNA transcriptomic of pry-1 mutants that 

laid out the groundwork for the rest of my thesis work. Differentially expressed genes 

in the pry-1 mutants were associated with processes such as aging, lipid metabolism, 

and stress response. Further genetic and molecular analyses demonstrated the important 

role of PRY-1 in regulating lipid synthesis which may involve the SBP-1/SREBP 

(Sterol regulatory-element binding proteins) transcription factor. Chapter 5 reports the 

role of PRY-1 in the aging process where the protein presumably interacts with the 

energy sensor AAK-2/AMPK to cell non-autonomously activate DAF-16/FOXO 

(Forkhead Box subfamily O) in the intestine. Interestingly, I show that PRY-1 acts 

downstream of the WNT ligand MOM-2 but does not require the β-catenin homolog 

BAR-1 in this process. Such a mechanism is necessary for maintaining muscle 

mitochondrial health and the normal lifespan of animals. Finally, in Chapter 6, I 

describe the identification of the genetic network of PRY-1 comprising of the 

transcription factor CRTC-1/CRTC1 (CREB-regulated transcription coactivator 1), the 

tyrosine kinase receptor KIN-9/FGFR (Fibroblast growth factor receptor), and eight 

genes involved in DNA replication, DNA repair, gene expression, oxidation-reduction 

reaction, and proteostasis. In chapter 6, I have demonstrated how PRY-1 may regulate 

calcineurin signaling, FGF signaling, and control protein homeostasis. Altogether, these 

findings provide shreds of evidence for the major role of this master scaffolding protein 
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PRY-1 in regulating processes such as lifespan, lipid metabolism, and stress response 

by utilizing multiple downstream effectors. 

 

Our finding that PRY-1 is necessary for the regulation of lipid levels, lifespan and 

muscle health provides a unique opportunity to investigate the conserved role of Axin 

signaling in age-related diseases. Thus, understanding the regulation of Axin and its 

signaling pathway in different tissues promises to accelerate the development of new 

tools and methods to effectively modulate Axin function during diseases. 
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1.4 Aging and lipid metabolism 

 

 

Aging is an increased rate of fragility that leads to an accelerated mortality rate as a 

function of time. It is often thought of as a non-specific degeneration outcome of 

accumulated damage from environmental exposure or metabolic processes. However, 

genetic components to aging have been extensively studied in the last two decades or 

so with each species having a characteristic lifespan and rate of aging. Intense research 

contributions using the nematode C. elegans have been made to uncover the genetic 

components and how they interact with environmental forces to cause changes 

associated with aging. Some of the well-studied longevity pathways include 

Insulin/Insulin-like growth factor-1 (IIS) signaling, germline-less signaling, dietary 

restriction mediated (SKN-1, PHA-4, AMPK-TOR) signaling, and perturbed 

mitochondrial signaling (Kenyon 2010; Lapierre and Hansen 2012; Uno and Nishida 

2016). 

 

Similarly, lipid metabolism plays a vital role in many physiological and pathological 

processes. All the major aging pathways mentioned above, at least in worms, affect lipid 

homeostasis (synthesis, transportation, and breakdown) (Hansen et al. 2013; Watts and 

Ristow 2017; Papsdorf and Brunet 2019). Among other processes, it also affects energy 

storage, intracellular and intercellular signaling, and membrane homeostasis. It has been 

shown that excessive fat storage in the form of triglycerides (TAGs) is involved with 

diseases like atherosclerosis and type 2 diabetes in humans (Miller and Bose 2011). 

Moreover, specific alterations in lipid profiles and even increased lipid storage have 

been linked to longevity in both invertebrates and mammals (Hansen et al. 2013; 
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Papsdorf and Brunet 2019). Overall, these data suggest that perturbed lipid metabolism 

may in part contribute to the aging process in animals. 

 

1.4.1 Role of Axin in aging and metabolism 
 

In mammalian systems Axin is necessary to activate the master energy sensor AMPK 

in glucose deficient cells (Zhang et al. 2013, 2014a, 2016) The AMPK/Axin1 signaling 

pathway mediates contraction-stimulated skeletal muscle glucose uptake (Yue et al. 

2020). In the first case, Axin docks onto the lysosomal v-ATPase-Ragulator complex 

to activate AMPK upon glucose deprivation. The Axin-based lysosomal pathway is also 

required for AMPK activation following metformin treatment, as liver-specific Axin 

knockout failed to activate this energy sensor (Zhang et al. 2016). In the second case, 

exercise stimulated both AMPK and Rac1 activation while increasing the cellular levels 

of Axin1. Accordantly reducing Axin1 function blocked GTP loading of Rac1 (Ras-

related C3 botulinum toxin substrate 1), AMPK activation, and glucose uptake in the 

exercising muscles. Both these examples demonstrate the crucial role of Axin tethering 

in activating AMPK which is responsible for promoting muscle metabolism and 

benefits linked to exercise (Yue et al. 2020). Support for Axin’s role in metabolism also 

comes from a fly study (Drosophila melanogaster) where the partial loss of D-axin 

altered the expression of metabolic genes and made the animals hypersensitive to 

fasting (Zhang et al. 2014b). This phenotype was dependent on mTORC1 (mechanistic 

target of rapamycin complex 1) activity. 
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Interestingly, the interaction between Axin and AMPK is not a unique phenomenon as 

other Axin family members have also been found to interact with AMPK in different 

biological contexts. For example, the C. elegans Axin homolog AXL-1 forms a complex 

with AAK-2 following metformin treatment (Chen et al. 2017). Here, AXL-1 is 

necessary for metformin-mediated lysosomal localization and activation of AAK-2 in a 

VHA-3-LMTR-3-PAR-4 (v-ATPase-Ragulator-LKB1) complex dependent manner. 

Metformin-induced lifespan extension of animals is completely abolished in the 

absence of AXL-1 function (Chen et al. 2017). However, the role of the major C. 

elegans Axin homolog PRY-1 in these processes remains to be investigated. Thus, to 

explore the role of Axin-mediated signaling in aging and lipid metabolism, I 

investigated whether the Axin homolog PRY-1 in C. elegans contributes to these 

processes in worms which is described in Chapters 4, and 5. Published papers in these 

chapters demonstrate that PRY-1 is crucial for fatty acid synthesis (Chapter 4) and for 

maintaining muscle and mitochondrial health during aging (Chapter 5). Altogether, 

these findings demonstrate the important role of Axin family members in regulating 

age-related processes in higher eukaryotes.  

 

 

1.4.2 Axin in WNT-mediated aging  

 

The role of WNT-β-catenin signaling has largely been investigated in development and 

disease, although the pathway is also involved in other processes, such as aging and 

cellular senescence (DeCarolis et al. 2008). Over the last decade, several lines of 

evidence have emerged linking WNT pathway components to the aging of cells and 
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tissues. Studies in both vertebrates and invertebrates have reported age-related 

expression changes in WNT pathway components. For example, GSK-3β and β-catenin 

are altered in aged muscle satellite cells (Brack et al. 2007). Likewise, mice deficient in 

Klotho (a WNT antagonist), having reduced lifespan and increased cell senescence, 

show an increased transcription of WNT ligands, Frizzled (Fz) receptor, as well as WNT 

downstream targets (Liu et al. 2007). In humans, similar changes in the expression of 

frizzled 4 receptors and several WNT target genes were observed in the mammary artery 

tissue, a part of the vascular system (Marchand et al. 2011).  

 

Studies in C. elegans have shown that several WNT ligands (cwn-1, cwn-2, mom-2, egl-

20) are expressed in older adults, consistent with their involvement in post-

developmental processes such as aging (Lezzerini and Budovskaya 2014). Loss of cwn-

1, cwn-2, and mom-2 function extends lifespan (Lezzerini and Budovskaya 2014), 

whereas egl-20 mutants are short-lived (Zhang et al. 2018). Moreover, bar-1/β-catenin 

the effector protein of the canonical WNT signaling, has been shown to play a role in 

aging (Zhang et al. 2018; Xu et al. 2019). More specifically, in one case bar-1 was 

found to be needed for neuronal egl-20 mediated lifespan extension and mitochondrial 

unfolded protein response activation, whereas in another case, bar-1 is required for miR-

235-cwn-1 mediated longer lifespan of dietary restricted eat-2 mutants (Xu et al. 2019).  

 

Although these studies involving nematodes did not report the direct involvement of 

Axin homologs, research using a mouse model reported elevated Axin2 transcript levels 

in aged muscles suggesting that elevated WNT signaling promotes age-associated 
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deterioration (Brack et al. 2007). Specifically, the authors have shown that aged mice 

muscle satellite cells show conversion from myogenic to a fibrogenic lineage which is 

mediated by elevated WNT signaling. Exposing aged muscle cells to serum from young 

mice was able to reduce fibrotic response leading to lower collagen deposition (Brack 

et al. 2007). In addition, mutations in Axin that lead to overactivation of the WNT 

pathway are known to contribute to the development of many age-related diseases, such 

as cancer, osteoporosis, and metabolic dysfunction (Clevers 2006).  

 

1.5 Stress response pathways 
 

Eukaryotic cells must accurately monitor proteostasis to adapt to environmental 

perturbations and respond to physiological cues. Proteostasis is a combination of 

multiple processes that control the production of proteins which include highly complex 

pathways mediating protein-translation, folding, maturation, trafficking, degradation, 

and targeting to the final destination. Each of these processes is regulated at different 

levels and can be compartmentalized to specific organelles. Protein quality control 

mechanisms ensure the proper folding of proteins or their degradation that are either 

organelle-specific or generic. These conserved quality control mechanisms include 

integrated stress response (ISR), endoplasmic reticulum (ER) induced unfolded protein 

response (UPRER), mitochondrial unfolded protein response (UPRmt), and cytosolic heat 

shock response (HSR) (Pakos‐Zebrucka et al. 2016; Higuchi-Sanabria et al. 2018; 

Anderson and Haynes 2020; Taylor and Hetz 2020). Interestingly, all these pathways 

are associated with age-associated physiological deteriorations and affect the lifespan 
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of animals (Pakos‐Zebrucka et al. 2016; Higuchi-Sanabria et al. 2018; Anderson and 

Haynes 2020; Taylor and Hetz 2020). 

 

1.5.1 Axin in stress response 
 

 

There is not much literature on the role of Axin family members in regulating stress 

response in eukaryotes. The only evidence showing direct involvement of PRY-1/Axin 

in activating UPRmt comes from C. elegans where the authors have shown that loss of 

PRY-1 activates UPRmt responsive transcription (Zhang et al. 2018). My research work 

in this area not only demonstrated the role of PRY-1 in stress response maintenance but 

also identified downstream effector genes that contribute to this process (Chapter 6). 

More specifically, I have shown that complete or partial loss of pry-1 increases the 

sensitivity of animals to chemical and heat-induced stress. Additionally, mutant RNA 

transcriptomics revealed differentially expressed genes involved in both UPRER and 

UPRmt pathways. Interestingly, pry-1 also regulates genes that are involved in 

mitochondrial matrix and membrane formation. Overall, my findings described in 

Chapter 6 demonstrate the role of PRY-1 in maintaining protein control machinery. 

However, it remains to be seen whether PRY-1 also affects global protein synthesis and 

ER function as proposed in Chapter 7. 

 

While there is not much research done on the role of Axin, a significant amount of work 

has been published that reported the roles of WNT signaling in maintaining stress 

response. Here I discuss the current developments on the role of WNT signaling in 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

14 

 

affecting this protein control machinery that affects both developmental and post-

developmental events and regulates cellular health and viability during elevated stress 

and aging. Research using colon cancer cell lines and zebrafish has shown that while a 

reduction in mitochondrial ATP downregulates WNT signaling, restoring ATP levels 

or blocking ER stress activates the WNT pathway (Costa et al. 2019). Moreover, heat 

exposure induces ER stress and downregulates the WNT signaling pathway to disrupt 

epithelial integrity (Zhou et al. 2020). Interestingly, UPRER activation has been reported 

to increase the activity of GSK-3 by selectively removing GSK-3 with phosphorylated 

Ser21/9 via autophagy/lysosomal pathway (Nijholt et al. 2013).  

 

On a different note, the role of WNT signaling in synaptic plasticity and maintenance 

is well established (Marzo et al. 2016; McLeod et al. 2018). Moreover, consistent with 

its role in aging, WNT signaling is downregulated in the aging brain which increases 

the susceptibility of synapses to toxic protein aggregation (Folke et al. 2019; Palomer 

et al. 2019). Multiple groups have reported that increased deposition of Amyloid-beta 

(Aβ), a toxic molecule (peptides of 36-43 amino acids) seen in large quantity in the 

brain of Alzheimer’s disease (AD) patients, induces an elevation in DKK1 that 

antagonizes WNT signaling (Palomer et al. 2019). Consistently, blocking DKK1 

protects synapses from Aβ (Purro et al. 2012). Together with the finding that deletion 

of LRP6 in the postnatal forebrain leads to synaptic loss and exacerbates AD pathology 

(Liu et al. 2014), suggest that Aβ mediated AD pathology depends on downregulating 

the WNT pathway. 
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In the C. elegans model, WNT signaling has been implicated in UPRmt and oxidative 

stress. Specifically, Essers et al have shown that BAR-1/β-catenin function is required 

for DAF-16/FOXO dependent resistance against oxidative stress (Essers et al. 2005). A 

different study has shown that animals use retromer-dependent EGL-20/WNT signaling 

to propagate mitochondrial stress signals from the nervous system to peripheral tissues. 

In this process, loss of PRY-1/Axin and BAR-1/β-catenin activates and suppresses 

UPRmt respectively in a canonical (opposing) manner (Zhang et al. 2018). 

Subsequently, a follow-up investigation from the same group revealed that WNT 

signaling is required for transgenerational activation of UPRmt via elevated 

mitochondrial DNA (mtDNA). This is necessary for the offspring to have an extended 

lifespan and confer stress resistance (Zhang et al. 2021). 

