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CHAPTER 1
WN T /-@ATENIN PATHWAY IN TISSUE INJURY: ROLES IN PATHOLOGY AND

THERAPEUTIC OPPORTUNITIES FOR REGENERATION

Introduction

T h e \Atateninfpathway is an evolutionarily conserved set of signals with critical
roles in embryonic and neonatal development across species. In mammals, the pathway is
guiescent in most organs. It isaetivated in response to injugnd is reported to play complex
and contrasting roles in promoting regeneration and/or fibrosis. Here we review the current
under st andi ng o f-catenmgathwaylinenjury 6f varidmsemammatiah érgans,
and discuss the current advancesnd potential of Wnt inhibitory therapeutics towards

promoting tissue regeneration and reducing fibrosis.

Wnt pathway: diverse roles in development, regeneration and homeostasis

The Wnt signaling pathway is believed to have evolved with the first multiaell
organisms (metazoa), and is considered an important mediator of the advent of multicellularity
(Holstein,Cold Spring Harb Pespect Biol2012. The pathway is important for embryonic and
postnatal development in vertebrates and ingetaistein, Cold Spmg Harb Perspect Biol
2012. In invertebrates anithe fewvertebratespecieghat display regeneration, such as urodele
amphibians, the pathway remains active in the adult organism, playing a role in stem cell
maintenance and saknewal for normal tsue homeostasis, and for regeneration following
injury (Caubit et al. Dev Dyn1997 Kawakami et al.GenedDev2006. In mammals and other
norrregenerating vertebrates, the role of the pathway in the adult organism becomes more
complex and context dependent. In organs, such as colon, that undergo constant turnover, and

have a clearly defined, active pool @&sueresident stem cells, the pathway remains active and



continues to regulate stem cell homeost@swvr et al. Mol Cell Biol 2007). But in non

regenerating @ans, such as heart in higher vertebrates, the pathway is quiescent and is often
activated in response to inju(@ka et al. Semin Cell Dev Bid®2007 Aisagbonhi et al.Dis

Model Mech2011). The role this pathway then plays is incompletely understood and
controversial, but increasing body of data suggest that rather than simply reviving the pool of
guiescenstem cells and promoting regeneration in these injured organs, the pathway may
additionallybe involved in fibrotic processes often seen as part of the imperfect healing in these
organs(Konigshoff et al. PLoS On&008 Zelarayan et alRProc Natl Acad Sci USA008

Zhang et al.J) Mol Cell Cardiol2009 BergmannCirc Res201Q Poon et al.PLoS One2012.

As a complex pathway with diverse effects on different cells and tissues, parsing out the
exact role of reactivated Wnt pathway in response to injury has been difficult. The efforts at
understanding the effects of Wnt pathway modulation in injury are further complicated by the
limitations of classical genetics approaches, that rely on Wnt latdatuthrough specific
promoters, and therefore do not always target the complete wound (Giaeet al. Cell 1998
Baurand et al.Circ Res2007), or carry unintended effects on the cells used for targ@tmgt
al., Nature2007 Duan et al. EMBO J2012. Recently however, with increasing focus on
developing Wnt modulatory therapeutics aimed at-dfiten cancers, new studies that
investigate the effesbf modulating Wnt signals in regeneration are emer{@ien et al.Nat
Chem Biol2009 Saraswati et alPLoS One201Q Bastakoty et alFASEB 2015. These
studies are helping gain a better understanding of the role of the pathway in regeneration and
more importantly, are pioneering the development of-Wiatiulatory therapeutics. In this
chapterwe will discusshe current under standi ng -catenimt he ¢ o mj

pathway in mammalian organ injury, focusing on the lung, kidney, skin and heart. We will also



outline the development of relevant Wnt modulators and deliberate on the challenges and

promses of pharmacologic Wnt inhibition to promote regeneration.

Wn t -tabenin signaling pathway in development: a historical perspective.

Wnt gene was first identified in 1982 as a mammalian oncolgehéNusse et al., Cell
1982, a few years after identification @¥ingless(Sharma et al., Dev Biol 1976lusslein
Volhard et al., Nature 19§ecessary fobrosophilawing development. With the finding that
the two genes are homologous, the field of Wnt signaling was(busse et al.EMBO J2012.
In the threeanda-half decades sinc#he conserved roles of the Wnt family of genes in
development and disease continue to be uncovered. The Wnt pathway as it is currently described
consists of a family of 19 secreted glycoproteingyfammal3 (Cadigan et al.GGenes Dex1997),
Frizzled family of transmembrane recept(Bfianot et al.Nature1996 Yang-Snyder et al.,
Curr Biol 1996, Lipoprotein recepterelated proteinl(RP) family of co-receptors, and a
number of other downstream components effector proteins that fall under either the
canonical or one-canohicalk har msvoo fmatj loe \Wmionsi gnal i
catenin, which was originally identified @gmadillo (Peifer et al., Development 19%Reifer et
al., Dev Suppl 1993in Drosophilais an important effector protein that defines the canonical or
b-catenindependent arm of the signaling pathway. This arm is involved in segment polarity,
stem cell homeostasis, oncogeiseand tissue repair, which will be the focus of tiapter The
nortcanonical ams that also signal through Frizzled, but in combination wdisanct set of ce
receptors (such as tyrosikimasereceptors Ror and RyGreen et al.Cold Spring Harb
Perspect BioR014) control cell polarity and calcium signalifiGreen et al.Cold Spring Harb

Perspect BioR014. These nofcanonical arms of the Wnt signaling pathway are atg@al in



developmentind diseaséSugimura et al.Birth Defects Res C Embryo Tod2910, but are

beyond the scope of our investigations

The canonical Wnt pathwd¥ig 1) is activated when a subset of the Wnt ligands bind
their cognate Frizzled receptors and LRP5/@exeptors. Tis causes phosphorylation
dependent sequestration of Axin, afhte mi t i ng componendaenmf t he cyt
degradation compleft_ee et al. PLoS Biol2003. T Hecatenifbdegradation complex includes
the kinases Glycogen)ddcas diars ek ikn ythess e1 3 b( CIGBK 3
phosphorylate n d t -aategirefér ubmuitinmediated degradatigqivarikawa et al. Mech
Dev1998 Amit et al., GeneDev2002 Price,Genes DeR006. It is hypothesized that with
axin2 sequestration, GSB3 and possi bl y ecatdnia degradatiothcempex of t h
are recruited to trhael aeearbe @a,n et h eatedibogegngpdatienvdoesn tgi r
(Bilic et al., Science2007. Thes t a b i -taterziretrdnsiécates to the nucleus by auyginown
mechanisn{Nusse et alEMBO J2012. Inthen u ¢ | ecatenin reflaces Groucho/TLE
(Transducinlike enhancer proteirin binding to TCF/LERT-cell factor/Lymphoid enhancing
factor)transcription factor¢Hanson et alMol Cell 2012, and in association with other
transcriptional ceactivatorg(Kramps et al.Cell 2002 Kim et al.,Biochem 2013, promotes
transcription of its target genes. In addition to this classical cascade of signals, new studies
describe other signalingras of the canonical Wnt pathway. For examglgring oxidative
s t r ecstsnin bifids directly to, and promotes transcriptional activity of, Forkhead box protein
(FOXO) family of transcription factoréessers et alScience2005. Further, Inokiet.al showed
in 2006 that Wnt pathway caaisoactivate translation throughammalian target of Rapamycin
(MTORsi gnal i ng i -oatcerpmediaed manscriptidimoki et al.,Cell 2006. In

the Wnt producing cell, important players are involved in Wnt-pasidational modification,



which isconsidered necessary for the ligand secretion and activity. Works from various groups
have indicated that most Wnt ligands arglicosylated. This podtanslational modification is

not essential for Wnt secretion, predbminantlyenhances palmitoylatiédna lipid modification
indispensable for Wnt ligand secretion dfzzled receptor bindingKadowaki et al. Genes
Dev1996 Mikels et al.,Oncogene€006 Komekado et al.GGenes Cell2007). The membrane
bound acyltransferase, Porcupine, essential for this modificatihe endoplasmic reticulum is
now being widely explored as a target for ammt therapeuticéChen et al.Nat Chem Biol

2009. The transport of the lipidated Wnt proteins into secretory vesidesecretion of the

ligand into the extracellular spags carried out by the multipass transmembrane protein
Whntless/Evi(Banziger et al.Cell 2006 Bartscherer et alCell 20086.

A gradient in the expression of Wnt genes controls axial patterning during emabryo
development oforganisms ranging from mammalsftogs, worms, birds and echinoderms
(Petersen et alCell 2009. Perturbation of the pathway, or alteration of thsdignt results in
dramatic phenotypes caused by anteroposterior patterning dgfetessen et alCell 2009. In
later stages of embryonic development, Wnt modulatoith (bositive and negative) continue to
be expressed and play crucial roles in development of organs. In heart development, for example,
theWnt pathway needs to be repressed during early stage of heart formation, batiteatson
later is critical forthe development of the outflow tract and the valisristone et al.Nature
2003. Similarly an initial repression and a later reactivation of Wnt siggah specific cells is
necessary during neural crest formatiSteventon et alDev Biol2012. The strict temporal
and spatial regulation of Wnt activity appears to be an important attribute of the pathway in its
various roles in dvelopment and homeostasis/regeneration/fibrosis as will be discussed in the

following sections.
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Figure 1: Simplified model of the canonical Wnt pathway and inhibitors

The WNTIi b-cateninpathwayconsists of secreted glycoproteins (Wnt ligands) arek el

family of transmembrane -@rotein coupled receptors or LRP5/6 transmembrane receptors. In
the Endoplasmic reticulum (ER) of the Wnt producing cells, the membrane beund O
acyltransferase, Porcupine, acrylates the Wnt protein, necessary for sedrgt@kvat ligand.



The secreted WNT ligand can be sequestereskbreted Frizzledelated proteingFRB family

of secreted proteins that can sequester the WNT ligand and prevent binding to receptors.
Dickkopf-related protein IDkk1), another secreted Winthibitor prevents binding of WNT

ligand to LRP5/6 receptors. In the absence of extracellular WNT glycoproteins, a destruction
complexd including the proteins adenomatous polyposis coli (ARG/cogen synthase kisa

3b (GSK3b), casein kidnpahsoes plhlo dayehi@ltaigeting lefar d A X1 N
ubiquitylation and proteasomal degradation. When WNTs bind to the Frizzled and LRP5/6 (low
density lipoprotein receptaelated protein) coeceptors, DishevelgdVL) helps phosphorylate

and sequester Axin to the L RPS5-+abenimdegraegidnor , c a
compl ex. T haatennterdeosithe nuzleusl birfus to T cell factor family of

transcriptionfactors (TQ@) and activates transcription of target genes. Distinetativators of

transcription such asyclic AMP response elemebinding protein (CBP), E1lAssociated

protein p300 Pygopus (Pypgd cell ymphoma 9 (BC19), Brahmarelated gene 1Bfg1l) etc.

are involved inthetraesr i pt i on of distinct set -cafenint ar get ¢
can also associate with FOXO family of transcription factors to activate transcopgemes,
primarily involved in aging. In the mytoplasm
binding, can also simultaneously activate tiEOR complex YmTORCY)) signaling which

results in MRNA translation into proteins. Inhibitors of the pathway and their respective targets

are shown in red font on yellow tabs.



Whnt in regeneration and fibrosis: the good, the bad and the ugly

Wnt pathway in invertebrates and regenerating vertebrates

The canonical Wnt signaling pathway plays diverse roles during regeneration of different
organisms. In bilaterally polarized invertebrates such asmpkns the pathway is reactivated in
response to injury and is necessary for appropriate head vs. tail polarity during regeneration,
consistent with its role in patterning during developn{&urley et al. Dev Biol2010. Wnt
pathway perturbation does not prevent regenerationt ptamotes ectopic head formation in
these organism&urley et al. Science2008, and even in lower invertebrates such as hydra
(Broun et al. Developmen005. This observation mirrors the aasation, first made by
McMahon and Moon, that irt RNA injection in Xenopus embryos results in dual axis

formation(McMahon et al.Cell 1989.

Few vertérate speciesuch as zebrafish and urodele amphibians display regenerative
abilities as adudt TheWnt pathway is implicated in part of the regenerative proicefgese
organismsin both zebrafish fin regeneration and urodele amphibian limb regemethgo
blastema, which is an organized mass of tissue with ad&éiied progenitor cell population, is
thought to drive thenesenchymalegenerative process. The Wnt pathway is activated in a
spatiotemporally regulated manner during blastema formg@tiokoyama et al.Dev Biol2007)
and is considered to play a role in orchestrating tissue organization and differentiation or
proliferation of the blastemal tte (Caubit et al. Dev Dyn1997 Poss et al.Dev Dyn200Q

Stoick-Cooper et al.Developmen2007 Wehner et al.Cell Rep2014).

Wnt pathway in nomegenerating vertebrates: stem cell homeostasis vs. fibrosis

In nonregenerating vertebratdasn c | udi ng ma meatedinpathwayladivityVnt / b

is maintained in the adult organism only in specific organs/tissitesigh cell turnoversuch



as the hematopoietic compartméReya et al.Nature2003, the intestinal epitheliurFevr et

al., Mol Cell Biol 2007 Krausova et al.Cell Signal2014 and theepidermis(Lim et al.,Cold

Spring Harb Perspect Bidd013. Wnt pathway activity is associated with stem cell-seffewal
necessary for normal homeostasis in these orgattse fmall ntestine and colon, LGR5, a
common Wnt target gene, is considered a markex siibsestem cell{Barker et al. Nature

2007). Knockdownof TCF4 (canonical Wnt) signal in the small intestine depleted the crypt stem
cell canpartment needed for seknewal of cells in the intestinal epithelifiKorinek et al. Nat
Genetl99B). LGR5' cells are also consider¢al be theselfrenewing progenitor cells in gastric
epithelium(Barker et al.Cell Stem Cel2010, mammary glangPlaks et al.Cell Rep2013 and
epidermis(Haegebarth et alAm J Rithol 2009 da SilvaDiz et al.,Oncogene€013.

Accordingly, mutations icomponents athe Wnt pathway are implicated in epithelial cancers in
these organfinzler et al.,Cell 1996 Liu et al.,Nat GeneR000, in which tumorigenesis is
often driven by aberr ans(Moingial &Sdiendel®97at i ve O0can

Oskarsson et alNat Med2011).

In other mammalian tissues, howewe Wnt pathway is quiescent in the adult, and is
re-activated in response to injury. These tissues possess either quiescent or differentiated
6facul t at i(Kotod et al.tNat Med20&4 thas can dalifferentiate upon injurgs in
thelungs(Kotton et al. Nat Med2014), or thatmaylack stem cells capad of orchestrating
complete regeneration (e.g.: hedRig 2). The involvement of Wnt pathway in response to
injury and its contributions to injury repair through regenerative (or more commonly fibrotic)

processes are discussed in more detail in theviolg sections.



Presence of active stem cells or ability of differentiated cells to de-
differentiate and acquire stem-like phenotype/re-enter cell cycle

Acute/chronic
injury

I

‘ Heart

Brain

Potential for homeostatic self-renewal or tissue
regeneration after injury

Quiescent Whnt pathway in homeostasis Active >
Figure 2: Regenerative capacity of mammalian tissuas comrelated with the presence of
stem/stemlike cells and Wnt pathway activity at homeostasis
Tissues such as brain and heart that lie on theegenerative (left) end of the speosh tend to
lack an active stem cell population and are typically unable to jumpstart regenerative processes
following injury, ortheydo not have effective regenerative processes in place, even if the
regenerative signals can be initiated. Tissues imidele rangesuch as lung, kidney and
pancreas undergo Afacultative regenerationo.
cells capable of trangifferentiation in these tissues mediate regeneration following acute injury
in some instances, bfil to do so in chroniinsults. Tissuesn the regenerative end of the
spectrum (right side of the graph) such as the hematopoietic compartment, hair follicle and the
intestine undergo constant homeostatic turnover, aided by an active populatioreafessdent
stem cells. The Wnt pathway activity at baseline/homeostasis in these tisse&geowith
their turnover/homeostatic regeneration potential. Wnt is involved iresadfwal/differentiation
of stem/stenrlike cells, although the necessity bEtWnt pathway in regeneration or its overall
effect on regeneration is dependent on the tissue and the conteedponse to injury in the non
regenerative organs (brain and heart), and to chronic injury in the tissues that undergo

Afacult attiiwen or  d eto)atite@nk patdwag iy activated and is considered
part of the prefibrotic signal.
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Lung

The lung is a complex organ, composed of multiple specialized epithelial and
mesodermaderived cells spatially arranged aloaug arborized atatecture The lung epithelium
undergoes slow homeostatic turnover, replacing most of itsfamitsa progenitor podionce
every four months in raf@lenkinsopp Exp Cell Re4967). It is mostly quiescent except when
activated by injuryThedifferentiated epithelial cellsf the lung areapable of dedifferentiation,
proliferation, and transdifferentiation intovérsecell lineagesThese epithelial cells are
renewed from a pool atem/progenitor cells distributed along multiple nichethi proximad
distal epithelium. Mediated both by the regenerative epithelial cells, and also by the multiple
progenitor cell subtypeshe process of regeneration in the lungamplex and spatially
regulated Giangreco et alAm J PathoR002 Hong et al. Am J PathoR004 Beers et al.J Clin
Invest201]). Likewise, the involvement of the Wnt pathway in the process is complicated and
incompletely understood. The Wnt pathway is activated in the lung in response to injury. Chilosi
et. alreportedm cr eas ed nuc | edaeteninland®@xplessianaot Wnbtargetagénesb
cyclinD1 andmatrilysin in bronchiolar lesions, damaged alveoli and fibrotic foci of lung samples
from patients with Idiopathic pulmonary fibrosis (DREhilosi et al. Am J PathoR003.

