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Abstract

Title of dissertationN o v e | &kl Signaling Pathway Inhibitors for the Treatment

of Metabolic Disorders

Author: Obinna Obianonoctor of Philosophy2018

Dissertation directed by: Yan Shu, PhD

TheWNT/ 48 at eni n sat)gathavayiisrcigical fdr embryonic development and

ti ssue homeostasis. F o r-cattpathway are eassaciated,witha | t er a
many ailments including metaboligsorders, which may result from defects in the energy

met abol i sm. T h-eatpatowayto endrgy meatabatismdds bdrome a subject

of many investigations foll owi natpathway i dent i
components that predispaselividuals to type2-diabetes. Current evidence suggests that

downr egul aficat pathwayg &ctivityhmay hélp treat metabolic disorders. Given
these findings, the overarching goatat of t hi s
pathway inhibiors and to examine their efficacy on glucose and lipid metabolism. We

started with an FDA approved anthelmintic, pyrvinium, which is a potent inhibitor of the

b-cat pathway. Our results showed that pyrvinium improved glucose tolerance by
inhibiting gluco® output, hepatic lipid accumulation and activating the AMPK pathway.

Despite these beneficial effects, pyrvinium is unsuitable for repurposing to use orally in

the treatment of metabolic disorders due to its almost zero bioavailability and other
unspecifc toxic effects in mice at higher doses. Based on the structure of pyrvinium, we
decided t o di scatpathavay iniletors witholdwer mokicityband improved

bioavailability. Our screening of more than 150 newly synthesized pyrvinium derwative



led to the discovery of YW1128 as such a candidate having the aforementioned properties.
Administration of YW1128led to decreased lipid accumulation and improved glucose
tolerance in the mice fed with high fat diet. Previous studies had suggestaedah rofie

of h e-paapathway ifbdetermining the whole body metabolic homeostasis. So we next
sought to achieve a selective delivery of the new derivatives to the liver without having
significant disposition in other tissues. We performed a pobabncept study where we

took advantage of high expression of organic cation transporter 1 (OCT1) in the liver to
modify the compounds that were not specifically permeable to OCT1 expressing cells. We
inserted a biguanide, which is a major backbone of se@tdll substrates, into these
compounds and showed that they became highly permeable to cells overexpressing OCT1.
This suggests that insertion of the biguanide moiety into YW1128 may be an approach to
improve its selective liver targeting. In conclusidmstthesis uncovered the efficacy by
smal | mo | e c u |l-aat pathwhyi irbthettreabnrent of imetdbolic disorders and
established that incorporating a biguanide moiety to the compounds may serve as a strategy

to achieve selective liver targeting.
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CHAPTER 1 Tissue dependent metabolic consequence of alteration @fK¥&b-

catenin Signalingathway

Introduction

The WNT signaling pathway is involved in many mammalian processes especially in
growth and tissue maintenande.the last decad&®V/NT signaling has been implicated in
the development of metaboltisordersnvolving glucose and fiid metabolism, initially

with severalgenomewide associationstudy that identifiedpolymorphism in WNT
signaling effectors suciCF7L2 as a strong risk factor for predisposition to te
diabete& Since then, other components of the catalWNT signaling hae been shown

to be directly or indirectly associated with obesity and 4/p@betes.

Metabolic disordersrea group of complex diseases characterized by dysfunction in the
metabolic processes involvedtime breakdownof proteins,carbohydrates and fatShey
affect more than on¢hird of adults in the Unites States aldn€oday, thesalisorders
comprise hyperglycemiahyperlipidemia hypercholesterolemiand continue to rise
leadingto faty liver diseasetype-2 diabetesand 4. More than four hundred million
individualsare plagued with diabetasdthe incidencés expected to significantly increase

in the upcoming years While obesity and diabetes mainly constitute the presence of
unusuallyhigh circulating blood glucoseothernutrient metabolisnpathways arealso

affected.

Several organs play key rala the catabolism and anabolism of glucose in the bloghgr
is known as the primary site for glucose and glycogen production, althouglalgo

important in glycolysis and utilization. The kidney contribigesignificantly to the

1



production of glucose, especially during starvation. Muscle is another enporgan as

it partakes strongly in glycolysis, breaking down glucose molecules to generate lactate and
alanine for further glucose synthesis in the liver. With high expression of glucose
transporters and high responsiveness to indelials the musclg¢akes up and retains a

larger amount of glucose in the body than other organs. Adipose tissues serves as fat depots,
storingtriglyceridesproduced from glucose and producing adipokines. The intestine and
brain also contribute in this regards to an ext€hese organs work in concert to ensure

whole body glucose and lipid homeostasis.

The purpose of this review is to summarihe findings that support the role &/NT

signaling in the development and progression of metabolic syndrome especially relating t

fatty liver diseaseand type2 diabetes.Until date,the results have beeoontroversial

depending on the experimental designs andnbdel systems studied. The sum of the

findings suggesttissuedependent effesbf manipulation of th&/NT signaling @thway
especially of the c aateninon medboliphamebstasiBhisis nv ol vi n
because the a n o n-catemiripathfvayregulates the expressionminy genes relating

to a plethora of metabolic pathways that rhaye different impacts arellular function in

different tissues.

Glucose as an activator of WNT signaling

The availability of glucose is paramountthe functioning of théaumancells. Upon food
consumption and subsequent generation of glucose by intestinal enzymatic reactions,
enterocytes secrete GL P 1 -cateryn/Tch trama@igtibnaln i s m i

regulation of thegcg gene whichtriggers the release of insulin from the pancreatic beta



cells and the suppression of glucag®eretiof. Insulin increases th&ranslocation of
glucose transporters to the plasma membrane in metabolic tissdesas muscléo
facilitate the uptake of glucose molecul&ucose is metabolized, stored and used for
energy production. In diabetes, sustgirelevation of serum glucose results from
insufficient secretion of insulin from the pancreas or decr@asdin sensitivityin
peripheral tissued his increase in blood glucose may lead to glucotoxicity in many tissues

and secondary complications swshnephropathy and blindness.

Induction of insulin secretioby glucosds dependent on tH&NT signaling activatioh®,

which may bethroughthe effectsof glucoseon ¢ AMP pat hways -and by
catenin leels’. Glucose promotes stabiliziy p h o s p h o-cajehirg whicointuro f b
cause#ts nuclear migration to indud¥NT target genes. Additional effects of high glucose

on the activation o/WNT signaling pathway is mediated through its inhibitidnttoe

protein expression of DKK4, aegative regulator ofVNT signaling®. Secondary

complications resulting from diabetes such as cardiovasdigardersand uncontrolled

growth of cancer cells may be attributedetevated glucose levels acting throughVidT

mediated pathway.

Fujino et al reported one of the initial evidence connecting gluguséiated insulin
release and metabolic disorders to the expressiancatical component of th&VNT
signaling pathwayJow-density lipoprotein receptaelated potein 5 (LRP5Y. They
found thatLrp5-/- mice exhibited impaired glucose tolerance compared to their wild type
littermates as a result of a drastically decreased gltstosalatedinsulin releas¥. Inin

vitro studies, they found th&A/NT3a treatment of islet phenocopied glucstiemulated

insulin release. When they treated ilet isolated from th&nockout mice witHVNT3a,



this effect was abolishé8l Additionally, Lrp5 knockout mice had increasdevels of
serum cholesterol and triglycergihile treating with anigh fatdiet'?!2 These findings
indicatal thatthe function oflLRP5in insulin releasevasmediated by the canonicAINT
signaling andthat upregulation of this pathway in the isletay be efficacious in
ameliorating dieinduced metabolic syndrome€o strengthen these repqgréother group
confirmed thathe WNT pathwaymediatesthe effect ofglucose on the release of incretins

upon feedindhatstimulates the release of insultfi

Components and target genes of the WNT pathway

Since the initial discovery of thR&NT family of protens and their functions in embryonic
development, numerousffector proteins have been found that comprise WW&IT
signaling pathway, allowing it to crosstalk with other pathways and directly affect the
transcription of over sixtyargetgenes that regulatdifferent physiological processes
(http://web.stanford.edu/group/nusselab/oigi’iWNT/target_genes_microarray)

Amongst these, activation of th&/NT signaling increases osteogenesis, decreases
adipogenesis, increases insulin secretion, and increasesnitmenoneproduction The

WNT signaling cascade is known to fall into two categories, thecaoonical and
canonical pathways. For the purpose of this review, we will focus particularly on the
canoni cal pat hway, w hcat pathwayas it eomriges &f a kewn a s
mul ti functi on al-cateninfwhaseé ouclearpaccaniuatiom medidtes the
transcriptional activation of specifit®’VNT target genes. As it is now clear that
dysregulation of this pathway is important in the etiology ofouer diseases aside from

cancer, for which it was initially discovered, it is important to elucidate the respective



functionsof individual componentsé the WNT signalingcascadeas well in the overall

disposition to such ailments.