 

1.6 Goals and major findings  
 

Axin negatively regulates WNT signaling and interacts with multiple different signaling 

pathways. My thesis has focused on non-WNT signaling roles of Axin and 

characterization of its cellular and molecular mechanisms in regulating diverse 

processes. To this end, I have investigated the function of C. elegans Axin family 

member pry-1. 

 

My project utilized the powerful genetic model system C. elegans. However, I also used 

the closely related species C. briggsae in some of my studies. Since the inception of  C. 

elegans as a genetic model organism (Brenner 1974), it has led to several scientific 
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breakthroughs including cell motility, neurobiology, microRNAs, and aging 

(WormBook 2017). Among the many benefits that these model system offers are their 

small body size (~1mm), transparent body, definitive cell count of 959 cells from known 

lineages, large brood size (~300 eggs), relatively short life cycle (~3 days) and lifespan 

(~3 weeks). Moreover, these animals allow efficient RNAi mediated gene knockdown 

via feeding, allow efficient gene editing, have 83% of the proteome with human 

homologs (Lai et al. 2000), and conserved pathways and processes of higher eukaryotes. 

Such a high level of conservation makes research in this model system very valuable to 

understand the complex regulation of pathways during diseases in the mammalian 

system. 

 

This project began by carrying out RNA-Seq analysis to identify genes and miRNAs 

whose expression is changed in the pry-1(mu38) mutants at the early larval stage. These 

analyses revealed differentially expressed genes and miRNAs associated with various 

biological processes that include seam cell development, reproductive structure 

development, aging, stress response, and lipid metabolism. To understand the role of 

PRY-1 in these processes, I started to analyze these genes in a process-specific manner. 

Detailed genetic, molecular, and biochemical analyses using PRY-1 and other relevant 

pathway components, uncovered the mechanism of PRY-1 signaling in seam cell 

development (Chapter 3), lipid metabolism (Chapter 4), aging and muscle health 

(Chapter 5), reproductive structure development (Chapter 6) and stress response 

maintenance (Chapter 6). Over the years, I have generated a lot of resources that 

included transgenic strains, plasmids, and RNAi clones (Chapter 2 and Appendix A-
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D) that will help uncover the gaps in our current knowledge described in Chapter 7. 

Moreover, I learned CRISPR-mediated gene editing and high-end confocal microscopy 

followed by some cutting-edge techniques during my research internship in the Dillin 

lab at the University of California Berkeley. 

 

As mentioned above, I have uncovered the role of PRY-1 in multiple biological 

processes such as seam cell development, lipid metabolism, lifespan regulation, and 

stress response maintenance, which is described in four different chapters (Chapters 3-

6). Firstly, during seam cell division pry-1 regulates six miRNAs (lin-4, miR-237, miR-

48, miR-84, and miR-241) involved in heterochronic development. In this, pry-1 is part 

of the WNT asymmetric pathway where it inhibits WRM-1/β-catenin-LIT-1/NLK 

mediated POP-1/TCF nuclear exclusion to determine seam cell fate specification 

(Chapter 3). Secondly, pry-1 is necessary to maintain normal lipid levels in animals. I 

have found that loss of pry-1 leads to a reduction in fatty acid synthesis and overall 

TAG levels. The findings reveal that PRY-1 utilizes the yolk lipoproteins 

(vitellogenins) and SBP-1/SREBP transcription factor in this process. While it is known 

that SBP-1 promotes the expression of fatty acid desaturases, it is unclear how vits are 

involved in PRY-1 mediated lipid synthesis (Chapter 4). Next, I have shown that PRY-

1 functions cell non-autonomously in the muscle, where it presumably interacts with 

AAK-2, to activate DAF-16 in the intestine. This interaction is necessary to promote 

muscle health and the lifespan of animals (Chapter 5). Finally, in Chapter 6, I report 

three different studies where downstream effectors of PRY-1 signaling during stress 

response and lifespan have been identified. Briefly, PRY-1 negatively regulates 
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calcineurin signaling and CRTC-1/CRTC transcription factor, PRY-1 inhibits FGF 

signaling by promoting the miR-246 expression and acts upstream of genes involved in 

DNA repair (HIS-7/H2AX), DNA replication (RNR-1/RRM1), DNA damage 

checkpoint (CLSP-1/CLSPN), proteostasis (CLSP-1/CLSPN, RPN-7/PSMD6, CPZ-

1/CTSZ), and oxidation-reduction reaction (ARD-1/ HSD17B10).  

 

1.7 Mallick et al. (2019)- Journal of Developmental Biology 

 

1.7.1 Preface  
 

This section of Chapter 1 includes the following comprehensive review article in its 

originally published format: “Axin family of scaffolding protein in development: 

Lesson from C. elegans”, by Avijit Mallick, Shane Taylor, Ayush Ranawade, and 

Bhagwati P. Gupta. (Journal of Developmental Biology. 2019 Oct 15; 7(4), 20. DOI: 

10.3390/jdb7040020). This is an open-access article distributed under the terms of the 

Creative Commons Attribution Unported License, which permits unrestricted use, 

distribution, and reproduction in any medium provided the original work is properly 

cited. 

Contributions: I and Bhagwati Gupta contributed to gathering information from 

various articles and wrote the initial draft. Shane Taylor performed experiments to 

analyze manf-1 expression and neurodegeneration using a dat-1::GFP marker in the 

pry-1 mutants (Figure 5C-D). I and Bhagwati Gupta made Figures and adopted 
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copyright permissions from previously published Figures. I, Ayush Ranawade and 

Bhagwati Gupta edited and finalised the manuscript. 
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Chapter 2 
 

Materials and Methods 
 

2.1 Worm strains and culture conditions 
 

Nematodes were grown under standard conditions at 20°C unless otherwise noted. The 

following strains were used in this study. All wild type, mutant and transgenic strains 

used in the later chapters are listed here. 

AF16 (C. briggsae wild type),  

AGD1664 uthSi17[myo-3p::MLS::GFP::unc-54 3’ UTR:: cb-unc-119(+)] 

AGD2192 uthSi60[ vha-6p::ERss::mRuby::HDEL::unc-54 3’ UTR] 

AGD3311 uthIs526(unc-54p::pry-1-cDNA + myo-3::YFP) 

AGD3312 uthIs527(unc-54p::pry-1-cDNA + myo-3::YFP) 

AGD3313 uthIs528(pry-1p::PRY-1-GFP + glr-1p::RFP) 

AGD3314 uthIs529(pry-1p::PRY-1-GFP + glr-1p::RFP) 

AGD418 uthIs205 [crtc-1p::crtc-1::RFP::unc-54 3'UTR + rol-6(su1006)] 

AGD927 uthIs270[rab-3p::xbp-1s + myo-2p::tdTomato] 

AU78 agIs219[ T24B8.5p::GFP + ttx-3p::GFP] 

CB1370 daf-2(e1370) III 
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CB4037 glp-1(e2141) III 

CF1038 daf-16(mu86) I 

CF1553 muIs84 [(pAD76) sod-3p::gfp + rol-6(su1006)] 

DA1116 eat-2(ad1116) II 

DA2123 adIs2122 [lgg-1p::GFP::lgg-1 + rol-6(su1006)] 

DR1572 daf-2(e1368) III 

DY220 pry-1(mu38) I 

DY230 pry-1(mu38) I; bhEx80[myo-2::gfp+unc-119(+)+ pGLC37(hs::cel-pry-1)] 

DY250 Cbr-pry-1(sy5353) I 

DY252 Cbr-pry-1(sy5353); bhEx93[unc-119(+)+myo-2::gfp+pGLC37(hs::cel-pry-

1)] 

DY319 Cbr-pry-1(sy5353) I; mfEx[myo-2::RFP + Cel-dlg-1::GFP] 

DY596 pry-1(mu38) I; bhEx246[pDC10(pry-1p::PRY-1-GFP) + glr-1::RFP] 

DY612 bhEx259[pGLC135(Cel-manf-1p::GFP) + pRF4(rol-6(su1006))] 

DY629 pry-1(mu38) I; wIs78 

DY630 pry-1(mu38) I; maIs150 

DY631 pry-1(mu38) I; maIs140 

DY636 pry-1(mu38); maIs138 

DY637 pry-1(mu38); maIs236 

DY638 pry-1(gk3682) I; wIs78 

DY641 miR-246(n4636) IV; zcIs13[hsp-6::gfp] 

DY642 miR-246(n4636) IV; zcIs4[hsp-4::gfp] 

DY643 miR-246(n4636) IV; muIs84 [(pAD76) sod-3p::GFP + rol-6(su1006)] 

DY646 miR-246(n4636) IV; stIs11597 

DY647 bhEx273[pGLC144(kin-9p::gfp) + myo-2p::gfp] 

DY648 bhEx274[pGLC144(kin-9p::gfp) + myo-2p::gfp] 

DY649 miR-246(n4636) IV; wIs51 [scm::gfp] V 

DY654 pry-1(mu38) I; muIs84 [(pAD76) sod-3p::gfp + rol-6(su1006)] 

DY656 pry-1(mu38) I; ldrIs2 [mdt-28p::mdt-28::mCherry + unc-76(+)] 

DY657 miR-246(n4636) IV; bcIs39 [lim-7p::ced-1::gfp] 

DY658 pry-1(mu38); zcIs4[hsp-4::GFP] 
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DY659 pry-1(mu38); adIs2122[lgg-1p::gfp::lgg-1 + rol-6(su1006)] 

DY661 pry-1(mu38) I; zIs356 [daf-16p::daf-16a/b::GFP + rol-6(su1006)] 

DY662 kin-9(tm3973) X 

DY663 kin-9(tm3973) X 

DY664 bhEx277[pGLC153(unc-54p::pry-1-cDNA) + myo-3::YFP + unc-119(+)] 

DY665 bhEx278[pGLC153(unc-54p::pry-1-cDNA) + myo-3::YFP + unc-119(+)] 

DY666 pry-1(mu38) I; (bh39) 

DY667 bhEx279[pGLC154(lin-26p::pry-1-cDNA) + myo-3::YFP + unc-119(+)] 

DY668 bhEx280[pGLC154(lin-26p::pry-1-cDNA) + myo-3::YFP + unc-119(+)] 

DY669 unc-119(tm4063) III; bhEx281[pGLC155(elt-2p::pry-1-cDNA) + myo-2::gfp 

+ unc-119(+)] 

DY670 unc-119(tm4063) III; bhEx282[pGLC155(elt-2p::pry-1-cDNA) + myo-2::gfp 

+ unc-119(+)] 

DY671 pry-1(mu38) I; bhEx279[pGLC154(lin-26p::pry-1-cDNA)+myo-

3::gfp+unc-119(+)] 

DY672 bhEx283[pGLC157(unc-119p::pry-1-cDNA) + myo-3::gfp] 

DY673 bhEx284[pGLC157(unc-119p::pry-1-cDNA) + myo-3::gfp] 

DY674 pry-1(mu38)I;bhEx277[pGLC153(unc-54p::pry-1-cDNA)+myo-3::YFP+ 

unc-119(+)] 

DY675 pry-1(mu38)I;bhEx281[pGLC155(elt-2p::pry-1-cDNA) + myo-2::gfp + unc-

119(+)] 

DY676 bhEx285[pGLC146(hsp-16::kin-9) + myo-3::wCherry] 

DY677 bhEx286[pGLC146(hsp-16::kin-9) + myo-3::wCherry] 

DY678 bhEx287[pGLC150(F56E10.1p::gfp) + myo-3::wCherry] 

DY679 bhEx246[pDC10(pry-1p::PRY-1-GFP) + glr-1::RFP] 

DY680 pry-1(mu38)I;bhEx283[pGLC157(unc-119p::pry-1-cDNA)+myo-

3::YFP+unc119(+)] 

DY681 pry-1(mu38); zcIs9 [hsp-60::GFP + lin-15(+)] 

DY682 rde-1(ne219) V; kzIs20; bhEx288[pGLC153(unc-54p::pry-1-cDNA)+myo-

3::YFP] 

DY683 pry-1(mu38); zcIs14 [myo-3::GFP(mit)] 
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DY685 zIs356 [daf-16p::daf-16a/b::gfp + rol-6(su1006)]; bhEx277[pGLC153(unc-

54p::pry-1-cDNA)+myo-3::YFP+ unc-119(+)] 

DY686 pry-1(mu38); bhEx120[pGLC72(Cel-dat-1::yfp)+unc-119(+)] 

DY688 kagIs1[Pdyc-1S::GFP::lgg-1]+Pmyo-2::mCherry;bhEx277[pGLC153(unc-

54p::pry-1-cDNA)+myo-3::YFP+ unc-119(+)] 

DY689 pry-1(mu38); kagIs1[Pdyc-1S::GFP::lgg-1]+Pmyo-2::mCherry 

DY690 rde-1(ne219) V; kbIs7 [nhx-2p::rde-1 + rol-

6(su1006)];bhEx277[pGLC153(unc-54p::pry-1-cDNA)+myo-3::gfp+ unc-119(+)] 

DY691 unc-119(tm4063) III; bhEx289[pGLC158(Pkin-9abc::GFP)+unc-119(+)] 

DY692 unc-119(tm4063) III; bhEx290[pGLC144(Pkin-9bc::GFP)+unc-119(+)] 

DY694 F56E10.1(gk3701) V 

DY697 pry-1(mu38) I; uthIs248 

DY698 F56E10.1(bh40) V 

DY700 bhEx293[pGLC160(kin-9p::GFP::3’UTR)] 

DY701 bhEx294[pGLC162(miR-246oe) + pJH1774(myo-3p::wCherry)](use this), 

DY702 bhEx295[pGLC162(miR-246oe) + pJH1774(myo-3p::wCherry)], 

DY703 pry-1(mu38) I; bhEx293[pGLC160(kin-9p::GFP::3’UTR)], 

DY704 bhEx294[pGLC162(miR-246oe)+pJH1774(myo-3p::wCherry)]; 

bhEx293[pGLC160(kin-9p::GFP::3’UTR)] 

