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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, | 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. | 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 (11S) transcriptional regulator DAF-
16/FOXO. Moreover, | have identified several mMRNA 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, | 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-B-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 Il 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-B-catenin canonical pathway,
which controls the expression of the target genes through the protein B-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 1), and GSK3
(glycogen synthase kinase-3). Notably, B-catenin has a conserved phosphorylation site
at the N-terminus, which upon phosphorylation leads to B-Trcp (F-box protein B-
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, B-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 B-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, B-catenin is
phosphorylated and undergoes B-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 3-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 B-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-B-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- (transforming growth
factor-beta), p53, and AMPK (AMP-activated protein kinase) (reviewed in Mallick et
al. 2019, Section 1.6). Moreover, Axinl 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, | 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, | 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, | describe the first mMRNA 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, | show that PRY-1 acts
downstream of the WNT ligand MOM-2 but does not require the B-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, | 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 (11S) 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;

8
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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 Racl activation while increasing the cellular levels
of Axinl. Accordantly reducing Axinl function blocked GTP loading of Racl (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 mTORCL1 (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, |
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-B-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

10
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tissues. Studies in both vertebrates and invertebrates have reported age-related
expression changes in WNT pathway components. For example, GSK-3f and -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-1/4-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

11



Doctor of Philosophy— Avijit MALLICK; McMaster University— Biology

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 (UPR™), 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

12
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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 UPR™ comes from C. elegans where the authors have shown that loss of
PRY-1 activates UPR™ 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, | 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
UPR™ 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 | discuss the current developments on the role of WNT signaling in

13
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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

Ser?® 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
(AP), 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 AP (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 AP mediated AD pathology depends on downregulating

the WNT pathway.
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In the C. elegans model, WNT signaling has been implicated in UPR™ and oxidative
stress. Specifically, Essers et al have shown that BAR-1/B-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/B-catenin activates and suppresses
UPR™ 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 UPR™ 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

AXxin 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, | have investigated the function of C. elegans Axin family

member pry-1.

My project utilized the powerful genetic model system C. elegans. However, | 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, | 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, | 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, | 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, | 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/B-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. |
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, | 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, | 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: | 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). | 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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Abstract: Scaffold proteins serve important roles in cellular signaling by integrating inputs from
multiple signaling molecules to regulate downstream effectors that, in turn, carry out specific biological
functions. One such protein, Axin, represents a major evolutionarily conserved scaffold protein in
metazoans that participates in the WNT pathway and other pathways to regulate diverse cellular
processes. This review summarizes the vast amount of literature on the regulation and functions of
the Axin family of genes in eukaryotes, with a specific focus on Caenorhabditis elegans development.
By combining early studies with recent findings, the review is aimed to serve as an updated reference

for the roles of Axin in C. elegans and other model systems.

Keywords: Axin; C. elegans; pry-1; axl-1; WNT signaling; scaffolding protein; signal transduction;

development

Axin was first discovered as a negative regulator of WNT (wingless and int-1) signaling in mice
while deciphering its role in embryonic axis formation [1]. This protein is the product of the mouse
Fu (Fused) gene [2-4] and was named Axin for its initial discovered role in inhibiting axis formation
(Axis inhibition). Soon after, Axin and its homolog Axil (for Axin-like, also known as Axin2 or
conductin) were discovered in a yeast two-hybrid screen for GSK-3f (glycogen synthase kinase-3
beta)-interacting proteins [5,6]. Since then, involvement of Axin family proteins in WNT signaling
has been extensively characterized, revealing that they can bind to and facilitate interactions between
several WNT pathway components such as the WNT co-receptor LRP (low-density lipoprotein-related
protein), Dvl (Dishevelled), APC (tumor suppressor Adenomatous Polyposis Coli), GSK-3§3, 3-catenin,

CKs (casein kinases), and many others [7-18].

Over the years, Axin homologs have been identified in several organisms. Many of these
discoveries were facilitated by the availability of whole-genome sequences. While functional studies
are currently limited to a few animal models, the findings and sequence data show that Axin
is conserved in metazoans, with invertebrates carrying an ancestral gene and higher eukaryotes
possessing two distinct Axinl and Axin2 genes [1,5,19,20]. The nematode lineage contains an additional,
divergent, Axin homolog [21] (see Figure 1 and further discussion below). Experiments performed
in mice have revealed that while both Axin proteins regulate WNT signaling, they have different
functions [22-24]. Whereas Axin1 is ubiquitously expressed in embryos and is essential for viability,
Axin2 is restricted to a few tissues and serves as a transcriptional target of WNT signaling [25,26].
Similar to the published literature, the ‘Axin1” and ‘Axin” names have been used interchangeably
in this article, whereas the term ‘Axin family’ refers to both Axinl and Axin2 homologs that share

conserved protein-interaction domains.

J. Dev. Biol. 2019, 7, 20; doi:10.3390/jdb7040020 www.mdpi.com/journal/jdb
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Figure 1. Axin family is conserved in multicellular eukaryotes. Multiple sequence alignment
dendrogram was generated by LIRMM (http://www.phylogeny.fr/simple_phylogeny.cgi) using default
program parameters.

1. Axin Domains

Axin possesses multiple regions that facilitate its interactions with various proteins (Figure 2). One
of these regions is involved in regulating G protein signaling (the RGS domain) near the N-terminus
that can bind the APC protein [11] (Figure 2). In the context of the WNT pathway, APC requires Axin
to form a destruction complex with GSK-3 and other proteins [27]. The C-terminus of Axin possess
a DIX (Dishevelled/Axin homologous) domain that facilitates WNT pathway-specific interactions
by forming homodimers and heterodimers with the Axin and Dvl proteins [14,28] (Figure 2). In
addition to these well-defined domains, Axin also contains regions between the RGS and DIX domains
that bind B-catenin (in Armadillo repeats 2-7) [5] and two serine/threonine kinases GSK-3f [29] and
CKIlw (casein kinase I) [30] (Figure 2). Through these regions, Axin recruits APC, GSK-3f3, CKl,
and -catenin to form a multimeric complex in the absence of WNT signaling. The complex causes
enhanced phosphorylation of 3-catenin by GSK-3 and CKle [31,32] and targets it for ubiquitination
and proteasomal degradation. Activation of WNT signaling inhibits the destruction of 3-catenin and
promotes nuclear translocation of the non-phosphorylated form and activation of WNT-responsive
genes [32]. Axin also possesses additional sequences that can facilitate protein—-protein interactions,
thereby promoting activation of other, non-WNT pathway, factors ([33], also see below).
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Figure 2. Axinbinds to a wide array of proteins. Shown here are the WNT signaling components—APC,
CKI, GSK-3, B-catenin and Dvl, with known relative binding positions in Mouse Axin1 (NP_001153070.1).
The C-terminus domain (DIX) facilitates formation of homo and hetero dimers.

2. Overview of the Developmental Roles of the Axin Family

2.1. Vertebrate Models

The Axin family of genes are involved in diverse developmental processes. Analyses of mutant and
gene knock-down experiments in different animal models have shown defects in anterior-posterior-axis
formation and organogenesis. In some cases, these abnormalities may also contribute to early stage
lethality. As mentioned above, Axin was initially identified for its role in embryonic axis formation,
as mutant mice exhibited axial defects [1]. Subsequently, the gene was also shown to be essential for
viability and the formation of many other organs, including the heart, tail, primitive streak, brain,
and muscles [24,34-36]. In zebrafish, mutations in Axin cause abnormal fate determination of the
eyes and telencephalon, with defective establishment of asymmetries of the nervous system [37,38].
Experiments in Xenopus laevis revealed that a failure to regulate Axin activity results in duplication of
the dorsal axis due to the constitutive activation of WNT signaling as determined by the expression
analysis of target genes [39].

In addition to their requirements for the formation of axis and organs, Axin family members
also play crucial roles in neuronal development. Alterations in Axin expression, caused by mutations,
knock-down, or dysregulation, show defects in various processes including neurogenesis, neuronal
differentiation, axon outgrowth, and synapse formation. As a scaffolding protein, Axin facilitates
the recruitment of various proteins to regulate gene expression and cytoskeletal dynamics. Through
these actions, Axin affects signaling pathway activities, e.g., WNT-B-catenin, JNK (c-Jun N-terminal
kinase) and TGF-p (transforming growth factor-beta) (see below for more details), and organization
of proteins such as microtubules (reviewed in [40,41]). Previously, it was shown that ectopic Axin
expression in cultured cells blocked neuronal differentiation, a process that involved WNT-3a--catenin
signaling [42]. In a separate study, it was demonstrated that Axin inhibition in a neuroblastoma cell
line, through the application of Li (lithium) and a GSK-3f inhibitor, promoted neurite outgrowth,
whereas ectopic Axin expression caused an opposite phenotype [43]. Subsequently, several reports
have shown Axin’s role in neuronal proliferation and differentiation, axon formation, dendritic spine
morphology, and synapse formation [44-48].

Cell proliferation is another process where Axin’s involvement has been investigated in
considerable detail. The findings have shown that, as a negative regulator of the WNT-3-catenin
signaling, Axin functions to inhibit cancerous growth and appears to act as a tumor suppressor [49].
Altered Axin regulation and activity are associated with various types of cancers such as lung
cancer, colorectal cancer, and HCC (hepatocellular carcinoma) [50-52]. Characterizations of human
HCC cultures identified Axinl mutations in many of the cell lines and a corresponding increase
in the DN A-binding activities of TCF/LEF (T-cell factor/Lymphoid enhancer-binding factor 1) and
{3-catenin [53]. Interestingly, when human and mouse HCCs lacking Axin were examined, it was found
that in most cases, human HCCs were not associated with increased 3-catenin activation [54]. Moreover,
HCC induction in mice due to Axinl mutation was independent of WNT-B-catenin signaling [54,55].
Further investigations on gene signatures of human and mouse HCCs revealed a significant overlap

22



Doctor of Philosophy— Avijit MALLICK; McMaster University— Biology

J. Dew. Biol. 2019, 7, 20 40f23

between genes affected by Axin1, Notch and YAP (Yes-associated protein), which may provide new
avenues for treatments of Axinl-linked tumors [54].

Among its other roles, Axin appears to be necessary for maintaining cell survival, metabolic
homeostasis, and thymic adipogenesis. Overexpression studies in transgenic mice and certain cultured
cells demonstrated increased apoptosis, possibly due to activation of the cell-death pathway [56,57].
Axin can also regulate the activation of AMPK (AMP (adenosine monophosphate)-activated protein
kinase), a sensor of the cellular-energy status [58]. Axin forms a complex with AMPK and a
serine-threonine kinase LKB1 (Liver kinase B1), which then leads to AMPK activation to protect
cells against increased stress, such as under a condition of low nutrient levels (see below for more
discussion on this topic). Finally, in the case of thymus function, Axin promoted age-related adipogenic
programming of thymic stromal cells [59]. This process is linked to reduced T-cell production and
thymic involution, suggesting that any potential therapeutic intervention to prolong aging may involve
lowering Axin activity.

2.2. Invertebrate Models

Studies in invertebrates have been instrumental in uncovering the developmental roles of Axin
homologs in tissues and organs, in the context of intact animals. The Drosophila melanogaster Axin
(D-Axin) homolog is necessary for the development of embryos and organs, such as the wings, eyes,
heart, gut, and circulatory system [20,60-62]. Analysis of the Tribolium castaneum Axin homolog
(Te-Axin) revealed its dynamic expression during embryogenesis. Tc-Axin was initially localized at
the anterior pole, extending posteriorly during subsequent development and eventually becoming
somewhat ubiquitous [63]. This expression pattern was essential for the formation of head structures,
considering that Te-Axin knockdown led to an absence of the head and thoracic parts. In the case
of the nematode C. elegans, two divergent Axin-like proteins, specifically PRY-1 (poly ray 1) and
AXL-1 (Axin-like 1) have been identified. The roles of both these family members are discussed in a
separate section.

In summary, the roles of Axin family of proteins described above rely on its scaffolding properties
that are mediated by conserved domains facilitating interactions with WNT-B-catenin pathway
components (Figure 2). Additionally, Axins utilize other unique regions (not shown in Figure 2) to
recruit non-WNT pathway components involved in other developmental processes that are summarized
in the next section (also see Figure 3).

A B glucose

WNT canonical axis formation organ
p53 | WNT-Ca?* homeostasis | development

Eph/ephrin ‘\\ //'WNT-RorZ-Rvk

development

NG s? g . homeostasis
£ LN / 1N\

TGFB-Smad3 WNT asymmetric embryogenesis i oeolifirst cell movem.en(
LKBI-AMPK (C. éieoons) ( élegans) cell proliferation and polarity

Figure 3. An overview of Axin’s involvement in multiple pathways (A) and processes (B), as described
in this review.

3. Axin Proteins Interact with Many Factors Including Signaling Pathway Components

Given that Axins play essential roles in metazoan development, it is not surprising that Axin
family members form complexes with various cellular factors and components of signal transduction
pathways (Figures 2 and 3A). While much research has focused on their involvement in the canonical
WNT-B-catenin signaling pathway, which was summarized in the previous section, additional studies
have demonstrated Axin’s participation in non-canonical WNT signaling (Figure 3A). These include
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the PCP (planar cell polarity) pathway that provides directional information during organ formation,
the WNT/calcium pathway that regulates muscle contraction and PKC (protein kinase C) enzyme
activation, and the Ror2 (receptor tyrosine kinase-like orphan receptor)- and Ryk (related to tyrosine
kinase)-dependent WNT pathway in coordinating cell movement and polarity (Figure 3A) (reviewed
in [64]). These WNT pathways are unique in that they do not utilize the canonical effector, 3-catenin.

In addition to the above conserved WNT-mediated signaling events, studies in C. elegans have
shown the presence of a divergent asymmetry pathway that regulates nuclear factor POP-1ina WRM-1
(worm armadillo 1)/B-catenin-LIT-1 (loss of intestine 1)/NLK (Nemo-like kinase)-dependent manner
(see [65] and references therein, [66]). In these cases, PRY-1 affects asymmetric POP-1 localization to
control EMS (endomesodermal) precursor division in the embryo and seam cell divisions in larvae
(discussed below).

Axin family members also cooperate with an increasing number of proteins in other, non-WNT,
processes. These interactions involve pathways such as JNK, TGF-f, p53, and AMPK. Tissue
culture experiments involving kidney 293T cells and embryonic fibroblast cells showed that Axin
binds to MEKK1 and MEKK4, two members of the MEKK (MAPK (Mitogen-activated protein
kinase)/ERK (Extracellular signal-regulated kinase) kinase kinase) family, through domains distinct
from those involved in WNT signaling and activates the MKK4- and MKK7- (also belonging to
MEKK family) mediated JNK cascade [67,68]. This Axin-dependent JNK activation is inhibited by
the WNT pathway components Dvl, GSK-3f3, CKIw, and CKle. Furthermore, during dorsalization
of zebrafish embryos, an Axin-interacting protein, Aida, inhibits Axin-mediated JNK activation by
disrupting Axin homodimerization [69]. ]NK signaling is a key regulator of various cellular processes
occurring in response to external signals. Upon activation, JNK translocates to the nucleus and activates
gene-expression changes.

Axin’s function in TGF-3 pathway involves regulation of transcription factor Smad3 activity to
affect gene transcription. In human MSCs (mesenchymal stem cells), Axin and GSK-3§ physically
interact to facilitate Smad3 phosphorylation by the active TBRI (TGF-§3 type-I receptor) kinase (reviewed
in [70]). This interaction is needed to promote MSC proliferation. Axin and GSK-3f3 also act to regulate
ubiquitin-dependent proteasomal degradation of Smad3 in human keratinocytes and hepatocellular
carcinoma cells in a manner analogous to the -catenin degradation process [71]. In yet another study,
Axin acted as a scaffold to form a ternary complex with Smad7 and the ubiquitin E3 ligase Arkadia in
cultured cells to enhance Sma7 ubiquitination, leading to the activation of TGF-f signaling [72].

While the tumor-suppressor role of Axin has been traditionally investigated in the context of
WNT-B-catenin signaling, some studies have demonstrated its interactions with p53, a DNA-binding
protein that responds to genotoxic stress and controls cell proliferation and cancerous growth. During
p53 signaling, Axin interacts with HIPK2 (homeodomain-interacting protein kinase-2) to facilitate
P53 phosphorylation, which stimulates p53-dependent transcription of target genes [73]. Subsequent
work showed that this regulatory mechanism involves the formation of distinct complexes consisting
of additional proteins such as Pirh2 (p53-induced RING-H2) and the histone acetyl transferase,
Tip60 [74,75]. Axin can also associate with a death domain-associated protein, Daxx, to regulate p53
function to induce cell death following exposure to ultraviolet light [76].

Research on Axin has also uncovered its role in controlling cellular energy, nutrient sensing, and
metabolic processes. One of these processes involves glucose homeostasis. In Drosophila, D-Axin was
reported to physically interact with a component of the glucose-transport regulatory complex, DCAP
(Drosophila catabolite activator protein), to increase glycogen utilization through insulin signaling
and glucose transport [77,78]. Additionally, Axin formed a ternary complex with the TNKS2 (ADP
(adenosine diphosphate)-ribosylase tankyrase 2) enzyme and the kinesin motor protein KIF3A in
cultured cells to facilitate translocation of the insulin-stimulated glucose transporter, GLUT4, and
glucose uptake [79]. In an unrelated study, mouse Axin2 was reported to participate in signaling through
a Drosophila Pygo2 (Pygopus) homolog to affect glucose metabolism [80]. Another energy-homeostasis
system involving Axin function is the AMPK signaling network. AMPK is a central player involved
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in sensing AMP and ADP levels in response to ATP (Adenosine triphosphate) consumption. During
AMPK signaling, accumulation of AMP and glucose-starvation initiates Axin binding to LKB1 to
enable AMPK phosphorylation [58]. Because Axin depletion inhibits AMPK stimulation, which results
in the loss of lipid homeostasis, Axin acts as a metabolic rheostat and energy sensor [58].

Beyond their other functions, Axins also form complex with Dvl to facilitate cytoskeletal
rearrangement during gastrulation (Reviewed in [34]) and orientation of the mitotic spindle during
asymmetric cell division [81]. Both these proteins possess a common DIX domain that is responsible
for this binding [82]. In addition, Axin interacts with other cellular components to regulate cytoskeletal
arrangement. Cowan and Henkemeyer [83] showed that one of the ways that Axin participates in the
process is by modulating Eph/ephrin-bidirectional signaling. Specifically, interactions of Axin with
Grb4, a SH2/3 domain adaptor protein of the Eph/ephrin pathway, facilitates the recruitment of other
proteins leading to cytoskeletal rearrangement during cell and axon growth-cone movement.

In summary, Axin participates in both WNT-dependent and -independent signaling events
(Figure 3A). By acting as a scaffold protein, it helps recruit other factors to execute a wide variety
of cellular and molecular processes in eukaryotes (Figure 3B). While Axin’s role in WNT-f-catenin
signaling appears to be conserved in metazoans, several studies have also reported its involvement in
other, WNT-independent, pathways. To what extent the later functions of Axin are conserved remains
to be established, though it is worth pointing out that Axin-AMPK interaction has been shown in both
mice and C. elegans systems (see the section ‘Regulation of Developmental Processes in C. elegans’).

4. Regulation of Axin Functions

The crucial roles of Axin family members in metazoans depend on multiple mechanisms that
operate at spatiotemporal and subcellular levels. Several reports have shown that Axin is regulated
both at transcriptional and post-translational levels. Using an auto-feedback loop, Axin controls its
own expression [26,84-86], although the relevance of such a mechanism at the organismal and cellular
levels remains to be understood. Modulation of protein functions can also occur via changes in their
oligomeric state or through interactions with binding partners. As described above, Axin possesses a
DIX domain at the C-terminus, which mediates both homo- and hetero-interactions, thus contributing
to its essential activities [87-90]. The same domain is also found in other proteins, such as Dvl. It
has been proposed that Dvl might recruit Axin from the destruction complex to the LRP receptor via
DIX-domain interactions [91,92].

The post-translational modifications of Axin include phosphorylation, ubiquitination, and
SUMOylation. These alterations affect the subcellular localization, stability, or potential interactions
of the protein with other factors (reviewed in [93,94]). Similar to f-catenin, under basal conditions,
Axin is phosphorylated by both GSK-33 and CKI [10,95,96] to function in the destruction complex and
is subsequently dephosphorylated upon WNT pathway activation [10,97,98]. In updated regulation
models, Axin phosphorylation occurs during both the ‘off” and ‘on’ states of WNT signaling, and is
dependent on another key destruction complex member, APC [99,100]. Another kinase that is reported
to phosphorylate Axin is Cdk5 (Cyclin-dependent Kinase 5). During mouse cortex development,
Cdk5-mediated phosphorylation was found to be necessary for the interaction of Axin with GSK-3,
leading to microtubules stabilization during axon formation [45].

Axin is subjected to ubiquitin-mediated proteolysis through poly ADP-ribose modification.
Experiments in cell culture systems showed that poly ADP-ribosylation of Axin by ADP-ribose
polymerase enzymes, tankyrase 1 and tankyrase 2, targeted Axin for proteasomal degradation when
the pathway was in the ‘off’ state [101-103]. The role of tankyrase in Axin regulation has also been
demonstrated in the Drosophila system [104,105]. Feng et al. [105] reported that Axin levels were
moderately higher in Tnks (Tankyrase)-mutant flies. Since a further increase in Axin expression in
animals lacking Tnks function disrupted expression of Wingless/WNT reporter gene, it was concluded
that Tnks-dependent regulation normally acts to buffer Axin activity. The ubiquitination of Axin is
facilitated by several ubiquitin E3 ligases. Ji et al. [106] used human cell lines to investigate the roles of
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two RING (really interesting new gene) family ligases, SIAH1 and STAH2 (seven in absentia homologs
1 and 2), and found that Axin was ubiquitinated and degraded as a feed-forward mechanism to achieve
sustained activity of WNT-B-catenin signaling. The Drosophila homolog, Iduna (also a RING family
member), acts as a key factor in the breakdown of ADP-ribosylated Axin [62,107]. Other ligases (e.g.,
Smurf2 of HECT (homologous to the E6-AP carboxy terminus) family) also appear to modify Axin’s
stability [108,109].

Axin is also known to be SUMOylated. The earliest role of SUMOylation in Axin regulation
was revealed by the discovery of Axam (Axin associated molecule), an enzyme that possesses
deSUMOylation activity [110,111]. Axam formed a complex with Axin and prevented its interactions
with Dvl [110]. Later on, studies reported that Axin is SUMOylated and that this modification affects
its role in the JNK pathway [112] and may protect Axin from ubiquitination [113].

Adding to its complex mode of regulation, Axin is proposed to utilize an autoinhibitory mechanism.
The N-terminus region of the protein was earlier suggested to play an inhibitory role in binding to
its partner proteins [7,114] and later shown to associate with the C-terminus, thus forming a closed
conformation during the WNT signaling-off state [115]. Thus, Axin can adopt different conformational
states depending on its assembly with the destruction complex or the “WNT-LRP5/6 signalosome”
(Reviewed in [93]).

Yet another mechanism by which Axin function is modulated involves miRNA
(microRNA)-mediated gene silencing. Experiments in the Drosophila system showed that Axin
was negatively regulated by miR-315 via conserved 3’- UTR (untranslated region) miRNA consensus
sequences [116]. Likewise, studies using different human cell types demonstrated that the Axin2
transcript was targeted by let-7f at the 3’ UTR, by hsa-miR-34a at both the 5" UTR and 3’ UTR,
and by miR-205 at the 3’ UTR, which regulated expression of a WNT/B-catenin target gene and a
B-catenin-activated reporter [117-119].

The findings summarized above show that Axin is subjected to multiple modes of regulation.
Although the full picture of its regulatory mechanism is far from complete, it is evident that
alterations help modulate Axin’s function and its interactions with other cellular factors and signaling
pathway components.

5. Regulation of Developmental Processes in C. elegans

As mentioned above, the C. elegans genome encodes two Axin family members, PRY-1 and AXL-1.
Although both proteins act as scaffolds to recruit other factors, major domains (RGS and DIX) are not
well conserved (Figure 4). Of the two, PRY-1 has been investigated in some detail. The protein shows
an overall 18-21% amino acid similarity with vertebrate and D-Axin. This level of conservation is
primarily restricted to the RGS and DIX domain, with 27% identity (48% similarity) and 31% identity
(49% similarity) with the respective domains of D-Axin [120]. Apart from the RGS and DIX domains,
PRY-1 has no obvious GSK-3f3- and B-catenin binding region(s). Despite this sequence discrepancy,
genetic and biochemical experiments showed that PRY-1 acts as a scaffold for components of the
destruction complex and negatively regulates canonical WNT signaling [120].

The genetic epistasis experiments confirmed that, similar to mammalian Axin, pry-1 functions
upstream of bar-1 (beta-catenin/armadillo related)/B-catenin and pop-1 (posterior pharynx defect
1)/TCF/LEF and downstream of egl-20 (egg laying defective 20)/WNT and mig-5 (abnormal cell
migration 5)/Dvl, thus establishing it as a core component of the canonical WNT signaling pathway
in C. elegans (reviewed in [121]). Additionally, when introduced in vertebrates, PRY-1 behaves as a
functional Axin homolog, as its overexpression in zebrafish rescued the phenotype of Axin-mutation,
masterblind, and inhibited WNT signaling in mammalian cells based on a TCF reporter analysis [120].
Consistent with its involvement in many processes, pry-1 is broadly expressed during development,
starting from embryogenesis [120]. At the early L1 stage, pry-1 is mainly localized to the Q neuroblast
cells (QL and QR), seam cells (V5 and V6), ventral hypodermal (P) cells (P7/8 to P11/12), body-wall
muscle cells, and neurons in the head, tail, and ventral nerve cord. In addition, pry-1 continues to be
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expressed in all seam cells and QL/R cells through the late-L1 stage. At later stages, pry-1 expression
persists in hypodermal cells and several neurons in the ventral cord, head, and tail ganglia [120].
Furthermore, pry-1 expression is also observed in reproductive tissues, including vulval precursors
and their progeny, as well as the male tail. A similar expression pattern of pry-1 ortholog, Cbr-pry-1,
was also seen in Caenorhabditis briggsae, a sister species of C. elegans [122]. In agreement with these
expression data, constitutive activation of WNT signaling (due to the loss of PRY-1 function) causes a
wide range of defects in C. elegans that are discussed below.

The other C. elegans Axin-like protein, AXL-1, also acts as a functional ortholog of Axin to regulate
the canonical WNT signaling [21]. The protein shows an overall 14-16% identity to members of the
D-Axin and vertebrate Axinl and Axin2, and 20% identity to PRY-1. Similar to PRY-1, sequence
conservation is restricted to the RGS and DIX domains (24% and 35%, respectively), with no obvious
domains for GSK-33 and f-catenin binding [21] (Figure 4). Functional studies revealed that AXL-1
physically interacts with GSK-3/GSK-3, MIG-5, and DSH-2 (dishevelled related 2)/Dvl, but not APR-1
(APC related 1)/APC to form a destruction complex with BAR-1 [21]. This partial destruction complex
is predicted to enable BAR-1 phosphorylation by GSK-3 to inhibit WNT signaling. Furthermore, similar
to PRY-1, AXL-1 overexpression inhibited WNT-induced TCF reporter in mammalian cells, suggesting
its functional interaction with mammalian GSK-33 and (3-catenin.

Although both AXL-1 and PRY-1 are components of the WNT signaling pathway, they are
not functionally interchangeable and perform partially overlapping roles in downregulating BAR-1
signaling in developmental processes (see below) [21]. In addition, AXL-1 functions independently of
PRY-1 in axonal migration and excretory cell development. Recently, Chen et al. [123] reported a novel
role for AXL-1 in aging. The authors showed that following metformin treatment, AXL-1 localizes to
lysosomes and regulates the PAR-4 (abnormal embryonic partitioning of cytoplasm 4)/LKB1-dependent
lysosome pathway and subsequently activates AAK-2 (AMP activated kinase 2)/AMPK to extend the
lifespan of C. elegans [123].

N RGS GSK-3-B-catenin DIX C
1 1 I P o SE
! s /' P ol a 7"
1 1 7 i P i
1 1 7 e P -
AXL-1 400aa
8-103aa 157-201aa 318-386aa
Identity 22% 10% 34%
Similarity  42% 15% 50%

Figure 4. Protein sequence alignment of PRY-1 and AXL-1 in C. elegans. The three major domains (RGS,
GSK-3-p-catenin, and DIX) in PRY-1 are indicated by colored boxes. The corresponding regions in AXL-1
and their amino acid sequence identity and similarity are also shown. Sequence alignment was done
using CLUSTAL W and T-COFFEE (http://www.clustal.org/clustal2/, http://tcoffee.crg.cat) [124,125].

Below, we describe the major developmental events and tissues that depend on PRY-1 and AXL-1
function and their interactions with other cellular factors.

5.1. Neuronal Development

As mentioned earlier, Axin’s role in mice was initially discovered based on characterization of
fused locus [1]. In the absence of Axin function, mice exhibited neurological defects. Additionally,
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the animals showed a neuroectodermal phenotype, which included either incomplete closure or
malformation of the head. Since then, Axin family members in other organisms have been found to
be essential for neuronal development. In C. elegans, pry-1 mutants exhibit defects in some of their
neurons (reviewed in [121]). These include the Q neuroblast system, which consists of a pair of cells,
i.e., the QL cell (left lateral side) and QR cell (right lateral side), in the animal (Figure 5A). Interestingly,
while the lineages of QL and QR cells are identical, both cells and their descendants migrate in opposite
directions, i.e., anterior in the case of QR and posterior in the case of QL (Figure 5A). The progeny of
these two neuroblasts give rise to different types of neurons during larval development.

A B egl-20/Wnt
® EGL-20 ® mab-5on ® mab-5 off I
producing cells =
Wild type R pry-1/Axin
S — |
Qe ——= bar-1/8-catenin
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mab-5/Hox
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1.4
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Figure 5. PRY-1 regulates neuronal development in C. elegans. (A) EGL-20/WNT signaling activates the
Hox gene mab-5 in QL to induce posterior migration of QL descendants. mab-5 is not activated in QR,
and as a consequence, the QR descendants migrate in the default anterior direction. In pry-1(mu38)
mutant animals, mab-5 is ectopically expressed in QR leading to the migration of QR descendants
towards posterior region. (B) PRY-1 acts in the canonical WNT signaling to regulate the expression
of mab-5/ Hox target gene. The dotted line indicates indirect interaction. (C) pry-1 mutants exhibit
defects in dopaminergic neurons (marked with dat-1p::GFP). The cell bodies are frequently missing or
appear abnormal and dendrites show punctate-like patterns (arrows) (scale bar represents 0.05 um).
(D) gPCR experiment shows that manf-1 is significantly downregulated in pry-1 mutant adults (* p < 0.05,
two batches).

Molecular genetic studies have shown that pry-1-mediated WNT signaling is essential for the
migration of Q-lineage cells and guiding them along specific trajectories [126]. PRY-1 activity is
specifically needed in the QR cell to restrict mab-5 (male abnormal 5)/Hox (homeobox) expression and to
enable anterior migration of their descendants. Loss of PRY-1 function mimics constitutively active
WNT pathways with high MAB-5 expression in the QR cell and their progeny, resulting in their
migration in an opposite (posterior) direction [120] (Figure 5A,B). Genetic studies have identified other
components of the WNT pathway including the ligand, EGL-20, as well as BAR-1 [126] (Figure 5B).

Other neuronal processes in which roles for pry-1 have been demonstrated include axon guidance
and synapse formation. Axonal function was uncovered in a genetic screen using an RNAi (RNA
interference)-hypersensitive strain [127]. It was found that pry-1 RNAi caused defects in ventral
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cord neurons, such as branched commissures and abnormal midline crossing. In a separate study,
Schneider et al. [128] reported that pry-1 acts in a canonical WNT-B-catenin pathway to promote
synapse formation of a specific motor neuron, based on results showing that pry-1 mutants enhanced

movement defects in animals lacking unc-4 (uncoordinated 4)/Hox function.

In addition to its essential function in the development of neurons, pry-1 may also participate
in neuroprotection in adults. This possibility is supported by our findings that pry-1 mutants show
accelerated degeneration of dopaminergic neurons (S. Taylor, unpublished) (Figure 5C). Whether such
a role of pry-1 involves other components of the WNT signaling pathway remains to be investigated. In
this regard, it is worth mentioning that WNT signaling has been linked to neurodegenerative diseases,
such as Alzheimer’s and Parkinson’s (reviewed in [129,130]). One of the ways whereby pry-1-mediated
WNT signaling may protect neurons in C. elegans is by regulating the expression of genes that confer
neuroprotection. This hypothesis is based on our preliminary observation that the transcription of
manf-1, a homolog of mammalian MANF (Mesencephalic astrocyte-derived neurotrophic factor) [131],
was significantly downregulated in pry-1 mutant worms (S. Taylor, unpublished) (Figure 5D). In the
future, it will be interesting to investigate pry-1’s role in manf-1 regulation and its link to neuroprotection.

5.2. Embryogenesis

Embryogenesis in C. elegans is another process that depends on the pry-I-mediated, non-canonical
WNT signaling pathway. This divergent pathway, known as the WNT-{3-catenin-asymmetry pathway,
has been shown to control the division of several different types of somatic cell, such as EMS blastomeres
in the embryo and larval seam cells (reviewed in [121]). During early embryonic development, the
zygote divides into a large anterior blastomere (AB) and a small posterior blastomere (P1) (Figure 6A).
P1 then divides to give rise to EMS and P2 blastomeres. The division of EMS has been studied in some
detail, which is regulated by the WNT-asymmetry pathway. Upon receiving the WNT ligand, MOM-2,
from the adjacent P2 blastomere, the EMS divides to give rise to MS (producing mesoderm) and E
(producing endoderm) blastomeres with different cell fates [132,133] (Figure 6A). While cells of the MS
lineage contribute to mesodermal tissues (i.e., pharynx and muscles), cells of the E lineage generate

endodermal tissues (i.e., intestine).

In the event of asymmetric division, WNT pathway components are asymmetrically localized
with MOM-5 (more of MS 5)/Frizzled (Fz), DSH-2, and MIG-5 in the posterior cortex [134,135],
and with WRM-1, APR-1, PRY-1, and LIT-1 in the anterior cortex [136,137]. Subsequently, during
telophase, WRM-1, SYS-1 (symmetrical sister cell hermaphrodite gonad defect 1)/3-catenin, and LIT-1
preferentially localize to the posterior nucleus [136-140], whereas POP-1 is found mostly in the anterior
nucleus (POP-1 asymmetry) [141,142] (Figure 6A). Consistent with its localization in the anterior cortex,
PRY-1 antagonizes WRM-1 function, leading to low WRM-1 activity in anterior nucleus that helps

establish POP-1 asymmetry [136].

5.3. Seam Cell Development

Similar to the EMS, the PRY-1-mediated WNT-asymmetry pathway is also essential for seam cell
development (reviewed in [121]) (Figure 6B). Seam cells are lateral hypodermal cells that give rise to
specialized adult cuticular structures, namely the alae (Reviewed in [143]). During early development,
a newly hatched L1 stage worm possesses 10 seam cells on either side of the body along the anterior
posterior axis [144]. These cells undergo stage-specific divisions (mostly asymmetric) to produce
anterior daughters with hypodermal fates and posterior daughters with seam cell fates, and ultimately
differentiate to form alae by the end of the L4 stage. The components of WNT-asymmetry pathway
in this developmental system are the same as those involved in EMS divisions (Figure 6A, B). Thus,
prior to their division, APR-1 and PRY-1 localize to the anterior cortex of a seam cell, whereas MOM-5,
DSH-2, and MIG-5 are found in the posterior cortex [134,145-147]. The fates of daughter cells depend
on the nuclear levels of SYS-1 and POP-1, such that the anterior nucleus possesses high POP-1 and low

SYS-1, and the posterior nucleus possesses low POP-1 and high SYS-1 (Figure 6B).
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Figure 6. PRY-1 negatively regulates asymmetric cell division during C. elegans development. (A) Model
for EMS division. PRY-1, located in the anterior cortex of EMS during asymmetric division, is involved
in conferring endodermal and mesodermal fates of daughter cells. (B) Similar to EMS division, a
model for seam cell division. PRY-1 negatively regulates WNT signaling in the anterior cell, which
ultimately adopts a hypodermal fate. (C) A genetic pathway consisting of PRY-1-mediated regulation
of heterochronic miRNAs and their targets during seam cell development. (D) pry-1(mu38) males show
defective tail morphology. In wild-type (WT) animals, rays are located in the fan-like region (marked
by arrows in the upper panel). In pry-1 mutants, alae have been replaced with ectopic rays (arrows in
the lower panel). The vertebrate homologs of C. elegans genes are listed on the bottom. Panels B and C
adopted with permission from [66] and panel D from [148].

In support of its role in the asymmetric division of seam cells, pry-1 mutation disrupts the
nuclear localization of WRM-1, SYS-1, and POP-1 [66,134,149], thereby leading to increased seam
cell proliferation [65,66]. Work from our lab has shown that in the absence of PRY-1 function, POP-1
localization is disrupted in seam cell daughters [66]. As expected, RNAi knockdown of wrm-1 and lit-1
suppressed the seam cell phenotype in pry-1 mutants whereas pop-1 RNAi exacerbated the defect.

The temporal division pattern of seam cells relies on several heterochronic miRNAs and their
target genes (reviewed in [150,151]. We analyzed the miRNA transcriptome in pry-1 mutants, which
revealed five DE (differentially expressed) miRNAs of lin-4 (lineage defective 4) and let-7 (lethal 7) families.
Further experiments revealed that all DE miRNAs were repressed by PRY-1 in a POP-1-dependent
manner [66] (Figure 6C).

In addition, pry-1 plays a role in V-lineage development in males, where it restricts expression of
the Hox gene mab-5 to posterior V-cell descendants, which ensures correct specification of cell fates
and leads to the formation of sensory rays, alae, and the postdeirid [148]. Thus, in males, only the
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V5 and V6 cell lineages (expressing mab-5) generate rays whereas the V1-V4 lineages (with no mab-5
expression) give rise to alae [152,153]. Males with no pry-1 function show defective alae and ectopic
rays as the V cells can now differentiate to make more rays due to the inappropriate expression of
mab-5 [148] (Figure 6D). Moreover, altered mab-5 expression in pry-1 mutants inhibits the formation of
the postdeirid, a sensory structure resulting from the differentiation of V5.pa descendants [148].

5.4. Vulva Development

Although pry-1 was identified initially based on its role in the Q neuroblast-cell lineage,
pry-1-mutant animals were subsequently reported to exhibit defects in vulva formation (Figure 7A).
C. elegans vulva has been studied extensively to understand how signal transduction pathways control
cell fates and organogenesis (reviewed in [154]). As a reproductive organ, the vulva serves as a system
for mating with males and egg laying. The organ develops from three of the six equipotential groups
of P-lineage cells (Pn.p, n = 3-6), termed vulval precursor cells (VPCs), which are induced to adopt
primary (1° - P6.p) and secondary (2° - P5.p and P7.p) cell fates. Mutations in pry-1 cause more than
three VPCs to get induced and lead to the formation of ectopic pseudo-vulvae-like structures in adults,
which is referred to as the multivulva (Muv) phenotype [155] (Figure 7A,B). Genetic experiments
revealed that the gene acts in the canonical WNT--catenin pathway to repress inappropriate induction
of vulval precursors. Because of its role as a negative regulator, reduction or elimination of pry-1
function leads to the constitutive activation of WNT signaling and the dysregulation of downstream
targets. One such target is the homeobox family member, lin-39 (lineage defective 39), which is necessary
for pry-1-mediated vulval development [155].

Ras Signaling WNT Signaling
N W
LIN-12/Notch
Signaling -
v e
0 A
+
5 hook-like protrusions
2° fate p

Figure 7. pry-1 is necessary for the development of P lineage cells. (A) Multiple vulva-like protrusions
seen in a pry-1(mu38) animal (white arrows). Black arrows mark the main vulva. WT, wild-type (B) VPC
fates are defective in pry-1(mu38) animals. Unlike the wild-type, where the progeny of P(5-7).p give
rise to the vulva, P7.p in pry-1(mu38) and P7.p and P8.p in Cbr-pry-1(sy5353) animals remain unfused
(panel adapted with permission from [122]). (C) A proposed model of interactions between WNT, Ras,
and Notch pathways to specify the 20 fate of induced VPCs. (D) pry-1(mu38) mutants show an extra
P12.pa-like cell in the place of P11.p. The wild-type P11.p has a large nucleus and a nucleolus compared
to P12.pa, which is noticeably smaller. In the case of bar-1(ga80) mutants, an opposite phenotype is
seen, i.e., two P11.p-like cells [156]. (E) Ectopic hook-like structures in pry-1 mutant males are marked
by arrowheads (panel adapted with permission from [157]).

Axin family members have also been genetically characterized in other nematodes. Our laboratory
identified mutations in the C. briggsae pry-1 ortholog (Cbr-pry-1) and showed that Cbr-pry-1 functions in
vulva developmentin a Cbr-bar-1/8-catenin-, Cbr-pop-1/tcfilef -, and Cbr-lin-39/hox-dependent manner [122]
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(Figure 7B). Research in a more distant nematode, Pristionchus pacificus (Diplogastridae family),
uncovered an Axin family member that is most closely related to C. elegans axI-1 [158]. Mutations
in Ppa-axl-1 caused a Muv phenotype suggesting that the gene plays an important role in vulva
development. Further experiments revealed that Ppa-axI-1 genetically interacts with WNT-—catenin
pathway components.

Experiments aimed at understanding the mechanism of pry-1 function have discovered crosstalk
between different signaling pathways. Gleason et al. [155] found that pry-1 mutants bypass the
requirements of EGFR-Ras signaling components, which led them to propose that the WNT--catenin
and EGFR-Ras pathways can act in parallel to promote vulva formation (Figure 7C). Subsequently,
our group showed that PRY-1-mediated WNT signaling interacts with the LIN-12/Notch cascade to
confer a 2’ fate on induced VPCs, since the loss of pry-1 leads to inappropriate activation of the lin-12
target gene lip-1 (lateral-signal-induced phosphatase 1)/MAPK phosphatase [122]. How the three pathways
interact to regulate downstream targets (see a model in Figure 7C), leading to correct specification of
VPC fates, is currently not understood.

5.5. P11/12 Development

P11 and P12 cells also depend on pry-1-mediated signaling for proper differentiation of their
progeny. These two cell lineages contribute to the formation of the ventral nervous system [144].
Whereas their anterior daughters, i.e., P11.a and P12.a, are neuroblasts that divide to form several
neurons, the posterior daughters, i.e., P11.p and P12.p, take on different fates. The P11.p fuses with
the hyp7 syncytium. The P12.p divides to generate two daughters, one of which, P12.pp (posterior
daughter), undergoes programmed cell death and the other, P12.pa (anterior daughter), acquires a
unique hypodermal cell fate, hyp12. In pry-I-mutant animals, P11.p appears to adopt a P12.pa-like fate,
based on the presence of two cells having the characteristics of P12.pa [157] (Figure 7D). Mutations
in bar-1 exhibit an opposite phenotype, i.e., two P11.p-like cells [156]. Since these phenotypes may
arise due to cell-fate changes at the level of P11 and P12, it is likely that PRY-1-BAR-1-mediated WNT
signaling plays a role in conferring the correct fates of these two P cells.

5.6. Male Hook Development

The role of pry-1 in the development of the male hook has also been investigated. The hook
sensillum is a copulatory structure that helps in locating the hermaphrodite vulva during mating [157].
Cell-morphology and -lineage studies have shown that the hook is formed by the progeny of P10.p and
P11.p precursors [157]. These two cells are induced to adopt 1° (P11.p) and 2° (P10.p) fates through the
actions of the WNT, EGFR-Ras, and LIN-12 pathways. The P10.p and P11.p progeny differentiate to
form a functional hook that includes sensory neurons, structural cell, and support cells. It was found
that pry-1 mutants have ectopic hook-like structures due to inappropriate induction of some of the
anterior Pn.p (n = 3-8) cells that normally fuse with the surrounding hypodermal syncytium [157]
(Figure 7E). This phenotype was suppressed by mutations in bar-1 and a downstream target (nab-5).
Additional genetic experiments led the authors [157] to propose a model in which a graded WNT
signal from the tail region causes maximal activation of the pathway in P11.p, leading to inhibition of
PRY-1 function and specification of the 1° fate. The neighboring P10.p cell receives a comparatively
lower signal and thereby adopts a 2" fate.

5.7. Lipid Metabolism

The processes described above were related to the development of cells and tissues. Recently,
our group uncovered a novel role of PRY-1 that involves the regulation of lipid metabolism [86]. In
C. elegans and other eukaryotes, fatty acids (such as triacylglycerols, phospholipids, and sphingolipids)
serve as building blocks for lipids. Fatty acids are synthesized from thioesters or isoprene units
via condensation reactions (Reviewed in [159]). We analyzed the mRNA transcriptome in pry-1
mutant animals and determined that DE genes are highly linked to biological processes such as lipid
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metabolism, cellular responses to lipids, and aging [86]. Functional studies involving a subset of DE
genes revealed that vits (vitellogenins, yolk lipoproteins) and fats (fatty acid desaturases) participate in
pry-1-mediated lipid metabolism. Consistent with these findings, pry-1 mutants exhibited defects in
lipid content (Figure 8A), egg laying, and survival following starvation [86]. Genetic experiments
showed that vits act downstream of pry-1, and RNAi knockdowns of vit genes rescued lipid defects in
pry-1 mutants.
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Figure 8. pry-1 is necessary to regulate lipid metabolism. (A) pry-1 mutant animals show reduced lipid
content compared to wild-type (WT) animals as revealed by Oil Red O staining. (B) A model for pry-1
genetic network in regulating lipid synthesis based on findings presented in [86]. pry-1 acts upstream
of sbp-1 and in parallel to nhr-49 and nhr-80. pry-1 also regulates the expression of vit genes. Whether
bar-1 participates in this process (dotted connecting lines) and how wvits affect lipid synthesis (question
mark) are currently not understood.
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In C. elegans, MUFAs and PUFAs (monounsaturated and polyunsaturated fatty acids, respectively)
can be derived from saturated fatty acid precursors by the actions of fat desaturases (FAT-5, FAT-6,
and FAT-7) [159,160]. The expression of desaturases is regulated by transcription factors SBP-1 (sterol
regulatory element-binding protein 1, SREBP-1 family) and two HNF4 (hepatocyte nuclear factor 4)
families of nuclear receptors NHR-49 (nuclear hormone receptor 49) and NHR-80 (nuclear hormone
receptor 80) (Reviewed in [159]). More recently, SBP-1-mediated regulation of MUFA synthesis was
shown to extend lifespan when exposed to anti-aging drug combinations [161]. We found that pry-1
mutants had reduced transcription of fat desaturases and sbp-1. However, transcription of the nhr-49
and nhr-80 genes was unaltered. Thus, a working model is that pry-1 acts via sbp-1 to regulate the
expression of fat genes that, in turn, regulate lipid synthesis [86]. This model (Figure 8B) is supported
by the findings that fatty acid levels were reduced in pry-1 mutants and supplementing the diet with
oleic acid, a MUFA, rescued lipid defects in mutant animals [86].

The requirements of lipids in many biological processes and across multicellular eukaryotes
is well documented. These macronutrients are vital for proper growth and reproduction; however,
their excessive intake contributes to a variety of diseases in humans. Changes in lipid metabolism
could affect a host of processes including signaling, cell structure, and aging [162]. Outside of the
C. elegans system, Axin family members are reported to function in lipid biology. Axin expression in
mice contributes to an age-related increase in adiposity in thymic stromal cells [59]. A recent study
showed that Axin knockdown in mouse liver impaired AMPK activation and abrogated AMPK-LKB1
colocalization upon starvation [58]. Therefore, understanding the role of PRY-1 and its homologs in
maintaining energy homeostasis is of considerable interest in biomedical research.
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6. Major Findings from C. elegans Studies

As described in the previous section, PRY-1 and AXL-1 show significant sequence divergence in
GSK-3p and B-catenin binding domains. In spite of this, both of these proteins physically interact with
BAR-1 and regulate WNT-B-catenin signaling. The functional conservation may be brought about by
conserved structures of RGS and DIX domains, thereby making them bona fide Axin family members.

