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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 elegares an animal model to investigate the role of one of the
Axin homologs, PRYL. Studies in various model systems and humans have shown that
the Axin family of proteins plays crucial roles during cell proliferation, cell
differentiaton, 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 andssgeiated diseases
such as axis dumlation, neuroectodermal defect, and muscle degeneration.

As a scaffolding protein, Axin family members bind to and recruit multiple
protein partners that are both WNT departcand independent. However, how Axin
interacts with these factors tegulate molecular events is not well understood. While
some Axininteracting factors have been identified, many more remain to be discovered.
My project deals with the identification and functional characterizatiqoryfl/Axin
interactors irC. elegans

The key findings of my Ph.D. research are published in five-meeewed
papers. Collectively, the results demonstrate that-RR'necessary to regulate lipid
metabolism, stress response, muscle health, and aging. | have shown tHat&#i2a's
multiple pathways to control these diverse processes. Specifically1RB¢ttions via
the SREBP transcription factor homolog SBR regulate yolk lipoprotein expression
to promote lipid synthesis. The analysigof-1 6rale in aging and muscleealth has
revealed its interactions with the energy sensor AMPK homolog -2Akhereby
affecting the function of the Insulin/IGF1 signaling (1I1S) transcriptional regulator-DAF
16/FOXO. Moreover, | have identifiegeveral mRNAgenesand microRNAsthat
funcion downstream of PRY/Axin signaling to either suppress or enhapcg1
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 Axirsignaling and hold the potential for effective intervention to delay
aging and agassociated muscle deterioration.
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Chapter 1

Introduction

Signalingpathways control a vast array of biological processes during embryogenesis
and in adult lifeThe development ofhecomplex multicellular organism, ranging from
aseries of cell fate decisions and morphogenetic movesteatds to the generation of
different tissues and organs in the bodiie network of pathways not only helm
generating tissues and organs (development) but also maititaim during aging
(postdevelopment)Consistent with such integral roles, grgturbationsof thesecore
pathways lead to various diseases. One such important pathway is tretudieit!
WNT (winglessandint-1) signaling pathway that is conserved from the sponges to the
vertebratesWNT signaling activates or regulates several t@llprocesses, including
mitogenic stimulation, cell fate specification, and differentiation. Axin is the central
component of the WNT signaling pathway, with its ability to functioa ssaffolding

protein. Withtheir crucial roles, the Axin family membes are evolutionarily conserved
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among the eukaryotes. My researtiliaes the Axin homolog, PRYL (poly ray 1), in

the nematodeCaenorhabditiselegans(C. elegan} that negatively regulates WNT
signaling, to study the regulation of sevedifferent biological events such as
reproductive organ development, seam cell development, lipid metabolism, stress
responseand agingIn the next few sections, describe in detail the structure and
functionof the Axin family of scaffolding proteinshieir involvement in WNTand non

WNT signalingpathwaydollowed by how they regulate development, agany stress

response in the eukaryotes.

1.1 An overview ofAxin in WNT signaling

The development of complex multicellular organisms, ranging fromessaf cell fate
decisions and morphogenetic movensetgads to the generation of different tissues
and organs in the body. And one of the centratsiglalingcascades playing a pivotal
role in regulating these developments is the evolutignaonserved WNIb-catenin
pathway. WNT proteins are secreted, lipiddified 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 specificatior]l groliferation, and cell
migration. Upon the completion of developmental statigs pathway then maintains
the stem cells and tissue regeneration in the vertepaaigsutation of the components
involved in this pathway has been shown to cause a wadiety of diseases such as
breast and prostate cancer, glioblastoma, type Il diabetes and(@thgas and Nusse