DY705 miR-246(n4636); bhEx293[pGLC160(kin-9p::GFP::kin-9 3’UTR)], 

DY706 bhEx296[pGLC161(myo-3p::mAxin1::YFP) + pJH1774(myo-

3p::wCherry)] 

DY707 F56E10.1(bh40); wIs78[(scm::GFP) + (ajm-1p::GFP)] 

DY708 bhEx297[pGLC162(miR-26(oe) + pPD136.64(myo-3p::YFP)] 

DY709 bhEx298[pGLC165(F09A5.2p::GFP)] 

DY710 bhEx299[pGLC165(F09A5.2p::GFP)] 

DY713 zcIs14 [myo-3::GFP(mit)]; bhEx285[pGLC146(hsp-16::kin-9) + myo-

3::wCherry] 

DY716 pry-1(gk3682); kin-9(tm3973) 

DY717 miR-246(tm4831) 

DY718 F09A5.2(tm7493) 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

47 

 

DY719 miR-246(tm4679) 

DY720 bhEx294[pGLC162(miR-246oe) + pJH1774(myo-3p::wCherry)]; 

bhEx259[pGLC135(Cel-manf-1p::GFP) + pRF4(rol-6(su1006)] 

DY721 bhEx300[pGLC153(unc-54p::pry-1-cDNA)+pGLC160(kin-9::GFP)]; 

zcIs14 [myo-3::GFP(mit)] 

DY722 rde-1(ne219) V; kzIs20; zcIs14(myo-3p::GFP(mito)) 

DY723 bhEx301[pDYH5(Cel-daf-16p::DAF-16-GFP)+ myo-2p::mCherry] 

DY725 pry-1(mu38); F56E10.1(bh40) 

DY726 Cbr-daf-16(syb3672) (2X) 

DY727 Cbr-daf-2(sy5445); mfIs42[Cel-sid-2::gfp + Cel-myo-2::Ds-red] 

DY728 Cbr-daf-2(sy5445); mfIs42[Cel-sid-2::gfp + Cel-myo-2::Ds-red] 

DY730 pry-1(mu38) I; pkIs2386 [unc-54p::alpha synuclein::YFP] 

DY731 pry-1(gk3682) I; hjIs14 [vha-6p::GFP::C34B2.10(SP12) + unc-119(+)] 

DY732 pry-1(gk3682); uthSi17[myo-3p::MLS::GFP::unc-54 3’ UTR:: cb-unc-

119(+)] 

DY733 pry-1(gk3682); ldrIs[dhs-3p::dhs-3::GFP + unc-76(+)] 

DY734 pry-1(gk3682); uthIs270 [rab-3p::xbp-1s + myo-2p::tdTomato] 

DY735 bhEx277[pGLC153(unc-54p::pry-1-cDNA) + myo-3::YFP]; uthIs205[crtc-

1p::crtc-1::RFP + rol-6(su1006)] 

DY736 pry-1(mu38); agIs219[ T24B8.5p::GFP + ttx-3p::GFP] 

DY737 pry-1(gk3682); uthSi60[ vha-6p::ERss::mRuby::HDEL::unc-54 3’ UTR] 

DY740 pry-1(gk3682); uthIs205[crtc-1p::crtc-1::RFP + rol-6(su1006)] 

EU384 dpy-11(e1180) mom-2(or42) V/nT1 [let-?(m435)] (IV;V) 

EW15 bar-1(ga80) X 

GR2245 skn-1(mg570) IV 

HT1189 daf-16(mgDf50) I; unc-119(ed3) III; lpIs14 

JK3437 him-5(e1490) V, qIs74 [sys-1p::GFP::pop-1 + unc-119(+)] 

JR667 unc-119(e2498::Tc1) III; wIs51[scmp::gfp + unc-119(+)] V 

JU1018 mfIs42[Cel-sid-2::gfp + Cel-myo-2::Ds-red] 

JU1078 mfEx33[myo-2::RFP + Cel-dlg-1::GFP] 

KAG238 kagIs1[Pdyc-1S::GFP::lgg-1]+ Pmyo-2::mCherry 
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KK300 par-4(it57) V 

KN562 pop-1(hu9) I 

KN611 axl-1(tm1095) I 

LIU1 ldrIs[dhs-3p::dhs-3::GFP + unc-76(+)] 

LIU2 ldrIs2[mdt-28p::mdt-28::mcherry] 

MD701 bcIs39 [lim-7p::ced-1::GFP] 

MGH171 sid-1(qt9) V; alxIs9 [vha-6p::sid-1::SL2::gfp] 

MQ887 isp-1(qm150) IV 

MT10430 lin-35(n745) 

MT15020 miR-246(n4636) IV 

N2 (C. elegans wild type) 

NL2098 rrf-1(pk1417) 

NL5901 pkIs2386 [unc-54p::alphasynuclein::YFP + unc-119(+)] 

NR222 rde-1(ne219) V; kzIs9 [(pKK1260) lin-26p::NLS::gfp + (pKK1253) lin-

26p::rde-1 + rol-6(su1006)] 

NR350 rde-1(ne219) V; kzIs20 [hlh-1p::rde-1 + sur-5p::NLS::GFP] 

PHX3672 Cbr-daf-16(syb3672) 

PS4943 huIs[dpy-20(+); hsp-16-2delta NTbar-1]; syIs148 

PS5531 Cbr-daf-2(sy5445) 

RB1566 F09A5.2(ok1900) 

RB754 aak-2(ok524) X 

RG733 wIs78 

RW11597 stIs11597 

SJ4005 zcIs4[hsp-4::gfp] 

SJ4058 zcIs9 [hsp-60::GFP + lin-15(+)] 

SJ4100 zcIs13[hsp-6::gfp] 

SJ4103 zcIs14 [myo-3::GFP(mit)] 

TJ356 zIs356 [daf-16p::daf-16a/b::gfp + rol-6(su1006)] 

TTV310 unc-119(ed3) III; eluIs300[Pdaf-16d/f::gfp+unc-119(+)]  

TTV421 unc-119(ed3) III; eluEx370[Pdaf-16a::gfp+unc-119(+)]  

TU3311 uIs60 (unc-119p::yfp + unc-119p::sid-1) 
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VC3709 pry-1(gk3681) I; F56E10.1(gk3701) V  

VC3710 pry-1(gk3682) I 

VC636 cwn-2(ok895) IV 

VP303 rde-1(ne219) V; kbIs7 [nhx-2p::rde-1 + rol-6(su1006)] 

VS25 hjIs14 [vha-6p::GFP::C34B2.10(SP12) + unc-119(+)] 

VT1160 maIs138 

VT1189 maIs140 

VT1259 maIs150 

VT1607 maIs236 

WBM60 uthIs248[aak-2p::aak-2(genomicaa1-321)::GFP::unc-54-3'UTR+myo-

2p::tdTOMATO] 

WM27 rde-1(ne219)  

 

2.2 Molecular biology and transgenic 
 

2.2.1 List of Plasmids 
 

Plasmid # Construct Purpose 

pGLC142 C. elegans pry-1 RNAi plasmid To knockdown pry-1 

pGLC144 kin-9bc::GFP::unc-54 UTR Transcriptional reporter of kin-

9 b and c isoforms. 

pGLC145 C. elegans lin-28 RNAi plasmid To knockdown lin-28 

pGLC146 hsp-16.2::kin-9 Overexpression of full-length 

kin-9 transcript. 

pGLC150 F56E10.1p::GFP::unc-54 3’ UTR Transcriptional reporter of 

F56E10.1 

pGLC151 pry-1 cDNA entry clone vector Used to create tissue-specific 

overexpression plasmids 
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pGLC152 unc-54 3’ UTR entry clone vector Used to create tissue-specific 

overexpression plasmids 

pGLC153 unc-54p::pry-1-cDNA::unc-54 UTR Overexpression of pry-1 in the 

muscle 

pGLC157 unc-119p::pry-1-cDNA::unc-54 UTR Overexpression of pry-1 in the 

pan neurons 

pGLC154 lin-26p::pry-1-cDNA::unc-54 UTR Overexpression of pry-1 in the 

hypodermis 

pGLC155 elt-2p::pry-1-cDNA::unc-54 UTR Overexpression of pry-1 in the 

intestine 

pGLC156 pie-1p::pry-1-cDNA::unc-54 UTR Overexpression of pry-1 in the 

germline 

pGLC163 C. elegans par-4 RNAi plasmid To knockdown par-4 

pGLC158 kin-9abc::GFP::unc-54 UTR Transcriptional reporter of kin-

9 a, b and c isoforms 

pGLC160 kin-9bc::GFP::kin-9 UTR Transcriptional reporter of kin-

9 b and c isoforms with kin-9 

3’ UTR. 

pGLC165 F09A5.2p::GFP::unc-54 UTR Transcriptional reporter of 

F09A5.2 

pGLC170 manf-1p::GFP::kin-9 UTR Transcriptional reporter of 

manf-1 with kin-9 3’ UTR. 

pGLC164 kin-9p::kin-9::UTR (genomic 

fragment) 

kin-9 overexpression 

pGLC162 miR-246 full length transcript 

(genomic fragment) 

miR-246 overexpression 
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pGLC175 C. briggsae daf-16 RNAi plasmid To knockdown Cbr-daf-16 

pGLC172 C. briggsae aak-2 RNAi plasmid To knockdown Cbr-aak-2 

pGLC173 C. briggsae hsf-1 RNAi plasmid To knockdown Cbr-hsf-1 

 

2.2.2 Transgenic animals 
 

All the transgenic animals carrying extrachromosomal arrays were generated by 

standard microinjection technique (Mello et al. 1991). The concentration for plasmids 

containing the gene of interest ranged from 10 ng/μL to 50 ng/μL whereas plasmid 

concentration for microinjection markers (myo-3p::GFP, myo-3p::wCherry, myo-

2p::GFP and unc-119 rescue) ranged from 20ng/μL to 40 ng/μL. More details regarding 

transgenics can be found in the respective chapters. 

 

2.2.3 Genetic Crosses 
 

Genetic crosses to obtain miR::GFP reporter expressing lines in a mutant background 

were performed in C. elegans by crossing 8-10 wildtype (either N2) males and 2-4 GFP 

reporter-expressing hermaphrodites on agar plates. Animals were allowed to mate and 

produce Fl progeny for 3-4 days at which point the Fl heterozygous males were isolated. 

F1 heterozygous males were then crossed to the mutant of interest. Fl progeny that was 

heterozygous for the mutation and the reporter were obtained and cloned. Cloned Fl 

progenies were allowed to self-fertilize and reporters expressing F2 progeny, which was 

homozygous for the phenotype caused by the mutation of interest, were cloned onto 

separate plates. These F2 progenies were allowed to self-fertilize and clones that 

produced only reporter expressing progeny were selected. One homozygous population, 

for both the reporter and mutation, was used as the reference strain and frozen. 

 

2.2.4 RNA extraction and expression analysis 
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See Chapter 4 – Methods section. 

 

2.2.5 List of primers used. 
 

Gene GL 

# 

Orientatio

n 

Purpose Sequence (5’-3’) 

miR-2-5p 1247 Forward cDNA 

synthesis 

CTCAACTGGTGTCGTGGAGTCGGCAA

TTCAGTTGAGGCACATCA 

lin-4-5p 1331 Forward cDNA 

synthesis 

CTCAACTGGTGTCGTGGAGTCGGCAA

TTCAGTTGAGTCACACTT 

miR-48-5p 1245 Forward cDNA 

synthesis 

CTCAACTGGTGTCGTGGAGTCGGCAA

TTCAGTTGAGTCGCATCT 

miR-84-5p 1246 Forward cDNA 

synthesis 

CTCAACTGGTGTCGTGGAGTCGGCAA

TTCAGTTGAGTCTACAAT 

miR-237-5p 1355 Forward cDNA 

synthesis 

CTCAACTGGTGTCGTGGAGTCGGCAA

TTCAGTTGAGAGCTGTTC 

miR-241-5p 1332 Forward cDNA 

synthesis 

CTCAACTGGTGTCGTGGAGTCGGCAA

TTCAGTTGAGTCATTTCT 

miR-246-3p 1244 Forward cDNA 

synthesis 

CTCAACTGGTGTCGTGGAGTCGGCAA

TTCAGTTGAGGCTCCTAC 

Cbr-miR-84-5p 1255 Forward cDNA 

synthesis 

CTCAACTGGTGTCGTGGAGTCGGCAA

TTCAGTTGAGGACAGCAT 

Cbr-miR-237-5p 1357 Forward cDNA 

synthesis 

CTCAACTGGTGTCGTGGAGTCGGCAA

TTCAGTTGAGAGATGTCG 
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miR-2-5p 1252 Forward qPCR ACACTCCAGCTGGGTATCACAGCCAG

CTTT 

lin-4-5p 1333 Forward qPCR ACACTCCAGCTGGGTCCCTGAGACCT

CAAG 

miR-48-5p 1250 Forward qPCR ACACTCCAGCTGGGTGAGGTAGGCTC

AGTA 

miR-84-5p 1251 Forward qPCR ACACTCCAGCTGGGTGAGGTAGTATG

TAAT 

miR-237-5p 1356 Forward qPCR ACACTCCAGCTGGGTCCCTGAGAATT

CTCG 

miR-241-5p 1334 Forward qPCR ACACTCCAGCTGGGTGAGGTAGGTGC

GAGA 

miR-246-3p 1249 Forward qPCR ACACTCCAGCTGGGTTACATGTTTCG

GGTA 

Cbr-miR-84-5p 1256 Forward qPCR ACACTCCAGCTGGGTGAGGTAGTTTG

CAAT 

Cbr-miR-237-5p 1358 Forward qPCR ACACTCCAGCTGGGTCCCTGAGAATG

CTCC 

Cbr-miR-246-3p 1257 Forward qPCR ACACTCCAGCTGGGTTACATGTATTG

GGTA 

All miRNA gene 1254 Reverse qPCR CTCAACTGGTGTCGTGGAGTCGGCAA 

pmp-3 747 Forward qPCR CTTAGAGTCAAGGGTCGCAGTGGAG 

pmp-3 748 Reverse qPCR ACTGTATCGGCACCAAGGAAACTGG 
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pry-1 