Similar findings of Wnt pathway activation in the Alvegpithelial type 1l cells (AEC )lin
patientswith IPF was reported by Koingshddt. al (Konigshoff et al. PLoS One&008. AEC Il

cells are considered thecfdtative progenitors of the distal lung, and are reported to replace the
alveolar epithelium and lung parenchyma in bleomysduced and hyperoxiodentlung

injury models(AsselinLabat et al. Open Biol2012). Reports indicate a role for Wnt pathway in
survival of AEC in bleomycin induced lung injury models, and increased AEC death upon

sel ect i ve -atennlinAEds.dmcontrdst, nfiultiple reports halss shown
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attenuation of bleomyctmduced pulmonary fibrosis by inhibition of the Wnt pathway through
administration of small molecule Wnt inhibitoftdendeson et al. Proc Natl Acad SciU S A

201Q Wang et al. Am J Physiol Cell Physi@014) although this mawpccur,in part, through
effects on the mesenchyme rather than on the epithelial cells. Wimigyaitvas activated in the
bronchicalveolar stem cells (BASG# response to naphthalebased acute lung injury.
Although Wnt activation induced proliferation of BASCs, inhibition of Wnt activity by GATAG6
was demed necessary for differentiation and proper regeneration of the damaged epithelium
(Zhang et al.Nat GeneR009. Likewise, Stripp and colleagues showed bg-mediated
expression of mutarfi-catenin in airway epithelial cells that Wnt pathway activity was not
needed for repair of bronchiolar epithelium following naphthaledaced injuryZemke et al.,

Am J Respir Cell Mol Bi®2009.

Despitethe presence of multiplesident regenerative cell lineages, effective
regeneration following injury does not always occur in the lung, as ewiddmthe increasing
prevakence of fibrotic diseases of the lufigey et al.,Clin Epidemiol2013. Repeated injuries
and persistent inflammatory insults, and in some cases, genetic predispositions compromise the
regeneative potential of lung cells, leading to activation of fibrotic signals driving IPF, chronic
obstructive pulmonary disease and other ailm@fisgton et al. Nat Med2014. The Wnt
pathway, is widely reported to be activated in response to injury, and is shown to promote
proliferation of at least a subset of regenerative cell lineages, and yet, the regeneration of lung
after injury appears insufficient to waodf fibrotic diseases. Moreover, the increasing reports
citing Wnt pathwaynvolvementin initiating pro-fibrotic signals by mesenchymal ceflsim et

al., J Clin Invest2009 indicates a dual effect of Wnt activation resulting in regenerative
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epithelialsignals, but also activation of pfibrotic signaling which drives the pathology in

chronic fibrotic pulmonary diseases.

Kidney

The kidney is capable of recoydrom acute kidney injury (AKlinduced by ischemia or
nephrotoxic drugs, commonly affecting ttenaltubule. Althoughthe cells contributing to the
repair are still under investigation, a significant body of work sugglestproliferative and/or
de-differentiatedtubularepithelial cells are the major contributdosrepair(Humphreys et al.,
Cell Stem CelR008 Berger et al.Proc Natl Acad Sci U S 2014 Berger et al.Semin Nephrol
2014 Kusaba et alProc Nat Acad Sci U S 2014. Despite this intrinsic healing potential,
AKI results in significant morbidity and mortality, indicative of the inheldenitations to

regeneratiorfBonventre et al.J Clin Invest2011 Berger et al.Semin Nephra2014).

The Wndat/ébni n pat hway is activated in respor
gal actosidase expression in reportecatenmi ce exp
transcriptional activation or Wnt target gemeén2 expressioriLin et al.,Proc Natl Acad SciU S
A 2010. In ischemiareperfusioninduced kidney injury model, Duffield and colleagues showed
that kidney macrophages secrete Wnt ligands followingy, and that the Frizzled receptor 4
(Fzd4-expressing tubular epithelial cells are Wnt responsiveT he d i s r ucpttninon of W
signals in these cells by mutation of Fzd4 receptor or LRP5/LRPéasptors reduced
regeneratiomf tubular epithelium by increasing apoptosis of tubular epithelial, gtlsough
the effect was modest even wdbpleton of both Fzd4 and LRP5/6 activitinother study also
reported aggravation of AKI through increase in epithelial cell apoptosis upon-ggmdeic

depl et-catemn(Zbol et bl Kidney Int2012. However, an important caveat to this study
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i s tchaattenbi n depl et i on i-caterenfi¢atihbria signals| affectend thes ¢ an

survival and regenerative potential of these cells independ&vihippathway activity.

Chronic kidney disease (CKDs characterized by progressive interstitial fibrosis, often
l eading to kidney failure. A-cateniocmthway activatiotny s h o
after AKI is associated with progression to CKD, even though transient Wnt activity may aid
epithelial repair. The aut hor satemihpathwag howed ¢t h
activity by phar meateronlbiading to transeriptiomdadtor (cyatic AMP b
response elemebinding protein) CBRould block progression to CK[Xiao et al.,J Am Soc
Nephrol 2015. The effects of Wnt pathway on specific cells of the kidney have been implicated
in CKD pathogenesis in multiple studies. For example, the periaytesh are described as cells
that differentiate into the fibrogenic myofibroblagBonventre et al.J Clin Invest2011;
Kramann et al.Semin Nephrak014), express the myofibroblast markdpha smooth muscle
act i n Xind&pdAase to Wnt signaling activatifdiRocco et al.,) Am Soc Nephrd013.
Forced upregulation of Wift/c at e ni n s i g n adateninlinyhe mterstitai célls veas ng b
sufficient to induce increased myofibroblast differentiation, indicating a critical role for Wnt
pathway in interstitial fibrosis in the kidnéRiRocco et al.J Am Soc Nephrd013. In
unilateral ureteral obstruction (UJQwhich is the most commonly used murine model of kidney
fibrosis, Wntlg and e x p r «aenin mucleardogalization incredsa both the kidney
tubules and fibrous interstitial regions. eealr epor t ed t hat -cdehmckade of
signaling by intravenous injection abDkk1l-encoding plasmi vect or reduced r en:
MRNA expression and interstitial fibrogide et al. J Am Soc Nephr@009.  Wrcatenib
pathway activationvasalso reported to conbute to CKD progression by promoting podocyte

dysfunction(Dai et al.,J Am Soc Nephr&@009. In another studyboth hyperactivation and
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ectopic dowrregulationo f  Waeaterinbsignals led to podocyte dysfunction and compromised
glomerular filtration(Kato et al. J Biol Chen2011). Taken togethethese studies sugsfethat
inthe kidneyasint he | ung, tcateminEihwag hay Wiudce fejeneration by
putative 0f ac yHoweser, uporeprojpnged gngiry, ia hyperastiGation of the Wnt
pathway appears to initiate signals in multiple tglesleading to progressive fibrosis.
Skin

As a tissue that undergoes significant turnover and harbors multiple distinct stem and
progenitor cells, and yet routinely heals with a scar, skin displays a unique dichotomy of
regeneration and fibrosis upon injury.elimvolvement of Wnt pathway in skin injury response
is similarly dichotomouswith Wnt activity playing a critical role iepidermalktem cell
maintenance, hair follicle development and regenergkiuelsken et al.Cell 2003, Blanpain et

al., Annu Rev Cell Dev Bid@006, but also irdermal, fibroblast mediatestarring(Cheon et al.,

Proc Natl Acad Sci U S 2002 Cheon et al. FASEB 2006.

The stem/sterike cells and their respective proliferative progers (often referred to
as transient amplifying cells, TACSs) in the skin are mostly distributed in niches in the basal layer
of the interfollicular epidermis (IFEand the bulge of the hair follicléko et al.,Nat Med2005
Fuchs,J Cell Biol2008. The IFE consists of partially differentiated progenitors that undergo
asymmetric division giving rise to TACs and ultimately to basal epidermal cells that contribute
to epidermal stratification during development and homeostatic turfi@eeet al. EMBO Rep
2004 Lechler et al.Nature2009. The bulge stem cells, originally identified as slow cycling
Al abel r et ai)masedgpn theahgergetentionLoB @redeoxyuridine BrdU)

label(Cotsarelis et alCell 1990, are considered multipotesttem cells that can differentiate
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either to form cells of the hair follicle or give rise to the progenitors of the IFE upon (ot

al., Nat Med2005 Blanpain et al. Annu Rev Cell Dev Bid@00§ Levy et al.,FASEB J2007.

The Wnt pathway plays an integral role in the homeostasis and multipotelnothadf these

stem cell subtypes in the skin. Aside from being necessary for hair follicle development during
embryogenesi@Dasgupta et alDev1999 Alonso et al. Genes Dev003, Wnt-Lefl

transcription activation in bulge stem cells is specifically associated with initiation of hair cycle
in the adult skir{Dasgupteaet al.,Dev1999. In partially committed progenitor cells such as the
IFE stem cell§Gat et al. Cell 1998, or differentiated cells of the dermal papill@@shimoto et

al., Genes Dev000, Wnt pathway activation is reported to revert these cells to a multipotent
stemlike phenotype whereby they acquire an apiitt form de novo hair follicles. Consistent

with this observation, focal Wnt activation in IFE stem cells is reported to driveesetival and
proliferation to promote wound closure after injkym et al.,Science2013, and de novo hair
follicle formation from IFE stem cells likely by enhancing reversal to a multipotent phenotype
(Ito et al.,Nature2007). Hence, there is clear evidence tWat t -¢afenin/TCF/LEF signals are
important for stem cell maintenance, hair follicle formation and turnover of epithelium during
homeostasis and/or in response to injury. Although the role of the Wnt pathway in promoting
woundresurfacingoy the epidermigand its role in hair follicle regeneration has been widely
studied, none of the studibaveassessdthe effect on dermis, which is the regibwat
undergoescarring. Indeed, in human wounds, and in most rodent makelsmiting factor in
regeneratie wound repairs notre-epithelialization, but scar resolution in the dermis. Sthee
initiating signal for hair follicle morphogenesis during development originates in the dermis
(Aafirst dgYamgeetal JDematobSgiz20100) , and has not been c

decoded, the lack of hair follicle regeneration in most scarred wounds may be explained by the
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scarred nowtegenerative healing in the derniermal papillae cells are known to induce hair
follicle differentiation of epithelial cells during development and in hair reconstitution assays,
which indicates a need for dermal regeneration for new hair follicles to form after repair of full

thickness skin wounglyang et al.,J Dermatol Sci2010.

Studies of skin wound healing that examine scar formation in the dermis demonstrate that
Wnt pathway activation plays a pfibrotic rolein this compartmenfCheon et al.Proc Natl
Acad Sci U S 2002 Cheon et al. FASEB 12006 Akhmetshina et allNat Commur2012
Amini-Nik et al.,J Clin Inves20149. Al man and col | eageanies have shc
transcriptional activity, which is upregulated in mouse dermis in response to(iGjuegn et al.,
Proc Natl Acad Sci U S 2002, causd hyperproliferation of fibroblasts and increasesund
size(Cheonet al.,FASEB 200§ and fibromatosis in rodent excisional wound ma@eon et
al., Proc Natl Acad Sci U S 2009. Con v e r s-atenyndestdbilization by adenoviral cre
medi at ed eadnia éxond neducelourfal size and reversed the fibromatosis
phenotypgCheon et aJ FASEB 22006§. Si mi | ar | vy, prol categigd acti va
signalinghas beembserved in human hyperplastic wouri@eon et al.l.ab Inves2005. Skin
biopsies from patients with systemic sclerosis also reveal altered expressions of Wnt pathway
components resulting in an activation of Wnt signa(iogmaireet al.,J Invest Dermatc201Q

Wei et al.,Arthritis Rheun011).

Hence, the notion that Wnt pathway promotes regeneration in the skin may apply to hair
follicle regeneration in conditions such as &oja, or epidermal abrasion. However, for the
regeneration of fulthickness dermal wound, or burn wounds, the role of Wnt signaling needs to
be reexamined with a focus on dermal scarring. While Wnt activity is clearly needed for re

epithelialization, Wninhibition specifically in the dermis may be important to reduce scar. For
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example, our studies using small molecule inhibitors of the pathway, that caused a more
appr eci abl ecaterenflGrcdtiverotnansdriptionfspecifically in the dermis, promoted
regenerative wound repair with less scar(iBgstakoty et allFASEB J2015. This finding
aligns with the report by Al mamdstgooap deatl e
catenin which inhibits theA/n t -¢afenin signalinghroughout the wound, and is not limited by
use of an epithelial or hair folliclspecific promoter, successfully drives reduction in fibrosis and
wound sizgCheon et al. FASEB 22006. Although the same authors have reported that
complete ablation of Wnt pathway in the dermal macrophages prevented wound closure by
impeding granulatiotissue formatiorfAmini-Nik et al.,J Clin Invest2014), the study lends
credence to the idea that fine tuning of Wnt inhibition in the dermis may be kegrtmting
scarless wound healing in the skin. Development of effective pharmacological Wnt inhibitors
and dosing strategies that result in an appropriately calibrated Wnt signaling reduction

specifically targeted to the dermis may lead to new and eféeatdund healing therapeutics.
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Figure 3: Differential response to Wnt pathway in the epidermal and the dermal

compartments of skin.

In the epidermal compartment, which also consists of the hair follicles, stertilstem

cells (indicated as blugberical structures) are distributed in the basal layer of epidertiie

hair follicle bulge. These stem cells proliferate and differentiate into more specialized cells of the
stratified squamous epithelium or the hair follicle during homeostasispiiduess is aided by

an active Wnt pathway. In response to injury these stem cells contribute to epidermal cells that
cover the wound, also aided by the Wnt pathway activity. In the dermal compartment, the
fibroblasts (yellowish elongated structure) comsétthe majority of the cells. In response to Wnt
activation as a result of injury, these cells proliferate and secrete collagen matrix, which forms
granulation tissue, but also results in scarring. The known teroells in the dermal

compartment mayeside in the dermal papillae, and they are reported to contribute towards hair
follicle formation in development and in haigconstitution assays. Howevérere is no

evidence that they have any contribution towards regeneration in the dermis. Théhnefore,
dermal response to Wnt activation is primarily fibrosis, whereas the epidermal (and hair follicle)
response to Wnt activation is regeneration.
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Heart

The heart was historically considered a-megenerative organ devoid of a functional
stem cell poplation and unable to replace dying cardiomyocytes through mitosis. However, in
the last few decades, both of these views are being challeggeadence of cardiomyocyte
replenishment during the adult lifetime of hum#éBsltrami et al. N Engl J Med200%,

Bergmann et alScience2009, and more significantlipy reports of multiple cardiacesident
stem/pogenitor cells in the adult hegBeltrami et al. Cell 2003 Oh et al.,Proc Natl Acad Sci

U S A2003 Messina et al.Circ Res2004 Laugwitz et al. Nature2005 Yoon et al. Exp Mol

Med 2007 with the potential to regenerate cardiomyocytes following injury. Some of these
studies have led to clinical trials in which autologous cardiac stem cells were infused into the
coronary artery of myocardial infar@¥l) patients aker ex vivoculture and expansiofYacoub

et al.,Glob Cardiol ScPract2013. Thepositiveoutcomes from these studies have been modest
at best, mirroring the initial enthusiadoilowed-by-disinterest that cell therapy with bene
marrow derived CD34") mononuclear cells had garnered a few years jdiedong et alCirc
Cardiovasc Inten2014). Giventhe limited success of éseexpensive therapeutic approash

the interest in understanding signals that can augmesneegtive healingvith or without the
participation ofendogenous cardiac stem cells has persisted. As with its involvement in injury
response i n ot hcateninpathsay has been repbrted bWwmany studies to be
involved in both prereparatve and prefibrotic response to cardiac ischemic inj@gelarayan et
al., Proc Natl Acad Sci US2008 Oikonomopoulos et alCirc Res2011; Duan et al. EMBO J
2012.

T h e \Atateninfpathway is activated in multiple cells of the heart starting 72 hours post

injury (Oerlemans et alBasic Res Cardia201Q Aisagbonhi et al.Dis Model Mec2011).
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Consistent with its role in specification of cardiac progenitors during heart develo(Bessert
et al.,Circ Res2010, re-activation of the Wnt pathway after injury is repairte affect cardiac
progenitors in multiple ways. For example, Bergmann and colleagues have shown that
condit i on a l-catdninalpha myasim heavy chait) (M H)@xpressing cells of the
heart posinfarct piomotes infarct recovery by increasing cardiomyogenic differentiation of
U MH'Gcal (cellspartially committed to cardiomyocyte lineage) cardiac progenitors.