The cellular location 6the c 0 mp o0 n e n t <at pathwayt spamgrofn the outer

membrane to the nucleus, branching out into various organelles as well. The entire pathway

depends oma central effectorp-catenin, which is distributed in three major cellular

compartments. These commpa me nt s

location are as follows: (i) the plasma membrane congdina r g e

and

t hei

r

Rtatgnio to thigr ot ei n's

{ateaih held by b

interaction with the cadherin forming the adherens jun&tiin(ii) the cytoplasmic pool

o f -cafenin is sequestered by the scaffolding protein Axin to mediate its degraGation

and

Ciii)

t h ecateninis fetheaed byplrGRILEF fandily ob proteins that

togeher initiate the transcription of target gelfetn normal unstimulated cells, the pool

o f-cafenin is least in the nucleus, as this pool is highly dependent on the cytoplasmic pool

and the nuclear export andport proteins. Irtertaincancerous cells wheY®@NT signaling

is activated, t he

LRP5/6

) Frizzled
E-cadherin P W e

Target genes OFF

{ Nucleus

UNSTIMULATED CONDITON

| |
CKla u
— — a
il
Degradation
\\\
Cytoplasm
GROUCHO  TCF/LEF X =

c y {catepih reidearimgyratpm o | is |

E-cadherin

RB-catenin

=

Cytoplasm

f Nucleus
I

east

Pygopusiiias

B-catenin » TCF/LEF R g
.

Target genes ON

WNT-STIMULATED CONDITION



Figure 1.1 lllustration of th&/NT/ 4satenin signaling pathway in both unstimulated

state andVNT-stimulated stte.

The physiologicabctivation of theWNT signalingpathwayis initiated by glycosylated

WNT proteins binding tdhe frizzled proteins and the subsequent interaction Vatir

density lipoproteirrelated receptors 5 and 6 (LRP5/6). WANT proteins areexreted and

undergo palmitoylation by the porcupine protein prior to extracellular rel&sbE:

proteins involved in the canonical pathway inclViBIT1, WNT3, andWNT5B amongst

the 19proteinsidentifieduntil date.The bnding of thes@VNT proteins to vaous frizzled

proteins and LRP5/@ceptorpromotes the recruitment of dishevefdteins which then

i ncr e-eatemnscytdplasmic pool by decreasingpteteasomategradation. Aside

from axin, t he c y-tatepn iatghtly reguldied by nunoeis proteins, notably:

APC,at umor suppressor protein,; CK Lteétminalt he ki n.
phosphoryl-atateni ngf GSK3b, t he ki nase resp
p hos phor ydataninj Tankyrasef treebn polyadenylation polymase; PP2A, the
phosphatase responsi bd at efnrdrar, theebgbxopsoeih or y | at i
required forproteasomatl e g r a d a-tatemimfollawing piosphorylatidy and other

proteins such as AMER1 (AP@embrane recruitment proteidj, XOM (inducer of
GSKZFpand GBP ( GSK3 b 22 [Fagethkithesg pratgintotmedmplexes

t hat dcatenin availabilify and subsequent entry into the nucleus (Figurkett).

Upon stimulation byWNT pr ot ei n s, CaNdIAKin migBafekt@ theplasma
membr ane and associate with LReétefdinaonimdl v of p

to CBP/p300 and nucleoporins to facilitate its nuclear trar’'Sgart CB P  a-cateimat e s b



on the lysine 49 site to stabilize it and strengshés nuclear activation of gene
transcriptioR® (Figure 11, right) which it does by displacingo-repressors groucho and
HDAC proteins from TCF/LERo increase the expressionTo€F responsive gengsuch

asCCND1, MYC, TCF1, Axin2, GLP1, IRS1, PPAR, PPARG.

As a mul t i f uncteninalsoassocigbes with ethendpansoription factors
such as FOXO, SOX, AP2, POU/&&tZIC, and TBX to initiate the transcription of their
target gened. For examplein a model of insulin regulation during oxidative stress,
dephosphorylation of FOXO on T32, S253 and S315 sites cthisdganscription factor

to migrate into the nucleus, wheteanteracs w i t -taterin to increase the transcription
of gluconeogenigenes such as Pepck and G6fa8gFigure 1.2). Nuclear Receptor
Coacti vat or <Zateainh te imtiate the tasscriptional expression of steroid

hormone recepto?$

w?“ N w}“ v
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Figur e 1. 2-cafemiremediabet teansoriptiorbin both TCF/LEF and FOXO

signaling axis.



Ro |l e o f-catévid pathlvay components in the etiology of metabolic diseases

The components AVNT signaling pathway are implicated in enermgtabolismeither
dependent or independent of th##NT signaling effects. This is as a result of their
involvement and crosstalk with multiple signaling pathways including the mTOR,
hedgehog and notch pathways (reviewed elsewheWNT signaling components vary

in theexpression anflinctionin various tissues during metabolic disordé(Bigure1.3).

TCF7L2

The ontribution of TCF7L2 as a risk factor for the development of metabolic disorders
stemmed fronthe initial genomewide association stly that reported single nucleotide
polymorphisms in the TCF7L2 gene that predisposed individuals from Danish and US
cohort to type2 diabeteg. The finding spurred further validation in various ethnic groups,
with results consistent acrossostgroups tested>®. It was clear from these studies that
TCF7L2 played a role inn metabolic disordey but the underlying mechanisiwas
unknown. Further studies in animal modelsd@betes and genetic alterationsTaf712
expressionin mice led to the finding that its expression was important in glucose
stimulatedpancretic functiong2%37 This role is most relevant in pancreatic is)athich

are primarily responsible for the secretion of insiflithe findings led to the postulation
thatan upregulation o¥WNT signaling mayresult inincrease in glucosdispositionand
improvament of insulin sensitivity However, other studies found inawsistentresults
againstthis idea. For example, Sawt al showed thaanincrease irthe copy number of
Tcf712in various tissues led to increas insulin secretion, but worsened glucose tolerance
as a reslt of insulin insensitivity®. On the other hand, whole bodgletion of Tcf7I2in

the miceresulted in a decrease serum insulinand an increase in glucose tolerance

8



especially in high fat diehouse modelDueto manyother similar and oppasi findings,
a newpostulatiorof a tissuedependent effect of Tcf712 aMINT signaling in the etiology

of type-2 diabetes and other metabolic diseasas implied
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Figure 1.3 Tissugependent functions of tNeéNT -gsatenin signaling pathway during

normoglycemia

In support of a tissudependent role ofCF7L2 and theWNT signaling pathway,
Morrisonet alreportedanassessment of the expressio of712in ob/ob diabetic mouse
model and lean controls. They foutithat thedifferences in theexpression ofTcf712

between the obese and the lean miaeged in a tissuelependent fashidh In the adipose

tissues of ob/obmice, the gene expression Téf712 wassignificantly decreaseavhereas



in the islets it was increased, consistent with previous répoFtf712 was only slightly
decreasd (1.26 vs 1.95,-palue = 0.019)n ob/oblivers. Despite the pattern afcf712
changes at the mRNA level in these tissues, it is noteworthy to mention that this may or
may not correspond with the direction of change at the proteintieveiother study
examined the metabolic phenotypes by depletion ofTcf712 postweaning inmouse
whole body, pancreas and the IffeiThe whole body depletion oTcf7I2 resulted in
deaeased body weight, fasting glucose and insulin. No noticeable sffece seen in
pancreasleletionwith regards to glucose tolerance and insulin secretion, butdpasific
deletionof Tcf712led to improvement in glucose tolerancehe mice fed wit ahigh fat
diet. A reason for no effect seen in the panocedeletionmay berelated to the fact that
there isundetectabl&/NT signaling activity in adult pancreatic islets both in normal and
diabeticmice®. To bolster this claim furthegrecent workby Bailey et alfoundthat there
were norpancreatic beta cetlependent roles ofcf7I2 in the regulation of glucose
metabolism in micé“. In this particular studyglucose intolerance was observed in the
humanized mouse model that overexpreda@ttian TCF7L2 in all tissues. When they
preferentially decreased the levelsTWF7L2 in the pancreatic beta cells, they found
decreased insulin secretion and islet mass, wisidomnsistent with many other studies.
Nonethelesgheoverexpression oFCF7L2in other noRpancreatic tissues still resulted in
glucose intolerance in the mice, suggesting TT@E7L2 expression ibeta cells played
little or no role in the overall bodglucose homeostaéfs However,a few studies have
disagreed with little or no effect froficf7I2knockdownor deletionin the pancre4s The
discrepancymay be attributedo the experimental design for Heestudies and the

additional functios perpetratedy WNT signaling pathway. For exampl&cf7I2 also

10



plays a role in pancreatglucagon secretion bglpha cells, the increase of which may

contribute to diabetic phenqigg®+”.