741 Forward qPCR CGCCAACACGAGGAGTTTGTGG 

742 Reverse qPCR TGTGATGAATGGTGGGCGGAGC 

hbl-1 1258 Forward qPCR TTGGCACAAAGAGCAAAGCC 

hbl-1 1259 Reverse qPCR GGCCATTCTGATCCTATTAAAGGTG 

lin-14 1262 Forward qPCR TGCGAGGAATGGGGAAATGG 

lin-14 1263 Reverse qPCR GTCGAAGATCGGTTACTTCTTTCC 

 

lin-28 

1264 Forward qPCR AAGTTGAAGATAGGCTGCCAGA 

1265 Reverse qPCR GTGTTGGTGACGGGAGCC 

 

lin-29 

1266 Forward qPCR TTTGGTGTTGGAACAAACTTGAGA 

1267 Reverse qPCR GCTGGTGTGGATCCAGTTGA 

 

let-60 

1260 Forward qPCR TCAGCACTCACCATTCAACTCA 

1261 Reverse qPCR CACCGTCTATCACAACCTGCT 

miR-246 1325 Forward PCR CGTCGGAAGATTCACTCCTG 

miR-246 1326 Reverse PCR CCTCACTGGTCATACTTCCC 

 

pry-1(gk3682) 

1307 Forward PCR CATCGCCTTCTATCGCCTTCTTGA 

1308 Reverse PCR GCGAAGAACAAGTCGAGGTACTG 

 

cah-4 

1337 Forward qPCR GGTGACTGTTGCGATGTCCT 

1338 Reverse qPCR GTTGGCGGTAAGGAATGTGC 
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pbs-5 

1339 Forward qPCR GGAGGCGTCTGCAATTTGTG 

1340 Reverse qPCR CAGCTTGCTCACGTCCATTG 

 

kin-9 

1341 Forward qPCR CCACGTCATTTGCCAACAACA 

1342 Reverse qPCR GCAACTGCATTTACGCCTCC 

 

sbp-1 

1398 Forward qPCR GGACCATCACAACAACCGGA 

1399 Reverse qPCR GCAGGGAGTGTAAGGTGCTT 

 

F56E10.1 

1329 Forward qPCR CCCAGGCCGCTTCTACTATG 

1330 Reverse qPCR GGATGGAGAATTCTGGAACGAAGT 

pry-1 RNAi 

(pGLC142) 

1343 Forward PCR ATTACCCGGGCTCCGCCCACCATTCA

TCAC 

1344 Reverse PCR TGCTGAGCTCGAGCCTTTCTGTGCTGC

CT 

kin-9bcp::GFP 

(pGLC144) 

1350 Forward PCR TAAGGCATGCTCAAGCTGTTCAAACA

CGAC 

1352 Reverse PCR TAAGGTCGACCTTCGTGAGAGTCGTC

AACG 

hsp-16::kin-

9abc 

(pGLC146) 

1353 Forward PCR TAAGGGTACCAGCCAATGCTCATCCA

GTACC 

1354 Reverse PCR TAAGGAGCTCCATGTTGTGCGGACCC

GTT 

lin-28 RNAi 1359 Forward PCR TAAGGGTACCGTAGTATCGGAGGGAA

GGAATG 
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(pGLC145) 1360 Reverse PCR TAAGGCTAGCGGTGGTAGTATGGTTT

AGAGGG 

 

F56E10.1p::gfp 

(pGLC150) 

1372 Forward PCR AGGTCGACGTGGTGTCAAGCTGTCTC

ATTGC 

1373 Reverse PCR AGGGTACCCAAACCTCTCCGTCGGAA

GACTC 

 

kin-9(tm3973) 

1417 Forward PCR CTAGTACAATTCCTGGGGTC 

1418 Reverse PCR CCAATCCATTGCTAATCTGC 

kin-9 all 

isoforms 

1419 Forward qPCR GCTGCCCGTAACGTCTTAGT 

1420 Reverse qPCR CTCCTCGGGCAGTGTACAAA 

 

pry-1-cDNA 

(pGLC151) 

1384 Forward PCR GGGGACAACTTTCTATACAAAGTTGT

AATGGAGACCCATCTCGGTTGG 

1385 Reverse PCR GGGGACAACTTTATTATACAAAGTTG

TCTATCGGAGCTCGGCGGCAATT 

 

unc-54 3’UTR 

(pGLC152) 

1396 Forward PCR GGGGACAACTTTGTATAATAAAGTTG

TAACTTCTAAGTCCAATTACTC 

1397 Reverse PCR GGGGACCACTTTGTACAAGAAAGCTG

GGTTCACTACTCCACTTTCAAATT 

 

unc-54p::pry-1-

cDNA 

(pGLC153) 

1394 Forward PCR GGGGACAAGTTTGTACAAAAAAGCA

GGCTTAATGAATCCGAGAAATATGAG 

1395 Reverse PCR GGGGACAACTTTGTATAGAAAAGTTG

GGTGGATTTCTCGCTTCTTTCAAAT 

 1412 Forward PCR GGGGACAAGTTTGTACAAAAAAGCA
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lin-26p::pry-1-

cDNA 

(pGLC154) 

GGCTTATCTGAAATATACGGCGGTAG

ATC 

1413 Reverse PCR GGGGACAACTTTGTATAGAAAAGTTG

GGTGGTAAGCGAGGGATGAAGGTATT

C 

 

elt-2p::pry-1-

cDNA 

(pGLC155) 

1388 Forward PCR GGGGACAAGTTTGTACAAAAAAGCA

GGCTTAATCTTCAGATTCTTCTACTC 

1389 Reverse PCR GGGGACAACTTTGTATAGAAAAGTTG

GGTGTCTATAATCTATTTTCTAGTTTC

TATTTTATT 

 

pie-1p::pry-1-

cDNA 

(pGLC156) 

1390 Forward PCR GGGGACAAGTTTGTACAAAAAAGCA

GGCTTATTGAAAGTTTTGTGGGGAAA 

1391 Reverse PCR GGGGACAACTTTGTATAGAAAAGTTG

GGTGTGGGAAACGAAATACTGCAA 

 

unc-119p::pry-

1-cDNA 

(pGLC157) 

1392 Forward PCR GGGGACAAGTTTGTACAAAAAAGCA

GGCTTAATGTCGATTTACGGGCTCAG 

1393 Reverse PCR GGGGACAACTTTGTATAGAAAAGTTG

GGTGATATGCTGTTGTAGCTGAAAAT

TTTG 

Pkin-9abc::gfp 

(pGLC158) 

1431 Forward PCR AGGTCGACTCAAGCTGTTCAAACACG

AC 

1432 Reverse PCR AGGGTACCTCTGCATTTACGCCTCCTT

CAC 

daf-16 all 

isoforms 

1364 Forward qPCR TACCGGGTGCCTATGGAAAC 

1365 Reverse qPCR GAATATGCTGCCCTCCAGCT 
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daf-16a 

1366 Forward qPCR TCAGGAATCGTCAGCAACC 

1367 Reverse qPCR CACGGAACTGCCAGAAGAT 

 

daf-16b/c 

1368 Forward qPCR CTCCACGTCCACCTCATCTG 

1369 Reverse qPCR GTTGAGTGGTGGTTCGAGTT 

 

daf-16d/f/h/i/k 

1370 Forward qPCR CGACCTCCATCAACAAGAGC 

1371 Reverse qPCR CTTCCGCTGTCAACAGTCTC 

 

 

rde-1(ne219) 

1454 Internal 

Forward 

PCR 

sequencing 

CTTTCCTGGACATTCGATCATCTG 

1455 Internal 

Reverse 

PCR 

sequencing 

GGTAAATCGGACAGAGGAAGAA 

 

 

rde-1(ne219) 

1468 External 

Forward 

PCR 

sequencing 

AGGAAACAGCGCAAATGACGAC 

1469 External 

Reverse 

PCR 

sequencing 

GATTTCCCGCTGTTTCGTTGACT 

 

tnt-4 

1456 Forward qPCR CGGAGGAAGACATCCACCAA 

1457 Reverse qPCR TCATAAACCTGACGGCGCTC 

 

mlc-1 

1458 Forward qPCR TGCGGAAAGATCAAGGAGGAC 

1459 Reverse qPCR CGATTGGTGGCTTTCCCTTG 

 

unc-96 

1460 Forward qPCR GGCACTCCGTACTCCGAAAT 

1461 Reverse qPCR TGGACGATTTCTGTTGATGCTC 
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lgg-1 

1462 Forward qPCR AAACGCATCCAACTTCGTCC 

1463 Reverse qPCR CCTCGTGATGGTCCTGGTAG 

 

F56E10.1 

(gk3701) 

1482 Forward PCR AGAGGATGAGGACAATGGTGA 

1483 Reverse PCR GATTCTCCTGGTTGTATGTGGC 

1484 Forward PCR CGCGCTGTGTTTATCGTAAATC 

 

 

 

 

F56E10.1(bh40) 

1486  ssODN AATTTTTTTATTAAACTAAAATTTAGA

AATGGAAGATTAGTAGGTAGTAGCTA

GTAGTAACAGGAAACAGCTATGACCG

TATGAAGACGACGAGTCTTCCGACGG

ATAGGTTTGTAGCAAAGCTTAAAATT

CACGGAAACCAGCATTTTAATTC 

1480  crRNA1 TTGCTTGCGCCCAATTCTGA 

1487  crRNA2 TCTTCCGACGGAGAGGTTTG 

1488 M13 Forward 

(internal) 

PCR CAGGAAACAGCTATGACCGT 

1489 Forward PCR CATCAGAATTGGGCGCAAGC 

1483 Reverse PCR GATTCTCCTGGTTGTATGTGGC 

Pkin-

9bc::GFP::kin-

9 3’UTR 

(pGLC160) 

1497 Forward PCR AAGGAATTCCAATGCGATAATGTGTA

ACACTATG 

1498 Reverse PCR AAGACTAGTCGACCGTCAATATATGA

AACTAATT 

kin-9p::kin-9 1561 Forward PCR CATTCAAGCTGTTCAAACACGACAC 
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overexpression 1562 Reverse PCR TTCCACATCGTCATCTGTTCTCATC 

par-4 RNAi 

plasmid 

(pGLC163) 

1559 Forward PCR AAGGGTACCCGTCCAACGTGTCTCGA

AAC 

1560 Reverse PCR AAGACTAGTGGTACGAGAACGAAAG

ATACACG 

 

 

 

myo-

3p::mAxin1::YF

P 

1499 Forward 

(mAxin1 

insert) 

PCR CCACTTTTACCGTCTAATTTTCAGATG

CAGAGTCCCAAAATGAATGTC 

 

1500 Reverse 

(mAxin1 

insert) 

PCR AGTTCTTCTCCTTTACTCATGTCCACC

TTTTCCACCTTGC 

 

1501 Forward 

(pPD136_64 

vector) 

PCR ATGAGTAAAGGAGAAGAACTTTTCAC 

 

1502 Reverse 

(pPD136_64) 

PCR CTGCATCTGAAAATTAGACGGTAAAA

GTGG 

 

miR-246p::miR-

246 (pGLC162) 

1509 Forward PCR CTTACACCAAATGGGTTTACATGTG 

1510 Reverse PCR ATTTCCTCACTGGTCATACTTCC 

 

F09A5.2p::GFP 

(pGLC165) 

1599 Forward PCR AAGAAGCTTTATGCGTCAATGCTTGC

ACC 

1600 Reverse PCR AAGGGTACCAGGTGGGAGTAAGAAG

GATTAGA 

 1621 Forward qPCR AAACAGCTCCATGCTCCACTC  
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F09A5.2 1622 Reverse qPCR CGTTTGCCTCGCATTGATTTCG 

 

F09A5.2 

(ok1900) 

1623 Forward PCR CAGCAAGACCTTAATCTCCACG 

1624 Reverse PCR GTCACTCACCATCAGCACATAATC  

 

F09A5.2 

(tm7493) 