St abi | i zaenin uwsing the samé promoter reduced cardigemyio differentiation
(indicated by GATA4 ceexpression) of the partially committed progenit(Zslarayan et al.,
Proc Natl Acad Sci US2008. In more recent studies, the group have used kdogkn of
Kruppetike 15t r anscr i pti on f act aatenin/ECF maagripticl ve r egul a
activity, to s h ecateninsigaating pushe Sca&l pregemitordtowardstan
endothelial as opposed to a cardiomyogenic lineage commitment in the adult mouse heart
(Noack et al. EMBO Mol Med2012. Exogenous administration of secreted Frizzleldted
protein 2 (sFRP2), a secreted Wnt inhibitor, also promoted cardiomyogenic differentiation of
Scal progenitors in the infarcted heart through inhibition of canonical Wnt pathway and
conairrent activation of nowwanonical Wnt signaléSchmeckpeper et all,Mol Cell Cardiol
2015. In a study focusing on cardiac side population ¢bds wereidentified based on their
ability to efflux Hoechst3342 dye(Pfister et al.Circ Res2005, Wnt pathway activation by
injecting recombinant Wnt3a in tiperiinfarct region depletethe endogenous pool of cardiac
progenitors and worsened cardiac remodeling-pdatct (Oikonomopoulos et alCirc Res
2011). In vitro, Wnt3a exerted an anpiroliferative effect ortheseside-population progenitors
throudh insulingrowth factorbinding protein 3 (GFBP3 signaling(Oikonomopoulos et al.,

Circ Res2011)).
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Independent of stem/progenitor cells, the Wnt pathway is reported to affect infarct repair
through many other cells in the heart. Wnt inhibitigrsBRP2, for example, is credited with
promoting survival of cardiomyocytéMirotsou et al. Proc Natl Acad Sci US2007 Zhang et
al., J Mol Cell Cardiol2009. Conversely, injection of recombinant Wnt3a in the infarct zone
increased cardiomyocyte apopto@skonomopoulos et alCirc Res2011). Both of these
studies point to a direct effect of the Wnt pathway on cardiomyocyte apoptosis, which is an
important aspect of infarct pathology. However, other works have demonstrated an oppesite pro
sunvival effed of the Wnt pathwayn cardiomyocytes bgdenovirusmediated gene transfer of
nonphosphorylatablec o n st i t ut -cateaih iy theanfatcti zongiahb et al.J Biol

Chem20089.

The Wht pathway and its modulation also affect cardiac fibroblasts and their activity
postischemic injury. Overexpression or exogenous addition of §RRESFRR in the
infarcted eart are reported to promote healing by modulatiatrimnsynthesis and remodeling,
at least in partthrough Wnt pathway inhibitigrhowever Wnt independent roles of the protein
are also considered important for this eff@arandon et alCirculation 2003 He et al.,Proc
Natl Acad Sci U S £010. Other reports suggest that a{ifotic effect of Wnt pathay
activation actually promotes adaptive cardiac remodelingiptstt. Ina study by HyeSoo
Kim and coll eagues, ad e n eataninwads usgdamaettesthe Vdnh s f e r
pathway posinfarct; the authors reported enhanced fibroblast proliferation and differentiation of
fibroblasts into myofibroblasts, whiclugprisingly resulted in a slight improvement in cardiac
function, and a reduction in infarct size and adverse remodglialgn et al.,) Biol Chen2006.
More recetly, Duanet.als h o we d t kcatdnin $Mmdlirlg /s ctivated in the epicardium

following infarct, and leads to differentiation of epicardial cells into fibroblasts through the
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process of epitheliahesenchymal transition (EMTPuan et al. EMBO J2012). Disruption of

this signal in either the epicardium or in fibroblasts using inducible genetic models increased
cardiac dysfunction and ventricular dilatation following ischeregerfusion injuryDuan et al.,
EMBO J2012. Other studies have shown that Wnt inhibition by SFRP2 overexpression
increases the potency of exogenous bmaerowderived mesenchymal stem cells in promoting
cardiac repair poshfarct (Alfaro et al.,Proc Natl Acad Sci US2008 Alfaro et al.,J Biol
Chem2010. Wnt signals also affect angiogenesis during infarct repagrmanst. alshowed
that blocking Wnt/Frizzled signaling by a peptide mimic of Wnt3a/5a improved
neovascularizatiofLaeremans et alCirculation 2011), while another study reportedpositive
role for the Wnt pathway in mediating neovascularization in the infarcted heart thrasghar
endothelialgrowth factor YEGF) and Ang1l signaléPaik et al. Circ Res2015. The role of Wnt
pathway in infarct pathology anépair is complex and muifaceted, and this complicates
efforts at understanding effects of Wnt modulation using genetic models, that are limited by the

promoters or cells types used for targeted mutations.

Other tissues

Other tissues illustratthe comgicated, and more commonly, negative role of Wnt
pathway in injuryand repair. Beletal musclea partially regenerating tissusessatellite cells
with a remarkable ability to facilitate regeneration of injured mugteinitial inhibition of the
Wnt pahway followed by a brieéctivationis necessary for complete regeneratidiskeletal
muscle(Brack et al. Cell Stem Cel2008. In keeping with the theme of Wnt being a {fikwotic
factor, a sustained increase in activitytltd canonical Wnt pathway in the myogenic progenitors
is associated with increased conversion ofliateells from myogeit to fibrogenic lineages in

agng mice(Brack et al. Science2007). In the liver, another tissue with facultative progenitors
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that successfully regenerate the tissue after injury, fibrosis can occur as a result of chronic injury
from drug or alcohol toxicity and persistent viral ictien. Wnt pathway activity is implicated in
promoting fibrosis through myofibroblast differentiation of liver progenitor cells, known as
hepatic stellate celVyung et al. FEBS Let007 Miao et al.,Biochimie2013. In contrast,

Whnt is ascribed the role of mediatihngmeostasis anegeneration through proliferation of both

the hepatocyte€sougelet et alint J Hepatol2012 Wang et al. Nature2015, and the more
guiescent liver progenitof¥ang et al. Cancer Re2008. Hence, iltmanymammaliartissues,
regardless of their intrinsic regenevatand selfrenewal potential, or lack thereof, the recurring
patternappears to be a positive, albeit complex and contextell subtypedependent, role for

the Wnt pathway in stem cell homeostasis/proliferation/differentiation, and a concurrent pro
fibrotic effectfrom longer term Wnt activatiofAkhmetshina et allNat Commur2012. In the

face of this dichotomy, pharmacologic agents that allow targeting of the overall Wnt pathway (as
opposed to specific ligands or recapttargeted by genetic models), and fine tuning of the level

of Wnt inhibition in a spatidemporally restricted manner may be crutiehchiewe a

therapeutically relevant wound healing outcome.

Wnt therapeutics: small molecules for big gains in regenetan

The involvement of Wnt pathway in fibrotic diseases, and even more commonly, cancers
(Kinzler et al.,Cell 1996 Morin et al.,Sciencel997 Liu et al.,Nat GeneR00Q Oskarsson et
al., Nat Med2011J), has engendered widespread interest in devad Wnt inhibitory
therapeutics. However, progress has been slow because of the enormous complexity of the
pathway, and the wideanging effects it has on homeostasis of multiple tissues. A number of
FDA-approved drugs that inhibit the Wnt pathway aresa in the clinic, although Wnt

inhibition may not be recognized as their primary mode of action-Stknoidal anti
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inflammatory agents (NSAIDSandcyclooxygenas@ (Cox2) inhibitor (celecoxib) can inhibit
Whn t -¢atenin mediated transcriptigBihlmann et al. Oncogene001), and reduce polyp
formation in patients and in mous®dels of colorectal cancéBiardiello et al. N Engl J Med
1993 Tuynman et al.Cancer Re2008. More recently, higtthroughput screening using Wnt
activated luciferase reportenasled to identification of novel compounds or repurposing

opportunities of known drugs as Wnt inhibit¢Fsgure 1 and listed in Tablel)
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Table 1 Wnt pathway inhibitors and progress in the clinical and preclinical pipeline

Drug class Compound Molecular target Drug Reference/Company
developmental
stage
Small molecule | Pyrvinium Acti vat es | FDA-approved anti (Thorne et al.Nat
helminth Chem Biol2010
Niclosamide Inhibits Frizzled FDA-approved anti | (Chen et al.,
endocytosis helminth Biochemistry2009
XAV -939 Inhibits Preclinical (Huang et al.Nature
tankyrase/stabilizes 2009
AXin
IWR-1 Stabilizes Axin Preclinical (Chen et al.Nat Chem
Biol 2009
iCRT Pr e v ecaténm Preclinical (Gonsalves et alRroc
binding to TCF Natl Acad SciU S A
2011
ICG-001 Pr e v ecaténi Preclinical (Emami et al.Proc
binding to CBP Natl Acad SciU S A
2004
PRI-724 Pr e v ecaténm Phase | for Prism Plarma
binding to CBP advanced solid
tumors
clinicaltrials.gov:
NCT01302405
IWP Inhibits Porcupine Preclinical (Chen et al.Nat Chem
activity Biol 2009
LGK-974 Inhibits Porcume Phase | for Wnt Novartis

Biologics

OTSA101 mAb

Vantictumab

OMP-54F28

UM206 (Wnt3&/5a
peptide mimetic)

activity

Frizzled10

Frizzled

Wnt scavenger

Blocks Frizzled
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driven malignancies

clinicaltrials.gov:
NCT01351103

Phase | for synovial

sarcoma
clinicaltrials.gov:
NCT01469975
Phase | for solid
tumors
clinicaltrials.gov:
NCT01345201,
NCT01957007,
NCT01973309,
NCT02005315
Phase | for solid
tumors
clinicaltrials.org:
NCT01608867,
NCT02050178,
NCT02092363,
NCT02069145

Preclinical

OncoTherapy Science

OncoMed
Pharmaceuticals

OncoMed
Pharmaceuticals

(Laeremans et al.,
Circulation 2011,
Uitterdijk ¢ al.,Lab
Invest2016



Pyrvinium, aFood and Drug AdministratiofFDA)-approved anthelminth was
identified as a potent Wnt inhibitor in a Wnt/T@&sponsive luciferase scre@€imorne et al.Nat
Chem Biol2010. The compound potentiates CKJ, enab | i n g-caleaigTharat i on
et al.,Nat Chem BioR010, andit has been shown to improve infarct reg&araswati et al.,
PLoS One2010, and promoteegenerative healing of cutaneous inj(Bastakoty et aliFASEB
J 2015. However,in cardiac studigsntra-cardiac injection of the drug resulted in significant
mortality of the animal§¢Saraswati et alPLoS One2010, curbingthe potentialof this drugas a
therapeutic agentunless it can be reformulated to counter the systemic toxfityther ant
helminth,niclosamde, was also identified by a similar approach as an inhibitor of the Wnt
pathway. Niclosamide acts by preventing Frizzled endocytosis upon ligand bftdieg et al.,
Biochemistry2009. Both Pyrvinium and Niclosamide, adthgh FDAapproved, have the
limitation of being developed originally as orally administered compounds targeting the
gastrointestinal tract, and hence present a need for thorough examination of their systemic

bioavailability and safety.

Another small moleale Wnt inhibitorthatt a r g e tcatenih degrad#&tion complex by
stabilizingaxin2, aratedd i mi t i ng ¢ o Atptenm degradatorf conplexe wals identified
by Feng Cong and colleagues in a Wegponsive luciferase screen. XA39 stabilizesxin by
inhibiting tankyrass(Huang et al.Nature2009, and has been reported to suppress growth of
Whnt-driven cancer cells derived from colorectal carft®aaler et al.Cancer Re2012 and
neuroblastoméTian et al. J Exp Clin Cancer Re&013. In our study ofa cutaneous injury
model, topical treatment of skin injury with XA939 showed remarkable improvement in
regenerative wound repair with reduction in fibrosis, and regeneration of auricular cartilage

(Bastakoty et alFASEB J2015.
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Si nce ¢ o mp o-catemrtdsegradation tomelex,fparticularly ARG mutated
in a number of Wntlrivencancers s ome i nvestigator s-catemmve focus
responsive transcription ( CRcatenindindingtoTAFpr i n t h
other transcription céactors in the nucleus&Gonsalves et alRroc Natl Acad Sci U S 2011).
Besides circumventing the limitations of dysregulation of other Wnt pathway components, this
approach count er s-cdtehieprotein fevelsa senae interéerding with£ ng b
c a d h ecatenmAignals. IC® 0 1, wh i c-dateninfTGR niedidtesl trabscriptional
activity by binding to transcription efactor CBP (CREB Binding Protein), was identified by
Emamiet.al (Emami et al., Proc Natl Acad Sci U S A 2p@though the drug successfully
reduced proliferation of colorectal carcinoma cells, improved heart function in rat myocardial
infarct modelSasaki et alPLoS One€013, reversed pulmonary fibrosjslendeson et al.,
Proc Natl Acad Sci U S 2010, attenuated renal fibrogjslao et al.J Am Soc Nephrd@011),
and inhibited Wridriven cholangiocarcinom@oulter et al.J Clin Invest2015, concerns about
the ofttarget effect of preventing CBP binding to its many other transcription factor partners
persist among reseadrers(Vo et al.,J Biol Chen2001; Gonsalves et alRroc Natl Acad SciU S
A 2011J). A second generatio@ B P-tabenin inhibitor PRI724 with improved plasma hdlife
entered Phase | dose escalation study for advanced solid tumors in 2011, and showed no safety
issueshut the study was terminated for unclear reaqofisicaltrials.gov: NCT01302405)
Meanwhl e, ot her CRT tcaténin bindingta its transariptpredactors Haveb
also been investigated. Shi vdacatenm/TCFaindihg col | ea
based higkthroughput screen, and identified small molecules that inhibfiteninTCF binding
(Lepourcelet et alCancer Cell2004). Unfortunately, since the screen was performed in a cell

free system, the small moleculeswsfedl offt ar get i ncatenmAPC ibiodmg vehén b

28



tested in cell lines. Similarly, Gonsalvesali dent i fi ed s p ecatenindriven i nhi bi t
transcription using RNAI based chemical genetic screen of small molé@dasalves et al.,

Proc Natl Acad Sci U S 2011). The lead compounds identified in the screen inbddiyn t-/ b

catenin reporter activity and redulggroliferation in myeloma cell@Narayanan et alAnticancer

Res2019).

While these CRT inhibitors have moved towards the clinic with slow, halting
progression, the recent identificationtbé acyltransferasporcupine that isneeded for Wnt
ligand secretion as a druggable Wnt pathway target has garnered much enthusiasm.
Consequently, new small molecule Porcupine inhibitors have been described by multiple groups
(Chen et al.Nat Chem BioR009 Liu et al.,Proc Natl Acad Sci U S 2013 Proffitt et al.,
Cancer Re2013 Kabiri et al.,Blood2015. One of the porcupine inhibitors identified in those
screens, LGK974is currently in Phase | dose escalation studies for malignancies driven by Wnt
ligands(clinicaltrials.gov: NCT01351103)n work currently in preparation for publication, we
reported a significant improvement in cardiac recovery post infarct by treatment with an analog

of LGK974 (BastakotyManuscript in preparation2016).

Although small molecules constitute the bulk of the drugs being developed to target the
Wnt pathway, biologics such as blocking antibodies and Wnt peptide mimetics have also been
developed, and some are being tested in diri@als (Blagodatski et alMol Cell Ther2014).
Antibodies against Wnt5@danaki et al. Mol Cancer The2012 and Wnt1(He et al. Oncogene
2005 have been described be effectiveagainst Wntdriven gastric and colorectal cander
rodentmodels. However, none of the aklitint antibodies have reached clinical studies On
the other hand, antibodies against Frizzled receptors are making considerable progress in the

clinical or preclinical pipelines. OTSA101, a chimeric humanized monoclonal antibody against
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Frizzled 10, developed by OncoTherapy Science, has redehask | clinical trial for synovial
sarcoma, in which FrizzletlO is uniquely expressd@lagodatski et al.Mol Cell Ther2014
(clinicaltrials.gov: NCT01469975) Another antiFrizzled monoclonal antibody, Vantictumab,
developed by Oncomed Pharmaceuticals has completed Phase | trials for solid tumors
(clinicaltrials.gov:NCT01345201)and is in ongoing Phase | studies for lung cancer
(ClinicalTrials.gov: NCT01957007)metastatic breast candefinicaltrials.gov: NCT01973309)
and stage IV pancreatic cangelinicaltrials.gov: NCT020053153s a combinatoridgherapy

with cytotoxic chemotherapeutic agents. A different biologic by Oncomed Pharma50Ng8,

a Wnt scavenger formed by fusing the Wnt binding region of FrizZledFc region of IgG
(DeAlmeida et al.Cancer Re2007), is also in Phase | dose escalation studies for a number of
different solidtumors either as solo agent or in combination with cytotoxic chemotherapeutics

(clinicaltrials.org: NCT01608867, NCT02050178, NCT02092363T02069145).