Constitutive deletiorof Tcf712 in mice is embryonically lethalPartial knockdown of
Tcf712affects various tissue differently and the gene may not be depleted to the same level
across laboratories. Thefore, this variation magisocontribute differently to the observed
phenotypes. Nonethelesghole bodyknockdownof Tcf712 expression in mickasbeen
consistently showby several groupt lead to decreased body weightproved glucose

toleranceandinsulin sensitivity®4248

The bulk of studies dispute the aforementioned work ofeBaj*2 with regards tdhe role

of Tcf712 in the pancred8*®*° Tcf712 knockdown orthe overexpression of dominant
negativeTcf712 in the pancreatave been reported ttause mice to become glucose
intolerant as a result of lower GLP1 production and glustiseulated insulin
secretior™2 Following high fat diet feeding, pancreatic beta cells expand to accommodate
the excessive caloric intake, but this expansion is impaineaniareatid cf712knockdown
mice.In addition to lower GLP1 and insulsecretion, GIAnediated AKT phosphorylation

of FOXO is haltetf. Dephosphorylated FOXO proteilegalize to the nucleus where they
may i nt e fcatanih to witiatehe trénscription of gluconeogenic genes such as
Pepck, G6pase and Fbpl. Aside frtm polymorphisms inlfcf712 gene that pidispo®
individuals to metabolic syndrome, methylatiohthe transcriptional start site tf712
leads to its decreased expression in the beta calgoficefed with a high fat dieandin
vitro in MING cellsas well| leading to a decrease in glucedenulatedinsulin secretion,

BMP4 expression anan overall decrease beta cell functiof?>3
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In the gut, Tcf712 pathway regulates the transcription of proglucagon gguog) that
encodes GLP1 and glucadarGLP1 is widelyknown to stimulate insulin secretion while
repressing glucagon secretion. Knockdowi ¢if712 attenuates gut expressiongugand
subsequently decreastod-enhanced insulin secretitin The expression of GLP1 &a
been linked to the repression of AMPK upon food consumtftidriThe signal pathway
from GLPZ1helps to attenuate food int&kend ensure glucose homeostasis in thenbrai
The modulation of GLP1 by Tcf712is therefore important in the brain tegulatefood

intake and glucose homeostasis

Selective knockdown of hepaficf7I2has also produced inconclusive results. Unlike the
pancreasWNT signalng is active in the pericentral hepatocytes of adult Middere are

three known isoforms of Tcf7I2 medium, short and long forms. The protein and mRNA
expression of the medium and short forms, which residegpily in the nucleus, are
significantly decreased in obesity mouse models compared to lean d8Atrofhis
correlation ofTcf712with insulin resistance in theseousemodels raises the question of
whetherTcf712 decrease is causative or merely a result of insulin resistance. In a mouse
model of adenovirusediatedTcf712 knockdown where its depletion was exclusively in
the liver, Oh and colleagues reported thatabsence of cf7I2led to dramatic increase in

the expression oboth Pepck and G6pasegenesin fasted and feeding conditiofis
Overexpression of the medium isoform reversed these phenotypes with decreased fasting
and fedbloodglucose concentrationsepaticPepckandG6paseexpression, and an overall
improvement in the glucose toleran@erexpression of a dominant negative isoform of
Tcf712in the liver of wildtype C57BL mice reproduces the finding of impaired glucose

tolerance and upregulation of expiiessof gluconeogenic genéy Tcf712 knockdowr?.
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These studies agree withvitro studies ilfnousehepatocytes where insulin stimulated the
expression ofTcf712 and WNT activators such asVNT3A caused repressioof
gluconeogenic genes and decreased glucose prodiictionaddition in HUH7 and
hepG2, upregulation ofcf712 has been associated with an increase in hepatic glucose
uptake as well as a decrease in glucoseymtomh by mechanisms that involve repression
of gluconeogenic genexpressionincrease in GLUT2 expressions and increase in AKT
mediated phosphorylation of FOXO family of protéfadhese studies debunk the work

of Boj et al, which depicts that cf7I2 mediates the transcription of gluconeogenic genes
andits upregulatiorcauss impaired glucose tolerance. However, it is plausible that the
conclusions of Bogt aldependn the conditions in whictine physiologicalexpressiorof
Tcf712is alteredThe WNT e f f e adtemin ha® multiple nuclear binding partners, and
depl etion of -Taehidtb@efeneatiglly mna to stieesudh as FOXDto
mediate the transcription of gluconeogenic gemesaddition sinceTcf7I2 expression
increaseshe phosphorylation of FOX(by AKT and nuclear exclusion, its absence may
cause nuclear accumulation of FOXO and subsequent transcriptional activation of

gluconeogenic gen#s8>9

The effect of WNT signaling on dipose tissue and skeletal musck® alsovital in the
development of metabolic disordeas inhibition of the pathwapropagates adipocyte
differentiation In individuals with low insulin sensitivitythe expression oFCF7L2 and
otherpositive regulator®f the WNT signalingpathway are decreasedadiposetissues
while being upregulated in the muscle tis€u&his allows foWNT-mediated increase in

the expressiorand mobilizationof GLUT proteins to increase glose uptakdn the

13



musclesbut also athe same timencreaseadipogenesisThis is probably &ompensatory

attempt to manage excessive caloric intakedewlease serum glucose levels

d>CATENIN

The cellularl e v e I-catemif is feentral tOVNT signaling pathwayto control the
transcriptional activation of a plethora of genes directly or indirdatiplved in the
metabolism ofglucose and lipigl b-cateninhas been associated with inaeistimulated
membrane translocation of GLUT4 transporters and increased glucoseinatdigocytes
in a manner that is dependent on its cytoplasmic®hodlerexpression of £adherin
which serves as the plaam me mb r a n e -catenin decreases its oytopldsmic pool

and themembranexpression of the GLUT family of transport&rs

bcat enin i s es s ecaltexpankionffunctiony anchsurvivaleespecally m
conditions wheran increase in mass and insulin secretion is needed to enbanced
systemic demands such as in obesity and other metabolic diSarder§ hi s i-s becaus
cateninpartners witmuclear cetranscription factors to direct the expression of genes such
as pitx2, gip, ccndl, Mafa and ins2 that are responsible for carrying out key pancreatic
functions®3 Whi |l e genet-ateninaib tha tpancreas beth cells is
embryonically lethalike that of TCF7L2its partial knockdown producése mouse model

that appearnormal butis defectivein insulin secretion anglucose metabolisfhi GLP1-

and glucosestimulated inslin secretion are significantly attenuated in these PRickhe

work of Guiet alal s 0 s u pcatenin mediate?®NT signaling activation as a

me ¢ h a n i-celimforimainténance of glucose and insulin hona=ist ashetreatment

of NIT-1 cells with the physiological activataM(NT3A) of this pathwayhenocopies the

e f f e cchtenm bveréxpressiam proliferation and the expression of insulin receptor
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substrat®. Interestingly, despite decrease in these effecfisicose intolerance, insulin

secretion, beta cells mass and increased food iritaken pancr eeaatenis peci fi c
knockdown mice, when challenged wéhigh fat diet, these mice become protected from

further glucose intolerance and insulin resist&ncehis suggesta more complex role of

t h eatgathway with potential benefifromits inhibition specificallyin treatmenof the

metabolic syndrome

Hepatic glicose metabolism isubjected to theregulaton b y -cabenin. Genetic
knockdown -oatenirhhasphaen shownrasult indefects in liver development,
predisposing mice to hepatic injury when challenged with toxic chemicalsatabolic
stres&% However, kcatenn knddultwmice bas beisoshown to confer
metabolic benefits in mié& These mice displaglower fasting glucose level, improved
tolerance to botlglucose and pyruvate. Compared to the control mice, the expression of
gluconeogenic genass i gni f i ¢ ant I|-catenith Gnoakdmwansecd and this i$
even more pronounced in the fasting st&etacatenininteractswith FOXO1 which
regulateshepaticgeneexpression of Pepck and G6pase (Figure 2hémoxidative stress
or fasting state, FOXO1 localizes to the nucleus where its transcriptional fungtion
activat ed up o ncatangrsAdenavieusnediatachepaiticovierexpresion of
b-cateninhas theopposite effecin supportoft h e n o t-catemn posiively regolates
gluconeogenesi&n o ¢ k d o wn ecétenin erqiezts miae frdingh fat dietinduced
weight gainand aids in the reversal of fatty liv&r suggestinga therapeutic role of
inhibiting b-catenin in alleviating and treatinpe metabolicdiseases associated with
hepatic glucose and lipid metabolism dysregulation. Pepaand Lemberger et al also

recently repaed findings that agree with the aforementioned ‘détaln the work of
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Popov they used 20-methoxyethyl chimeric antisense oligonucleotide to specifically
k n o c k d-aatenin infineliver as well as in the dabse tissues of adult C57BL/6 mice.
Consistenty t hey f ound t faenin dignifcanttyichproved glacbse b
tolerance, increased insulin sensitivity, aletreased hepatic triglyceridesie mice fed
with a high fat diet.In essencein highfat dietinduced metabolic disorders in mja®t
onlydida bl at i o n -caténinimprgvedlucose nfetabolism, it ateorectednsulin
sensitivity and reverskdefective lipid metabolism and hepatic handing of the energy

metabolismargely.