1625 Forward PCR CAGCAAGACCTTAATCTCCACG 

1626 Reverse PCR GTCTTCTTTCTTCCCACTGGG 

 

xbp-1 

1446 Forward qPCR CGCAGCCCAAAATGCTAGAG 

1447 Reverse qPCR AGATCGCGCATCACATCCTC 

 

atf-6 

1452 Forward qPCR TTGTTCAGCCCTTGATGCCA 

1453 Reverse qPCR AGCGGACCACTTTTTGGTTG 

 

ire-1 

1448 Forward qPCR TGGCTTCCGGAATGATCACG 

1449 Reverse qPCR TCCAAAGCTCTCAAACGTCCA 

 

pek-1 

1450 Forward qPCR AACGCATTGCCAGAGCTTTC  

1451 Reverse qPCR TGAAGCACCAATCGCAAGGT 

hsf-1 1631 Forward qPCR ATGCAGCCAGGATTGTCGAA 

1632 Reverse qPCR GCACGTTTTGAGTTGGGTCC 

 

atfs-1 

1633 Forward qPCR CGAGCCGAGAAGAAGGGAAG 

1634 Reverse qPCR GCGCCCATTTTACGAAGCTC 
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pop-1 

1335 Forward qPCR GAACGGTATCCGGAGTGGTC 

1336 Reverse qPCR TGATCGTTGTTCTCCGATGGAAT 

 

mig-5 

1629 Forward qPCR TCCTCCAAAAGGCAGAACACT 

1630 Reverse qPCR TAGTTGCCGTTTGCTCCTGT 

 

kin-19 

1627 Forward qPCR ACGTCACTGCAACAAGCTCT 

1628 Reverse qPCR ATTCCCAAGTGGGCGTTGAT 

 

cdk-1 

1421 Forward qPCR GGCGAAGGAACATACGGAGT 

1422 Reverse qPCR CCGTTGATGGAACACCCTCAT 

 

rnr-1 

1423 Forward qPCR ATTTTGTCGATCCGGTCGCT 

1424 Reverse qPCR GGTCATGGAAGCAGCAGTCT 

 

his-7 

1425 Forward qPCR CAGTTGGTCGTCTTCACCGT 

1426 Reverse qPCR CTCAAGAACAGCAGCCAGGT 

 

cpz-1 

1427 Forward qPCR GGTGCATGGATGGGGTGTAG 

1428 Reverse qPCR TTGAACCATCCGTGCTCTCC 

 

clsp-1 

1635 Forward qPCR TCGTCAGCATCTGCAAAACG 

1636 Reverse qPCR TGTCAGAGGTTTTGAGGGGTA 

 

ard-1 

1637 Forward qPCR AATGTCGGCACTCAGAAGCA 

1638 Reverse qPCR CTTTCCCAGTCCAGACGCTC 
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spp-1 

1639 Forward qPCR AGCCAATCCAGCTAACCCAC 

1640 Reverse qPCR GACGAGAGCCTTGCAGACAT 

rpn-7 1641 Forward qPCR AGGATGACAGAGGCTGCCAA 

1642 Reverse qPCR GCTGCTGTCTACTTCGGGAT 

 

hsp-4 

1643 Forward qPCR AAGCTTCTGAGGAGCCATCG 

1644 Reverse qPCR GGGGTTGGGTTGGGAAAGAA 

 

hsp-6 

1645 Forward qPCR AACCATTGAGCCATGCCGTA 

1646 Reverse qPCR CTTGAACAGTGGCTTGCACC 

 

sod-3 

956 Forward qPCR TATTAAGCGCGACTTCGGTTCC 

957 Reverse qPCR CTTGCAATATCCCAACCATCCC 

 

hsp-16.2 

1647 Forward qPCR GTCCAGCTCAACGTTCCGT 

1648 Reverse qPCR TCTCAGAAGACTCAGATGGAGAGAT 

SL1 539 Forward PCR GGTTTAATTACCCAAGTTTGAG 

 

Cbr-iscu-1 

1406 Forward qPCR GCTTCAAATCAGTCTCGCTGC 

1407 Reverse qPCR GTGCCGACGTTCTTGTCGTTT 

Cbr-daf-

2(sy5445) 

1667 Forward PCR GGTATTCGACGAGAACAACTGC 

1668 Reverse PCR CCAATTCTAGCTGAATCCTACTGC 

1711 Forward PCR AAACTGTATGATTGATAAAACGGAAT
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TGA 

 

Cbr-daf-2 

1669 Forward qPCR TATAATCCGCCTGAGGAGCTGG 

1670 Reverse qPCR GGAACCCATCGAGATCGTCGAA 

 

Cbr-sod-2 

1673 Forward qPCR TTGGAGCCAGTTATCAGCCATG 

1674 Reverse qPCR GCTTCCTTGACGTTTCCCTTTGAA 

 

Cbr-lipl-4 

1671 Forward qPCR ACTTTGCACTTGCTCCAGTTG 

1672 Reverse qPCR CCAGTTCTCACTAGACGTTCCAA 

 

Cbr-fat-6 

1677 Forward qPCR GCTCACATGGGATGGCTTCT 

1678 Reverse qPCR GGCAAGGACTGGATCGTTCT 

 

Cbr-vit-2 

1679 Forward qPCR TGCCACTGAGTGTGCTAAGG 

1680 Reverse qPCR TATGCGGAGGCGATCATCTG 

Cbr-daf-

16(syb3672) 

1687 Forward PCR GATTCAGAAGAGCGATTCCAGTG 

1688 Reverse PCR CGTGGTATGATGGTGGAGCAAT 

Cbr-daf-

16e::DAF-16 

1689 Forward nested PCR GTAGAAGTGCCTATTAAGCTCCTC 

1690 Reverse nested PCR TACCGGTACCCTCCAAGGGTCCTCCA

AATCGAAATGAATACTTTGCCCT 

GFP + unc-54 

UTR from 

pPD95.81 

1691 Forward nested PCR GAGGACCCTTGGAGGGTACCGGTA 

1692 Reverse nested PCR AAGGGCCCGTACGGCCGACTAG 
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Cbr-daf-

16e::DAF-

16::GFP 

1693 Forward nested PCR GATCTTTAGAATTAGGGCTGAAATTC

CTTCAGG 

1694 Reverse nested PCR GGAAACAGTTATGTTTGGTATATTGG

GAATGT 

 

Cbr-hsp-4 

1695 Forward qPCR CCACTTACTCGTGCGTTGGA 

1696 Reverse qPCR ATGAGCCGTTCTCCTTGCTC 

Cbr-hsp-6 1697 Forward qPCR CGAAGGAGTCAGAACCACCC 

1698 Reverse qPCR GGCGTCTCCATTACTGGCTT 

 

Cbr-hsp-70 

1699 Forward qPCR ACAAGGGTGCCAAAGGTTCA 

1700 Reverse qPCR TGTCATCTTTGACGCCGGAA 

 

Cbr-hsp-16.2 

1701 Forward qPCR CCGTCCAAGACCATTCTCTGT 

1702 Reverse qPCR ACTGGGAGACGTTGAGGTTG 

 

Cbr-hsp-12.3 

1703 Forward qPCR AGGAACCAAGTGGGATTGGC 

1704 Reverse qPCR TCCGAACTTGTCGTCCTTGG 

Cbr-aak-2 

RNAi plasmid 

1705 Forward PCR TAAGGTCGACTTGTCATCGTCACATG

GTTGTTC 

1706 Reverse PCR  

TAAGGGTACCCAATACTCGCCTCCAT

GCTCAT 

Cbr-daf-16 

RNAi plasmid 

1707 Forward PCR TAAGGTCGACTCTCTACTTTCGGGAA

CGATC 
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1708 Reverse PCR TAAGGGTACCCAACGCATCCACATCC

ATATCC 

Cbr-hsf-1 RNAi 

plasmid 

1709 Forward PCR TAAGGTCGACTGAAATAGTTACAGCG

GTGTGC 

1710 Reverse PCR TAAGGGTACCCTCTCCATCAGCGTCG

TAATAC 

Cbr-daf-16 all 

isoforms 

1712 Forward qPCR AGGAGCATTCGGAGGTTATCAG 

1713 Reverse qPCR CAACGCATCCACATCCATATCCA 

 

Cbr-daf-16a/c 

1714 Forward PCR of 

cDNA 

GACAGTGGAACAAACAGCCTGTT 

1717 Reverse qPCR CACCAAACAGGGCATCTCCATTC 

 

Cbr-daf-16b/d 

1715 Forward PCR of 

cDNA 

GAAGATCCGGACCTGTTTGGAAG 

1717 Reverse qPCR CACCAAACAGGGCATCTCCATTC 

 

Cbr-daf-16e 

1716 Forward PCR of 

cDNA 

CCGGATGGAAGAACTCGATCCG 

1718 Reverse qPCR GATTGATGACCCACCACGAACTC 

Cbr-daf-16 all 

isoforms 

1713 Common 

Reverse 

Primer for 

PCR 

PCR of 

cDNA 

CAACGCATCCACATCCATATCCA 

 

dod-24 

1727 Forward qPCR GTGTCCAACACAACCTGCAT 

1728 Reverse qPCR TCCTCCGGCTCTTAACTCGT 
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asp-12 

1729 Forward qPCR GTCCCATCTACCACTTTCGGT 

1730 Reverse qPCR CCGTCGACTGCAAGAGATGT 

Underlined sequences correspond to restriction enzyme sites, recombination sites or 

CRISPR site. 

 

2.3 Lifespan assay 
 

See Chapter 5 – Methods section. 

 

2.4 Stress sensitivity assay 
 

See Chapter 6 – Methods section. 

 

2.5 Microscopy 
 

See Chapter 3 – Methods section. 

 

2.6 RNA-interference (RNAi) mediated knock down 
 

See Chapter 6 – Methods section. 

 

2.7 Statistical analysis 
 

See Methods section of Chapters 4, 5 and 6 for relevant statistical analysis. 
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Chapter 3 
 

Role of PRY-1/Axin in 

heterochronic miRNA mediated 

seam cell development 

 

3.1 Preface  

 
This chapter includes the following article in its originally published format: “Role of 

PRY-1/Axin in heterochronic miRNA mediated seam cell development”, by Avijit 

Mallick, Ayush Ranawade and Bhagwati P. Gupta. BMC Developmental Biology. 

19(17): 1-8 (DOI: 10.1186/s12861-019-0197-5). This is an open-access article 

distributed under the terms of the Creative Commons Attribution Unported License, 

which permits unrestricted use, distribution, and reproduction in any medium, provided 

the original work is properly cited. 
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3.2 Mallick, Ranawade and Gupta (2019)- BMC 

Developmental Biology  

 

In this study, we characterised the role of the Axin homolog PRY-1 in regulating 

heterochronic microRNAs (miRNAs) that regulate seam cell development. We found 

that pry-1 mutants in C. elegans exhibit seam cell, cuticle, and alae defects. To 

understand the regulation better, we carried out a miRNA transcriptome analysis, which 

showed that let-7 (miR-48, miR-84, miR-241) and lin-4 (lin-4, miR-237) family 

members were upregulated in the absence of pry-1 function. Similar phenotypes and 

patterns of miRNA overexpression were also observed in C. briggsae pry-1(sy5353) 

mutants, a species that is closely related to C. elegans. RNA interference-mediated 

silencing of wrm-1/β-catenin and lit-1/NLK in the C. elegans pry-1 mutants rescued the 

seam cell defect, whereas pop-1/TCF silencing enhanced the phenotype, suggesting that 

all three proteins are likely important for PRY-1 function in seam cell development. We 

also found that these miRNAs were overexpressed in pop-1(hu9) hypomorphic mutants, 

suggesting that PRY-1 is required for POP-1-mediated miRNA suppression. Analysis 

of the let-7 and lin-4-family heterochronic targets, lin-28 and hbl-1, showed that both 

genes were significantly downregulated in pry-1 mutants, and furthermore, lin-28 

silencing reduced the number of seam cells in mutant animals. Altogether our results 

show that PRY-1 plays a conserved role to maintain normal expression of heterochronic 

miRNAs in nematodes and functions upstream of the WNT asymmetry pathway 

components WRM-1, LIT-1, and POP-1, and miRNA target genes in seam cell 

development. 
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Contributions: I performed experiments and provided data for Figures 1, 2, 3, 4, 5, 6 

and 7. Ayush Ranawade performed the RNA-seq analysis in the pry-1(mu38) animals 

at the L1 stage and the I carried out the analysis for target prediction coupled with GO 

enrichment analysis. Data for Figure 3C, Figures 5B-C and 6A-B were also replicated 

by Ayush Ranawade. I and Bhagwati Gupta created all the Figures and illustrations. 

Bhagwati Gupta conceived and supervised the project. I and Bhagwati Gupta wrote the 

manuscript. It was finally revised with addressed reviewers concerns by me and 

Bhagwati Gupta. 
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Chapter 4 
 

PRY-1/Axin signaling regulates 

lipid metabolism in Caenorhabditis 

elegans 

 

4.1 Preface  

 
This chapter includes the following two articles in its originally published format: 

“PRY-1/Axin signaling regulates lipid metabolism in Caenorhabditis elegans”, by 

Ayush Ranawade, Avijit Mallick and Bhagwati P. Gupta. PLoS One. 13(11): e0206540 

(DOI: 10.1371/journal.pone.0206540) and “Vitellogenin-2 acts downstream of PRY-

1/Axin to regulate lipids and lifespan in C. elegans”, by Avijit Mallick and Bhagwati P. 

Gupta. micropublication Biology (DOI: 10.17912/micropub.biology.000281). These 

are open-access articles distributed under the terms of the Creative Commons 
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Attribution Unported License, which permits unrestricted use, distribution, and 

reproduction in any medium, provided the original work is properly cited. 

4.2 Ranawade, Mallick and Gupta (2018)- PLoS One 
 

In this study, we report the mRNA transcriptomic of pry-1(mu38) mutants at the L1 

stage. Our analysis of the RNAseq data revealed differentially expressed genes 

associated with various biological processes. Among those, one of the most enriched 

GO term biological processes was lipid metabolism. These set of genes were linked to 

lipid synthesis (fatty acid desaturases), lipid transportation (vitellogenin), lipid 

oxidation (acdh-1, -6, -11, -23, acs-2, -11, and -17, cpt-1, -4, and ech-9), and lipid 

breakdown (lipases). Consistent with this analysis, pry-1 mutants exhibited depleted 

lipid storage coupled with poor brood size and poor survivability of L1 starved animals. 

Such a reduced lipid storage seen in these animals is mostly due to compromised fatty 

acid synthesis as revealed by our GC-MS analysis. Supporting this finding, Oleic acid 

supplementation rescued the lipid levels in the pry-1 mutants. Furthermore, we focused 

on the vitellogenin species (vit-1 to vit-6) known for their role in lipid uptake from the 

intestine to the gonad during the reproductive period. Knocking down vits by RNAi 

rescued the lipid defect in the pry-1(mu38) animals suggesting that vitellogenin act 

downstream of PRY-1 to regulate lipid level. Overall, our data demonstrated that PRY-

1 plays an important role in regulating lipid synthesis and utilises SBP-1/SREBP 

transcription factor to modulate fatty acid synthesis.  