Wnt mimetic peptides are another class of biologics that are being developed for
targeting the Wnt athway, andheyhave made considerable progress in clinical orcprécal
studies(Blagodatski et allMol Cell Ther2014). UM206, a Wnt3a/5a peptide mimic that blocks
Wnt/Frizzled signaling, prevented infarct expansion and development of heart failure in both
mouse(Laeremans et alCirculation 2011) and swingUitterdijk et al.,Lab Inves016

models.

These interventions to targdie Wnt pathwaym the clinic have enormous potential in
promoting tissue regeneration, although many of thawe beermriginally developed as cancer
therapeutics. In addition to the development of pharmacologic agents, design of new tools or
repurposing of existing ondgr targeting these therapeutics to the tissue of interest, and fine

tuning their delivery would be paramount to their success as therapeutics. Since Wnt pathway
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activity is critical in homeostasis of certain tissues, and the role of Wnt activationatiarhis

often biphasic and context or cell type dependent in most tigbgesptimization of delivery,

dosage and targets is critical for safety of patients. The need for carefully assessing safety and
off-target effects of Wnt antagonists has beemgiified in the case of the FrizzlelD mADb
Vantictumab, and the Wnt scavenger OB#F28(Grover,Reuters Life2014. The Phase |

clinical trials for these drugs, developed®gcomedTherapeutis, were put on temporary hold

by the FDA because of mitb-moderate boneelated side effects on patients. Although the
studies have resumed after revision of study protocols to mitigate féabts(BioSpace Life
Sciences News+Jol2014), thisexperienceeiterates the need to optimize delivery and dosage

SO as to minimize the systemic exposure to the drugs, and to waallatéraleffects on tissues

or cells thatrequireWnt activity for homeostas. In cutaneous injury, for example, controlled
release scaffolds placed in the dermis may allow targeting of the drug specifically to the dermis,
where fibrogenesis occurs, without undesired effects on the epidermis or hair follicles. Similarly,
in theheart, use of implantable stents to release the drug directly into the infarct region, and
hence reduethe doseand systemic exposure to the drug, may aid in achieving optimal Wnt

inhibition while minimizing the ofttarget effects associated with systendivery.

Conclusion

The Wnt pathway, with its contradictory roles in regeneration/stelhmaintenance and
fibrosis presents a conundrum for therapeutic targeting. After more than three decades of intense
investigation, understanding the completle f the Wnt pathway in homeostasis and disease is
still a work-in-progress, and no Wnt therapeutics have succeeded in reaching jahiesses et
al.,, EMBO J2012, Kahn,Nat Rev Drug Disco2014). This can mostly be attributed to the

increasing complexity of theathway and its wide ranginglisparate rolem various tissues
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These aspects make targetngre complicatedintil more knowledge of the pathway is gained.
Based on the lessons learned from the genetic studies, whereby the effects seem to vary
dependingon the specific part of the Wnt signaling cascade that is tar{f@senland et al.Circ
Res2007 Paik et al.Circ Res2015), innovative interdisciplinary approaches such as systems
biology approaches armbmputational modeling may be able to provide additional insights into
the outcomes of targeting specific members of the pathway. Additionally, future studies that
elucidate cea ¢ t i v a-tabenirstrarsdriptién involved in activating transcriptiorsjpécific

Whn t-¢afenin target genes in a given context may allow development of targeted inhibitors with
potentially fewer offtarget effect¢Teo et al. Proc NatlAcad Sci U S 2005 Miyabayashi et

al., Proc Natl Acad Sci U S 2007).

Despite the challenges i n s adtemihpathwapfdr ef f e c
regeneration, given its widanging effects in multiple tissues and pathologies, any concrete
progress in the area is likely to result in big gains in reaching the patient. Our constantly
improving understanding of the intricacies of the Wnt pathway, and availability of increasingly
more sophisticated tools to target it in the tissue of interest present unprecedented opportunities
for effective Wnt inhibitory therapeutics that can significantly improve regenerative healing of

multiple types of tissue injuries.
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CHAPTER 2
INHIBITIO N OF WNT/BETA-CATENIN PATHWAY PROMOTES REGENERATIVE

CARDIAC REPAIR FOLLOWING MYOCARDIAL INFARCT

Introduction

T h e \Atateninpathway is temporarily activated in the heart following myocardial
infarction. Despite data from genetic models indicating lpotitive and negative role for the
Wnt pathway, the overall effect of therapeutic inhibition of Wnt pathway on post injury outcome
are unknown. We sought to investigate whether temporary pharmacologic inhibition of the Wnt
pathway posinfarct can mitigateardiac dysfunction and fibrosis using a newly available, small
molecule, GNF6231, which averts Wnt pathway activatiomhipiting activity of the G
acyltransferase porcupine, and hehlmeking Wnt secretion. Sheterm treatment with GNF
6231 signifiantly reduced the decline in cardiac function, prevented adverse cardiac remodeling,
and reduced infarct size. Histologically, Wnt inhibition augmented proliferation of interstitial
cells, particularly in the distal myocardium, inhibited apoptosis of cargocytes, and reduced
myofibroblast proliferation in the pemfarct region. In vitro studies showed that Wnt inhibition
increased proliferation of Scal+ cardiac progenitors, improved survival of cardiomyocytes, and
inhibited collagen | synthesis by céd myofibroblasts. These data point to a promising role for
Whnt inhibitory therapeutics as a new class of drugs to drive post Ml repair and prevent

progression to heart failure.

Myocardial infarct pathology and disease progression

Cardiovascular diseass the leading cause of death in the United States, and coronary

heart disease, which leads to ischemic myocardial injury, the most common cardiovascular
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disease with a toll of 370,000 deaths each year iV$héMozaffarian et al. Circulation

2015). Cardiomyocyte apoptosis and fibrosis initiated by an infarct result in continuing adverse
remodeling of the myocardium, which leads to eventual liegwtre (Sutton et al. Circ2000;

Mill et al.,Braz J Med Biol R&X011). Current therapies for Ml focus mostiy disease
management and prevention of Ml recurrence. Hence, there is a need to develop effective
therapeutics that addresses the core pathophysiology: particularly the ongoing cardiomyocyte

death and fibrosis that occur in the aftermath of an infarct.

Whn t -tafenin pathway in myocardial infarct repair
T h e \bateninfpathway is activated in various cardiac cells in response to ischemic

injury (Oerlemans et &, Basic Res Cardi@010; Aisagbonhi et al.Dis Model Mecl2011),

and has been studied by many groups in the context of myocardial infarct repair. In genetic
model of Wnt pathway modulation throg kcaténin stabilization or depletion in
cardiomyocytes, Wnt activation leads to adverse remodeling after ischemic injury, whereas Wnt
inhibition improves functionBaurand et al. Circ Re007; Zelarayan et al.Proc Natl Acad

Sci USAR008). Studies using overexpression or exogenous administration of secreted Wnt
inhibitors (secreted Frizzleaelated potein 1 and 2; sFRP1, as&RP2(Barandon et al.,
Circulation 2003; He et al. Proc Natl Acad Sci U S2810)) have shown that Wnt inhibition
stimulates recovery of cardiac function and reduces scarring after Ml through effects on
cardiomyocyte survival (10), matrix depositiBarandon et al. Circulation 2003; He et al.,

Proc Natl Acad Sci U S2810) and immune infiltratiorfBarandon et al.Circulation 2003).

Our work has also shown that overexpression of sSFRP2 in mesenchymal stem cells (MSCs)

transplanted into infarcted heart improves cardiac repair. Moreover, pharmacologic inhibition of
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the Wnt pathway also, preventedvatse cardiac remodeling, induced revascularization in the
infarcted hear(Saraswati et al.PLoS On2010; Murakoshi et al.,PLoS On2013) and
reduced scarring, possibly by reducing fibroblast sur{ivialrakoshi et al.,PLoS On@013).

However, there are conflicting reports suggesting that Wnt activation can also enhance
postMI cardiac repair. Paikteal showed that gainf-function of a canonical Wnt ligand, Wnt
10b, in cardiomyocytes can orchestrate recovery by augmenting neovasculaRathoet al.,
CircRes2015).1 nt errupt i-oat erfi Wndi driadl s specifically
catenin deletion was reported to impede adaptivdiprotic responséWoulfe et al.,Circ Res
2010; Duan et al. EMBO 2012), whereas posnfarct injection of adenoviral vector with
const it ut 4cateaih reducec infarcyseze dy boosting cardiomyocyte winand
granulation tissue formation by myofibroblasts (16). Some of the discrepant observations may be
explained by ligandWoulfe et al.,.Circ Re010) andcell-type depender{Hahn et al.,J Biol
Chem2006) effects of Wnt signaling on healing. Moreover, the genetic models that use cell
specific promoters to modulat¥nt signaling have caveats such as incomplete targeting of the
microenvironment, inability to transiently inhibit the signal, and unintended physiological effects
on the cell types t araeninendtatignfincepicardiad ece@panhet, ¢ o mp
al.,EMBO 2012) may lead to deficiencies in the developing heart as reported in previous
studies (von Gise et al.Dev Biol2011) complicating the investigation of its effect on the
infarcted heart). Hence the oviteffect of the pathway may be different based on the-paiat
and dosage of Wnt sigr@ala short or low Wnt activity being needed for initiation of healing and
granulation tissue formatigfuan et al. EMBO 2012), and a long term Wnt activation leading
to fibrosis, hypertrophyWoulfe et al.,Circ Ref010) and subsguent disease progression.

Given these factors outlined above, and given that the majority of studies, including our own
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work (Bastakoty et al. FASEB 2015), suggesting a proeparative role for poshjury Wnt
inhibition in multiple injury modelgCheon et al.Proc Natl Aad Sci U S 2002; Kim et al.,
Tohoku J Exp Me2011), we sought to investigate the effect of skhierm therapeutic Wnt
inhibition on cardiac recovery following Ml in a mouse model of permanent ligatiohe left

ventricle descending coronary artery.

Phar macol ogi ¢ i n katdnin paihwag folloviing myoeardidV mtartt b
The paucity of safe and effective Wnt inhibitors suited for clinical use has delayed efforts

to assess therapeutic Wnt pathway inhibition in cardiac irffamastas et al.Nat Rev Cancer

2013; Kahn,Nat Rev Drug Disco2014). Recently, with the new class of Wnt ligand secretion
inhibitor® an analog of which, has advanced to clinical stuEs/artis, Clinicaltrials.gov

2014), we are able to investigate the potential of sygtaint inhibition for postMI cardiac

injury repair. Our study showghat shoriterm pharmacologic Wnt inhibition following

experimental Ml augments cardiac repair, characterized by improvement in functional and
remodeling parameters, and reduction idagEnous scar. Our data suggests that this occurs
through effects on multiple facets of cardiac pathology including, proliferative response in
interstitial (possibly, progenitor) cells in the heart, through reduction in cardiomyocyte apoptosis,

and throughmitigation of myofibroblast proliferation and collagen synthesis.

Results

GNF-6231, a porcupine inhibitor, downregulates Wnt target gene expression and is
bioavailable in vivo

In order to investigate the physiological and cellular effects of Wnt ifdwibiin postMI

cardiac regeneration, we utilized GME31, a small molecule inhibitor of the acyltransferase,
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Porcupine. Porcupine is the enzyme responsible for thetpaostational palmitoylation of Wnt
proteins that is required for both Wnt secretismeell as binding of Wnts to their receptgtsu

et al.,Proc Natl Acad Sci U S2813) (Fig 4A). An analog of the compound is currently in
Phase | clinical tria as Wnt inhibitory therapeutics for can¢Biovartis, Clinicaltrials.gov

2014). GNF6231 inhibits porcupine enzymatic activity with a cellulagl@f 0.8 nM, and does
not show cytotoxicity up to 20 uNICheng,To be submitted?016). In Wnt3a overexpressing
cells, it potently inhibits Wnt pathway activation as indicated by Axin2 mRNA |dFajs4B).

In vivo, the pharmacokinetic (Akand pharmacodynamic (PEelationship of GNF6231 was
investigated following a single 5 mg/kg intravenous administration to C57BL/6J mice- GNF
6231 showed high plasma level, and free plasma condenggmouse plasma protein binding
of GNF6231 is 88%) above its in vitro Porcupined®r at least 6 h (Fig 4C). Plasma haif

life of GNF6231 was estimated to be 2@8urs Fig 4C). The expression of the Wnt target gene
Axin2 was measured in liver tigss.Inhibition of Axin2 expression occurreghto 24hours post
intravenous injectionHig 4D). Since GNF6231 inhibits the enzymatic activity of Porcupine,
impeding Wnt secretion, an expected time delay was observed between pe@&2&NHasma
concentréon (5 min) and the maximum PD response as measured by Axin2 inhibition similar,

to that described by Liu at @liu et al.,Proc Natl Acad Sci U S2813) (Fig 4D).
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Figure 4: GNF-6231 inhibits canonical Wnt pathway activity in vitro.

(A) Schematic of the Wnt pathway and point of action of Wnt inhibitors, -GR31 and €113.

(B) Fold change in Axin2 gene expression in Wnt3a overexpressing caedlimshowing

GNF6231 treatment reduced Wnt target gene exp
Repeated measures ANOVA with Bonferroni correction for multiple comparid@jdyV free

plasma level of GN¥6231 after a single intravenous injection of Skag The plasma halife

of the drug was approximately 2.3 hours; GBIE1 free plasma concentrations were above in

vitro Porcupine 16 for >12 h.(D) gRT-PCR showed inhibition of AXxin2 gene expression in

liver at different time points following a singlemg/kg intravenous treatment with GMR31

(N=2 per timepoint). Bars represent MeantSD.

38



Systemic administration o5NF-62321 does not cause toxicity to Wakkpendent tissues in
Vivo.

Since the canonical Wnt pathway is constitutively active inagetissues such as colon
and skin, we assessed the potential toxicity of inhibiting Wnt signaling in these tissues. With 6
daily consecutive treatments of 5mg/kg GBIE31 intravenously (dosage and regimen used in
our studiesgdescribed irFig 7A), therewas no effect on histology a@blon (Fig 5A), or b-
catenin expression and localization as detectachbyunostaining ig 5B), signifyingno Gl
tract toxicity of the drug. Likewise, no effect on skiistology Fig 5C) wasobserved in GNF

6231 treated animals compared to vehtodated controls.
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Figure 5: GNF-6231 causes no detectable toxicity in Wrdependent tissues

RepresentativéA) H&E stained sections, an{@) b-catenin immunostained sections of the colon
depicted that GN¥6231 treatment had no effect on colon morphologyfaodtenin protein

level and localization in the tissug€) Representative H&E stained sections of skin from GNF
6231 or vehicldreated animals. Scale bars in A and B equal 50um.
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The Casein Ki n-al8ahibitddVnatargetigena éxpraien i cells treated with
recombinant Wnt3a
To confirm our findings with GN¥6231 in vitro, we used a small molecule Casein

Kinaseta | p ha ( CK1 U)WSHL8(Thormeset abNat Cidin BioR010), referred to in
thischapteras G1 1 3 . | t -catemin degradationtchnglexa18, 26), and hence inhibits
the Wnt pathway by a mechanism of action that is distinct from-G281 Fig 4A).

Quantitative reatime PCR for Wnt target gene, Axin2 showed that X3 inhibits Wnt pditway
activation induced by treatment with recombinant WNT8# 6). Since G113 targets the Wnt
pathway downstream of Wnt ligand secretion, it allowed us to investigate the effect of Wnt

inhibition without the need to overexprést3a
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Figure 6: C-113 inhibits Wnt target gene expression
Graph showing relative Axin2 mRNA expression detected by-BRR in Scal+ progenitors
treated with recombinant WNT3A or with recombinant WNT3A and Wnt inhibitd1G. Bars
represent mean+SD. N=3**P O0. 01 and * fvals tedt With Dunksrcarreckoa |
for multiple comparisons.
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Treatment with GNF6231 inhibits postM |1  Wrcatédnib pathway activation in the infarcted

heart

Previous studies have shown that the canonical Wnt patlsnayivated in the infarcted
heart starting around 72 hours pegperimental M(Oerlemans et alBasic Res Cardia201Q
Aisagbonhi et al.Dis Model Mec201]). Wnt pathway activation is reported to peak between 7
to 14 days posnjury, after which it begins to recede to baseline lei®isagbonhi et al.Dis
Model Mech2011). To avert this early, transient pasjury Wnt activation, we treated mice
(C57BI6 and Wnt reporter, TOPGAL mi¢aisagbonhi et al.Dis Model Mec2011); age O1 2

weeks) with intravenous injection of 5mg/kg GI8231 or vehicle every 24 hours through day 6

after injury Fig 7A) . | mmunos-tat enng ¢ on G-palaB&dsidaedip, and

TOPGAL mice) showed that GN6231 treatment reduced nuclean d ¢ y t oecatenmns mi ¢
levels Fig 7B  a n)d, Ba& n dgaldctosidasé prdiein levekig 7C) in the periinfarct

region compared to vehicle treatment.
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Figure 7: Porcupine inhibitor treatment inhibits Wnt pathway activity in the infarcted

heart.