LRP56

LRP5 and LRP6 are transmembrane proteins required for the initiat\iN®fproteins
mediated activation of th®/NT signaling pathway. They are involved both in the
canonical and neoanonical WNT pathways.The two proteins have 64% and 73%
homology in heir intracellular and extracellular domaihisHowever, LRP6 plays a more
dominmt r ol e i n t-dateninAd7t2mediatedransariptiorf-’®, while the
effects by alteratiom LRP5 was the first hint to a role @/NT signaling in glucose and
lipid metabolism?. Lrp5 and Lrp 6 associate withe Frizzled receptors upowNT3A
binding to initiatethe activation of WNT signaling pathwaylt hasbeen shown thathe
stimulation of insulin secretioby WNT3A via b-cateninfcf712 is dependent orhé
availability of these cweceptors. Glucose tolerance is worseiresivo in whole body
Lrp5 knockdown micewvhich alsoexhibited decrease in islegpecific glucosenduced
insulin secretion as a result of decreased expression ef |IRSulin recepts and IGF1L

receptor§’. Hepatic clearance of chylomicron remnants is impaired and plasma cholesterol
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is significantly increased in these gendtip5 knockdown mic& ! This establishes Lrp5

as a key player in beta ceitsthe maintenance @iucose and insulin homeostd8is

Single nucleotidepolymorphisms such as intronic variants rs4355801, rs4988300 and
rs634008 in the.RP5gene aregeported to bassociated with an increased incidence of
obesity and diabetes in various cohorts but not Japanese popufaftomdultiple SNPs

in LRP5is associated with alteration in lipid metaboliamwell aglucose homeosta&ts

The close homologous LRP6 protein also has implications in dyslipidemia and glucose
metabolismdefect§®® However, as a weaker activatorWiNT signaling pathway, Irp5

may additionally mediate other pathways amdolve in the glucose uptake and lactate
secretionn mammary epithelial celldependent and n d e p e n d ecatenin/ddf712t h e
signaling axi&. Lrp5 has been reported toteract with other membrane proteins such
glucagon receptsto mediatehestabilization of beta catenin and subseqtieginduction

of WNT signaling”’. Lrp5 may also contribute to the activation of the mTORC2 pathway
and the glycolytic enzymedo affect overall cellular metaboli$f However, arecent

study by Foeet alassessing theffects ofglucose and insulin signaling theindividuals

of high bone massarrying gain of function mutation iorp5 disputesthe aforementioned
finding$®. They reportednattheincreased function of Irp5 did not affect glucose or lipid
metabolism, andhe serumlevels oftriglycerides and total cholesterol were unchanged
despite a significant decreasehe level ofLDL cholesterobas compared to the individuals
with nomal Lrp5 allelesThe discrepancy may lie in the extent offilmectiongainby the

Lrp5 mutation as they were unable to demonstrate a significant effect of this mutation

WNT signaling activatiof?.
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In a modelwith thewhole body knockdown of Lrp6, thermeas improvement in glucose
tolerance and the micevere protected from dieinduced obesity and hepatic insulin
resistanc®. Theseeffecs by Lrp6 knockdown was attrited to the transcriptional
downregulation oPepckandG6pasevia FOXOL1 activatioras well as the upregulation of
the leptin gene. Lrp@eficient mice are also protected from hepatic lipid accumulation
induced by fatty di€f. In skeletal muscleshe common Lrp6 mutatioR611C has been
associated with decrease in the expression of insulin res@pidinsulin sensitivity even
though the individualtend to have hyperinsulinenifaln the kidney, the stabilization of
Lrp6 via its interaction with PPAR could cause aWNT signalingmediated renal
protection to reduce renal fibrosis and diabetic nephroffatBimilar to Irp5, Irp@s also
involved inthe mTORC pathwain addition to theWNT signaling pathway in arious
metabolic organsAs such Lrp6 has been regarded ashovel therapeutic target fdne

diseases involving atherosclerosis and dyslipidemia (reviewed in detail by G8)et al

Both Lrp5 and Irp6 are impomi&in bone formation especially during embryonic growth
stages. Certain mutation of LRP5 lead to bone developmental defects in diseases such as
osteoporosis pseudoglioma, which is characterized by osteoporosis and cratfiolabes
some cases, individuals with these diseasay have intellectual disability and increased
susceptibility to bone fractures. The roleg Irp5 and Irp6 in osteocytes have been
attributed to their involvement WNT signalingwhich is implcatedin energy metabolism

as well Specific knockdown of Lrp5 in these cells lead to decrease in postnatal bone
mineral density, but also an alteration in energy metabolism as exp€btettansgenic

mice with LRP5 overexpressiorhave increased energypenditure, reduced free fatty

acidsandreduced triglyceridén the plasmaand are leaner than control niieeOn the
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other handthe depletion of Irp6 has insignificant effsadtn the plasmadriglyceride and
free fatty acidlevelseven up to 24 weeks of agemice Mechanistically, Irp5 regulates
lipid oxidation in osteoblasts by affecting the genes involved in fatty acid oxidation such
as acaala acadl and acat2 However, the overall glucosemetabolismand instlin
sensitivity is not affected by depletion of IrpSmouseosteoblas, possibly because these
cells do not contribute immensely to glucose metabaliVhile treatment with lithium
chloride and adenovirus mediated overexpression of beta caaningcease lipid
oxidation geneghese effectsnay beindependent of glucose homeostdaisction of the
WNT signaling pathwayand due to the normal chow diet condition, because when
challenged with a high fat dietgd5 depletion cause decrease in glucosakgytglucose
intolerance and insulin sensitivitya WNT signaling pathwalf. More sq the expression

of Irp5 and Irp6 in osteoblasinay vary in such a way that Irp5 is the primary mediator of

WNT signalingin those cells

AXIN

Axin is a scaffolding protein that has been shown to interact with several other pathways
aside from th&VNT signaling pathway. For exampié binds to proteins such as HIPK2,
Daxx, LKB and AMPK’. Therole of Axin in glucose homeostasis and lipid metabolism
has beemmainly ascribed to its scaffolding of two important complexes that mediate

glucose uptake and metaboligmcells

Axin cooperates with tankyrase and KA3o enhance the exocytosisdamembrane
expression of GLUT4 transporters in adipocytes. At the basal state, all three proteins reside
in a ternary complex where tankyrase actively poly adenylates itself and Axin, leading to

subsequent degradation of both proteins by the ubiquitiregsome pathw&$ Upon
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stimulation by insulin, the enzymatic degradation of Axin is inhibited as well as that of
tankyrase. This complex containing stabilized Axenkyrase and the kinesin protein
KIF3A allows fa the shutting and membrane expression of GLUT4 to increase glucose
uptake and subsequartilization. Both isoforms of tankyrase (1/2)ay be involvedn this
regulation as genetic knockdown of either of the enzymes lead to defects in energy
metabolism. Tie requirement of tankyrase in the scaffolding effects of Axin is also of
importance in th&/NT signaling pathway, as the knockdowhtankyrases prevesthe

formation of axi n 4oatenitdesirsctioncomp®k ati ve of t he

The involvemenbf Axin in energy metabolisrmay be alsdhrough its assembly of the
LKB-AMPK complex that facilitates the phosphorylation and activation of AMPK, which
leads to alteration of gerxpressiorpertinent to glucose and lipid metaboli$fhin this
mode] AMP binds to the gamma subunit of AMPK and facilitates its phosphorylation
through the action ofxin, which brings together both LKB and AMPK to initiate the
process. WithouAxin, AMP-mediated AMPK phosphorylatiors iimpaired. Defective
AMPK activation leads to excessive fatty acid and triglyceride accumulation, increased
expression of gluconeogenic genes and atimelesirablesffects on energy metabolism.
The sum of these effects is more pronounced in fastedIstdeng toglucosentolerance,
dysregulation oflipid homeostasis, and insulin resistance. AMPK activation is highly
crucial in metabolic disorders and is attributed as a major route to the effectiveness of the
anti-diabetic drugnetforminas well as othedirect AMPK activators such as AICAR,

The notion thaAxin scaffolding effects may require the presence of tankyrase may be an
interesting principal to test in further studies such as the aforementioned ohéddh-

AMP-LKB-AMPK complex. More so, it is unknowwhetherthese effects oAxin in
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different complexes to regulate glucose homeost@®@sndependent of itdunction in

WNT signaling pathwar not In the first study that showdtie involvement ofAxin in
glucosemetabolism the binding ofAxin to the Drosophila Axin (Daxirbinding SH3
protein (DCAP), which is a major component of glucose transport system in insulin
signaling, affead the metabolism glucoseandglycogen.However,overexpression of
DCAP did not alter thactivity of WNT signaling pathway, suggesting thia¢ role ofAxin

in energy metabolism may be independent of its function as a chw®dl signaling

inhibitor.