Similar to other eukaryotes, C. elegans Axins participate in developmental processes such as cell
proliferation, cell differentiation and cell migration. The examples include the formation of the vulva
and male hook, P11/12 fate specification, and neuronal development. All of these involve interactions
with WNT-B-catenin pathway components, suggesting that this might be the most ancestral mechanism
of Axin function. Among other roles of PRY-1, its involvement in lipid metabolism is a recent discovery
that may potentially fit into a broader role of Axin as an energy sensor and regulator in eukaryotes.

In addition to their conserved roles, studies in C. elegans have also uncovered a unique
Axin-mediated WNT signaling during embryogenesis and seam cell development.
interactions between p-catenin and TCF lead to transcriptional regulation of the target genes. However,
this divergent WNT signaling has evolved to utilize WRM-1/f-catenin to regulate nuclear localization
of POP-1/TCEF, leading to the specification of asymmetric cell fates. Thus, research in the C. elegans

model has shed a new light on the novel mechanism of Axin function in eukaryotes.

7. Concluding Remarks

Axin is a well-characterized scaffold protein that is conserved in eukaryotes. While vertebrate
genomes carry two Axin genes, a single ancestral family member is found in invertebrates. Axin’s
function has been studied mainly in the context of WNT-B-catenin signaling; however, the protein
also interacts with multiple factors belonging to WNT-independent signal transduction pathways.
Over the years, studies have shown that Axin homologs are necessary for the development of various
tissues and cell types. In C. elegans, Axin’s role has been investigated during embryogenesis and larval
development. Given the extensive conservation of genes and signaling mechanisms in C. elegans,
future studies on PRY-1 and AXL-1 hold the potential to further advance our understanding of
shared mechanisms of Axin function in animal development. By harnessing the power of C. elegans
genetics, new and novel interacting partners of Axin could be identified. Additionally, the discovery of
Axin-target genes could help unravel pathways and process-specific functions associated with this

family of proteins.
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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 uthls526(unc-54p::pry-1-cDNA + myo-3::YFP)

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

AGD3313 uthls528(pry-1p::PRY-1-GFP + glr-1p::RFP)

AGD3314 uthls529(pry-1p::PRY-1-GFP + glr-1p::RFP)

AGDA418 uthls205 [crtc-1p::crtc-1::RFP::unc-54 3'UTR + rol-6(su1006)]
AGD927 uthls270[rab-3p::xbp-1s + myo-2p::tdTomato]

AUT78 agls219[ T24B8.5p::GFP + ttx-3p::GFP]

CB1370 daf-2(e1370) 11l
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CB4037 glp-1(e2141) I

CF1038 daf-16(mu86) I

CF1553 muls84 [(pAD76) sod-3p::gfp + rol-6(su1006)]

DA1116 eat-2(ad1116) Il

DA2123 adls2122 [lgg-1p::GFP::lgg-1 + rol-6(sul006)]

DR1572 daf-2(e1368) Il

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) |

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; mals150

DY631 pry-1(mu38) I; mals140

DY636 pry-1(mu38); mals138

DY637 pry-1(mu38); mals236

DY638 pry-1(gk3682) I; wis78

DY641 miR-246(n4636) 1V; zcls13[hsp-6::gfp]

DY642 miR-246(n4636) 1V; zcls4[hsp-4::gfp]

DY643 miR-246(n4636) 1V; muls84 [(pAD76) sod-3p::GFP + rol-6(su1006)]

DY646 miR-246(n4636) IV; stls11597

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; muls84 [(pAD76) sod-3p::gfp + rol-6(sul006)]

DY656 pry-1(mu38) I; ldris2 [mdt-28p::mdt-28::mCherry + unc-76(+)]

DY657 miR-246(n4636) 1V; bcls39 [lim-7p::ced-1::gfp]

DY658 pry-1(mu38); zcls4[hsp-4::GFP]
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DY659 pry-1(mu38); adls2122[lgg-1p::gfp::lgg-1 + rol-6(su1006)]

DY661 pry-1(mu38) I; zIs356 [daf-16p::daf-16a/b::GFP + rol-6(sul006)]

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) I11; bhEx281[pGLC155(elt-2p::pry-1-cDNA) + myo-2::gfp
+ unc-119(+)]

DY670 unc-119(tm4063) I11; bhEx282[pGLC155(elt-2p::pry-1-cDNA) + myo-2::gfp
+ unc-119(+)]

DY671 pry-1(mu38) l; 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)l;bhEx277[pGLC153(unc-54p::pry-1-cDNA)+myo-3::YFP+
unc-119(+)]

DY675 pry-1(mu38)l;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]

DY 678 bhEx287[pGLC150(F56E10.1p::gfp) + myo-3::wCherry]

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

DY680 pry-1(mu38)1;bhEx283[pGLC157(unc-119p::pry-1-cDNA)+myo-
3::YFP+uncl119(+)]

DY681 pry-1(mu38); zcls9 [hsp-60::GFP + lin-15(+)]

DY682 rde-1(ne219) V; kzls20; bhEx288[pGLC153(unc-54p::pry-1-cDNA)+myo-
3::YFP]

DY683 pry-1(mu38); zcls14 [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 kagls1[Pdyc-1S::GFP::lgg-1]+Pmyo-2::mCherry;bhEx277[pGLC153(unc-
54p::pry-1-cDNA)+myo-3::YFP+ unc-119(+)]

DY689 pry-1(mu38); kagls1[Pdyc-1S::GFP::lgg-1]+Pmyo-2::mCherry

DY690 rde-1(ne219) V; kbls7 [nhx-2p::rde-1 + rol-
6(sul006)];bhEx277[pGLC153(unc-54p::pry-1-cDNA)+myo-3::gfp+ unc-119(+)]

DY691 unc-119(tm4063) 111; bhEx289[pGLC158(Pkin-9abc::GFP)+unc-119(+)]

DY692 unc-119(tm4063) 111; bhEx290[pGLC144(Pkin-9bc::GFP)+unc-119(+)]

DY694 F56E10.1(gk3701) V

DY697 pry-1(mu38) I; uthls248

DY698 F56E10.1(bh40) V

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

DY701 bhEx294[pGLC162(miR-2460e) + pJH1774(myo-3p::wCherry)](use this),

DY702 bhEx295[pGLC162(miR-2460e) + pJH1774(myo-3p::wCherry)],

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

DY704 bhEx294[pGLC162(miR-2460€)+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::mAXxinl::YFP) + pJH1774(myo-
3p::wCherry)]

DY707 F56E10.1(bh40); wis78[(scm::GFP) + (ajm-1p::GFP)]

DY 708 bhEx297 [pGLC162(miR-26(0e) + pPD136.64(myo-3p::YFP)]

DY 709 bhEx298[pGLC165(F09A5.2p::GFP)]

DY 710 bhEx299[pGLC165(F09A5.2p::GFP)]

DY713 zclsl4 [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)
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DY719 miR-246(tm4679)

DY720  bhEx294[pGLC162(miR-2460e) +  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)];
zcls14 [myo-3::GFP(mit)]

DY722 rde-1(ne219) V; kzls20; zcls14(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); mfls42[Cel-sid-2::gfp + Cel-myo-2::Ds-red]

DY728 Cbr-daf-2(sy5445); mfls42[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; hjls14 [vha-6p::GFP::C34B2.10(SP12) + unc-119(+)]

DY732 pry-1(gk3682); uthSil7[myo-3p::MLS::GFP::unc-54 3’ UTR:: cb-unc-
119(+)]

DY 733 pry-1(gk3682); Idris[dhs-3p::dhs-3::GFP + unc-76(+)]

DY734 pry-1(gk3682); uthls270 [rab-3p::xbp-1s + myo-2p::tdTomato]

DY735 bhEx277[pGLC153(unc-54p::pry-1-cDNA) + myo-3::YFP]; uthls205[crtc-
1p::crtc-1::RFP + rol-6(su1006)]

DY736 pry-1(mu38); agls219[ T24B8.5p::GFP + ttx-3p::GFP]

DY 737 pry-1(gk3682); uthSi60[ vha-6p::ERss::mRuby::HDEL::unc-54 3’ UTR]

DY740 pry-1(gk3682); uthls205[crtc-1p::crtc-1::RFP + rol-6(su1006)]

EU384 dpy-11(e1180) mom-2(or4d2) V/InT1 [let-?(m435)] (1V;V)

EW15 bar-1(ga80) X

GR2245 skn-1(mg570) IV

HT1189 daf-16(mgDf50) I; unc-119(ed3) IlI; Ipls14

JK3437 him-5(e1490) V, qls74 [sys-1p::GFP::pop-1 + unc-119(+)]

JR667 unc-119(e2498::Tcl) Il1; wis51[scmp::gfp + unc-119(+)] V

JU1018 mfls42[Cel-sid-2::gfp + Cel-myo-2::Ds-red]

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

KAG238 kagls1[Pdyc-1S::GFP::lgg-1]+ Pmyo-2::mCherry
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KK300 par-4(it57) V

KN562 pop-1(hu9) |

KN611 axl-1(tm1095) |

LIUL Idris[dhs-3p::dhs-3::GFP + unc-76(+)]

LIUZ2 Idris2[mdt-28p::mdt-28::mcherry]

MD701 bcls39 [lim-7p::ced-1::GFP]

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

MQ887 isp-1(gm150) IV

MT10430 lin-35(n745)

MT15020 miR-246(n4636) IV

N2 (C. elegans wild type)

NL2098 rrf-1(pk1417)

NL5901 pkls2386 [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; kzls20 [hlh-1p::rde-1 + sur-5p::NLS::GFP]

PHX3672 Cbr-daf-16(syb3672)

PS4943 huls[dpy-20(+); hsp-16-2delta NTbar-1]; syls148

PS5531 Chbr-daf-2(sy5445)

RB1566 FO9A5.2(0k1900)

RB754 aak-2(0k524) X

RG733 wis78

RW11597 stls11597

SJ4005 zcls4[hsp-4::gfp]

SJ4058 zcls9 [hsp-60::GFP + lin-15(+)]

SJ4100 zcls13[hsp-6::gfp]

SJ4103 zcls14 [myo-3::GFP(mit)]

TJ356 zIs356 [daf-16p::daf-16a/b::gfp + rol-6(sul006)]

TTV310 unc-119(ed3) II; eluls300[Pdaf-16d/f::gfp+unc-119(+)]

TTV421 unc-119(ed3) 111; eluEx370[Pdaf-16a::gfp+unc-119(+)]

TU3311 uls60 (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(0k895) IV

VP303 rde-1(ne219) V; kbls7 [nhx-2p::rde-1 + rol-6(sul006)]

VS25 hjls14 [vha-6p::GFP::C34B2.10(SP12) + unc-119(+)]

VT1160 mals138

VT1189 mals140

VT1259 mals150

VT1607 mals236

WBM60

2p::tdTOMATO]

uthls248[aak-2p::aak-2(genomicaal-321)::GFP::unc-54-3'UTR+myo-

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 | FO9A5.2p::GFP::unc-54 UTR Transcriptional reporter of
FO9A5.2

pGLC170 | manf-1p::GFP::kin-9 UTR Transcriptional reporter of
manf-1 with kin-9 3° UTR.

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

fragment)
pGLC162 | miR-246 full length transcript | miR-246 overexpression

(genomic fragment)
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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/uL to 50 ng/uL whereas plasmid
concentration for microinjection markers (myo-3p::GFP, myo-3p::wCherry, myo-
2p::GFP and unc-119 rescue) ranged from 20ng/uL to 40 ng/uL.. 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 [ Purpose [ Sequence (5’-3)
# n

miR-2-5p 1247 | Forward cDNA CTCAACTGGTGTCGTGGAGTCGGCAA
synthesis TTCAGTTGAGGCACATCA

lin-4-5p 1331 | Forward cDNA CTCAACTGGTGTCGTGGAGTCGGCAA
synthesis TTCAGTTGAGTCACACTT

miR-48-5p 1245 | Forward cDNA CTCAACTGGTGTCGTGGAGTCGGCAA
synthesis TTCAGTTGAGTCGCATCT

miR-84-5p 1246 | Forward cDNA CTCAACTGGTGTCGTGGAGTCGGCAA
synthesis TTCAGTTGAGTCTACAAT

miR-237-5p 1355 | Forward cDNA CTCAACTGGTGTCGTGGAGTCGGCAA
synthesis TTCAGTTGAGAGCTGTTC

miR-241-5p 1332 | Forward cDNA CTCAACTGGTGTCGTGGAGTCGGCAA
synthesis TTCAGTTGAGTCATTTCT

miR-246-3p 1244 | Forward cDNA CTCAACTGGTGTCGTGGAGTCGGCAA
synthesis TTCAGTTGAGGCTCCTAC

Cbr-miR-84-5p | 1255 | Forward cDNA CTCAACTGGTGTCGTGGAGTCGGCAA
synthesis TTCAGTTGAGGACAGCAT

Cbr-miR-237-5p | 1357 | Forward cDNA CTCAACTGGTGTCGTGGAGTCGGCAA
synthesis TTCAGTTGAGAGATGTCG
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miR-2-5p 1252 | Forward gPCR ACACTCCAGCTGGGTATCACAGCCAG
CTTT

lin-4-5p 1333 | Forward gPCR ACACTCCAGCTGGGTCCCTGAGACCT
CAAG

miR-48-5p 1250 | Forward gPCR ACACTCCAGCTGGGTGAGGTAGGCTC
AGTA

miR-84-5p 1251 | Forward gPCR ACACTCCAGCTGGGTGAGGTAGTATG
TAAT

miR-237-5p 1356 | Forward gPCR ACACTCCAGCTGGGTCCCTGAGAATT
CTCG

miR-241-5p 1334 | Forward gPCR ACACTCCAGCTGGGTGAGGTAGGTGC
GAGA

miR-246-3p 1249 | Forward gPCR ACACTCCAGCTGGGTTACATGTTTCG
GGTA

Cbr-miR-84-5p | 1256 | Forward gPCR ACACTCCAGCTGGGTGAGGTAGTTTG
CAAT

Cbr-miR-237-5p | 1358 | Forward gPCR ACACTCCAGCTGGGTCCCTGAGAATG
CTCC

Cbr-miR-246-3p | 1257 | Forward gPCR ACACTCCAGCTGGGTTACATGTATTG
GGTA

All miRNA gene | 1254 | Reverse gPCR CTCAACTGGTGTCGTGGAGTCGGCAA

pmp-3 747 | Forward gPCR CTTAGAGTCAAGGGTCGCAGTGGAG

pmp-3 748 | Reverse gPCR ACTGTATCGGCACCAAGGAAACTGG
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741 | Forward gPCR CGCCAACACGAGGAGTTTGTGG
pry-1

742 | Reverse gPCR TGTGATGAATGGTGGGCGGAGC
hbl-1 1258 | Forward gPCR TTGGCACAAAGAGCAAAGCC
hbl-1 1259 | Reverse gPCR GGCCATTCTGATCCTATTAAAGGTG
lin-14 1262 | Forward gPCR TGCGAGGAATGGGGAAATGG
lin-14 1263 | Reverse gPCR GTCGAAGATCGGTTACTTCTTTCC

1264 | Forward gPCR AAGTTGAAGATAGGCTGCCAGA
lin-28

1265 | Reverse gPCR GTGTTGGTGACGGGAGCC

1266 | Forward gPCR TTTGGTGTTGGAACAAACTTGAGA
lin-29

1267 | Reverse gPCR GCTGGTGTGGATCCAGTTGA

1260 | Forward gPCR TCAGCACTCACCATTCAACTCA
let-60

1261 | Reverse gPCR CACCGTCTATCACAACCTGCT
miR-246 1325 | Forward PCR CGTCGGAAGATTCACTCCTG
miR-246 1326 | Reverse PCR CCTCACTGGTCATACTTCCC

1307 | Forward PCR CATCGCCTTCTATCGCCTTCTTGA
pry-1(gk3682)

1308 | Reverse PCR GCGAAGAACAAGTCGAGGTACTG

1337 | Forward gPCR GGTGACTGTTGCGATGTCCT
cah-4

1338 | Reverse gPCR GTTGGCGGTAAGGAATGTGC
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1339 | Forward gPCR GGAGGCGTCTGCAATTTGTG
pbs-5
1340 | Reverse gPCR CAGCTTGCTCACGTCCATTG
1341 | Forward gPCR CCACGTCATTTGCCAACAACA
kin-9
1342 | Reverse gPCR GCAACTGCATTTACGCCTCC
1398 | Forward gPCR GGACCATCACAACAACCGGA
sbp-1
1399 | Reverse gPCR GCAGGGAGTGTAAGGTGCTT
1329 | Forward gPCR CCCAGGCCGCTTCTACTATG
F56E10.1
1330 | Reverse gPCR GGATGGAGAATTCTGGAACGAAGT
pry-1 RNAI 1343 | Forward PCR ATTACCCGGGCTCCGCCCACCATTCA
(pGLC142) TCAC
1344 | Reverse PCR TGCTGAGCTCGAGCCTTTCTGTGCTGC
CT
kin-9bcp::GFP | 1350 | Forward PCR TAAGGCATGCTCAAGCTGTTCAAACA
CGAC
(pGLC144)
1352 | Reverse PCR TAAGGTCGACCTTCGTGAGAGTCGTC
AACG
hsp-16::kin- 1353 | Forward PCR TAAGGGTACCAGCCAATGCTCATCCA
9abc GTACC
(pGLC146)
1354 | Reverse PCR TAAGGAGCTCCATGTTGTGCGGACCC
GTT
lin-28 RNA. 1359 | Forward PCR TAAGGGTACCGTAGTATCGGAGGGAA

GGAATG
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(pGLC145) 1360 | Reverse PCR TAAGGCTAGCGGTGGTAGTATGGTTT
AGAGGG
1372 | Forward PCR AGGTCGACGTGGTGTCAAGCTGTCTC
ATTGC
F56E10.1p::gfp
(pGLC150) 1373 | Reverse PCR AGGGTACCCAAACCTCTCCGTCGGAA
GACTC
1417 | Forward PCR CTAGTACAATTCCTGGGGTC
kin-9(tm3973)
1418 | Reverse PCR CCAATCCATTGCTAATCTGC
kin-9 all 1419 | Forward gPCR GCTGCCCGTAACGTCTTAGT
isoforms
1420 | Reverse gPCR CTCCTCGGGCAGTGTACAAA
1384 | Forward PCR GGGGACAACTTTCTATACAAAGTTGT
AATGGAGACCCATCTCGGTTGG
pry-1-cDNA
(pGLC151)
1385 | Reverse PCR GGGGACAACTTTATTATACAAAGTTG
TCTATCGGAGCTCGGCGGCAATT
1396 | Forward PCR GGGGACAACTTTGTATAATAAAGTTG
TAACTTCTAAGTCCAATTACTC
unc-54 3'UTR
(pGLC152)
1397 | Reverse PCR GGGGACCACTTTGTACAAGAAAGCTG
GGTTCACTACTCCACTTTCAAATT
1394 | Forward PCR GGGGACAAGTTTGTACAAAAAAGCA
GGCTTAATGAATCCGAGAAATATGAG
unc-54p::pry-1- -
cDNA
(bGLC153) 1395 | Reverse PCR GGGGACAACTTTGTATAGAAAAGTTG
GGTGGATTTCTCGCTTCTTTCAAAT
1412 | Forward PCR GGGGACAAGTTTGTACAAAAAAGCA
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lin-26p::pry-1- GGCTTATCTGAAATATACGGCGGTAG
cDNA ATC
(PGLC154)
1413 | Reverse PCR GGGGACAACTTTGTATAGAAAAGTTG
GGTGGTAAGCGAGGGATGAAGGTATT
C
1388 | Forward PCR GGGGACAAGTTTGTACAAAAAAGCA
elt-2p: pry-1- GGCTTAATCTTCAGATTCTTCTACTC
cDNA
(PGLC155) 1389 | Reverse PCR GGGGACAACTTTGTATAGAAAAGTTG
GGTGTCTATAATCTATTTTCTAGTTTC
TATTTTATT
1390 | Forward PCR GGGGACAAGTTTGTACAAAAAAGCA
pie-1p::pry-1- GGCTTATTGAAAGTTTTGTGGGGAAA
cDNA
(0GLC156) 1391 | Reverse PCR GGGGACAACTTTGTATAGAAAAGTTG
GGTGTGGGAAACGAAATACTGCAA
1392 | Forward PCR GGGGACAAGTTTGTACAAAAAAGCA
unc-119p::pry- GGCTTAATGTCGATTTACGGGCTCAG
1-cDNA
(pGLC157) 1393 | Reverse PCR GGGGACAACTTTGTATAGAAAAGTTG
GGTGATATGCTGTTGTAGCTGAAAAT
TTTG
Pkin-9abc::gfp | 1431 | Forward PCR AGGTCGACTCAAGCTGTTCAAACACG
(pGLC158) AC
1432 | Reverse PCR AGGGTACCTCTGCATTTACGCCTCCTT
CAC
daf-16 all 1364 | Forward gPCR TACCGGGTGCCTATGGAAAC
isoforms
1365 | Reverse gPCR GAATATGCTGCCCTCCAGCT
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1366 | Forward gPCR TCAGGAATCGTCAGCAACC
daf-16a
1367 | Reverse gPCR CACGGAACTGCCAGAAGAT
1368 | Forward gPCR CTCCACGTCCACCTCATCTG
daf-16b/c
1369 | Reverse gPCR GTTGAGTGGTGGTTCGAGTT
1370 | Forward gPCR CGACCTCCATCAACAAGAGC
daf-16d/f/h/i/k
1371 | Reverse gPCR CTTCCGCTGTCAACAGTCTC
1454 | Internal PCR CTTTCCTGGACATTCGATCATCTG
Forward sequencing
rde-1(ne219) 1455 | Internal PCR GGTAAATCGGACAGAGGAAGAA
Reverse sequencing
1468 | External PCR AGGAAACAGCGCAAATGACGAC
Forward sequencing
rde-1(ne219) 1469 | External PCR GATTTCCCGCTGTTTCGTTGACT
sequencing
Reverse
1456 | Forward gPCR CGGAGGAAGACATCCACCAA
tnt-4
1457 | Reverse gPCR TCATAAACCTGACGGCGCTC
1458 | Forward gPCR TGCGGAAAGATCAAGGAGGAC
mic-1
1459 | Reverse gPCR CGATTGGTGGCTTTCCCTTG
1460 | Forward gPCR GGCACTCCGTACTCCGAAAT
unc-96
1461 | Reverse gPCR TGGACGATTTCTGTTGATGCTC
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1462 | Forward gPCR AAACGCATCCAACTTCGTCC
lgg-1

1463 | Reverse gPCR CCTCGTGATGGTCCTGGTAG

1482 | Forward PCR AGAGGATGAGGACAATGGTGA
F56E10.1

1483 | Reverse PCR GATTCTCCTGGTTGTATGTGGC
(gk3701)

1484 | Forward PCR CGCGCTGTGTTTATCGTAAATC

1486 ssODN AATTTTTTTATTAAACTAAAATTTAGA

AATGGAAGATTAGTAGGTAGTAGCTA
GTAGTAACAGGAAACAGCTATGACCG
TATGAAGACGACGAGTCTTCCGACGG
ATAGGTTTGTAGCAAAGCTTAAAATT

CACGGAAACCAGCATTTTAATTC
F56E10.1(bh40)

1480 crRNA1 TTGCTTGCGCCCAATTCTGA
1487 crRNA2 TCTTCCGACGGAGAGGTTTG
1488 | M13 Forward | PCR CAGGAAACAGCTATGACCGT
(internal)
1489 | Forward PCR CATCAGAATTGGGCGCAAGC
1483 | Reverse PCR GATTCTCCTGGTTGTATGTGGC
Pkin- 1497 | Forward PCR AAGGAATTCCAATGCGATAATGTGTA
9bc::GFP::kin- ACACTATG
9 3°'UTR
(pGLC160) 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 1559 | Forward PCR AAGGGTACCCGTCCAACGTGTCTCGA
plasmid AAC
(pGLC163)
1560 | Reverse PCR AAGACTAGTGGTACGAGAACGAAAG
ATACACG
1499 [ Forward PCR CCACTTTTACCGTCTAATTTTCAGATG
(MAXin1 CAGAGTCCCAAAATGAATGTC
insert)
myo- 1500 | Reverse PCR AGTTCTTCTCCTTTACTCATGTCCACC
TTTTCCACCTTGC
3p::mAxinl::YF (MAXinl
P insert)
1501 | Forward PCR ATGAGTAAAGGAGAAGAACTTTTCAC
(pPD136_64
vector)
1502 | Reverse PCR CTGCATCTGAAAATTAGACGGTAAAA
GTGG
(pPD136_64)
miR-246p::miR- | 1509 | Forward PCR CTTACACCAAATGGGTTTACATGTG
246 (pGLC162)
1510 | Reverse PCR ATTTCCTCACTGGTCATACTTCC
1599 | Forward PCR AAGAAGCTTTATGCGTCAATGCTTGC
ACC
FO9A5.2p::GFP
(PGLC165) 1600 | Reverse PCR AAGGGTACCAGGTGGGAGTAAGAAG
GATTAGA
1621 | Forward gPCR AAACAGCTCCATGCTCCACTC
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FO09A5.2 1622 | Reverse gPCR CGTTTGCCTCGCATTGATTTCG

1623 | Forward PCR CAGCAAGACCTTAATCTCCACG
FO09A5.2

1624 | Reverse PCR GTCACTCACCATCAGCACATAATC
(0k1900)

1625 | Forward PCR CAGCAAGACCTTAATCTCCACG
FO09A5.2

1626 | Reverse PCR GTCTTCTTTCTTCCCACTGGG
(tm7493)

1446 | Forward gPCR CGCAGCCCAAAATGCTAGAG
xbp-1

1447 | Reverse gPCR AGATCGCGCATCACATCCTC

1452 | Forward gPCR TTGTTCAGCCCTTGATGCCA
atf-6

1453 | Reverse gPCR AGCGGACCACTTTTTGGTTG

1448 | Forward gPCR TGGCTTCCGGAATGATCACG
ire-1

1449 | Reverse gPCR TCCAAAGCTCTCAAACGTCCA

1450 | Forward gPCR AACGCATTGCCAGAGCTTTC
pek-1

1451 | Reverse gPCR TGAAGCACCAATCGCAAGGT
hsf-1 1631 | Forward gPCR ATGCAGCCAGGATTGTCGAA

1632 | Reverse gPCR GCACGTTTTGAGTTGGGTCC

1633 | Forward gPCR CGAGCCGAGAAGAAGGGAAG
atfs-1

1634 | Reverse gPCR GCGCCCATTTTACGAAGCTC
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1335 | Forward gPCR GAACGGTATCCGGAGTGGTC
pop-1

1336 | Reverse gPCR TGATCGTTGTTCTCCGATGGAAT

1629 | Forward gPCR TCCTCCAAAAGGCAGAACACT
mig-5

1630 | Reverse gPCR TAGTTGCCGTTTGCTCCTGT

1627 | Forward gPCR ACGTCACTGCAACAAGCTCT
kin-19

1628 | Reverse gPCR ATTCCCAAGTGGGCGTTGAT

1421 | Forward gPCR GGCGAAGGAACATACGGAGT
cdk-1

1422 | Reverse gPCR CCGTTGATGGAACACCCTCAT

1423 | Forward gPCR ATTTTGTCGATCCGGTCGCT
rnr-1

1424 | Reverse gPCR GGTCATGGAAGCAGCAGTCT

1425 | Forward gPCR CAGTTGGTCGTCTTCACCGT
his-7

1426 | Reverse gPCR CTCAAGAACAGCAGCCAGGT

1427 | Forward gPCR GGTGCATGGATGGGGTGTAG
cpz-1

1428 | Reverse gPCR TTGAACCATCCGTGCTCTCC

1635 | Forward gPCR TCGTCAGCATCTGCAAAACG
clsp-1

1636 | Reverse gPCR TGTCAGAGGTTTTGAGGGGTA

1637 | Forward gPCR AATGTCGGCACTCAGAAGCA
ard-1

1638 | Reverse gPCR CTTTCCCAGTCCAGACGCTC
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1639 | Forward gPCR AGCCAATCCAGCTAACCCAC
spp-1

1640 | Reverse gPCR GACGAGAGCCTTGCAGACAT
rpn-7 1641 | Forward gPCR AGGATGACAGAGGCTGCCAA

1642 | Reverse gPCR GCTGCTGTCTACTTCGGGAT

1643 | Forward gPCR AAGCTTCTGAGGAGCCATCG
hsp-4

1644 | Reverse gPCR GGGGTTGGGTTGGGAAAGAA

1645 | Forward gPCR AACCATTGAGCCATGCCGTA
hsp-6

1646 | Reverse gPCR CTTGAACAGTGGCTTGCACC

956 | Forward gPCR TATTAAGCGCGACTTCGGTTCC
sod-3

957 | Reverse gPCR CTTGCAATATCCCAACCATCCC

1647 | Forward gPCR GTCCAGCTCAACGTTCCGT
hsp-16.2

1648 | Reverse gPCR TCTCAGAAGACTCAGATGGAGAGAT
SL1 539 | Forward PCR GGTTTAATTACCCAAGTTTGAG

1406 | Forward gPCR GCTTCAAATCAGTCTCGCTGC
Cbr-iscu-1

1407 | Reverse gPCR GTGCCGACGTTCTTGTCGTTT
Cbr-daf- 1667 | Forward PCR GGTATTCGACGAGAACAACTGC
2(sy5445)

1668 | Reverse PCR CCAATTCTAGCTGAATCCTACTGC

1711 | Forward PCR AAACTGTATGATTGATAAAACGGAAT
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TGA

1669 | Forward gPCR TATAATCCGCCTGAGGAGCTGG
Cbr-daf-2

1670 | Reverse gPCR GGAACCCATCGAGATCGTCGAA

1673 | Forward gPCR TTGGAGCCAGTTATCAGCCATG
Cbr-sod-2

1674 | Reverse gPCR GCTTCCTTGACGTTTCCCTTTGAA

1671 | Forward gPCR ACTTTGCACTTGCTCCAGTTG
Cbr-lipl-4

1672 | Reverse gPCR CCAGTTCTCACTAGACGTTCCAA

1677 | Forward gPCR GCTCACATGGGATGGCTTCT
Cbr-fat-6

1678 | Reverse gPCR GGCAAGGACTGGATCGTTCT

1679 | Forward gPCR TGCCACTGAGTGTGCTAAGG
Cbr-vit-2

1680 | Reverse gPCR TATGCGGAGGCGATCATCTG
Cbr-daf- 1687 | Forward PCR GATTCAGAAGAGCGATTCCAGTG
16(syb3672)

1688 | Reverse PCR CGTGGTATGATGGTGGAGCAAT
Cbr-daf- 1689 | Forward nested PCR | GTAGAAGTGCCTATTAAGCTCCTC
16e::DAF-16

1690 | Reverse nested PCR | TACCGGTACCCTCCAAGGGTCCTCCA

AATCGAAATGAATACTTTGCCCT

GFP + unc-54 1691 | Forward nested PCR | GAGGACCCTTGGAGGGTACCGGTA
UTR from
pPD95.81 1692 | Reverse nested PCR | AAGGGCCCGTACGGCCGACTAG
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Cbr-daf- 1693 | Forward nested PCR | GATCTTTAGAATTAGGGCTGAAATTC
16e::DAF- CTTCAGG
16::GFP
1694 | Reverse nested PCR | GGAAACAGTTATGTTTGGTATATTGG
GAATGT
1695 | Forward gPCR CCACTTACTCGTGCGTTGGA
Cbr-hsp-4
1696 | Reverse gPCR ATGAGCCGTTCTCCTTGCTC
Cbr-hsp-6 1697 | Forward gPCR CGAAGGAGTCAGAACCACCC
1698 | Reverse gPCR GGCGTCTCCATTACTGGCTT
1699 | Forward gPCR ACAAGGGTGCCAAAGGTTCA
Cbr-hsp-70
1700 | Reverse gPCR TGTCATCTTTGACGCCGGAA
1701 | Forward gPCR CCGTCCAAGACCATTCTCTGT
Cbr-hsp-16.2
1702 | Reverse gPCR ACTGGGAGACGTTGAGGTTG
1703 | Forward gPCR AGGAACCAAGTGGGATTGGC
Cbr-hsp-12.3
1704 | Reverse gPCR TCCGAACTTGTCGTCCTTGG
Cbr-aak-2 1705 | Forward PCR TAAGGTCGACTTGTCATCGTCACATG
RNAI plasmid GTTGTTC
1706 | Reverse PCR
TAAGGGTACCCAATACTCGCCTCCAT
GCTCAT
Cbr-daf-16 1707 | Forward PCR TAAGGTCGACTCTCTACTTTCGGGAA
RNAI plasmid CGATC
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1708 | Reverse PCR TAAGGGTACCCAACGCATCCACATCC
ATATCC
Cbr-hsf-1 RNAIi | 1709 | Forward PCR TAAGGTCGACTGAAATAGTTACAGCG
plasmid GTGTGC
1710 | Reverse PCR TAAGGGTACCCTCTCCATCAGCGTCG
TAATAC
Cbr-daf-16 all 1712 | Forward gPCR AGGAGCATTCGGAGGTTATCAG
isoforms
1713 | Reverse gPCR CAACGCATCCACATCCATATCCA
1714 | Forward PCR of GACAGTGGAACAAACAGCCTGTT
cDNA
Cbr-daf-16a/c
1717 | Reverse gPCR CACCAAACAGGGCATCTCCATTC
1715 | Forward PCR of GAAGATCCGGACCTGTTTGGAAG
cDNA
Cbr-daf-16b/d
1717 | Reverse gPCR CACCAAACAGGGCATCTCCATTC
1716 | Forward PCR of CCGGATGGAAGAACTCGATCCG
cDNA
Cbr-daf-16e
1718 | Reverse gPCR GATTGATGACCCACCACGAACTC
Cbr-daf-16 all 1713 | Common PCR of CAACGCATCCACATCCATATCCA
isoforms Reverse cDNA
Primer for
PCR
1727 | Forward gPCR GTGTCCAACACAACCTGCAT
dod-24
1728 | Reverse gPCR TCCTCCGGCTCTTAACTCGT
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1729 | Forward gPCR GTCCCATCTACCACTTTCGGT

asp-12
1730 | Reverse gPCR 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 miIRNA 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 mMiRNA 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-1/4-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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Role of PRY-1/Axin in heterochronic miRNA- @
mediated seam cell development -

Avijit Mallick'@, Ayush Ranawade'” and Bhagwati P. Gupta''®

Abstract

Background: Caenorhabditis elegans seam cells serve as a good model to understand how genes and signaling
pathways interact to control asymmetric cell fates. The stage-specific pattern of seam cell division is coordinated by
a genetic network that includes WNT asymmetry pathway components WRM-1, LIT-1, and POP-1, as well as
heterochronic microRNAs (miRNAs) and their downstream targets. Mutations in pry-1, a negative regulator of WNT
signaling that belongs to the Axin family, were shown to cause seam cell defects; however, the mechanism of PRY-
1 action and its interactions with miRNAs remain unclear.

Results: We found that pry-1 mutants in C. elegans exhibit seam cell, cuticle, and alae defects. To examine this
further, a miRNA transcriptome analysis was carried out, 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-T function. Similar phenotypes and patterns

development

of mIRNA overexpression were also observed in C. briggsae pry-1 mutants, a species that is closely related to C.
elegans. RNA interference-mediated silencing of wrm-1 and lit-1 in the C. elegans pry-1 mutants rescued the seam
cell defect, whereas pop-1 silencing enhanced the phenotype, suggesting that all three proteins are likely important
for PRY-1 function in seam cells. We also found that these miRNAs were overexpressed in pop-1 hypomorphic
animals, suggesting that PRY-1 may be required for POP-1-mediated miRNA suppression. Analysis of the fet-7 and
lin-4-family heterochronic targets, /in-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.

Conclusions: Our results show that PRY-1 plays a conserved role to maintain normal expression of heterochronic
miRNAs in nematodes. Furthermore, we demonstrated that PRY-1 acts upstream of the WNT asymmetry pathway
components WRM-1, LIT-1, and POP-1, and miRNA target genes in seam cell development.

Keywords: C. elegans, C. briggsae, Pry-1, Axin, WNT asymmetry pathway, Seam cell, miRNA, Heterochronic

Background

Caenorhabditis elegans hypodermal seam cells serve as a
good model to elucidate spatiotemporal patterns of division
and differentiation that enable cells to adopt sex-specific
fates. They comprise two lateral rows of multipotent som-
atic cells which extend from the anterior to the posterior of
the nematode (Fig. 1), and that divide in a stem cell-like
manner to both self-renew, and generate daughter hypoder-
mal, neuronal, and neuronal-support cells [1]. At the early
L2 stage of development, the six seam cells (V1-6) undergo
symmetric division to give rise to a total of 16 seam cells.
By the end of the L4 stage, the cells terminally differentiate

* Correspondence: guptab@mcmaster.ca
'Department of Biology, McMaster University, ON L8S-4K1, Hamilton, Canada
Full list of author information is available at the end of the article
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and fuse with their neighbors to give rise to adult cuticular
structures called alae [2].

Multiple genes and pathways have been shown to regu-
late seam cell division and differentiation. These include
the lin-4 (lin-4 and miR-237) and let-7 (let-7, miR-48, miR-
84, and miR-241) families of heterochronic microRNAs
(miRNAs) that regulate the relative timing of developmen-
tal events [3-7]. Specifically, /in-4 is required for the L1-L2
transition [2, 8], while the /et-7 family members act at later
stages of development [9]. Mutations in lin-4, miR-48, miR-
84, and miR-241 cause cells to reiterate stages, which ultim-
ately affects both the number of differentiated seam cells,
and cuticle development [9].

Previous studies have shown that heterochronic miR-
NAs regulate a number of targets, including hbl-1, lin-

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http7/creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http//creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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Fig. 1 Seam cell asymmetric divisions during postembryonic development in C. elegans. During postembryonic development, C. elegans larvae
undergo a series of molts, each of which is associated with carefully timed seam cell divisions. In the V1-4, and V6, cells undergo stem cell-like
division where the anterior daughter fuses with the hyp7 syncytium. The posterior daughter then self-renews as another ‘stem cell-like’ seam cell.
The exception to the asymmetric divisions is in early L2 stage where they undergo one symmetrical division prior to dividing again in an

14, and lin-28 [10]. HBL-1 is a zinc-finger transcription
factor that critically mediates embryogenesis [11], and that
controls developmental timing during post-embryonic de-
velopment [9]. LIN-14 is a novel class of transcription fac-
tor [12] that is initially expressed at high levels in
hypodermal blast cells in newly hatched L1 animals but at
lower levels by the L2 stage [13]. LIN-28 is a conserved
RNA-binding protein that controls the maturation of let-7
miRNA [5, 14-16]. Hypomorphic and null alleles of lin-14
and /sibl-1 cause an increase whereas /in-28 mutants cause
a decrease in the overall number of seam cells [9, 17, 18].

In addition to heterochronic miRNAs and their
targets, seam cell division is also regulated by the
divergent WNT asymmetry pathway, whose compo-
nents include the B-catenins WRM-1 and SYS-1, the
NEMO-like kinase (NLK) LIT-1, and the T-cell fac-
tor/lymphoid enhancer factor (TCF/LEF) POP-1 [18,
19]. Removal of POP-1 activity causes seam cells to
divide symmetrically, and thereby leads to an increase
in their number. Conversely, since LIT-1 normally
forms a complex with WRM-1 to phosphorylate and
thus stimulate POP-1 export from the nucleus, dis-
rupting WRM-1 and/or LIT-1 activity reduces the
number of seam cells [19]. Similarly, the ratio of nu-
clear POP-1/SYS-1 activity affects the fate of daughter
cells, such that those with lower POP-1 (and hence
comparatively higher SYS-1) levels retain their seam cell
fate, whereas those with higher POP-1 (and hence com-
paratively lower SYS-1) levels differentiate [20-23]. Gen-
etic studies have also shown that WNT asymmetry
pathway components interact with heterochronic genes to
control seam cell development [17, 18].

While investigating the role of pry-1 in developmental and
post-developmental processes, we observed that pry-
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1(mu38) animals exhibit weaker cuticle and abnormal alae.
Further analysis revealed that they also display a higher num-
ber of seam cells, a phenotype that was previously reported
[19]. Similar defects were also seen in a C. briggsae pry-1
mutant Cbr-pry-1(sy5353) [24], suggesting a conserved role
for pry-1 in seam cell development and cuticular alae forma-
tion. These observations are in line with our recent pry-
1(mu38) mRNA transcriptome profiling (RNA-Seq), which
identified differentially expressed (DE) genes associated with
‘cuticle development’ [25]. Given that the heterochronic
pathway involves both protein-coding and miRNA genes, in
the present study we conducted an miRNA-specific whole
genome RNA-Seq experiment, which uncovered six DE
miRNAs that include members of lin-4 and let-7 families.
To understand the interaction of pry-1 with miRNAs during
seam cell development, we knocked-down WNT asymmetry
pathway components. Reducing wrm-1 and lit-1 expression
suppressed, while silencing pop-1 exacerbated the pry-1
phenotype. Furthermore, an miRNA expression analysis con-
ducted in a pop-1 hypomorph revealed a similar upregula-
tion of miRNAs to that observed in pry-I(mu38) worms,
suggesting both that POP-1 is critical for asymmetric seam
cell division, and that its nuclear levels are likely reduced in
pry-1 mutants. Overall, our data demonstrates the import-
ance of PRY-1 and its interactions with the WNT asymmetry
pathway components for the regulation of miRNAs (and
their targets) during asymmetric cell division. Since the
WNT pathway and miRNAs are conserved in eukaryotes,
similar interactions with Axin family members may control
stem cell division in other systems.

Results
We observed that pry-1 mutant worms have a weaker cu-
ticle (Fig. 2a) and abnormal alae that frequently includes
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Fig. 2 pry-1 mutants display seam cell defects in C. efegans and C. briggsae. Mutations in pry-1 lead to somatic defects. (a) Cuticle is weaker as
demonstrated by the cuticle break assay. (b, €) pry-1 mutants having defective alae formation. (b) Control N2 animals have distinct rows of alae. pry
1(mu38) mutants have defect with frequent breaks (see arrow). (c) Quantification of alae defect in control N2 and pry-1(mu38) animals. (d-f) Heterochronic
phenotypes in C. briggsae AF16 and Cbr-pry-1 mutants. (d) Alae defects are visible in Cor-pry-1(sy5353). (e, f) Seam cells in control AF16 (e) and Cbr-pry-
1(sy5353) (f) are visualized by adherens-junction-associated marker Cel-dlg-1p:GFP. Cbr-pry-1(sy5353) animals show defects in cell fusion (scale bar 0.1 mm).
Boxed areas, marked by dotted lines, have been enlarged in the second row. Scale bars in b, d-f are 001 mm. (g) Both the pry-1(mu38) and pry-1(gk3682)
animals show increased seam cell numbers compared to control N2 (scale bar 0.1 mm). (h) Each control animal has exactly 16 seam cells, whereas an
average of 21 and 19 cells are found in pry-1{mu38) and pry-1(gk3682) mutants, respectively. (i) pry-1(mu38) animals show increased seam cell number by
the end of the L2 stage. In panels a, h, and i, each data point represents the mean of at least two replicates (each batch with 30 or more worms) and error
bar represents the STD. Student’s t-test was used to determine the statistical significance: *p < 005

gaps (Fig. 2b, c). The phenotypic analysis of C. briggsae pry-  pry-1 mutants exhibit an increased number of seam cells

I mutants, Cbr-pry-1(sy5353) [24], revealed similar gaps in  In C. elegans, seam cells divide asymmetrically at each
alae as well as defective seam cell morphologies (Fig. 2d-f).  larval stage to produce two daughter cells, one of which
Given these hypodermis-associated phenotypes, we investi-  fuses with the hypodermal syncytium, while the other re-
gated the role of pry-1 in seam cell development. tains the seam cell fate (Fig. 1). The L2 stage is unique
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because it also includes a symmetric division that causes an
increase in the number of seam cells (Fig. 1). We found that
the pry-1(mu38) mutants have an average of approximately
five extra seam cells (Fig. 2g, h), consistent with a previously
report [19]. A similar phenotype was also observed in pry-
1(gk3682), a new CRISPR/Cas9-induced mutant strain (pro-
vided by Don Moerman’s lab) (Fig. 2g, h; Additional file 1:
Figure S1). A stage-specific analysis conducted using scm::
GFP and ajm-1:GFP markers [26] revealed a higher num-
ber of seam cells in pry-I mutants by the end of the L2
stage, likely due to an increase in symmetric cell divisions
(Fig. 2h, i). Together, these findings suggest that pry-1 ap-
pears to play a role in L2-specific seam cell division.

Heterochronic miRNA expression is altered in pry-1
mutants

As described above, seam cell asymmetry is mediated by two
interacting pathways. While heterochronic genes, such as
members of the /in-4 and let-7 miRNA families, control cell
division, the WNT asymmetry pathway plays a role in the
specification of anterior/posterior daughter cell fates. To
evaluate the involvement of miRNAs in pry-I-mediated
seam cell development, we performed RNA-Seq experiment
in L1-stage animals. The results revealed six DE miRNAs in
the pry-1(mu38) mutants. Additionally, 61 novel miRNAs
were recovered in the C. elegans reference sample (N2) (see
Methods and Additional files 2-4: Table S1, S2, S3) that serve
as a resource to further investigate the miRNA biology in
worms.

Of the six DE miRNAs, five (lin-4, miR-48, miR-84,
miR-237, and miR-241) were upregulated and one (miR-
246) was downregulated (Fig. 3a, b). Notably, all of these
except miR-246 are known to be involved in both het-
erochronic development and a range of other processes
[8, 9, 27, 28], a fact that was further supported by our
tissue-enrichment analysis (Additional file 5: Figure S2).
We next performed quantitative real-time PCR (qRT-
PCR) validations which revealed similar, if comparatively
lower (3-22-fold versus 2—12-fold in RNA-Seq and qRT-
PCR, respectively), DE trends (Fig. 3B, C). Moreover, the
C. briggsae orthologs of DE miRNAs were found to be
likewise altered in Cbr-pry-1(sy5353) animals (Fig. 3d).

To elucidate whether pry-I-mediated miRNA regula-
tion is stage-specific, we examined miRNA transcript
levels by qRT-PCR in adult nematodes. While the ex-
pression of miRNAs was either unchanged or down-
regulated in pry-1(mu38) (Additional file 6: Figure S3A),
the pattern was different in Cbr-pry-1(sy5353) animals,
i.e, three miRNA orthologs were up, two were down,
and one was unchanged (Additional file 6: Figure S3B).
We also used the existing C. elegans miRNA::GFP trans-
genic strains [29] to determine changes in miRNA ex-
pression in pry-I1(mu38) animals and confirmed the
qRT-PCR results (Additional file 7: Figure S4). Overall,
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the dissimilar expression trends of the analyzed miRNAs
in adults from L1-stage nematodes suggests that the pry-
1-miRNA network is likely temporally regulated.

miR-246, which a previous study showed to be in-
volved in aging, oxidative stress, and thermo-sensation
[30, 31], was the only miRNA to be downregulated in
the pry-1(mu38) nematodes. Although no role in hetero-
chronic development has yet been reported for miR-246,
we herein demonstrate that miR-246(n4636) adults ex-
hibit alae defects (Fig. 3e). Conversely, scm:GFP and
ajm-1:GFP reporter-based expression analyses of the
miR-246(n4636) adults did not reveal any significant
change to the seam cells (Fig. 3f). This finding was sup-
ported by the results of the tissue-enrichment analysis
(Additional file 5: Fig. S2). Interestingly, a hypodermal
cell marker, dpy-7::HI1-wcherry, revealed that the number
of hypodermal cells was reduced in the mutant com-
pared to control worms (45.1 + 1.7, n =20 and 51.9 + 1.6,
n = 20, respectively; also see Additional file 8: Figure S5).
Further study is needed to determine the exact fate of
these hypodermal cells in miR-246 mutants.