(A) Schematic summarizing animal study timelines. Mice were treated with daily intravenous
injection of 5mg/kg drug or vehicle following MI and continued through day 6. For cardiac
recovery studies, mice underwent echocardiography at day 7 andr30stetogy, a separate
cohort of mice was sacrificed on day 3, 7 and(B%b-catenin immunostaining of peinfarct
region of ventricles at daf showed reduction ib-catenin levels with GNF6231 treatmeqtB 6 )
High magnification image of vehiclgeated tissue showed nuclear localizatiob-catenin
signifying Wnt pathway actation. (C) b-galactosidase immunostaining in ventricle sections
from Wnt reporter, TOPGAL mice demonstrated inhibition in Wnt activity at day 7 post infarct
with GNF6231 treatment. Scale bars equal 50um.
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GNF-6231 improves pos¥l recovery/repar.

In order to determine the physiological effect of temporary-ptistVnt inhibition,
cardiac function and remodeling were assessed at day 7 and day-80l pssig
echocardiographyT@ble 2). Left ventricular internal dimensions at diastole andadg«LVIDd
and LVIDsrespectively) were used as measures of cardiac remodeling. At day 3@l pthst
GNF6231 treated hearts hémver LVIDd and LVIDs compared to vehicteeated mice
(LVIDd: 3.83£0.45mm vs. 4.32+0.68mm, p=0.0377; LVIDs: 2.35+0.38mm vs. 2.84+0.64mm,
p=0.0446:Table 2). To account for variations between mice within the experimental groups, we
calculated percent chge in each of the parameters from day 7 to day 30 for each individual
mouse. The percent change in both of the parametersidfwei cul ar remodel i ng (
&LVI Ds %) wer e si grR3lireatadvs. Vekiclelr evad re di me@ME s ( e
2.287N12.36 vs. 16. 1094881143365 vspl7.09848.012p40.005L VI Ds
Fig 8A and B, Table 2), indicating thatwnt inhibition prevented adverse ventricular
remodeling. Ejection Fraction (EEBnd Fractional Shortening (F&ere measures of cardiac
function. At day 30 posiml, GNF-6231 treated mice hadghier EF (0.75+0.05 vs. 0.71+0.06,
p=0.0421), and higher FS (38.71+4.13% vs. 34.89+4.86%, p=0.0aR%& 2) compared to
vehicletreated controls. The percent change fromdé&y 30 in both parameters of cardiac
functi on ( &lwebéonavemrge,asifrficantly higher for each mouse in G281
treated group compared to vehitler e at ed group ( ®E®R3%trea®dv8.3N1. 25
1.723+£2.36 in vehicktreated, p=0.018; and a&F S %: 16234 featedvd 2 i n GNF
1.713£3.59 in vehicktreated, p=0.0269zig 8C, Table 2), suggesting that Wnt inhibition

prevented worsening of cardiac function in the injured heart.
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The percent infarct area, as determined by blindedmso r p homet ry of
trichrome stained leftentricular sectionsHig 8E and F) by a pathologist at deB0, was
significantly lower in GNF6231 treated hearts compared to vehicle control (9.07£3.99% in
GNF-6231 treated vs. 17.18+4.97% in vehitileatel; p=0.0152), indicative of a reduction in
myocardial scarring with Wnt inhibition. Hence, G231 augmented overall cardiac repair

and recovery following LV infarct.
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Figure 8: Porcupine inhibition improves cardiac function and reducesadverse remodeling
after MI.

(A and B) Left ventricular remodeling was measured as % chan{®)ibVIDd and (B) LVIDs.

LV function was measured as % chang€dn FS and D) EF. Data showed no increase in left
ventricular diamete¢A and B), and improvecatardiac functiofC and D) with GNF6231
treatment compared to vehic(&) Ma s s trichfbose stained representative sections of the left
ventricle at day 30 depicted more collagen stained (blue) area in viebigled LV compared to
GNF623ttreated(F) Quantification of infarct size. Each data point on graphs represents
individual mouse* POO . 05, * * POO ; Wnpaired test* * * PO0O. 005
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Table 2. GNF6231 treatment promotes cardiac recovery pos|

Echo parameters VEHICLE GNF-6231 p values
LVIDd (mm) DAY 7 3.74+0.60 3.95+0.42 ns; p=0.3229
DAY 30 4.32+0.68 3.83z£0.45 *p=0.0377
LVIDs (mm) DAY 7 2.43+0.55 2.45+0.39 ns; p=0.7378
DAY 30 2.84+0.64 2.35+0.38 *p=0.0446
FS % DAY 7 35.48+4.65 38.24+4.69 ns; p=0.174
DAY 30 34.89+4.86 |38.71+4.13 *p=0.0325
EF DAY 7 0.72+0.06 0.75+0.06 ns; p=0.14%
DAY 30 0.71+ 0.06 0.75+ 0.05 *p=0.0421
A LVIDd % 16.10948.53 -2.287+£12.36 **p=0.0024
A LVIDs % 17.19818.91 -3.011+£12.65 **p=0.0015
AFS % -1.713x3.59 [1.4+2.312 *p=0.0265
A EF % -1.723x2.36  |0.83%1.25 **p=0.0138
N 7 9

The top eight rows represent meanzSD values for each parameter and treatment at
day 7 and 30. The meantSD percent difference between day7 and day 30 for each
mouse (A) are listed in the hottom four rows. Statistical difference between parameters
in each two columns was determined hy unpaired t-test.
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Whnt inhibition causes proliferatiorof interstitial cells in the infarcted heart

Based on previous studies reporting an-priiiferative effect of the Wnt pathway in
models of skeletal musc(8rack et al.Cell Stem Cel2008 and cardiac injury
(Oikonomopoulo%t al.,Circ Res2011), we asked whether the reparative effects of GRE1
treatment was mediated in part by proliferation of specific cardiac cells. Immunostaining for
proliferation markers Ki67 and phosphbstoneH3 (pHisH3) showed that in the penfarct
region (defined irfFig 9A), there was a remarkable increase in pHigidBs at day 3 in both
GNF6231 and vehicl¢reated heartdg 9D). At day 7, the proliferative response was
significantly reduced, but there were 2.3 fold more pHisétls inthe periinfarct region of
GNF-6231 treated hearts, although the difference was not statistically signifiagu®). By
day 15, the proliferative response had largely subsided in both treatment groups. In the distal
myocardium however, GNB231 treatedhearts had significantly more pHisH&lls compared
to vehicletreated at both dayand day 7 (5.67 ol d hi gher ; *-foltl pigh&€r. 00 1,

* p @B thancontrol respectivelyEig9 B-D).

Co-immunostaining for cardiomyocyte marker Alpha SarcomenctAi n) with) S A
pHisH3 indicated that most of the cells that were proliferating in the distal myocardium (higher
in proportion in GNF6231 treated ventricles) were interstitial cells in both treatment and control
groups Fig 9E). This was verified by cataining for cardiac Troponin | (cThand Ki67; a
representative high magnification confocal microscopy image is shokig BF. We observed

rare cardiomyocytes with nuclear pHisH3 stainimdpoth GNF6231 treated and control animals

a

(a representative example is showrkrig 9G) , but it wasnét <clear whet

undergoing karyokinesis or were truly dividing cardiomyocytes. Similarlyitro BrdU

(Bromodeoxyuridine) incorporatn assay with Ht1 cardiomyocyte cell line showed that
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recombinant WNT3A and/or Wnt inhibitor,-C13 had no effect on cardiomyocyte proliferation
(Fig 9H). Since the proliferating cardiomyocytes were so rare, we focused our investigations on

identifying the interstitial proliferative cells.
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Figure 9: Wnt inhibition promotes proliferation of interstitial cells in the infarcted heart .

(A) H&E stained crossection of the heart demarcating piefarct and distal regions of the left
ventricle as defineth the study. Representative pHisH3 stained sections of the ventri¢@s at
day 3 andC) day7 showing more proliferative cells in the distal myocardium of €g2B1
treated heart{D) Quantification of percent pHisH3+ cells. Bars represent meandSBmice
per group* P O0 * ® 5 P O pQnéWap ANOVA with Bonferroni Correction for multiple
comparisons. Representative sections of the distal myocardium at dayNlg&stco-stained
with USarcomeric Actin and pHisH&nd(F) high magnification confocal microscopy image of
ventricle cestained with cTnl and Ki67, demonstrating that the majority of proliferative cells in
the GNF6231treated tissue localized to the interstitium of myofibé®. USarcomeric
Actin/pHisH3 co-stained LV depicting the rare proliferating cardiomyocytes (white arrdid}).
Relative proliferation measured by BrdU incorporation by Htardiomyocytes treated with
recombinant Wnt3a or Wnt3a and1@3, showing that Wnt pathway modulation did nd¢etf
their proliferation.N=8 replicates.
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Whnt inhibition selectively reduces proliferation of myofibroblasts in theri-infarct region,

and augments proliferation of UMSyddwrdonegati ve i

I n the infarcted heart, Alpha Smooth Muscl
the major matrix producing cells responsible for granulaigsué formation and fibros(glahn
et al.,J Biol Chem2006. Hence, we performeddommunost ai ni ng fFgr USMA |
10A). Not unexpectedly, proliferatinmy o f i br obl asts (USMA and Ki 67
were present in both the GNI231 and vehickreated tissue, since some level of-filbwotic
signaling is necessary to initiate granulation tissue formation and prevent infarct (ptareet
al.,, EMBO J2012. Interestingly, in the petinfarct region, the proportion of proliferating
myofibroblasts (Ki67U S MA&ells; upper dark portions of the barfilg 10B) was significantly
lower in the GNF6231 treated hearts (2.21 fold lower in GRE31 treated; **p=0.0013) at day
3(FiglB) . However, the proportion ofUSINMWernegat i
white portions of the bar iRig 10B) in the perinfarct region was higher in the GNG231
treated hearts than in vehidieated hearts at day 3 and day 7 post infarctf@d7 p=*0.0135
and 2.2 fold; #p=0.0587 respectiveRig 10B). Likewise, in the distal myocardium, the
propor t i onagativeprolifgratidgicells (Ki67TU S M Aells) was 3.Fold higher in the
GNF6231 treated hearts than the vehickated hearts at day 3 (*p=0.012) pwsarct (Fig

10C).
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(A) Proliferating myofibroblasts were identified biBMA/Ki67 co-staining as depicted in the
representative section from the p@rfiarct region at day. (B) Quantificationof USMA/Ki67

co-stained cells revealed that the percentage of proliferating myofibroblasts (grey shaded portion
of the bars) was significantly lower in GNF628&ated perinfarct tissue than control at day 3

(** P=0.0013 and lower {P=0.0587 at day 7. In contrast, the percentage of proliferating non
myof i br ob | cls;toser Whilepbtion of the graphs) was significantly higher
(*P=0.0135)in GNF6231 treated ventricles compared to control at day 7. Baresent

mean+SDN O hice per group anil O 8ections per mouse were imagPekaluesfor

individual comparisons between each two groups of data were calculated usiny\Maney

test. Scale bars equal 50u@) Quantification of Ki67U S M &ells in the dtal myocardium
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NO14; * P =Unpabet fe6t.
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Wnt inhibition does not affect proliferation
infarcted heart

Co-immunostaining of proliferating cell nuclear antigen (PGMAKI67 with markers of
other fibroblast cell populations, fibroblaspecific proteinl (FSR1; Fig 11 A-B), Periostin
(Fig 11C) and Vimentin(Zeisberg et al.Circ Res2010 (Fig 11D) showed no effect of GNF
6231 treatment on proliferation of these cells. Based on these observations, we posit that GNF
6231 treatment selectively reduces myofibroblast proliferation in the infarcted hearts, while
promoting proliferaton of other interstitial cellthat do not include FSE*, Periostirior

Vimentin' fibroblasts.
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Figure 11: Wnt inhibition does not affect proliferation of other fibroblast subtypes

(A) Co-immunostaining for PCNA andbiroblasts marker FSP; quantification is presented in
(B) showing no difference in percent double positive EASPCNA") cells between GNB231
and vehicle treated hearté$.O 1 MannWhitney test. Representative-samunostaining fo(C)
PCNA and Periost, and(D) Ki67 and Vimentin; no significant difference in percent double
stained cells between GNg231 and vehicléreated sections were observed for both Periostin
and Vimentin. Scale bars in B, D and E equal 50pum.
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Whnt inhibition does not affet proliferation of vVWF positive endothelial cells in the infarcted

heart

We next sought to determine the identity of the proliferating interstitial cells that were
higher in number in the GN6231 treated hearts. To assess whether these proliferative
interstitial cells were endothelial cells lining the coronary vasculaturenemnostaining for
von Willebrand factor (vWJand PCNA was performed. Although a small percentage of
proliferating endothelial cells were obsetva both GNF6231 and vehicle treated hearts, there
was no significant difference in the double positive cells between the drug and vehicle treated

groups Fig 12 A-B).
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Figure 12: GNF-6231 treatment does not affect proliferation o WF* endothelial cells in

the infracted heart.

(A) Representative VWF (red) and PCNA (green) immunostained sections of LV treated with
GNF6231 or vehicle. Sections were counterstained with Hoechst (blue); white arrows mark
double stained cells. Scale bagual 50um(B) Quantification of vWF and PCNA double

positive cells showed no significant difference in percent double positive cells between vehicle
and GNF623Ltreated heartd\ O 2pér groupP=0.1091; Mann-Whitney test.
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Investigating the proliferative cells in the distal myocardium responsive to Wnt inhibition

We and others have shown that Wnt inhibition causes proliferation of adult
stem/progenitor cels bone marrowdeived MSCs(Alfaro et al.,Proc Natl Acad Sci USA
2008 and cardiac tissue residesitle population progenito(®ikonomopoulos et alCirc Res
2011). Additionally, some of the proliferating interstitial cells in the immunostained sections of
distal myocardium were spherical with large nuclei, and were localized in what appeared similar
to 6st em disslietesident prdgenifor cklis described in the literaflimura et al.,
Cardiovasc Dagn Ther2012 (Fig9F) . These proliferative USMA
significantly higher in proportion at the distal myocardium in GBE1 treated tissue compared
to vehicle treated myocardium as discussed in the previous sdegolh0C). We hypothesized
that postinjury treatment with GNF6231 induced proliferation of a cardiac progenitor

population.We used Scdlprogenitors isolated from murine hearts for this purpose.

ScaXCD31CD45CD117 cells isolated from murine hearts can exgss markers of different

cardiac cell lineages when cultured in differentiation media

We assessed the effect of Wnt inhibition on SE&I31CD45CD117 cells isolated from
murine heart homogenates by Fluorescent Activated Cell Sorting (FAG33A). Mice
expressing thermolabile simian virus SVA@ntigen (H2Kb-tsA58 transgenic or Immorto
mice) were used for this purpo@Ryzhov etal., J Pharmacol Exp The2012. The conditionally
immortalized cells isolated from these mice, underpemmissive conditions do not express the
T-antigen and behave as primary céRyzhov et al.,J Pharmacol Exp The2012. These cells
were tested for multipotency based on their ability to differentiate into all three major cell types

in the heart: cardiomyocytes, fibroblasts and endothelial datis13B and C).
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Figure 13: Conditionally immortalized mouse heartderived Scal+ cells are negative for
CD31, CD45 and ekit expression, and can upregulate myocyte, endothelial and stromal
markers in specific culture conditions.

(A) FACS of ScalCD31CD45CD117 cardiac progenitor cell§B) Images showing
immunostaining fol0MHC and cTnl of Scalcells (untreated, left panels), cultured in
cardiomyocyte differentiation media (middle panels) orHtardiomyocytes as control (right
panel) demonstrated theonditionally immortalized murine Scagells retain capacity to
express cardiomyocyte markers in culture. Scale bars equal §O)Relative gene expression
of CD31 (left chart)UMHC (middle chart) and FSP (right chart) in untreated Scadells and
following culture in endothelial cell cardiomyocyte and fibroblasispecific differentiation
media, respectively to demonstrate their multilingaggential. . Hopeplicates per group;
*P=0.0392, **P=0.006&nd ***P0.0007;Mann-Whitney test.
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Whntinhibition increases proliferation of cardiaalerived Scalprogenitor cells

Scal cells stably overexpressiMynt3awere generated in order to assess the
proliferative response to Wnt activation and subsequent inhibition with-6&SE or G113.
Wnt3aoverexpression reduced proliferation compared to vector only (LZRS) control, as
measured by BrdU incorporatioRi¢ 14A and B). Wnt inhibition by either GN¥6231 Fig
14A) or by G113 (ig 14B) rescued the anpiroliferative effect oiWVnt3aoverexpression.
Similar effects were observed in S¢aklls stably expressingxin2, a Wnt pathway negative
regulator (data not shown). We were unable to confirm the effects Wnt pathway on proliferation
of Scat cellsin-situ because of technical challenges in identify8@alor c-kit expressing
progenitors in the heart by immunostaining. Interestingly, GATA4 transcription factor, which is
expressed by early differentiating cardiomyocyt®shmeckpeper et all, Mol Cell Cardiol
2015, was localized to the nucleus in more cardiomyocytes in the infarct border zone -of GNF
6231 treated hearts compared to contirad (L5 C-D). Taken together, these observations
suggest thathie proliferating cells in the GNE231 treated myocardium may include myogenic

progenitors.
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Figure 14: Wnt inhibition increases proliferation of Scal'progenitor cells isolated from
murine hearts.