There are a few studieghich highlight the importance o&xin in metabolic homeostasis
in specific tissuesThe upregulatiorf Axin in pancreatic cells leads to decreasgene
expressionof pitx and emyc as well as in glucosgtimulated insulin production and
glucose toleranéé In addition loss of he Axin destabilizer RNF146 leads to increased
adipogenesis and hence increased fat storbmeever the loss of RNF146 in osteoblasts

cause mice to be severally glucose intoléfant

GSK3Db

Gl ycogen synthase kinase 3b was initially wur
it inhibits the activity of glycogen synthase (G@a inactivating phosphorylatidf®

GSK3U i s al ssrespeet (revignsedasewhty buttior the purpose ohis

review we will focus on GSK3b. The inhibitor
in insulin signaling and glucose homeostasis. The major metabolite of glucose is glycogen

and this conversion is mediated primarily by Ge & t i vi ty @fcausBs&k 3 b t hu
decrease in glucose metabolism and may directly influence ematgypolism Discovery

of GSK3b as an attracti v da tniallygspurred fthe r met at
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development ofheinhibitorstowardthis proteirt®1% However, with further exploration
, many reports found th& S K laysa role in a plethora of pathways including W&l T

signaling pathway”. Inactivatingthis proteinmay cause unwanted side effects.

In the organs of metabolic importansech as adig®e and skeletal muscles, insutiray

actviathe PIBK/AKT pathway o i nact i vat e plaskKobylationoisermei gh t he
9, leading to thectivation ofWNT signaling pathway®. Since AKT is a major upstream

deactivator of GSK3, events that perturb the activity of AKT suatxascisemay cause

changes in GSK3 activity and subseqleimt thephosphorylation of th&WNTe f f ect or b
catenin®!®  Asjide from the effect OWNTGGHKIBH act i vi
pathway at mulpile stage$?, leadngto increased glucose uptake artitization*'2, WNT

signaling is known to regulate the expression of insulin receptor substrate and GLP1, where

inhibition of GS3Kb propagates this effect

Knockin studies oftonstitutively activeG s k Bnplies that its activity does not affect
glucose homeostasis and insulin signalingnondiabetic micebecause neither body
weight nor glucose and insuligensitivity are significantly affected in thenicet!4
Administration of insulin had little or no effect on glucose utilization by the skeletal
muscle, a confirmation that insulin effects on this tissue are not solely dependent on the
i nact i vat iinomcewth no @8abdibdefecty. Butthere is tissuelependent
effectshy GSK3 b on var i ous inmarhahversus a statepphnetabolicy s
disordet'®!” For examp, it is acrucialplayer in theglucose sensing signaling pathway

in the beta cellasit constitutivay inactivae, by phosphorylationthe MafA protein, which

is a transcriptional activator to mediate the efaft glucose in these cellsspecially

crucial in metabolic disordet¥. GS K3 b a | s the replicatiorand sursival of beta
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cells through itdunction as a negative regulator of botdNT signaling and mTORC

pathways!®119 In accordance with thisinction GSK 3 b d e preatictbetaocells i n  p an ¢
causes protection against high fat dietuced diabetic phenotypes in mitk Sincethe

skel et al muscle is a major site of @&lucose ¢
also crucial as eegulator of insuliractionin thistissueT he expressi on i ncrea
in the smooth muscle and adipose tissues of gestational diabetic mothers may contribute to

the etiology of the diseaké In the liverGSK3b i s i mportant as a m
degradation, which has been correlated with insulin resistance. A study bgtladfmund

that sustained elevation of glucosehich is common in the early stages of diabgetes

induced IRS1 degradation in hepatie | | s t hat was . Comsigtenttyat ed by
overexpression of5 S K 3nfiutans that are able toescapefrom inactivation led to

constitutive decrease in IRS1 expression iamgairmentof glucose toleran¢é. GSK 3 b

may also directly bind to the transcriptional factors such as FOXO1 and hepatocyte nuclear
factor 4alpha (HNF4 U) to induce ®Pdpek expres
and G6pasein hepatocyte$®*?* | n t he gastrointestinal tract
involved in the regulation of glucose transporters. Upregulatibn GSK3b i n t hese
enhanceshemembrane expression of glucose transporters and therefore increases uptake

of glucosé?>, which may reversg¢he impairment ofjlucose tolerance amaisulin resistance

in diabetes and metabolic disordéefshe i ncreased expression of C
been reported tworsen high fat dieinduced insulin resistance and cognitive disorders

thatmay further influencenergy metabolist®. GSK3 activatioris increased in the brain

of bothob/oband high fat dietnduced obesity modeishereGSK3has been implicated

as a negative regulator of hypothalamiergy homeostasi¥.
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Small molecut activators and inhibitors ®¥NT/b-caknin signaling pathway

The implication of the canonic8/NT signaling in many diseases especially cancers has

led to the surge in development of specific inhibitors for clinical“ds®espite the

considerable evidence for the role of this pathway in metabolic diseases, few or none of

the currently developed compounds are intended for HgsNionetheless, it is important

to highlight some recent studies where the use of small moldmedes to show benefits

in treatment ofmetabolic disorders. For exampl8/YNT signaling propagates the

proliferation of preadipocytes but inhibits its diffatiation to mature adipocytes.

Adipocytes maturation and fat storageincreased in obesithatresults in secretion of
adipokinesandindudion of insulin resistancé®. Selective inhibition ot S K és been

shown to improve insulin sensitivity and glucose metabolism as a result BN

activation and subsequent downregulation of adipogéfésis GSK3 b sel ecti ve i
I30 andLiCl have exhibitednetabolic benefitén a recent study whettbe mice treagd

with either of these compountiad elevatedadiposeb-catenin levelsvith a substantial

decrease in high fat dieiducedincrease oplasma cholesterol and triglyceritbels=°,

These inhibitors also decreased glucose leweladdition Dissanayaket alshowed that
insulinrmediated enrichment of membrane pool of GLUT4 transporters inL3T&lIs

was altered in the presence WINT signaling modulatof§ i the GSK3 inhibitor BIO
stimulated the uptake of glucose while Pyrvi
Thesefindingsindicate that small moleculmediated activation of thé&/NT signaling in

adipose tissuemayconfer metabolic benefits in patientsiak for metabolic diseases.

The DKK family of proteins have been largely characterized as p@tbiit inhibitors as

a result of their potent inhibitory effect WiNT proteins3L. Although theirrolein glucose
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metabolism is less studied, certain reports have stioattheir ablation decreases fasting
insulin leves and increases glucose tolerance in AfcE2 This is attributed to the
increase inthe conversion of glucose to glycogen in metabolic céllseir deficiency
increases intestinal production of GLP1, despite the observed decrease in insudin level
Thesegenetic phenotypes are replicateith selective DKK2 antagonists, I1IC3 and 111C8,
which improvel glucose tolerance and de&dinsulin resistance idb/dbmouse model of
diabete$®?. While the aforementioned studies support a notion that small melecule
mediated activation aVNT signaling pathway may improve insuBensitivityandconfer
tissue specific metabolisenetits, a recent study with an inhibitor of tNéNT signaling
pathway suggests otherwise. An antagonist of CK2, which is a positive regulator of the
WNT signaling pathway, decreases insulin secreitiolING beta cell$®*3. However in
dietinduced metabolic disorder® mice CX-4945 treatment improved the glucose
tolerance and therefore insulin sensitivity. Although the authexee attributed tlese
benefitst o t he mo dQell M3 muscarinio recepfors, it is plausible that the
resulting improvement they observed in glucose metabolism was due to modulation of the
b-catenin/Tcf712signaling which is in line with a characteristi@sponse tansulin
secetion'33 In addition certainnatural products such as flavonoid constituents of food
products like inotodiol exhibit antidiabetic propertiéisat are correlated withthe
downr e g u l-atening aithouglihe direct modulation oMVNT signaling as the
underlying mechanism hagst to be determinéé'. The disagreememimongthese studies
necessitates that more selective small molecule modulatorswiNfiesignaling pathways

be dudied in the context of metabolic disorders to better understand their therapeutic
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advantages or disadvantages as has been hinted through various genetic knockdown and

overexpression studies.

Concluding remarks

T h ecatlpathway consists of several commgats that have been implicatedviarious
diseasedncluding metabolic disorders. The overall resdtlism differentstudies suggest

an inconclusive role of this pathway in the modulation of insulin sensitivity and glucose
homeostasis. However, when caigged into specific tissues, it is obvious that there is a
tissue dependence on tlienction of WNT signaling pathwayin energy metabolic
pathways Of note because the pathway is indispensable for embryonic development and
proliferation,the ablation ofits componergin adultmiceis expected tgeneratalifferent
phenotypes asompared to genetic knockaait birth Small molecule inhibitors, although
currentlyunspecific to metabolic tissudsave shown some favoraliteerapeutic benefits,
suggeshg that further studies are needed to fully understand how they can be applied to

improving different aspects of the metabolic syndrome.
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CHAPTER 21 nhi bi t i o n-Catdnin SignaingWathiwaytboy Pyrvinium

Confers Metabolic Benefits in the Liver

Introduction

The canoni c a-ateN Jigndlig lWakhivdoy is important in different diseases
because of its contribution to embryonic developmecell differentiation and
organogenesis, and tissue maintenance amongst ‘8thdtscross talks with other
pathways involved in various physiologigabcesse®. Aberrations in itsegulation may

lead to malignant growth of cells and tissues. One of the disorders that may arise from
compromi se in the nor madnn signalingtpattway isothe t he W
metabolic syndrome, especially alteration in insulin sensitivity as welluwose and lipid
metabolism. Metabolic syndrome is increasingly affecting millions worldwide and it
comprises high risk factors for the development of diseases such as diabetes and
cardiovascular disorders. There is paucity of information on the exadtanisms of how

WN T £cétenin signaling activation or its components contribute to the development of

the metabolic complications.