Many predicted gene targets of the mis-regulated
heterochronic miRNAs are differentially expressed in the
pry-1(mu38) mRNA transcriptome

miRNAs mediate the degradation or translational inhibition
of their target mRNAs via binding between their seed se-
quence and an miRNA response element (MRE) in the 3’
untranslated region of their target. Therefore, we searched
for miRNA targets using TargetScan online program (http://
www.targetscan.org/vert_72/), and resultantly identified 453
unique targets. The gene ontology (GO) analysis revealed
that these predicted miRNA targets were predominantly as-
sociated with processes such as the regulation of hetero-
chrony (29-fold enrichment), the positive regulation of
nematode larval development (8-fold enrichment), the molt-
ing cycle (5-fold enrichment), and collagen and cuticulin-
based cuticle development (7-fold enrichment) (Fig. 4a).

A comparison of the predicted miRNA target genes with
our recently published pry-1(mu38) mRNA transcriptome
[25] revealed a significant overlap (111 genes, Representa-
tion factor: 1.6, hyp.geo p < 7.862 e-08) (Fig. 4b). Further-
more, a tissue-enrichment analysis showed that this
subset of overlapping genes is frequently associated with
the hypodermal syncytium (i.e. the third-most enriched
subset) (Fig. 4c). Together, these findings suggest that
PRY-1 is likely necessary for normal miRNA expression
during seam cell development.

Knockdowns of WNT asymmetric pathway components
affect both the pry-1(mu38) phenotype and miRNA
expression

We induced RNAi-mediated silencing to examine interactions
between pry-1 and WNT asymmetry pathway components
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during seam cell development. The fates of seam cell
daughters are specified by the nuclear levels of POP-1
that are high in the anterior cell (hypodermal fate)
and low in the posterior cell (seam cell fate) [19, 32]
(Fig. 5a). The results of our experiments revealed that
knockdowns of wrm-1 or lit-1 suppresses the pry-
1(mu38) seam cell phenotype (Fig. 5b), likely because
PRY-1 promotes asymmetric division by negatively
regulating both of these factors in anterior daughter cells
(Fig. 5a). This is consistent with PRY-1 being localized to
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the anterior cortex of dividing seam cells [23]. A similar
genetic interaction between pry-1, wrm-1, and lit-1 was
previously reported to occur during the asymmetric div-
ision of embryonic EMS cells [33].

In contrast to wrm-1 and lit-1, pop-1 RNAi exacer-
bated the pry-1(mu38) phenotype, resulting in a signifi-
cant increase in the number of seam cells (35.9 + 10.8 in
pry-1(mu38); pop-1(RNAi), compared to 20.8+2.1 in
pry-1(mu38), and 23.5 + 5.7 in pop-1(RNAi)) (Fig. 5b, c).
We also examined nuclear POP-1 asymmetry following
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RNAi knockdown of pry-1 and found that it was dis-
rupted (Fig. 5d). These results agree with nuclear POP-1
levels being differentially regulated by WRM-1 and LIT-
1 to be higher in the anterior, and lower in the posterior
daughter cell [19, 32] (Fig. 5a) Together, our findings
support that pop-1 likely limits the number of seam cells
that are produced by promoting the asymmetric division
of their precursors. Since the asymmetric localization of
WRM-1, LIT-1, and POP-1 are known to mediate fate
specification in presumptive seam cells, our results sug-
gest that PRY-1 likely facilitates the maintenance of
these asymmetric expression patterns.

Given that the nuclear POP-1 and SYS-1 ratio deter-
mines the fate of daughter cells and SYS-1 localization is
disrupted in animals lacking PRY-1 function [34], we
also examined the effect of sys-1 knockdown. The results
of this analysis showed no effect on seam cell division in
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pry-1(mu38) animals (Fig. 5b). We likewise knocked
down another B-Catenin family member, bar-1, in the
mutant strain and found that doing so did not alter the
number of seam cells (Fig. 5b). Overall, the data support
the possibility that B-Catenin family members are func-
tionally redundant during seam cell division, consistent
with previous studies [19], although do not exclude the
possibility that PRY-1 role in seam cells is independent
of BAR-1 and SYS-1.

To examine whether WRM-1, LIT-1, and POP-1
asymmetries affect miRNA expression during seam cell
division, we next quantified miRNA levels in animals in
which POP-1 function was compromised. As in pry-
1(mu38) mutants, the expression levels of lin-4, miR-48,
miR-84, miR-237, and miR-241, were found to be signifi-
cantly upregulated in both pop-1(hu9) and pop-1(RNAi)
worms; however, no change to miR-246 expression was
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mediated expression of miRNAs and seam cell

observed (Fig. 5e, f). Furthermore, the bioinformatic
analysis revealed multiple TCF/LEF consensus binding
sites (SCTTTGATS; S =G/C) [35, 36] in the 5 regula-
tory region of each of these miRNAs, except for miR-
246 where a single site is found near the transcriptional
start site (See Methods, Additional file 9: Figure S6),
suggesting that their transcription may be inhibited by
POP-1. Together, these data allow us to conclude that
miRNAs act downstream of POP-1, which agrees with a
previous model [18], and also suggest that PRY-1 may
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interact with WRM-1, LIT-1, and POP-1 to negatively
regulate the expression of heterochronic miRNAs during
seam cell development.

HBL-1 and LIN-28 act genetically downstream of PRY-1

and POP-1 signaling during asymmetric seam cell division
To further examine the role of pry-I in miRNA-
mediated heterochronic development, we focused on
three known miRNA targets, hbl-1, lin-14, and lin-28.
Previous studies have shown that /in-14 and lin-28 are



Doctor of Philosophy— Avijit MALLICK; McMaster University— Biology

Mallick et al. BMC Developmental Biology (2019) 1917

targeted by lin-4 [3, 5, 37, 38], whereas hbl-1 and lin-28
are targeted by another /in-4 family member miR-237 (8,
39, 40] as well as let-7 family members miR-48, miR-84,
and miR-241 (9, 17].

The qRT-PCR analysis showed that while /in-14 expres-
sion levels were unchanged, /1bl-1 and lin-28 were signifi-
cantly downregulated in Ll-stage pry-I1(mu38) animals
(Fig. 6a). Together with results described in previous sec-
tions, this observation allows us to propose that pry-I
may function upstream of miRNAs to promote expression
of hbl-1 and [in-28. To further examine the regulatory
network of pry-1, RNAi was carried out. The results re-
vealed that while /in-14 and hbl-1 RNAi had no marked
impact on seam cells, /in-28 RNAI caused a significant re-
duction in the seam cell number in both pry-1(mu38) and
control animals (Fig. 6b).

Discussion

In this paper we describe a genetic pathway of PRY-1/
Axin signaling in seam cell development. Using a com-
bination of mutant analysis and reporter gene expression
we show that PRY-1 is involved in L2-specific seam cell
division. To identify the genes regulated by pry-1, we
performed whole genome miRNA profiling at the late-
L1 stage. The results revealed six DE miRNAs in pry-1
mutants. Five of these, belonging to /in-4 and let-7 fam-
ilies (lin-4, miR-48, miR-84, miR-237, and miR-241),
were upregulated whereas miR-246 was the only miRNA
that was downregulated. A similar trend was also observed
in C. briggsae pry-1 mutants suggesting that pry-1 plays a
conserved role in miRNA regulation in Caenorhabditis
nematodes.

Three of the overexpressed miRNAs in pry-I mutants,
namely miR-48, miR-84, and miR-241 (let-7 family mem-
bers), are known to redundantly control the L2-L3
larval-stage transition [9]. While C. elegans nematodes
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carrying a mutation in any one of these three miRNAs
have been shown to exhibit a normal phenotype, miR-
48/miR-84 double mutants display retarded molting and
a higher number of seam cells as a result of reiterated
symmetric divisions during the L2 stage [9]. This seam
cell phenotype is further exacerbated in miR-48/miR-84/
miR-241 triple mutants [9], while conversely, miR-48-
overexpression mutants were shown to exhibit a reduced
number of seam cells due to ‘skipping’ of L2-specific
symmetric divisions [41]. The other two miRNAs upreg-
ulated in the pry-1(mu38) mutants are lin-4 and miR-
237 (lin-4 family members [42]). A previous study
showed that, although a miR-237-knock-out mutant
does not directly incur a heterochronic defect, it en-
hances the seam cell phenotype exhibited by lin-4(e912);
lin-14(n179ts) double mutant animals [8].

Unlike /in-4 and let-7 family of DE miRNAs, miR-246
is not known to play a role in heterochronic develop-
ment although it is involved in other processes [30, 31].
Consistent with previous studies, our analysis of miR-
246 mutants did not reveal any changes in the number
of seam cells. Thus, pry-1-mediated miR-246 regulation
may participate in other biological events.

The fact that all but one DE miRNAs in pry-I mutants
are involved in heterochronic pathway suggests an im-
portant role of pry-1 in this developmental process. This
was further strengthened by our data showing a high en-
richment for miRNA predicted target genes associated
with GO-term processes such as regulation of hetero-
chrony. Moreover, we observed a significant overlap be-
tween DE miRNA predicted targets and pry-1(mu38)
mRNA transcriptome [25] that included many genes
expressed in hypodermal syncytium.

To understand the regulation of miRNAs by pry-1 we
studied the involvement of WNT asymmetry pathway
components using an RNAi approach. It was shown
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earlier that in the absence of PRY-1, localizations of
WRM-1, LIT-1, and SYS-1 are disrupted [23, 34]. As ex-
pected, the examination of seam cell phenotypes in pry-
1(mu38) animals following RNAi knockdowns of these
genes revealed that wrm-1 and lit-1 are necessary for
pry-1 function. Thus, PRY-1 may affect seam cell num-
ber by localizing in the anterior cortex of dividing seam
cells [23] and thereby lowering WRM-1 and LIT-1-
mediated nuclear POP-1 levels in anterior daughters.
This plausible explanation is supported by our finding
that POP-1 asymmetry is affected in animals with re-
duced PRY-1 function. To test this further, we examined
miRNA expression in pop-I1(hu9) and pop-1(RNAi)
worms. As expected, all five (lin-4, miR-48, miR-84, miR-
237, and miR-241) were found to be overexpressed.
Moreover, multiple TCF/LEF binding sites were detected
in the 5 regulatory regions of miRNAs. Together, these
findings raise the possibility of POP-1 acting as a tran-
scriptional regulator of miRNAs.

We thus propose a model summarizing our findings
(Fig. 7), in which PRY-1 acts upstream of WRM-1, LIT-
1, POP-1, and DE miRNAs (except miR-246). Since the
miRNAs regulate the expression of protein-coding genes
during heterochronic development, we tested three of
their known targets hbl-1, lin-14, and lin-28. The results
of our experiments suggested that sbl-1 and lin-28 act
downstream of pry-1; however, only lin-28 appears to
function in pry-I-mediated asymmetric cell division. The

PRY-1

WRM-1/LIT-1

iR-48/84/241
k% :|—| hbl-1

Stage specific
seam cell fate

miR-237

lin-4 lin-28

Fig. 7 A model summarizing genetic interactions between PRY-1,
WNT asymmetric pathway components (WRM-1, LIT-1, and POP-1),
heterochronic miRNAs, and the targets of heterochronic miRNAs
during L2 stage seam cell development. Our data supports the Ren
and Zhang model [18] and places the WNT asymmetric pathway
upstream of miRNAs
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above genetic interactions are consistent with earlier
findings where /in-28 was shown to act downstream of
the WNT asymmetry pathway components and included
in a network consisting of lin-4 and let-7-family of miR-
NAs and their targets during seam cell development [17,
18]. Our model is unique in that it places PRY-1 up-
stream of WRM-1, LIT-1, and POP-1-mediated miRNA
transcriptional network.

Conclusions

Overall, the data presented in this paper demonstrate the
important role of PRY-1/Axin in the regulation of miR-
NAs and their heterochronic gene targets in a pathway
that involves WNT asymmetry pathway components
WRM-1, LIT-1, and POP-1 during seam cell development.
Furthermore, since seam cell defects are also exhibited by
C. briggsae pry-1 mutants, and that Cbr-pry-1 is necessary
for the normal expression of these miRNA orthologs, our
work has revealed that the role of pry-1 in seam cell devel-
opment is conserved amongst nematodes.

Methods

Strains, culture condition, and RNAIi

Nematodes were grown on standard NG-agar culture plates
seeded with E. coli bacteria (OP50) [43]. Cultures were
maintained at 20 °C. Strains used in the study are listed in a
supplementary table (Additional file 10: Table S4). RNAi-
mediated gene silencing was performed using a protocol
previously published by our laboratory [24].

Microscopy

Nematodes were mounted on a glass slide containing 2%
agarose and 0.02 M NaNj and observed using an Axiovi-
sion Zeiss microscope. Seam cell nuclei were counted,
and adult lateral alae were scored using Nomarski differ-
ential interference contrast and epifluorescence optics.
Images were acquired using NIS Element software
(Nikon, USA) with a Hamamastu Camera that was
mounted on a Nikon 80i upright microscope.

Analysis of seam cell division

The fates of daughter seam cells were determined in C.
elegans using scm::GFP and ajm-1::GFP markers, and in C.
briggsae using the seam cell adherens-junction marker,
Cel-dlg-1::GFP. After 8 h of feeding, nematodes expressing
GEFP that had completed the first larval seam cell division,
and that had 10 seam cells per side, were chosen for ana-
lysis. Seam cell divisions were monitored at approximately
6 h intervals until the late L4 stage, when divisions ceased.

Cuticle integrity assay

A solution containing 1% hypochlorite and 0.25M
NaOH was prepared as previously reported [44], and ali-
quoted (500 pul) into a 48-well plate. Individual gravid
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adult worms were transferred to each well, and the plate
was agitated at 30 s intervals. The time to the first major
cuticle break was recorded by direct observation using a
dissecting stereoscope (SMZ 645; Nikon Corporation,
Japan).

Molecular biology and bioinformatics

For qRT-PCR experiments, synchronous cultures were
prepared by bleaching gravid hermaphrodites as de-
scribed previously [45] except that eggs were allowed to
hatch on the NG-agar plates. The bleaching process was
repeated. The eggs were finally transferred onto plates
and grown till the desired stage. Because pry-I mutants
grow slower than controls, RNA was extracted from
age-matched animals. The L1 larvae were grown till 16 h
(N2/AF16) and 18h (pry-1 mutants) whereas adults
were incubated for 52 h (N2/AF16) and 58 h (pry-1I mu-
tant). Total RNA was extracted from animals using the
trizol reagent (Catalog Number T9424, Sigma-Aldrich,
Canada), according to the manufacturer’s instructions.
cDNAs for protein-encoding genes and miRNAs were
synthesized using oligo-dT and specific stem-loop
primers, respectively (Additional file 11: Table S5), and
by using the qScript cDNA synthesis kit (Catalog Num-
ber 95047-025, Quantabio, Canada) according to manu-
facturer’s instructions.

qRT-PCR was performed (in triplicate) in the Bio-Rad cy-
cler CFX 96 using appropriate primers (Additional file 11:
Table S5), and SensiFAST SYBR Green Kit (Catalog
Number BIO-98005, BIOLINE, USA), according to the
manufacturer’s instructions. The expression levels of miR-
NAs and protein-coding genes were normalized to those of
miR-2 and pmp-3, respectively. Ct and p values were calcu-
lated using CFX manager software (Bio-Rad, Canada).

A lin-28 RNAi plasmid was constructed by inserting
2949bp of the lin-28 coding sequence into the L4440
vector. A DNA fragment was obtained via PCR using
the listed primers (Additional file 11: Table S5), under
the specified PCR conditions.

To identify TCF/LEF family binding sites in the 5" up-
stream genomic region of the miRNAs, Matlnspector
software (https://www.genomatix.de/) was used with de-
fault settings.

RNA-Seq experiment

The steps for miRNA RNA-Seq in pry-1(mu38) mutants
were similar to mRNA RNA-Seq that we reported earlier
[25]. The pry-1 miRNA transcriptome profile can be
found in the GEO archive with accession number
GSE130039. Synchronized L1 worms were harvested by
two successive bleaching to obtain a homogenous popu-
lation and total RNA was isolated. Small RNA sequen-
cing libraries were prepared, and samples were analysed
using the Genome Analyzer IIx platform (Illumina Inc.,
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USA) at the McGill University Genome Quebec sequen-
cing facility.

A total of 36,656,022 reads of small RNAs (15-25 nt)
were generated from the four samples of C. elegans ex-
amined, of which 10,453,527 sequences aligned perfectly
to the C. elegans genome. Overall, we detected perfect
matches to the precursor forms of 161 out of the 250
miRNAs annotated in miRBase (http://www.mirbase.
org) WBcel235 for C. elegans. DE analysis of the known
miRNAs led to identification of eight miRNAs that were
altered in pry-1 mutants, of which two (miR-353 and
miR-2208a) were excluded due to false predictions
(Additional file 2: Table S1).

Although previous studies have reported miRNAs in
the C. elegans genome (e.g., see [42, 46], due to in-
creased depth of our sequencing data we expected to
uncover additional new candidates. After eliminating
rRNA, tRNA, and ncRNA reads, the remaining unanno-
tated reads were processed for novel miRNA discovery,
as discussed below. We focused on the 30,300 non-
redundant un-annotated reads that aligned to the C. ele-
gans genome in control N2 and pry-1(mu38) animals.
To discover novel miRNAs, the miRNA discovery pack-
age miRDeep2 (https://www.mdc-berlin.de/n-rajewsky#t-
data,software&resources) was used. The analysis
predicted a total of 243 miRNAs using read count cut-
off of 5-fold (or 187 with cut-off of 10-fold) (Additional
file 3: Table S2). We then used an additional criterion to
further examine these candidates, i.e., a higher miRDeep
Score (> 10). This led to the identification of 64 novel
miRNAs at the 5-fold read count cut-off (or 61 when
the read count was set at 10-fold) (Additional file 3-4:
Table S2, S3). The authenticity of these novel miRNAs
was tested by RNAfold, which confirmed that these pro-
duce miRNA stem loop structure [47].

Statistical analyses

Statistics were performed by two-tailed student’s ¢ test
after testing for equal distribution of the data and equal
variances within the data set. The p values of 0.05 and less
were considered statistically significant. The data are pre-
sented as either mean + standard deviation of the mean
(STD) or mean + standard error of mean (SEM). Graphs
were prepared using Microsoft Excel. Hypergeometric
probability related tests were done using an online pro-
gram (http://nemates.org/MA/progs/overlap_stats.html).

Additional files

Additional file 1: Figure S1. C. elegans pry-1 open reading frame

showing the region affected by gk3682 mutation. The exons and introns
are indicated by boxes and lines, respectively. The translational start and
stop sites are marked. The sequence deleted in gk3682 allele (738 bp) is
shown by a rectangle. As part of the CRISPR editing process, the excised
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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: | 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. | and Bhagwati Gupta created all the Figures and illustrations. Bhagwati
Gupta conceived and supervised the project. Ayush Ranawade, | and Bhagwati Gupta
wrote the manuscript. It was finally revised with addressed reviewers concerns by me

and Bhagwati Gupta.
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Abstract

The nematode Caenorhabditis elegans constitutes a leading animal model to study how sig-
naling pathway components function in conserved biological processes. Here, we describe
the role of an Axin family member, PRY-1, in lipid metabolism. Axins are scaffolding proteins
that play crucial roles in signal transduction pathways by physically interacting with multiple
factors and coordinating the assembly of protein complexes. Genome-wide transcriptome
profiling of a pry-1 mutant revealed differentially regulated genes that are associated with
lipid metabolism such as vitellogenins (yolk lipoproteins), fatty acid desaturases, lipases,
and fatty acid transporters. Consistent with these categorizations, we found that pry-1 is cru-
cial for the maintenance of lipid levels. Knockdowns of vitgenes in a pry-1 mutant back-
ground restored lipid levels, suggesting that vitellogenins contribute to PRY-1 function in
lipid metabolic processes. Additionally, lowered expression of desaturases and lipidomic
analysis provided evidence that fatty acid synthesis is reduced in pry-1 mutants. Accord-
ingly, an exogenous supply of oleic acid restored depleted lipids in somatic tissues of
worms. Overall, our findings demonstrate that PRY-1/Axin signaling is essential for lipid
metabolism and involves the regulation of yolk proteins.

Introduction

Axin was identified initially as a negative regulator of the WNT-signaling pathway [1]. Subse-
quently, Axin family members were shown to also be essential in numerous developmental
events including embryogenesis, axis formation, cell differentiation, and tissue homeostasis
[2-5]. As a scaffolding protein Axin plays a key role in the regulation of canonical WNT path-
way function. It contains multiple domains that facilitate homodimerization and interactions
with the destruction-complex proteins Dishevelled, APC, and GSK-3p [4, 6]. In turn, the
destruction complex initiates the phosphorylation and consequent proteolysis of the transcrip-
tional regulator B-Catenin, which promotes expression of WNT target genes [4, 6]. Constitu-
tive activation of B-Catenin, consequent to the loss of destruction-complex function, is often
associated with cancers and various other disorders affecting the lungs, heart, muscles, and
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bones [4]. Thus, Axin function is crucial toward ensuring precise regulation of B-Catenin-
mediated WNT signaling. In addition to WNT pathway components, Axin homologs also
interact with various other factors such as Smad3, MEKK4, and LKBI to affect diverse pro-
cesses, for example cell proliferation, metabolic homeostasis, and tissue aging [7-10]. How-
ever, the mechanism of Axin function in these processes is not fully understood.

In Caenorhabditis elegans, PRY-1 is a member of the Axin family that is involved in multi-
ple events such as cell fate specification, neuronal differentiation, and tissue formation [11-
13]. Molecular genetic experiments have shown that PRY-1 interacts with APR-1/APC and
GSK-3/GSK-3 to regulate BAR-1/B-Catenin-mediated gene transcription [14]. The pheno-
types of pry-1 mutants are consistent with overactivation of WNT signaling, such as Q cell
migration and vulval induction [13, 14]. Our group has been investigating pry-1 role in devel-
opmental as well as post-developmental processes. To identify genes that interact with pry-1,
we performed a genome-wide transcriptome profiling experiment. Among the genes that were
differentially expressed many were found to be associated with lipid metabolism. Consistent
with this, pry-1 mutant animals showed reduced lipid level. We examined a subset of differen-
tially regulated genes, specifically yolk lipoproteins vitellogenins (VITs), which are important
for lipid distribution [15], in mediating pry-1 function. Knockdowns of vit genes by RNA
interference (RNAI) rescued lipid defects in pry-1 mutants. We also found that the expression
of three conserved stearoyl-CoA-desaturases, fat-5, fat-6, and fat-7, which are involved in the
synthesis of monounsaturated fatty acids such as oleic acid (OA) [16-18], was reduced in pry-1
mutants. In support of this, supplementing the bacterial diet of mutant animals with OA par-
tially rescued the lipid phenotype. These results provide evidence for the important role of
PRY-1 in lipid metabolism through the regulation of vitellogenesis.

Materials and methods
Strains

Worms were grown on standard Nematode Growth Medium (NGM) agar plates using proce-
dure described previously [19]. Cultures were maintained at 20 *C unless mentioned other-
wise. The mu38 allele of pry-1 was obtained from CGC. All strains were outcrossed at least
three times before doing the experiments.

The genotypes of the strains used in this study are: N2 (wild-type), DY220 pry-1(mu38) I,
DY656 pry-1(mu38) I; ldrls2[mdt-28p::mdt-28::mCherry], EW15 bar-1(ga80) X, LIU2 Idrls2
[mdt-28p::mdt-28::mCherry], PS4943 huls[dpy-20;hsp16-2::dNT-bar-1]; syls148[pT00.49 + unc-
119(+)], RB1982 vit-1(0k2616) X, RB2365 vit-2(0k3211) X, RB2202 vit-4(0k2982) X, RB2382
vit-5(0k3239) X, STE68 nhr-49(nr2041) I, STE70 nhr-80(tm1011) III.

Heat shock treatments

For lipid quantification, hsp-16-2:dNT-bar-1 (termed as hs:dNT-bar-1) animals were age syn-
chronized and grown at 20 °C till young adult after which they were heat treated at 38 “C for
30 min or 30 °C for 12 hours. Subsequently, the animals were incubated at 20 °C for one hour
before carrying out lipid staining. For qPCR analysis, hs:dNT-bar-1 eggs were incubated for
16 hours. The hatched L1 animals were heat treated at 38 “C for 30 min. They were then
allowed to recover for 90 min at 20 “C prior to extraction of RNA.

Molecular Biology

For qRT-PCR experiments mRNA was extracted from bleach synchronized worms by Tri-
reagent (Catalog Number T9424, Sigma-Aldrich Canada) according to the manufacturer’s
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instructions. cDNA was synthesized from total RNA using oligo (dT) primers and other
reagents in the ProtoScript First Strand cDNA Synthesis Kit (Catalog Number E6300S, NEB,
Canada). Quantitative real-time PCR (qQRT-PCR) analysis was performed on a CFX 96 BioRad
cycler in triplicate with SensiFAST SYBR Green Kit (Catalog Number BIO-98005, USA),
according to manufacturer’s instructions. pmp-3 was used as a reference gene in all assays.
CFX manager was used for the Ct and p-value calculations. The primers used in this study are
listed in S1 Table.

RNAi

For RNAi experiments, Escherichia coli HT115 expressing target specific dSRNA were grown
on plates containing B-lactose [20]. Worms were age synchronized by bleach treatment and
seeded onto plates. After becoming young adults, worms were transferred to fresh plates every
other day and the numbers of dead worms were recorded. For adult specific RNAi, synchro-
nized worms were cultivated on NGM/OP50 plates until the young adult stage and then trans-
ferred to the RNAi plates.

Lipid analysis by Oil Red O staining and fluorescence measurements

Oil Red O (Sigma-Aldrich, Canada, Catalog number 00625-25G) staining was performed as
previously reported [21]. Briefly, worms were collected from NGM plates, washed with 1x
phosphate-buffered saline (PBS) buffer (pH 7.4), and re-suspended in 60 pl of 1x PBS, 120 pl
of 2x MRWB buffer (160 mM KCl, 40 mM NaCl, 14 mM Na,-EGTA, 1 mM spermidine-HCl,
0.4 mM spermine, 30 mM Na-PIPES [Na-piperazine-N, N'-bis (2-ethanesulfonic acid); pH
7.4], 0.2% B-mercaptoethanol), and 60 pl of 4% paraformaldehyde. The worms were then
freeze-thawed three times and washed twice with 1x PBS. They were then incubated at room
temperature in 60% isopropyl alcohol for 10 minutes for dehydration and stained with freshly
prepared Oil Red O solution for at least 48 hours on a shaker. For direct and consistent com-
parison, all Oil Red O images from the same experiment were acquired under identical settings
and exposure times. Animals were mounted and imaged using Q-imaging software and a
Micropublisher 3.3 RTV color camera outfitted with DIC optics on a Nikon 80i microscope.
NIH Image] software (https://imagej.nih.gov/ij/) was used to quantify Oil Red O intensities as
described previously [21]. A total of 15 to 30 worms were randomly selected from each cate-
gory in at least two separate batches.

For lipid quantification using fluorescent mCherry marker, animals were paralyzed in 10
mM Sodium Azide and mounted on glass slide carrying 2% agar pads. Images were acquired
using NIS Element software (Nikon, USA) and a Hamamatsu Camera attached to a Nikon
Eclipse 80i upright Nomarski microscope. At least two batches of animals, each containing 20
or more, were examined. All images were acquired under fixed software settings. Quantifica-
tion of pixel densities was performed using Image J.

Brood assay

Worms were bleach synchronized and allowed to grow to L4 stage for determining the pro-
gression of egg-laying and the brood size. Individual worms were picked onto a separate NGM
plate with E. coli OP50 bacteria and allowed to grow for several days. Worms were transferred
routinely to freshly seeded NGM plates and progeny were counted every 24 hours. Data from
escaping or dying mothers were omitted from the analyses [22].
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Oleic acid supplementation assay

To make Oleic acid (OA) supplemented NGM agar plates, a 0.1 M water-based stock solution
of OA sodium salt (NuCheck Prep, USA, Catalog number U-46-A) was prepared and stored
at -20 "C in the dark. The OA solution was added continuously to the NGM and promptly
poured into the plates. The plates were covered with aluminum foil and kept at room tempera-
ture overnight to dry. The E. coli OP50 strain was seeded onto each plate and allowed to fur-
ther dry for one to two days in the dark. Oil Red O staining was performed as described above
[23].

Lipase assay

Lipase activity was estimated using commercially available QuantiChrom Lipase Assay Kit
(BioAssay Systems, USA, Catalog number DLPS-100) and processed according to the manu-
facturer’s instructions. 1 unit of Lipase catalyzes the cleavage of 1 umol substrate per minute.
Three independent samples of one-day-adult worms were prepared by homogenizing in a
solution (20% glycerol, 0.1 M KCl, 20 mM HEPES pH 7.6). Measurements were done as
described earlier [24].

L1 survival assay

Worms were bleach synchronized and kept in a 1.5 ml centrifuge tube. The progeny were
seeded onto NGM plates approximately 24 hours later and transferred regularly for 12 days.
Worms were grown to young adult stage before counting the survivors. The data was statisti-
cally compared using an analysis of covariance (ANCOVA) model.

RNA-Seq and data analysis

pry-1 targets were examined in synchronized L1 stage animals. At this stage WNT ligands,
receptors, and targets are highly expressed as revealed by microarray studies from SPELL data-
base [25, 26] (SIA-S1D Fig). Also, our QRT-PCR experiments showed significant upregulation
of three of the WNT targets, lin-39, egl-5 and mab-5, in pry-1 mutants at L1 stage (S1D Fig).
The pry-1 transcriptome profile can be found in the GEO archive with accession number
(GSE94412. For RNA-Seq experiments synchronized L1 stage animals were obtained by two
successive bleach treatments and RNA was isolated using Trizol-reagent (Sigma, USA, Catalog
Number T9424) [27]. The quality of total purified RNA was confirmed using bioanalyzer (Agi-
lent 2100 and Nanodrop 1000). cDNA libraries were constructed from 100-200ng mRNA
using an Illumina-specific commercial kit (TruSeq RNA Sample Preparation Kit v2, Set A,
Catalog number RS-122-2001). RNA sequencing was carried out using Illumina Hi-Seq 2000
system at the McGill University Genome Quebec sequencing facility. For each of the N2

and pry-1(mu38) strains two biological replicates were used. For each cDNA library, 100 bp
paired-end reads were obtained. In total, 30 to 38 million reads were obtained for each sample
analyzed for differential gene expression.

The adapters were trimmed using cutadapt/trimgalore, reads with QC values (Phred score)
lower than 30 bases were discarded after trimming [28]. Later, processed sequencing reads
were mapped to the reference genome (ce6) (UCSC 2013) using the software package Bowtie
1.0.0 [29]. 92-95% of total sequenced fragments could be mapped to the genome (S2 Table).
Transcript-level abundance estimation was performed using eXpress 1.5 software package
[30]. Among all genes analyzed, we were able to map 18,867 to known transcripts by at least
one sequencing fragment in C. elegans. To avoid biases between samples, the gene counts were
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quantile normalized [28, 31]. Using a negative binomial distribution model of DESeq package
in R, differentially-expressed genes were called at a false discovery rate (FDR) of 0.05% [32].

GO analysis was carried out with default setting using GoAmigo (http://amigo.geneontology.
org). A GO-term containing at least three genes with a p-value adjusted for multiple compari-
sons and < 0.05 (Benjamini-Hochberg method) was counted significant [33]. Tissue enrich-
ment analysis was performed using Wormbase online TEA tool that employs a tissue ontology
previously developed by WormBase [34].

Gas chromatography mass spectrophotometry (GC-MS)

We modified the fatty Acid analysis protocol from a previously published method [16, 35].
Eppendorf tubes, glass vials or any containers used for the extraction process were sonicated in
dichloromethane (Caledon Laboratories Ltd., Canada, Catalog number 3601-2-40) for 30 min-
utes to eliminate lipid contamination. To determine FA composition, we collected few thou-
sand adult worms from three 6-cm plates and removed residual bacteria by washing the
animals with sterile water. Washed worms were placed into a screw-capped centrifuge tube
and spun at 2,500 RPM for 45 seconds. The residual water was removed using a Pasteur pipette
and worms were transferred to glass vials (Agilent, part number 5182-0714) and accurately
weighed to 50-100 mg. Fatty acids were then extracted from tissues and transmethylated by
adding 1 ml of 2.5% H,SO, (Caledon Laboratories Ltd., Canada, Catalog number 8825-1-05)
diluted in methanol (Caledon Laboratories Ltd., Canada, Catalog number 6701-7-40). We
spiked the samples with 10 pl of a recovery standard (stearic acid 120 ng/ul, Sigma-Aldrich
Canada, Catalog number $4751-1G) and incubated at 80 “C for an hour in a water bath. To
this, a mixture of 0.2 ml of hexane (Caledon Laboratories Ltd., Canada, Catalog number 3201-
7-40) and 1.5 ml of water was added and slowly spun to extract fatty acid methyl esters into the
hexane layer. Agilent 6890 series gas chromatographer equipped with a 30 x 0.25 mm SP-2380
fused silica capillary column (Supelco USA), helium as the carrier gas at 1.4 ml/minute, and a
flame ionization detector was used for fatty acid analysis. Automatic injections of 1 ul samples
in the organic phase were made, without splitting, into the GC inlet set to 250 “C. The thermal
program began at 50 “C for 2 minutes, then increased linearly to 300 “C at a ramping rate of 8
*C/minute and held this temperature for 15 minutes. A constant flow rate of 1 ml/minute
helium carrier gas under electronic pressure control was maintained for the fatty acid compo-
sition determination by TIC method using standard software. For quantitation of fatty acids,
the peaks across all GC-MS runs were aligned using both chromatographic information
(retention times) and mass-spectral data (m/z components) to establish the chemical identity
of peaks being compared. We calculated the relative fatty acid amounts by dividing each peak
area by the sum of areas for all fatty acid peaks appearing on the same chromatogram. For
each fatty acid, the quantities determined by GC-MS were successively normalized in two
ways: 1) to an internal standard naphthalene-d8, 10 ng/ul (1 ng/l in injection sample) added
to each sample prior to sonication and lipid extraction), and 2) to the weight of the samples.

Statistical analysis

The statistics were performed using Microsoft Office Excel 2016. If not specifically mentioned,
p values for the fertility, motility, fat content, L1 survival, and enzyme activities were calculated
using the Student’s t test after testing for equal distribution of the data and equal variances
within the data set. Experiments were performed in triplicates except where stated otherwise.
Differences were considered statistically significant at p < 0.05, thereby indicating a probabil-
ity of error lower than 5%. Hypergeometric probability tests and statistical significance of the
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overlap between two gene sets were done using an online program (http://nemates.org/ MA/
progs/overlap_stats.html).

Results
Identification of PRY-1 targets

To gain insights into the mechanism of pry-1-mediated signaling, a genome-wide transcrip-
tome analysis was carried out to identify the potential downstream targets. The RNA-Seq was
performed in pry-1 mutant animals carrying a nonsense allele, mu38, that causes constitutive
activation of WNT signaling [14]. We identified a total of 2,665 genes (767 upregulated and
1898 downregulated, False Discovery Rate (FDR) p-adj 0.05) that were differentially expressed
in pry-1(mu38) animals during the L1 larval stage (Fig 1A, S3 Table, also see Methods). Of
these, the transcription of 1,331 genes was altered twofold or more (FDR, p-adj 0.05) (248
upregulated and 1083 downregulated) (S3 Table). The average and median fold changes in the
expression were 2.2 and 2.0, respectively. Fig 1A shows a scatter plot of all expressed genes. A
subset of these genes was also tested by quantitative polymerase chain reaction (QPCR), which
revealed an 85% validation rate (Fig 1F).

We next carried out gene ontology (GO) analysis (www.geneontology.org) to investigate
the processes affected in pry-1(mu38) animals. Genes with altered expression were found to
be enriched in GO terms associated with “determination of adult lifespan”, “aging”, “response
to unfolded protein”, “oxidation-reduction process”, “metabolism”, “stress response and cell
signaling”, “steroid hormone mediated signaling”, “lipid metabolic processes”, and “cellular
response to lipids” (Fig 1B; a complete list is provided in S4 Table). This suggests that pry-1
plays a role in stress response, lipid metabolism, and lifespan regulation. We also observed
enrichment in neuron-related GO terms such as “axon”, “synapse”, “synaptic transmission”,
and “neuron development”, which was expected from the requirements of pry-1 in neuronal
development [14]. Other categories included “molting cycle”, “regulation of transcription”,
“DNA-template”, and the “reproductive process”. In addition to these known categories,
the dataset included numerous non-annotated genes (53 Table) whose functions remain
uncharacterized.

Analysis of genes and gene families revealed that several components of Hedgehog (HH)
signaling are downregulated in pry-1(mu38) animals including warthog genes wrt-1 and wrt-9;
groundhog-like genes grl-1, grl-4, grl-5, grl-6, grl-7, grl-13, grl-16, and grl-21; hedgehog-like
genes grd-3, grd-5, grd-12, grd-14, and grd-15; and patched-related genes daf-6, ptr-1, ptr-13,
ptr-16, ptr-19, ptr-2, ptr-20, ptr-21, ptr-22, ptr-23, and ptr-8. This suggests that hh-signaling is
affected by pry-1. Some of these genes were also recovered earlier in bar-1 transcriptome stud-
ies [36-38], discussed further below. The ptc and ptr genes promote molting and the traffick-
ing of proteins, sterols, and lipids [39, 40]. In support of such function, we found molting and
other cuticle-related defects in pry-1 mutants (e.g., rollers, defective alae, and weaker cuticle)
(Mallick et al., manuscript in preparation). These data are consistent with the role of WNT sig-
naling in cuticle development [36].

Alterations in the expression of some of the WNT pathway components were noted as well.
For example, pry-1 was up 1.3 fold (on log2 scale, S3 Table, Fig 1F). Although such upregula-
tion of pry-1 was not reported previously in pry-1 mutants, prior studies have shown that Axin
constitutes a target of WNT signaling and its expression is increased in overactivated WNT
backgrounds [6, 36, 38, 41]. Thus, positive regulation of Axin by the canonical WNT signaling
represents a conserved mechanism in eukaryotes. Other WN'T pathway components that
were differentially expressed in pry-1(mu38) included mom-2/wnt (1.5-fold increase), cfz-2/fz
(1.7-fold decrease), lin-17/fz (1.6-fold increase), and pop-1/tcf (1.7-fold increase) (S3 Table).
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Fig 1. pry-1(mu38) transcriptome analysis. (A) Scatter plots of differentially expressed genes in pry-1(mu38). Red
dots mark significantly altered transcripts with a FDR p-adj of < 0.05, whereas black dots mark transcripts that are not
significantly altered (FDR p-values of > 0.05). (B) Selected GO categories enriched in pry-1(mu38) targets are
identified by GO Amigo, (p-adj < 0.05). (see S4 Table for a detailed list). (C-E) Venn diagrams showing the overlap
between pry-1(mu38), hs:dNT-bar-1, and bar-1(ga80) transcriptional targets. P values are shown in each case. (C)
Overlap between pry-1(mu38) and hs:dNT-bar-1whole animal transcriptome data [36]. (D) Overlap between pry-1
(mu38) and bar-1(ga80) whole animal transcriptome data [37]. (E) Overlap between pry-1(mu38) and hs::dNT-bar-1
vulva and seam cell-specific transcriptome data [38]. (F) qPCR analysis of selected genes in the pry-1(mu38) mutant.
Data represents the mean of at least two replicates and error bar represents the SEM. *p < 0.05, “p < 0.01.

https://doi.org/10.1371/journal.pone.0206540.g001
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A comparison of pry-1 RNA-Seq dataset with three previously reported WNT transcrip-
tome microarray studies involving bar-1(ga80) [37], which is a genetic null, and constitutively
active bar-1 (hs:dNT-bar-1, heat-shock promoter-driven bar-1 carrying a small deletion in the
N-terminus) [13, 36, 38] revealed shared genes and families. Of the two hs:dNT-bar-1 studies,
one was specific to the vulva and seam cells [38] and the other involved whole animal analysis
[36]. A total of 12% [38], 18% [37], and 30% [36] bar-1 set of genes overlapped with our pry-1
set (Fig 1C-1E, S5 Table). These include several hh family members. Altogether, from the
three bar-1 studies mentioned above, 10 hh genes, namely grl-5, grl-10, grl-14, grl-15, hog-1,
grd-1, grd-2, grd-12, wrt-4, and wrt-6 were reported, of which three (grl-5, grl-14, and grd-12)
are present in our pry-1 list. The other shared genes include those involved in cuticle synthesis
(col and cutl families), defense response, embryo development, oxidation-reduction processes,
and proteolysis. We also analyzed shared genes based on their expression trend, i.e., up or
down, using GO terms. The analysis revealed over-representation of categories, namely immu-
nity, stress response, and lipid catabolic processes (56 Table), suggesting that these genes
might act downstream of both PRY-1 and BAR-1.

pry-1 mutants exhibit altered lipid metabolism

Throughout the lifespan of an animal, lipids are persistently mobilized to supply energy
demands for growth, cellular maintenance, tissue repair, and reproduction [42, 43]. Changes
in lipid levels also affect an organism’s ability to survive in stressful conditions [44, 45]. Nota-
bly, many genes that are involved in the synthesis, breakdown, and transport of lipids are dif-
ferentially expressed in pry-1 mutants (S2 Fig). These include vitellogenins (yolk protein/
apolipoprotein-like): vit-1-6; fatty acid transporters: Ibp-1, -2, -4, -5, -7, and -8; lipases: lips-3,
-4,-7,-10, and -17; desaturases: fat-4-6; elongases: elo-3 and -6; and fatty acid oxidation: acdh-
1,-6,-11,-23, acs-2, -11, and -17, cpt-1, -4, and ech-9 (S2 Table). The expression of vit genes
and desaturase was measured by gPCR and all but fat-4 were successfully validated (Fig 1F) as
levels of the latter were decreased by 20%, unlike the 1.5-fold increase observed by RNA-Seq.
We also tested another desaturase, fat-7, which functions redundantly with fat-6 [46] but was
not present in our dataset. The fat-7 mRNA level was significantly reduced (Fig 1F); thus, all
four fat desaturase genes are downregulated in pry-1(mu38) animals.

Enrichment of several lipid metabolism genes in the pry-1 transcriptome led us to examine
lipid accumulation in worms. Staining with Oil Red O revealed that the lipid content was less
than half in pry-1(mu38) one-day-old young adults compared with controls (Fig 2A and 2B).
Examination of total fat at each larval stage revealed that pry-1 mutants had lower somatic
lipid stores (25-80%) at all stages except for L2 (Fig 3A). In addition, the lipid distribution was
altered such that the staining was mostly restricted to gonadal tissue (Fig 2C). These results
suggested that pry-1 plays a role in lipid metabolism. Consistent with this model, we found
that pry-1(mu38) animals laid fewer fertilized eggs and had poor survival upon starvation-
induced L1 diapause (Fig 2E and 2F).

One explanation for the reduced lipid phenotype may be that lipids are being rapidly uti-
lized. However, this is unlikely because several lipases (lips family members) were downregu-
lated. We also measured lipase activity in one-day-old adults from whole worm lysates. As
expected, the total activity was 34% lower in the mutant compared with the N2 control (Fig
2D). Next, we examined lipids in pry-1(mu38) animals following knockdown of lipl-4 or lips-7,
which comprise lipase genes that regulate the gonad-dependent somatic lipid levels [42, 43,
47] but observed no change in the pattern of lipid distribution (Fig 2G and 2H). We concluded
that the lower somatic lipids in animals lacking pry-1 function were not due to increased utili-
zation, raising the possibility of the involvement of other metabolic processes.
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treated animals stained with Oil Red O. (H) Histograms show Oil Red O intensities. Scale bar, 50 um. *p < 0.01, **p < 0.001.

https://doi.org/10.1371/journal.pone.0206540.9002

Vitellogenins contribute to lipid metabolism defects in pry-1 mutants

To understand the molecular basis of low lipid levels in pry-1(mu38) worms we focused on the
vitellogenin family of genes, whose expression is repressed by pry-1. VITs comprise the major
yolk proteins in C. elegans, which are synthesized in the intestine and mediate lipid transport
from the intestine to the gonad during the reproductive period [15]. Examination of vit levels
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https://doi.org/10.1371/journal.pone.0206540.9004

in pry-1(mu38) animals revealed abnormal expression at all developmental stages. Thus, begin-
ning with the L1 stage where all six vit genes were upregulated, the number of overexpressed
genes was five in L2, two in L3, and zero in L4 stage (Fig 4).

We next examined lipid contents in worms using mutants and RNAi knockdowns of spe-
cific vit genes. The results revealed altered lipid distributions in all cases such that lipids accu-
mulated at higher levels in somatic tissues (Figs 3B, 5A and 5B, S3A Fig). A quantification
of overall lipids following vit knockdowns revealed a significantly higher accumulation in
mutants compared to wild-type (2.5-3 fold and 1.3-1.4 fold, respectively, using gfp RNAi
knockdown as a control in each case) (Fig 5A and 5B). A similar observation was made using
the mdt-28p::mCherry reporter (S3B-S3D Fig) that marks lipid droplets [48]. Lipid accumula-
tion following vit knockdown has also been reported in wild-type animals [49]. Sequence com-
parisons indicated that vit-1 RNAi may also target vit-2 owing to significant identity in the
genomic region used to perform KDs (57 Table), which was validated by qPCR (54 Fig). Simi-
larly, any one of the vit-3, 4, or 5 RNAi could simultaneously effect knockdown of the other
two (87 Table). Thus, multiple VITs appear to play roles in the regulation of both the level as
well as the distribution of lipids, and their misregulation contributes to lipid metabolism
defects in pry-1 mutants.

Lipoprotein receptors RME-2 and LRP-2 may not contribute to lipid
defects in pry-1 mutants

To understand how pry-1 and vit genes might function to regulate lipid levels, we examined
the involvement of rme-2 in the pry-1-mediated pathway to regulate lipid accumulation as
VITs are transported via the RME-2 receptor [15]. The knockdown of rme-2 by RNAi led to
intestinal accumulation and ectopic deposition of lipids (Fig 5C and 5D) consequent to block-
age of yolk protein transport to the developing oocytes [15]. Specifically, rme-2(RNAi) animals
showed an approximately 45% increase in total lipid content such that the gonad-to-somatic
ratio was roughly 30% lower compared with that in controls. However, this phenotype was not
observed in pry-1(mu38) owing to a reduction in lipid levels both in somatic and gonadal tis-
sues (Fig 5C and 5D). These results allow us to suggest that VITs act independently of the
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pry-1(mu38) adults stained with Oil Red O following vit RNAi. Areas marked with dotted lines show germline and
eggs. (B) The corresponding Oil Red O quantifications following each treatment. (C) Representative images of N2 and
pry-1(mu38) following rme-2 RNAi knockdown. (D) The histogram shows Oil Red O intensity in N2 and pry-1(mu38).
(E) Representative images of N2 and pry-1(mu38) following Irp-2 RNAi knockdown. (F) The histogram shows Oil Red
O intensity in N2 and pry-1(mu38). Data represents the mean of at least two replicates and error bar represents the
SEM. At least 50 animals were quantified in each batch. *p < 0.01, **p < 0.001.

https:/doi.org/10.1371/journal.pone.0206540.9005

RME-2 transport mechanism to regulate lipid metabolism in response to pry-1 signaling.
Moreover, as lipid levels are further reduced in pry-1(mu38) animals following rme-2 knock-
down, rme-2 may have an unknown non-vitellogenin-mediated role in lipid accumulation.
Other possibilities also exist for such a phenotype.