2004; Komiya and Habas 2008)
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Previous research in Drosophhas shown that WNT can activate several different
signaling pathwaysanonical and neoanonical WNT signaling pathwayAmong

these the most extensively studied pathway is the \AfiNGatenin canonical pathway,

which controls the expression of the targetge s t hr o u g-batenirhnBhispr ot e
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 kieases CKI (casein kinase I), and GSK3
(glycogen synthase kinage) . N o-tatemin hgs,a cdnserved phosphorylation site

at the Nt er mi nus, whi ch upon -Tpch Fbgxproteinp-l at i on
transducin repeatsontainingprotein-dependent ufuitination and proteasomal
degradation. When FRIZZLED and LRP6 (lalensity lipoproteirrelated protein 6)
receptors are activat edteninpegmadatwNig inhibited a n d
through a mechanism involving the cytoplasmic protein DVL @@lished) and the
recruitment of Axin to the LRP6 in the plasma membr@nallick etal. 2019b) Then

t he st achtenintrazslecdts th the nucleus where it activates the transcription

of the target genes by interacting with the members of TCF/LEFRtel(T
factor/lymphoid enhancesinding factor 1) familyof proteins, HMGbox coraining

transcription factors.

Axin was first identified as a negative regulator of the \W8ijnhaling pathway, where
it functions as the scaffold of the destruction complex and inhibits axis formation (axis
inhibition) in the mouse. Then, its role in oth@rocesses, including developmental

events like embryogenesis, neuronal differentiation, and tissue homeostasis, has been
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shown(Logan and Nusse 2004) Once bound to t hatenthesst r uct
phosphoryl at e drCR matiatedruliguitingtionefalowbd by proteolytic
degradatior(Clevers 2006; Clevers and Nusse 2012; Nusse and Clevers 2l1iah)

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

of the complex to the cell meaatbningamtent, t hus
whichtranslocatsto the nucleus and promotes transcription of target géfeeset al.

1998; Clevers and Nusse 201Research has shown previously that the constitutively

a c t i-oatenin,bdue to loss of destruction complex (by loss of Axin function), is
involved in varous disorders of lungs, heart, muscles, bones and is also associated with
different types of cancef€levers ad Nusse 2012)All these shreds of evidence show

that precise regulation of Axin is crucial for WNiiediatedsignaling(Also seeSection

1.6).

The Axin family of scaffolding proteings conserved in eukaryotes witls ability to
recruit andinteract with multiple pathway components that are both WNT dependent
and independent. In the nematddeelegansthere are two Axin homologs namely,
PRY-1 and AXL-1 (Axin like 1), with threecharacteristicAxin-like domains (RGS,
DIX, and GSK-b-catenin). However, PRY appears to be the major Axin homolog
with severe mutant phenotypes and broader expression pagielescribed in the
subsequent thesis chapté@hapters 3, 4, 5and6). A comprehensive review of this
master scaffolding proieAxin and its function in various model systems can be found

in thepublishedreviewarticleat the end of this chaptésection 16).
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1.2Role of Axinin non-WNT pathways

The worls described in this thesis and other emerging studies have shown that Ax
interacts with many other factors that arélWindependent to carry out its functions.
Apart from being the negative regulator of WHignaling Axin is involved in several
other signal transduction pathways through its scaffolding property. Axin family
members cooperate with an increasing number of prof@iB&KK1, MEKK4, Smad3,
Smad7, p53 and LKBAMPK) in other, noAWNT processes. These intetians
involve pathways such as JNB-Jun Nterminal kinase)TGFb (transforming growth
factorbeta) p53, and AMPK(AMP-activated protein kinaséjeviewed in Mallick et

al. 2019 Section 16). Moreover, Axinl facilitates the formation of a destruction
complex for eMyc transcription factofArnold et al. 2009) Such a property of this
scaffoldingprotein makes it an attractive target to understand the processes regulated

by different pathways in an overlapping manner.