 

Contributions: I performed experiments and provided data for Figures 4, 5C-F, S3, S4, 

S6, S7, S8 and S9. Ayush Ranawade performed the RNA-seq analysis in the pry-
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1(mu38) animals at the L1 stage and carried out the analysis for target prediction 

coupled with GO enrichment analysis. Rest of the data were provided by Ayush 

Ranawade. I and Bhagwati Gupta created all the Figures and illustrations. Bhagwati 

Gupta conceived and supervised the project. Ayush Ranawade, I and Bhagwati Gupta 

wrote the manuscript. It was finally revised with addressed reviewers concerns by me 

and Bhagwati Gupta. 
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4.3 Mallick and Gupta (2020)- micropublication Biology 
 

In this study we show that only vit-2 is significantly in the pry-1 mutants during day-2 

and day-4 of adulthood. Given that pry-1 mutants only have a mean lifespan of 3 days, 

we hypothesized whether knocking down vit-2 could rescue the lifespan and lipid 

defects in these animals. Our results revealed that knocking down vit-2 by using dsRNA 

specific for vit-1/2 in adults rescued both the lipid level and short lifespan of pry-

1(mu38) animals. These findings further supported our model (4.1.1) of vitellogenins 

acting downstream of PRY-1 signalling to regulate lipid synthesis that in part also affect 

lifespan of animals. 

 

Contributions: I performed experiments and provided data. I and Bhagwati Gupta 

created all the Figures and illustrations. Bhagwati Gupta conceived and supervised the 

project. I and Bhagwati Gupta wrote the manuscript. It was finally revised with 

addressed reviewers concerns by me and Bhagwati Gupta. 
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Chapter 5 
 

Axin-mediated regulation of lifespan 

and muscle health in C. elegans 

requires AMPK-FOXO signaling 

 

5.1 Preface  

 
This chapter includes the following two articles in its originally published format: 

“Axin-mediated regulation of lifespan and muscle health in C. elegans requires AMPK-

FOXO signaling”, by Avijit Mallick, Ayush Ranawade, Wouter van den Berg and 

Bhagwati P. Gupta. iScience. 23, 101843 (DOI: 

https://doi.org/10.1016/j.isci.2020.101843). This is an open-access article distributed 

under the terms of the Creative Commons Attribution Unported License, which permits 
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unrestricted use, distribution, and reproduction in any medium, provided the original 

work is properly cited. 

5.2 Mallick, Ranawade, van den Berg and Gupta (2020)- 

iScience 

 

In this study, we reported the role of PRY-1/Axin in maintaining lifespan and muscle 

health of animals. PRY-1 functions in the muscle is crucial to delay fragmentation of 

muscle mitochondrial morphology and for normal expression of muscle-specific genes 

involved in muscle development and function (contraction). Such a role of PRY-1 in 

muscle requires AMPK catalytic subunit homolog AAK-2, where AAK-2 is activated 

by PRY-1 probably via complex formation, and cell autonomously regulate DAF-

16/FOXO localisation in the intestine. This is also supported by the transcriptomic 

analyses of pry-1, aak-2 and daf-16 mutants which revealed significant overlap of 

differentially expressed genes between these three data sets. Moreover, overexpression 

of pry-1 in the muscle leads to longer lifespan, better muscle mitochondrial 

morphology, muscle activity and increased lipid level. Taken together, our data 

demonstrate that PRY-1 functions in muscles to promote the life span of animals. This 

study establishes Axin as a major regulator of muscle health and aging. 

Contributions: I performed experiments and provided data for Figures 1A-D, 2, 3, 4B-

E, 5, 6A-E, 7, S1A, S2C-D, and S3-7. Ayush Ranawade performed experiments and 

provided data for Figures 1E-F, 4A, SB-C and S2A-B. Wouter van den Berg performed 

experiments and provided data for Figure 6F. I and Bhagwati Gupta created all the 

Figures and illustrations. Bhagwati Gupta conceived and supervised the project. I and 
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Bhagwati Gupta wrote the manuscript. It was finally revised with addressed reviewers 

concerns by me and Bhagwati Gupta. 
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Chapter 6 
 

Identification and characterization of 

genes that mediate pry-1/Axin 

function in reproductive structure 

development, stress responses, and 

aging 

 

6.1 Preface  

 
This chapter includes the following three articles in its originally published or submitted 

format: 1) “Genetic analysis of Caenorhabditis elegans pry-1/Axin suppressors 

identifies genes involved in reproductive structure development, stress responses, and 
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aging”, by Avijit Mallick, Nikita Jhaveri, Jihae Jeon, Yvonne Chang, Krupali Shah, 

Hannah Hosein and Bhagwati P. Gupta. (G3 Genes|Genomes|Genetics, 15 December 

2021; jkab430. DOI: 10.1093/g3journal/jkab430).  

2) “Cabin1 domain-containing gene picd-1 interacts with pry-1/Axin to regulate 

multiple processes in Caenorhabditis elegans”, by Avijit Mallick, Shane K. B. Taylor, 

Sakshi Mehta, and Bhagwati P. Gupta. (bioRxiv, 28 September 2021. DOI: 

10.1101/2021.09.27.46207, Submitted in Scientific Reports).  

3) “The FGFR4 homolog KIN-9 regulates lifespan and stress responses in 

Caenorhabditis elegans”, by Avijit Mallick, Leo Xu, Sakshi Mehta, Hannah Hossein, 

and Bhagwati P Gupta (Submitted in Frontiers in Aging). 

Articles 1 and 2 are open-access articles distributed under the terms of the Creative 

Commons Attribution Unported License, which permits unrestricted use, distribution, 

and reproduction in any medium, provided the original work is properly cited. 
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6.2 Mallick et al. (2021)- G3 Genes|Genomes|Genetics 

 

In this study, we identified eight genes that function downstream of PRY-1/Axin 

signalling to regulate developmental and post-developmental processes. Specifically, 

we focused on a set of differentially expressed genes associated with reproductive 

structure development in the pry-1-mutant transcriptome. Knocking down eight of the 

genes (spp-1, clsp-1, ard-1, rpn-7, cpz-1, his-7, cdk-1, and rnr-1) efficiently suppressed 

the multivulva phenotype of pry-1 mutants. Our genetic interaction experiments 

revealed that in addition to their role in vulval development, these genes participate in 

one or more pry-1-mediated biological events. While four of them (cpz-1, his-7, cdk-1, 

and rnr-1) function in both stress response and aging, two (spp-1 and ard-1) are specific 

to stress response. Altogether, these findings demonstrate the important role of pry-1 

suppressors in regulating developmental and post-developmental processes in C. 

elegans.  

Contributions: I performed experiments and provided data for Figures 1, 3B, 7, S3, 

S4A and Table 1. Nikita Jhaveri performed experiments and provided data for Figures 

3A, 3C, 4 and Table 2. Jihae Jeon, Yvonne Chang, and Krupali Shah performed 

experiments and provided data for Figure 2, 5A-H, 6A-B, 6D, S1, S2, S4B and Table 

3. Hannah Hossein performed experiments and provided data for Figure 5A-B and 6C. 

I and Bhagwati Gupta created all the Figures and illustrations. I and Bhagwati Gupta 

conceived and supervised the project. I, Nikita Jhaveri and Bhagwati Gupta wrote the 

manuscript. It was finally revised with addressed reviewers concerns by me and 

Bhagwati Gupta. 
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6.2 Mallick et al. (2022)- Submitted in Scientific Reports 
 

In this study we characterize a new gene named picd-1 which is shown to interact with 

pry-1 and regulate calcineurin signaling. Such an interaction of this protein in involved 

in regulating the lifespan and stress response of animals. Our lab and others have 

established pry-1’s essential role in developmental processes that affect the 

reproductive system, seam cells, and a posterior P lineage cell, P11.p. Additionally, pry-

1 is crucial for lipid metabolism, stress responses, and aging. In this study, we expanded 

on our previous work on pry-1 by reporting a novel interacting gene named picd-1 (pry-

1-interacting and Cabin1 domain-containing). PICD-1 protein shares sequence 

conservation with Cabin1, a component of the HUCA complex. Our findings have 

revealed that PICD-1 is involved in several pry-1-mediated processes, including stress 

response and lifespan maintenance. picd-1’s expression overlapped with that of pry-1 

in multiple tissues throughout the lifespan. Furthermore, PRY-1 and PICD-1 inhibited 

CREB-regulated transcriptional coactivator homolog CRTC-1, which promotes 

longevity in a calcineurin-dependent manner. Overall, our study provides the first 

evidence of a Cabin1 domain-containing protein participating in Axin-mediated 

signaling.  

 

Contributions: I performed experiments and provided data for Figures 1, 2, 3, 4A, 4C, 

5, 6A-C, 7, 8F, 9A-B, 10A, 10C, 10E-G, S1, and S3; Tables 1, 2 and S1; and Videos S1 

and S2. Shane Taylor performed experiments and provided data for Figures 8A-C, 9G-

H, 10B and 10D. Sakshi Mehta performed experiments and provided data for Figures 

4B, 6A-C, 8D-E, 9C-F and S2. I and Bhagwati Gupta created all the Figures and 
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illustrations. I and Bhagwati Gupta conceived and supervised the project. I, Shane 

Taylor and Bhagwati Gupta wrote the manuscript.  

 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

166 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

167 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

168 

 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

169 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

170 

 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

171 

 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

172 

 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

173 

 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

174 

 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

175 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

176 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

177 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

178 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

179 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

180 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

181 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

182 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

183 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

184 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

185 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

186 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

187 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

188 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

189 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

190 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

191 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

192 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

193 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

194 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

195 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

196 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

197 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

198 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

199 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

200 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

201 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

202 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

203 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

204 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

205 

 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

206 

 

 



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

207 

 

6.3 Mallick et al. (2022)- Submitted in Frontiers in Aging 
 

In this study I describe the discovery of a novel FGFR4 homolog KIN-9 in C. elegans. 

Our lab uses the Axin scaffolding protein homolog, PRY-1, in C. elegans as a genetic 

model to investigate the various biological processes that it regulates. We have reported 

the transcriptomic profiling of pry-1 mutants where differentially expressed genes are 

found to be associated with processes like lipid metabolism, stress response, and aging. 

Subsequently, we have also reported the pry-1-miRNA-transcriptome, which revealed 

six differentially expressed miRNAs. Five of the miRNAs (lin-4, miR-237, miR-48, 

miR-84, and miR-241) were upregulated, whereas one miRNA (miR-246) was found to 

be downregulated (Mallick et al. 2019a). Though it is evident that PRY-1 regulates both 

coding and non-coding genes, it remains to be investigated how this master scaffolding 

protein utilizes miRNAs to regulate the downstream protein-coding genes to modulate 

a wide range of biological events. 

Here we report the role of a miRNA gene, miR-246, in C. elegans promoting an 

adaptation against oxidative, endoplasmic, and mitochondrial stress and maintaining 

normal adult lifespan. Earlier it has been noted that the miR-246 loss of function leads 

to slightly reduced lifespan and increased sensitivity to heat stress. Besides, deep 

sequencing of aged animals revealed that miR-246 is the highest upregulated miRNA 

in both wildtype and Insulin/insulin-like growth factor-1 signaling (IIS) receptor 

homolog daf-2 mutant as animals got older. Although the underlying mechanism and 

downstream genes by which miR-246 elucidate these processes are still unclear. 

Detailed genetic and gene expression studies in our lab suggest that the mir-246 loss-

induced increased sensitivity to heat, and oxidative stress is mediated by downstream 
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changes in expression of the target gene kin-9. Additionally, kin-9 knockdown in the 

miR-246 mutants rescues the stress sensitivity and short lifespan seen in these animals. 

Consistently, kin-9 mutants confer longevity and stress resistivity. Further 

transcriptional analysis suggests that kin-9 may be acting downstream of the PRY-

1/Axin-POP-1/TCF pathway. Overall, our findings provide new insights into the unique 

role of the pry-1 and miR-246 mediated pathway in stress response. 

Contributions: I performed experiments and provided data for Figures 1, 2H-I, 3F-I, 

4A-E, S1, S2, S3, S4, S7 and S8; Tables S1, S2 and S3. Leo Xu and Sakshi Mehta 

performed experiments and provided data for Figure 2A-G. Sakshi Mehta performed 

experiments and provided data for Figure 3A-D and S6A-B; Table S3. Leo Xu 

performed experiments and provided data for Figure 4F-H and S9. Hannah Hosein 

performed experiments and provided data for Figures 3E, S5 and S6C-D; Table S3. I 

and Bhagwati Gupta created all the Figures and illustrations. I and Bhagwati Gupta 

conceived and supervised the project. I and Bhagwati Gupta wrote the manuscript.  
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Chapter 7 
 

Conclusion and future directions 
 

7.1 Key findings of the thesis 
 

I have described the findings of my thesis in Chapters 3-6. The research objective of 

my Ph.D. work focused on understanding the role of Axin in C. elegans. During my 

tenure, my work not only focused on the developmental events regulated by PRY-1 for 

which WNT signaling is very well known but also explored mechanisms of PRY-1 

function that are WNT independent and regulate post-developmental processes in 

animals. As such, I have briefly summarised the findings on the role of PRY-1/Axin in 

the following sections. 
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7.1.1 PRY-1 regulates seam cell development and miRNA expression 

In this chapter, we have shown that PRY-1/Axin functions in the asymmetric pathway 

to regulate WRM-1 and SYS-1 localization which in turn affects POP-1 localization in 

the nucleus of seam cells. Loss of pry-1 function causes an increase in seam cell number 

and upregulates expression of heterochronic miRNAs: lin-4, miR-237, miR-241, miR-

48, and miR-84. Interestingly, one other miRNA (miR-246) is also found to be 

misregulated and is not involved in the heterochronic pathway. Rather miR-246 has 

known roles in aging and stress response. Such a phenotype and miRNA regulation by 

PRY-1 appears to be conserved in the closely related species C. briggsae too. 