PLOS ONE | https://doi.org/10.1371/journal.pone.0206540 November 7, 2018 12/22

97



Doctor of Philosophy— Avijit MALLICK; McMaster University— Biology

@PLOS | ONE

PRY-1/Axin role in lipid metabolism

1000

FA levels log(10)

Oleic Acid
1imM O0mM

®MN2 ®pry-1(mu38)

-
hded -
100 *
" i
10 Ii |
o S S oS N
Sl L

We also examined other VIT-interacting factors for their involvement in PRY-1-mediated
regulation of lipids. Our transcriptome dataset contained one LDL-like receptor gene, Irp-2,
which was overexpressed in pry-1 mutants (S3 Table). It was shown previously that Irp-2 posi-
tively regulates yolk protein synthesis [22]. To test whether lipid levels are affected by Irp-2,
RNAi knockdown experiments were performed, which showed a small but significant rescue
of the lipid phenotype in pry-1(mu38) animals (Fig 5E and 5F). However, as Irp-2 knockdown
in wild-type animals also caused an increase in lipids, it is unclear whether PRY-1-mediated
signaling utilizes LRP-2 function to affect lipid levels.

pry-1 mutants show reduced fatty acid levels

The pry-1 transcriptome contains genes predicted to participate in fatty acid desaturation and
elongation (5), binding/transport (6), and B-oxidation pathway (16) (S2 Fig). The A9-desatur-
ase enzymes are required to produce C16:1 and C18:1 monounsaturated fatty acids (52 Fig).
Whereas fat-5 converts palmitic acid (C16:0) to palmitoleic acid (C16:1n7), fat-6 and fat-7

are involved in stearic acid (C18:0) to OA (C18:1n9) conversion [17]. The downregulation of
A9-desaturases, observed in pry-1(mu38) animals, may lead to reduced fatty acid synthesis. To
investigate this, we quantified lipids using a gas chromatography-mass spectrometry (GC-MS)
approach. The results showed that whereas the relative ratios of fatty acids in pry-1 mutants
were normal, the absolute level of each species was significantly reduced (Fig 6A, S5 Fig). The
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Fig 6. GC-MS analysis of fatty acids in pry-1 mutants and partial rescue of lipid defects following OA treatments. (A) Total FA levels of
selected fatty acid species expressed in log,, value as determined by GC-MS analysis. The pry-1 mutants have low levels of FA. Error bars
represent the standard deviation. Significant differences between wild type and pry-1 mutant are marked with stars, * p < 0.03,** p < 0.015. (B)
Lipid staining of N2 and pry-1(mu38) adults supplemented with 1 mM OA. C) Quantification of total lipid, p < 0.001.

https//doi.org/10.1371/journal.pone.0206540.9006
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result agrees with the overall low lipid levels in pry-1(mu38) animals and together supports the
important role of PRY-1 signaling in lipid metabolism in C. elegans.

Because the expression of fat genes depends on the nuclear hormone receptors nhr-49
and nhr-80 [18, 35], we determined levels of these NHR transcripts in pry-1 mutant animals.
Although RNA-Seq transcriptome data showed no change in either gene, gPCR revealed a
subtle but significant upregulation of nhr-80 whereas nhr-49 was unchanged (56 Fig). Thus,
transcriptional regulation of these two NHRs is unlikely to be a mechanism affecting pry-1-
mediated expression of A9-desaturase genes, although we cannot rule out the possibility that
activities of one or both may be regulated post-transcriptionally in response to PRY-1 func-
tion. To further examine the involvement of nhr genes, two types of RNAi experiments were
carried out. In one of these, pry-1 was knocked down in nhr-49(nr2041) and nhr-80(tm1011)
animals which reduced lipid levels in both mutant backgrounds (S7 Fig). In the other case, nhr
genes were knocked down in pry-1(mu38) animals. While nhr-49 RNAi increased the lipid
level likely due to nhr-49 role in B-oxidation [35], no change was observed following nhr-80
knockdown (S7 Fig). Overall, these results suggest that PRY-1 and the NHRs may act in paral-
lel to regulate lipid levels.

OA (18C:1n9) supplementation partially rescues the somatic depletion of
lipids in pry-1 mutants

OA constitutes one of the fatty acid species that showed 50% reduced levels in our GC-MS
analysis (Fig 6A). OA is required for fatty acid metabolism and is synthesized by C. elegans as
it cannot be obtained through the normal E. coli (OP50) diet. OA acts as a precursor for the
synthesis of polyunsaturated fatty acids and triacylglycerides, which are used for fat storage
[16]. The addition of exogenous OA as a fat source has been shown to rescue several fat-defi-
cient mutants including fat-6 and fat-7 by restoring their fat storage, resulting in improved fer-
tility and increased locomotion [46]. Moreover, the addition of OA in sbp-1, fat-6, and fat-7
animals fully rescued defects in satiety quiescence [17, 18, 50]. We therefore reasoned that sup-
plementation of OA may improve lipid levels in pry-1(mu38) mutants. Treatment with 1 mM
OA resulted in the restoration of lipids in animals lacking pry-1 function (up to 2-fold higher
compared with the untreated control, Fig 68 and 6C). No significant changes were seen in the
gonadal lipid levels, suggesting that lipid metabolism in the gonad was unaffected.

Discussion

PRY-1 is necessary for normal expression of genes involved in lipid
metabolism

To understand the mechanism of PRY-1/Axin function, we performed transcriptome profiling
on a pry-1 mutant. The analysis revealed altered expression of many genes including those
that affect hypodermis, stress-response, aging, and lipid metabolism. The hypodermal-related
genes included collagens, cuticulins, and hedgehogs. Previously, expression of some of the
hedgehog genes was found to be altered in bar-1 mutants [37, 38]. Considering that cuticular
defects are observed in bar-1 36, 38] and pry-1 mutants (Mallick et al., manuscript in prepara-
tion), and that hedgehog family members play roles in cuticle shedding and the formation of
alae [39], these results lead us to suggest that a genetic pathway involving pry-1 and bar-1 may
interact with hedgehogs for normal cuticle development.

One of the key findings of our pry-1(mu38) transcriptome analysis was the enrichment of
genes related to lipid metabolism. In particular, we found that multiple lipogenic and lipolytic
genes exhibited altered expression. For example, all four fatty acid desaturases (A5 and A9
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desaturases) were downregulated in pry-1 mutants. Whereas single fat gene mutants affect
fatty acid composition without altering overall lipid levels, double mutants have low lipid levels
[17, 46], suggesting that pry-1 positively regulates fatty acid synthesis. With regard to lipolytic
genes, such as those involved in B-oxidation, changes in gene expression between peroxisomal
and mitochondrial B-oxidation genes showed an opposite trend (4 of 5 upregulated and 8 of
11 downregulated, respectively). This may indicate selective utilization of long-chain over
short-chain fatty acids by the pry-1 pathway. We also observed that all four lipases (lips family)
were downregulated including lips-7, which was previously shown to be involved in lifespan
extension and the maintenance of lipid levels [47]. Although lips-7 RNAi did not alter the pry-
1(mu38) phenotype, it remains to be seen whether pry-1 affects any of the remaining three lips
gene(s) to modulate lipids.

In addition to lipogenic and lipolytic genes, several lipid transporters are also present in
the pry-1(mu38) transcriptome, including two lipid-binding proteins (Ibp-5 and Ibp-8; both
downregulated), six lipoproteins (vit-1 to -6; all upregulated), and a LDL-like receptor pro-
tein (Irp-2). Knockdown of Ibp-5 and VITs negatively affect lipid storage [51], which further
empbhasizes the important role of pry-1 in the maintenance of lipids and suggests that pry-1-
mediated signaling is involved in the utilization of lipids for energetics as well as signaling
mechanisms.

PRY-1-mediated lipid metabolism involves vitellogenins

Reduced lipids may affect tissue function and physiology in different ways; for example, owing
to altered membrane structure and compartmentalization, altered signaling, reduced energy
demands, and impact on autophagy. The Oil Red O staining of pry-1(mu38) showed a severe
reduction in lipid content with a marked decline in the somatic lipid storage. It is worth men-
tioning that a reduced lipid phenotype was also observed in hs::dNT-bar-1 animals that carry a
constitutively active form of BAR-1 (S8 Fig) [13], suggesting that pry-1 may interact with bar-1
to maintain lipid levels.

To understand the mechanism of pry-1 signaling in lipid regulation, we examined the
possibility of increased lipid breakdown. The results showed that total lipase activity was not
increased in pry-1 mutants. Additionally, knockdowns of lipl-4 (lysosomal lipase) and lips-7
(cytosolic lipase), both of which negatively regulate lipid levels [42, 43], in pry-1(mu38) had no
observable effect. Thus, selective and rapid lipid catabolism does not appear to be a factor in
lipid depletion in the absence of pry-1 function.

We then investigated the role of VIT proteins, which are the distant homologs of human
apolipoprotein B [52], in maintaining lipid levels. As major yolk proteins, VITs are involved in
somatic mobilization of lipids to the developing germline. Moreover, previous studies demon-
strated that reducing VITs in wild-type animals increases both lifespan and lipid accumula-
tion, with overexpression having an opposite effect in long-lived mutants [49, 53]. Both
RNA-Seq and qPCR experiments showed that the expression of all six vit genes was upregu-
lated in pry-1 mutants. We also observed a similar trend in vit expression in hs:dNT-bar-1 ani-
mals (S9 Fig), which together with lipid defects (S8 Fig) support the possibility of bar-1 being
involved in pry-1-mediated vit transcription.

To examine whether PRY-1 signaling utilizes VITs to affect lipid levels, RNAi experiments
were performed. The results showed that knocking down vit genes (vit-1/2 and vit-3/4/5) sup-
pressed low lipid phenotype of pry-1 mutant animals, providing evidence that VITs play an
important role in PRY-1-mediated lipid metabolism. We have also shown that such a role of
VITs may not utilize lipoprotein receptors RME-2 (VIT transporter) or LRP-2 (VIT synthesis).
Overall, these findings along with the role of VITs in regulating lipid levels [49], allow us to
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propose that PRY-1-mediated signaling involves VITs to regulate processes that depend on
energy metabolism and lipid signaling [42, 43].

Although it remains unclear how VITs participate in pry-1 signaling, one possibility may
involve downregulation of the autophagy pathway. Manipulating VIT levels has been shown to
affect the lifespan by altering autophagy [49]. Autophagy is a complex process that involves
multiple enzymes to recycle cellular contents by converting them into usable metabolites.
Despite the pry-1 transcriptome not containing known autophagy-related candidates, the
pathway may still be involved. This could be tested by examining the roles of specific autopha-
gosome genes in lipoprotein synthesis and autophagy, which in turn should reveal a link with
pry-1-mediated lipid metabolism.

A potential role of PRY-1 in fatty acid synthesis

While lipid catabolism appears to be unaffected in pry-1 mutants, the low lipid phenotype may
be caused by reduced fatty acid synthesis. In agreement with this, the expression of three con-
served stearoyl-CoA desaturases, fat-5, fat-6, and fat-7, which are involved in the synthesis of
monounsaturated fatty acids such as OA [16-18] was reduced in pry-1 mutants. Because these
fat desaturases are regulated by nhr-49 and nhr-80, we examined genetic interactions between
pry-1and nhr genes. Our qPCR and RNAi experiments (S6 and S7 Figs) did not reveal a clear
epistatic relationship, suggesting that pry-1 is likely to act in parallel to these two transcription
factors. Besides NHR-49 and NHR-80, the mammalian homolog of SREBP, SBP-1, is another
transcription factor that regulates expression of fat genes [50, 54, 55]. Although our RNA-Seq
dataset did not include sbp-1, we found the sbp-1 transcript levels to be reduced in pry-1
(mu38) animals (S6 Fig), suggesting that pry-1 may interact with sbp-1 to affect expression of
fat genes. However, more experiments are needed to validate this regulatory relationship.

The GC-MS analysis of fatty acid composition revealed that pry-1 is needed to maintain
normal levels of every fatty acid species analyzed. A global reduction in fatty acids may affect
processes that require utilization of lipids such as aging. However, the relationship between
lipid levels and lifespan is not well understood. It is likely that rather than absolute levels, the
quality of lipids may be more important for cellular processes [45]. We investigated this possi-
bility using OA, one of the species involved in fatty acid signaling. Exogenous treatment with
OA restored lipid levels in pry-1 mutants. Thus, pry-1 may play a role in maintaining the levels
of beneficial fatty acids, possibly by affecting their synthesis. However, additional mechanisms
are also likely to be involved, such as reduced conversion of acetyl-CoA to saturated fatty acid
(palmitate), lower synthesis of diglycerides, and increased peroxisomal B-oxidation (S2 Fig). It
would therefore be worthwhile to examine these possibilities in future studies.

It is also unclear whether PRY-1 is required in one or more tissues to maintain lipid levels.
In preliminary studies using pry-1::gfp transgenic animals, we observed fluorescence in several
tissues including seam cells, neuronal cells, muscles, and hypodermis. This suggests a broader
requirement of PRY-1 in C. elegans, however more experiments are needed to fully understand
its tissue-specific role in lipid regulation.

Our study provides the first evidence of PRY-1/Axin function in lipid metabolism. The
involvement of lipids in age-related disorders in humans, as well as animal models, is well doc-
umented. Genetic and acquired lipid diseases are associated with the loss of subcutaneous fat,
accumulation of visceral and ectopic fat, and metabolic syndromes such as insulin resistance,
glucose intolerance, dyslipidemia, and hypertension [56]. In addition, Yang et al. showed that
Axin expression in mice contributes to an age-related increase in adiposity in thymic stromal
cells [10]. Although the role of PRY-1/Axin in fat storage needs to be investigated further,
whether Axin family members play roles in any of these lipid-related diseases remains
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unknown. Therefore, the findings that PRY-1/Axin is necessary for the regulation of lipid lev-
els provide a unique opportunity to investigate the role of Axin signaling in age-related lipid
metabolism.

Supporting information

S$1 Fig. Expression profile of WNT ligands, receptors, and target genes. (A-C) Developmen-
tal expression patterns of known WNT ligands, receptors and target genes from published
microarray sources (see Methods). (D) gPCR validations of selected WNT target genes during
the L1 and L4 stages. Each data sample represents the mean of two replicates and error bar rep-
resents the SEM. “p < 0.01.

(JPG)

$2 Fig. Overview of lipid metabolism and genes with altered expression in pry-1(mu38).
The lipid anabolic and catabolic pathway is adapted from a previously published study [57,
58]. Lipid anabolic processes involve initiation, desaturation and elongation of fatty-acid (FA),
followed by triglyceride (TAG) formation. Initiation involves conversion of Acetyl CoA to the
saturated fatty-acid (SFA) Palmitate (C16:0). Elongase (elo) and desaturase (fat) enzymes act
on Palmitate to modify it to long chain mono- and poly-unsaturated fatty acids (MUFAs and
PUFASs, respectively). MUFAs and PUFAs are collectively termed as free fatty acids (FFAs).
The FFAs are linked with glycerol 3-phosphate (Glycerol 3P) to produce lysophosphatidic acid
(LPA) and phosphatidic acid (PA). PA and monoglycerides (MAG) serve as building blocks of
diglycerides (DAG) synthesis. DAGs are converted into neutral lipids (TAGs). Lipid catabo-
lism begins with the breakdown of TAGs into DAGs by ATGL-1, and other lipases and lipase-
like enzymes (abbreviated as ‘lipl’and ‘lips’) to release FFAs. FFAs are further broken down to
Acetyl CoA through peroxisomal- and mitochondrial- B-oxidation and release energy. Puta-
tive genes involved in lipid metabolism are shown at the appropriate step. Genes with altered
expression in pry-1(mu38) are highlighted in blue (DOWN) and red (UP).

(JPG)

$3 Fig. Quantification of lipids in vit and pry-1 mutants. (A) Representative images of wild-
type (WT) and vit mutant animals stained with Oil Red O. Refer to Fig 3 for lipid quantifica-
tion in these worms. (B) Representative images of mdt-28p::mCherry and pry-1(mu38); mdt-
28p::mCherry animals treated with gfp (control) and vit RNAi. (C,D) Histograms showing
quantification of fluorescence intensity. Data represents the mean of two replicates and error
bar represents the SEM. *p < 0.05, “*p < 0.01.

(JPG)

$4 Fig. vit-1 RNAI causes almost complete elimination of vit-2 transcripts. qPCR analysis
of vit-2 in the pry-1(mu38) day 3 mutants after adult specific vit-1 RNAi knockdown. Data rep-
resents the mean of three replicates and error bar represents the SEM. “p < 0.01.

(JPG)

S5 Fig. Relative fatty acid abundance in pry-1(mu38). (A) Relative abundance of selected
fatty acid species expressed in percentage of total fatty acid as determined by GC-MS analysis.
pry-1 mutants have marginally lower levels of C15:0, C16:0 and higher levels of C20:1, C22:0
than N2 (marked with star, p < 0.05). Error bar represents the standard deviation. (B, C) A
representative GC-MS Total Ion Chromatogram (TIC) traces of populations of the N2 and
pry-1(mu38) worms, respectively. The peaks corresponding to fatty acid species are identified.
(JPG)
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S6 Fig. sbp-1 is downregulated in pry-1(mu38). qPCR analysis of nhr-49, nhr-80 and sbp-1
genes in pry-1(mu38) animals at the L1 stage. Data represents the mean of two replicates and
error bar represents the SEM. “p < 0.05, *p < 0.01.

(JPG)

S7 Fig. Genetic interaction analysis of pry-1 with nhr-49 and nhr-80. (A) Representative
images after RNAi knockdown of nhr-49 and nhr-80 in wild-type and pry-1(mu38) animals.
(B) Lipid quantification after nhr-49 and nhr-80 RNAi. (C) Representative images of nhr-49
and nhr-80 mutant animals fed with gfp (control) and pry-1 RNAi bacteria. (D) Lipid quantifi-
cation in wild-type, nhr-49, and nhr-80 mutants. Data represents the mean of at least two repli-
cates and error bar represents the SEM. n > 30, “p < 0.05.

(JPG)

S8 Fig. Lipid staining and quantification in hs:dNT-bar-1 animals. (A) Representative DIC
images of N2 and hs:dNT-bar-1 at 20 “C, after heat shock at 30 “C for 12hrs and 38 *C for 30
minutes, stained with Oil Red O. (B) Quantification of total lipids in hs:dNT-bar-1 animals
after heat shock treatments. Data represents the mean of at least two replicates and error bar
represents the SEM. n > 50 for each trial; p < 0.01 for all mutants compared to the control
(marked with ).

(JPG)

S9 Fig. qPCR analysis of vit genes in hs::dNT-bar-1 animals. (A) qRT-PCR of vit genes at L1
stage in hs:dNT-bar-1 mutants after heat shock at 38 *C for 30 min. Data represents the mean
of at least two replicates and error bar represents the SEM. The dotted horizontal line marks
the control which is normalized to one. *p < 0.01.

(JPG)

S1 Table. List of primers used in this study.

(PDF)

S2 Table. mRNA transcripts mapped to the C. elegans genome.
(PDE)

$3 Table. An Excel spreadsheet listing differentially regulated genes.
(XLSX)

$4 Table. An Excel spreadsheet showing GO-term enrichment.
(XLSX)

S5 Table. An Excel spreadsheet showing transcriptome comparison.
(XLSX)

S6 Table. An Excel spreadsheet showing analysis of the shared genes based on expression
trends.
(XLSX)

§7 Table. Conservation of vit gene sequences used in RNAi experiments. RNAi clones are
from the Ahringer library. ns: no significant identity observed.
(PDF)
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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 dsSRNA
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: | performed experiments and provided data. | and Bhagwati Gupta
created all the Figures and illustrations. Bhagwati Gupta conceived and supervised the
project. | and Bhagwati Gupta wrote the manuscript. It was finally revised with

addressed reviewers concerns by me and Bhagwati Gupta.
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Figure 1: vit-2 functions downstream of pry-1 to regulate lipid levels and lifespan. (A) qRT-PCR analysis of vit genes
in day-1 and day-4 pry-1(mu38) adults. The relative normalized expression has been plotted. Each data point represents
the mean of at least two replicates and the error bar represents the SEM. *p<0.05 and **p<0.01, compared to wildtype
(N2) which is normalized to one. (B-E) Oil Red O analysis of N2 and pry-1 mutants following control and vit-1/2 RNAi
treatments. B, D) DIC micrographs of representative pry-1(mu38) and N2 day-4 adults. (C, E) Quantification of Oil Red
O signal from two replicates. (F, G) Lifespan analysis of pry-1(mu38) and N2 animals following adult-specific
knockdown of vit-1/2. Mean lifespan increased by 102% (6.3 + 0.6 compared to 3.1 + 0.3, p<0.001) for pry-1(mu38) and
16.6% (19.6 + 0.8 compared to 16.7 + 0.8, p<0.01) for N2.
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Lipid metabolism plays an essential role in the survival and adaptation of animals under variable environmental
conditions. Lipids are important macromolecules that store energy, serve as structural components, and function as
signaling molecules (Watts and Ristow 2017; Papsdorf and Brunet 2019). Defects in lipid metabolism are linked to
various diseases and aging in eukaryotes. Therefore, understanding the regulation of this process is critical to modulating
disease progression (Wymann and Schneiter 2008).

We have shown earlier that lipid metabolism in C. elegans is regulated by an Axin family member, PRY-1 (Ranawade et
al. 2018). While the signaling network of PRY-1 in this process remains to be investigated, Axin family of proteins are
known to function in both WNT dependant and independent pathways to regulate various developmental events (Mallick,
et al. 2019). Our transcriptomic analysis of both mRNA and miRNA genes revealed that PRY-1 is involved in lipid
synthesis by affecting the expression of genes such as fatty acid desaturases (fat-5, fat-6, and fat-7) and vitellogenins (vit-
1, vit-2, vit-3, vit-4, vit-5 and vit-6) (Ranawade et al. 2018; Mallick, et al. 2019).

Vitellogenins are yolk lipoproteins, similar to mammalian apolipoprotein B, that bind to complex lipids and aid in their
transportation from the intestine to the gonad (Kimble and Sharrock 1983; Grant and Hirsh 1999). Moreover, vit-2 has
been shown to negatively regulate longevity and such a role of vit-2 depends on autophagy, lysosomal lipases, DAF-
16/FOXO and HLH-30/TFEB (Seah et al. 2016). In this study, we report a new, adult-specific role of vit-2 in pry-1-
mediated regulation of lipid levels and lifespan. We analyzed the transcript levels of vit genes in day-1 and day-4 adults
and found that vit-2 was the only vitellogenin whose expression was significantly upregulated in pry-1 mutants (Figure
1A). This suggested to us that vit-2 is negatively regulated by pry-1 and may be involved in pry-1-mediated adult-specific
processes. To investigate this further, we examined whether vit-2 knockdown during adulthood can rescue the lipid and
lifespan defect (Mallick, et al. 2020) of pry-1 mutants. This was done using a vit-1 dsRNA that also knocks down vit-2
due to the sequence similarity (Ranawade et al. 2018). The results showed that the knockdown of vit-1/2 during adulthood
significantly rescued lipid levels in pry-1(mu38) (almost 2-fold) (Figures 1B and 1C). Similar experiments in wildtype
animals showed a modest increase (by 1.2-fold). We also examined the lifespan phenotype following vit-1/2 RNAi and
observed a marked rescue of the lifespan defect (Mallick et al. 2020) in pry-1(mu38) (102% increase in mean lifespan).
The wildtype animals showed a comparatively lower increase in the mean lifespan (16.6%) (Figures 1F and 1G). Overall,
these findings show that vit-2 functions downstream of pry-1 to regulate both lipid levels and lifespan.

Methods

Request a detailed protocol

Strain and growth conditions

Worms were grown at 20°C on standard nematode growth media plates seeded with E. coli OP50. The strains are N2
(wildtype C. elegans) and DY 220 pry-1(mu38) 1.

Lifespan analysis

Lifespan experiments were performed as described previously (Murphy et al. 2003) at 20°C. All experiments were
performed on RNAI plates with HT115 cells expressing either empty vector (L4440) or dsRNA of vit-1/2 gene (The
Abhringer C. elegans RNAI feeding library, sjj_KO09F5.2, location X-4A17, FP: CATGCTTGCTTITGTGGAGAA and RP:
TTTGAGAATCCTGGGAAACG). Synchronized animals were transferred onto RNAI plates at L4 stage and observed
every day throughout the lifespan.

Oil Red O staining

Oil Red O staining was performed as previously reported (Ranawade et al. 2018). Animals at day-1 adulthood were
collected after washing with 1X PBS buffer from the plate and treated as described in the protocol. Animals were mounted
and imaged with a Q imaging software and Micropublisher 3.3 RTV color camera outfitted with DIC optics on a Nikon
80i microscope. NIH ImageJ software was used to quantify Oil Red O intensities (Soukas et al. 2009). 15 to 30 worms
were randomly selected from each category in at least two separate batches.

gPCR analysis

Total RNA was extracted from bleach synchronized worms by Tri-reagent (Catalog Number T9424, Sigma-Aldrich
Canada) according to the manufacturer’s instructions. Using oligo (dT) primers cDNA was made from total RNA with
SensiFAST™ cDNA kit (Catalog Number BIO-65054, USA). Quantitative real-time PCR (qRT-PCR) analysis was
performed on a CFX 96 BioRad cycler in triplicate with SensiFAST'™ SYBR® Green Kit (Catalog Number BIO-98005,
USA), according to the manufacturer’s instructions. Primers used in the study are listed below: pmp-3 (FP:
CTTAGAGTCAAGGGTCGCAGTGGAG and RP: ACTGTATCGGCACCAAGGAAACTGG), vit-1  (FP:

GGTTCGCTTTGACGGATACAC and RP: AACTCGTTGGTGGACTCATC), vit-2 (FP:
GACACCGAGCTCATCCGCCCA and RP: TTCCTTCTCTCCATTGACCT), vit-3 (FP:
GGCTCGTGAGCAAACTGTTG and RP: TTAATAGGCAACGCAGGCGG), vit-4 (FP:
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TGTCAACGGACAAGAGGTTG and RP: TCCTTTGGTCCAGAGACCTTC), vit-5 (FP:
GGCAATTTGTTAAGCCACAA and RP: CCTCCTTTGGTCCAGAAACCT) and vit-6 (EP:
AGTCGCTATTGTCGAGCGTC and RP: AGACGGAGGTCACCTTTTGC).

Statistical analysis

For lifespan analysis, all statistics were performed using SigmaPlot software 11. Survival curves were estimated using the
Kaplan-Meier test, and differences among groups were assessed using the log-rank test. Survival data are expressed
relative to the control group. Other statistics were performed using Microsoft Office Excel 365. Bio-Rad CFX manager
was used for Ct and p values of qPCR analysis.
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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. | and Bhagwati Gupta created all the

Figures and illustrations. Bhagwati Gupta conceived and supervised the project. | and
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Axin-Mediated Regulation of Lifespan
and Muscle Health in C. elegans
Requires AMPK-FOXO Signaling

Avijit Mallick,” Ayush Ranawade,'-* Wouter van den Berg,' and Bhagwati P. Gupta'-**

SUMMARY

Aging is a significant risk factor for several diseases. Studies have uncovered multi-
ple signaling pathways that modulate aging, including insulin/insulin-like growth
factor-1 signaling (IIS). In Caenorhabditis elegans, the key regulator of IIS is DAF-
16/FOXO. One of the kinases that affects DAF-16 function is the AMPK catalytic
subunit homolog AAK-2. In this study, we report that PRY-1/Axin plays an essential
role in AAK-2 and DAF-16-mediated regulation of life span. The pry-1 mutant tran-
scriptome contains many genes associated with aging and muscle function. Consis-
tent with this, pry-1 is strongly expressed in muscles, and muscle-specific overex-
pression of pry-1 extends life span, delays muscle aging, and improves
mitochondrial morphology in AAK-2-DAF-16-dependent manner. Furthermore,
PRY-1 is necessary for AAK-2 phosphorylation. Taken together, our data demon-
strate 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.

INTRODUCTION

Agingis defined as a progressive functional decline in living organisms. It is characterized by hallmarks such
as genomic instability, epigenetic alterations, mitochondrial dysfunction, and telomere attrition, and is
thought to be regulated in part by genetic pathways (Lopez-Otin et al., 2013). Several genes and pathways
have been identified that govern and modulate life span and are conserved in higher eukaryotes (Kenyon,
2010; Lapierre and Hansen, 2012; Uno and Nishida, 2016). Insulin/insulin-like growth factor-1 signaling (I1S)
was the first pathway shown to be involved in the regulation of aging in Caenorhabditis elegans (Kenyon,
2011; Kenyon et al., 1993). Subsequent studies have demonstrated that the IIS pathway is conserved across
eukaryotes (Uno and Nishida, 2016). In C. elegans, reduction in the activity of the IIS receptor homolog
DAF-2 leads to a prolonged life span, which is dependent on DAF-16, a FOXO transcription factor homolog
(Kenyon et al., 1993). This modulation of life span by DAF-16 involves translocation to the nucleus followed
by either the activation or repression of genes involved in stress response, metabolism, and autophagy (Lee
et al., 2003; Melendez et al., 2003; Murphy et al., 2003).

The activity of DAF-16 is regulated by phosphorylation (Kenyon, 2010). One of the kinases involved in this

process is the 2 catalytic subunit homolog of AMPK, AAK-2 (Greer et al., 2007a), a phenomenon that is

conserved in the mammalian system (Greer et al., 2007b). AAK-2 also plays a crucial role in aging. It is essen-

tial for DAF-2-mediated life span extension, and its overexpression extends the life span of animals (Apfeld S—
etal, 2004; Mair et al., 2011). Interestingly, a truncated version of AAK-2 bearing only the catalytic domain Mc,aasler University, 4
was found to be more effective than the full-length wild-type form, suggesting that AAK-2 activity is regu- Hamilton, ON L8S-4K1,
lated during the normal aging process (Mair et al., 2011). As in C. elegans, AMPK in Drosophila is also Ganada

involved in life span regulation. Specifically, overexpression of the .2 subunit in muscles and fat bodies ex- JDP'eser;“ ad:j’$551
tends the life span of transgenic animals (Stenesen et al., 2013). BliF;gri::gri:g,

Northeastern University, 360
Huntington Avenue, Boston,
MA 02115

3Lead Contact

AMPK is an established energy sensor in eukaryotes that is phosphorylated by several kinases, including
LKB1 (Burkewitz et al., 2014; Hardie et al.,, 2012). Studies in mouse and human cell culture models have
shown that, under the condition of glucose starvation, AMPK forms a complex with LKB1 and the scaf-
folding protein Axin (Zhang et al., 2013b). The multimeric complex regulates AMPK activation, leading
to phosphorylation of downstream targets (Hardie and Lin, 2017; Hardie et al., 2012). The involvement of
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leading to fatty liver in starved mice (Zhang et al., 2013b). In addition to their role in AMPK regulation, Axin
family members are also involved in multiple biological processes during development and post-develop-
ment (Mallick et al., 2019b). Since its discovery as a negative regulator of WNT signaling, Axin has been
demonstrated to participate in other, non-WNT, pathways as well. In all cases, a common thread is Axin’s
role as a scaffold protein in recruiting other factors to form complexes (Mallick et al., 2019b). However,
whether the scaffolding role of Axin affects FOXO activity remains to be investigated.

In this study, we report that the C. elegans Axin homolog PRY-1, which is necessary for embryonic and larval
processes, is also essential for normal life span maintenance. Previously, it was found that metformin-medi-
ated life span extension depends on another C. elegans Axin-like gene, axl-1. However, ax/-1 mutants do
not show defects in aging and age-related processes (Chen et al., 2017). Our work has revealed that animals
lacking pry-1 function during adulthood are short-lived and show increased deterioration in aging-associ-
ated processes. Consistent with this, pry-1 mutant transcriptome contains many aging-related protein-cod-
ing and miRNA genes. We found that pry-1is broadly expressed in adults, with high levels in body wall mus-
cles (BWMs). Moreover, muscle-specific knockdown of pry-1 caused an increase in the proportion of
fragmented mitochondria and led to a reduction in life span. Conversely, overexpression of pry-1in mus-
cles improved both phenotypes. Thus, pry-1 appears to affect life span by regulating muscle mitochondria
health. Interestingly, muscle-specific expression of mouse Axin (mAxin1) in C. elegans also extended life
span, suggesting that Axin's role in aging may be conserved. It is worth mentioning that Axin is expressed
in mouse and human skeletal muscles (Smith et al., 2019; Uhlen et al., 2015). To investigate PRY-1’s mech-
anism of action, we performed a combination of molecular genetics and biochemical experiments. The re-
sults revealed that PRY-1's role in aging depends on AAK-2 and DAF-16. Our data suggest that PRY-1 pre-
sumably forms a complex with AAK-2 leading to its phosphorylation, thereby promoting nuclear
localization of DAF-16 in the intestine and life span maintenance.

RESULTS

pry-1 Transcriptome Contains Genes Involved in Life Span Regulation

The involvement of PRY-1 in multiple signaling pathways and biological events is well documented (Mzllick et al.,
2019b). Earlier, we reported both mRNA and microRNA (miRNA) transcriptome profiles of pry-1 mutant that re-
vealed 2,665 differentially expressed protein-coding genes and six miRNAs (Mallick et al., 2019a; Ranawade
et al,, 2018). The characterization of differentially expressed genes showed pry-1's crucial role in miRNA-medi-
ated seam cell development (Mallick et al., 20192) and lipid metabolism (Ranawade et al., 2018). In this study, we
have specifically focused on the genes linked to aging. Of the differentially expressed miRNAs, mir-246 is
involved in aging and stress response (de Lencastre et al., 2010). The mRNA transcriptome dataset was analyzed
using Gene Ontology (GO) terms, which revealed that aging-related protein-coding genes and gene families are
overrepresented (69 in total; relative frequency (RF): 2, p < 4.91 x 10 9. 33% upregulated and 67% downregu-
lated) and that they are linked to biological activities such as cellular processes (26 genes), metabolic processes
(24 genes), and biological regulation (13 genes) (Figure 1A; Table S1). Within cellular processes, candidates
include genes linked to lipid metabolism (aap-1, hyl-1, elo-2, ctl-2, cat-1, and lipl-4), which further supports
the essential role of lipids in pry-1-mediated signaling (Ranawade et al,, 2018) and suggests that pry-1 may affect
lipid metabolism to regulate aging.

Further GO term analysis of protein-coding aging-related genes showed that they are linked to 32 distinct
signaling pathways and include well-known factors such as AAP-1 (PI3K adapter subunit) and DAF-16, both
belonging to the IIS pathway (Lapierre and Hansen, 2012; Uno and Nishida, 2016), and XBP-1, a human XBP1
ortholog that acts downstream of IRE-1 and PEK-1-mediated signaling (Ron and Walter, 2007). Thus, pry-1 ap-
pears to interact with multiple genetic networks. We also compared the pry-1 transcriptome with differentially
expressed genes of the DAF-2-DAF-16 signaling pathway (Lin et al, 2018) and found a significant overlap
(415 genes; RF: 1.7, p < 2.228 x 103!, Table S3). Additionally, 29 of 109 DAF-16 direct targets (Li and Zhang,
2016) are present in the pry-1 dataset (27% overlap, p < 0.01; two-thirds downregulated), including four (dod-
17, prdx-3, nnt-1, and daf-16) that are directly involved in aging (Figure 1B; Table S3). Taken together, these
in silico analyses suggest that pry-1 acts in part via DAF-16 to regulate life span in C. elegans.

Mutations in pry-1 Reduce Life Span
Inaccordance with the above data suggesting pry-1's role in aging, pry-1 expression was found to be signif-

icantly higher in older adults (Figure S1A).We also found that the mean life span of pry-1(mu38) animals was
80% (p < 0.001) shorter compared with that of wild-type animals (Figure 1C; Table 52). A similar reduction in
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Figure 1. pry-1is Required for the Normal Life Span of Animals

(A) Sixty-nine differentially expressed genes in pry-1 mutant transcriptome are linked to aging.

(B) More than a quarter of DAF-16 direct targets is present in pry-1 mutant transcriptome.

(C) Life span of pry-1(mu38) animals.

(D) Life span of Adult-specific pry-1(RNAI) animals.

(E) Life span rescue experiments following two different treatments during adulthood, namely subjecting pry-1(mu38)to a
25°C upshift and 31°C 1hr heat-shock to pry-1(mu38); hs::pry-1 animals. The control worms consist of pry-1(mu38) alone,
pry-1(mu38) subjected to 31°C 1hr heat shock, and pry-1(mu38); hs::pry-1 without heat shock.

(F) Life span analysis of Cbr-pry-1(RNAi) animals.

(E and F) See Transparent Methods and Table S2 for life span data and statistical analyses.

life span was also observed with a CRISPR allele, gk3682, that deletes a roughly 750-bp region, including
the 5 UTR and the first exon (Mallick et al., 2019a) (Figure 1C; Table S2). As pry-1is also involved in devel-
opmental processes (Mallick et al., 2019b), we took an RNAi approach to knock down the gene function
specifically during adulthood. As expected, pry-1(RNAI) animals were found to be short-lived, with 22—
31% (p < 0.01) reduced mean life span (Figure 1D; Table S2).

To further investigate whether pry-1 affects aging, we performed two sets of rescue experiments. One of

these involved making use of the cold-sensitive allele mu38. While the life span defect of pry-1(mu38) was
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severe at 20°C (mean life span 81% lower than N2, p < 0.001, Figure 1E; Table S2), the animals appeared
healthier and showed an improved life span at 25°C (50% lower than N2, p < 0.01, Figure 1E; Table S2).
When day-1 pry-1(mu38) adults were upshifted from 20°C to 25°C, life span was extended by 107%
(6.4 + 0.4 days mean life span compared with 3.2 + 0.1 days for untreated mu38 control, p < 0.01). In
the other experiment, transgenic animals were generated carrying a heat-shock promoter-driven pry-1.
The hs::pry-1transgene efficiently rescued the life span defect of pry-1(mu38) animals upon heat-shock dur-
ing adulthood (58% longer mean life span compared to control animals, p < 0.001, Figure 1E; Table S2).
Interestingly, no such effect was observed when the transgene was expressed in wild-type background
(Figure S1B; Table S2).

Since our lab had previously reported a conserved role of C. briggsae pry-1 during development (Seethara-
man et al,, 2010), we investigated whether Cbr-pry-1is also involved in aging. The results revealed both the
sy5353 mutant allele and adult RNAI caused a shorter life span in animals (Figures 1F and S1C; Table 52).
These data show that pry-1 function in life span maintenance is conserved in nematodes.

pry-1 Knockdown in Adults Causes Accelerated Aging and Increased Expression of Stress
Response Markers

Several physiological and molecular changes occur in animals during the aging process. These include a
decline in tissue function, oxidative stress, accumulation of mis/unfolded proteins, and altered lipid distri-
butions (Huang et al., 2004; Lopez-Otin et al., 2013). To characterize such changes in pry-1(RNAI) animals,
we analyzed the age-dependent decline in pharyngeal pumping and body bending. Adult-specific knock-
down led to a significant reduction in rates of pharyngeal pumping and body bending starting on days 7
and 2, respectively (Figures 2A and 2B). Similar phenotypes were also observed in pry-1(mu38) mutants,
although the defects were more severe (Figures S2A and S2B). Consistent with the adult-specific role of
pry-1, we found that heat-shocked pry-1(mu38); hs::pry-1 adults showed significant improvements in
both these aging-related markers (Figures S2C and S2D). Together, the results demonstrate that pry-1 is
needed to delay aging-associated physical deterioration in animals.

Next, we measured lipofuscin levels in adults. In C. elegans, lipofuscin, a product of oxidative damage
and autophagy, is visible as auto fluorescent granules in the intestine and serves as a biomarker of aging
(Davis et al., 1982). Quantification of the intestinal autofluorescence showed a 30% increase (p < 0.05) in
pry-1(RNAI) adults compared with that in N2 control animals (Figures 2C and 2D). The expression of an
oxidative stress marker, manganese superoxide dismutase (sod-3), was also investigated (Lopez-Otin
et al., 2013). The RNAi-mediated knockdown of pry-1 caused no significant change in sod-3:GFP fluores-
cence (Figures 2C and 2D), suggesting that pry-1 function is not essential for the maintenance of oxida-
tive stress.

Other indicators of premature aging include unfolded protein response (UPR) associated with mitochon-
dria and ER (UPR™T and UPRFR, respectively) (Lopez-Otin et al., 2013). Upon activation, these UPR pathways
increase the expression of chaperones and heat shock proteins such as hsp-6 and hsp-60 (UPRMT) (Tran and
Van Aken, 2020) and hsp-4/Bip (UPRER) (Ron and Walter, 2007). We found that GFP fluorescence of all three
markers, namely hsp-6::GFP, hsp-60::GFP, and hsp-4::GFP, was significantly increased in pry-1(RNAJ) day-8
adults compared with that in controls (70%, 40%, and 50% higher, respectively, p < 0.01) (Figures 2C and
2D). Moreover, it was observed that pry-1 transcriptome contains genes involved in IRE-1/IRE1 and PEK-
1/PERK-mediated UPRF® signaling (57 genes, 49% overlap, R.F. 3.2, p < 5.87 x 107 '%; and 10 genes, 43%
overlap, R.F. 2.9, p < 0.001, respectively) (Table S4), including the key downstream factor, XBP-1, which ac-
tivates hsp-4 expression (Ron and Walter, 2007).

Collectively, the above data provide evidence that pry-1 plays an essential role in the maintenance of ag-
ing-associated processes and stress response in animals. One possibility may be that pry-1 affects aging by
regulating lipid metabolism. This is supported by our previous results demonstrating that lipid synthesis is
compromised in pry-1 mutant animals (Mallick and Gupta, 2020; Ranawade et al., 2018). More importantly,
adult-specific knockdown of pry-1 caused a significant reduction in lipid content in day-8 adults (Figure 2E).
Given that daf-16 is also necessary for lipid synthesis (Murphy et al., 2003; Ogg et al., 1997; Zhang et al.,
2013a) and pry-1 and daf-16 transcriptomes contain a common set of lipid synthesis and transport genes
(such as fat-5-7 and vit-1/3/4/5) (Table S3), it is conceivable that pry-1 and daf-16 interact to regulate lipid
levels, leading to a normal life span of animals.
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Figure 2. Adult-Specific Lowering of pry-1 Accelerates Aging-Associated Markers

(A and B) Pharyngeal pumping of RNAi-treated pry-1 in day-7 and day-8 adults (A) and body bending starting day-2 of
adulthood (B). Data represent the mean of at least two replicates (n = 30 animals) and error bars represent the standard
deviation. Significance was calculated using Student’s t-test *p < 0.05, **p < 0.01.

(C) Representative images of animals showing aging pigment (lipofuscin), ROS marker (sod-3::GFP), UPR-ER marker (hsp-
4::GFP), and UPR-MT markers (hsp-6::GFP and hsp-60::GFP). Scale bar is 0.1mm

(D) Quantification of fluorescence intensity shown in panel C

(E) Oil red O staining of total lipid droplets in day-8 control and pry-1(RNAI) animals. Scale bar is 0.1mm. (D and E) Data
represent the mean of two replicates (n > 15 animals in each), and error bars represent the standard deviation

Significance was calculated using Student's t-test. **p < 0.01.

pry-1 Knockdown Suppresses Life Span Extension of mom-2/WNT Mutants

As PRY-1 is an established negative regulator of WNT signaling, we examined its genetic interactions with
WNT ligands. Of the five known |igands loss-of-function mutations in mom-2and cwn-2 cause an extension
of life span (Le n d Budovskaya, 2014). When pry-1 was knocked down in mom-2(or42) and cwn-
2(0k895) backgrounds ||fe span extension was significantly reduced in mom-2 mutants (13.6% reduction
in mean life span, p <0.05, F e 3A; Table 52) but remained unchanged in the cwn-2 animals (Figure 3B;
Table S2). We also analyzed the requirements of bar-1/8-catenin, a component of the canonical WNT
signaling that plays a role in aging (Xu et al., 2019; Zhang et al., 2018), in the mom-2-pry-1 pathway. Since
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Figure 3. pry-1Functions Downstream of WNT Ligand mom-2 and Independently of B-Catenin bar-1 to Regulate
Life Span

(A-C) Life span analysis following RNAi knockdown of pry-1in WNT pathway mutants, mom-2(or42) (A), cwn-2(ok895) (B),
and bar-1(ga80) (C).

(D) Effect of bar-1 RNAIi in pry-1(mu38); hs::pry-1 animals.

(A-D) See Transparent Methods and Table S2 for life span data and statistical analyses.

pry-1-mediated WNT signaling negatively regulates bar-1, removing bar-1 function is expected to sup-
press the phenotype of pry-1 mutants. However, we observed that the life span of bar-1 null mutants
was further shortened by pry-1 RNAI (Figure 3C; Table S2), suggesting that bar-1 is unlikely to participate
in the pry-1-mediated aging process. Further support for this model comes from a bar-1 RNAi experiment
that failed to suppress the life span phenotype of pry-1(mu38); hs::pry-1 animals (Figure 3D; Table S2).
These data suggest that PRY-1 may act downstream of MOM-2 in a pathway that is independent of
BAR-1 and likely to utilize DAF-16-mediated signaling.

Tissue-Specific Analysis Shows that pry-1 is Needed in Muscles and Hypodermis

To investigate the requirements of pry-1in life span regulation, we examined its in vivo expression pattern. Pre-
viously, a 3.6-kb pry-1 proximal promoter was used to drive the coding sequence of pry-1 fused to a GFP re-
porter, which showed fluorescence throughout development, specifically in the vulval precursor cells, neurons,
BWM, and some hypodermal cells (Korswagen et al.,, 2002). We further characterized pry-1 expression, which
revealed expression in almost all tissues during development. Expression in seam cells, neuronal cells, muscles,
hypodermis, and intestine was readily visible (Figure 4A). This pattern of localization matches well with tissue
enrichment of differentially expressed genes in the pry-1 transcriptome using WormBase tissue ontology tool
(Table S5, see Transparent Methods). The most enriched tissues include neurons and muscles.

A closer examination of GFP localization in developing animals revealed bright fluorescence in the ventral cord
region, which includes neuronal and non-neuronal cells. The expression was largely similar in adults, although
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Figure 4. Expression Pattern of pry-1 in Adults and Its Tissue-Specific Requirements for Life Span Maintenance
(A) Representative image of pry-1p::pry-1::GFP animals showing GFP fluorescence in muscles, intestine, seam cells, and
neurons. Also see Figur 3. Scale baris 0.Tmm.

(B-E) Life span analysis after tissue-specific RNAi knockdown of pry-1. Also see Figures S4B and S4C pry-1 RNAI
knockdown control (B) and pry-1 RNAi knockdown in muscle (C), hypodermis (D), and intestine (E). (B-E) See Trar

Meth and Table S2 for life span data and statistical analyses.

the fluorescence was much higher in BWMs (Figures 4A, S3A, and S3B). The posterior end of the intestine, near
the rectal opening, showed a strong signal in L4 and adult animals; however, the rest of the intestine lacked a
detectable expression. In general, GFP was diffused and not localized to any specific subcellular structures
except in the case of muscles and posterior intestine, where nuclei are visible (see arrows in Figures S3B and
S3C). The fluorescence continued to persist in older adults, consistent with the role of pry-1 in aging. A similar
pattern of expression for pry-1 was also observed in C. briggsae transgenic animals, with a marked increase in
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Figure 5. pry-1 Overexpression in the Muscle Extends Life Span and Improves Muscle Physiology
(A and B) Effects of tissue-specific overexpression of pry-1. Overexpression in muscle (A), also see Figure S5B and Tal

$2, and in hypodermis (B). See Transparent Methods and Table S2 for life span data and statistical analyses.