(A and B) Relative BrdU incorporation by &&" progenitor cells stably expressing LZRS
(empty vector) oWWnt3aLZRS revealed that proliferation was reducedMyt3aoverexpression
and this effect was reversed (#) GNF6231 treatment an@) C-113 treatment. Data are
presented as Mean+SD. (N5 and (B) N=3 replicates* P O Oandt 5 P @OKruskal

Wallis test with Dunns correction for multiple comparisons.
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Figure 15: Wnt inhibition stimulates new cardiomyocyte formation as indicated by

GATA4 " myonuclei.

Representative GATA4 immunostained sections of infarct baalee at day 3 (left panels) and
day 7 (right panels) po##ll of (A) vehicletreated hearts ar{@) GNF6231 treated hearts.
White arrows point to GATA4 stained nuclei. Scale bars equal 50um.
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Whnt inhibition enhances survival of cardiomyocytes

We nextasked whether the preservation of myocardial function and smaller infarct size
in GNF6231 treated animals could be accounted for, at least in part, by an effect on myocyte
death or survival. Previous studies have shown that Wnt inhibition by sSFRP2 isprove
cardiomyocyte survival in the Ml mod@irotsou et al. Proc Natl Acad Sci USA007 and in
culture, specifically by binding to Wnt3a and blocking its-ppmptotic signaléZhang et al.))
Mol Cell Cardiol2009. Terminal deoxynucleotidyl transferase (TdT) dUTP Niohd Labeling
(TUNEL) was performed to detect cell deatrsitu. Co-immunostaining for TUNEL and the
cardiomyocyte marker cTnl showed that in the infarct border zone, there were significantly
lower percent TUNEL(apoptotic or necrotic) cardiomyocytes in the GBI treated raats
compared to vehiclereated (2.03 fold lower in GNB231 treated ventricles; *p=0.022ig
16A-C). For further verification of the positive effect of Wnt inhibition on cardiomyocyte cell
survival in vitro, cell survival and cell death assays wereopeséd on isolated cardiomyocytes.
In HL-1 cardiomyocyte cell line, assessment of cell viability by metabolic activity resulting in
reduction of 3(4,5-dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide MTTd to
insoluble formazan (MTT assay), showed that Wnt pathway activation by recombinant WNT3A
treat ment significantly reduced sur wigval of
16D), which could be rescued by treatment with Wnt inhibited, 13 (18.78% increase over
WNT3A tr eat mEql6D). Sihce BroU irktdrporation assay had indicated no effect
on proliferation of these cells by Wnt pathway modulatiéig OH), we concluded that the effect

on cell viability was exclusively due to redumtiin cell death.
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Figure 16: Wnt inhibition reduces cardiomyocyte cell deathin vivo and enhances their

survival in vitro

(A and B) Representative sections-stained with cTnl and TUNEL of infarct border zone of

(A) vehicletreated hearts, ar{@®) GNF6231 treated heart€C) Quantification of percent

TUNEL positive cardiomyocytes revealed significantly fewer apoptotic cardiomyocytes in GNF
6231 treated heartsl=5 miceper group;*P=0.022, Unpaired ttest. (D) Percent cell survival of
HL-1 ratcardiomyocytes as measured by metabolic uptake (MTT) assay showed significant
reduction in survival with recombinant Wnt3a treatment, which was rescued by additien of C
113. Bars represent mean+3\:3 replicates* P O 0 KrQs&a}Wallis test with Dunns

correction for multiple comparisons.
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To further confirm theséndings,we used human iPS@erived cardiomyocytes (iCell®
Cardiomyocyte% Cellular Dynamics International, Madison, WI). This highly pure population
of cardiomyocytes expresses cartdyocyte markers, cTnFg 17A), and Sarcomeric Alpha
Actinin (Ref(Zhang et al.Circ Res2009and manuf acturerds datasheet
TUNEL ass# with these cells showed that in the presence of oxidative stress induced by 250uM
H-05, treatment with recombinant WNT3A significantly increased cell death (percent TUNEL
cells 1.8 fold higher over contr oucedceltet0. 01)
(by 3.6 fold over WNTFRAB-C) fierther suggesting that énhapcdd . 0 0 1
myocyte survival and reduced myocyte death contributed to the observezbprative effect of

postinjury Wnt inhibition.
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Figure 17: Wnt pathway activation increases cell death of human iPS@erived
cardiomyocytes, and Wnt inhibition reverses the effect

(A) Representative images laiman iPS@erivediCell? Cardiomyocytes immunostained with
the cardiomyocyte marker, cTnl (greengcBons were counterstained with Hoechst (blue).
Scale bars equal 50uifB) Representative images of human iP&eived iCell cardiomyocytes
treated with recombinant MT3a or WNT3a and €113 in presence of 250uM H202 showing
that under stress, treatmenthwecombinant WNT3A increased cell death, which was rescued
by Wnt inhibition with G113.(C) Quantification of % TUNEL positive iCell cardiomyocytes per
20x field.N O 1p2r group* * P O @nd0 *1 * P O pPQnéWay ANOVA with Bonferroni
correction for mulple comparisons. Scale bars ifrBAand E represent 50um.
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Whnt inhibition reduces collagen synthesis by cardiac myofibroblasts

As discussed in the preceding sections, €2B1 treatment reduced myofibroblast
proliferation compared to vehicteeatmeniFig 10B). Since myofibroblasts are the major
matrix synthesizing cells responsible for scar formation, we tested whether Wnt inhibition also
affected type | collagen synthesisbya r di ac myof i br oydilwdblasts Pr i mar \
(Fig 18A) were generated from adult mouse hearts as previously des(ifiegl et al. Am J
Physiol Heart CircPhysiol2013. Treatment of these cells with Wnt inhibitor for 48 hours
reduced Collagenl1Ul gene expression (by 39.16
gRT-PCR fig 18B). These data suggest that Wnt inhibition reducedfiprotic effects in the
infarcted heart by modulating both the proliferation and the matrix synthesis activity of cardiac

myofibroblasts.
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Figure 18: Wnt inhibition reduces collagen synthesis activipo f USMA posi ti ve
myofibroblasts in vitro.

(A) Primary myofiboblasts in culture confirmed BYSMA (green) and Periostin (red) staining;
scale bar equals 50uifB) RelativeCol1UL gene expression in primary cardiac myofibroblasts
with and without Wnt inhibitor treatment revealed significant reductio® | Jdné

expression in response to Wnt inhibitor treatment. Bars represent meaN=8{>P=0.0265,
MannWhitney test.
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Discussion

Several studies have reported that canonical Wnt signaling is temporally increased after
MI. In this study we showed thattgp o r ar y sy st emi c -catehnfdr severab n o f
days postMI prevented this podill tissue Wnt activation. Furthermore, therapeutic Wnt
inhibition following infarct alleviated adverse cardiac remodeling, improved ventricular
function, and redced infarct size. Temporary Wnt inhibition pastarct increased cell
proliferation and cardiomyocyte survival, and reduced myofibroblast proliferation and their

matrix synthesis activity in the heart.

Early after infarct, Wnt inhibition caused an incsean proliferation of interstitial cells,
particularly in the distal myocardium. The cardiac cells that showed a proliferative response to
GNF6231 treatment mostly excluded cardiomyocytes, endothelial cells and various stromal
populationsj n c | u d i ‘myofildo®Idses, and VimentifPeriostin/FSP1 fibroblasts.
Interestingly, we discovered that Wnt pathway activation downregulated proliferation of isolated
ScalCD31CD45CD117 cardiac progenitor cells, which are one of the tissue netsgtem
cells reported to reside in the interstitial niche. Wnt inhibition by treatment with two
mechanistically distinct Wnt inhibitors, or via overexpression of Axin2 reversed the anti
proliferative effect of Wnt activation in these cells. This is ireagnent with published reports
of antiproliferative effects of recombinant WNT3A on side population progenitokstro and
in vivoin the infarcted heafOikonomopoulos et alCirc Res2011). Our own work, and work
by others in cardiac injury and other injury mod@sack et al. Science2007, Alfaro et al.,

Proc Natl Acad Sci USR008 Saraswati et alPLoS One2010 report the Wnt pathway as a
negative regulator of cell proliferation, particularlyssém/progenitor cells. Although these data

may appear incongruous with reports of Wnt being necessary for stem cell homeostasis and self
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renewal in other adult orgafduelsken et al.Cell 2003, Fevr et al. Mol Cell Biol 2007 Plaks
et al.,Cell Rep2013, and during developmer{Kelly et al.,Cell Stem Cel2011, Merrill, Cold
Spring Harb Perspect Bid012), our data support a model in which Wnt exerts nphiasic,
context dependent effects on stem cells. For example, during heart develdqpiudstone et
al., Nature2003, just as in skeletal muscle regen@na(Brack et al. Cell Stem CelR008, a
temporal regulation of Wnt comibutes to a balance between stem cell proliferation and
differentiation. Also, in the now wetiptimized and commercially used methods of
cardiomyocyte differentiation from iPSCs, a biphasic regulation of Wnt activity is sought in
order to achieve optinhaardiomyocyte generatiofiLian et al.,Proc Natl Acad Sci U S 2012
Minami et al.,Cell Rep2012. The dserved expansion of GATA4i.e. newly differentiating)
cardiomyocytes in the infarct border zone providedivo support of the role of Wnt inhibition

in enhancing neomyogenesis.

Our data also suggest an diitbrotic effect of Wnt inhibition followingMI. We found
that Wnt inhibition reduced the number of proliferating myofibroblastsvo, and also
downregulated collagen | expression in cultured cardiac myofibroblasts. These results are not
surprising against the backdrop of numerous studies regdahat Wnt activation is a driver of
fibrosis in hear{BergmannCirc Res2010 and many other forms of tissue injuiBrack et al.,
Science007 He et al. J Am Soc Nephrd@009 Kim et al., Tohoku J Exp Me@01%,

Akhmetshina et alNat Commur2012.

In addition to effects on cell proliferation and myofibroblast activity, Wnt inhibition also
reduced cardiomyocyte cell death, which is the major cause of theygebsgrogression to
heart failure(Ruiz-Meana et al.Rev Esp Cardio2009. This observation aligns with published

reports of preapoptotic effects of WntOikonomopoulos et alCirc Res2011), and presurvival
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effects of Wnt inhibition(Mirotsou et al. Proc Natl Acad Sci USR007 Zhang et al.,J Mol Cell

Cardiol 2009 on cardiomyocytes.

Il n this study, we focused exclusivel-y on
catenindependent arm of the Wnt pathway, based on the significant body of lieesaygesting
a critical and complicated rdleboth maladaptivéBaurand et al.Circ Res2007 Zelarayan et
al., Proc Natl Acad Sci US2008 Oikonomopoulos et alCirc Res2011), and in some cases
pro-reparative(Hahn et al.,J Biol Chen2006 Duan et al. EMBO J2012 Paik et al.Circ Res
20150 for thissignaling cascade in infarct pathology. However, there are reports implicating
both the C&/CAM Kinase and the JNK arms of the rReanonical Wnt signaling pathways
(Wang et al.,J Biol Chem1998 Dawson et al.J Physiol2013 Schmeckpeper et all,Mol Cell
Cardiol 2015 in infarct pathology and regaiHence, future studies investigating the effect of
inhibition of Wnt ligand secretion on the neanonical arms of the Wnt signaling pathways may
provide a more complete picture of the mechanisms mediating cardiac recovery by porcupine

inhibitor treatmen

That said, our data demonstrating the potential of short term Wnt inhibition in
counteracting the key drivers of pastarct LV dysfunction and eventual failie
cardiomyocyte death and fibro8isre clinically significant since the current standafatare
for myocardial infarct focus mainly on thrombolytic and palliative interventions, and do not
address the ongoing disease progression driven by the initial infarct. Moreover, in the context of
complicatedHahn et al.,J Biol Chen2006 Alfaro et al.,Proc Natl Acad Sci US2008 He et
al., Proc Natl Acad Sci U S 201Q Aisagbonhi et al.Dis Model Mect2011; Paik et al. Circ
Res2015 and multifaceted roles of the Wnt pathway in infarct repair in theiegisterature,

our data may speak to the potential of temporally regulated scalable pharmacologic Wnt
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inhibition in reconciling the discordant observations based on genetic niBdelsand et al.,

Circ Res2007 Zelarayan et alProc Natl Acad Sci USR008 Duan et al. EMBO J2012 of

Wnt modulation. Withadditional details on the mechanigrhaction and safety data emerging
with continuing studies, and ongoing clinical triéldovartis, Clinicaltrials.gov2014 Kabiri et

al., Blood2015, GNF6231 and the new class of porcupine inhibitors hold significant potential

as effective therapeutics for cardiac regeneration.
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Materials and Methods
Antibodies
The following andatbherirs( We2 @®0 ;uskB:Phar mi ng
galactosidase (1:100; AbCam, -3WAB(1L:BI00;Sighd pha Sm
A2547); Ki67 (1:400; AbCam, Ab15580); phospHhisstoneH3 (1:200; Millipore, 06570);cTnl
(1:1000; AbCam, Ab6556); Alpha Sarcomeric Actin (1:200; Sigma, A2172); GATA4 (1:200;
Santa Cruz, SC25310); Periostin (1:100; Santa Cruz, SC67233); PCNA (1:100; Santa Cruz
Biotech, SC56); FSP1 (1:100; Millipore, 32274); Vimentin (1:200; Sigma, V2258/WF
(1:200; Takara, M116) .
Wnt modulators
The small molecule Porcupine inhibitor GNF6231 was a generous gift from the Genomic
Il nstitute of the Novartis Research Foundati on
VU-WS113 (G113) was a generoggfts from Dr. Ethan Lee, Department of Cell and
Developmental Biology, Vanderbilt Universiyhorne et al. Nat Chem BioR010. XAV-939
(Huang et al.Nature2009, a small molecule stabilizer of Axin2 was purchased from Selleck
Chemicals (S1180; HoustpmX). Recombinant mouse Wnt3a was purchased from AbCam
(ab81484) or from the Vanderbilt Antibody and Protein Resource (VAPR).
Cell lines
HL1 cell line, a kind gift from Dr. William C. Claycomb (Louisiana State University
Medical Center, New Orleans, )Awere culured on gelatin/fiboronectin (25g f i br onect i n
ml of 0.02% gelatin in waterjoated plates (fibronectin and gelatin from Sig#idrich). The
HL1 cell line was maintained at 37°C in Claycomb medium (SAFC Biosciences, Lenexa, KS)

supplemented with 10% fetal boeiserum (SAFC Biosciees), 106 M nor epi nephrine
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(Sigma) in 30mM ascorbic acid (Sigmajn® L-Glutamine (Sigma), penicillin, and

streptomycin (Life Technologies, Grand Island, NY).

iCell Plus Cardiomyocytes, which are primarily ventricular cardiomyocytes derived from
human indiced pluripotent stem (iPS) cells, were purchased from Cellular Dynamics
Il nternational and maintained in 0.1% gelatin

maintenance medium.

Primary mouse cardiac fibroblasts were isolated from hearts@BiEbmice that were at
least 12 weeks old following previously described protgdkohg et al. Am J Physiol Heart
Circ Physiol2013. Briefly, heart tissue wasinced and placed into Krelddenseleit (Sigma;
K3753a) buffer with 2.9mM Caghnd 24mM NaHC®@containing a cocktail of 0.25mg/mL
Liberase Blendzyme 3 (Roche Applied Science), 20U/mL DNase | (Sigma Aldrich), 20mmol/L
HEPES (Invitrogen) and 0.1% sodium azid HBSS, and shaken at°®87for 20 min. Cells
collected after digestion were passed through 40um nylon mesh and centrifuged (15min, 200g,
4°C). Finally, cells were reconstituted with DMENML2 medium containing 10% FBS and 1%
Penicillin/Streptomycin andegded onto plastic plates (Corning) for separation of fibroblasts by
selective adhesion for 4 hours af 37
Proliferation assay

Cell proliferation was assessed bypfmo-2-deoxyuridine (BrdU) cell proliferation
assay (Calbiochem, Gibbstown, NJ). ByefCPCs, HL1 cells, or primary fibroblasts were
seeded on 9@vell plates (gelatin/fibronectinoated for HE1 cells), with recombinant Wnt3a
where indicated. Following attachment onto plates, Wnt modulators were added and cultured for
24 hours. BrdU for @& hours, and BrdU incorporation was assessed by enligkesl

immunosorbent assay (ELISA) and read at a dual wavelength of 450/595 nm using the
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SOFTMax Version 2.35 software (Molecular Devices, LLC, Sunnyvale, CA) following
manufacturero6s recommendations.
Cell viability assay

HL-1 cardiomyocytes or CPCs were serum starved overnight in 2% FBS, and seeded
onto (gelatin/fibronectircoated for HE1) 96well plate at a density of $@ells/well. Following
attachment of cells over 24 hours, Wnt modulators wede@ and the cells incubated for 48
hours. Cell viability was assessed by incubating with 0.5 mg/mL[4f33dimethylthiazoi2-yl]
2,5-diphenyltetrazolium bromide (MTT) (Sigma) in PBS for 4 hours at 37°C, and measuring
MTT reduction into formazan by visébcells. Formazan crystals were dissolved in 75uL/well
DMSO 10 minutes at 37 °C. Photometric measurement was carried out at 540 nm. Percentage
viability was calculated by as follows: % Cell survival =(€RorODsampie)x 100%/ ODQontrok
Non-treatment ells were used as control. Results represent three independent experiments each
performed in triplicate.
Animals

All procedures were carried out in accordance with Vanderbilt Institutional Animal Care
and Use Committee. C57BI/6J mice were purchased frerdabkson Laboratory (Bar Harbor,
ME) and maintained by PPY. TOPGARisagbonhi et al.Dis Model Mect2011) mice were a
generous gift from Dr. Antonis Hatzopoulos (Department of Cell and Developmental Biology,

Vanderbilt University).