 

7.1.2 PRY-1 regulates lipid metabolism 

In this chapter, we have reported the role of PRY-1/Axin in regulating lipid synthesis. 

To start with we carried out the mRNA transcriptomics analysis in the pry-1 mutants 

which revealed differentially expressed genes associated with lipid synthesis, 

transportation, and breakdown. Subsequent genetic, molecular and mass spectrometry 

analyses demonstrated the function of PRY-1 in regulating the expression of fatty acid 

desaturases, and yolk lipoproteins (vitellogenin).  Specifically, PRY-1 utilizes the 

SREBP transcription factor homolog SBP-1 to regulate fatty acid synthesis genes and 

BAR-1/β-catenin to regulate vitellogenins (vit-1 to vit-6). 

 

7.1.3 PRY-1 regulates aging and muscle health 

In this chapter, we have discovered a novel aging pathway that regulates longevity and 

muscle health in aging animals. While PRY-1’s role in developmental events is well 
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documented, we show for the first time its function in post-developmental processes. 

First, we explored the tissue-specific role of PRY-1 and found that PRY-1 plays a 

conserved role in the muscle of animals where it is necessary for both muscle 

development and maintenance. Moreover, PRY-1 forms a complex with AAK-2, the 

catalytic subunit homolog of AMPK, to cell non autonomously activate DAF-16/FOXO 

in the intestine. This signaling is not only required for the normal lifespan but also to 

maintain the lipid levels of animals. We have also shown that the PRY-1/Axin function 

is necessary to activate (phosphorylate) the energy sensor AMPK and all the benefits 

contributed by AMPK signaling are abolished in the absence of PRY-1 function. 

 

7.1.4 Downstream effectors of PRY-1 signaling 

The final chapter describes genes that function downstream of PRY-1 to regulate vulva 

development, stress response, and aging. Firstly, I have identified eight suppressors of 

pry-1 mutants’ phenotypes with known functions in gene expression, proteostasis, and 

oxidation-reduction process. Interestingly, all the eight pry-1 suppressors (spp-1, clsp-

1, ard-1, rpn-7, cpz-1, his-7, cdk-1, and rnr-1) identified contain mammalian homologs. 

Whereas four of them (cpz-1, his-7, cdk-1, and rnr-1) function in both stress response 

and aging, two (spp-1 and ard-1) are specific to the stress response. Secondly, I have 

identified the CABIN1 homolog PICD-1 in C. elegans, which enhances the pry-1 

mutant phenotype. Here, I show that pry-1 and picd-1 negatively regulates calcineurin 

signaling thus promoting the nuclear function of the CRTC-1/CRTCs transcription 

factor. This mode of regulation regulates the normal lifespan and stress response of 

animals. Finally, pry-1 has also been shown to affect FGF signaling via a microRNA, 
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miR-246, that negatively regulates the expression of the newly discovered FGFR4 

homolog kin-9. Such a regulatory network is necessary for delaying aging and 

conferring stress resistance of animals. Altogether, these findings demonstrate the 

important role of pry-1 interacting genes in regulating developmental and post-

developmental processes in C. elegans. 

 

 

7.2 Future directions 
 

My work has contributed to a growing body of study demonstrating the essential role 

of the Axin homolog PRY-1 in C. elegans during developmental and post-

developmental periods in animals. More specifically, a comprehensive genetic and 

molecular analysis of this gene has been carried out that uncovered multiple genetic 

pathways that interact with PRY-1. As a scaffolding protein, PRY-1 recruits many 

different factors and affects diverse signaling pathways and downstream effectors. For 

example, pry-1 functions cell non-autonomously in the muscles to activate AAK-

2/AMPK and DAF-16/FOXO in the intestine to regulate the lifespan of animals utilizes 

the CABIN1 domain-containing protein PICD-1 to negatively regulate calcineurin 

signaling and promotes a microRNA, miR-246, expression to inhibit the KIN-9/FGFR 

signaling.  

 

While it is evident that PRY-1 is an important genetic factor that forms a nexus between 

independent pathways, it remains to be investigated how many of these interactions are 

specific to any tissue or cell types and processes. All these findings reported in the 
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previous chapters opened up new possibilities and will serve as the foundation for 

understanding regulatory mechanisms mediating core cellular processes in the 

eukaryotes.  

 

My work has informed that the role of PRY-1 could be studied at three different levels: 

1) Tissue/cellular level (Section 7.2.1), 2) Broader biological processes (Section 7.2.2), 

and 3) Molecular interactions or signaling pathways (Section 7.2.3 and see Figure 7.1). 

At the tissue or cell level, we can investigate which tissues or organelles require PRY-

1 function to mediate these different biological processes that include aging, stress 

response, metabolism, and immunity. Moreover, it is not fully understood what type of 

post-translational modifications of PRY-1 influence the sub-cellular localization of this 

protein. 
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Figure 7.1: Localization and function of PRY-1/Axin in different tissues and cell 

types. (A) Schematic diagram of a cell showing the known subcellular localization of 

PRY-1/Axin (Orange colored ball; Prepared using Biorender.com). (B) PRY-1 function 
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can be investigated at various levels (Cellular, biological processes, and molecular 

interactors). 

 

7.2.1 Tissue and cell-specific function 
 

My work has shown that PRY-1 is expressed in the nucleus, cytoplasm, and 

endoplasmic reticulum of cells. Moreover, loss of pry-1 function affects mitochondria 

health and morphology. However, it is unclear what role PRY-1 plays in these 

subcellular locations. Thus, future investigations should shed light on this area which 

will uncover the role and interacting partners of PRY-1 in these organelles. I have 

described a few possible investigations on this line which are listed in the next sections. 

 

Does PRY-1 affect lysosomal function? 

As mentioned previously, mammalian Axin forms a complex with AMPK in the 

lysosomal membrane upon glucose starvation. Such an organelle-specific complex 

formation has been reported in C. elegans using the Axin homolog AXL-1. But it 

remains to be seen whether the other major Axin homolog PRY-1 is also present in this 

lysosomal complex. Support towards such as possibility comes from my recent data 

showing the requirement of PRY-1 function for metformin and glucose-deprived 

induced benefits. 

 

Understanding the role of PRY-1 in the endoplasmic reticulum 

Recently my high-resolution confocal imaging using the PRY-1::GFP animals revealed 

that PRY-1 is expressed in the endoplasmic reticulum. Given that the endoplasmic 

reticulum (ER) is the site for protein synthesis, folding, trafficking, and certain lipid and 
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cholesterol synthesis, it is expected that pry-1 mutants may show defects in these 

macromolecule metabolisms. Consistently, pry-1 mutants show a reduction in the lipid 

content and fatty acid synthesis and increased aggregation of unfolded toxic protein. 

Additionally, these mutants are also very sensitive to environmental stresses that 

aggravate protein misfolding and aggregation. As such, pry-1 mutants affect all the 

UPRER pathways that are devoted to solving or reverting defective protein folding.  

 

Thus, together with the experiments proposed in the previous section, it is important to 

uncover how PRY-1 affects protein translation and folding in the ER. To address this 

objective, I am proposing two sets of experiments: 1) Analyse the vesicle formation and 

trafficking from the ER and 2) whether protein secretion is normal from the cells with 

PRY-1/Axin function. 

 

How is PRY-1 involved in maintaining mitochondrial health? 

We have demonstrated for the first time the role of pry-1 in maintaining mitochondrial 

morphology where pry-1 is necessary to delay mitochondrial fragmentation (Chapter 

5). While it is evident that PRY-1 promotes mitochondrial fusion, the actual mechanism 

or function of PRY-1 in this process is unclear. Interestingly, my recent work at the 

Dillin lab revealed that PRY-1 is expressed in the endoplasmic reticulum but not 

mitochondria of muscles which suggests that the gene may not be affecting the 

mitochondrion directly but rather via the endoplasmic reticulum. This is in agreement 

with the role of protein (nuclear-encoded and ER translated) trafficking affecting 

mitochondrial biogenesis (Higuchi-Sanabria et al. 2018; Anderson and Haynes 2020). 
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Thus, it will be of great interest to investigate the role of PRY-1 in affecting 

mitochondrial protein trafficking and finally its biogenesis. 

 

What factors affect PRY-1 nuclear localization? 

While most of the research has focused on the role of Axin in the cytoplasm, it is mostly 

unknown what it does in the nucleus (Figure 7.1). My recent expression analysis 

mentioned above also confirmed the localization of PRY-1 in the nucleus of muscle and 

intestinal cells and the presence of a large set of differentially expressed genes in the 

pry-1 mutants linked to gene expression regulation suggest that the important role of 

this protein in the nucleus. Supporting this hypothesis, research in the mammalian 

system has shown that Axin is regulated (both in the nucleus and cytoplasm) by a cell 

cycle gene cyclin-dependent kinase 5 (Cdk5) during axon formation in the neuronal 

cells (Fang et al. 2011). The same group has subsequently shown that the interaction of 

Axin with GSK-3β in the cytoplasm is critical for intermediate progenitor (IP) 

amplification whereas that with β-catenin in the nucleus promotes neuronal 

differentiation (Fang et al. 2013). However, it is unclear what dictates the change in the 

subcellular localization of Axin which can be investigated in the future. 

 

7.2.2 Regulation of biological processes 
 

In this section, I outline the proposed future objectives that can be pursued to understand 

the role of this master scaffolding protein PRY-1 in important cellular processes such 

as lipid metabolism, proteostasis, and immune response to pathogenic attack. 
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PRY-1 and lipid metabolism 

PRY-1 is necessary for fatty acid synthesis and preliminary data demonstrate that it may 

utilize SREBP homolog SBP-1 to transcribe the fatty acid desaturases. Interestingly, 

lowering vitellogenins could also rescue the lipid defect of pry-1 mutants. However, 

there is no evidence of the role of vits in fatty acid synthesis but lipid transportation. 

Thus, it is unclear how vit RNAi is sufficient to rescue the lipid levels in these mutants. 

Moreover, as mammalian AMPK inhibits fatty acid synthesis by phosphorylating 

SREBP, leading to a reduction in lipid synthesis, it is unclear whether Axin is involved 

in this process. 

 

PRY-1 and proteostasis 

All the above-mentioned chapters suggest that PRY-1 plays an important role in 

maintaining the UPR pathways. Together with the data that pry-1 is expressed in the 

endoplasmic reticulum and affects mitochondrial health, allows me to propose that the 

protein also regulates protein quantity, quality, and localization in animals. To better 

understand these processes and to analyze whether this hypothesis is true, proteomics 

analysis in the pry-1 mutants and pry-1 overexpression lines will be immensely helpful. 

This study will allow us to explore the relationship between PRY-1 and proteostasis. 

 

PRY-1 and immunity 

Our pry-1 miRNA transcriptomic analysis revealed differentially expressed miRNAs 

(miR-48/84/241) involved in innate immunity (Ren and Ambros 2015). Thus it is 

plausible that pry-1 may regulate immunity in C. elegans. Moreover, pry-1 affects 

mitochondrial health, UPRmt, and UPRER. Because UPR-regulated innate immunity 

provides resistance to infection (Pellegrino et al. 2014; Gallotta et al. 2020), this will 
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be of great interest to investigate the possible roles of PRY-1 in these processes leading 

to enhanced immune response. 

 

7.2.3 Identification of genes and signaling pathways that mediate the 

pry-1 function 

In this section, I have outlined the unanswered questions regarding the major signalings 

(described in Chapter 6) discovered to interact with PRY-1 that should be pursued in 

the future. These are the Axin-AMPK signaling, Calcineurin signaling, miRNA-FGFR 

pathway, and WNT signaling. 

 

Axin-AMPK signaling 

We and others have shown that Axin-AMPK signaling is essential for maintaining 

muscle health, muscle metabolism, aging, and metformin-induced benefits. While a lot 

has been done in the last 5 years or so to identify the downstream targets of this pathway, 

a little has been explored to understand the mechanistic differences between inducers 

of canonical AMPK and Axin-AMPK pathway. Moreover, it is unclear whether the 

Axin-AMPK pathway is present in all the tissue types, or it is tissue-specific. Thus, I 

have listed some of the unresolved questions below. 

 

While it has been shown that the Axin homologs in both C. elegans (PRY-1 and AXL-

1) and mammalian systems (Axin1 and Axin2) can activate AMPK (Zhang et al. 2013; 

Chen et al. 2017; Zong et al. 2019; Mallick et al. 2020), the redundancies between the 

homologs and their tissue-specific interactions with AMPK are unknown. Moreover, 
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the differences in lifespan and lipid metabolism phenotypes between the two Axin 

mutants in C. elegans raise the question of functional equivalency with regards to 

AMPK activation in physiological conditions. Future research along these directions 

promises to refine our understanding of Axin-AMPK signaling and its conservation in 

eukaryotes.  

 

An important aspect of modulating a signaling cascade is to properly understand its 

limiting factors. The following four research directions are expected to contribute to the 

molecular mechanism of the pathway. Firstly, it is unclear if there is a conformational 

change in AMPK following Axin binding similar to that reported for the AMP-

dependent mechanism. Secondly, whether post-translational modifications of Axin 

influence its role in activating AMPK. Thirdly, identification of a specific region of the 

multidomain Axin protein required for AMPK interaction may unravel competitors that 

may modulate Axin-AMPK signaling. And, finally, the discovery of factors influencing 

subcellular localization of both Axin and AMPK and, in turn, affecting their 

interactions. 

 

Other modes of regulation of Axin-AMPK signaling may involve pathways that affect 

Axin expression. Axin is well characterized for its role as the negative regulator of the 

WNT signaling and Axin is a target of the pathway (Jho et al. 2002; Ranawade et al. 