(C and D) qPCR analysis of muscle genes tnt-4, mlc-1 and unc-96 in day-1 pry-1(mu38) (C) and unc-54p::pry-1 (D) adults.
Data represent the mean of two replicates and error bars represent the SEM. Significance was calculated using Bio-Rad
software (t test). **p < 0.01.

(E-G) Representative images of muscle mitochondrial morphologies revealed by myo-3p::GFP(mito) reporter in the
control, pry-1(mu38), pry-1(RNAI), and unc-54p::pry-1 transgenic animals. The control for whole-animal RNAi experiment
was N2 (E) and for muscle-specific RNAi was an RNAi-sensitive strain (F), each fed with bacteria carrying an empty vector
(L4440) (see Transparent Methods for genotypes). Day-2 adults were used for pry-1(mu38), whereas day-8 adults for pry-
1(RNAI) and unc-54p::pry-1 animals. Scale bar is 25um.
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Figure 5. Continued

(H) Quantification of phenotypes in panels E, F, and G. Data represent the mean of two replicates (n = 20 animals in each)
and error bars standard deviations. Statistical analyses were carried out using the two-tailed Fisher's exact test by
comparing mitochondrial morphology between normal (tubular) and defective (intermediate and fragmented) categories
and indicated by stars (*). *p < 0.05, ***p < 0.0001. See Transparent Methods for details.

(I) Body bending analysis of unc-54p::pry-1 adults between day-8 and day-11. Also see Figure S5D.

(J) Number of autophagic vesicles per muscle cell at day-2 of adulthood revealed by dyc-1S::igg-1::GFP, a GFP marker of
autophagic vesicles in body-wall muscles. (I-J) Data represent the mean of two replicates (n = 15 animals in each) and
error bars standard deviations. Significance was calculated using Student's t-test. *p < 0.05, **p < 0.01.

(K) Igg-1 transcript levels in pry-1(mu38) and unc-54p::pry-1animals. Data represent the means of two replicates and error
bars the SEM. Significance was calculated using Bio-Rad software (t test). *p < 0.05.

fluorescence in muscles throughout adulthood (Figure S4A). This pattern of pry-1 expression in both nematodes
suggests that the gene may play a conserved role in maintaining muscle health during aging.

Given that pry-1is expressed in muscles as well as other tissues, we examined its tissue-specific requirements for
life span maintenance. To this end, RNAi experiments were performed in adults using strains that allow tissue-
specific knockdowns in muscles, hypodermis, intestine, and neurons (see Transparent Methods). The results
showed that pry-1 RNAi caused a significant reduction in mean life span when knocked down in the hypodermis
and muscles (26% lower mean life span in hypodermis RNAi and 12% in muscle RNAI, p < 0.05) (Figures 4B-4D).
No such effect was observed in other tissues (Figures 4E, S4B, and S4C). We conclude that pry-1 functions in
muscles and hypodermis to maintain the life span of animals. Further support for this comes from the analysis
of transgenic strains in which pry-1 expression was driven by hypodermal and muscle-specific promoters (lin-
26p::pry-1and unc-54p::pry-1, respectively). In both cases, the life span defect of pry-1(mu38) animals was signif-
icantly rescued (41% and 56% increases in mean life span by lin-26p::pry-1 and unc-54p::pry-1, respectively, p <
0.01) (Figures S5A and S5B; Table S2).

Having uncovered the role of pry-1 in hypodermis and muscles, we examined whether overexpression of
the gene in these two tissues can extend the life span. Interestingly, while muscle-specific expression
(unc-54p::pry-1) extended the life span significantly (13% increase in mean life span, p <0.05), no such effect
was observed in the case of hypodermis-specific expression (lin-2ép::pry-1) (Figures S5A and 5B; Table 52). In
fact, lin-26p::pry-1 animals were short-lived, suggesting that a lack of spatiotemporal control is detrimental
(Figure 5B; Table S2). These data, together with RNAi and rescue experiments, firmly establish that pry-1
functions in both muscles and hypodermis for the maintenance of life span, and its hypodermal expression
needs to be tightly regulated. Furthermore, the results have revealed a role of pry-1in muscles that is bene-
ficial to animals throughout the life span. Interestingly, muscle-specific expression of mAxin1 also caused
animals to live longer (14% increase in mean life span, p < 0.05) (Figure S5C; Table S2).

Overexpression of pry-1in Muscles Improves Muscle Health and Mitochondrial Morphology
The life span extension observed in unc-54p::pry-1 animals led us to investigate the cellular and molecular basis
of pry-1's role in muscle health. Based on GO analysis, we found that pry-1 transcriptome contains a significant
number of muscle-associated genes (31 of 123, 25.2%, RF. 1.7, p < 0.002) (Table S5). A majority of these genes
are downregulated (90.3%, 28 of 31 genes), suggesting that pry-1is needed to maintain their expression. Further
investigation identified two broad categories, namely muscle structure development (21 genes) and muscle
contraction (15 genes) (Table S5), both of which include core components of the sarcomere, such as the subunits
of troponin complex (tnt-3, tnt-4), twitchin/titin (unc-22), myosin complex (mlc-1, unc-15, unc-54), and voltage-
gated potassium channels (unc-58, unc-103, slo-1) (Table S5). We chose three genes at random to validate
changes in their expression by quantitative Polymerase Chain Reaction (QPCR): mlc-1and tnt-4 (involved in mus-
cle contraction and structure development), and unc-%6 (involved in muscle structure development). The results
confirmed that tnt-4 and unc-96 were indeed downregulated in pry-1(mu38) mutants, whereas mlc-1 expression
was unchanged (Figure 5C). As expected, all three genes were upregulated in unc-54p::pry-1 animals
(Figure 5D).

Since muscle health is linked to mitochondrial homeostasis (Gouspillou and Hepple, 2016; Hood et al.,
2019; Mergoud Dit Lamarche et al., 2018; Regmi et al., 2014), we speculated that pry-1is necessary to main-
tain the expression of mitochondrial genes. Indeed, genes associated with mitochondrial structure and
function are overrepresented in the pry-1 transcriptome (173 genes, 27%, R.F. 1.8, p < 1.691 x 10 15) (Table
S6). These include genes that function in the mitochondrial membrane (52 of 220, 24% overlap, R.F. 1.6, p <
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5.567 x 10%), mitochondrial outer membrane (10 of 30, 33% overlap, R.F. 2.2, p <0.01), mitochondrial ma-
trix (37 of 137, 27% overlap, R.F. 1.8, p < 2.298 x 10™%, and mitochondrial gene expression (18 of 53, 34%
overlap, R.F. 2.2, p <5.146 x 10 %) (See also Table S6).

Further support of pry-1's role in mitochondrial health comes from examination of BWMs using an organ-
elle-specific GFP reporter, mitoGFP (Benedetti et al., 2006). The mitoGFP was used earlier to demonstrate
age-dependent fragmentation of muscle mitochondria and, consequently, the loss of muscle function,
since significantly fewer adults exhibited a tubular mitochondrial morphology (Mergoud Dit Lamarche
et al, 2018; Regmi et al., 2014). We found that while muscle-specific, but not whole animal, pry-1 RNAI
caused a subtle but statistically significant defect in mitochondria in older adults, pry-1(mu38) animals ex-
hibited a drastic increase in fragmented mitochondria (Figures 5E, 5F, and 5H). In contrast, the morphology
was better preserved in unc-54p::pry-1 adults compared with wild-type controls (Figures 5G and 5H),
demonstrating that pry-1is needed to maintain muscle mitochondrial homeostasis.

The above results led us to investigate whether the mitochondrial network architecture mirrors the func-
tional state of muscles. Studies have shown that the loss of locomotion and pharyngeal pumping are asso-
ciated with fragmented mitochondrial structure in older worms (Mergoud Dit Lamarche et al., 2018; Regmi
etal., 2014). Since a similar correlation is also seen in pry-1(mu38) day-1 adults, we wondered whether unc-
54p::pry-1 animals will appear healthier with respect to these aging-related markers. The experiments re-
vealed that, while overexpression of pry-1in muscles led to a significantly improved body bending rate in
adults, pharyngeal pumping and thrashing were comparable to that of controls (Figures 51 and S5D-S5F).
These results are consistent with pry-1's role in maintaining the mitochondrial network, which may
contribute to the improvement of muscle health.

Another process that affects muscle aging is autophagy, in which damaged mitochondria are selectively
removed (Madeo et al., 2015; Twig and Shirihai, 2011). While autophagy is beneficial for longevity, its effect is
detrimental in the presence of increased mitochondrial permeability, which triggers mitochondrial fragmenta-
tion (Zhou et al., 2019). Since muscle autophagy increases with age (Mergoud Dit Lamarche et al., 2018), we inves-
tigated whether the process is affected in pry-1 mutants that are short-lived. The analysis of autophagic vesicles,
using dyc-1S::Igg-1::GFP marker (Mergoud Dit Lamarche et al., 2018), revealed that vesicle number per muscle
cellwas significantly higher in pry-1(mu38) animals compared with that in controls (Figure 5J). Similar results were
also obtained by the analysis of Igg-1 transcripts (Figure 5K). As expected, no such effect was found in the unc-
54p::pry-1 genetic background (Figures 5J and 5K). Overall, our data demonstrate that pry-1 regulates muscle
mitochondrial morphology to maintain muscle structure and function.

daf-16/FOXO Functions Downstream of pry-1 to Maintain Life Span

As described above, we found that daf-16 is downregulated in the pry-1 transcriptome. daf-16 encodes
several isoforms, three of which, R13H8.1b, d, and f (WormBase WS261 release), influence the rate of the
aging process (Chen et al., 2015; Kwon et al,, 2010). To examine whether pry-1 affects these isoforms,
we performed gPCR analysis. In the case of pry-1(mu38), transcripts for R13H8.1b/c (daf-16éa) and
R13H8.1d/f/h/i/k (daf-16d/f/h/i/k) were significantly downregulated (Figure S6A). An opposite trend was
observed in unc-54p::pry-1 animals (Figure S6B). How might pry-1 regulate transcription of daf-16? Previ-
ously, two intestinal GATA transcription factors, elt-2 and elt-4, were shown to promote daf-16 transcrip-
tion, leading to longevity (Bansal et al., 2014). Using gPCR, we found that the expression of both elt-2
and elt-4 was significantly upregulated in the muscle-specific line (unc-54p::pry-1) (Figure S6C). Thus,
pry-1 may use these GATA factors directly or indirectly to affect daf-16 transcription.

To investigate whether the interaction of pry-1 with daf-16 is affected by daf-2 signaling (IIS), we knocked
down pry-1inboth daf-2and daf-16 mutant backgrounds. While the knockdown caused a reduction in daf-
2(e1370ts) life span (Figure 56D), no change was observed in daf-16(mu86) animals (Figure 6A), suggesting
that pry-1 may act genetically downstream of daf-2but upstream of daf-16. The results of the following two
experiments are most consistent with the possibility of daf-16 acting downstream of pry-1: One, daf-16
RNAI suppressed the life span extension observed in pry-1(mu38); hsp::pry-1 animals (Figure S4E), and,
two, life span defect of pry-1(mu38) animals is significantly rescued by daf-16 overexpression (Figure 4B).

Since DAF-16's function depends on its nuclear localization (Kenyon, 2010), we investigated whether PRY-1

plays a role in this process. The fluorescence of DAF-16:GFP in unc-54p:pry-1 animals was localized
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Figure 6. Life Span Regulation by pry-1 Depends on daf-16 Function in the Intestine

(A) pry-1 RNAi knockdown in daf-16(mu86) animals.

(B) daf-16 overexpression in pry-1(mu38) animals.

(C) Localization of GFP fluorescence in unc-54p::pry-1 intestinal nuclei. Scale bar is 50pm. 100% of the unc-54p::pry-1
animals (n = 30) showed nuclear localization for DAF-16:GFP.

(D and E) Intestine-specific daf-16 RNAi knockdown (D) and muscle-specific knockdown (E) in unc-54p::pry-1 animals.
(A, B, D, and E) See Transparent Methods and Table S2 for life span data and statistical analyses.

(F) Western blot analysis of AAK-2 phosphorylation in control, pry-1 mutant, and unc-54p::pry-1 animals. Data represent
the means of two replicates and error bars the standard deviation. Significance was calculated using Student’s t-test.
**p <0.01.

iScience 23, 101843, December 18, 2020 1"

126



Doctor of Philosophy— Avijit MALLICK; McMaster University— Biology

¢ CellPress iScience
OPEN ACCESS

frequently to intestinal nuclei (Figure 6C). Consistent with this, sod-3, a direct target of daf-16, was overex-
pressed (Figure S6F). The transgenic worms also exhibited a higher level of lipids (Figures S7A and S7B),
which supports pry-1's role in lipid synthesis (Mallick and Gupta, 2020; Ranawade et al., 2018). Moreover,
there was a significant up-regulation of fatty acid desaturases (fat-5, fat-6, and fat-7) and the SREBP homo-
log sbp-1 (Figure S7C). These findings, along with the known role of daf-16 in promoting lipid synthesis
(Papsdorf and Brunet, 2019), lead us to propose that pry-1 interacts with daf-16 to regulate lipids.

To examine whether daf-16 acts locally in the intestine or via a long-range signal by functioning in the mus-
cle, we performed tissue-specific RNAi experiments. Life span extension of unc-54p::pry-1was completely
abolished by daf-16 knockdown in the intestine (Figure 4D), the tissue where it acts primarily to regulate life
span (Libina et al., 2003). No such effect was observed following muscle-specific knockdown (Figure 4E).
Overall, the results show that daf-16 is involved in pry-T-mediated life span regulation and that life span
extension observed in muscle-overexpressed pry-1 animals depends on daf-16 function in the intestine.

DAF-16-Mediated PRY-1 Signaling Depends on AAK-2 Function

Next, we determined the nature of interaction between pry-1and daf-16. In the mammalian system, Axin forms a
complex with AMPK and LKB1 upon glucose starvation, resulting in phosphorylation of AMPK (Zhang et al.,
2013b). The activated AMPK, in turn, phosphorylates a number of targets, including FOXO family members, pref-
erentially FOXO3 (Greer et al., 2007b; Mihaylova and Shaw, 2011). Since the AMPK-FOXQ interaction also occurs
in C. elegans where AAK-2 phosphorylates DAF-16 and plays a role in DAF-16-dependent life span extension
(Greer et al,, 2007a; Mair et al., 2011), we investigated whether PRY-1 is involved in activating AAK-2. For this,
AAK-2 phosphorylation was quantified in worm protein extracts. The results showed that, while the phosphor-
ylated AAK-2 level was drastically reduced in pry-1 mutants when probed with phospho-AMPK (T172) antibody, it
was significantly increased in unc-54p::pry-1 animals (Figure 6F). To determine whether a reduced AAK-2 signal
in pry-1 mutants is due to a lower abundance of protein, we examined GFP fluorescence in aak-2p::aak-2::GFP
transgenic animals and found no change in fluorescence intensity in pry-1(mu38) mutants compared with that in
the control (Figure S7D). Thus, PRY-1 is necessary for AAK-2 phosphorylation.

Three additional experiments support PRY-1 playing a role in AAK-2 activation: First, pry-1 RNAi did not
exacerbate the life span defect of aak-2(0k524) animals (Figure 7A; Table 52). Second, a constitutively active
form of AMPKa2 (due to increased T172 phosphorylation), which causes a long-lived phenotype in worms
(Mair et al., 2011), was unable to rescue the life span defect of pry-1(mu38) (Figure 7B; Table S2). And, three,
aak-2 is expressed in BWMs and neurons during adulthood in a pattern that resembles pry-1 (Lee et al.,
2008; Mair et al., 2011) (Figure S7E). Moreover, similar to aak-2 mutants, pry-1 mutant animals exhibited
significantly reduced life span of dauers (55-70% reduction in mean life span in two different alleles
compared to the control, p < 0.01) (Figure S7F; Table S2) (Narbonne and Roy, 2009). Taken together, these
data support a model of PRY-1 promoting AAK-2 activation, likely through protein-protein interaction. The
LKB1 homolog, PAR-4, required for AAK-2 activation (Lee et al., 2008) may also be involved in this process,
since the life span defect of par-4 mutant was not enhanced by pry-1(RNAI) (Figure S7G). The activated
AAK-2 may, in turn, act in a cell non-autonomous manner to affect DAF-16 function in the intestine.

The model above suggests that PRY-1 and AAK-2 affect the expression of a common set of genes. Indeed,
the transcriptome data sets of pry-1 and aak-2 mutants (Ranawade et al., 2018; Shin et al., 2011) showed a
significant overlap (192 shared genes, 132 upregulated and 60 downregulated; RF: 1.2, hyp.geo p < 0.006)
(Figure 7F; Table S7). Of these, 60 (45%) are mutually upregulated and 28 (47%) mutually downregulated in
both mutants. The overlapping set of differentially expressed genes are linked to GO processes such as
muscle structure development (act-1, mel-26, unc-52, emb-9, unc-15, and unc-54), muscle contraction
(unc-54), aging (daf-16, prmt-1, mpk-1, che-1, cgh-1, dao-5, and glp-4), lipid metabolic processes (tat-4,
Idp-1, sptl-3, pmt-1, lipin-1, and cgt-3), and regulation of lipid localization (daf-16, prmt-1, sams-1, tat-4,
lea-1, vit-1, vit-3, vit-4, and vit-6). Moreover, a significant number of genes are associated with stress
response (27) and catabolic process (25) (Table S7).

To further investigate the interaction of aak-2 with pry-1, tissue-specific knockdown experiments were
performed. Both muscle and intestine-specific aak-2 RNAi abolished life span extension in unc-54p::pry-
1 animals (Figures 7C and 7D; Table 52). Additionally, RNAI caused significantly fewer animals to show
nuclear-localized DAF-16:GFP (Figures 7E and 7F). As with aak-2, RNAi knock-down of par-4 in the muscle
suppressed the life span extension of unc-54p::pry-1 (Figure S7H), providing further evidence for PAR-4’s
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Figure 7. PRY-1 Interacts with AAK-2 to Regulate DAF-16 Localization and Life Span Extension

(A) pry-1 RNAi knockdown in aak-2(0k524) animals.

(B) Constitutive activation of aak-2in pry-1(mu38) animals.

(C and D) aak-2 RNAi knockdown in the muscle and intestine in unc-54p::pry-1 animals.

(A-D) See Transparent Methods and Table S2 for life span data and statistical analyses.

(E) aak-2 RNAI effect on DAF-16:GFP localization in unc-54p::pry-1 animals. Scale bar is 50 pm.

Data represent the means of two replicates (15 animals each) and error bars the standard deviation. Significance was
calculated using Student’s t-test. **p < 0.01.

(F) Venn diagram showing an overlapping set of genes between pry-1(mu38) and aak-2(gt33) transcriptomes.

involvement in PRY-1 and AAK-2 interaction. Collectively, the results described in this section lead us to
conclude that PRY-1 interacts with PAR-4 and AAK-2 in the muscle, thereby affecting DAF-16 localization
in the intestine and, ultimately, the life span of animals.

DISCUSSION

Our results demonstrate the role of C. elegans Axin family member PRY-1 in life span maintenance, which
involves AAK-2/AMPK-mediated DAF-16/FOXO signaling. We found that the pry-1 mutant transcriptome

iScience 23, 101843, December 18, 2020 13

128



Doctor of Philosophy— Avijit MALLICK; McMaster University— Biology

¢ CellPress iScience
OPEN ACCESS

contains a significant number of aging-associated genes, including IS and UPRE® pathway components as
well as those linked to lipid maintenance. Moreover, a significant number of DAF-16 direct targets are
altered in pry-1 mutants, and a majority of these are downregulated. Consistent with these findings, pre-
vious studies have shown that both DAF-16 and XBP-1-mediated UPR®® signaling regulate stress response,
lipid metabolism, and longevity (Imanikia et al., 2019; Lee et al., 2003; Lin et al., 2018; Murphy et al., 2003;
Taylor and Dillin, 2013). As expected from misregulation of aging-related genes, a partial or complete loss
of PRY-1 activity resulted in a shorter life span. The aging phenotype was associated with physiological
changes such as slower rates of body bending and pharyngeal pumping, an increase in aging pigment (lip-
ofuscin), and higher expression of UPRE® and UPR™T chaperones. Altogether, these data suggest that pry-1
affects multiple conserved pathways involved in stress maintenance and aging.

The characterization of pry-1 expression uncovered muscles as a major tissue for gene action. Other tissues
showing a relatively lower abundance of pry-1include neurons, hypodermis, and intestine. Since the WNT
ligands, mom-2 and cwn-2, are localized in some of these tissues (Song et al., 2010) and both ligands affect
life span (Lezzerini and Budovskaya, 2014), we investigated the possibility of pry-1 acting in a WNT-depen-
dent manner. The results of genetic interaction experiments suggest that mom-2-mediated signaling may
affect pry-1 function to maintain life span. However, such a mechanism may notinvolve the canonical WNT
effector protein B-catenin. It is worth noting that WNT signaling has been shown to play roles in cellular
senescence, aging, and age-related diseases (Brack et al., 2007; Gruber et al.,, 2016; Naito et al., 2010;
Zhang et al., 2019). However, the regulation and function of Axin in the pathway is poorly understood.

The finding that pry-1 is expressed in multiple tissues led us to investigate its tissue-specific function. The results
of RNAi-mediated knockdowns and rescue experiments revealed that the gene is needed in the muscle and hy-
podermis to maintain life span. Interestingly, forced expression of pry-1 in muscles, but not in hypodermis, al-
lowed animals to live longer. Considering that Axin homologs are expressed in muscles (Smith et al., 2019; Uhlen
et al, 2015) and mouse Axin (mAxin1) extended the life span of C. elegans when ectopically expressed in the
muscle tissue, we propose that the beneficial role of Axin in the muscle is evolutionarily conserved.

pry-1's involvement in muscle health was further investigated using the transcriptome data, which uncov-
ered a significant number of genes involved in muscle structure development and function. Almost all of
these were downregulated. Another group of genes regulated by pry-1 are associated with mitochondria
and include those that function in the mitochondrial membrane, mitochondrial matrix, and mitochondrial
ATP synthesis, suggesting that pry-1 plays a major role in maintaining the health of this vital organelle. As
expected, mutant animals showed increased fragmentation of mitochondria, which may contribute to mus-
cle aging and a shorter life span (Gouspillou and Hepple, 2016; Hood et al., 2019; Mergoud Dit Lamarche
etal., 2018). In contrast, muscle-specific overexpression of pry-1 resulted in marked improvements in mito-
chondrial morphology and locomotion. The relationship between aging and muscle mitochondrial func-
tion is well described. For example, daf-2 mutants that have a longer life span show preservation of mito-
chondrial morphology and delayed muscle aging (Mergoud Dit Lamarche et al., 2018; Wang et al., 2019).
Additionally, daf-16 is essential for the maintenance of muscle mitochondrial health (Wang et al., 2019). We
found that both transcription and subcellular localization of DAF-16 is regulated by PRY-1. Moreover, ge-
netic experiments revealed that the pry-1-mediated life span depends on daf-16. Interestingly, DAF-16 was
nuclear localized in the intestine of unc-54p::pry-1 worms. This localization appears to be important, since
the intestine-specific knockdown of daf-16 abolished the life span extension of transgenic animals.

We investigated the mechanism of PRY-1-mediated DAF-16 regulation and uncovered the role of AMPK
homolog AAK-2 in this process. Specifically, PRY-1 is essential for the activation of AAK-2, which, in turn,
promotes DAF-16 nuclear localization and life span extension of unc-54p::pry-1 animals. Previous work
has reported the involvement of AAK-2 in regulating DAF-16 function (Chen et al., 2013; Greer et al.,
2007a). Hence, these data, along with genetic interactions, aak-2::GFP expression, and pry-1 and aak-2
transcriptome analysis, support the following model: PRY-1, PAR-4, and AAK-2 form a complex in the mus-
cle, leading to AAK-2 phosphorylation. Activated AAK-2 initiates cell non-autonomous signaling to regu-
late DAF-16 activity in the intestine to maintain the life span. This model is consistent with the previously
reported role of AAK-2 (Burkewitz et al., 2014).

One of the outcomes of pry-1 interaction with daf-16 could be to affect lipid metabolism, since lipids are
implicated in aging (Papsdorf and Brunet, 2019) and both genes promote monounsaturated fatty acid
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synthesis by transcriptionally regulating fatty acid desaturases such as fat-7 (Murphy et al., 2003; Ranawade
etal., 2018; Zhang et al., 2013a). Other possibilities are also likely because DAF-16 interacts with multiple
factors to regulate life span (Lapierre and Hansen, 2012; Uno and Nishida, 2016). We should point out that
AXL-1, another Axin homolog in C. elegans, was reported previously to be necessary for metformin-
induced life span extension, although ax/-1 mutants have no aging-related phenotypes of their own
(Chenetal., 2017). Thus, our work on PRY-1 provides the first evidence of an Axin family member regulating
muscle health as well as life span.

Interactions between Axin and AMPK have been reported previously in mammalian systems. Specifically,
the Axin-AMPK complex formation was enhanced in cultured cells when subjected to glucose deprivation,
and Axin knockdown in the mouse liver impaired AMPK activation (Zhang et al., 2013b). AMPK is known to
promote mitochondrial biogenesis and mitochondrial function in human umbilical vein cells and mice aorta
(Marin et al., 2017). Moreover, AMPK phosphorylates all four human FOXO family members (Greer et al.,
2007b). Similar to that with AMPK, AAK-2-mediated life span extension depends on mitochondrial network
maintenance and DAF-16 regulation (Greer et al., 2007a; Uno and Nishida, 2016; Weir et al., 2017). Thus, it is
plausible that Axin-AMPK-FOXO interact in a conserved manner to regulate disparate biological processes
in eukaryotes. Studies in humans and other higher systems have established a connection between aging,
muscle health, mitochondrial dysfunction, and diseases (Gouspillou and Hepple, 2016; Hood et al., 2019).
Furthermore, Axin is essential for muscle maintenance, since myogenesis is abrogated in mutant animals
(Huraskin et al., 2016) and Axin2 upregulation is associated with increased muscle fibrosis in aging mice
(Arthur and Cooley, 2012; Brack et al., 2007). Since muscle mass and function progressively decline with
age, understanding the mechanism of Axin's function in this tissue promises to uncover potential interven-
tions for aging-associated muscle deterioration.

Limitations of the Study

We have shown that pry-1 is necessary to maintain muscle health and life span in C. elegans. However, it
remains to be determined whether Axin homologs in other systems also regulate similar processes. Our
conclusion that muscle-specific expression of pry-1 extends life span is based on the analysis of transgenic
animals that constitutively express the gene throughout developmental and post-developmental periods.
In the future, it will be worthwhile to investigate pry-1's role by activating its expression specifically during
adulthood. The analysis of the pry-1 role in muscles led us to investigate its interactions with aak-2/AMPK
and daf-16/FOXO. While our data demonstrates that the muscle-specific expression of pry-1 causes an in-
crease in AAK-2 phosphorylation, whether PRY-1 physically interacts with AAK-2 is yet to be examined.
Finally, we found that PRY-1-AAK-2-mediated signaling acts cell non-autonomously to promote nuclear
localization of DAF-16 in the intestine, which is necessary for life span extension. However, the factors
that facilitate communication between PRY-1 and DAF-16 remain to be identified.
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Supplementary Figures

Figure S1: pry-1 expression in older adults, effect of pry-1 overexpression on
lifespan, and phenotype of C. briggsae pry-1 mutant, related to Figures 1, and 4.
(A) gPCR analysis showing pry-1 transcript levels at day-1, 4 and 8 of adulthood. Data
represent the means of two replicates and error bars represent the SEM. Significance

was calculated using Bio-Rad software (t-test). *p < 0.05.
(B) Lifespan phenotype of hs::pry-1 transgenic animals.
(C) Lifespan phenotype of Cbr-pry-1(sy5353) mutant.

(B-C) See Transparent methods and Table S2 for lifespan data and statistical analyses.
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Figure S2: Analysis of pharyngeal pumping and body bending in pry-1(mu38)
animals, related to Figure 2.

(A and B) Pharyngeal pumping and body bending rates in the pry-1 mutants.

(C and D) Rescue of pry-1(mu38) defects by expression of pry-1 transgene using a
hs::pry-1 construct.

(A-D) Data represent the means of at least two replicates (n > 30 animals) and error bars
the standard deviation. Significance was calculated using Student’s t-test *p < 0.05, **p <
0.01.
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Figure S3: Expression pattern of pry-71in C. elegans, related to Figure 4.

(A) Expression pattern of pry-1in pry-1p::pry-1::GFP transgenic animals during larval and
adult stages.

(B) Magnified image showing GFP fluorescence in body wall muscles. Nuclei are
indicated by arrows.

(C) Arrows point to intestinal nuclei showing GFP fluorescence.
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Figure S4: Expression pattern of pry-1 in C. briggsae and the impact of tissue-
specific knockdowns of C. elegans pry-1 on lifespan, related to Figure 4.

(A) Representative images of C. briggsae pry-1p::GFP transgenic animals showing GFP
fluorescence in muscles of an L4 larva and an adult.

(B) Lifespan phenotype of animals following pry-1 RNAi knockdown in neurons.
(C) Lifespan phenotype of animals following pry-7 RNAi knockdown in intestine,

hypodermis and germline.

(B-C) See Transparent methods and Table S2 for lifespan data and statistical analyses.
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Figure S5: Rescue analysis of pry-1(mu38) lifespan defect and the effect of muscle-
specific expression of mouse Axin1 in C. elegans, related to Figure 5.

(A and B) Lifespan rescue experiments by tissue-specific expression of pry-1 in
hypodermis (A) and muscle.

(C) Lifespan phenotype of animals expressing mAxin1 in the muscle.

(A-C) See Transparent methods and Table S2 for lifespan data and statistical analyses.
(D and E) Rates of body bending and pharyngeal pumping in unc-54p::pry-1 animals.
(F) Thrashing rate of unc-54p::pry-1 between day 8 and 11.

(D-F) Data represent the means of at least two replicates (30 animals each) and error
bars the standard deviation. Significance was calculated using Student’s t-test *p < 0.05,
**p <0.01.
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Figure S6: Expression of daf-16 isoforms, GATA factors elt-2 and elt-4, and sod-3.
Genetic interactions of pry-1 with daf-2 and daf-16, related to Figure 6.

(A and B) Transcript levels of daf-16a, daf-16d/f/h/i’lk and daf-16 overall in day-1 pry-1
mutants (A) and unc-54p::pry-1 animals (B).

(C) Transcript levels of elt-2 and elt-4 in day-1 unc-54p::pry-1 animals.

(A-C) Data represent the means of two replicates and error bars the SEM. Significance
was calculated using Bio-Rad software (t-test). *p < 0.05, **p < 0.01.

(D) Lifespan phenotype of daf-2 mutants following pry-1 RNA.I.

(E) Lifespan phenotype of pry-1(mu38); hs::pry-1 animals following daf-716 RNA..

(D and E) See Transparent methods and Table S2 for lifespan data and statistical
analyses.

(F) sod-3 transcript analysis in unc-54p::pry-1 animals. Data represents the mean of two
replicates and error bar the SEM. Significance was calculated using Bio-Rad software (t-
test). *p < 0.05, **p < 0.01.
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Figure S7: Analyses of lipid levels and expression of genes involved in lipid
synthesis in unc-54p::pry-1 animals and genetic interactions of aak-2 and par-4
with pry-1, related to Figure 7.

(A) Oil red O staining of total lipid droplets in control and unc-54p::pry-1 day-1 adults.
Scale baris 0.1mm.

(B) Quantification of lipid levels in animals shown in panel A. Data represent the means
of at least two replicates (n > 20 animals each) and error bars the standard deviation.
Significance was calculated using Student's t-test, **p < 0.01.

(C) gPCR analysis of fatty acid desaturases (fat-5, fat-6, and fat-7) and SREBP homolog
(sbp-1) in wild-type (N2) and unc-54p::pry-1 day-1 adults. Data represent the means of
two replicates and error bar the SEM. Significance was calculated using Bio-Rad software
(t-test). *p < 0.05, **p < 0.01.

(D) Representative images of AAK-2::GFP in control and pry-1(mu38) animals. Scale bar
is 0.2mm. Data represent the means of at least two replicates (n > 20 animals each) and
error bars the standard deviation. Significance was calculated using Student’s t-test, **p
<0.01.

(E) Representative images of AAK-2::GFP animals. GFP fluorescence is visible in the
muscle (arrowhead). Scale bar is 0.1mm.

(F) Dauer survivability phenotype of pry-1(mu38), pry-1(gk3682), and aak-2(ok524)
animals.

(G) Lifespan analysis of par-4(it57) animals following control and pry-7 RNAi knockdowns.
(H) Muscle-specific knockdown of par-4 in control and unc-54p::pry-1 animals.

(F-H) See Transparent methods and Table S2 for lifespan data and statistical analyses.
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TRANSPARENT METHODS

LEAD CONTACT AND MATERIALS AVAILABILITY
Further information and requests for resources and reagents should be directed to and
will be fulfilled by the Lead Contact, Bhagwati Gupta (quptab@mcmaster.ca).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Worm cultures

C. elegans strains (see Table S8) were maintained on nematode growth medium (NGM)
agar-containing plates seeded with OP50 E. coli bacteria (Brenner, 1974). Cultures were
kept at 20°C unless otherwise stated.

Strain construction

DY230 strain was created by injecting 100 ng/ul of pGLC37 plasmid into the pry-1(mu38)
animals. To generate transgenic animals (DY664-668), pGLC153(unc-54p::pry-1) or
pGLC154(lin-26p::pry-1) was injected in N2 animals at 30 ng/uL along with 30 ng/uL of
pPD136.64(myo-3p::YFP) marker. Two independent lines were established in each case.
pGLC153 was also co-injected with 30 ng/uL pPD136.64 in the strains NR350 and VP303
to generate muscle (DY682) and intestine-specific (DY690) RNAI lines. DY679 was
generated by injecting 30ng/uL pDCA10(pry-1p::pry-1::GFP) and co-injection marker
10ng/uL dat-1p::mCherry in N2. pDC10 was injected in C. briggsae AF16 animals to
generate the strain DY160.

METHOD DETAILS
Reagents and resources used in this study are listed in Table S8.

Plasmid construction
pGLC37 was constructed by subcloning full-length C37A5.9/pry-1 cDNA (1.7kb)
downstream of hsp-16-41 promoter in the vector pPD49.83.

unc-54p::pry-1 plasmid (pGLC153), containing PRY-1 cDNA downstream of muscle-
specific promoter unc-54, was constructed as follows. Three different fragments, 4.1kbp
of unc-54 promoter, 1.7kbp of pry-1-cDNA from pGLC37, and 646bp of unc-54 3' UTR
from genomic DNA were amplified using primers (Table S8). The purified fragments were
cloned into the destination vector using the Multisite Gateway Pro (Thermo Fisher
Scientific) protocol.

lin-26p::pry-1 plasmid (pGLC154), containing PRY-1 cDNA downstream of the
hypodermis-specific promoter /in-26, was constructed as follows. Three different
fragments, 4.1kbp of /in-26-promoter, 1.7kbp of pry-1-cDNA from pGLC37, and 646bp of

10
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unc-54 3' UTR from genomic DNA were amplified using primers (Table S8). The purified
fragments were cloned into the destination vector using the Multisite Gateway Pro
(Thermofisher) protocol.

pDC10 was kindly provided by Hendrick Korswagen (Korswagen et al., 2002). The
plasmid contains a genomic DNA fragment including the complete C37A5.9/pry-1-coding
sequence and 3.6 kb of upstream sequence inserted in-frame into the GFP reporter
containing vector pPD95.81.

pry-1 RNAI plasmid (pGLC142) was constructed by inserting a genomic fragment of 2.3kb
into the L4440 vector using restriction enzymes Hindlll and Xmal. The fragment was
obtained by PCR using the primers GL1343 and GL1344.

RNA extraction and qPCR

Total RNA was extracted from one large plate of worms using the Trizol-based extraction
procedure (SIGMA). RNA was DNAse treated according to a protocol (QIAGEN). 1 ug of
RNA was used to synthesize cDNA using a SensiFAST cDNA synthesis kit (BIOLINE).
SYBR Green (BIORAD) quantitative RT-PCR was performed using the BIORAD CFX-
Real Time system and following the BIORAD-CFX Software manual. Data from three
biological repeats were analyzed using the comparative 2AACt method and significance
assessed by one-way ANOVA.

RNAi

RNAi-mediated gene silencing was performed using the protocol previously published by
our laboratory (Seetharaman et al., 2010). For adult specific RNAI, synchronized worms
were cultivated on plates containing OP50 bacteria until the young adult stage and then
transferred to RNAI plates. Either L4440 empty vector or GFP RNAI bacteria was used
as a control (Kamath et al., 2001). RNAi knockdown of bar-1 in pry-1(mu38); hs::pry-1
strain had no effect on the lifespan but did suppress the multivulva phenotype of animals.

RNA-seq data analysis

RNA-seq data for pry-1(mu38) animals were published (Ranawade et al., 2018) and
deposited in NCBI with accession number GEO GSE94412. GO analysis was carried out
with default setting using GoAmigo (http://amigo.geneontology.org). A GO-term
containing at least three genes with a p-value adjusted for multiple comparisons and <
0.05 (Benjamini-Hochberg method) was counted significant (Carbon et al., 2009). Tissue
enrichment analysis was performed using WormBase online TEA tool that employs a
tissue ontology (Angeles-Albores et al., 2016).

Lifespan analysis

11
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Lifespan analysis was carried out following an established protocol (Amrit et al., 2014).
Each strain was repeated at least twice. A minimum of 50 animals were used per
condition, and worms were scored for viability every second day, from day 1 of adulthood
(treating the pre-fertile day preceding adulthood as t = 0). daf-2(e1370) and par-4(it57)
animals were grown at 25°C after reaching adulthood. Young adult worms were
transferred to fresh plates every other day and the numbers of dead worms were recorded
as events scored. Animals that were lost or burrowed in the medium, exhibiting protruding
vulva (intestine protrudes from the vulva), or undergoing bagging (larvae hatching inside
the worm body) were censored. SigmaPlot software was used for statistical analysis, and
p values were calculated using the log-rank (Kaplan-Meier) method.

Dauer longevity assay

Dauers were generated using a starvation protocol. Synchronized gravid adults were
plated and allowed to lay eggs for 8 hours following which adults were removed. The plate
was then shifted to 27°C and after 3 days 10 Dauer larvae were randomly picked into a
20 pl drop of double-distilled water suspended under a Petri dish cover. A wet tissue was
placed on the bottom of the plate and was sealed with Parafilm. Dauer longevity was
monitored daily at 25°C, and survival was scored as moving response upon exposure to
a focused beam of 425-440 nm light as previously described (Narbonne and Roy, 2006).
SigmaPlot software was used for statistical analysis, and p values were calculated using
the log-rank (Kaplan-Meier) method.

Pharyngeal pumping and locomotion

Pharyngeal pumping assay was performed on NGM plates containing a thin bacterial
lawn. Worms were bleach synchronized and allowed to grow in the presence of food to
late L4 stage. 10 worms were transferred to assay plates, and the number of contractions
in the terminal bulb of the pharynx of each animal was counted every 24 hours for 30 sec
using a Nikon 80i inverted microscope. Four independent experiments were performed
on each day.

The locomotion rate of worms on different days of adulthood was examined using a
protocol from the Sternberg lab. Briefly, worms were bleach synchronized and allowed to
grow till late L4 stage. Five worms were placed onto separate plates and tested daily for
locomotion until death. For testing, a worm was picked onto an NGM plate containing a
uniform layer of bacteria and stimulated by contact with the tail. The number of body
movements was counted from the trail left on the plate.

Oil Red O staining
Oil Red O (Sigma-Aldrich) staining was performed following the standard protocol
(Ranawade et al 2018). Worms were washed with 1x PBS buffer (pH 7.4), and re-
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suspended in 60 pl of 1x PBS, 120 pl of 2x MRWB buffer and 60 ul of 4%
paraformaldehyde. The worms were then freeze-thawed three times and washed twice
with 1x PBS. They were then incubated at room temperature in 60% isopropyl alcohol for
10 minutes for dehydration and stained with freshly prepared Oil Red O solution for at
least 48 hours on a shaker. Animals were imaged with a Q-imaging software and
Micropublisher 3.3 RTV color camera outfitted with DIC optics on a Nikon 80i microscope.
NIH ImageJ software was used to quantify Oil Red O intensities (Soukas et al., 2009). 15
to 30 worms were randomly selected from each category in at least two separate batches.

Fluorescence microscopy

Photomicrographs of GFP-tagged animals were acquired using Axiovision Zeiss
microscope (Mallick et al., 2019). Nematodes were mounted on glass slides containing
2% agarose and 0.02M NaNsz and quickly observed under the microscope (within 10 min.)
to minimize stress. The microscopy analysis was independently replicated at least twice.

Western blotting

For native extracts, nematodes were synchronized by bleaching and allowed to grow on
OP50 bacteria until day-1 of adulthood. Worms were then washed three times with M9
buffer, pelleted, and mixed with 1mL of native lysis buffer (as described in Gidalevitz et
al., 2009). Samples were frozen in -80°C prior to use. Nematodes were thawed on ice
and mechanically disrupted using a Precellys (Bertin Instruments) programmed for 8x10s
pulses, with 30s between each pulse. Samples were then centrifuged for 5 minutes
(13000 g) at 4°C and supernatant containing total proteins was transferred to fresh tubes.

SDS-PAGE was carried out followed by electrophoretic transfer to nitrocellulose
membrane at 100 V for 1 hour at 4°C. Immunoblots were performed according to primary
antibody manufacturers’ protocols. AAK-2 phosphorylation was probed with rabbit p-
AMPKa (T172) antibody (CST). GAPDH was probed as housekeeping gene with 1:1000
mouse GAPDH (Invitrogen). Secondary antibodies, goat-anti-rabbit HRP-linked IgG
(CST) and goat-anti-mouse 1gG (Invitrogen), were diluted 1:1000 and 1:1500,
respectively in 4% milk dissolved in TBST. Signal was detected using Amersham™
ECL™ Western Blotting Detection Reagent (GE Healthcare). The results are
representative of two independent experiments.

Quantification and statistical analyses

For lifespan and stress resistance assays, statistics analyses were performed using
SigmaPlot software 11. Survival curves were estimated using the Kaplan- Meier test and
differences among groups were assessed using the log-rank test. Survival data are
expressed relative to the control group. Bio-Rad CFX software was used for gPCR
statistical analyses using t-test or one-way ANOVA.
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Statistical analyses other than those for muscle mitochondrial morphology were
performed using Microsoft Office Excel 365. The mitochondrial data was analyzed using
GraphPad prism and p values were calculated using Fisher’s exact test. Figure 5 shows
values based on normal (tubular) and defective (intermediate and fragmented,
combined) mitochondrial phenotypes. Significance was also determined for individual
defective categories. The p values are: <0.0001, 0.7583, 0.0429, and 0.048 when
comparing tubular with intermediate and <0.0001, 0.5128, 0.0110, and 0.0986 when
comparing tubular with fragmented. The genotypes in both cases are: pry-1(mu38),
whole-animal pry-1(RNAI), muscle-specific pry-1 RNAIi, and unc-54p::pry-1, respectively.
We used the chi square test as well and obtained the following p values: <0.0001 for pry-
1(mu38), 0.5697 for whole-animal pry-1(RNAi), 0.0194 for muscle-specific pry-1 RNAI,
and 0.066 for unc-54p::pry-1.

In all cases, differences were considered statistically significant at p < 0.05, thereby
indicating a probability of error lower than 5%. For hypergeometric probability testing, an
online program (http://nemates.org/MA/progs/overlap_stats.html) was used to test
statistical significance of the overlap between two gene sets.
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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) “Cabinl 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).

Acrticles 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: | 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.
| and Bhagwati Gupta created all the Figures and illustrations. | 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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Genetic analysis of Caenorhabditis elegans pry-1/Axin
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Abstract

The Axin family of scaffolding proteins regulates a wide array of developmental and post-developmental processes in eukaryotes. Studies
in the nematode Caenorhabditis elegans have shown that the Axin homolog PRY-1 plays essential roles in multiple tissues. To understand
the genetic network of pry-1, we focused on a set of genes that are differentially expressed in the pry-T-mutant transcriptome and are
linked to reproductive structure development. Knocking down eight of the genes (spp-1, clsp-1, ard-1, rpn-7, cpz-1, his-7, cdk-1, and rnr-1)
via RNA interference efficiently suppressed the multivulva phenotype of pry-1 mutants. In all cases, the ectopic induction of P3.p vulval pre-
cursor cell was also inhibited. The suppressor genes are members of known gene families in eukaryotes and perform essential functions.
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. 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 stress response. Altogether, these findings demonstrate the important role of pry-1 suppressors in regulat-
ing developmental and post-developmental processes in C. elegans. Given that the genes described in this study are conserved, future
investigations of their interactions with Axin and their functional specificity promises to uncover the genetic network of Axin in metazoans.
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Introduction Korswagen et al. 2002; Mallick et al. 2019b, 2020; Mallick and
Gupta 2020). Initial studies on pry-1 showed that the gene product
acts as a negative regulator of canonical WNT signaling
(Korswagen et al. 2002). PRY-1 forms a destruction complex in the
absence of a WNT ligand, leading to inhibition of a WNT effector,
the p-catenin homolog BAR-1. Mutations in pry-1 mimic activated
WNT signaling and cause the translocation of BAR-1 to the nu-

Most genetic research is aimed at linking genes to phenotypes
and understanding how changes in gene function affect biologi-
cal processes. Studies in animal models have demonstrated that
genes exert their effects through interactions with other genes
that form functional networks. Disruptions of the activity of net-
work components can lead to various defects and in some cases ' :
premature death. Therefore, a comprehensive understanding of ~ Cieus. thereby promoting the expression of target genes (Gleason
gene-gene interactions is crucial for the discovery of effective ¢t @l 2002). During vulval development, pry-1 restricts the number
treatments. Our group is currently investigating the genetic net-  Of induced vulval precursor cells (VPCs). In a normal worm, three
work of an Axin family member in the nematode Caenorhabditis ~ (P5-P, P6.p, and P7.p) of the six Pn.p cells (P3.p through P8.p),
elegans. Axins are scaffolding proteins that play crucial roles in ~ termed the VPCs, participate in the formation of the vulva

regulating conserved processes in metazoans; they integrate  (Sulston and Horvitz 1977; Sternberg 2005). The remaining unin-
inputs from multiple interactors to coordinate downstream cellu-  duced VPCs adopt nonvulval fates and fuse with the surrounding
lar signaling events. Moreover, Axin mutations have been impli- ~ hypodermal syncytium (Stemnberg and Horvitz 1989). In the ab-
cated in multiple abnormalities and diseases (Mallick et al sence of pry-1, nonvulval cells are inappropriately induced to
2019b). Therefore, elucidating the Axin signaling cascade can en- adopt specific fates, resulting in multiple ectopic ventral protru-
hance our understanding of disease progression, and the path- sions, a phenotype termed multivulva (Muv) (Gleason et al. 2002;
way could be an attractive therapeutic target. Seetharaman et al. 2010). The mechanism of pry-1 action during
Work from our lab and others have shown that the C. elegans VPC induction and cell fate specification is not well understood.
Axin homolog PRY-1 is involved in multiple developmental and In addition to its essential function in canonical WNT signal-
post-developmental processes, including embryogenesis, neuro- ing, pry-1 participates in the WNT asymmetric pathway to regu-
nal differentiation, vulva formation, seam cell development, lipid late the expression of heterochronic microRNAs and their targets
metabolism, and lifespan maintenance (Maloof et al. 1999; during seam cell development (Mallick et al. 2019a). More
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recently, we discovered additional roles for pry-1 in the regulation
of lipid metabolism, stress response, and aging, and identified its
interacting genes in these processes (Mallick et al. 2019b, 2020).
Whereas these findings demonstrate the essential function of
pry-1 in C. elegans, how it controls diverse events and mediates
specific cellular interactions remain to be explored. Given that
the gene encodes a scaffolding protein, it might recruit many
other factors to regulate their activities.