The multifunctional a r ma gatenih, s the regpoeedfactsr c ont ai
of the canonical WNT signaling ffavay, where its nuclear abundance results in
transcription of a plethora of WNT target genes following interaction with TCF/LEF

proteing=®, Ti ght r egenihia mdintaned o the &toplasm by a destruction

complex containing kinases and scaffolding proteins that propagate its degradation.
GSK3b and CK1U constiatutpeh otshpatateminynhisstotiey bk i nas e

and APC act to scaffold the proteffs Up on p h o s-PRICB is nedruited to the b
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destruct i on-catenimip further ubaguitohatel and undergoes degraddtion

Regulators of WNT signaling pathway may act at multiple cellular sites, extracellularly

and intracellularly. Glycosylated WNT proteins activate this pathway by binding
extracellularly on the frizzled proteinsdahRP5/6 receptors to initiate the disassembly of

thecafi enin destruction compl e xcateninfby RP23Ac el | ul a
or stabilizing phosphoryl ati on-catenina@Kkhiz i ncr ezs
transcription of target gen&8!%°. In the past decade, alterations in several of these
components have been implicated in the regulation of glucose metabolism as well as lipid
metabolism. Polymorphisms in ti€F7L2gene have been well showo be an important

risk factor for the typ@ diabete$'*142 o wi ng t o-cell pgrodiferatiomlared i n b
glucosestimulated insulin secretio®@ur workandthat of othercolleagues hae further

elucidated the impact BYCF7L2 manipulationshowng that decreased Tcf712 expression

leads to lower insulin releadsyt improved glucose tolerariéeMore recently, others have

showed that Tcf712 expression may exhibit tisdependent effects on glucose

metabolism, although the data so far is inconcld$i##®>° It has been somewnhat

consistent, however, that alteration of certain components of the WNT signaling pathway

may lead to reversal of high fat dietduced fatty liver statd®'® Genet i ¢ del et i on
catenin in mice have been shown to lead to resistance to high fatdiieed glucose

intolerance as result of decreased expression of lipogenic genes and glycolytic genes, and
improved insulin sensitiviff'*3  A's i d eatehim andnTCB7L2, hepatic deletion of

Axin leads to impaired AMPK activation and lipid accumulation in the ffr

Another approach to elucidate the role of WNT signaling inage metabolism and insulin

sensitive is through the use of small molecule modulators of the WNT signaling pathway.
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Only a few studies have explored this angle. For example, CX4945 shows a potent effect
on insulin release by selectively inhibiting CK2, wihis a positive regulator of the WNT
signaling pathway. Although Rosst aldid not reveal any effects of the compound on the
expression of gluconeogenic genes or the fatty liver status upon treatment, they showed
that knockdown of CK2 decreased glucaesienulated insulin secretion and that its
inhibition by CX4945 significantly improved glucose tolerance in the mice fed with a high
fat dief33. Here, we attempt to elucidate further the role of WNT signaling @rggn
metabolism using a small molecule inhibitor, pyrvinium, which was recently established

as a potent inhibitor of the WNT signaling pathwAy

Pyrvinium is an anthelminthic previously used for the treatmepineform infection&®.

It targets and suppresses the mitochiahdespiration of the worms to elicit its efficacy.

In its newly found role as a WNT signaling pathway inhibitor, pyrvinium binds
allosterically and activates CK1U, thereby
degr adaddteaif* oBybactivating CK1U, pyrvinium
Axin |l evels and decr eases 4dieain/TCke complex.t me n t C
Additionally, it has been shown to inhibit phosphorylation of Akt and hence increase
GSK3b &%t iAdittoyget her, t hes e-caefiflevelsandldse ad t o
as s oc i acatenm with aucleabTCF/LEF proteins. Thpgrvinium as a potent WNT

inhibitor elicits potent anticancer effects and wound reffaiHowever, the specificity of

pyrvinium in targeting the WNT signaling pathway has not been explored to assess the role

of WNT signaling inhibition in the treatment ofietabolic disorders. In this work, we
investigated the effect of pyrvinium on glucose metabolism following its inhibition of

WNT signaling pathwayn vitro andin vivo. This study also looked at the effects of
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pyrvinium on glucose metabolism that are inelegent of WNT signaling pathway in
various cell lines. We uncovered novel effects of pyrvinium on glucose tolerance, insulin
sensitivity, glucose production and consumption by acting in the AMPK pathway in

addition to the WNT signaling pathway.

Materials ad method

Cell culture

Cells were purchased from American Type Culture Collection and cultured according to

t he manufacturero6s guidelines. For growth
Modified Eagle's Medium was supplemented with 10% fetal basénem (FBS) and 1%
penicillin and streptomycin (P/S) (Sigma). AML12 (gift from Dr. Carole Sztalljabdle,
University of Maryland School of Medicine) was grown with Dulbecco's Modified Eagle's
Medium/Nutrient F12 Ham (Sigma) supplemented with 1X ITS ukrsal Culture
Supplement Premix (VWR International), 40 ng/ml dexamethasone, and 10 % FBS and 1
% P/S. The cells were seeded 24 hours prior to transfections and treatments. Transfections
were carried out with specified transfection reagents inKgil Reduced Serum Media

(ThermoFisher).

Duakluciferase assay

Cells were transfected with TCF/LHFased reporter plasmid, TOPFlash, along with renilla
luciferase as an internal control using Lipofectamine 2000. The M50 Super 8x TOPFlash
was a gift from Dr. Rarall Moon (Addgene plasmid # 12456). Treatments with the

compounds were carried out 16 hours after transfection for additional 24 hours. Dual
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Luciferase Reporter Assay System (Promega) was used to assess the luciferase activity on

POLARstar Omega plate rexd(BMC Labtech).

Western blot analysis

Cells were lysed in RIPA lysis buffer supplemented with phenylmethylsulfonyl fluoride,

sodium orthovanadate and protease inhibitors (Santa Cruz Biotechnology) for 20 minutes.

The lysate was centrifuge at 14000 g 1& minutes at 4°C. Bicinchoninic acid (BCA)

assay was used to normalize protein concentration across the samples, and the proteins

were resolved on a20% SurePAGE Bis-Tris gel (GenScript). Western blot was carried

out with primary antibodies specifiot t he pr ot ei ns o-Catenim@Ce#r est as
signaling, #8480), AMPKU {AMPIKIU (iCgnadl isngyn a#
#2535) , PCK1 ( Cel I-actis i(Apcara 2h8221), LKBL Saad duy , b
biotech, se374334). Chemiluminescenagetection was carried out and image was

captured using Odyssdyc Imaging System (LCOR Biosciences, NE).

Quantitative reatime PCR analysis

Total RNA were extracted from the cells using TRIzol reagent (QIAGEN) following the
manuf act ur er Ths RNAnastravarse transcnbed. and #teak PCR were
carried out with SYBR green master mix (Thermofisher) using specific primers outlined
in Table 2.1 and others obtained directly  from PrimeaBk

(http://pga.mgh.harvard.edu/primerbank/)
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Table 2.1 Pmer used for quantitative PCR

primer sequence (53")
Gene name | forward reverse
PCK1 GTCAGCCTGATCACATCCACA CCGTCTTGCTTTCGATCCTG
G6p CTACTACAGCAACACTTCCGTG | GGTCGGCTTTATCTTTCCCTGA
-6-Pase
cYeDl CAATGACCCCGCACGATTTC CATGGAGGGCGGATTGGAA
Axin-2 GAGTGGACTTGTGCCGACTTCA | GGTGGCTGGTGCAAAGACATAG
Xin-

Knockdown and overexpression

RNAI transfections were performed with Lipofectamine 2000 for shRNA and

(@)}

Lipofectamine RNAi max for siRNA against Axin ( sequence 5
CUUCCUUAAGUCUGAUAUU -3 6) . T h easmicc dortbiBg hprhan beta

catenin was a gift from Dr. Eric Fearon (Addgene plasmid # 16828), which was
overexpressed using Lipofectamine 2000. Following 48 hours of transfections, cells were
treated with pyrvinium for additional 248 hours unless otheise stated. shRNA plasmids

were purchased from sigma mission shRNA bank and PLKO.1 plasmid was used as

control.