Surgical LAD ligation (myocardial infarction) model, drug treatment, Echocardiography and

infarct size calculations
C57Bl6eJ mice (at least 3 months of age) were anesthetized under sodium pentothal (50
mg/kg) and endotracheal intubation was performed under direct laryngoscopy. Mice were

ventilated with a small animal respirator (tidal volume = 1.0 ml, rate = 110 breath3/itim).
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the use of a surgical microscope, a left thoracotomy was performed. The fourth intercostal space
was entered using scissors and blunt dissectiorOAilk suture was placed through the
myocardium into anterolateral LV wall and the left anterior deding artery was ligated. The

heart was monitored with continuous EKG throughout the procedure to ensure successful
infarction. The chest was closed in layers wi@ 8§ilk (6-0 nylon to close the skin) and the

animal was gradually weaned from the redpirdo avoid complicating pneumothorax.

Starting from within 6 hours after surgery through day 6-pdatct, mice were treated
every 24 hours with intravenous (tagin) injectionof 5mg/kg (100uL volume) GNHB6231 or
vehicle (3% BDU-tocopheryl polyethigne glycol succinater Vitamin Ein 20%Polyethylene
glycol).

For cardiac recovery study, cardiac dimensions were obtained fidmuaded Mmode
images (100 frames/sec) and were read blinded using short axis and a parastemas lviegvs
All measurenents were done on unsedated mice at day 7 and day 30 post MI. Measurements
were averaged over 3 consecutive beats from the LV posterior wall (LVPW) the interventricular
septum (IVS) and LV internal diameter (LVID). After day 30 Echocardiography, heants we
excised, immersiofixed in and paraffirembedded to obtain serial sections in order to measure

the infarct size (% area of tissue stained blue for collagen in H&E stained sections).

Separately, for longitudinal studies, hearts were excised at 3] 75amays post MI, and

processed to obtain paraffin sections for inmunostaisingdies.

Histology and Morphometry
Hearts were fixed in 10% buffered formalin for 24 hours, embedded in paraffin and

sectioned into 5 micronhick transverse sections. H&ENnd Massonds Trichr ome
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performed by the Vanderbilt Translational Pathology Shared Resource. Olympus DP71
microscope camera (Olympus America, Center Valley, PA) was used for imaging H&E and

Massonbdébs Trichrome stained sections.

For immunofluorecence staining, slides were deparaffinized and hydrated through
xylene and ethanol steps. Heaediated antigen retrieval was performed by boiling in citrate
buffer (pH 6). Cells seeded onto coverslips were fixed for 1 hour at room temperature in 1%
parabrmaldehyde, permeabilized with 0.1% Tri¥nn 0.1% sodium citrate for 2 min on ice,
and washed several times with PBS. Following blocking with 10% goat serum in 1% BSA
solution for 1 hour at room temperature, sections were incubated with primary gratb8a
overnight, and Alexa Fluor 488 or Cy3 conjugated secondary antibodies at room temperature for
1 hour. The slides were then counterstained with Hoechst 33342 (H21492 Invitrogen, Carlsbad,
CA) and mounted with Slowfade Gold (S36936 Life Technolggsand Island, NY). For
TUNEL staining, a 1:10 mix oénzyme: labetliluted 5 fold with TUNEL dilution buffer (InSitu
Cell Death Detection Kit TMR Red, Roche 12 156 792 910) was added to samples along with
the secondary antibody and incubated for 60 nemat 37C. Samples were then counter stained
with Hoechstand mounted as usual. Images were taken at 10x, 20x or 40x magnification using
Axio Imager2 microscope (Carl Zeiss, Thornwood, NY) and CoolSNAP HQ CCD camera
(Photometrics, AZ), and quantified ugilmageJ. For confocal microscopy, LSM510 (Zeiss)
microscope was used to capture 1 um optical slices. All images are presented with scale bars that
equal 50um.
PK/PD study

Single dose PK/PD profile of GN6231 was investigated in C57BIl/6 mice following a

mg/kg intravenous bolus injection. G231 was formulated at 1.5 mg/mL using a solution
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containing 20% PEG300 and 3% vitamin E. At specific time points following intravenous
administration, plasma samples were taken and plasma concentrations-62GNtere

guantified byLiquid chromatography tandem mass spectroméi@/N1 SMS) analysis. Briefly,
aliquots of plasma samples were added internal standard and acetonitrile/methanol (3/1), samples
were vortexed and centrifuged at 4,000 rpm for 5 minute¥Catalprecipitate the plasma

proteins. Supernatant was transferred to a cleaneédplate, and diluted with distilled water.

The extracted samples were injected (10 pL) onto a Zorbag&Bnalytical column (2.1 x 30

mm, 3.5 um, Agilent Technologies In®alo Alto, CA, USA). Mobile phases consisted of

0.05% formic acid in water (solvent A) and 0.05% formic acid in acetonitrile (solvent B), and a
gradient elution method at a flow rate#f0 uL/min was used for compound elution and
separation. Masspectrhanalyses were carried out using atmospheric pressure chemical
ionization (APCI) inthe positive ion mode, with multiple reaction monitoring (MRM) of GNF
6231 (449.2>221.0). The lower limit of quantitation (LLOQ) in plasma was 1.0 ng/mL.
Pharmacokinetic grameters were calculated by rammpartmental regression analysis using an

in house fitting program.

PD study was performed as described previo(lsty et al.,Proc Natl Acad SciU S A
2013. Briefly, total RNA was isolated using the Qiagen RNeasy kit; TagMan analyses were
performed using Axin2 and Gapdh probes (Appli
instructions. MRNA expression levels for the tamgene, Axin2, was normalized to Gapdh
MRNA levels and data were analyzed using SDS 2.0 software (Applied Biosystems) to calculate

relative RNA guantities.
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RNA isolation and gRTPCR
RNA was isolated from cells were using Trizol Reagent (Invitrogen, Y8596
foll owing manufacturerods protocol. First stra
using iScript cDNA synthesis kit (BiRad 1768890). Quantitative Red@ime PCR was
performed in triplicate for each sample with iCycler (BioRad) and fluoresogsiection
(SsoFast EvaGreen; 1-B200; BioRad). Each reaction was normalized against 18S. Primer

sequences are as shoinmable 3.

Table 3. List of ¢RT-PCR primers |

Gene Forward Reverse

AXin2 GGACAGTAGCGTAGATGGAG CGGAAAATGAGGTAGAGACA
Col 1| GCCAGATGGGTCCCCGAGGT GGGGGTCCAGCAGCACCAAC
CD31 GTGAAGGTGCATGGCGTATC CACAAAGTTCTCGTTGGAGGT
UMHC  CCACTGTGGTGCCTCGTTC GCGTCCGTCATTCTGTCACTC
FSP1 CGGTTACCATGGCAAGACCC TGTGCGAAGCCAGAGTAAG
18S CGCCGCTAGAGGTGAAATTCT GAACCTCCGACTTTCGTTCCT

Statistical analysis

The gatistical significance between experimental and control groups were determined by
Oneway ANOVA with Bonferroni correction for multiple comparisons when multiple groups
were compared. The DO6August i nWiktesisdverPusetr son om
determine whether the data sets were normally distributed. For data sets that were not normally
distributed or hadN<7, the KruskalWallis H-test was used instead of Gway ANOVA. For
comparison between two groups of data, unpaitedttwas used farormally distributed data

sets, and ManfwVhitney test was used for data that were not normally distributed. GraphPad
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Prism (San Diego, CA) software was used for all statistical analyses. p<0.05 was considered

statistically significant in twdailed hypotlesis tests.
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CHAPTER 3
INHIBITION OF WNT/BETA -CATENIN PATHWAY PROMOTES REGENERATIVE

REPAIR OF CUTANEOUS AND CARTILAGE INJURY

Introduction

Wound healing in mammals is a fibrotic process. The mechanisms driving fibrotic (as
oppod to regenerative) repair are poorly understood. Herein we report that therapeutic Wnt
inhibition with topical application of small molecule Wnt inhibitors can reduce fibrosis and
promote regenerative cutaneous wound repair.

In the naturally stented mode of ear punch i njcatenppathway f oun
is activated most notably in the dermis of the wound bed early (day 2) after injury and subsides
to baseline levels by day0. Topical application of either of two mechanistically distinct small
molecule Wnt pathway inhibitors (a tankyrase inhibitor, X889, and the FDApproved
casein kinase activator, pyrvinium) in C57BI/6J mice resulted in significantly increased rates of
wound closure (72.3+14.7% with XA939; and 52.1+20.9% with pyrvinium) c@ared to
contralateral controls (38.1+23.0% and 40.4+16ré%pectively). Histologically, Wnt inhibition
reduced fibr osi-smoaost hmenaussucrleed abcyt ilh positi ve
synthesis. Wnt inhibition also restored skin architecture including adnexal structures in ear
wounds, and dermepidermaljunction with rete pegs in excisional wounds. Additionally, in ear

punch injury Wnt inhibitor treatment enabled regeneration of auricular cartilage.

Our study shows that pharmacologic Wnt inhibition holds therapeutic utility for

regenerative repair of caneous wounds.
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Epidemiology and pathology of cutaneous wounds

Acute wounds related to trauma, surgery or burns are a major medical problem, driving
approximately 11 million emergency room visits every year in the United Staesgers for
Disease Control and Prevention, 21Repair of these wounds leads to gment scarring
causing long term pain, discomfort or disability. Since mammalian skin does not possess an
ability to regenerate following cutaneous injury, wounds often heal with a residual fibrotic scar
devoid of adnexal structure@tala et al., MRS Bull 2010. Themapeutic interventions to
effectively direct wound healing towards regenerative rather than the default fibrotic mode are

lacking.

Regenerative repair of cutaneous wounds ha
species of mice such as MRL/MQlark et al.,Clin Immunol Immunopathd998 Gourevitch
et al.,Dev Dyn2003 Seifert et al. Nature2012 or the African spiny miceAcomys(Seifert et
al., Nature 2012 . There is poor understanding of the mechanisms driving this enhanced
regeneration, although certain signals such as p21 sigri@edglbaeva et alRroc Natl Acad
Sci U S A2010 or processes such as blastema formgBadelbaeva et alRroc Natl Acal Sci
U S A201Q Seifert et al.Nature 2012 or inflammation(Gourevitch et al. Adv Wound Care

(New Roched#t) 2014, have been attributed to enhanced regeneration.

Wn t -¢atenin pathway in cutaneous wounds

Our goal in this study was to identify signaling pathways that are mediators of
regeneration, and that can be modulated therapeutically to achieve atiyenezpair with
minimal scarring. Based on previous studies from our gf@lfaro et al.,Proc Natl Acad Sci

USA2008 Saraswati et alPLoS One2010 and othergBrack et al. Dev Biol2009 He et al.,J
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Am Soc Nephta2009 He et al.,Proc Natl Acad Sci U S 201Q Kim et al., Tohoku J Exp Med

201D of 't he r odatenin pdthwaymtmulfiple adult injury modelge focused our
attention on the Wnt signaling pathway. We have shown that that the mesenchymal stem cells
derived from the super healer MRL/MpJ mice have elevated expression of the secreted Wnt
inhibitor sSFRP2 and that overexpression of SFRP2 in MSCseadkfiom C57BI6 mice enhances

their regenerative potential in cell therapy for cutaneous and cardiac (Ajiayo et al., Proc

Natl Acad Sci USR008. Subsequent studies using small molecule Wnt inhibitor redaisd

these findings in both injury mode{Saraswati et alPLoS One201Q Saraswati et alyWound

Repair Reger2012. There is extensive | itercadninr e su
pathway in promoting fibrosis in multiple injury modéGheon et al.Proc Natl Acad Sci L& A

2002 He et al.,J Am Soc NephroR009 Kim et al.,, Tohoku J Exp Me®01]) including
cutaneous injuryRussell et al.J Invest Dermatc201Q Akhmetshina et allNNat Commur2012).
Mutations in humans resulting in activation of thén t -¢afenin pathway causes fiboromatoses
that arise from oveproliferation of fibroblast{Alman et al.,Am J Pathol1997 Tejpar et al.,

Oncogenel999.

However, in cutaneous injury, Wnt pathway activity is linked with regenerg@iithnyte
et al.,PLoS One013, paticularly regeneration of hair follicled.owry et al.,Genes De2005
Ito et al.,Nature 2007 Gay et al.,Nat Med2013. Most of these studies are based on genetic
models of Wnt pathway driven by epidermal or hair follisfeecific promotergAndl et al.,Dev
Cell 2002 Choi et al.,Cell Stem Celk013, and present a folliculocentric story. Since dermal
signals are important components of the wound healing respdfesaer et al.Proc Natl Acad
Sci U S A1992, these genetic models may not provide a complete picture of the effect Wnt

signaling in cutaneous wound healing. ledethe studies that haeemp | oyed c-ondi t i
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catenin stabilization spanning both the derm
catenin signals promote fibrosis and increase in woundGizeon et al.Proc Natl Acad Sci U

S A2002 Cheon et al. FASEB J2006§. We sought to reconcile these contrasting observations
regarding the rol e odatenihesignaign khe acomextofpmounhcdtherapyl Wn't

using small molecule Wnt antagonists.

Skin injury models usedor the study
We utilized two distinct wound models for our stadfull-thickness excisional wound

on the backs of C57BI6 mice, and the throwagilathrough ear pnch injury model. The ful
thickness injury model, which is a widely used model of cutaneous wound in mice was used for
investigating the effect of Wnt inhibitor treatment on regenerative vs. scarred repair. However,
this model presents limitations of exisive wound contraction and rapid closure observed in
mice, but not recapitulated in human wounds. Hence, we utilized the naturally stented model of
ear punch injury to minimize the effect of wound contraction, and additionally, to allow more
accurate quatification of wound closure, and investigation of regeneration of complex sub

dermal structures such as cartilage.

Results

Whn t-¢atenin pathway is activated temporally in the injury region after ear punch

Wnt pathway activation is reported in full thickness excisional wo@deon etal.,
Proc Natl Acad Sci U S 2009. We tested Wnt pathway activity in throubi#through wounds
made with a 2mm biopsy punch in the central cartilaginous region of mouse ear pinnae. We used
Wnt pathway RTPCR array (SA Biosciences, Valencia, CA) tottest he expr essi on
catenin pathway related genes in the wound(Béyi 19) after injury, and found that the pathway

is activated in the wound tissue between days 2after injury in C57Bl/6 micgFig 20A).
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Quantitative reatime PCR validation for W t | i gand (catenin 8iract target\yeries b
(Dkk1, CyclinD1 and cMyc) and secreted Wnt inhibitor (SFRP2) corroborated the PCR array
data(Fig 20B). In contrast, the supérealer MRL mice, that are reported to completely close

full thickness ear pnch woundgClark et al.,Clin Immunol Immunopathal998, showed a
significant decrease in expression of Wnt pathway agonists and targetageag2 after injury
compared to uninjured control as indicated by-ROR array(Fig 20A) and qRTFPCR (Fig

20B). This was in agreement with our previous report that increased expression of the secreted
Whnt inhibitor sFRP2 contributes to the enhancednape potential of mesenchymal stem cells
derived from MRL micgAlfaro et al.,Proc Natl Acad Sci US2008. To our knowledge, a link
between low Wnt pathway activity and regenerative repair in the MRL mice dtabeen

reported(Heydemannfront Biol (Beijing)2012.
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Figure 19: Ear punch wound model schematic.

(A) Representative images of ear punch wounds at 30 daysnpogtdemarcatig the tissue
region harvested for RNA isolatiorfB-C) Schematic showing tissure region sectioned for
histology and(E-F) histological image of sectioned tissue resulting from tissue with (B) less
closure of wound vs. (C) more closure of wound. Red dabhesl in BC and EG represent
wound margin. Area indicated by the yellow arrow in (C) shows region sectioned for histology
within the wound bed, beyond the margin (red dashed lifi#)).shows uninjured tissue for
comparison, an@G) shows higher magnifitn image clearly indicating the leading edge of the
existing cartilage demarcated as the wound margin (red dashed line).
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Figure 20: Wnt signaling is activated in cutaneous wounds after injury.