In this study, we set out to investigate the genetic network of
pry-1 by investigating a set of genes that are involved in a wide
variety of cellular and molecular processes. The genes are differ-
entially expressed in the pry-1-mutant transcriptome and while
they are all associated with the GO term “reproductive structure
development,” many have essential roles in other tissues as well.
Our RNAi knockdown experiments revealed that eight of the 26
genes tested (spp-1, clsp-1, ard-1, rpn-7, cpz-1, his-7, cdk-1, and mr-1)
strongly suppressed the pry-1 Muv phenotype and ectopic P3.p in-
duction. We examined genetic interactions between the genes
and bar-1 in vulval cells, which revealed that rpn-7 acts down-
stream of pry-1-bar-1-mediated signaling. All of the suppressor
genes are conserved in eukaryotes and perform diverse functions
such as oxidation-reduction reactions (dehydrogenase family:
ard-1 and reductase family: mr-1), protein degradation (proteaso-
mal complex component: rpn-7 and peptidase: cpz-1), protein
phosphorylation (adapter protein: clsp-1 and kinase: cdk-1), trans-
membrane transportation (channel protein: spp-1), and the regu-
lation of gene expression (histone: his-7) (Davy et al. 2001; Hashmi
et al. 2004; Boxem 2006; Alper et al. 2007, Mori et al. 2008;
Srinivasan et al. 2008; Ossareh-Nazari et al. 2016). Four of the
genes (clsp-1, his-7, cdk-1, and rnr-1) have roles in the cell cycle,
DNA damage checkpoint, DNA repair, and DNA replication.

We investigated whether suppressors also participate in other
pry-1-mediated processes, such as the stress response and life-
span maintenance. Whereas RNAi knockdown of four of the eight
genes (cpz-1, his-7, cdk-1, and rnr-1) significantly rescued the short
lifespan and stress sensitivity of pry-1 mutants, two of them (spp-
1 and ard-1) affected only the stress response but not the lifespan.
These results show that pry-1 utilizes overlapping subsets of
genes in distinct processes. Overall, these findings demonstrate
that PRY-1 interacts with a diverse set of conserved factors in-
volved in processes such as protein modification, protein homeo-
stasis, DNA replication, DNA repair, gene expression, and the cell
cycle to control essential biological events in C. elegans.

Materials and methods
Strains

Animals were maintained at 20°C on standard nematode growth
media (NGM) plates seeded with OP50 Escherichia coli bacterial
strains as described by Brenner (1974). Worm strain information
can be found in Supplementary Table S1.

RNAi

RNAi mediated gene silencing was performed using a protocol
previously published by our laboratory (Ranawade et al. 2018).
Plates were seeded with E. coli HT115 expressing either dsRNA
specific to candidate genes or empty vector (L4440). Synchronized
gravid adults were bleached, and eggs were plated. Vulva or seam
cell phenotypes were analyzed in young adults.

Ahringer RNAi library was the source of bacterial clones
(Kamath et al. 2003). Initially, GO term searches (in 2017; geneon-
tology.org file “gene_ontology.obo” pulled from the version con-
trol on May 3 08:44:20 2017 UTC) had identified 36 upregulated
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genes associated with reproductive structure development. Of
these, 26 clones were present in the RNAI library and tested. The
remaining clones were either absent or did not grow. Subsequent
GO analysis (performed in 2020) revealed a larger set of upregu-
lated genes (52). Since the work on the initial 26 genes had ad-
vanced significantly by this time, additional genes were not
tested.

Vulva phenotype and VPC induction analysis

Muv and protruding vulva (Pvl) phenotypes were scored in adults
at plate level. Animals with multiple ventral protrusions (pseudo-
vulvae) were termed as Muv and those with a single prominent
protrusion as Pvl. VPC induction was determined during the L4
stage under a Nomarski microscope (Seetharaman et al. 2010) L4
larvae were mounted on glass slides containing 2% agar pad and
the anesthetic sodium azide (1mM). In a wild-type worm, each of
the three VPCs, P5.p, P6.p, and P7.p, are induced to form the vulva
(hence the induction score three, one for each precursor). The
vulval progeny invaginate and fuse selectively giving rise to a
“Christmas tree” appearance during the mid-to-late L4 stage.
Animals with more than three induced VPCs (Muv class) show
multiple distinct invaginations and are assigned induction scores
of greater than three.

Lifespan analysis

All lifespan analysis was done following adult-specific RNAi
treatment using a protocol described previously (Mallick et al.
2020). Animals were grown on NGM OP50 seeded plates till late
L4 stage after which they were transferred to RNAI plates. Plates
were then screened daily for dead animals and surviving worms
were transferred every other day till the progeny production
ceased. Censoring was done for animals that either escaped, bur-
rowed into the medium, showed a bursting of intestine from the
vulva or formed a bag of worms (larvae hatches inside the worm
and the mother dies). Data from the lifespan experiments are
combined and represented by the Kaplan-Meier survival plot cou-
pled with log-rank (Mantel-Cox) test (to get the statistics of aver-
age survival time) (Amrit et al. 2014).

Stress assay

Oxidative stress experiments were performed by exposing ani-
mals to 100 mM paraquat (PQ) for 1 and 2 h using a published pro-
tocol (Li et al. 2008). Final working concentrations were made in
M9 buffer. At least 30 animals were tested for each strain in each
replicate. Mean and standard deviation were determined from
experiments performed in duplicate. Animals were considered
dead if they had no response following a touch using the plati-
num wire pick and showed no thrashing or swimming movement
in M9. Moreover, dead animals usually had an uncurled body
posture compared to the normal sinusoidal shape of worms.

Body bending and pharyngeal pumping analysis
Rate of body bending per one min and the rate of pharyngeal
pumping per 30s for adults were analyzed over the period of 4
days (Collins et al. 2008). Individual hermaphrodites were ana-
lyzed for these phenotypes under the dissecting microscope by
placing them on OP50 culture plates. Pharyngeal pumping was
assessed by observing the number of pharyngeal contractions for
30s. For body bending assessment, animals were stimulated by
tapping once on the tail of the worm using the platinum wire
pick where one body bend corresponded to one complete sinusoi-
dal wave of the worm. Only animals that moved throughout the
duration of one min were included in the analysis.
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Molecular biology

RNA was extracted from synchronized L3 and day-1 adult ani-
mals. Protocols for RNA extraction, cDNA synthesis and qPCR
were described earlier (Ranawade et al. 2018). Briefly, total RNA
was extracted using Trizol (Thermo Fisher, USA), cDNA was syn-
thesized using the SensiFast cDNA synthesis kit (Bioline, USA),
and gPCR was done using the SYBR green mix (Bio-Rad, Canada).
Primers used for qPCR experiments are listed in Supplementary
Table S1.

Nomarski fluorescent microscopy

Animals were anesthetized using 10mM Sodium Azide and
mounted on glass slides with 2% agar pads and covered with
glass coverslips. Images were captured using Zeiss Apotome
microscope and Zeiss software. Fluorescence of hsp-4::GFP,
hsp-60::GFP, sod-3::GFP and daf-16p::DAF-16::GFP was examined by
analyzing the degree of GFP intensity. Quantification of GFP fluo-
rescence pixel densities was performed with ImageJ™ (https://
imagej.nih.gov/ij/).

Statistical analyses

Statistics analyses were performed using Sigma Plot software 11,
CFX Maestro 3.1, and Microsoft Office Excel 2016. For lifespan
data, survival curves were estimated using the log-rank (Mantel-
Cox) test and differences among groups were assessed using the
log-rank test. gPCR data were analyzed using Bio-Rad CFX
Maestro 3.1 software. For all other assays, data from repeat
experiments were pooled and analyzed together and statistical
analyses were done using GraphPad Prism 8. P-values less than
0.05 were considered statistically significant.

Results

Reproductive structure development genes are
misregulated in the pry-1 mutant

Given that pry-1 is involved in diverse processes, we aimed to
identify its interacting genes that might act in a tissue or process-
specific manner. The initial work focused on vulval development,
a tissue where pry-1 plays an essential role but very little is
known about the downstream target genes. We used GO enrich-
ment analysis (http://geneontology.org/ and Wormbase release
Ws258) to filter differentially expressed genes associated with
“reproductive structure development” (GO:0048608) in the pry-1
mutants and identified 149 genes (Supplementary Table S2).
Among them, 52 and 97 genes were upregulated and downregu-
lated, respectively, in the pry-1 mutant transcriptome (Ranawade
et al. 2018) (Figure 1, A and B, Supplementary Table S2). GO term
analysis showed significant enrichment (FDR p<0.05) of pro-
cesses such as cellular component organization or biogenesis
(69), anatomical structure development (61), metabolic process
(57), regulation of transcription (27), cell cycle (24), and nervous
system development (21) (Supplementary Table S3). When exam-
ined for molecular functions, we observed enrichment in catego-
ries such as protein binding activity (64), DNA binding activity
(27), RNA binding activity (20), hydrolase activity (26), signaling
receptor binding activity (8), and protein kinase binding activity
(7) (Supplementary Table S3). Many genes were found to be asso-
ciated with cellular components, including the nucleus (74),
protein-containing complexes (65), cytoplasm (52), integral com-
ponents of the membrane (20), cytoskeleton (17), and nuclear
chromosomes (12) (Supplementary Table S3). This suggests that
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pry-1 plays an essential role in regulating the expression of di-
verse sets of genes.

Another type of analysis involved enrichment of tissues and
phenotypes linked to misregulated genes (https://wormbase.org/
tools/enrichment/tea/tea.cgi, Angeles-Albores et al. 2016). The
results showed significant enrichment of tissues, such as neurons
and P-cell lineages (Supplementary Table S4). The genes were also
significantly associated with phenotypes such as Pvl, vulval cell in-
duction increased or decreased, and hermaphrodite reproductive
system morphology variants (Supplementary Table 54).

RNAI knockdown of a subset of reproductive
structure development genes suppresses the
pry-1 Muv phenotype

We evaluated the role of the upregulated genes in pry-1-mediated
vulval development. To this end, a subset (26 of 52 genes, 50%)
was experimentally tested by RNAi to determine the effect of
these genes on the Muv phenotype of pry-1(mu38) animals (see
Materials and Methods, Figure 2). As mentioned previously, adult
pry-1 mutant hermaphrodites exhibit a Muv phenotype owing to
the constitutive activation of canonical WNT signaling (Gleason
et al. 2002). Knockdown of 15 of the genes by RNAi significantly
suppressed ectopic pseudovulvae in pry-1 mutants (p<0.05)
(Figure 2). For eight of these, the penetrance of the Muv pheno-
type was lower than the mean = 2 standard deviations (95% con-
fidence interval) of control RNAi-treated animals (Figure 2);
therefore, we designated them as pry-1 suppressors.

All eight genes, except one (spp-1), have homologs in higher
eukaryotes including humans, suggesting their important roles
in conserved biological processes. Four of the suppressors encode
proteins that possess or regulate enzymatic activities, specifically
acting as oxidoreductases (ard-1 and mr-1), a protease (cpz-1), and
a regulatory subunit of a proteasome complex (rpn-7). Two of the
suppressors, clsp-1 and cdk-1, are involved in protein phosphory-
lation. cdk-1 is possibly necessary for all cell divisions in C. elegans
(Boxem 2006). his-7 is a member of the human H2A family of his-
tones that function in DNA repair and gene expression, and spp-1
is a homolog of the human gene encoding Saposin-like protein
that plays a role in immunity (Table 1).

To investigate the expression of the suppressor genes in the
pry-1(mu38) strain, we performed qPCR experiments at the L3
stage when VPCs undergo division to produce vulval progeny.
Earlier, the transcriptome profiling revealed that all genes were
upregulated in the L1 larval stage (Ranawade et al. 2018). The pat-
tern was the same in L3 animals, except for cpz-1, which was
unchanged (Figure 3A). We also carried out gPCR analysis in day-
1 adults and found that five of the suppressor genes continued to
be expressed at significantly high levels. Of the remaining three,
ard-1 and rpn-7 were unchanged and his-7 was downregulated
(Figure 3B). Thus, most of the suppressor genes are negatively
regulated by pry-1 in L3 larvae and young adults. The results also
suggest that pry-1 regulates some of the genes in a stage and
tissue-specific manner. Thus, it could be that cpz-1 levels are
upregulated in vulval cells but not reflected by whole animal
qPCR analysis or that its temporal requirement in vulval cells is
different. More work is needed to examine these possibilities.
Overall, these results support the key roles of suppressor genes
downstream of pry-1 in vulva formation and their potential in-
volvement in mediating pry-1 function in adults.

To understand the cellular basis of Muv suppression, the VPC
induction pattern was investigated. In control RNAi treatments,
pry-1(mu38) animals showed an average VPC induction of
3.4+0.6 (n=29), which is higher than the N2 control (Table 2).
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Figure 1 pry-1 mutant transcriptome is enriched with genes involved in reproductive structure development. (A} Volcano plot showing the 149
differentially expressed genes, with p < 0.05, linked to reproductive structure development in pry-1 mutant animals {Supplementary Table S2). The
dotted line on the x-axis corresponds to log, fold change of 1 and the one on the y-axis shows p-value of 0.05. Orange and green dots represent
significantly upregulated and downregulated genes, respectively. (B) Phenotype-enrichment analysis of genes shown in (A). Not all categories are listed

See Supplementary Table S4 for a complete list.
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Figure 2 Quantification of the Muv phenotype following RNAi knockdown of 26 upregulated genes in pry-1(mu38) animals. Data represent the mean of
two replicates (n > 40 animals in each replicate) and error bars represent the standard deviation. For eight of the genes, located on the right of the dotted
vertical line, Muv penetrance was lower than the mean + 2x standard deviation of the control (L4440). Statistical analyses were done using one-way

ANOVA with Dunnett’s post hoc test and significant differences are indicated by stars (*): * (p < 0.05), ™ (p < 0.01), ™™ (p < 0.001), #

The increase was mainly due to P3.p, and to a lower extent P4.p
and P8.p, being ectopically induced. The RNAi knockdown of all
eight genes suppressed the P3.p defect in pry-1 mutant animals
(Figure 4C, Table 2) (see Materials and Methods for details). For six
of the genes (ard-1, rpn-7, cpz-1, his-7, cdk-1, and mr-1. cdk-1 and
mr-1) the average VPC induction was also reduced (Figure 4, A
and B and Table 2).
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(p<0.0001).

We also examined the effects of suppressors on wild-type
vulval development. RNAi experiments indicated no significant
reduction in VPC induction for any of the genes except cdk-1
and rnr-1 (Figure 4, A and D and Table 2). cdk-1 and rnr-1 RNAi
resulted in 39% and 96.3% reductions in VPC induction, respec-
tively, when compared to that in controls, suggesting that both
genes play essential roles in vulva formation. These data, to-
gether with expression studies, support our conclusion that all
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Table 1 List of the eight suppressor genes, their mammalian homologs, associated GO-biological processes, and function in C. elegans

Gene

spp-1

clsp-1

ard-1

rpn-7

cpz-1

his-7

cdk-1

mr-1

>

Normalized expression

Mammalian homolog

Human SAPLIPs (saposin-like
proteins, saposin-B type
domain-containing protein)

Human CLSPN (claspin)

Human HSD17B10
(hydroxysteroid 17-beta
dehydrogenase 10)

Human PSMD6 (proteasome 26S
subunit, non-ATPase 6)

Human CTSZ (cathepsin Z)

Human H2AX (histone H2A type
2-B)

Human CDK1 (cyclin-dependent
kinase 1)

Human RRM1 (ribonucleotide
reductase catalytic subunit
M1)

L3
6 O N2
4
= L
2 .

(¢}
g
o
1

- N
2] o
1 1

Normalized expression
-
°
L

O pry-1(mu38)

o.
spp-1clsp-1 ard-1 rpn-7 cpz-1 his-7 cdk-1 mr-1

GO-biological process

Pathogenesis; innate immune
response; defense response to
Gram-negative/positive
bacterium; and
transmembrane transport

Mitotic G2 DNA damage
checkpoint; activation of
protein kinase activity; and
mitotic DNA replication
checkpoint

Oxidation-reduction process

Proteasome-mediated
ubiquitin-dependent protein
catabolic process

Vulval development; proteolysis;
embryo development ending
in birth or egg hatching; gonad
morphogenesis; ecdysis;
collagen and cuticulin-based
cuticle

DNA repair; chromatin
organization; chromatin
silencing; and regulation of
transcription

Cell cycle; cell division; and
protein phosphorylation

DNA replication; metabolic
process; deoxyribonucleotide
biosynthetic process; and
oxidation-reduction process

Normalized expression m

L3
O N2 O bar-1(ga80)

spp-1 clsp-1 ard-1 rpn-7 cpz-1 his-7 cdk-1 rmr-1

47 0O N2

Adult
O pry-1(mu38)

Function in C. elegans

Channel activity

Anaphase-promoting complex
binding activity; part of the
Ataxia telangiectasia and
Rad3-related (ATR)/ATL-1
DNA replication checkpoint
pathway

Dehydrogenase with NADP
binding domain

Proteasome 26S complex
component; ATP-dependent
degradation of ubiquitinated
proteins

Predicted to have cysteine-type
endopeptidase activity

Predicted DNA binding activity

Serine/threonine kinase activity

Ribonucleoside-diphosphate
reductase activity

o-
spp-1 clsp-1 ard-1 rpn-7 cpz-1 his-7 cdk-1 mr-1

Figure 3 Expression levels of suppressor genes determined by qPCR in pry-1 and bar-1 mutants. Normalized expression of suppressor genes in pry-
1(mu38) L3 larvae and adults (A, B) and bar-1(ga80) L3 larvae (C). Each data represents the mean of two replicates and error bars the standard error of

means. Significance was calculated using Bio-Rad software (one-way ANOVA) and significant differences are indicated by stars (*): * (p<0.05),

* (p<0.01),** (p<0.001).
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Table 2 Vulval induction analysis in mutants and RNAi-treated animals

Genotype RNAI target % Induced VPCs % Over induced VPC induction score p-value N
P3.p P4p P5.p Pé.p P7.p P8.p
N2 Control 0.0 0.0 100.0 100.0 100.0 0.0 NA 3:=0 - 40
ard-1 0.0 0.0 100.0 97.7 100.0 0.0 NA 29+01 0.360 44
cdk-1 0.0 0.0 47.5 55.0 775 0.0 NA 1,808 <0.001 40
clsp-1 0.0 0.0 92.9 97.6 92.9 0.0 NA 28*0.6 0.100 42
cpz-1 0.0 0.0 100.0 100.0 100.0 0.0 NA 3+0 NA 39
his-7 0.0 0.0 97.2 97.2 872 0.0 NA 29:+0.5 0.314 36
mr-1 0.0 0.0 2.8 56 28 0.0 NA 0.1£0.5 <0.001 36
pn-7 0.0 0.0 100.0 100.0 96.7 0.0 NA 29x01 0.270 30
spp-1 0.0 0.0 100.0 100.0 100.0 0.0 NA 3+0 NA 43
pry-1(mu38) Control 31.0 34 100.0 100.0 100.0 10.3 37.9 3406 = 29
ard-1 0.0 79 100.0 97.4 97.4 79 15.8 31'x05 0.020 38
cdk-1 2.5 5 65 S5, 725 0 10 1.8+0.9 <0.001 40
clsp-1 7.0 7.0 95.3 93.0 884 16.3 279 3108 0.068 43
cpz-1 5.0 5.0 97.5 90.0 75.0 5.0 15.0 2.8%09 <0.001 40
his-7 79 0.0 89.5 737 84.2 10.5 184 27209 <0.001 38
mr-1 0.0 9.1 54.5. 38.6 56.8 9.1 91 1.7+14 <0.001 44
pn-7 24 7 92.9 85.7 83.3 16.7 238 2.9x09 0.008 42
spp-1 0 125 100 100 97.5 7.5 15 32£06 0.096 40
bar-1(ga80) Control 0.0 0.0 78.6 95:2 83.3 0.0 NA 25+08 —_ 42
ard-1 0.0 0.0 59:1 70.5 63.6 0.0 NA 1.9:£10 0.002 44
cdk-1 0.0 0.0 40.0 325 50.0 0.0 NA 12244 <0.001 40
clsp-1 0.0 0.0 70.5 86.4 75.0 0.0 NA 23+09 0.181 44
cpz-1 0.0 0.0 58.3 528 63.9 0.0 NA 17244 <0.001 36
his-7 0.0 0.0 66.7 61.1 77.8 0.0 NA 20*09 0.008 36
mr-1 0.0 0.0 0.0 0.0 0.0 0.0 NA 0 <0.001 36
pn-7 0.0 0.0 68.4 947 917 0.0 NA 25+08 0.690 38
spp-1 0.0 0.0 519 55.6 55.6 0.0 NA 16x12 <0.001 27

Muv phenotype is indicated by % overinduced. N refers to the total number of animals examined from all batches combined. NA, not applicable.

of the suppressor genes act genetically downstream of pry-1 to
regulate vulval development. In addition, it is possible that
cdk-1 and rnr-1 act in a pathway parallel to pry-1.

Genetic interactions between suppressor genes
and bar-1/p-catenin

Since PRY-1 is a component of the canonical WNT signaling, we
investigated whether any of the suppressor genes function as
downstream effectors of the pathway during vulval development.
To this end, we used the B-catenin homolog BAR-1, which is nega-
tively regulated by PRY-1 (Eisenmann et al. 1998; Gleason et al.
2002). Mutations in bar-1 cause some of the VPCs to remain unin-
duced. In a bar-1 null mutant, bar-1(ga80), P3.p and P4.p usually
adopt an F (fused) fate. The frequency of the F fate is much lower
for the remaining VPCs (12-36% in each case), as they are mostly
induced to form the vulva (Eisenmann et al. 1998; Eisenmann and
Kim 2000). The VPC induction analysis following the RNAi knock-
down experiments revealed that for six of the candidate genes—
spp-1, ard-1, cpz-1, his-7, cdk-1, and mr-1—the VPC induction defect
of bar-1(ga80) was significantly enhanced. cdk-1 and mr-1 RNAi
had the most severe effects, and the induction was reduced by
52% and 100%, respectively. In contrast, clsp-1 and rpn-7 did not
affect VPC induction (Figure 4E and Table 2). We also performed
qPCR to examine the levels of suppressor genes in bar-1(ga80) ani-
mals, which showed that whereas four exhibited increased ex-
pression during the L3 stage (cpz-1, his-7, cdk-1, and rnr-1), one
was reduced (rr-7), and the remaining three were unchanged
(spp-1, clsp-1, and ard-1) (Figure 3C). These results, together with
interaction experiments involving pry-1, are most consistent with
the possibility of rpn-7 acting genetically downstream of the pry-
1-bar-1 pathway to regulate VPC induction. The remaining genes
might mediate pry-1 function in a bar-1-independent manner.
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Suppressor genes influence pry-1-mediated
nonvulval processes
PRY-1 plays crucial roles in multiple developmental and post-
developmental processes; therefore, we examined the involve-
ment of Muv suppressors in all or subsets of PRY-1 nonvulval
functions. The phenotypes examined included an increased
seam cell number, molting defect, low brood size, developmental
delay, stress sensitivity, increased expression of chaperones (hsp-
4/BiP/GRP78, hsp-6/HSP70, and hsp-60/HSP60), and short lifespan
(Ranawade et al. 2018; Mallick et al. 2019a, 2020). The partial or
complete loss of function of many of the suppressor genes is
known to cause defects similar to that of pry-1 mutants. These in-
clude ard-1 RNAi leading to sterile progeny and developmental
delay (Simmer et al. 2003; Sénnichsen et al. 2005), rpn-7 and cpz-1
RNAI animals showing molting defects (Hashmi et al. 2004; Frand
et al. 2005), clsp-1 RNAi leading to reduced germ line cell prolifera-
tion and increased expression of mitochondrial chaperones
(Yoneda et al. 2004; Ceron et al. 2007), and his-7 RNAi causing slow
growth, larval arrest, and extended dauer survivability of aak-2
mutants (Lehner et al. 2006; Ceron et al. 2007; Xie and Roy 2012).

To test whether the suppressor genes participate in pry-1-me-
diated developmental processes outside the vulva system, we
first examined the seam cells. During seam cell development,
pry-1 promotes asymmetric cell division, and pry-1 mutants show
increased cell numbers. RNAI of the eight genes did not result in
a change in the seam cells in both pry-1 mutant and wild-type
animals (Supplementary Figure S1), suggesting that none of these
genes play a role in pry-1-mediated signaling in generating seam
cells.

Next, we investigated whether suppressor genes interact with
pry-1 to regulate aging. Recent work from our group demon-
strated the essential role of pry-1 in mediating lifespan
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Figure 4 VPC induction analysis following RNAi knockdown of suppressor genes. (A) Representative images of N2, pry-1(mu38), bar-1(ga80), and rr-
1(RNAI) animals at the mid-L4 stage. Arrows in N2, pry-1(mu38), and bar-1(ga80) animals point to invaginations formed by the progeny of three VPCs
(P5.p, P6.p, and P7.p) and to uninduced VPCs in mr-1(RNAI) animal. Not all VPCs and their progeny are shown. Parts of P4.p and P8.p daughter nuclei,
where visible, are indicated by half U-shaped lines. Scale bar is 50 um. (B-E) Panels B, D, and E show average VPC induction (P3.p to P8.p) whereas panel
C shows percentage of animals with induced P3.p. Black bars represent control RNAi (L4440), and gray and white represent data that are statistically
insignificant and significant, respectively. (B) Knockdown of ard-1, rpn-7, cpz-1, his-7, cdk-1, and mr-1 significantly reduced average VPC induction in pry-
1(mu38) animals. (C) Same as B, except that the percentage of animals with induced P3.p is plotted. (D) Knockdown of cdk-1 and mr-1 significantly
reduced average VPC induction in N2 animals. (E) Knockdown of spp-1, ard-1, cpz-1, his-7, cdk-1, and mr-1 significantly reduced average VPC induction in
bar-1(ga80) animals. In all cases, data shown in panels B-E represent a cumulative of two replicates (n > 30 animals in total for each condition, also see
Table 2) and error bars represent the standard deviation. Statistical analyses were done using one-way ANOVA with Dunnett's post hoc test and
significant differences are indicated by stars (*): * (p < 0.05), ** (p <0.01), *** (p < 0.001), **** (p < 0.0001). Multiple comparison tests were also performed for
data in panels B, C, and D using one-way ANOVA for genes that also showed effect in N2 and the results are listed as follows: cdk-1 RNAi vs. pry-1(mu38);
cdk-1 RNAI (p > 0.998), cdk-1 RNAI vs. bar-1(ga80); cdk-1 RNAI (p = 0.061), pry-1(mu38); cdk-1 RNAI vs bar-1(ga80); cdk-1 RNAI (p = 0.061), rnr-1 RNAi vs pry-
1(mu38); mr-1 RNAI (p < 0.0001)"***, rnr-1 RNAi vs bar-1(ga80); rmr-1 RNAI (p = 0.999), pry-1(mu38); mr-1 RNAi vs bar-1(ga80); mr-1 RNAI (p < 0.0001)"**.

maintenance in animals (Mallick et al. 2020). RNAI of the suppres- S2). Interestingly, two of these, cdk-1 and rnr-1, also extended the
sor genes in pry-1(mu38) mutants from the L4 stage revealed that lifespan in wild-type animals, demonstrating their essential func-
¢pz-1, his-7, cdk-1, and mr-1 caused a significant extension of the tion. However, in both cases, increases in the mean lifespan in a
mean lifespan (Figure 5, A-D and Table 3, Supplementary Figure pry-1 mutant background (203% and 170% for cdk-1 RNAi and
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Figure 5 Knockdown of suppressor genes rescue lifespan, body bending and pharyngeal pumping defect of pry-1 mutants. (A-D) RNAi knockdown of
cpz-1, his-7, cdk-1, and rnr-1 in N2 and pry-1 mutants (also see Supplementary Figure S2). (A-D) See Materials and Methods section and Table 3 for lifespan
data and statistical analyses. (E, F) Bar graphs showing the rates of body bending and pharyngeal pumping of pry-1 mutants over a period of 4 days
following RNAI of cpz-1, his-7, cdk-1, and rnr-1. (G, H) Bar graphs showing the rates of body bending and pharyngeal pumping of N2 animals. (E-H) Data
represent the mean of two replicates (n > 10 animals per replicate) and error bars represent the standard deviation. Statistical analyses for panels E-H
were done using one-way ANOVA with Dunnett’s post hoc test for each day and significant differences are indicated by stars (*): * (p < 0.05), ** (p < 0.01).

mr-1 RNAI, respectively) were much higher compared to those
observed in wild-type (19.5% and 18.8% for cdk-1 RNAi and mr-1
RNAI, respectively) (Figure 5, C and D; Table 2). The effects of all
four genes on body bending and pharyngeal pumping were also
examined. We observed that knockdown resulted in significant
improvements in both physiological markers of aging in pry-1
mutants but not in wild-type animals (Figure 5, A-D). Overall,
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these results allow us to suggest that cpz-1, his-7, cdk-1 and mr-1
act downstream of pry-1 in restricting the lifespan of animals.

In addition to its role in aging, pry-1 is necessary for maintain-
ing the expression of stress response signaling genes (Mallick
et al. 2020). This led us to examine whether the knockdown of
suppressors would decrease the lethality of pry-1 mutants caused
by acute exposure to the nonspecific oxidative stress inducer PQ.
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Table 3 Mean, median, and maximum lifespan of N2 and pry-1(mu38) animals following control (empty vector L4440) and gene specific

RNAI
Genotype Treatment Mean lifespan (day) Median lifespan (day) Maximum lifespan (day) N p-value
N2 L4440 16.37 £ 0.64 16 21 51 —
pry-1(mu38) L4440 3.25%0.26 3 % 79 —
spp-1 RNAi 2.54+0.19 2 8 80 ns
clsp-1 RNAI 432+0.31 4 9 80 ns
ard-1 RNAi 354045 2 13 79 ns
rpn-7 RNAi 4.07 £0.25 4 10 79 ns
cpz-1 RNAT 4.67+0.43 3 17 81 <0.001
his-7 RNAi 4.62+0.26 3 12 75 <0.001
cdk-1 RNAI 9.86  0.68 10 20 64 <0.001
rmr-1 RNAi 879112 8 20 76 <0.001
N2 cpz-1 RNAT 16.92+.0.97 18 22 45 ns
pry-1(mu38) 4.67 0.43 3 17 81 <0.001
N2 his-7 RNAi 16.09 = 0.35 16 21 51 ns
pry-1(mu38) 4.62+0.26 3 12 75 <0.001
N2 cdk-1 RNAT 19.56 + 0.54 20 27 48 <0.001
pry-1(mu38) 9.86+0.68 10 20 64 <0.001
N2 mr-1 RNAI 19.45 + 0.60 20 27 51 <0.001
pry-1(mu38) 8.79+1.12 8 20 76 <0.001

In each case, lifespan data are presented as the cumulative of two replicates (see Materials and Methods section). N, number of animals examined; ns, not significant.

Except for clsp-1 and rpn-7, RNAI targeting the suppressor genes
reduced the stress sensitivity in pry-1 mutants (Figure 6A).
Interestingly, ard-1 and cpz-1 RNAi conferred PQ resistance in
wild-type animals as well (Supplementary Figure S3), suggesting
crucial roles for both of these genes in maintaining PQ sensitivity
in animals. These data suggest that pry-1 inhibits spp-1, his-7, cdk-
1, and mr-1 to regulate oxidative stress responses in animals.
More work is needed to determine whether ard-1 and cpz-1 also
interact with pry-1 or act in a parallel pathway.

We investigated whether downregulating the expression of six
PQ-responsive genes in pry-1 mutants could lower cellular stress
(Supplementary Figure S4, A and B). This was done using a set of
stress response reporters. pry-1 mutants exhibit increased ex-
pression of hsp-4::GFP (endoplasmic reticulum unfolded protein
response chaperone) and hsp-60:GFP (mitochondrial unfolded
protein response chaperone) (Supplementary Figure S4B) (Mallick
et al. 2020). Another stress response reporter that is sensitive to
oxidative stress, sod-3:GFP (sodium dismutase), was also ana-
lyzed. Although pry-1 mutants do not affect sod-3::GFP fluores-
cence, muscle-specific overexpression of pry-1 causes an increase
in sod-3 levels (Mallick et al. 2020). RNAi targeting all but spp-1
caused a significant reduction in GFP fluorescence in hsp-4::GFP
animals (Figure 6B). A similar knockdown in the sod-3::GFP strain
revealed that the fluorescence was strongly suppressed in the
case of spp-1, cpz-1, cdk-1, and rr-1 (Figure 6D). There was no sig-
nificant change in hsp-60::GFP expression levels (Figure 6C).
Overall, these results show that while there are differences in in-
dividual chaperon responses, all six suppressors are involved in
pry-1-mediated processes and function to maintain the expres-
sion of multiple stress-responsive genes.

Discussion

In this study, we analyzed a set of genes that are upregulated in
pry-1 mutants and associated with “reproductive structure devel-
opment.” The genes belong to GO categories that include meta-
bolic processes, transcriptional regulation, and mitotic cell cycle.
Among the 26 genes tested, RNAI for eight (spp-1, clsp-1, ard-1,
1pn-7, cpz-1, his-7, cdk-1, and mr-1) suppressed the Muv phenotype
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of pry-1 mutant animals with a threshold of the mean *+ 2 stan-
dard deviations (95% confidence interval). The ectopic P3.p induc-
tion defect was also suppressed in all cases. Further gene
expression studies and genetic interactions with a null allele of
bar-1 revealed that whereas all of the suppressors function down-
stream of pry-1 to regulate vulva formation, only rpn-7 is involved
in pry-1-bar-1 signaling. In addition, we found that cdk-1 and rnr-1
have essential roles because their downregulation caused defects
in VPC induction in wild-type animals.

All eight suppressor genes regulate fundamental cellular pro-
cesses, such as protein phosphorylation (cdk-1) and kinase activa-
tion (clsp-1), protein breakdown (rpn-7 and cpz-1), DNA replication
(mr-1), transcription (his-7), mitochondrial oxidation and reduc-
tion (ard-1), and channel activity (spp-1) (Table 1). This is also sup-
ported by data showing that clsp-1, his-7, and cdk-1 transcripts are
enriched in germ line cells (Han et al. 2017), and spp-1, ard-1, cpz-1,
and mr-1 are expressed in the neurons, hypodermis, vulva, go-
nad, intestine, and muscles (Hashmi et al. 2004; Alper et al. 2007;
Hunt-Newbury et al. 2007; Srinivasan et al. 2008; Keith et al. 2016).
Therefore, it is not surprising that perturbations in their function
result in multiple phenotypes.

Whereas our work provides the first evidence for the genetic
interactions between pry-1 and these eight genes (see schematic
in Figure 7), some of the genes were previously reported to play
roles in vulva formation. Specifically, the disruption of clsp-1 and
ard-1 causes a Pvl phenotype (Simmer et al. 2003; Ceron et al.
2007). cpz-1 localizes to the developing vulva, and cpz-1 RNAi
results in defective vulval morphology (Hashmi et al. 2004). cdk-1
regulates lin-12/Notch in a cell cycle-dependent manner (Nusser-
Stein et al. 2012; Weinstein et al. 2015). The remaining four genes,
spp-1, rpn-7, his-7, and mr-1 had no reported function in the vulva
system.

In addition to studying vulval development, we investigated
the role of the suppressor genes in pry-1-mediated post-
developmental events. spp-1, rpn-7, cdk-1, and mr-1 are known to
be involved in aging. Specifically, rpn-7 and cdk-1 are both re-
quired for glp-1-mediated lifespan extension (Ghazi et al. 2007,
Seidel and Kimble 2015), and spp-1 and rpn-7 are required for the
longevity of daf-2 mutants (Murphy et al. 2003; Ghazi et al. 2007;
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Figure 6 cpz-1, his-7, cdk-1, and rr-1 regulate stress sensitivity in pry-1 mutants. (A) Survivability of pry-1(mu38) animals following RNAi knockdown of
suppressor genes. The animals were treated with 100 mM PQ solution for 1 h. Data represent mean of two replicates (n > 30 animals). (B) Quantification
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Dunnett’s post hoc test for each day and significant differences are indicated by stars (*): * (p <0.05), ** (p <0.01).

Anyanful et al. 2009). rr-1 is downregulated in long-lived daf-2
and eat-2 mutants, consistent with the notion that high levels of
mr-1 decrease the lifespan (Gao et al. 2018). These genes have po-
tential roles in the conserved aging pathway; therefore, we ana-
lyzed their requirement in pry-1 signaling. Our results showed
that cpz-1, his-7, cdk-1, and mr-1 act downstream of pry-1 to affect
the lifespan of animals. These four genes, along with spp-1 and
ard-1, also play roles in pry-1-mediated stress response mainte-
nance, as observed in the acute PQ assay and heat shock chaper-
one analysis. Thus, whereas pry-1 negatively regulates many
genes, it appears to utilize overlapping subsets in different events
(Figure 7). We also found that similar to vulval development cdk-1
and rnr-1 extend the lifespan of wild-type animals, suggesting
their essential roles in multiple tissues. Both genes may also act
in a pry-1-independent manner. The involvement of spp-1 and
ard-1 in the stress response but not aging is consistent with the
results of other studies describing genes that have unique roles
in these two processes (Chen et al. 2009; Bennett et al. 2014;
Richman et al. 2018).

Another mechanism by which some of the suppressor genes
may mediate pry-1 signaling is by regulating proteostasis.
Whereas the loss of proteostasis contributes to aging and age-
associated abnormalities, its enhancement promotes lifespan
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extension and results in suppression of age-related diseases
(Labbadia and Morimoto 2014; Uno and Nishida 2016). Consistent
with pry-1's role in proteostasis, we have found that the gene is
necessary for the maintenance of stress response. In addition,
preliminary work in our lab has revealed that pry-1 mutants have
defects in protein folding and protein degradation.

Our data also suggest that the roles of spp-1 in pry-1 and daf-2
signaling pathways are different, although the extent to which
these differences are reflected in its molecular function is un-
known. Considering that spp-1 encodes a channel protein, it is
possible that blocking its activity inhibits unwanted signaling in
daf-2 and pry-1 mutant adults leading to improved responses.
However, animals lacking spp-1 function are expected to be more
sensitive to infections as this gene is involved in maintaining the
innate immune response (Anyanful et al. 2009). Future experi-
ments are needed to make any firm conclusions regarding the
mechanism through which spp-1 functions in the stress response
and lifespan maintenance.

In conclusion, this study identified a new set of interactors
of pry-1 in C. elegans that are involved in a range of cellular
events, such as protein homeostasis, signaling, gene expres-
sion, and cell proliferation, by regulating the activities and sta-
bility of proteins and changes in DNA, such as replication, the
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Figure 7 A schematic diagram showing biological processes mediated by
pry-1 and eight suppressor genes. The genetic relationship is based on
the expression and functional data described in this study. While all
genes are involved in pry-1-mediated vulval development, only six affect
stress response and four lifespan. Question mark (?) indicates that cdk-1
and mr-1 may also be regulated in a pry-1-independent manner.

damage checkpoint, and repair. Some of the suppressors affect
multiple pry-1-mediated processes, whereas the others appear
to have more restricted roles. All of the genes have mammalian
homologs or family members, raising the possibility that their
interactions with Axin might be conserved. Future studies hold
promise to elucidate the mechanism by which these genes me-
diate tissue-specific functions of Axin in normal and disease
conditions.
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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-71’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-
l-interacting and Cabinl domain-containing). PICD-1 protein shares sequence
conservation with Cabinl, 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 Cabinl domain-containing protein participating in Axin-mediated

signaling.

Contributions: | 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. | and Bhagwati Gupta created all the Figures and
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illustrations. | and Bhagwati Gupta conceived and supervised the project. I, Shane

Taylor and Bhagwati Gupta wrote the manuscript.
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ABSTRACT

The Axin family of scaffolding proteins control diverse processes, such as facilitating the
interactions between cellular components and providing specificity to signaling pathways. Several
proteins that belong to the Axin family have been discovered to date. However, despite its crucial
role in metazoans, the mechanism of pry-1 action is not well understood. The Caenorhabditis
elegans Axin homolog pry-1 is a powerful tool for identifying interacting genes and downstream
effectors that function in a conserved manner to regulate Axin-mediated signaling. 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-I-interacting and Cabinl
domain-containing). PICD-1 protein shares sequence conservation with Cabinl, a component of
the HUCA complex. Our findings have revealed that PICD-1 is involved in several pry-/-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

Cabinl domain-containing protein participating in Axin-mediated signaling.

INTRODUCTION

Signaling pathways enable cells to communicate with each other and their environment. Because
of their essential role in cells, these pathway components are tightly regulated via interaction with
a host of cellular factors. The Axin family is a group of scaffolding proteins that bring together
different proteins to facilitate their interactions and regulate their activity !. There are two Axin
homologs in mammals: Axinl and Axin2. Axin was initially discovered as a negative regulator of
the WNT-mediated signaling cascade. However, subsequent studies revealed a much broader role
of these proteins in other pathways, including JNK, AMPK, and TGFp 3. Axin regulates several
processes, including organogenesis, anterior-posterior axis formation, neuronal development, and
metabolic homeostasis. Further, loss of Axin function causes lethality, neuroectodermal defects,

abnormal body axis patterning, and reduced adipogenesis . However, the mechanism by which

167



Doctor of Philosophy— Avijit MALLICK; McMaster University— Biology

55
56
57
58
59
60
61
62
63
64

66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85

Axin regulates different biological processes and mediates specific interactions is not well

understood.

In the nematode C. elegans, the Axin homolog PRY-1 controls processes such as embryogenesis,
neuronal differentiation, vulval development, P11.p cell fate, and seam cell development . The
WNT-dependent function of PRY-1 in vulval cells involves its interactions with several other
proteins to form a destruction complex that results in the phosphorylation and degradation of BAR-
1 (B-Catenin) *. However, little is known about the factors that interact with PRY-1 in WNT-
independent processes. Our lab recently identified differentially expressed mRNA and miRNA
genes in pry-I mutants, which uncovered novel interacting partners and genetic network of pry-1
that regulate post-developmental events >7. Specifically, PRY-1 is crucial for lipid metabolism,
stress response, and lifespan maintenance, where it interacts with WNT-independent signaling
pathway components 7'°. These include SBP-1/SREBP and vitellogenin involved in fatty acid
synthesis and lipid storage, AAK-2/AMPK in the muscle that non-autonomously activates DAF-
16/FOXO in the intestine and delays aging ", and the components of the endoplasmic reticulum
unfolded protein response (ER-UPR) pathway. Additionally, we identified several other genes
regulated by pry-1 during stress response and lifespan maintenance in animals. These include cpz-
I (proteolysis), cdk-1 (cell cycle), rnr-1 (DNA replication), his-7 (gene expression), and ard-/

(mitochondrial oxidation/reduction) °.

A comprehensive understanding of pry-1 function would require the identification of its interacting
proteins and downstream effectors. We previously performed a transcriptome profiling of pry-1
that revealed several differentially expressed genes involved in lipid regulation and aging . In this
study, we report a novel downstream effector of pry-1 signaling called picd-1 that is critical for
regulating multiple developmental and post-developmental processes. PICD-1 shares a domain
with the mammalian calcineurin-binding protein 1 (Cabinl), a component of the histone H3.3
chaperone complex HUCA!'. Cabinl negatively regulates calcineurin signaling, which in turn
affects various cellular functions, including stress response and lifespan '2!°. We show that PICD-
1 negatively regulates CREB-regulated transcriptional coactivator (CRTC) homolog, CRTC-1,
which promotes longevity mediated by calcineurin signaling . Consistent with the pry-1’s role in

promoting picd-1 expression, pry-I mutants exhibit nuclear localization of CRTC-1, suggesting
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that PICD-1 is involved in PRY-1-mediated CRTC-1 regulation. These results demonstrate the
critical role of PICD-1 in C. elegans and prompt future studies to investigate the involvement of

Cabinl and calcineurin signaling in Axin-mediated processes in eukaryotes.

RESULTS

picd-1 encodes a Cabinl domain-containing protein

During a CRISPR-based screening to isolate alleles of pry-1, we recovered a secondary mutation
(gk3701) in F56F10.1 (WBGene00018975), now named picd-1 (pry-1 interacting and Cabinl
domain-containing, see Methods). The pry-1(gk3681); picd-1(gk3701) double mutant exhibited a
significant increase in the protruding-vulva (Pvl) phenotype (77%, compared to 66% in pry-1
mutants alone) and pronounced protrusions that frequently burst in the vulva (Table 1, Figure 1A
and B, Video S1). Sequence analysis of picd-1 identified orthologs in other nematode species
(Figure 1C), all of which contain a domain similar to the histone transcription regulator 3
(Hir3)/calcineurin-binding protein (Cabinl) family members (IPR033053,
https://www.ebi.ac.uk/interpro/) (Figures 1C and 1D). The alignments of picd-/ with human
Cabinl (isoform a) showed 26% (729/2853) identity and 38% (1080/2853) similarity (EMBOSS

stretcher pairwise alignment tool; https://www.ebi.ac.uk/Tools/psa/). Human Cabinl is part of the

histone H3.3 chaperone complex HUCA (HIRA/UBN1/Cabinl/ASF1a), involved in nucleosome

assembly. Similarly, Gene Ontology (GO) analysis (www.wormbase.org) revealed that picd-1 is

associated with the biological process “DNA replication-independent nucleosome assembly”
(GO:0006336) and the cellular component “nucleus” (GO:0005634). Thus, picd-1 is likely to
encode a nuclear protein that functions in chromatin assembly and regulation of gene expression.
Furthermore, in silico analysis revealed that PICD-1 contains 49 amino acid residues predicted to

bind DNA (http://biomine.cs.vcu.edu/servers/DRNApred/#References !”) (Table S1).

picd-1 is expressed in multiple tissues
To gain further insights into the function of picd-1, we created transgenic animals carrying the
picd-1::GFP transcriptional reporter. The analysis of transgenic animals revealed GFP

fluorescence during the development of tissues and organs, such as the pharynx, intestine, body
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wall muscles, hypodermis (seam cells), gonads, and vulva (Figure 2). This expression pattern
resembled that of pry-1, which was recently described by our group . As picd-1::GFP animals
entered adulthood, fluorescence was localized to the intestine and certain head neurons (Figure
2), which persisted throughout the life of the animals (data not shown). A broad range of picd-1/
expression was also supported by previously published RNA-sequencing and microarray studies
1819 QOverall, our expression analysis suggests that picd-1 functions in multiple tissues and may

play arole in pry-I-mediated developmental and post -developmental processes.

Mutations in picd-1 do not affect vulval induction but cause morphogenetic defects

In addition to using the gk3701 strain to examine mutant phenotypes, we generated a new allele,
bh40, which has multiple in-frame stop codons in exon 1 (see Methods and Figures 3A and 3B).
qPCR analysis showed that 54140 and gk3701 greatly reduced picd-1 transcript levels (Figure 3C).
Interestingly, while the Pvl phenotype of pry-1(mu38) was enhanced by both the alleles (Figures
1A and B), neither had an obvious impact on the penetrance of the multivulva (Muv) phenotype
in pry-1(mu38) animals. In fact, the double mutants showed a slightly less Muv phenotype
compared to pry-I(mu38) alone (Table 1, Figure 1B), which may be due to changes in
morphogenetic processes as vulval precursor induction is not affected by any of the picd-/
mutations (Figure 3D, Table 1). Similar phenotypes were observed following picd-1 RNAi
(Figure S1). In agreement with this, picd-1(bh40), but not picd-1(gk3701), exhibited abnormal
vulval invagination (Figure 4A) and the vulval morphology phenotype of b240 was dominant over

pry-1(mu38). Furthermore, adult picd-1 mutants were Pvl (gk3701: 5% and bh40: 16.7%) (Table
1).