Animal studies

All animal experiments were approved by the University of Maryland at Baltimore
Institutional Animal Care and Use Committee (IAC) Six weeks old male C57BL/6J
mice were purchase from the Jackson Laboratories and allowed to acclimate to our animal
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facility for a week prior to experiments. The mice were fed 45% high fat diet or normal
chow diet for 5weeks. Pyrvinium or vehicle (1@MMSO in saline) was intraperitoneally
administered every two days. It was weekly dose escalated from 0.2 mg/kg to 0.5 mg/kg
in both normal chow group and high fat diet group in a span of one month. Glucose
tolerance tests ere performed on the mice witly/Rg glucose following 6 hours fasting

as described®

Glucose output assay

Primary hepatocytes were isolated from the livers of C57BL/6J micel@f\geeks old.

After 24 hours posisolation, the cells were overlaid with magel. Cells wee then treated

with pyrvinium at the noted concentrations for 24 hours. The cells were washed twice with
PBS and starved with starving medium (containing DMEM without glucose supplemented
with HEPES, 40 ng/ml dexamethasone) for 4 hours to deplete ghesesges in the cells.
Glucose production medium (containing DMEM without glucose, 15 mM HEPES, 2 mM
sodium pyruvate, and 20 mM sodium lactate) was added to the cells for an additional 4
hours, after which the media was assayed for glucose content uglingpae kit (Sigma

Aldrich).

Glucose consumption assay

Cells were seeded on a collagsrated plate and treated with compounds for 24 hours.
Glucose consumption medium (DMEM without phenol, containing 15 mM HEPES and
150 pg/ml DGlucose) was incubated Wwithe cells for 5 hours and glucose concentration

in the medium was measured using a glucose assay kit (Sigma Aldrich). The glucose

measurements were normalized by the total cell protein concentration.
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Hematoxylin and eosin staining

Liver tissues were ex®ed from the mice and fixed in 10% formalin. The samples were
sent for embedding and staining by the University of Maryland School of Medicine

pathology core services.

Serum analysis

The serum samples from mice were collected post mortem and sent faisahglyRL-
MARYLAND LLC. Insulin measurement was carried out using insulin ELISA kit (Enzo

Life Sciences) according to the manufacturer

Statistical Analysis

Statistical analysis was carried out using GraphPad Prism. Data are presengahas
standard error and are representative of three independent experiments. Analysis was
performed with studenttest for two groups or analysis of variance for more than two

groups, with statistical significance presented wihafue < 0.05.

Results

Pyrvinium decreases gluconeogenesis and increases glucose consumption in hepatocytes

and AML12 cells

WNT signalingcomponents such as LRPf@as been associated with the regulation of
glucoseuptake andmetabolismin vivo®. In order to determine the effect of WNT
inhibition on the production of glucose, we treat@duseprimary hepatocytesvith
pyrvinium. In a concentratiedependent manner, pyrvinium decreased glucose output in

the hepatocytes (Figu&la). Metformin was used as a positive control because of its well
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characterized effect dmepaticglucose productioft’. This result suggests that pyrvinium

may be affecting glucose metabolism to influence the rate of hepatic gluconeogenesis or
glucose upmke. We next sought to determine whether the decrease in glucose output by
pyrvinium is as a result of modulating glucose consumption. We performed glucose
consumption assay in AML12 mouse hepatocytes. As shown in Figure 1b, treatment with
increasing conga@rations of pyrvinium led to an initial increase in glucose consumption,
but decrease at higher concentrations. In our cell viability assay, pyrvinium clearly causes
cytotoxicity in AML12 cells at the higher concentrations, which may affect the capability

of the cells toconsume anditilize glucose in the cells. At the lower concentration,

pyrvinium significantly increased glucose consumption, without significant toxicity.

A) 150+ B) 200

150+
1004

1004

*%

*%
504

*% 504

Glucose output (% of control)
Remaining glucose concentration (pg/ml)

0
100 500 100 500 0103050 0 103050 0 103050

: : : = Pyrvinium concentrations (nM)

Metformin () Pyrvinium (nh)

Figure 2.1. Pyrvinium inhibits glucose output and increases glucose consumgfion.
Inhibition of pyruvate mediated glucose output in primary mouse hepatocytes by
pyrvinium. Cells were treated with pyrvinium for 24 hours, then fasted for 1 hour prior to
glucose output assay. B) Time and concentration dependent increase of glucose

consumption by pyrvinium in AML12 cells. Cells were incubated with pyrvinium for 24
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hours and washed prior to glucose consumption assay in glucose containing mgaium. *

< 0.05; *p<0.01.

Pyrvinium alters the expression of gluconeogenic genes

The effects bpyrvinium on glucose output and consumption may be the result of its effect

on the gene expression related to glucose metabolism. In other to test this hypothesis, we
assessed the mRNA expression of key gluconeogenic gemashepatic cell lines. Sirc
pyrvinium is known t o -tatemingarticularhhoa thegskrioesdp hor yl a
ami no ac iy wedcpmpar&dihe expressionin HUH7 cells, whiate wild type

b-catenin protein, and HepG2 =ll whi ch [ ack this mdtemisphoryl a
proteint®C. In figure 22, treatment with increasing concentrations of pyrvinium in these

cells led to a corresponding decrease in key gluconeogenic g8@sse and Pepck, for

HUH7 but not the HepG2 cells. The result from HUH7 cells is consistent with previous
report ed -tatemmdintenagting wihfFOXO proteins to increase the transcription

of gluconeogenic gen&s. In contrastjnsignificanteffectof pyrvinium on gluconeogenic

gene expression in HepG2 calislicatesa n i ndi spensabl e-catemihe of th
in regulation of glucose metabolism. Overall, these results suggest that pyrviniutm effec

on WNT signaling pathway through its activa

downregulation of gluconeogenic gene expression in HUH7 cells.
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Figure 2.2. Pyrvinium effect on gluconeogenic genes. The mRNA expression of
gluconeogenic genes PEPCKdG6Pase in hepG@) and HUH7 (B) cells. Cells were

treated with indicated concentrations of pyrvinium pamoate for 48 hours. HepG2 cells
contain a-outteantiimngdme bwhi |l e HUehieniced | s cont

0.05; *p< 0.01.

Pyrvinium irhibits WNT signalingand activates the AMPK pathway

To ascertain whether pyrvinium inactivity towards the gluconeogenic pathway of HepG2

was particularly due to a defect in the WNT signaling pathway, we carried out TCF/LEF

reporter gene assay in HEK293, &2 and HUH7 cells. Pyrvinium has been shown to

potently inhibit theWNT signaling activated by WNT3a in HEK293 céffs Here, we

uncovered that pyrvinium lacked inhibitory activity toward HepG2 cells, but had the

activity in HUH7 or HEK293 cells. Interestingly, with the treatmentLa®l, which
activates WNT signaling by inhibiting GSK3b,
cell lines (Fig2.39. This suggests thaBS K3me di at ed phos-gaterimr yl at i o1
required for pyrvinium inhibition of the WNT signaling pathwiy Treatment with

pyrvinium in AML12 cells led to inhibition of the expression of WNT target gene cycD1

(Cendl) as well axG6paseandPepck(Figure2.3b). But in HepG2 cells, pyrvinium was
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also unable to inhibit the expression of the WNT target gene in addition to little or no effect
on the two gluconegenic genes both in the absence and presdn€d (Figure 2.30d.
Nonethelessl.iCl itself was al# to increase the expression of Ccndl1l and Pepck, while
decreasing the expression of G6pase. These results confirm that pyrvinium effect on the
WNT signaling pathway may lead to decreased gluconeogenesis in the hepatocytes with
intact Wnt signaling. Lack ahhibition towards WNT signaling by pyrvinium in HepG2

cells and in the presence lofCI may explain its lack of efficacy on gluconeogenesis in
these scenariodt t he protein | evel, we caterini r med
level as part of its mechanism of inhibition of WNT signaling, but also increased AMPK
activationpossiblydue to itseffect on Axin stabilization opreviously reported effect on
suppession of mitochondrial functid?f. This may contribute to its effect in modulating
glucose output because activation of AMPK leads to downstream effect that include
translocation of glucose transporters and degulation of gluconeogenic genes such as

Pepck and G6pasé.

38



Relative Light Units (arbitrary unit)

1000+

800+

600

400+

2004

0-

Wl huh7
hepG2
B hek293

Pyrvimum (uM) ® & S O O

N\

LiCl

50

I T
T
T =
* *k ok
Q_\\'\. & S O QQ.Q‘E & w@s & S %Qé‘e & Q@\. &
L lL l L lL l
T 1T 1 T 1T 1
Wnat3a LiCl Wnat3a LiCl Wat3a
100 500 Pyrvinium (nM)

— ~‘ B-catenin

B B S S | DAMPKa (T172)

[ S - s

D)

LS W control
pyrvinium (100 nM)

Relative mRNA expression
(fold of control)

Cendl  Gépase  Pepck

Il control
pyrvinium

e Licl
* Licl + pyrvinium

Relative mRNA expression
(fold increase)

CCND1 Gb6Pase PEPCK1

Figure 2.3. Pyrvinium inhibits WNT signaling a@n activates AMPK pathwaysA)

TOPFlash reporter assay inhibition by pyrvinium in HUH7, HepG2 and HEK293 cells co

treated withLiCl ( GSK 3 b)) or WNT3a.