1.3 Overview of thesis organization

My researchguestionsdescribed belowSection 1.9 focus on uncovering the tissue
specific interacting partners of Axin i@. elegansand their role in Axirmediated
regulation of cellular processsach as agingSection1.3), lipid metabolism $ection
1.3) and stress responsggction 1.4. In the following sections, | have briefly described
the regulation of thegmajor biological processes by Axin that hdnezndiscovered as
part of my PID. thesis and other published studiddoreover, key findings are

summarized ithe followingfour chapter$3-6). In Chapter 3, | report the first miRNA

5
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transcriptomic ofory-1 mutants which revealed six differentially expressed miRNAs
(lin-4, miR237, miR48, miR-84, miR241, and miR-246) involved in seam cell
developmentstress response, agjagd immunity Here, we emphasize the rolepoy-

1 in regulating seam cell division and miRNA expression via the Vdsjimmetric
pathway.In Chapter 4, | describete first mMRNA transcriptomic giry-1 mutants that
laid out the groundwork for the rest iy thesis workDifferentially expressed genes
in the pry-1 mutants weressociateavith processesuch asaging, lipid metabolismn
and stress respongaurthergenetic and molecular anabgsdemonstrated the important
role of PR¥-1 in regulating lipid synthesis which may involitee SBR1/SREBP
(Sterol regulatoryelement binding proteif$ranscription factorChapter 5 reports the
role of PRY:1 in the aging process where the protein presumably interacts with the
energy sensor AAR/AMPK to cell norautonomously activate DAEG6/FOXO
(Forkhead Box subfamily Oin the intestine. Interestingly, | show that PRYacts
downstream of the WN ligand MOM-2 but da&snot require thé-catenin homolog
BAR-1 in this process. Such a mechanism is necessary for maigtamuscle
mitochondrial health anthe normal lifespan of animals. FinalJlyn Chapter 6, |
describe the identification ofhe genetic network of PR comprising ofthe
transcription factor CRTQ/CRTCL (CREB-regulated transcription coactivatoy, the
tyrosine kinaseeceptor KIN9/FGFR (Fibroblast growth factor receptond eight
genes involved in DNA replicatiomNA repair,gene expression, oxidatiseduction
reaction and proteostasis. Ithapter 6, | havedemonstratetiow PRY-1 may regulate
calcineurin signaling, FGF signalirgnd control protein homeostastdtogether, these

findings provideshreds of evidender themajor 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 PRYL is necessary for the regulation of lipid levels, lifespad
muscle health provides a unique opportunity to investigate the conserved role of Axin
signaling in ageelated diseases. Thusnderstanding the regulation of Axin and its
signaling pathway in different tissues promises to accelerate the developinmemnt

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 leadsatoaccelerated mortality rate as a
function of time. It is often thoughdf as a norspecific degeneration outcome of
accumulated damage from environmental exposure or metabolic prodésaeser,
genetic componesto aging hae been extensively studied the last two decades or
so with each species having a characterigéispan and rate of aging. Intense research
contributionsusing the nematod€. eleganshave been made to uncover the genetic
components and how they interact with environmental fotoegause changes
associated with agingSome of the welktudied longevity pathways include
Insulin/Insulinlike growth factorl (1IS) signaling, germlindess signaling, dietary
restriction mediated (SKN, PHA4, AMPK-TOR) signaling, and perturbed
mitochondrial signalinglKenyon 2010; Lapierre and Hansen 2012; Uno and Nishida

2016)

Similarly, lipid metabolism plays a vital role in many physiotad and pathological
processedAll the major agingpathways mentioned abqg\a least in wormsffect lipid
homeostasis (synthesis, transportataord breakdownjHanseret al.2013; Watts and
Ristow 2017; Papsdorf and Brunet 2018nong other processasalso affects energy
storage, intracellular and imtllular signalingand 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 diabetesmans(Miller and Bose 2011)
Moreover specific alterations in lipid profiles and even increased lipid stdnage

been linked to longevity in both invertebrates and mamrttdésmsenet al. 2013;

8
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Papsdorf and Brunet 201®@)verall, 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 system&xin is necessary to activatee master energy sensdMPK

in glucose deficient celi&Zhanget al.2013, 2014a, 20168}he AMPK/Axin1 signaling
pathway mediates contractistimulated skeletal muscle glucose uptéKee et al.