Phenotypic analysis of both picd-1 mutant strains did not reveal any signs of sickness. Careful
examination showed that this gene is involved in the development of the egg-laying system. The
picd-1(bh40) worms were weakly egg-laying (Egl) (Figure S2, Video S2), and their Egl and Pvl
phenotypes were enhanced at 25 °C (Figures 4B and S2). No Egl phenotype was observed in the
picd-1(gk3701) strain. Based on the Pvl and Egl penetrance, b#40 appears to be a stronger loss-of-
function allele than gk3701.
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As the picd-1::GFP pattern overlapped with that of pry-1, and picd-1 mutation enhanced the pry-
1 Pvl phenotype, we examined whether pry-1 affects picd-1 expression. picd-1 levels drastically
reduced in the pry-/ mutants (Figure 4C), which shows that picd-1 is required for the development
of the reproductive system and is positively regulated by pry-1.

picd-1 mutations worsen the phenotypes of pry-1 mutants

Next, we investigated the involvement of picd-1 in other pry-I-mediated developmental and post-
developmental processes. picd-1 mutants grew slowly and took longer to reach adulthood than the
wild-type and pry-1(mu38) animals (Figure SA). Moreover, the growth defect in the pry-1; picd-

I double mutant was significantly worse than in the single mutants (Figure 5A).

Mutations in picd-1 enhanced the developmental defects of pry-1(mu38) animals, including those
involving seam cells and the P lineage cell P11.p. Although 70-80% of pry-I mutants showed an
extra P12.pa cell in the place of P11.p, the phenotype was fully penetrant in pry-1(mu38), picd-
1(bh40) double mutant (Table 1). Seam cell defects in pry-I mutants are caused by changes in
asymmetric cell division at the L2 stage >*°. Although RNAi knockdown of picd-1 did not affect
seam cells, it enhanced the phenotype of pry-1(mu38) animals (Figure 5B). Moreover, both picd-
1 and pry-1 mutants exhibited defects in alae, which are structures formed by differentiated seam
cells (Figure 5C) °. Hence, these data show that picd-1 interacts with pry-1 to affect P11.p and

seam cell development.

In addition, we observed several other developmental abnormalities in the picd-/ mutant animals.
The analysis of brood size revealed defects in picd-1(bh40) but not in picd-1(gk3701) animals
(Figures 6A and 6B). Although the h/#40 allele did not affect embryonic viability, it drastically
reduced the brood count and enhanced the embryonic lethality of pry-/ mutants (p < 0.001)
(Figures 6A—C). Further analysis revealed that pry-1(gk3681); picd-1(gk3701) and pry-1(mu38);
picd-1(bh40) double mutants had abnormal oocytes and gonads, respectively (Figures 7A—-C).
More specifically, 46 + 6% (n=45) of pry-1(mu38); picd-1(bh40) animals lacked oocytes in the
posterior gonad arm (Figures 7C and 7D). No such phenotype was observed in either of the single

mutants.
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picd-1 mutants are sensitive to stress and exhibit a short lifespan

We previously reported that pry-I plays a role in stress response maintenance . The analysis of
heat shock chaperones — /Asp-4 (ER-UPR), Asp-6 (MT-UPR), and Asp-16.2 (cytosolic heat shock
response, HSR) — showed that all three were upregulated in pry-/ mutant animals (Figure 8A).
Similar experiments in picd-1 mutants showed increased expression of hsp-4, hsp-16.2, and the
oxidative stress response gene sod-3 (Figure 8B). Consistent with these results, both pry-1 and
picd-1 mutants showed electrotaxis defects (Figure 8C), a phenotype observed in animals with

abnormalities in the UPR signaling 2.

To further elucidate the stress sensitivity of animals lacking picd-1 function, we examined the
survivability of the animals following chemical treatments. Both gk3701 and bh40 alleles were
sensitive to paraquat and tunicamycin, although the effect was more pronounced following
paraquat exposure (Figures 8D and 8E). Interestingly, b240 did not enhance paraquat sensitivity
in pry-1(mu38) animals (Figure 8F), which could be explained by the significantly reduced
expression of picd-1 in pry-1 mutants. Finally, the responses of picd-1(bh40) animals to chemical

exposures were more pronounced than picd-1(gk3701).

As increased stress sensitivity can affect the lifespan of an animal, and pry-7 mutants are short-
lived, we analyzed whether picd-1 plays a role in aging. Neither picd-1(gk3701) nor picd-1(RNA1)
enhanced the lifespan defects of animals lacking pry-1 function (Figures 9A and 9B, Table 2).
Considering that pry-/ mutant animals have a significantly reduced expression of picd-/ than the
wild-type animals, it is conceivable that further reduction in picd-1 cannot exacerbate the short-
lived phenotype. Alternatively, it is plausible that picd-1 is not involved in lifespan maintenance.
To explore this further, we examined the lifespan of picd-1 mutant and RNAi-treated animals in
the absence of other mutations. Both gk370/ and bh40 alleles reduced the lifespan of the animals.
picd-1(bh40) worms had a significantly reduced lifespan at both 20 °C and 25 °C, and picd-
1(gk3701) exhibited a similar phenotype at 25 °C (Figures 9B and 9C, Table 2). These results
were also supported by the RNAi experiments. The analysis of age-associated biomarkers revealed
a progressive age-associated decline in both body bending and pharyngeal pumping rates (Figures
9E and 9F). Overall, the data suggest that while picd-1 does not enhance the phenotype of pry-1

mutants, the gene plays an essential role in maintaining the usual lifespan of animals.
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We have previously shown that in addition to affecting lifespan, pry-1 regulates lipid metabolism
7. This result prompted us to analyze whether picd-1 affects lipid levels and the expression of genes
involved in fatty acid synthesis. The analysis of A9 desaturases showed that while fat-5 and fat-7
were downregulated, fat-6 was unaffected (Figure 9G). Among the three transcription factors
regulating the expression of A9 desaturases, nhr-80 (NHR family) was downregulated, but sbp-1
(SREBP1 homolog) was upregulated (Figure 9G) ?2. We also quantified lipids by Oil Red O
staining but saw no change in picd- 1 mutants (Figure 9H), possibly due to functional redundancies
within the fat 2** and nhr family of genes ?2. Hence, we conclude that picd-1 is necessary for the

expression of a subset of lipid synthesis genes but is not crucial for regulating lipid levels.

Loss of picd-1 and pry-1 promotes CRTC-1 nuclear localization

Research has shown that calcineurin (a calcium-activated phosphatase) signaling promotes nuclear
localization of CRTC-1, leading to a reduction in the lifespan of C. elegans '°. Given that human
1225

Cabin1 negatively regulates calcineurin signaling

could affect the subcellular localization of CRTC-1::RFP. The RNAi knockdown of picd-1 caused

, we investigated whether picd-1 knockdown

nuclear localization of CRTC-1, consistent with the short lifespan of picd-1 mutants (Figures 9C,
9D and 10A). Moreover, CRTC-1 responsive genes, dod-24 and asp-12 *°, were upregulated in
the picd-1(bh40) mutants (Figure 10B).

As pry-1 is necessary for picd-1 expression, we examined its effect on the CRTC-1::RFP
subcellular localization and found that CRTC-1 was nuclear-localized and dod-24 upregulated in
pry-1 mutants (Figures 10C and 10D). To further understand the mechanism of PRY-1-PICD-1-
mediated CRTC-1 localization, we examined the involvement of the Wnt canonical pathway
component BAR-1/B-catenin. The bar-I RNAI did not affect CRTC-1::RFP nuclear localization
in pry-/ mutants (Figure 10E), suggesting that PRY-1 may function in a WNT-independent
manner to regulate CRTC-1. Next, we examined the involvement of CRTC-1 in PRY-1-mediated
lifespan and stress response and found that crtc-1 RNAI significantly rescued the short lifespan
and stress sensitivity defects of pry-1 mutants (Figures 10 F-G and Table 2). Hence, we propose
that PRY-1 and PICD-1 inhibit CRTC-1-dependent transcriptional response to delay age-

associated processes.
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Given that calcineurin and CRTC-1 mediated lifespan regulation involves the C. elegans CREB
transcription factor homolog 1 (CRH-1), we wanted to know whether PRY-1 and CRH-1 regulate
a common set of target genes. Consistent with our hypothesis, we found a significant overlap in
differentially expressed genes between pry-I and crh-1 mutant transcriptomes (406 common
genes, R.F 2.5, p <5.108e-78). Furthermore, the number of overlapping sets of genes regulated in
an opposite manner between pry-1 and crh-1 mutants were also significant (Figure S3 and Table
S2) and were enriched with GO biological processes such as response to stress (18), metabolic
processes (18), and cellular processes (40) (FDR < 0.05). In conclusion, these data demonstrate a

novel functional relationship between PRY-1 and CRTC-1 in C. elegans.

DISCUSSION

In this study, we identified a new gene, picd-1, in C. elegans that interacts with pry-1 and regulates
several larval and adult processes. picd-1 is predicted to encode a nuclear protein containing a
conserved Cabinl domain, which belongs to the HUCA complex in humans ''. The HUCA
complex is implicated in diverse chromatin regulatory events, where it preferentially deposits a
histone variant H3.3. This leads to transcriptional activation by nucleosome destabilization or
transcriptional repression through heterochromatinization . Cabinl is expressed in all human

2.2 Studies in other systems have also

tissues and localized to the nucleoplasm and cytoplasm
uncovered homologous proteins of Cabinl. For example, the yeast Saccharomyces cerevisiae
contains Hirlp and Hir2p (both HIRA orthologs) and Hir3, Hpc2, and Asflp, orthologs of Cabinl,

UBNI, and ASF1a, respectively 2.

Our study provides the first genetic evidence of a Cabinl domain-containing protein regulating
biological processes in C. elegans. Other complex components in worms include HIRA-1 (HIRA
homolog), ASFL-1, and UNC-85 (both ASF1la homologs) **2. However, it remains to be seen if
any of these proteins interact with PRY-1. Mutations in picd-1 led to multiple defects such as Pvl,
Egl, small brood size, developmental delay, stress sensitivity, and short lifespan. Interestingly, loss
of picd-1 function enhanced various phenotypes of the pry-/ mutant, some of which were not seen

in the picd-1 mutant alone. For example, pry-1; picd-1 double mutant showed a Pvl phenotype and
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exhibited P11.p cell fate changes. In addition, picd-1 RNAi enhanced seam cell defects in the pry-
1 mutants. Interestingly, mutations in picd-I did not enhance vulval precursor cell induction or
Muv phenotype in pry-/ mutants. Overall, these results suggest that picd-/ participates in a subset

of pry-1-mediated processes.

We also analyzed the role of picd-1 in other pry-/-mediated non-developmental events, such as
egg-laying, embryonic survivability, aging, stress response, and lipid metabolism. Loss of picd-1
function worsened the embryonic lethality of pry-I mutants. Moreover, pry-1, picd-1 double
mutant had a very small brood size due to defects in the gonad arms. Similar phenotypes are
observed in the mutants of other HIRA complex components. Knockdown of hira-1 leads to
embryonic lethality, asfl-1 or unc-85 single mutants have low brood size, and asfl-1; unc-85 double

3133 Together, these data show that pry-/ and picd-1 interact to regulate

mutant is sterile
embryonic viability and fertility in animals. However, it remains to be seen whether PRY-1 and

PICD-1 interact with other HIRA complex components to mediate their function.

Furthermore, we found that picd-1 is required for normal stress response maintenance. picd-1/
mutants showed enhanced sensitivity to paraquat and tunicamycin. The mutant animals also
exhibited increased levels of UPR markers. Both picd-1 and pry-1 mutants significantly increased
hsp-16.2, and hsp-4, suggesting that these genes function together to regulate ER-UPR and HSR.
However, more work is needed to determine whether these two genes uniquely affect MT-UPR

and oxidative stress and their biological significance.

Mutants that show sensitivity to stress typically have a short lifespan 343, Similar to pry-I
mutants, picd-1(bh40) animals are short-lived and exhibit defects in age-related physiological
markers. This result is consistent with the fact that both genes function together to regulate stress
response and aging. However, there are functional differences between the two genes. For
example, we found that lipid levels were greatly reduced in pry-1 but not in picd-1 mutants. The
nhr-80 and fat-7 levels were reduced in picd-1 mutant animals, consistent with the known role of
nhr-80 in regulating fut-7 expression 2*. However, while picd-1 is needed for the expression of fat-
5, fat-7 and nhr-80, a lack of its function does not compromise lipid levels in animals. These results

suggest that picd-1 participates only in a subset of pry-I-mediated processes. However, the extent
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to which the two genes interact in specific tissues and the precise nature of their interactions is

unknown.

A possible mechanism of picd-1 function in lifespan maintenance may involve calcineurin. AMPK
and calcineurin modulation of CRTCs are conserved in mammals and C. elegans '*3" % In C.
elegans, AAK-2 and calcineurin regulate CRTC-1 post-translationally in an opposing manner,
where activated AAK-2 causes nuclear exclusion of CRTC-1 and extends lifespan. Such a
phenotype was also observed after deactivating calcineurin . Our data showed that loss of picd-
I function resulted in the nuclear localization of CRTC-1 and activated the CRTC-1 target genes.
These findings, together with the fact that mammalian Cabinl inhibits calcineurin-mediated

122541 suggest that PICD-1 may regulate CRTC-1 via downregulation of calcineurin in

signaling
C. elegans. The loss of picd-1/Cabin-1 should lead to increased calcineurin signaling, which may

explain the shorter lifespan of picd-/ mutants.

As picd-1 is downregulated in pry-1 mutants, and both genes are needed for the proper subcellular
localization of CRTC-1 and its downstream targets, we speculate that PRY-1 and PICD-1 use
CRTC-1 to regulate stress response and lifespan of animals. While there is no evidence for the
interaction between mammalian Axin and CRTCs, studies have shown that CREB, which
associates with CRTCs, is inhibited by Axin-GSK3p signaling ****. Our work provides the first
evidence of genetic interactions between pry-1, picd-1, and crtc-1 in C. elegans, which has
uncovered a novel crosstalk between Axin and calcineurin signaling. However, several questions
remain unanswered. For instance, the components of pry-1 signaling affecting CRTC-1 nuclear
localization are unknown. In preliminary experiments, fax-6 RNAI (calcineurin catalytic subunit)
did not affect the pry-1 phenotype (data not shown); however, more experiments are needed to
completely ascertain its requirements. Additionally, whether picd-1 is regulated by pry-I in a
WNT-dependent manner or it is co-regulated by pry-1 and aak-2 #1° independently of WNT needs
thorough investigation. Moreover, it is unknown whether other HUCA complex components
interact with PCID-1 to mediate PRY-1’s role during stress response and lifespan, as well as
whether PRY-1 and PICD-1 co-regulate a common set of targets during these processes. Further
work is needed to investigate these questions and to gain a deeper understanding of the conserved

mechanisms involved in Axin-Cabinl signaling in eukaryotes.
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MATERIALS AND METHODS

Worm strains

Cultures were maintained at 20 °C on standard nematode growth media (NGM) plates seeded with
OP50 L. coli bacteria.

N2 (wild-type)

DY220 pry-1(mu38)

VC3710 pry-1(gk3682)

VC3709 pry-1(gk3681),; picd-1(gk3701)

DY 725 pry-1(mu38); picd-1(bh40)

DY 678 bhlx287[pGLC150(picd-1p::GI'P) + myo-3::wCherry|

DY 698 picd-1(bh40)

DY 694 picd-1(gk3701)

RG733 wis78[(scm::GFP) 1 (ajm-1p::GFP)]

AGDA418 uthls205/crtc-1p::CRTC-1::RFP::unc-54 3’ UTR + rol-6(sul006)/
DY740 pry-1(gk3682); uthls205/cric-1p::cric-1::RI'P + rol-6(sul006)]

Mutant allele and transgene generation

The gk3701 allele of picd-1 was generated by the CRISPR technique. It carries a 5 bp sequence
(GGTGA) mutation in the second exon (flanking 25 nucleotides:
GTGAAGAGGATGAGGACAATGGTGA and GGATTCAGAAGAAGAAGATGAAGAA),

resulting in multiple premature in-frame stop codons (See primers in Table S2).

The other allele (bh40) was created using a nested CRISPR technique**. We replaced the 84 bp in
the first exon with a synthetic sequence containing stop codons in different frames (See primers
used in Table S2). Both picd-1 strains were outcrossed twice with the wildtype N2 animals and

sequenced to confirm the mutations.

To generate the picd-1p::GIP transgenic animals (DY678), pGLC150 was injected in N2
background at 50 ng/pL along with 30 ng/uL of myo-3::wCherry. pGLC150 was constructed by
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cloning a 3,885 bp PCR-amplified (using the primers GL1372 and GL1373) fragment, spanning
the promoter region and a portion of the first exon of the picd-1 gene, into the vector pPD95.81

using the restriction sites Sall and Kpnl.

RNAIi

RNAi mediated gene silencing was performed using a protocol previously published by our
laboratory®. Plates were seeded with I. coli HT115 expressing either dsSRNA specific to candidate
genes or empty vector (L4440). Gravid adult hermaphrodites were treated with a bleach solution,
and eggs were plated. Animals were allowed to grow till adulthood and vulva and seam cell

phenotypes were examined.

Fluorescent and DIC microscopy

Animals were paralyzed in 10 mM Sodium Azide and mounted on glass slides containing 2% agar
pads and covered with glass coverslips. Images were captured using a Zeiss Apotome microscope
and Zeiss ZEN software. For acquiring live videos of gonad, animals were suspended in M9
without Sodium Azide. Videos were captured by a high speed camera fitted on a Leica MZ-FLIII

fluorescent stereomicroscope®.

Vulval induction, P11.p, P12.p, body bending, and pharyngeal pumping

Vulval induction and P11.p and P12.p phenotypes were examined in L4 stage animals using a
Nomarski microscope. VPCs were considered induced if they gave rise to progeny. Wild-type (N2)
animals have three induced VPCs, one each for PS.p, P6.p, and P7.p. Mutants with more than three

induced VPCs were termed as ‘over-induced’. Muv and Pvl phenotypes were scored in adults.

The P11.p and P12.pa cells are readily distinguished based on their nuclear size and morphology

4749 Tn pry-1 mutants, two P12.pa-like cells are observed and P11.p is missing.

Body bending per 1 min and pharyngeal pumping per 30 sec were analyzed in young adults over
a period of four days °. For this, individual hermaphrodites were placed on OP50 plates and
examined under a dissecting microscope. Pharyngeal pumping was assessed by observing the

number of pharyngeal contractions. For body bending, animals were stimulated by tapping once
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on the tail by a platinum wire. Each full sinusoidal motion was counted as one body bend. Only

animals that moved actively within 1 min were included in the analysis.

Lifespan analysis

Lifespan experiments of RNAi-treated animals were carried out using a previously described
protocol ®. Synchronized eggs were allowed to grow on NGM OP50 seeded plates till the late L4
larval stage after which they were transferred to RNAi bacteria seeded plates. Cultures were
screened daily for dead animals and surviving adults were transferred every other day till the
progeny production ceased. Censoring was done for animals that had either escaped, burrowed

into the medium, showed a bursting at the vulva, or had progeny hatching inside the uterus *.

Stress assay

Oxidative and endoplasmic reticulum mediated stress experiments were performed using 100 mM
paraquat (Thermo Fisher Scientific, USA) and 25 ng/puL tunicamycin (Sigma-Aldrich, Canada)
respectively. Animals were incubated for 1 hr, 2 hr, 3 hr and 4 hr, following a previous published
protocol ©. All the final working concentrations were made in M9. At least 30 animals of each
strain were tested in replicates. Means and standard deviations were determined from experiments
performed in duplicate. Animals were considered dead if they did not respond to a platinum wire
touch and showed no thrashing or swimming movement in M9. Moreover, dead animals usually

had an uncurled and straight body shape in comparison to the normal sinusoidal shape of worms.

Oil Red O staining
Neutral lipid staining was done on synchronized day-1 adults using Oil Red O dye (Thermo Fisher
Scientific, USA) following a published protocol °. Quantifications were performed using ImageJ

software as described earlier >'.
Molecular Biology
RNA was extracted from synchronized L3 and day-1 adult animals. Protocols for RNA extraction,

cDNA synthesis and qPCR were described earlier . Briefly, total RNA was extracted using Trizol
(Thermo Fisher, USA). The RNA was used to prepare cDNA and, subsequently, perform qPCR
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using the SensiFast cDNA synthesis kit (Bioline, USA), and SYBR green mix (Bio-Rad, Canada),

respectively. Primers are listed in Table S1.

Statistical analyses

Statistics analyses were performed using GraphPad prism 9, SigmaPlot software 11, CFX Maestro
3.1 and Microsoft Office Excel 2019. For lifespan data, survival curves were estimated using the
Kaplan- Meier test and differences among groups were assessed using the log-rank test. qPCR data
was analyzed using Bio-Rad CFX Maestro 3.1 software. For all other assays, data from repeat
experiments were pooled and analyzed together, and statistical analyses were done using GraphPad

Prism 9. p values less than 0.05 were considered statistically significant.
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572 LIST OF TABLES
573
574  Table 1: Analysis of VPC induction, P12.pa cell fate, Pvl, and Muv penetrance in different strains. *Extra P12.pa cell in the place of

575  Pll.p.
576
VPC induction pattern (% induced) Over-induced vulva and Pvl and Muv
P12.pa
Genotype P3p P4p P5p Pép P7p P8p N % over- % N % Pvl | %Muv | N
induced | P12pa*
N2 0 0 100 100 100 0 20 0 0 20 0 0 20
pry-1(gk3682) 27.3 4.5 100 100 86.4 4.5 22 364 23 22 65.7 313 40
pry-1(mu38) 182 0 100 100 81.8 9.1 22 272 81.8 22 59.6 342 50
picd-1(gk3701) 0 0 100 100 100 0 20 0 0 20 5 0 40
picd-1(bh40) 0 0 100 100 100 0 20 0 0 20 16.7 0 40
pry-1(gk3681); 21.7 8.7 100 100 87 13 23 39.1 74 23 76.8 22 40
picd-1(gk3701)
pry-1(mu38); 12.5 12.5 100 100 92 12.5 24 25 100 24 80 20 40
picd-1(bh40)
597
578
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579
580
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583
584
585
586
587
588
589
590
591
592
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594
595

Table 2: Lifespan analysis of animals. Each lifespan assay was carried out in two or more batches

(see Methods). N: number of animals examined, ns: not significant.

Genotype treatment Mean Median | Maximum | N | p value
Lifespan Lifespan Lifespan
(days) (days) (days)

N2 - 16.9+0.9 16 23 56
pry-1(gk3682) - 3.7+0.1 A 4 45 <0.001
pry-1(gk3681); ’ 3.6+0.1 4 4 50 | <0.001
picd-1(gk3701)
picd-1(gk3701) - 153£0.5 16 21 44 ns

picd-1(bh40) - 13.7+0.5 14 21 51 | <0.001
empty vector | 16.6 £0.9 16 21 75
N2 picd-1 RNAi 11.6 £0.6 18 22 58 <0.001
crtc-1 RNAi | 20.4+0.9 22 26 63 <0.01
empty vector 3.1=03 3 6 9
pry-1(mu38) picd-1 RNAi 29+03 2 6 80 ns
cric-1 51+04 6 8 48 <0.001
pry-1(gk3682) | empty vector 41+03 4 6 52
crtc-1 RNAi 7.1+£0.7 7 10 64 <0.001

N2 25°C 13.4+£0.5 14 20 56

picd-1(gk3701) 25°C 11.9+0.5 12 16 48 | <0.001
picd-1(bh40) 25°C 10.9+0.4 11 17 54 <0.001
LIST OF FIGURES

Figure 1: Phenotype of picd-I mutants and sequence similarity of PICD-1 with Cabinl
proteins. (A) Representative images of Pvl phenotype in pry-1(gk3682) and pry-1(gk3681); picd-
1(gk3701) animals. (B) picd-1 mutation enhances Pvl phenotype of pry-/ mutants. Data represent
a cumulative of two replicates (n > 30 animals) and error bars represent the standard deviation.
Statistical analyses for panel (B) were done using one-way ANOVA with Dunnett’s post hoc test
and significant differences are indicated by stars (*): ** (p <0.01). (C) Sequence comparison of
PICD-1 with mammalian Cabinl and nematode homologs. (D) Sequence alignment dendrogram

generated by LIRMM (http://www.phylogeny.fr/simple_phylogeny.cgi) using default parameters.
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599  Figure 2: Expression analysis of picd-1 in C. elegans. Representative images of animals
600  expressing picd-1::GFP in larvae and adults. Tissues that show fluorescence include pharynx,
601  gonad, hypodermis, intestine, vulva, body wall muscles and tail. Scale bars representing 100pum

602  and 50pm are shown.
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607  Figure 3: Analysis of picd-1 alleles and their effect on pry-I mutant Pvl phenotype. (A)
608  Schematic diagram of the picd-/ open reading frame. The approximate locations of bh40 and
609  gk3701 mutations have been indicated. (B) Sequences for b240 and gk3701 mutations are shown
610  in box. Inserted sequence is shown in italic and stop codons are shown in bold. (C) . Expression
611 levels of picd-1 in pry-1(gk3682) and pry-1(mu38) mutants at the L1 stage compared to wild-type.
612  Data represent the means of two replicates and error bars represent the standard error of means. p
613  values were calculated using Bio-Rad software (one-way ANOVA). (D) Bar graph showing VPC
614  induction score in picd-1 and pry-1 mutants alone, and pry-1; picd-1 double mutants compared to
615  N2. Data represent the means of two replicates. The error bars show the standard deviation (n >
616 15 animals per batch). Statistical analyses were done using one-way ANOV A with Dunnett’s post
617  hoc test In panels C and D, significant differences are indicated by stars (*): ** (p <0.01).

618
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624
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629

Figure 4: picd-1 regulates vulval morphology. (A) Representative vulval images of wild-type,
and picd-1 and pry-1 mutants at the mid-L4 stage. Scale bar is 50pum. (B) Line graph showing the
percentage of picd-1(bh40) mutants showing Pvl phenotype at 20C and 25C compared to wild-
type controls (Also see Table 1). Data represent a cumulative of two replicates (n > 30 animals)
and error bars represent the standard deviation. Statistical analyses were done using one-way
ANOVA with Dunnett’s post hoc test. (C) Expression levels of picd-1 in pry-I mutants. Data
represent the means of two replicates and error bars represent the standard error of means. p values
were calculated using Bio-Rad software (one-way ANOVA). In panels B and C, significant
differences are indicated by stars (¥): ** (p <0.01).
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Figure 5: picd-1 regulates developmental timing, seam cell division and alae formation. (A)
picd-1 mutants exacerbate the developmental delay of pry-1 mutants. The data shows the average
time (two replicates, n > 60 animals) taken by picd-1(bh40), pry-1(mu38) and pry-1(mu38); picd-
1(bh40) double mutants to reach adulthood compared to wild-type animals. The error bars
represent the standard deviation. (B) Bar graph showing the average number of seam cells (two
replicates, n > 30 animals) in the wild-type and pry-/(mu38) animals following control (L4440)
and picd-1 RNAi. The error bars represent the standard deviation. Statistical analyses were done
using one-way ANOVA with Dunnett’s post hoc test and significant differences are indicated by
stars (*): * (p <0.05). (C) Representative images showing alae (white arrowheads) in wild-type N2

and picd-1(bh40) animals. Extra alae in the picd-1 mutant are marked with *. Scale bar is 25um.
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Figure 6: picd-1 regulates brood size and embryonic viability. Bar graphs showing eggs laid
on each day (A), totals number of eggs (B), and percentage of the hatched eggs. (C) by N2 and
single and double mutant animals. Data represent a cumulative of two replicates (n > 30 animals)
and error bars represent the standard deviation. Statistical analyses were done using one-way
ANOVA with Dunnett’s post hoc test and significant differences are indicated by stars (*): * (p
<0.05), ** (p <0.01), *** (p <0.001).
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Figure 7: picd-1 interacts with pry-1 to regulate oocyte development. (A) pry-1; picd-1 double
mutants show abnormal oocytes and embryos morphology. Scale bar is 25um. (B) Posterior
gonad arms of wildtype, picd-1(bh40), pry-1(mu38) and pry-1(mu38); picd-1(bh40) adults. pry-
1(mu38); picd-1(bh40) animals have no oocytes in the posterior gonad arm. The spermatheca (Sp),
embryos (E), and oocytes (Oo) are marked. Vulva opening is shown (using #) and left to right of

figure panels correspond to anterior to posterior direction. Scale bar is 0.1mm.
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Figure 8: picd-1 mutants are stress sensitive. (A-B) Expression levels of hsp-4, hsp-6, hsp-16.2,
sod-3 and hsf-1 in picd-1(bh40) and pry-1(mu38) young adult animals. Data represent the means
of two replicates and error bars represent the standard error of means. p values were calculated
using Bio-Rad software (one-way ANOVA) and significant differences are indicated by stars (*):
** (p <0.01). (C) Box and whisker plots represent normalized electrotaxis speeds of picd-
1(gk3701), picd-1(bh40), pry-1(mu38) and pry-1(mu38); picd-1(bh40) mutants. (D) Bar graphs
represent percentage survival following 200 mM paraquat exposure for 4 hrs. (E) Bar graphs
represent percentage survival of animals following 25ng/ul tunicamycin exposure for 4 hrs. (F)
Bar graphs represent percentage survival of animals following 100 mM paraquat exposure for 2
hr. For panels C-F, data are the cumulative of two replicates (n > 30 animals) and error bars
represent the standard deviation. Statistical analyses were done using one-way ANOVA with
Dunnett’s post hoc test and significant differences are indicated by stars (*): * (p <0.05), ** (p
<0.01).
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Figure 9: picd-1 mutation reduces lifespan and causes age-associated deterioration. (A) picd-
I mutation does not affect the lifespan of pry-1 mutants. (B) picd-1 RNAI reduces the lifespan of
control animals but not that of pry-/ mutants. (C-D) Lifespan of picd-1(gk3701) and picd-1(bh40)
mutants at 20 °C and 25 °C. See Materials and Methods section and Table 2 for life span data and
statistical analyses. (E-F) Bar graphs showing the rates of body bending and pharyngeal pumping
of picd-1 mutants compared to wild-type over a period of 5 days. Data represent a cumulative of
two replicates (n > 15 animals) and error bars represent the standard deviation. Statistical analyses
were done using one-way ANOVA with Dunnett’s post hoc test and significant differences are
indicated by stars (*): * (p <0.05), ** (p <0.01). (G) Expression analysis of fat-5, fat-6, fat-7, nhr-
49, nhr-80 and shp-1 genes in the picd-1(bh40) mutants compared to wild-type. Data represent the
means of two replicates and error bars represent the standard error of means. p values were
calculated using Bio-Rad software (one-way ANOVA) and significant differences are indicated
by stars (*): ** (p <0.01). (H) Quantification of total lipid using Oil Red O in the wild-type and
picd-1(bh40) animals. Data represent a cumulative of two replicates (n > 30 animals) and error
bars represent the standard deviation. Statistical analysis was done using one-way ANOVA with

Dunnett’s post hoc test.
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Figure 10: Loss or reduced picd-1 function promotes CRTC-1 dependent transcriptional
response. (A) picd-1, but not L4440 control, RNAI causes nuclear accumulation of CRTC-1::RFP
fluorescence(). (B) qPCR analysis of dod-24 and asp-12 in picd-1(bh40) animals shows increased
expression. (C, D) Similar experiments performed in pry-/ mutants. n > 30 animals were examined
for assays in A and C. For panels B and D, data represent the means of two replicates and error
bars represent the standard error of means. p values were calculated using Bio-Rad software (one-
way ANOVA) and significant differences are indicated by stars (*): **** (p <0.0001). (E) CRTC-
1::RFP localization analysis in pry-1(gk3682) mutants following 1.4440 control RNAi and bar-1
and crtc-1 RNAI treatments (n > 30 animals). Nuclear fluorescence is absent in the case of crtc-1
RNAI. (F) Lifespan of wild type and pry-I mutant animals following L4440 control and crtc-1
RNAI (also see Table 2). (G) Bar graphs represent percentage survival of animals following 100
mM paraquat exposure for 2 hr. Data represent a cumulative of two replicates (n > 30 animals)
and error bars represent the standard deviation. Statistical analyses were done using non-

parametric ¢ test and significant differences are indicated by stars (*): * (p <0.05), ** (p <0.01).
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Supplementary material:

Figure S1: picd-1 RNAi enhances the Pvl phenotype of pry-1(mu38) animals. Bar graph
showing the percentage of pry-/ mutants showing Pvl and Muv phenotype following control and
picd-1 RNAI. Data represent a cumulative of two replicates (n > 30 animals) and error bars
represent the standard deviation. Statistical analysis was done using one-way ANOVA with
Dunnett’s post hoc test and significant differences are indicated by stars (*): * (p <0.05), ** (p
<0.01).

Figure S2: picd-1 mutants exhibit Egl phenotype. A graph showing the percentage of control
and picd-1(bh40) animals with Egl phenotype at 20 °C and 25 °C. Data represent a cumulative of
two replicates (n > 30 animals) and error bars represent the standard deviation. Statistical analysis
was done using one-way ANOVA with Dunnett’s post hoc test and significant differences are
indicated by stars (*): ** (p <0.01), *** (p <0.001).

Figure S3: Common sets of genes regulated by pry-I and crh-1. Venn diagrams showing 406
DE genes shared between pry-1 and crh-I mutant transcriptomes as well as overlapping genes

with opposite expression trends.

Table S1: List of primers used in the study.

Video S1: Enhanced protruding vulva of pry-1(mu38); picd-1(bh40) animal.
Video S2: Egl defect of picd-1(hh40) mutants.

38

203



Doctor of Philosophy— Avijit MALLICK; McMaster University— Biology

742  Figure S1: picd-1 RNAi enhances the Pvl phenotype of pry-1(mu38) animals.
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Figure S2: picd-1 mutants exhibit Egl phenotype.
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750  Figure S3: Common sets of genes regulated by pry-I and crh-1.

751
pry-1 mutant crh-1 mutant Up in pry-1 mutant Down in crh-1 mutant
R.F 2.5 p < 5.108e-78 R.F 1.7 p < 3.758e-04
Down in pry-1 mutant Up in crh-1 mutant
752 R.F 3.1 p < 3.214e-47
753
754
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6.3 Mallick et al. (2022)- Submitted in Frontiers in Aging

In this study | 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 mMiRNAs 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 (I11S) 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: | performed experiments and provided data for Figures 1, 2H-1, 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. |
and Bhagwati Gupta created all the Figures and illustrations. |1 and Bhagwati Gupta

conceived and supervised the project. | and Bhagwati Gupta wrote the manuscript.
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ABSTRACT

Fibroblast growth factor receptors (FGFRs) are a family of receptor tyrosine kinases that regulate
diverse biological processes in eukaryotes. The nematode C. elegans is a good system to study the
roles of FGFR signaling and their mechanism of regulation. We have identified a new FGFR
homolog in C. elegans, KIN-9, that has essential functions in aging and stress response
maintenance. kin-9 was discovered as a target of miR-246, a microRNA that is positively regulated
by the Axin family member pry-1. We found that animals lacking kin-9 function are long-lived
and resistant to chemical-induced stress. Furthermore, the endoplasmic reticulum-mediated
unfolded protein response (ER-UPR) pathway genes are downregulated, suggesting that kin-9 is
needed to maintain a normal ER-UPR. Among other experiments, we analyzed kin-9 expression,
which revealed its presence in the intestine, a tissue that affects the lifespan of animals. Overall,
these findings demonstrate that kin-9 is regulated by miR-246 and may function downstream of
pry-1 in C. elegans. Our study forms the basis for future investigations to investigate the
mechanism of microRNA mediated FGFR signaling in maintaining aging and stress response.

INTRODUCTION

Aging is a gradual deterioration of cellular and tissue function that is regulated by both genetic
and environmental factors (Kenyon, 2010; Lapierre and Hansen, 2012; Uno and Nishida, 2016).
Genetic factors include components of conserved signaling pathways that are associated with
multiple cellular processes. Thus, it is important to identify these factors that facilitate or inhibit
this inevitable detrimental process in order to develop effective interventions. We are investigating
the function of an Axin scaffolding protein homolog, PRY-1, in regulating stress response and
aging in the nematode C. elegans. To gain insights into the genetic network of pry-/, mRNA and
miRNA transcriptome profiling experiments were carried out (Ranawade et al., 2018; Mallick et
al., 2019a). These together with biochemical and genetic studies led to the identification of several
major factors that interact with PRY-1 including AAK-2/AMPK, DAF-16/FOXO, and CRTC-
1/CRTCs (Mallick et al., 2020, 2021Db).

The miRNA transcriptome analysis revealed six differentially expressed miRNAs in pry-/
mutants, five of which (/in-4, miR-237, miR-48, miR-84, and miR-241) were upregulated, and one
(miR-246) was downregulated (Mallick et al., 2019a). miRNAs are non-coding RNAs that regulate
target gene expression by binding to their conserved 3’ untranslated region (UTR), or less common
5” UTR, and coding sequence (Stefani and Slack, 2008; Ambros and Ruvkun, 2018; O’Brien et
al., 2018). Studies have shown that miRNAs regulate diverse biological processes (Ambros and
Ruvkun, 2018; O’Brien et al., 2018). In this study, we focus on miR-246 and its target in mediating
pry-1’s role in aging and stress resistance. The miR-246 was reported earlier as the highest fold
upregulated gene during aging in both wild-type and the long-lived daf-2 (Insulin/insulin-like
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growth factor-1 signaling (IIS) receptor homolog) mutant (De Lencastre et al., 2010; Pincus et al.,
2011). However, the mechanism of action of miR-246 remains unclear.

The data presented in this paper suggest a model where miR-246 acts downstream of PRY-1 to
regulate the expression of a Fibroblast growth factor receptor (FGFR) homolog to promote
longevity and stress resistance of animals. Previous studies have reported the regulation of FGF
signaling by miRNAs. For example, while miR-140 regulates /'GI"9 during lungs development,
miR-200a, miR-20a, and miR217 regulate FGF4, FGF13, and FGFRI2 respectively during the
establishment of neural crest territory (Yin et al., 2015; Copeland and Simoes-Costa, 2020). These
findings, together with the essential roles of FGF signaling in development and diseases (DeVore
et al., 1995; Ornitz and Itoh, 2015; Xie et al., 2020) underscore the importance of identifying
regulatory mechanisms involving miRNA and FGF signaling in metazoans. In this regard, the
nematode C. elegans serves as an attractive system since it contains conserved microRNA families
and FGF signaling that can easily be targeted by forward and reverse genetic approaches. While
there are twenty-three FGF family members (FGF1-23) and four fibroblast growth factor receptors
(FGFRs) (FGFR1-4) in the mammalian system, C. elegans has two known ligands (EGL-17 and
LET-756) and a single FGFR (EGL-15) (Borland et al., 2001; Ormitz and Itoh, 2015; Xie et al.,
2020). Previously, EGL-17-EGL-15 signaling was shown to be required for sex muscle
development (DeVore et al., 1995).

In this study, we report a new FGFR4 family member KIN-9 that is regulated by miR-246. KIN-9
has a conserved FGFR receptor tyrosine kinase (RTK) domain and shows a high degree of
sequence and structural similarity to mammalian FGFR4s. In agreement with KIN-9 being a
FGFR, we found that its overexpression phenotype resembles that of activated FGF signaling in
C. elegans. The phenotypic analysis revealed that while kin-9 mutants are long-lived and stress-
resistant, miR-246 mutants show opposite phenotypes. We also found that kin-9 RNAi fully
suppressed the lifespan and stress sensitivity defects of miR-246 mutants. To further validate the
regulatory relationship between miR-246 and kin-9, a chimeric GFP-kin-9-3> UTR reporter was
utilized, which showed increased fluorescence in miR-246 mutant animals. These data together
with kin-9 being upregulated in both the miR-246 and pry-I mutants, support our model of pry-/
positively regulating miR-246 which in turn inhibits kin-9 expression.

The analysis of kin-9::GFP transgenic animals revealed that the gene is expressed in the pharynx
and intestine. The presence in the intestine supports the role of kin-9 in lifespan maintenance,
similar to what has been described for many other long-lived mutants (An and Blackwell, 2003;
Libina et al., 2003; Taylor and Dillin, 2013). Since kin-9 mutants are resistant to stress, we
examined the expression of unfolded protein response (UPR) pathway components and chaperons.
The results showed that the endoplasmic reticulum (ER) UPR components were downregulated,
suggesting that a lower kin-9 activity is beneficial for protein homeostasis. Overall, the results
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described in this study demonstrate that miR-246 directly regulates the FGFR4 homolog kin-9 to
regulate lifespan and stress response in C. elegans.

MATERIALS AND METHODS

Strains and worm culture

N2 C. elegans wild type

CB3241 clr-1(el745) 11

MT15020 miR-246(n4636) IV

NH2531 let-60(ay75)/dpy-20(e1362) IV

DY662 kin-9(tm3973) X

DY691 unc-119(tm4063) I1I; bhEx289[pGLC158(kin-9p(4.3kb)::GFP)+unc-119(+)]
DY692 unc-119(tm4063) I1I; bhEx290[pGLC144(kin-9p(2.1kb)::GFP)+unc-119(+)]
DY676 bhEx285[pGLCI146(hsp-16::kin-9) + pJH1774(myo-3p::wCherry)]

DY700 bhEx293[pGLC160(kin-9p(2.1kb)::GFP::kin-9 3’UTR)]

DY703 pry-1(mu38) I; bhkx293[/pGLC160(kin-9p::GFP: :kin-9 3'UTR)/

DY705 miR-246(n4636) IV, bhEx293/pGLC160(kin-9p.:GFP::kin-9 3°'UTR)]

Plasmid construction and transgenics

Plasmids were constructed as follows. To design pGLC144, a 2,182 bp PCR-amplified (using the
primers GL1350 and GL1352) fragment, spanning the promoter region and a portion of the first
exon of kin-9b.1 and kin-9c. 1, was subcloned into the vector pPD95.81, using Sphl and Sall. For
pGLC158, we cloned a 4,378 bp PCR-amplified (using the primers GL1431 and GL1432)
fragment, spanning the promoter region and a portion of the first exon of the kin-9a.1 gene, into
the vector pPD95.81, using the restriction sites Sall and Kpnl. The pGLC160 was derived from
pGLC144. This was done by replacing the unc-54 3 UTR in pGLC144 with the kin-9 3> UTR
using the restriction sites Spel and EcoRI. The 554 bp of kin-9 fragment was obtained by PCR
(using the primers GL1497 and GL1498). For pGLC146, we cloned a 4,715 bp PCR-amplified
(using the primers GL1353 and GL1354) fragment, spanning the full-length coding sequence of
the kin-9 gene, into the vector pPD49.83, using the restriction sites Kpnl and Sacl.

To generate the DY 691 and DY 692 transgenic lines, unc-119(tm4063) mutants were injected with
pGLC158 and pGLC144 plasmids (50 ng/uL) respectively, along with the rescue plasmid unc-
119(+) (40 ng/uL). DY700 strain was generated by injecting 50 ng/uL of the pGLC160 plasmid
in the N2 background. DY 676 strain was generated by injecting 20 ng/uL of the pGLC146 plasmid
with 30 ng/uL of the coinjection marker pJH1774 (myo-3::wCherry) in the N2 background.
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RNAi

RNAi-mediated gene silencing was performed using a protocol previously published by our
laboratory (Mallick et al., 2021a). Plates were seeded with Escherichia coli HT115 expressing
either dsRNA specific to candidate genes or empty vector (L4440). Synchronized gravid adults
were bleached, and eggs were plated. After becoming young adults, animals were analyzed for
stress sensitivity and lifespan (Mallick et al., 2021a).

Fluorescent microscopy
Animals were paralyzed in 10mM Sodium Azide and mounted on glass slides with 2% agar pads
and covered with glass coverslips for immediate image acquisition using Zeiss Apotome
microscope and software.

Body bending and pharyngeal pumping

The rate of body bending per 1 min and the rate of pharyngeal pumping per 30 sec for adults were
analyzed over the period of 4 days6. Hermaphrodites were analyzed for these phenotypes under
the dissecting microscope in isolation on OP50 plates. Pharyngeal pumping was assessed by
observing the number of pharyngeal contractions for 30 sec. For body bending assessment, animals
were stimulated by tapping once on the tail of the worm using the platinum wire pick where one
body bend corresponded to one complete sinusoidal wave of the worm. Only animals that moved
throughout the duration of 1 min were included in the analysis.

Lifespan analysis

Lifespan experiments were done following adult-specific RNAI treatment using a previously
described protocol (Mallick et al., 2020). Animals were grown on NGM OP50 seeded plates till
the late L4 stage after which they were transferred to RNAi plates. For lifespan analysis at different
temperatures, animals were grown till the late L4 stage at 20C following which they were shifted
to either 15C or 25C. Plates were then screened daily for dead animals and surviving worms were
transferred every other day till the progeny production ceased. Censoring was done for animals
that either escaped, burrowed into the medium, showed a bursting of intestine from the vulva, or
underwent bagging of worms (larvae hatch inside the worm and the mother dies).

Stress assay

Oxidative (paraquat) and endoplasmic reticulum mediated stress (tunicamycin) stress experiments
were performed using 100mM paraquat (PQ) (Thermo Fisher Scientific, USA) and 25ng/puL
tunicamycin (Sigma-Aldrich, Canada) respectively. Animals were incubated, for 2hr or over a
period of 6hr, following the previously published protocol. All the final working concentrations
were made in M9 instead of water. At least 50 animals were tested for each strain in each replicate.
Heat stress experiments were performed by incubating the NGM plate containing at least 50 adult
animals at 35C for either 2hr or over a period of 12hr. Mean and standard deviation was determined
from experiments performed in duplicate. Animals were considered dead if they had no response
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following a touch using the platinum wire pick and showed no thrashing or swimming movement
in M9. Moreover, dead animals usually had an uncurled and straight body shape in comparison to
the normal sinusoidal shape of worms.

Oil Red O staining

Neutral lipid staining was done on synchronized day-1 adult animals using Oil Red O dye (Thermo
Fisher Scientific, USA) following the previously published protocol. Quantification was then done
using ImageJ software as described previously.

Molecular Biology

RNA was extracted from synchronized L3 and day-1 adult animals. Protocols for RNA extraction,
cDNA synthesis, and qPCR were described earlier. Briefly, total RNA was extracted using Trizol
(Thermo Fisher, USA), cDNA was synthesized using the SensiFast cDNA synthesis kit (Bioline,
USA), and qPCR was done using the SYBR green mix (Bio-Rad, Canada). Primers used for gPCR
experiments are listed in Supplementary Table 1.

Statistical analyses

Statistics analyses were performed using GraphPad prism 9, SigmaPlot software 11, CFX Maestro
3.1, and Microsoft Office Excel 2019. For lifespan data, survival curves were estimated using the
Kaplan- Meier test, and differences among groups were assessed using the log-rank test. qPCR
data were analyzed using Bio-Rad CFX Maestro 3.1 software. For all other assays, data from repeat
experiments were pooled and analyzed together and statistical analyses were done using GraphPad
Prism 9. p values less than 0.05 were considered statistically significant.

RESULTS

kin-9 expression is regulated by miR-246 and its 3° UTR contains miRNA consensus
binding sites

We previously reported that PRY-1 regulates the expression of a set of miRNAs involved in
heterochronic development that included /in-4 and let-7 family members (Mallick et al., 2019a).
Another miRNA that was discovered as part of the study is miR-246, which is known to affect
aging and stress response maintenance (De Lencastre et al., 2010). We found that miR-246 did not
affect the heterochronic phenotype of pry-/. Furthermore, its expression was downregulated in
pry-1(mu38) larvae and adults (Mallick et al., 2019a).