2018). Consistent with this, PRY-1/Axin is required for MOM-2/WNT mediated 

lifespan regulation (Mallick et al. 2020) and MOM-2 is expressed in the body wall 

muscles of C. elegans. It remains to be explored whether Axin function in muscles is 

regulated in a WNT-dependent manner in eukaryotes. Please see the published article 
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at the end of this chapter for an in-depth discussion on Axin-AMPK signaling (Section 

7.3; Mallick and Gupta, 2021). 

 

Calcineurin signaling 

Among the identified downstream effectors of PRY-1 signaling is the CRTC homolog, 

CRTC-1, which promotes longevity mediated by calcineurin signaling (Chapter 6). I 

have shown that PRY-1 utilizes the CABIN1 domain-containing protein PICD-1 to 

negatively regulate CRTC-1 mediated transcription. Notably, PRY-1 interacting protein 

AAK-2 has also been shown to inhibit CRTC-1 function. Thus it is unknown whether 

PRY-1 interacts with AAK-2 in this pathway. Moreover, it remains to be investigated 

whether the other components (HIRA-1, ASFL-1, and UNC-85) of the histone H3.3 

chaperone complex HUCA, which CABIN1 is part of, are also involved in this 

regulation. 

 

miR-246-FGFR pathway 

While I have shown that pry-1 mediated regulation of kin-9/FGFR utilizes miR-246, it 

is still unclear whether this affects the canonical FGF signaling. Future experiments 

should investigate this relationship in detail using both genetic and molecular means. 

Specifically, FGF pathway components should be knocked down in the miR-246 and 

pry-1 mutants to check whether this is sufficient to suppress the mutant phenotypes. 

Moreover, it will be also interesting to see whether such inhibition by miR-246 is tissue-

specific or not. 
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Signaling mediated by WNT and non-WNT pathway components 

The work described in chapter 5 demonstrates the role of PRY-1/Axin in muscle 

maintenance and development. However, the findings suggest that PRY-1 does possess 

an opposite role in aging when it comes to its functions in other tissues. While PRY-1 

role in the muscle appears to be WNT independent, it is likely involved in other WNT-

dependent tissue-specific regulation of aging such as in the neurons. Such a hypothesis 

is also supportive of the fact that different WNT ligand mutants have opposite aging 

phenotypes. Thus, it will be interesting to investigate in the future whether EGL-

20/WNT mediated neuronal cell non-autonomous signaling requires PRY-1. Moreover, 

with the fact that PRY-1 is expressed in multiple tissues and WNT mediated pry-1 

transcription is most active in the intestine, it will be important to analyze PRY-1 role 

on lifespan in the absence of WNT canonical signaling or BAR-1/β-catenin function. 

These analyses will allow us to know whether there is any beneficial role of PRY-1 

(WNT independent) in these tissues (neurons and intestine) that have active canonical 

WNT signaling.  

 

Downstream effectors 

Recently, I integrated the muscle-specific and endogenous promoter-driven transgenic 

overexpression lines of PRY-1 in the Dillin lab at UC Berkeley. Now these homogenous 

muscle-specific and native promoter-driven PRY-1 overexpressed animals can be used 

to do whole animal transcriptomic and metabolomic analyses. These will lead to the 

identifications of genes that are differentially expressed and metabolites that are 

affected when this signaling cascade is ‘ON’ only in the muscle compared to the whole 

body. Subsequently, these data can be further utilized to narrow down markers that can 
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predict muscle health and lifespan of animals. Such a proposed investigation will be 

very powerful for future Axin research as this will be done for the first time in any 

animal model. In summary, the results obtained from these experiments will not only 

allow us to dissect targets of muscle-mediated PRY-1 signaling but also identify targets 

that are either WNT-specific or independent.  

 

7.3 Mallick and Gupta (2021)- F1000Reseach 
 

7.3.1 Preface  
 

This section of Chapter 7 includes the following review article in its originally published 

format: “AXIN-AMPK signaling: Implications for healthy aging”, by Avijit Mallick 

and Bhagwati P. Gupta. (F1000Research 8 Dec 2021; 10:1259. DOI: 

10.12688/f1000research.74220.1). This is an open-access article distributed under the 

terms of the Creative Commons Attribution Unported License, which permits 

unrestricted use, distribution, and reproduction in any medium, provided the original 

work is properly cited. 

 

Contributions: I and Bhagwati Gupta contributed to gathering information from 

various articles and wrote the initial draft. I made all the Figures. I and Bhagwati Gupta 

edited and finalised the manuscript. 
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Appendix A 
 

PRY-1 is autoregulated via canonical 

WNT signaling 

A.1 Preface 

In this chapter, I report the autoregulation of PRY-1 that is dependent on the canonical 

WNT signaling. Overall, we show a unique feature of the pry-1 transcriptional response 

which is dependent on the WNT canonical components bar-1/β-catenin and pop-1/TCF. 

Such feedback is also known for one of the Axin homologs, Axin2 in mammals. 

Additionally, we also discovered a new transcription factor BLMP-1, which is the C. 

elegans homolog of the human BLIMP1, that also regulates pry-1 expression in a dose 

dependent manner. Some of the data reported here is contributed by Jessica Knox and 

Hannah Hosein from the lab. 
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Figure A.1: pry-1 mutants exhibit increased pry-1 transcript levels. (A) Expression 

analysis of pry-1 in the two pry-1 mutant background. Data represents the mean of two 

replicates and error bars the standard error of mean. Significance was calculated using 

Bio-Rad software (one-way ANOVA) and significant differences are indicated by stars 

(*): ** (p <0.01). (B) PCR confirmation of transcripts for pry-1(mu38) and pry-

1(gk3682) mutants. Only pry-1(mu38) makes the full length transcript but not pry-

1(gk3682). PCR validates qPCR data from panel (A). 
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Figure A.2: pry-1 autoregulation following pry-1 RNAi reflects in the protein levels 

too. (A) Representative images of pry-1p::PRY-1::GFP animals following control 

(L4440) and pry-1 RNAi knockdown. (B) Bar graph represents the quantification of 

GFP intensity in PRY-1::GFP animals from panel (A). In all cases data represent a 

cumulative of two replicates (n > 30 animals in total for each condition) and error bars 

represent the standard deviation. Statistical analyses were done using one-way ANOVA 
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with Dunnett’s post hoc test and significant differences are indicated by stars (*): * (p 

<0.05). This experiment was conducted by Hannah Hosein. 

 

 

 

Figure A.3: pry-1 autoregulation is also conserved in C. briggsae. (A) qPCR analysis 

of Cbr-pry-1 expression in the Cbr-pry-1(sy5353) mutants at embryo, L1 and L4 stages. 

(B) qPCR analysis of Cbr-pry-1 expression in the Cbr-pry-1(sy5353) mutants at the 

mixed stage compared to AF16 animals. Data represents the mean of two replicates and 

error bars the standard error of mean. Significance was calculated using Bio-Rad 

software (one-way ANOVA) and significant differences are indicated by stars (*): ** 

(p <0.01). This experiment has been carried by Jessica Knox.  
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Figure A.4: Multiple conserved POP-1 binding sites in the pry-1 promoter region. 

Schematic diagram of the POP-1 binding sites at the 5’ upstream sequence of the pry-1 

promoter sequence in both C. elegans and C. briggsae. This data has been plotted using 

the CISBP platform (http://cisbp.ccbr.utoronto.ca/). For scores noted at the bottom, 

binding is at the reverse strand. 
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Figure A.5: bar-1 and pop-1 are needed for pry-1 expression. (A) qPCR analysis of 

pry-1 expression in the pry-1, pop-1 and bar-1 mutants compared to control at the L1 

stage. (B) qPCR analysis of pry-1 expression in the pry-1 and pop-1 mutants compared 

to control at the L4 stage. Data represents the mean of two replicates and error bars the 

standard error of mean. Significance was calculated using Bio-Rad software (one-way 

ANOVA) and significant differences are indicated by stars (*): ** (p <0.01). This 

experiment has been carried by Jessica Knox. 
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Figure A.6: pry-1 autoregulation is dependent on BAR-1-POP-1 function. (A) 

qPCR analysis of pry-1 expression in the pry-1 mutants following control (L4440) and 

pop-1 RNAi compared to wild type animals. (B) qPCR analysis of pry-1 expression in 

the bar-1 and pop-1 mutants following control (L4440) and pry-1 RNAi. Data 

represents the mean of two replicates and error bars the standard error of mean. 

Significance was calculated using Bio-Rad software (one-way ANOVA) and significant 

differences are indicated by stars (*): ** (p <0.01).  



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

272 

 

 

Figure A.7: Muscle tissue appears to have reduced pry-1 autoregulation. (A) qPCR 

analysis of pry-1 expression in the tissue-specific RNAi sensitive strains following 

control (L4440) and pry-1 RNAi. (B) qPCR analysis of pry-1 expression in the tissue-

specific pry-1 overexpression strains compared to wild type animals. Data represents 

the mean of two replicates and error bars the standard error of mean. Significance was 

calculated using Bio-Rad software (one-way ANOVA) and significant differences are 

indicated by stars (*): * (p <0.05), ** (p <0.01).  
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Figure A.8: Proposed model of pry-1 negative feedback loop. This model proposes 

that pry-1 expression is partly dependent on the (WNT signaling) BAR-1-POP-1 

mediated transcriptional activation. But it is highly plausible that pry-1 expression 

requires other transcription factors that are independent of WNT signaling. 
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Figure A.9: Multiple conserved POP-1 and BLMP-1 binding sites in the pry-1 

promoter region. Schematic diagram of the POP-1 and BLMP-1 binding sites at the 5’ 

upstream sequence of the pry-1 promoter sequence in both C. elegans and C. briggsae. 

This data has been plotted using the CISBP platform (http://cisbp.ccbr.utoronto.ca/). 

For scores noted at the bottom, binding is at the reverse strand. 
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Figure A.10: BLMP-1 regulates pry-1 expression in a dose dependent manner. (A) 

qPCR analysis of pry-1 expression in the blmp-1 mutant following control (L4440) and 

pop-1 RNAi compared to wild type animals. (B) qPCR analysis of pry-1 and pop-1 

expression following control (L4440) and blmp-1 RNAi. Data represents the mean of 

two replicates and error bars the standard error of mean. Significance was calculated 

using Bio-Rad software (one-way ANOVA) and significant differences are indicated 

by stars (*): ** (p <0.01).  

 

 

 

  



 

 

 

Doctor of Philosophy– Avijit MALLICK; McMaster University– Biology 

 

276 

 

 
 

 

 

 

Appendix B 

 

Characterising a receptor tyrosine kinase 

F09A5.2 in C. elegans 

B.1 Preface 

In this chapter, I characterise another receptor tyrosine kinase receptor F09A5.2 which 

has high similarity with the KIN-9/FGFR4 protein described in Appendix B. F09A5.2 

is predicted to be a receptor tyrosine kinase and is expressed in multiple tissues. 

Specifically, it is expressed in the head and tail neurons, body wall muscles and 

intestine. We have acquired two deletion alleles of this gene, tm7493 and ok1900. While 

tm7493 is 93bp deletion that does not change the frame and is supposed to produce a 

protein of 834aa, ok1900 allele is a larger deletion of 1135bp that is expected to translate 

a truncated protein of 243aa only. Consistent with this, F09A5.2(tm7493) mutants show 
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no significant change in lifespan compared to control animals. But the other mutant, 

F09A5.2(ok1900) is found to be long lived. It will be interesting to characterise these 

mutants in detail which will allow us to understand the function of this genes in C. 

elegans. Moreover, it is also possible that while the tm7493 allele show no obvious 

lifespan defect, it may possess other phenotypes. 
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B.2 F09A5.2 is more similar to KIN-9 than EGL-15 

While analyzing the homologs of kin-9 in C. elegans, we found egl-15/FGFR as 

expected. Interestingly, our analysis revealed another tyrosine kinase receptor F09A5.2 

which has higher similarity and identity with kin-9 compared to egl-15 (Figure C.1). 

This finding is also supported by a previously published article by Popovici et al (1999) 

where they report a phylogenetic tree based on the alignment of the tyrosine kinase 

domain of RTKs with four RTKs (F09A5.2, F09G2.1, F08F1.1 (kin-9), and C24G6.2) 

grouped together (bootstrap value of >900). kin-9 egl-15 and F09A5.2 are all located on 

chromosome X. Moreover, F09A5.2 was also found to be differentially expressed in the 

pry-1 mutants transcriptome data. Given such similarity and potential downstream 

target candidate of pry-1 signaling, we went on to characterize the role and expression 

of F09A5.2 in C. elegans. 
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Figure B.1: F09A5.2 another tyrosine kinase receptor is closely related to KIN-9. 

(A) Both these proteins have homology in the tyrosine kinase domain with a similarity 

of 64% and an identity of 44%. This is also supported by a previously published article 

by Popovici et al (1999). (B) Showing the amino acid residues that are similar and 

identical between the proteins in the tyrosine kinase domain. 
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B.3 F09A5.2 is expressed in multiple tissues throughout 

lifespan 
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Figure B.2: Expression analysis of the tyrosine kinase receptor F09A5.2 in C. 

elegans. (A) Panel showing the region used to make the transcriptional reporter and the 

regions deleted in the mutant alleles. (B-C) Animals showing expression of GFP driven 

by the F09A5.2 promoter. GFP is seen in the head and tail neurons, body wall muscles, 

and posterior intestine. (D-E) 63X images of fluorescence seen in the head and tail 

neurons.  

 

 

Figure B.3: F09A5.2 mutants have a 1135bp deletion and exhibit a longer lifespan 

compared to control animals. (A) Gel image of PCR confirmation for the deletion in 

F09A5.2(ok1900) mutants. (B) F09A5.2(ok1900) animals have a mean lifespan of 19.23 

± 0.54 days compared to 15.47 ± 0.80 days for control. 
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