2020) In the first case, Axin docks ontbe lysosomal vATPaseRagulator complex

to activate AMPK upon glucose deprivatidine Axin-based lysosomal pathway is also
required for AMPK activation following metformin treatmnte as liverspecific Axin
knockout failed to activate this energy sen&iranget 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 RéRas

related C3 botulinum toxin substrate 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 exercig¥ueetal.2020)Support f or Axinbés rol e
comes from a fly studyDrosophilamelanogastey wherethe partial loss ofD-axin

altered the expression of metabolic genes and made the animals hypersensitive to
fasting(Zhanget al.2014b) This phenotype was dependentohORC1(mechanistic

target of rapamycin compley activity.
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Interestingly, the interaction betwe@mrin 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, tBeelegan#\xin homolog AXL-1 forms a complex
with AAK-2 following metformin treatmen{Chen et al. 2017) Here, AXL-1 is
necessary for metformimediated lysosomal locaétion and activation of AAR in a
VHA-3-LMTR-3-PAR-4 (v-ATPaseRagulatorLKB1) complex dependent manner.
Metformirrinduced lifespan extension of animals is completely abolished in the
absence of AXEL function (Chenet al. 2017) However, the role of the maj@.
elegansAxin homolog PRY¥1 in these processes remains to be investigatads, b
explore the role of Axinmediated signaling in agingnd lipid metabolism I
investigated whethethe Axin homolog PRYL in C. eleganscontributes to thee
proceses in worms which is described @hapters4, and5. Published papers in these
chapterslemonstrate that PRY is crucial for fatty acid synthesi€liapter 4) and for
maintaining muscle and mitochondrial health during ag@gapter 5). Altogether,
these findings demonstrate the important role of Axin family members in regulating

agerelatedprocesses in higher eukaryotes.

1.4.2 Axin in WNT -mediated aging

The role ofWNT-b-catenin signaling has largely been investigated in development and
diseasgalthough the pathway is also involved in other processes, such as aging and
cellular senescenceCaroliset al. 2008) Over the last decade, several lines of

evidence have emerged linkiWjNT pathway components to the aging of cells and

10
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tissues. Studies in both vertebrates and invertebrates have reporteelatayke
expression changesWWNT pathway componentgor exampleGSK-3 b a-acaténinb

are altered in aged muscle satellite c@lsacket al.2007) Likewise, mice deficient in
Klotho (a WNT antagonist) having reduced lifespan and increased cell senescence,
show an increased transcriptiondNT ligands, Frizzled (Fz) receptor, as welVssIT
downstream tamgfs(Liu et al. 2007) In humans, similar changes in the expression of
frizzled 4 receptors and seveYdNT target genes were observed in the mammary artery

tissue, a part of the vascular syst@viarchandet al.2011)

Studies inC. elegan$iave shown that seveMNT ligands(cwn-1, cwn2, mom2, egh

20) are expressed in older adults, consistent with their involvement in post
developmental processes such as afliegzerini and Budovskaya 2014pss ofcwn

1, cwn2, and mom2 function extendsifespan(Lezzerini and Budovskaya 2014)
whereasgl20 mutants are shetived (Zhanget al.2018) Moreover bar-1/b-catenin

the effector protein of the canonical WNiIgnaling has been shown to play a role in
aging (Zhanget al. 2018; Xuet al. 2019) More specifically, in one cadesar-1 was
found to ke needed for neuronalgl20 mediated lifespan extension and mitochondrial
unfolded protein response activatigrhereasn anotheicasepar-1is required fomiR-

235-cwn1 mediated longer lifespan of dietary restricéad2 mutantgXu et al.2019)

Although these studigsvolving nematodeslid not report the direct involvement of
Axin homologsresearch usingmouse model reported elevatxin2transcript levels
in aged musclesuggesting that elevated/NT signaling promotes aggssociated