In this study, we focus on miR-246 and its downstream target that may modulate these biological
processes. A better understanding of the biological role of miRNAs requires the identification of
their direct targets. In general, miRNAs negatively regulate their target gene activity, meaning that
a phenotypic consequence caused by a miRNA deletion is mediated by increasing the activity of
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its target(s). We, therefore, hypothesized that miR-246 loss-induced short lifespan and enhanced
stress sensitivity would be suppressed by depletion of its target gene activity. Computational
algorithms, such as TargetScan (Jan et al., 2011), PicTar (Lall et al., 2006), PITA (Kertesz et al.,
2007) and STarMirDB (Rennie et al., 2016) which predict miRNA targets based on 3' UTR seed
matches, were used to generate a list of miR-246 target candidates (Supplementary Figure 1;
Supplementary Table 2).

We tested three top listed targets: cah-4, kin-9 and pbs-5 for transcript levels in a deletion mutant
of miR-246 that deletes the entire transcript and 5’ upstream sequence (n4636: 518bp length)
(Miska et al., 2007) (Figures 1A, B). Based on the mechanism of miRNA function, the transcript
level of a target gene is supposed to be higher than normal in the miRNA mutant background. Our
results revealed that kin-9 expression was significantly upregulated compared to control whereas
no change was observed in the level of cah-4 and pbs-5 (Figure 1B; Supplementary Figure 2).

Sequence analysis revealed that KIN-9 is a homolog of the fibroblast growth factor receptor-4
(FGFR4) (http://www.wormbase.org). The receptor tyrosine kinase (RTK) domain in KIN-9 is
roughly 53% similar to the mouse and human FGFR4 proteins (Figures 1C, D). Outside of this
domain, no significant sequence similarity with FGFR4 could be detected (Figure 1C). We also
used the secondary structure prediction tool Jpred4 (http://www.compbio.dundee.ac.uk/jpred/)
(Drozdetskiy et al., 2015), which confirmed the KIN-9 homology to human FGFR4 (PDB ID: 6jpj,
6jpe, 5jkg, 4uxq, 4qrc and 4qqt). Finally, to determine whether the KIN-9 RTK domain possesses
conserved tyrosine kinase phosphorylation sites present in FGFR, the online program Group-based
prediction system (GPS 5) was utilized (http://gps.biocuckoo.cn/online.php) (Xue et al., 2011).
The analysis revealed six such sites that, together with the secondary structure prediction, establish
KIN-9 as a bona fide FGFR family member in C. elegans (Supplementary Figure 3). It is worth
mentioning that a previously characterized FGFR in C. elegans, EGL-15, shares 50% sequence
similarity with KIN-9 in the RTK domain (Figure 1E; Supplementary Figure 4) (Schutzman et
al., 2001). The KIN-9 orthologs are also found in other nematode species
(http://www.wormbase.org) (Figures 1F).

The kin-9 gene is predicted to produce three isoforms of varied size (478 aa, 585aa, and 615aa),
all of which have the conserved RTK domain. The longest isoforms (b and c) also possess the N-
terminus signal sequence and a transmembrane alpha-helix domain (Figures 1G, H).
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Figure 1: miR-246 mutants show overexpression of kin-9. (A) The predicted binding site of
miR-246 at the 3’ UTR of kin-9 mRNA. (B) Expression analysis of three candidate genes cah-4,
pbs-5 and kin-9 in the miR-246 mutants. (C) Schematic representation of KIN-9 and FGFR4
proteins from Caenorhabditis elegans, Homo sapiens, Danio rerio, and Mus musculus with percent
identity and similarity indicated relative to C. elegans KIN-9. Conserved domains are aligned and
are depicted with sizes, all presented to scale. (D) Phylogenetic tree of proteins shown in panel
(C). (E) Schematic representation of Caenorhabditis elegans KIN-9 and EGL-15 proteins with
percent identity and similarity indicated. (F) Similarities and identities between the KIN-9 proteins
in the Caenorhabditis genus. (G) Protein domains and structure of KIN-9 protein. (H) Schematic
dendrograms showing all the isoforms and tm3973 deletion allele of kin-9 with exons (black solid
boxes), introns (bent lines) and upstream sequences (solid straight line). Regions used for creating
transcriptional reporters and heat shock promoter-driven kin-9 overexpression are also shown. (I)
PCR and gqPCR analyses of the tm3973 allele. Gel image showing the shorter fragment of kin-9
transcript and bar graph showing kin-9 mRNA levels in the tm3973 mutants. (B and I) Each data
represents the mean of two replicates and error bars the standard error of means. Significance was
calculated using Bio-Rad software (one-way ANOVA) and significant differences are indicated
by stars (*): * (p <0.05), ** (p <0.01).

kin-9 mutants are stress resistant and long-lived whereas hs::kin-9 animals are stress
sensitive and die prematurely

A deletion mutant of kin-9, tm3973, was obtained from the National BioResource Project and
confirmed by sequencing (https://shigen.nig.ac.jp/c.elegans). The allele carries a 349 bp long
deletion  (flanking 25  nucleotides: TTTTGGAGTGCAACTAGTGGTCAAC and
TCGCCTACCATCCTCATCTTGTGTC) which removes a portion of the RTK domain and leads
to a premature stop codon resulting in truncated proteins for the three isoforms (167 aa, 271 aa and
304 aa) (Figure 1H). Interestingly, cDNA analysis revealed the presence of a truncated mRNA
transcript in kin-9(tm3973) worms indicating that readthrough transcription occurs despite the
presence of 17 inframe nonsense mutations. Analysis of the cDNA band intensity and qPCR
analysis of kin-9 transcript revealed a slight difference between the control and the mutant animal
(Figure 1I). While it is unclear whether /m3973 allows translation to occur, any products arising
from this allele would be expected to be non-functional.

The kin-9(tm3973) animals exhibit no obvious morphological defects but appear to have a slight
growth delay, lay significantly fewer eggs, and L1 larvae show resistance to starvation (Figures
2A-D). Since brood size and L1 survival may be affected by lipid levels (Watts and Ristow, 2017,
Ranawade et al., 2018), we carried out Oil Red O staining but found no change in neutral lipid
levels (Figure 2C). The #m3973 animals also show increased resistance to paraquat and
tunicamycin but are sensitive to heat stress (Figures 2E-G). These data suggest that kin-9 plays
an important role in stress response maintenance. Further support to this conclusion also comes
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from the expression analysis of ER-UPR pathway components. We found that kin-9 mutants affect
the ER-UPR pathway, as judged by reduced expression of the pathway components ire-1, pek-1,
xbp-1 and the chaperone hsp-#4 (Figures 2H, I). Consistent with these results, mutants exhibit
electrotaxis defects associated with chronic stress (Figure 2J) (Taylor et al., 2021). No change in
mitochondrial UPR components was detected in the absence of kin-9 function (Figures 2H, I).
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Figure 2: kin-9 mutants exhibit resistance to heat and chemical-induced stress. (B) Line graph
showing the number of eggs laid by kin-9 mutants compared to N2. Smaller bar graph showing
the total number of eggs laid (N2- clear bar; kin-9(tm3973) grey bar). (C) Quantification of neutral
lipids using Oil Red O staining. (D) Survival graph of kin-9(tm3973) L1 worms upon starvation
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compared to N2. (E-F) Bar graph showing the survivability of kin-9 mutants compared to N2
following paraquat (200mM) and tunicamycin (25ng/ul) over a period of six hours. (G)
Survivability of kin-9 mutants compared to N2 at 35°C over a period of 12 hours. (H-I) gPCR
analysis of hsp-4, hsp-6, atfs-1, xbp-1, atf-6, ire-1, and pek-1 in kin-9(tm3973) adults compared to
N2. Data in (H-I) represent the mean of two replicates and error bars the standard error of means.
Significance was calculated using Bio-Rad software (one-way ANOVA) and significant
differences are indicated by stars (*): * (p < 0.05), ** (p <0.01). (J) Electrotaxis analysis of day-1
kin-9(tm3973) adults. (A-G and I) Data represent the mean of two replicates (n > 40 animals in
each replicate) and error bars represent the standard deviation. Statistical analyses were done using
multiple unpaired t-tests and significant differences are indicated by stars (¥): * (p <0.05), ** (p
<0.01), *** (p <0.001).

Since miR-246 mutants are short-lived (De Lencastre et al., 2010), we examined the lifespan
phenotype of animals lacking kin-9 function. Consistent with kin-9 being a downstream target,
mutant animals show an extension in lifespan (Figures 3A; Supplementary Table 3). Similar
lifespan changes were observed in RNAi-treated animals (Figure 3B; Supplementary Table 3).
The mutants exhibit slightly increased body bending rates but no change in pharyngeal pumping
(Figures 3C, D).

If the absence of kin-9 results in lifespan extension, then increased levels of the gene should give
rise to an opposite phenotype. To test this possibility, Asp::kin-9 transgenic lines were generated
to overexpress kin-9 by subjecting animals to heat treatments (See Methods). A high level of kin-
9 expression in these animals was confirmed using gPCR (Supplementary Figure 5). Consistent
with a longer lifespan of kin-9 mutants, transgenic animals overexpressing kin-9 were small, short-
lived, and showed slower pharyngeal pumping and body bending (Figures 3F, G; Supplementary
Figure 6, 7). The aging phenotype was similar at other growth temperatures (15C and 25C,
Supplementary Figure 6; Supplementary Table 3). Moreover, Asp::kin-9 animals exhibited
increased stress sensitivity to both paraquat and tunicamycin (Figures 3H, I). Altogether, these
data demonstrate an important role of kin-9 in regulating the normal lifespan and stress responses
of animals.

Interestingly, we observed that the Asp::kin-9 animals were unusually transparent when grown at
25C (Supplementary Figure 7), an appearance that resembled ‘clear (clr)’ phenotype reported
earlier in C. elegans that have activated FGF signaling (Supplementary Figure 7) (Borland et al.,
2001). Clr phenotype is characterized by the accumulation of clear fluid within the
pseudocoelomic cavity. Thus, animals appear to have a floating intestine with fluid-filled body
cavities as well as being short, immobile, and sterile (Borland et al., 2001; Schutzman et al., 2001).
Such a phenotype is also seen in other FGF pathway component mutants (Schutzman et al., 2001).
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358 However, whether such an attribute in Asp::kin-9 animals is caused by changes in FGF pathway
359  components is currently unknown.
360
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Figure 3: Loss of kin-9 function causes a reduced lifespan. (A) Lifespan graphs of kin-
9(tm3973) mutants compared to N2 (B) Lifespan analysis of animals following control and kin-9
RNAIi knockdown during adulthood. (C-D) Bar graphs showing the rate of body bending and
pharyngeal pumping in kin-9 mutants compared to N2 over a period of five days. (E) Lifespan
graphs of hsp::kin-9 animals compared to N2. (A-B, E) See the Methods section and
Supplementary Table 3 for statistics performed. (F-G) Bar graph showing the survivability of
hsp::kin-9 adults compared to N2 following paraquat (200mM) and tunicamycin (25ng/ul)
exposure for 2hrs. (C-D, F-I) Data represent the mean of two replicates (n > 10/day animals in
each replicate for C-D and F-G; n> 50 animals in each replicate for H-I) and error bars represent
the standard deviation. Statistical analyses were done using multiple unpaired t-tests with Welch
correction and significant differences are indicated by stars (*): ** (p <0.01), *** (p <0.001).

kin-9 is expressed in the pharynx, intestine, and tail region

Given the kin-9’s essential role in C. elegans, we wanted to identify cells and tissues where the
gene is expressed. To this end, transgenic strains carrying kin-9::GFP reporters were generated.
Two different constructs were utilized (see Methods), the longest of which (4.3 kb) contains a part
of an exon that is common to all isoforms whereas the shorter one (2.1 kb) is specific to isoforms
b and ¢ (Figure 1H). GFP fluorescence analysis of transgenic lines showed expression throughout
the lifespan, which agrees well with the previously published transcriptomic data (Grun et al 2014,
Golden et al 2008). We found that kin-9p(2.1kb)::GFP adults have GFP fluorescence in the
pharynx, intestine, and certain cells located in the tail (Figure 4A). While the kin-9p(4.3kb)::GFP
animals exhibit a similar pattern, interestingly no fluorescence was observed in the posterior region
(Supplementary Figure 8). It may be that the longer fragment has certain inhibitory sequences
that contribute to expression differences. More experiments involving dissection of regulatory
sequences are needed to investigate this possibility. The intestinal expression of kin-9 and its
persistence during adulthood aligns with many other genes with known roles in lifespan extension
and stress response maintenance (An and Blackwell, 2003; Libina et al., 2003; Taylor and Dillin,
2013). The specific role of kin-9 in the pharynx remains to be determined.

kin-9 3°UTR is targeted by miR-246 and kin-9 RNAIi rescues miR-246(n4636) defects

Since miRNAs function mainly through binding to the 3> UTR of target genes (Ambros and
Ruvkun, 2018; O’Brien et al., 2018), we decided to examine whether miR-246 affects
transcriptional regulation of kin-9. To this end, transgenic lines were generated containing a
chimera of GFP and kin-9 3° UTR under the control of the kin-9 promoter (kin-
Ip(2.1kb)::GFP::kin-9UTR) (See methods; Figure 4B). As expected, the GFP fluorescence
showed a roughly four-fold increase when the construct was introduced in miR-246(n4636)
animals (Figure 4C). Since miR-246 is positively regulated by pry-/ (Mallick et al., 2019a), we
also examined kin-9p(2.1kb):: GI'P::kin-9UTR fluorescence in pry-/ mutants and found a similar
upregulation (Figure 4C). Consistent with this, the qPCR analysis revealed that kin-9 transcript
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levels were high in animals lacking pry-/ function (Figure 4D). Altogether, these data show that
pry-1 and miR-246 negatively regulate kin-9 expression.

As the kin-9 expression is upregulated in miR-246 mutants and that miR-246 directly regulates kin-
9 transcript levels, it led us to test whether miR-246(n4636) phenotypes can be rescued by reducing
kin-9 function. The lifespan and stress sensitivity defects of miR-246 mutants were indeed fully
rescued upon kin-9 RNAI (Figures 4E-H; Supplementary Figure 9, Supplementary Table 3).
Together with transcript analysis and data in previous sections, the results demonstrate that kin-9
is involved in lifespan regulation and acts downstream of miR-246. Interestingly, no phenotypic
rescue was observed by knocking down kin-9 in pry-1 mutant animals (Supplementary Table 3),
which suggests that kin-9 is not the sole effector of pry-1 function in aging-related processes. The
findings are consistent with pry-1 interacting with multiple pathway components to regulate aging
and stress response in C. elegans.
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Figure 4: Lowering kin-9 activity suppresses miR-246 mutant defects. (A) kin-9p(2.1kb)::GF'P
analysis shows expression in the pharynx, intestine, and tail neurons. (B) Schematic diagram of a
kin-9p::GI'P: :kin-9 3’ UTR construct showing potential miR-246 binding at the 3° UTR of the kin-
9 mRNA transcript. (C) Bar graph showing the GFP analysis using the array kin-9p::GFP: :kin-9
3’ UTR in miR-246(n4636) and pry-1(mu38) adults compared to control. Data represent the mean
of two replicates (n > 25 animals in each replicate) and error bars represent the standard deviation.
Statistical analyses were done using one-way ANOVA with Dunnett’s post hoc test and significant
differences are indicated by stars (¥): * (p <0.05), ** (p <0.01). (D) qCPR analysis of kin-9 gene
in the pry-1(mu38) adults compared to control. Data represent the mean of two replicates and error
bars the standard error of means. Significance was calculated using Bio-Rad software (one-way
ANOVA) and significant differences are indicated by stars (¥): *** (p <0.001). (E) Lifespan
analysis of N2 and miR-246(n4636) animals following control and kin-9 RNAi knockdown. See
the Methods section and Supplementary Table 3 for statistics performed. (F-H) Bar graphs
showing survivability of N2 and miR-246(n4636) animals following control and kin-9 RNAi when
exposed to heat stress (35C), paraquat (200mM for 2 hours) and tunicamycin (25ng/ul. for 2
hours). Data represent the mean of two replicates (n > 50 animals in each replicate) and error bars
represent the standard deviation. Statistical analyses were done using one-way ANOVA with
Dunnett’s post hoc test and significant differences are indicated by stars (*): * (p <0.05), ** (p
<0.01).

DISCUSSION

We have identified kin-9 as a new target of the microRNA miR-246 and demonstrated its essential
function in regulating stress responses and lifespan in C. elegans. The sequence analysis of KIN-
9 protein has revealed that it is a member of the FGFR family, specifically FGFR4. Further support
to KIN-9 being a C. elegans FGFR comes from our data showing that overexpression of kin-9
causes a Clr phenotype which is associated with activated FGF signaling (Borland et al., 2001;
Schutzman et al., 2001).

Our work has revealed that kin-9 is a direct target of the microRNA miR-246. The miR-246 was
identified earlier in a transcriptomic study in our lab that is positively regulated by pry-/ (Mallick
et al., 2019a). Given that miR-246 is necessary for lifespan maintenance (De Lencastre et al.,
2010), we were interested in identifying its targets to further understand the downstream
components of the pry-1-miR-246 genetic network. While the silico analysis revealed three genes
with consensus miR-246 binding sites in their 3° UTR, kin-9 was the only one with increased
expression in the miR-246 mutant background. Consistent with kin-9 being a bona fide target of
miR-246, a GFP transgene containing kin-9 3’ UTR responded to the miR-246 activity, i.e., in the
absence of miR-246, GFP fluorescence was significantly upregulated.
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The analysis of kin-9 mutants has revealed that the gene is necessary for regulating the stress
response and aging. While animals lacking kin-9 function showed resistance to stress treatments,
reduced expression of heat shock chaperon and ER-UPR genes, and a longer lifespan, the
transgenic lines overexpressing kin-9 showed opposite phenotypes. Consistent with these roles,
kin-9 is expressed in the intestine, a tissue known to be the primary player involved in nutrient
uptake and metabolic activities (Libina et al., 2003; Rera et al., 2013). Studies on aging have shown
that the intestine communicates with other parts of the body such as neurons and muscles and leads
to activation of downstream effectors. The IIS transcription factor DAF-16 that functions mainly
in the neurons and intestine, affects muscle health and mitochondrial mass suggesting cross-talks
between these tissues (Libina et al., 2003; Uno and Nishida, 2016; Wang et al., 2019; Mallick et
al., 2020; Gupta, 2022). Thus, it is conceivable that kin-9 regulates the stress responses and lifespan
by maintaining a healthy gut which in turn signals other tissues to promote their health.

The work described here suggests that FGFR signaling in C. elegans is regulated by a microRNA.
Our data support a model where pry-1 promotes miR-246 expression which in turn inhibits kin-9.
However, the precise mechanism of this genetic relationship remains to be investigated. While our
data showed that kin-9 expression is inhibited by pry-1, its knock down was unable to suppress the
pry-1 phenotype, suggesting that kin-9 alone is not sufficient to modulate pry-1 signaling.
Additionally, it is unknown whether kin-9 may be regulated by pry-/ in a WNT-dependent manner.
Previous studies on pry-1/Axin have revealed its genetic network that includes multiple signaling
components (Mallick et al., 2019b). For example, PRY-1 interacts with AAK-2/AMPK in the
muscle in a cell nonautonomous manner to regulate DAF-16 in the intestine to promote the lifespan
and muscle health of animals (Mallick et al., 2020). PRY-1 also regulates CABINI1 domain-
containing protein PICD-1 to affect calcineurin signaling and CRTC-1 dependent transcription
(Mallick et al., 2021b). More recently, we have identified several genes (cpz-1/CTSZ, cdk-
1/CDK1, mr-1/RRM1, his-7/H2AX, and ard-1/HSD17B10) that function downstream of PRY-1
to regulate the lifespan and stress response of animals (Mallick et al., 2021a). Taken together these
findings demonstrate that pry-/ is a master regulator of aging-related processes and functions by
coordinating activities of diverse genes and pathways.

KIN-9 is the first FGFR family member in C. elegans that plays essential roles in aging and stress
response maintenance. Earlier, it was found that the homologs of transmembrane protein Klotho
(KLO-1 and KLO-2) require EGL-15-EGL-17 to promote similar processes (Chateau et al., 2010).
Studies in higher eukaryotes have also shown that Klotho promotes lifespan and functions as a co-
receptor of FGFRs (Kuro-o et al., 1999; Omitz and Itoh, 2015). Consistent with the interaction
between Klotho and FGFRs, there is some evidence that mammalian FGFs affect aging related
changes. For example, the age-associated impairment of human mesenchyme-derived progenitor
cells can be reversed by FGF2 treatment (Hurley et al., 2016). Additionally, the activated FGF2
pathway causes an increased fat accumulation in aged human skeletal muscles (Mathes et al.,
2021).
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The genetic analysis of kin-9 as a target of miR-246 and its potential role in the pry-1 network
provides opportunities to investigate the underlying mechanism and its conservation. Whether kin-
9 utilizes known downstream components of the FGF signaling remains to be determined. In this
regard, it is interesting to note that kin-9 RNAi was found to delay the development of let-60
mutant animals (Byme et al., 2007). The identification of kin-9 pathway components and their
interactions with pry-1 hold significant promise to advance our understanding of Axin function in
stress maintenance and aging.
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SUPPLEMENTAL MATERIALS

Supplementary Table 1: List of primers used in the study.
Supplementary Table 2: List of miR-246 target genes.
Supplementary Table 3: Table with the mean, median, and maximum lifespan of animals.

Supplementary Figure 1: miR-246 has a conserved binding site at the 3> UTR region of the kin-
9 transcript. The conserved miR-246 binding region (7mer-m8) is shown in red. This prediction
is generated with the TargetScanWorm software and default parameters
(http://www.targetscan.org/worm_52/).
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Supplementary Figure 2: qCPR analysis of kin-9c¢ isoform and kin-9 isoforms (a, b and c)
together show significant upregulation in the miR-246 mutants. Data represent the mean of two
replicates and error bars the standard error of means. 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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676  Supplementary Figure 3: Analysis showing the conserved Tyrosine kinase phosphorylation sites
677  of FGFR family in the 284aa (273-557aa) region of the kinase domain of KIN-9 using the Group-
678 based Prediction System (GPS 5) (http:/gps.biocuckoo.cn/online.php) (Yu Xue et al 2011).
679  Tyrosine kinase domain on the KIN-9 protein is predicted using the NCBI protein blast function.
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697  Supplementary Figure 4: Protein blast of KIN-9 with EGL-15 shows sequence conservation in
698 the region of the tyrosine kinase domain. Sequence comparison showing similarities (denoted by
699  +) and identities between the sequences of the kinase domain of EGL-15 (613-937aa) and KIN-9
700  (244-561aa).
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704

705  Supplementary Figure 5: qPCR analysis of kin-9 in the Asp:.:kin-9 adult animals. Data represent
706  the mean of two replicates and error bars the standard error of means. Significance was calculated
707  using Bio-Rad software (one-way ANOVA) and significant differences are indicated by stars (*):
708  **¥ (p <0.01).
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732  Supplementary Figure 6: Graphs showing the lifespan of kin-9(tm3973) and hsp: :kin-9 animals
733  at different temperatures. See the Methods section and Supplementary Table 3 for statistics
734  performed.
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738  Supplementary Figure 7: Representative images of FGF pathway component mutants
739  compared to wild-type animals. Similar to c/r-1 loss of function and /et-60 gain of function
740  mutants, animals with kin-9 overexpression show clear phenotype.
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Supplementary Figure 9: Expression analysis of kin-9 in the N2 and miR-246(n4636) animals
following control and kin-9 RNAi knockdown. Data represent the mean of two replicates and error
bars the standard error of means. Significance was calculated using Bio-Rad software (one-way
ANOVA) and significant differences are indicated by stars (*): ** (p <0.01), *** (p <0.001).
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Chapter 7

Conclusion and future directions

7.1 Key findings of the thesis

| 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, | 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/B-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, | 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, | have
identified the CABIN1 homolog PICD-1 in C. elegans, which enhances the pry-1
mutant phenotype. Here, | 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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A

PRY-1/Axin
expression

Nucleus, Endoplasmic reticulum, Lysosome, Cell membrane and Cytoplasm

B

Intestine, neurons,

Tissues/cells
and muscle

) . - Lifespan, lipid
PRY-1/Axin ——> | Biological processes metabolism, proteostasis
and stress response

L—— | Molecular interaction AAK-2/AMPK, DAF-16/FOXO,
CRTC-1/CRTC, SBP-1/SREBP

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. | 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, | 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-3B in the cytoplasm is critical for intermediate progenitor (IP)
amplification whereas that with p-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 RNA. 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, UPR™ 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 ldentification 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 (Axinl 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). |
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 CABINL is part of, are also involved in this

regulation.

miR-246-FGFR pathway

While | 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/B-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, | 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: | and Bhagwati Gupta contributed to gathering information from
various articles and wrote the initial draft. I made all the Figures. | and Bhagwati Gupta

edited and finalised the manuscript.

254



Doctor of Philosophy— Avijit MALLICK; McMaster University— Biology

EIOO0OResearch F1000Research 2021, 10:1259 Last updated: 18 JAN 2022

'.) Check for updates
OPINION ARTICLE

AXIN-AMPK signaling: Implications for healthy aging [version

1; peer review: 1 approved, 2 approved with reservations]

Avijit Mallick ™, Bhagwati P. Gupta'

Department of Biology, McMaster University, Hamilton, Ontario, L854K1, Canada

\[1 First published: 08 Dec 2021, 10:1259
https://doi.org/10.12688/f1000research.74220.1

Latest published: 08 Dec 2021, 10:1259 ) 2
https://doi.org/10.12688/f1000research.74220.1 Reviewer Status

Open Peer Review

? v

Invited Reviewers

Abstract

The energy sensor AMP kinase (AMPK) and the master scaffolding 1 2 3
protein, AXIN, are two major regulators of biological processes in

metazoans. AXIN-dependent regulation of AMPK activation plays a version 1 ? ? v
crucial role in maintaining metabolic homeostasis during glucose- 08 Dec 2021 report report report

deprived and energy-stressed conditions. The two proteins are also
required for muscle function. While studies have refined our
knowledge of various cellular events that promote the formation of
AXIN-AMPK complexes and the involvement of effector proteins, more Melbourne, Melbourne, Australia
work is needed to understand precisely how the pathway is regulated
in response to various forms of stress. In this review, we discuss
recent data on AXIN and AMPK interaction and its role in physiological Research Centre, Gurgaon, India
changes leading to improved muscle health and an extension of 5

lifespan. We argue that AXIN-AMPK signaling plays an essential rolein 3. Stefan Taubert =, University of British

1. Jonathan S. Oakhill D} University of

2. Anindya Ghosh Roy L , Nationa Brain

maintaining muscle function and manipulating the pathway in a Columbia, Vancouver, Canada
tissue-specific manner could delay muscle aging. Therefore, research
on understanding the factors that regulate AXIN-AMPK signaling Any reports and responses or comments on the

holds the potential for developing novel therapeutics to slow down or  rticle can be found at the end of the article.
revert the age-associated decline in muscle function, thereby
extending the healthspan of animals.

Keywords
Axin, AMPK, muscle, aging, C. elegans, LKB1, AAK-2, PRY-1

Page 1 of 14

255



Doctor of Philosophy— Avijit MALLICK; McMaster University— Biology

E1O00O0OResearch F1000Research 2021, 10:1259 Last updated: 08 DEC 2021

Corresponding author: Bhagwati P. Gupta (quptab@mecmaster.ca)

Author roles: Mallick A: Conceptualization, Data Curation, Formal Analysis, Validation, Writing - Original Draft Preparation, Writing -
Review & Editing; Gupta BP: Conceptualization, Funding Acquisition, Project Administration, Resources, Supervision, Writing - Original
Draft Preparation, Writing - Review & Editing

Competing interests: No competing interests were disclosed.

Grant information: This work was supported by Natural Sciences and Engineering Research Council (NSERC) Discovery grant to BPG
and NSERC CGS-D graduate scholarship to AM.

The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Copyright: © 2021 Mallick A and Gupta BP. This is an open access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

How to cite this article: Mallick A and Gupta BP. AXIN-AMPK signaling: Implications for healthy aging [version 1; peer review:
awaiting peer review] F1000Research 2021, 10:1259 https://dol.org/10.12688/f1000research.74220.1

First published: 08 Dec 2021, 10:1259 https://doi.org/10.12688/f1000research.74220.1

Page 2 of 10

256



Doctor of Philosophy— Avijit MALLICK; McMaster University— Biology

F1000Research 2021, 10:1259 Last updated: 08 DEC 2021

Introduction

With aging, there is a decline in skeletal muscle mass and function. Aging muscle undergoes a shift in the balance between
myogenic potential and fibrogenic activity that leads to reduced capacity of the muscle to repair and regenerate. ' Studies
have shown that age-associated decline in muscle function is multifactorial and affected by genetic and environmental
factors. While many genes have been identified that contribute to muscle development and function, their mechanisms of
action are not well understood.

This review discusses a novel signaling network involving AXIN and AMP-activated protein kinase (AMPK) in
maintaining muscle health that offers a new perspective on promoting healthy aging. Both these proteins are conserved
in metazoans. AXIN is an established scaffolding protein that acts to integrate inputs from multiple signaling molecules,
leading to the regulation of downstream effectors.” AMPK plays a crucial role in sensing intracellular energy levels and
keeping a balance between cellular metabolism and growth. '

AXIN-AMPK signaling

Recent findings from our lab and other published studies involving AXIN and its interacting partner AMPK provide a
potential clue into the mechanism of muscle health maintenance. Work in the nematode C. elegans has revealed that the
AXIN family member PRY-1 is necessary for animals’ normal motility and health, and its activated form promotes
longevity by maintaining muscle mitochondrial homeostasis." A similar function was previously ascribed to the AMPK
catalytic subunit homolog AAK-2."" The genetic and biochemical experiments revealed that PRY-1 and AAK-2 work
together, likely through protein-protein interaction, and PRY-1 is required for AAK-2-mediated beneficial effect on
muscle health and lifespan (Figure 1). The interaction between PRY-1 and AAK-2 is not a unique phenomenon, as other
AXIN family members also interact with AMPK in different biological contexts. For example, another C. elegans AXIN
homolog AXL-1 forms a complex with AAK-2 following metformin treatment. 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’ (Figure 2).

The Axin-containing complexes are also reported in mammalian systems. Following metformin treatment and glucose
deprivation,” '’ the AXIN-based lysosomal pathway, consisting of v-ATPase-Ragulator complex (v-ATPase-Ragulator-

AXIN/LKB1-AMPK), promotes AMPK phosphorylation by LKB1, leading to AMPK activation. In a separate study

Cell non-autonomous signaling

Intestinal cell

— "R — D

Extension of lifespan and
increased lipid synthesis

Figure 1. PRY-1/AXIN function in the muscle is necessary to maintain muscle health, mitochondrial biogen-
esis and longevity. Genetic and biochemical studies have shown that PRY-1/AXIN interacts with PAR-4/LKB1 and
AAK-2/AMPK in muscles to promote AAK-2/AMPK phosphorylation. AAK-2 in turn activates DAF-16/FOXO cell non-
autonomously in the intestine and promotes DAF-16/FOXO nuclear localization. Green colored P indicates activating
phosphorylation.
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Figure 2. AXL-1/AXIN is required for metformin-mediated AAK-2/AMPK phosphorylation and longer lifespan
in C. elegans. Metformin treatment induces formation of AXL-1/AXIN-based lysosomal VHA-3-LMTR-3-AXL-1/PAR-4-
AAK-2 (v-ATPase-Ragulator-AXIN/LKB1-AMPK) complex that is required for AAK-2/AMPK activation. The effect of
metformin is partially attained via inhibition of mTORC1, but other targets of the pathway remain unknown. Green
colored P shows activating phosphorylation.

involving myotubes and mice gastrocnemius muscle tissue, exercise stimulated both AMPK and Rac1 while increasing
the cellular levels of AXINI. Accordingly, reducing the AXIN1 function blocked GTP loading of Racl, AMPK
activation, and glucose uptake in the exercising muscles.'' Additionally, it was shown that muscle-specific knockout
(KO) of the AXINI-binding Ragulator subunit LAMTOR1 completely abolished treadmill exercise-stimulated AMPK
activation in gastrocnemius muscle.'’ Together, these data demonstrate the crucial role of AXIN tethering in activating
AMPK, which promotes muscle metabolism and benefits linked to exercise.

Investigations of cellular mechanisms underlying AXIN and AMPK interaction have revealed a regulatory relationship
that depends on AMP levels'~ (Figure 3). While low glucose triggered AMP-dependent activation of AMPK through the
AXIN-based lysosomal pathway, a modest increase in AMP resulted in AXIN-dependent activation of both lysosomal
and cytosolic AMPK. Finally, extreme nutrient starvation or high AMP concentrations caused phosphorylation of AMPK
independently of AXIN function.'”

Intriguingly, it was shown recently that skeletal muscle-specific AXINI knockout (AXIN1 imKO) mice are phenotyp-
ically normal and exhibited no impairment of AMPK regulation or glucose uptake. ' Such a phenotype may be explained
by redundancies between AXIN1 and its homolog AXIN2. Both proteins are expressed in skeletal muscles, and AXIN2
can functionally replace AXINT in regulating AMPK.' """ Moreover, AXIN2, a negative regulator of WNT signaling,
appears to be essential for myogenesis, as increased WNT signaling in aged skeletal muscle promoted fibrogenesis,
thereby accelerating aging.' ™’

Consistent with the role of AXIN in AMPK activation and myogenesis, AMPK is shown to be crucial for regulating
skeletal muscle development, growth, and degradation.' In skeletal muscle, AMPK signaling has been linked to both
acute and chronic exercise adaptations, in addition to a broad range of skeletal muscle disease states and ageing.'”"’
Together these data support the growing evidence that both AXIN and AMPK and their signaling cascade are crucial to
maintaining healthy muscles and slowing organismal deterioration with aging.
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Figure 3. AXIN forms a lysosomal complex, v-ATPase-Ragulator-AXIN/LKB1-AMPK, that is crucial for AMPK
activation and the maintenance of energy homeostasis during stress-inducing conditions. The complex is
formed following glucose deprivation, low to moderate increases in AMP levels, and metformin treatment. Once
activated, AXIN-AMPK signaling promotes catabolism and inhibits anabolism by phosphorylating downstream
targets that include ACC1, SREBP1c, Raptor and TSC2. Green and purple colored P indicate activating and inhibitory
phosphorylation, respectively.

Downstream effectors of AXIN-AMPK signaling

Studies in mammalian models revealed that both metformin and glucose deprivation inhibit the mechanistic target of
rapamycin complex 1 (mTORCI) activity, a master regulator of anabolic pathways.”'’ Both these treatments cause
the mMTORC1 components, RAPTOR and mTOR, to dissociate from the v-ATPase-Ragulator and facilitate the formation
of the v-ATPase-Ragulator-AXIN/LKB1-AMPK complex. Similarly, research in C. elegans has demonstrated that
the VHA-3-LMTR-3-AXL-1/PAR-4-AAK-2 complex negatively regulates phosphorylation of the mTORCI target S6
kinase B1 (S6K) homolog RSKS-1." As the beneficial effects of AXIN-AMPK signaling in the C. elegans study were not
directly attributed to mTORC1 inhibition, the authors suggested that the signaling cascade may utilize additional factors’
(Figure 2).

The downstream effectors of AXIN-AMPK have been reported in several other studies. Specifically, in a low glucose
condition, the pathway phosphorylates proteins such as acetyl-CoA carboxylase (ACC1) and endoplnsmlc reticulum-

localized sterol regulatory el binding protein-1c (SREBPIc), thereby inhibiting fatty acid synthesis'~ (Figure 3).
Interestingly, in C. elegans, PRY-1 promotes transcription of SREBP1 homolog SBP-1 to regulate fatty acid synthe-
sis"*'; however, the precise mechanism of this regulatory relationship is unknown. Another effector of PRY-1 appears to

be the CREB-regulated transcriptional coactivator (CRTC) homolog.”” CRTC-1 is known to function downstream of
AAK-2 and affects calcineurin-mediated lifespan and stress regulation in C. elegans.” " While AMPK and calcineurin
signaling in mammalian systems regulate CRTCs in an antagonistic manner, the involvement of Axin in this regulatory
network remains to be determined.” "

Given that AMPK regulates many targets, it is expected that a subset may be co-regulated by AXIN. We recently reported
that both pry-/ and aak-2 mutant transcriptomes significantly overlap with Ily up and dow lated genes. These
common differentially expressed genes are associated with muscle structure development, muscle contraction, aging, and
lipid metabolism. Moreover, we found that PRY-1-AAK-2 signaling functions in muscles leading to activation of AAK-2
in a cell-non-autonomous manner and phosphorylation and translocation of the FOXO transcription factor homolog
DAF-16 into the intestinal cell nuclei” (Figure 1). These results are supported by previous studies showing that activated
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DAF-16 is indispensable for muscle mitochondria homeostasis and lifespan extension. It is worth mentioning that
FOXO3 is also phosphorylated by AMPK in the mammalian system; however, the involvement of AXIN in this process
and the function of activated FOXO3 are unknown.”’

Unlike C. elegans, little is known about the role of AXIN and AMPK in regulating muscle health in another leading
invertebrate model, namely the fruit fly D. melanogaster. Overexpression of D-axin in wing disc-associated myoblasts
in larvae causes partial to complete loss of indirect flight muscles.”’ However, the precise role of D-axin and the
involvement of AMPK and TORC in adult muscles is unknown. In terms of other processes, it has been reported that a
hypomorphic allele of D-axin alters the expression of metabolic genes and is hypersensitive to metabolic stress induced
by fasting. Such a phenotype depends on TORC1 activity and involves increased ROS production. '’

Gaps in our knowledge

While much has been learned about Axin, AMPK, and their interactions, there are gaps in our understanding of the
mechanisms regulating the complex formation, downstream effectors, and their role in maintaining muscle health. Some
of the relevant questions are discussed below.

Is AXIN expression beneficial for muscle health?

The existing data supports that AXIN function in the muscle is beneficial. AXIN2 is required for myogenesis and linked
to muscle aging, whereas AXIN1 mediated signaling is necessary for glucose uptake in the exercising muscles.' '™+’
Both AXIN1 and AXIN2 are expressed in the skeletal muscle. Research in C. elegans hints that muscle-specific
overexpression of pry-/ promotes mitochondrial network, muscle development, and muscle physiology.’ Whether such
arole of Axin is conserved in higher eukaryotes is unknown.

Are AXIN1 and AXIN2 redundant in activating AMPK?

While AXIN1 and AXIN2 possess similar domains, they show differences in their regulation and expression pattern
(subcellular localization and cell type-specific expression). " Additionally, AXIN2 is required for muscle develop-
ment. Interestingly, exercise-induced glucose uptake requires AXIN1 in skeletal muscles. While it remains to be seen
whether AXIN2 plays a redundant role in this process and regulates AMPK, Li ef al." reported no change in AMPK
activation following AXIN1 imKO in the skeletal muscle. Furthermore, Zong et al.'~ showed that AXIN2 could
substitute AXINT in forming a complex between LKB1 and AMPK.

In C. elegans, PRY-1 and AXL-1 possess the characteristic domains for the AXIN family of proteins” and negatively
regulate WNT signaling. """ It has been shown that AXL-1 functions redundantly with PRY-1 to regulate the WNT
effector protein BAR-1/B-catenin during the formation of the vulva and migration of Q neuroblast. However, both
AXINs are functionally not equivalent and play roles independently to control specific processes. For example, PRY-1
is necessary for lipid metabolism, healthspan, lifespan, and seam cell development, whereas AXL-1 regulates excretory
cell development. """ Recent experiments from our lab also highlight functional differences between the two Axin
proteins. While PRY-1 and AXL-1 are necessary for metformin-induced lifespan extension,” only PRY-1 is required
for glucose deprivation mediated longevity in C. elegans (Mallick er al., unpublished). These same treatments,
i.e., metformin and glucose deprivation, are known to extend the lifespan in an AAK-2-dependent manner. " Overall,
these studies demonstrate that AXIN homologs in every system have shared as well as unique functions. However,
whether these proteins can redundantly activate AMPK r ins to be investigated

=4

What factors limit AXIN-AMPK signaling?

Recent reports demonstrate that the lysosomal AXIN-AMPK signaling can be activated by glucose deprivation
independently of AMP/ATP ratios. However, the medium-to-high elevation of AMP extends the activation of both
cytosolic and lysosomal AMPK, which is also dependent on AXIN1.'” By contrast, very high AMP levels phosphorylate
AMPK in a manner that does not involve AXIN1 and probably occurs via a conformational change in AMPK. Whether
AXIN-dependent activation of AMPK also requires a similar change in AMPK conformation is unclear. Furthermore, itis
unknown how glucose levels facilitate the complex formation and differential activation of AMPK by LKB1.

Several other factors may also limit AXIN and AMPK mediated signaling. One of these is post-translational modifica-
tion. AXIN activity is known to be regulated by phosphorylation.™ """ Another could be subcellular localization. While
the AXIN-AMPK complex is localized to lysosomes and cytoplasm, the changes in their activities in response to external
stimuli are poorly understood.'*'* Both factors are broadly expressed and in overlapping domains; however, whether
their interactions are global or restricted to specific tissues remains to be determined. In this regard, itis worth mentioning
that AMPK functions cell non-autonomously in C. elegans,”' and we have reported that the protein is needed in both
muscles and intestine to mediate beneficial effects of constitutive expression of AXIN in muscles.’
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What are the effectors of AXIN-AMPK signaling?

Given that AMPK is involved in many different processes and regulates many downstream targets, one might expect
that AXIN-AMPK interaction co-regulates a subset of the targets. In support of this, a recent paper suggests that
AXIN-AMPK signaling phosphorylates targets that are different from ATP/AMP-dependent AMPK signaling.'” As
mentioned above, our analysis of C. elegans pry-1 and aak-2 transcriptomes has revealed many overlapping genes that
are differentially expressed. However, more work is needed to identify and validate common targets of AXIN-AMPK
signaling that are involved in maintaining muscle health in different systems. Identification of such target genes could
lead to a better understanding of molecular mechanisms underlying the signaling network and the development of
diagnostic markers and therapeutic interventions to promote muscle health.

New research directions

We envisage several exciting research avenues involving AXIN-AMPK signaling. While substantial knowledge has been
gained in terms of processes that each one participates in and mechanisms underlying their function, little is known how
the interactions between the two proteins are regulated, leading to changes in the expression of target genes that carry out
various roles. Below are some of the potential research directions to address the questions in the previous section.

While it has been shown that the AXIN homologs in both C. elegans (PRY-1 and AXL-1) and mammalian systems
(AXINI and AXIN2) can activate AMPK,"""'* the redundancies between the homologs and their tissue-specific
interactions with AMPK are unknown. Moreover, the differences in lifespan and lipid metabolism phenotypes between
the two AXIN mutants in C. elegans raise the question of functional equivalency regarding AMPK activation in
physiological conditions. Future research along these lines should refine our understanding of AXIN-AMPK signaling
and its conservation in eukaryotes.

Depending on the context, signaling pathways may utilize different mechanisms to regulate their responses. In
this regard, research in the following areas should improve our understanding of the regulatory mechanism of AXIN-
AMPK signaling. First, whether a conformational change in AMPK following AXIN binding occurs similar to the AMP-
dependent mechanism. Second, the role of post-translational modification of AXIN in activating AMPK. Third,
identifying a specific region of the multidomain AXIN protein required for AMPK interaction that, in turn, may uncover
potential competitors to modulate the signaling. And, finally, the discovery of factors affecting subcellular localizations
of both AXIN and AMPK and, in turn, their interactions.

Other modes of regulation of AXIN-AMPK signaling may include spatial and temporal changes in AXIN expression.
AXIN is not only a negative regulator but also a downstream target of the WNT signaling.”'"" Consistent with this,
PRY-1/AXIN is required for MOM-2/WNT mediated lifespan regulation,  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.

Research from our group has shown that overexpression of PRY-1/AXIN in C. elegans extends the lifespan and improves
muscle health in older adults. Whether forced expression of mammalian AXIN in muscles may also promote the
healthspan of animals by activating AXIN-AMPK signaling requires investigation. In line with this, expression analysis
of AXINI and AXIN2 in old adults and patients with a muscle disease should prove valuable.

As mentioned above, AXIN and AMPK are crucial for muscle development and physiology. Furthermore, exercise
promotes the activation of AMPK in an AXIN-dependent manner. Given that exercise promotes muscle health and delays
aging,” " it is conceivable that AXIN and AMPK are involved in this process. More work is needed to understand the
role of AXIN-AMPK signaling in exercise-mediated benefits.

Conclusion

AXIN family of scaffolding proteins control a wide array of cellular processes by recruiting multiple factors and forming
protein complexes. One of the interactors of AXIN is the well-known energy sensor AMPK. AMPK functions as a nexus
between energy conservation and aging, and perturbations of its function lead to various age-related pathologies. AXIN-
AMPK signaling promotes muscle health and delays age-associated deterioration. Future studies on the pathway, its
interacting proteins, and tissue-specific effectors hold promise to uncover key candidates that may be targeted in the
future to delay age-associated muscle degeneration and improve muscle health during aging.
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Appendix A

PRY-1 is autoregulated via canonical
WNT signaling

A.1 Preface

In this chapter, | 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-//3-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 gPCR 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.
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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) gPCR analysis of Chr-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) gPCR analysis of
pry-1 expression in the pry-1, pop-1 and bar-1 mutants compared to control at the L1
stage. (B) gPCR 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)
gPCR analysis of pry-1 expression in the pry-1 mutants following control (L4440) and
pop-1 RNAI compared to wild type animals. (B) gPCR 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).
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Figure A.7: Muscle tissue appears to have reduced pry-1 autoregulation. (A) gPCR
analysis of pry-1 expression in the tissue-specific RNAI sensitive strains following
control (L4440) and pry-1 RNAI. (B) gPCR 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)
gPCR analysis of pry-1 expression in the bimp-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).
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Appendix B

Characterising a receptor tyrosine kinase

FO9A5.2 in C. elegans

B.1 Preface

In this chapter, | characterise another receptor tyrosine kinase receptor FO9A5.2 which
has high similarity with the KIN-9/FGFR4 protein described in Appendix B. FO9A5.2
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 0k1900. While
tm7493 is 93bp deletion that does not change the frame and is supposed to produce a
protein of 834aa, 0k1900 allele is a larger deletion of 1135bp that is expected to translate

a truncated protein of 243aa only. Consistent with this, FO9A5.2(tm7493) mutants show
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no significant change in lifespan compared to control animals. But the other mutant,
FO9A5.2(0k1900) 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.

277



Doctor of Philosophy— Avijit MALLICK; McMaster University— Biology

B.2 FO9A5.2 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 FO9A5.2
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 (FO9A5.2, F09G2.1, FO8F1.1 (kin-9), and C24G6.2)
grouped together (bootstrap value of >900). kin-9 egl-15 and FO9A5.2 are all located on
chromosome X. Moreover, FO9A5.2 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 FO9A5.2 in C. elegans.
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Figure B.1: FO9A5.2 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 FO9A5.2 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.

N2 0k1900 B
1.0 - — N2
] == == [09A5.2(0k1900)
= -y
0.8 - 0
1404bp
em—
© 06
—_— =2
c
5 J
2] b
0.4 - I
I
I
0.2 |1
|
!
0.0 T T ' )
0 5 10 15 20 25

Days

Figure B.3: FO9A5.2 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(0k1900) mutants. (B) FO9A5.2(0k1900) animals have a mean lifespan of 19.23

+ 0.54 days compared to 15.47 + 0.80 days for control.
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