B) I nhi bition of

gluconeogenic genendC) Pr ot ei n -eakepr aadpssphomlated AMPEK

by pyrvinium in mouse primary hepatocyt@}Inhibition of WNT target gene CCND1 in

hepG2 cells treated with pyrvinium in the presence or abseng€lof25 mM). * p<0.05;

** p<0.01.

Pyrvinium effect oWWNT signaling and glucose metdbd s rcatersn, dKla and

Axin dependent

To identify possible connection of WNT signaling inhibition with the effect of pyrvinium

on

gl ucose

met abol i sm, we
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cell s. Over exp rcdenisinthisiceldifie ledito & sihnificantueregblation

of PEPCK, but not G6PASE. This increase in PEPCK was attenuated by pyrvinium, in
consistent with the fact that pyateninn®Onhum i s &
the other hand, pyrviniundecreased the expression of G6pase in the empty vector
overexpressed ccateningsverexprassed celist This madicatétreat ab

upregulation of WNT signaling pathwaia b-catenin overexpression predominantly leads

to increase in thexgression of PEPCK compared to that of G6pase. The effect by
pyrvinium on gluconeogenic gene expression in WNT activated cells is more pronounced

on PEPCK (Figur24 A) . Since pyrvinium is a CK1U ac
determine the effect of a setee CK1 inhibitor on glucose output in hepatocytes.

Treatment with pyrvinium decreased glucose output both in the fed state and fasted state,

but not in the presence of CRI(Figure2.4B). This suggests that pyrvinium effect on

CK1U cont r ifdcts onedhe WNTosigmaling patviay and consequently glucose

metabolism.

Aside fromtheact i vati on of CK1U, pyr Aximdmodulatel so i nc
the WNT signaling. Therefore, we investigat
Axinonpyr vi ni umés effect. We downregul ated the
short hairpin RNA (Figur@.4ce). Figure 4C shows that the shRNAs only elicited partial

knockdown of the gene expression for battin and CK1al. The knockdown led to an

increse in the expression ofEPCK which was attenuated by pyrvinium. Unlike

over ex pr eatenin,@yrvinionh wab still able to downregulate the expression of

G6pase. This may suggest that the effect by pyrvinium on glucoseats&tais not only

through CK1lal, but also Axin, whidias been previously reported to play a key role in
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glucose metabolism by facilitating AMPK activatiowia Axin-AMPK-LKB1
complexatiot®. The activation of AMPK by pyrviniuanducedAxin stabilization may

also lead @ decreased expression of G6pase. Together, these suggest that the effect of
pyrvinium on the expression of PEPCK and G6Pase is WNT signaling pathway dependent,

but may also involve other mechanism such as AMPK activation.
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g
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Figure 2.4. Pyrvinium effecs mediated by inhibition 8WNTsignaling pathwayA) Effect

of pyrvinium on glucose output | ncatdthdH7 cel
overexpression. B) Glucose output by pyrvinium in the presence of CK1A1 inhibitor, CKI

7, with or without gleose starvation. C) mRNA expression Atin and CK1A1l in

knockdown HUH7 cells. D) mRNA expression of gluconeogenic genes with or without
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CK1A1 knockdown, and E) mRNA expressiorArin knockdown cells. 1 < 0.05; **p

<0.01; **p < 0.001.

Pyrvinium effet¢ on activation of AMPK is independent of itext on theWNT/b-

cakenin signaling pathway

To determine a possible role of WNT signaling in AMPK activation, we evaluated the

ef fect of-caiemindeveisarstheragtivafion of AMPK (Figitda-c). First, we
compared t he pr adteain and AVPKHNIL-edlssversus tWnot3a cdils.

L-Wnt3a cells produce increased amounts &fM8a, thus with activated WNT signaling

pat hway that i s medi at edteninyas recapitulatedinféguree i n t
25 a. However, t he i-catennaia sot affecnthe tplosphotylatiore | of

l evel s of AMPK i n the c-@aferdinsin HEK2®3 celk and over e
assessed the effect of pyrvinium on bothNWand AMPK pathways. Figur2.5bshows

that overexprescatenmandenfut wink d | eape tlo di fferen
catenin, as expected. Pyr viatenmnleuweldirtteadisment c a
over expr essi n-gateniny lut natithbseg with yhe mutabht. Nonetheless, the

effect of pyrvinium on AMPK activatio was consistently increased in the cells

over expr e scatenm.drhesar rdsuiteimdicated that pyrvinium was able to activate

AMPK i ndependent of -catesin.ef fect on the | evel

We also assessed the contribution of WNT signaling to AMPKa@n by treating

HEK293 cells with WNT3a condit i-catenmadvasme di u m.
increased by WNT3a, but decreased by pyrvinium treatment. At the same time, pyrvinium
remained to activate AMPK in WNT3a conditioned medium. Consistentprgiously

findings from others, pyrvinium increased the protein levelsxifi. Increase irAxin has
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been associated with activation of AMP¥, in line with the dual effect by pyrvinium on

both the WNT signalingathway as well as the AMPK pathway.

In MEF cells expressing wild type AMPK, pyrvinium decreases the mRNA expression of

WNT target genes as well &epck However, it does not decrease the expression of
G6pasgFigure2.5d) . | n kAddkeWw MEF cellstheprotein levels ob-catenin was

decreased, as well as the AMPK targetJeasn.AMPK phosphoryl ates and
cateninlevelsnvitro, t her ef or e it s daeninproteqmaunhoepronen | ead
to degradtionvia the destruction compléX. However, treatment with pyrvinium in the

MEF cells expressing either wild type AMPKU
significant d-oatenir (Eigute 58),tsuggestingatfat pyrvinium effect on

WNT signaling is independent of its ettt on AMPK activation. Additionally, pyrvinium

decreased the protein expressioRepckas wellGckin the presence or absence of AMPK
downregulation. It is likely that pyrvinium effect on the expression of Pepck is WNT
dependent, while its effect on te&pression of G6Pase is dependent on the activation of

AMPK pathway.
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Figure 2.5. Pyrvinium effect oWNT signaling is independent of its effect on the AMPK
pathway. A) -cdbenin and AMPK activation in -tells and EWnt3a cells. B)
Overexpression of -catedindon gyryimuen ARIPKdactivation. a&Ch t b
Effect of activation of WNT pathway on AMPK activation and pyrvinium effects D)
MRNA expression of WNT targ@enes and gluconeogenic genes in MEF AMPK wild

type cells. E) Knockdown of AMPK on the effect of pyrvinium in glucose metabolism

pathway. Data are representative of at least two independent studies.

Efficacy of pyrvinium in treatment of high fat dighduced metabolic disorders in mice

The effect of pyrvinium on glucose metabolism was further assessed using a mouse model

of obesity induced by a high fat diet (HFD). Four groups of mice were used, two groups
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fed normal chow diet (NCD) and the other two fd&D. Due to the extremely low
bioavailability of pyrviniunt>®, the mice received the drug through intraperitoneal
injections. The results show that pyrvinium significantly improved glucose tolerance in
HFD-fed mice, but not in the mice fed with NCQFigure 2.6 A). The treatment of
pyrvinium was also observed to suppress body weight gain infidéice while having
minimal effect in NCDBfed mice. The liver plays a critical role in glucose metabolism.
HFD feeding lads to excessive hepatic lipid accumulation, steatosis and impaired function
of the liver. The improvement of glucose tolerance by pyrvinium may be because of its
effect on hepatic energy metabolism. We examined the liver histology of the mice studied
by using haematoxylin and eosin staining. There was significant accumulation of lipids in
the liver of mice fed HFD compared to NCD. However, upon treatment with pyrvinium,
the HFDinduced lipid accumulation was remarkably reduced (FiQu8€), suggesting

tha pyrvinium may alter the system glucose levels by improving the energy metabolism in

the liver.
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Figure 2.6. In vivo efficacy of pyrvinium on glucose tolerance, body weight and liver status.
A) Glucose tolerance test in mice treated with pyrvinium $rper group). C57BL/6J mice
were treated for-inonth and fasted for 6 hours prior to intraperitoneal injection of 1g/kg
glucose and blood glucose monitoring. B) body weight monitoring of mice in both high fat
and normal chow groups treated with pyrviniunjection arrow indicates the start of the
administration of pyrvinium to the mice. C) Haematoxylin and eosin staining of liver

tissues in the high fat diet group. Data are presented as mean = SD

To understand whether the effect of pyrviniumvivo was due to its effects on the
expression of gluconeogenic and lipogenic genes, we performed quantitative PCR analysis
using the liver tissues excised from the mice in the studies described above. Surprisingly,
our results show little or no differences in thegmes (Figure.7). Overall, the WNT

signaling related genes and the glucose metabolism genes were not affected in the
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