11
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deterioration(Brad et al. 2007) Specifically, the authors have shown that aged mice
muscle satellite cells show conversion from myogenic to a fibrogdjeeigge 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 dep{Brtak

et al. 2007) In addition, mutations in Axin that lead to overactivation of YMBIT
pathway are known to contribute to thevelopment of many agelated diseases, such

as cancer, osteoporosis, and metabolic dysfun@@tevers 2006)

1.5 Stress response pathways

Eukaryotic cells must accurately monitproteostasisto adapt toenvironmental
perturbationsand respond to physiological cud3toteostasis i® combination of
multiple processethat control the production of proteiwhichinclude highly complex
pathways mediating proteimanslation, folding, maturation, trafficking, degradation,
and targeting to the final destination. Each of these processsgulated at different
levels and can be compartmentalized to specific organelles. Protein quality control
mechanisms ensure the propeliding of proteins or their degradatidhat are either
organellespecific or generic. These conserved quality control mechanisms include
integrated sess response (ISR), endoplasmic reticulum (ER) induced unfolded protein
response (UPR), mitochondrial unfolded protein response (UBRand cytosolic heat
shock response (HSR) P a k 0 s Z2teah 2006¢ KiguchiSanabriaet al. 2018;
Anderson and Haynes 2020; Taylor and Hetz 20@@restingly, all these pathways

are associatedith ageassociated physiological deteriorations and affleetifespan

12
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of animals( Pa k o s 2tealb2016;cHigachiSanabricet 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 memlyenegulating stress
response in eukaryotes. The only evidence showing direct involvement e1/2ARiv

in activating UPR" comes fronC. elegansvhere theauthors have shown that loss of
PRY-1 activates UPR responsive transcriptioi@hanget al.2018) My research work

in this area not only demonstrated the role of PR} stress response maintenange b
also identified downstream effector genes that contribute to this pr&tiesptér 6).
More specifically, 1 have shown that complete or partial losprgfl increaseshe
sensitivity of animals to chemical and h@aduced stressAdditionally, mutant RNA
transcriptomics revealed differentially expressed genes involved in bot&RuPE
UPR™ pathways. Interestinglypry-1 also regulates genes that are involved in
mitochondrial matrix and membrane formation. Overall, my findingsrdesl in
Chapter 6 demonstrate the role of PRY in maintaining protein control machiyer
However, it remains to be seen whetR&Y-1 also affects global protein synthesis and

ER function as proposed @hapter 7.

While there is notnuch 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

responseHere | discuss the current developnseon the role of WNTsignalingin

13



Doctor of Philosophiy Avijit MALLICK ; McMaster University Biology

affecting this protein antrol machinery that affects both developmental and- post
developmental events and regusatellular health and viability duringlevatedstress

and agingResearch using colon cancer cell lines and zebrafish has shown that while a
reduction in mitochondal ATP downregulates WNTignaling restoring ATP levels

or blocking ER stress activatdee WNT pathway(Costaet al. 2019) Moreover,heat
exposure induces E&ressand downregulates the N signalingpathway to disrupt
epithelial integrityZhouet al.2020) Interestingly, UPRRactivation has been reported

to increase the activity of GSK by selectively removing GSR with phosphorylad

Ser®via autophagyysosomalpathway(Nijholt et al.2013)

On a different note, the role of WNSignalingin synaptic plasticity and maintenance

is well establishe@arzoet al.2016; McLeodet al.2018) Moreover, consistent with

its role in aging, WNTsignalingis downregulated in the aging brain which increases
the susceptibility of synapses to toxic protein aggregdfoike et al. 2019; Palomer

et al. 2019) Multiple groups have reported that increased deposdf Amyloid-beta
(Ab) , a toxi c mo-43eamind aeids)(seea m taigel quantityoirf the3 6
brain of Al zhei mer 6s paiéents,eirdaces af Alévation in DKK1 that
antagorzes WNT signaling (Palomeret al. 2019) Consistently, lmcking DKK1
protects sy (Parmpetal012) TagetherAvfih the findinghatdeletion

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

(Liu et al.2014) suggest that Ab mediated AD path

the WNT pathway.
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In the C. elegansnodel, WNTsignalinghas been implicated idPR™ and oxidative
stress. Specifically, Essers et al have shown that-BARfatenin function is required

for DAF-16/FOXO dependent resistance against oxidative gtEsserset al.2005) A
different study has shown themiimals use retromeatependenEGL-20MWNT signaling

to propagate mitochondriatress signals from the nervous system to periptissaies.

In this process, loss of PR¥Axin and BARL1 /-catenin activates and suppresses
UPR™ respectively in a canonicalopposing) manner (Zhang et al. 2018)
Subsequently, a follovup investigation from the same group revealed that WNT
signaling is required for transgenerational activation of UPRia elevated
mitochondrial DNA (mtDNA). This is necessary for the offspring to have an extended

lifespan and confestress resistangghanget al.2021)

1.6 Goals and major findings

Axin negatively regulates WNT signaling and interacts witlitiple different signaling
pathways. My thesis has focused on RWNT signaling roles ofAxin and
characterization of its cellular and molecular mechanisms in regulating diverse
processesTo this end, | have investigated the function@felegansAxin family

memberpry-1.

My project utilizedthe powerful genetic model syst&nelegansHowever, | also used
the closely relatedpecie<C. briggsadn some of my studie&§incethe inception ofC.

elegansas a genetienodel organisn{Brenner 1974)it hasled to several scientific
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breakthroughs includingcell motility, neurobiology, microRNAs, and aging
(WormBook2017).Among the many benefits that these model system ddfetbeir
smallbodysize(~1mm),transparent body, definitive cell count of 959 cells from known
lineageslarge brood size (~300 eggsylatively short life cycle (~3 days) and lifespan

(-3 weeks)Moreover, these animals allow efficient RNAi mediated gene knockdown
via feedng, allow efficient gene editinghave 83% of the proteome with human
homologgLai et al.2000) andconserved pathways and processédsgifereukayotes.

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 projectbegan bycarrying outRNA-Seq analysis to identify genasad miRNAs
whose expression is changedhepry-1(mu38)mutans at the early larval stage. &e
analyes revealedifferentially expressedenesand miRNAs associated with various
biological processes that include seam cell development, reproductiveurgruct
development, aging, stress response, and lipid metabolism. To understand the role of
PRY-1 in these processes, | started to areatirese genes in a procasgecific manner.
Detailed genetiamolecular and biochemicahnalyses usinBRY-1 and other relevant
pathway componentsuncovered the mechanism of PRYsignaling in seam cell
development Chapter 3), lipid metabolism Chapter 4), aging and muscle health
(Chapter 5), reproductive structure developme@h@pter 6) and stress respee
maintenancgChapter 6). Over the years, | have generated a lot of resources that

included transgenic strains, gtaids, and RNAiclones Chapter 2 and AppendixA-
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D) that will help uncovethe gaps in oucurrent knowledge described @hapter 7.
Moreover, | learned CRISPRhediated gene editing and highd confocal microscopy
followed bysome cuttingedge techniques during mgsearch internship itine Dillin

lab at the Universy of California Berkeley.

As mentioned abovel, have uncovered the role of PRI in multiple biological
processes such as seam cell developnlipid, metabolism, lifespan regulatipand
stress response maintenanahich is described in four different chaptethépters 3

6). Firstly, during seamatdl division pry-1 regulates six miRNA{in-4, miR237, miR

48, miR84,andmiR-241) involved in heterochronic development. In tipsy-1 is part

of the WNT asymmetric pathway where iithibits WRM-1 /-cateniaLIT-1/NLK
mediated POR/TCF nuclear exclush to determineseamcell fate specification
(Chapter 3). Secondlypry-1is necessary to maintain normal lipid levigl animals. |
have found that loss qifry-1 leads to a reduction in fatty acid synthesis and overall
TAG levels. The findings reveal that PRI utilizes the yolk lipoproteins
(vitellogenins) and SBR/SREBP transcription factor in this process. While it is known
that SBR1 promotes the expressiohfatty acid desaturases, it is unclear how vits are
involved in PR¥1 mediated lipid synthesi€bhapter 4). Next, | have shown that PRY

1 functions cell norautonomously in the muscle, where it presumably interacts with
AAK -2, to activate DAFL6 in the intestine. This interaction is necessary to promote
muscle health anthelifespan of animalsGhapter 5). Finally, in Chapter 6, | report
three different studies where downstream effectors of -BRignaling during stress

response and lifespahave been identified. Briefly, PRY-1 negatively regulates
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calcineurin signaling and CRFOCRTC transcription factprPRY-1 inhibits FGF
signaling by promoting theiR-246 expression and acts upstream of genes involved in
DNA repair (HIS-7/H2AX), DNA replication (RNR-/RRM1), DNA damage
checkpoint(CLSR-1/CLSPN), proteostasi{CLSP-1/CLSPN, RPN7/PSMD6, CPZ

1/CTSZ) andoxidationreductionreaction (ARD1/HSD17B10Q.

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

1.7.1 Preface

This sectionof Chapter lincludes the followingcomprehensive reviewrticle in its

originally published formati Axi n family of scaffolding
Lesson fromC. elegané , Alijit Mallick , Shane Taylor, Ayush Ranawacdend

Bhagwati P. GuptaJourral of Developmental Biology2019 Oct 15 7(4), 20. DOI:
10.3390/jdb7040020 This is an opefaccessrticle distributed under the terms of the
Creative Commons Attribution Unportddcense, which permits unrestricted use,
distribution, andreproduction in anynedium provided the original work is properly

cited.

Contributions: | and Bhagwati Gupta contribute gathering information from
various articles and wrote the initial draft. Shane Taylor performed experiments to
analyze mantl expresion and neurodegeneration usegat-1::GFP marker in the

pry-1 mutants (Figure 5M@). | 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 thenmscript.
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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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I PRY-1, Caenorhabditis briggsae (worm)

PRY-1, Caenorhabditis elegans (worm)
PRY-1, Caenorhabditis brenneri (worm)
PRY-1, Caenorhabditis remanei (worm)

I_ AXL-1, Caenorhabditis briggsae (worm)

I—AXL-I, Caenorhabditis remanei (worm)
AXi

L-1, Caenorhabditis elegans (worm)

AXL-1, Pristionchus pacificus (worm)

Axin, Tribolium castaneum (red flour beetle)

_|—Axin, Anopheles darlingi ( quito)

D-Axin, Dr

(fruit fly)

Axin-2, Bos taurus (cattle)
Axin-2, Myotis lucifugus (little brown bat)
Axin-2, Mus musculus (house mouse)
Axin-2, Gallus gallus (Chicken)
Axin-2, Homo sapiens (Human)
Axin-2, Pan troglodytes (Chimpanzee)
Axin-2, Danio rerio (Zebra fish)
Axin-2, Oreochromis niloticus (Nile tilapia)

Axin-2, Xenopus laevis (African clawed frog)
Axin-1, Mus musculus (house mouse)
Axin-1, Homo sapiens (Human)
b Axin-1, Pan troglodytes (Chimpanzee)
Axin-1, Bos taurus (cattle)

Axin-1, Myotis lucifugus (little brown bat)

Axin-1, Xenopus laevis (African clawed frog)

Axin-1, Gallus gallus (Chicken)
Axin-1, Oreochromis niloticus (Nile tilapia)

Axin-1, Danio rerio (Zebra fish)

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
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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

24



Doctor of Philosophiy Avijit MALLICK ; McMaster University Biology

J. Dev. Biol. 2019, 7, 20 60f 23

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
L
pry-1(mu38) pop-1/TCF
mab-5/Hox
B WT O pry-1{mu38)
1.4
Q 1.2
2
] 1
'.-ni 0.8
06 0.6 2
R 5 i
€ 0.4
0.2
0

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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