(A) Heat map generated from gene expression array of paftitwayassociated gene¢B)
gRT-PCR validation of change in expression of Wnt agonists (Wnt3a), and Wnt direct
transcriptional targets (Dkkl1l, CyclinD1 andMyc), and Wnt inhibitor (sFRP2); MRL
uninjured:N=1; all other groupsiN>3 per group.
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Wnt/ {oatenin pathway activation in response to wounding occurs primarily in the dermis
To investigate the nature of Wnt activation observed after injury, we performed
immunostaining in the wound bed tissue (schemati€ig 19B-G) f -oateninbin C57BI/6
m c e, a-galctosidage prbtein in the Wnt reporter TOPGAL mice. We found detectable
Wnt pathway activation compared to uninjured control, specifically in the wound dermis, with
b o t -taterin(Fig 21A-B; nuclear localization highlighted #ig 21D ard Fig 22E and F) and
b-galactosidase immunostainin@rig 21F, G and K and Fig 22A-B). High magnification
i ma g i Rgglactodidastained sections indicated that perichondrocytes flanking the cartilage
near the wound margin, and elongated fibrobliast cells were among the Winésponsive
dermal cells early after injurfFig 22D). The baseline Wnt activity in the epidermis did not
appear to change significantly in responsetoinuy det ect abl e by i-mmunof
catenin(Fig 21A-B) a n dgaldmtosidasgFig 22A-B). Consistently, daily topical treatment with
distinct Wnt inhibitorFig2lE)c aused a r educt i on-caiemnFgRldBt ni ng i
C)and t-galactosidase (in TOPGAL micélig 21 G-M and Fig 22B-C) proteins most
notably in the dermis.
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Figure 21: Wnt pathway activation and inhibition occurs specifically in the dermis of

wound bed.

(A) Immunostaining fomb-catenin (red) orfA) uninjured,(B) 211-treated, andC) pyrvinium-
treated tissue sections showing Wntiation in the dermis (B) compared to uninjured control
(A), and inhibition by pyrvinium treatment (C). Top panels represent relatively undetectable
change i n -catpnindlevelsma Iespdnse to injury and to treatméb). High
magnification imageo f injured der mal ti ssue h-tcatehin i ght i
(white arrows)(E) Sc he mat i ¢ -cafenintpatlevayWhotvihgftarget molecules activated
or stabilized by Wnt agonist (LiCl) or antagonists (Pw113 and XAWV939) used in the gtly.

(F-L) b-galactosidase immunostaining in TOPGAL mice that express LacZ gene under the Wnt
responsive TCF promoter showing dermal (and not epidermal) Wnt activat{@) 211, and

(K) DMSO-treated sections compared ¢B) uninjured. Treatment with Whninhibitors (H)
pyrvinium, (J) C-113 and(L) XAV-9 39 r e d u c egdlactdselasenstdiningb intensity;
nuclei are counterstained blue with Hoechdt.and M) Quant i f i cgalt grobem o f
expression, measured as integrated pixel density in 20x imadesabgJ.N O gice per group.
Scale bars equal 50um.
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Figure22: Wnt acti vati on upon-galactpsidasy iimmuacstainingisect ed &
localized most notably to cells in the dermis, and is inhibited by Pyrvinium treatment.

(A) Immunostaining fob-galactosidase (red) dA) uninjured,(B) 211 controttreated, andC)
pyrvinium-treated tissue sections from TOPGAL mice showing Wnt activation in the dermis in
response to injury (B) compared to uninjured control (A), and inhibition by pyrvinium
treament(C). Bottom panels highlight the relatively nd et ect abl e change i
galactosidase levels in response to injury and to treatr®htHigh-magnification confocal

mi croscopy i magapeasidasei sgihingiingpkrichorfolrocytes (indidaby white

arrows), and elongated fibroblddte cells of the dermis (red arrows) in the wound H&dand

F) Hgh-magni fi caticmat emagestafnéd sections- showi
catenin in wound bed tissa¢ day 2 posinjury. Nudei are counterstainedgith Hoechst.



Whnt inhibition, and not ofttarget effects promotes closure of ear punch wound

In order to investigate the effect of Wnt pathway on wound healing, we treated ear punch
wounds topically with small molecule Wnt inhibis every day after injury for 30 days. To
mini mi-tar et d ef f e-characterizeqlduang st @ldNatwe008 Thorne et
al., Nat Chem Biol2010 small molecules that are structurally distinct, and that inhibit the
Wn t-¢afenin pathway through distinct mechanismsction (Fig 21E). XAV-939 5 a
commercially available tankyrasehibitor, which stabilizesAxin (Huang et al. Nature 2009.
Pyrvinium (Pyr) and its structural analog, MWS113 (G113) acivate casein kiase 1 U wi t h
different potenciegThorne et al. Nat Chem BioR010. Despite having two distinatructures
and modes of action (tankyrase inhibition vs. casein kinasel activation), all three Wnt inhibitors
promoted wound closure, reduced fibrosis and enhanced regeneration (as will be discussed in
subsequent sections) indicating that their effect avassult of Wnt pathway inhibition and not
off-target effects.

At day 30 posinjury, ear punch wounds treated with Wnt inhibitors displayed a
significantly greater degree of closure (XAB89: 72.3+14.7%; Pyr: 52.1+20.9%; and1C3:
63.7£8.1%) than theirespective contralateral controls (DMSO: 38.1+23.0%; andW&R11
(referred to as 211 hereaftea) inactive analog of Pyr: 4&46.7%)(Fig 23A-C). Conversely,
treatment with lithiumchloride (LiCl), whichactivates the Wnpathway(Hedgepeth et alDev
Biol 1997, inhibited wound closure compared to vehicle (PBS) treated wounds (LiCl:
13.316.3%; PBS: 25.1+13.8%:ig 23D). We did not see enhanced wourdsare when the
treatment was started 7 days after injury, or alternatively, started at day 0 and continued only

until day7 after injury indicating a need for treatment during the30tayperiod(Fig 24).
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Figure 23: Wnt inhibitor treatment promo tes closure of ear punch wounds.

Images of 2 mm ear punch holes treated topically for 30 days(#jtlsmall molecule Wnt

inhibitor XAV-939 (right panel) or contralateral control treated with vehicle only (DMSO; left
pane); (B) smallmolecule Wnt inhibibr Pyr (right panel) or a nefunctional analog, compound

211 (left panel)(C) small molecule Wnt inhibitor, analog of Pyr-(13; right panel) or 211 (left

panel); and(D) Wnt activator LiCl (right panel) or vehicle (PBS; left panel). The histograms
undeneath the panels represent quantification of percent closure of ear punches at day 30. Bars
represent meanNSD; *pOO0. 05 and -téstwitltOQB)NALL wer e
(B) N=6 per group; (C and D)Y=5 per group.
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Figure 24: Wnt inhibitor treatment is necessary immediately after wounding and
throughout the healing period for effective regenerative repair.

Quantification of closure at day 30 of ear punch wounds treated st@kjinizy 7 until day30,
or (B) dayO until day7 after wounding with Pyr or 211 (contralateral control). p=0.0313a(4)
p=0.1250 (B)were calculated by pairedest usingN=5 (A) andN=4 (B).
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Whn t -¢afenin pathway inhibition promotes regenerative repair and reduces fibrosis

An essential aspect of regenerative skin repair is controlling fibrosis and recapitulating
the properties of normal skin. We investigated the effect of Wnt inhibitor teatom this aspect
of repair using both fuithickness excisional wound model on backs of mice, and ear punch

injury model.

In 1cm by 1cm full thickness wounds on the back of C57BI6 mice, daily topical treatment
with pyrvinium promoted resolution of scand restoration of reticular collagen lattice closer in
arrangement to normal skin compared to 211 control as detected by Gamciirome blue
staining (Fig 25 A-B) and by picrosirius red staining observed under circularly polarized light
(Fig 25 C-D). Dermo-epdermal junction with rete pegs and dermal papillae, indicative of a more
regenerative healingdD. T. Nguyen, Biomaterials for treating skin los2009, were also

observed in pyrvinium treated skin, and not in-2Ehted skir(Fig 25 E-F).
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Figure 25: Wnt inhibition promotes scar resolution and rete ridges formation in healing

skin.

(A-B) Gomori trichrome stained sections of skin from-thlickness rcisional wound on backs

of mice showing more linear (sehlke) extracellular matrix ifA) 211-treated sections (marked

by yellow arrowheads), and more reticular collagen and organized extracellular mg@ix in
pyrvinium-treated sections (marked by radow). (C-D) Picrosirius red stained sections imaged
with circularly polarized light showing difference in fiber thickness and alignment between 211
treated (C) and Piytreated (D) tissue(E-F) H&E stained sections show increased rete ridge
formation (Back arrow) in(F) pyrviniumtreated compared @) 211-treated sections. Insets in

A and B show low magnification images for orientation. Scale bars equal 50um.

95



Histological analysis of ear punch wound also indicated more regenerative repair with
Wnt inhibitor treatment than contrgFig 26A-B). At day 30, contralateral control (DMSO or
211-treated) wounds were composed of immature granulation tissue or disorganized extracellular
matrix, characteristic of scar tiss@ieig 26A-B top panelsandFig 27A). In contrast, wounds
treated with Wnt inhibitors showed evidence of improved healing, with organized (more
reticular) extracellular matrix and areas of regenerated tissue that closely resembled normal,
uninjured cutaneous tissuBig 26A-B bottom panels Fig 27A, and quantification of variance
in collagen fiber alignmentFig 26E). As expected, Wnt activation by LICl treatment did not

reduce scarring at day 3pig 27B).

In order to understand the cellular and molecular basis of this phenotype, we examined
the major drivers of fibrosis. We found that Wnt inhibitor treatment resulted in reduced presence
of al pha s mo o tSMA) pasitve myefibrabtasts imthe(h&hling wouielg 26C-
D)), which corresponded wi tSMA (Fig @6E)r C oni RAMINCOB X pr e s s
(Fig 26G) in Wnt inhibitortreated tissue. Since inflammation at early stages of repair is
considered an important determinant of subsequent fib(Bsiamer et al.J Invest Dermatol
2007, we tested the effeadf Wnt inhibition on inflammation. Immunohistochemistry with
F4/80 showed no difference in macrophage content in the wound at 48 hdudsdays post
wounding (Fig 28A-C) in Pyr and 214reated ears. Quantitative rdahe PCR for Il-:6 gene
expression at da® postinjury confirmed this findingFig 28D), indicating that the anfibrotic

effect Wnt inhibition is likely not mediated byraduction in inflammation.
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Figure 26: Wnt inhibitor treatment promotes regenerative repair of ear punch wounds
Representative images (&) XAV -939 or DMSGQtreated tissue, an(B) Pyr or 211 treated

tissue showing difference in regenerative repdhV-939 and Pwtreated sections show scar
resolution (black arrow in B) and regenerated tissue that closely resembles healthy skin (blue
arrows in A and B). The 21tteated section shows organizing granulation tissue with higher
cellularity (yellow arravheads) and scale crust (green arrow) at 3fay DMSOtreated tissue
shows an abundance of scar (black arrow) without regenerating tissue. Insets show lower
magnification images of the tissue for orientation (black box @&td& magnified regionsjC-D)

| mmunost aiSMA an(C) OMS® ant) XA\L939; and(D) 211 and Pwtreated tissue at

day 20 poswoundi ng s h o-3MAnh myofibreblastsr (greén fluorescence) in Wnt
inhibitor-treated tissue (C and D: lower panels).chuare counterstained with Hoechst; white
dashed lines demarcate deremdermis border; scale bars equal 50u{E) Directional
variance of collagen fiber alignment calculated from 20x images of Trichromestalured
sections. Relative mRNA expressiof (F) USMA (N=5 per group; paired-test), and (G)

Col 1U1 and Col 3 N=8pemgoouphStaletbarslequali5Gusiu e  (

Figure 27: Activation of Wnt pathway reduces regenerative wound repair.

Images of H&E stained sections of wound at day 30 dckatith (A) C-113 (right panel), and
211 (nonfunctional analog of €13; left panel); andB) LiCl (right panel) and vehicle (PBS;
left panel Imagesshow immature scar tissue (black arrow)2l1l-treated wounds (Apnd
immature granulation tissue (yelloarrowheads) in PBS or Li@teated wounds (B). @13
treated section (A3howsregenerated tissue that closely resembles healthy skin (blue arrow).
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Figure 28: The regenerative repair induced by Wnt inhibition is not mediated through
modulation of inflammation.

(A and B) Immunohistochemistry staining for F4/80 shows no difference in macrophage
recruitment in the wound early after injury betwe@k) 211 and(B) Pyr-treated tissue,
guantified inC. Arrows point to representative F4/86ci; scale barequal 50um. Sections from
N=4 mice per group were use(D) Relative I.-6 MRNA expression in wound bed tissue.
p=0.1826 was calculated by pairetest usingN=5 per group.
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Whnt inhibition promotes cartilage regeneration in wounded ears

An importantcomponent of regenerative repair in the ear punch injury model is cartilage
regeneration, which is essential for complete restoration of tissue function at this site. Only a few
Asupeal erdo strains or species ofnaftei earepunahr e c a |
injury (HeberKatz et al.,Phil Trans R Soc Lon@004 Seifert et al.,Nature 2012. The
mechanism driving this regeneration is unknown in these models. We noted that Wnt inhibition
resulted in increasechondrogenesisxtending from the uninjured cartilage at the edge of the
wound compared to control woundBig 29A-B). Toluidine blue(Fig 29C-D and F) and
SafraninO (Fig 29E) staining for chondroid matrix proteoglycans also showed that Wnt
inhibition promotes the formation of cartilaginous matrix in the healing punch wound.
Furthermore, immunostaining for type Il and X collagen showedtgredeposition in the
leading edge of existing cartilage in ears treated with Wnt inhibitors compared to contralateral
controls (Fig 29G-1). The transcription factoBox9 is essential for chondrocyte differentiation
(Akiyama et al.,Genes De2002. We observed significantly greater numbers of SpaSitive
nuclei extending from the uninjured cartilage at the wound margin in tissue treated with Wnt
inhibitors conpared to their respective contrdlBig 29J-L), suggesting that Wnt inhibition

promotes chondrogenesis in this model of cutaneous injury.
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Figure 29: Topical treatment with Wnt inhibitors stimulates cartilage regeneration.

(ATB) Trichrome andC-D) Toluidine bluestained sections of tissues treated with 211 or Pyr.
211 treated sectior® andC) show very limited extension of cartilage matrix (black arrow). In
contrast, Pytreated tissugB and D) show extension of new cartilage matrix (indicated by
orange dashed arrow) beyond wound margin (red dashed lines). Toluidine blue staining of new
cartilage matrix is quantified iR. (E) SafraninrO staining of proteoglycan deposition (indicated

by orange dashed arrow) beyond wound margin (red dasheliké&)M-93%treated tissugG-

H) ColX stained sections show increased ColX deposition at the leading edge of injured cartilage
in (H) XAV -93%treated tissue thafG) DMSO-treated tissue(l) Quantification of ColX and

Colll immunostaining(J-K) Sox9 chondocytes (red fluorescence) extending from the leading
edge of existing cartilage (red dashed line) indicates more chondrogenésis Ryr-treated
wound compared t@J) 211-treated tissue. Dotted white lines mark epidermal layer, and dashed
white lines inG marks existing cartilage. Nuclei are counterstained blue with Hogthst.
Quantification of Sox9nuclei. (F)N O:F1) N O;&nd (L)N>4 mice per groupScale bars equal
50um.
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Topical treatment with Wnt inhibitors does not impede hair follicle neogenesis

Our analysis of the dermal and sdérmal layers indicated a more regenerative and less
fibrotic healing by teatment with Wnt inhibitors. However, given the large body of literature
suggesting an essential role for epidermal Wnt signaling in hair follicle neog@émesjared
skin (Lowry et al.,Genes DeR005 Ito et al.,Nature2007 Gay et al. Nat Med2013, we were
surprised to note that topical Wnt inhibitor treaint of ear punch wounds did not inhibit hair
follicle regrowth in regenerating wound tissue. In contrast, X389 (Fig 30A), C-113 (Fig
30B) or Pyr (Fig 30C and D) treatment resulted in a significantly increased number of hair
follicles in the regeneratetissue. Immunostaining for the hair follicle bulge stem cell marker
cytokeratin 15Liu et al.,J Invest DermatoR003 (Fig 30E), and the epithelial placode marker
cytokeratin 17(McGowan et al.,J Invest Derratol 200Q Ito et al., Nature 2007 (Fig 30F)
confirmed the presence of mature and nascent hair follicles. To further confirm that these
follicles were nascent follicles arising from regenerated tissgestained for Sox9epithelial
placode cells, which mark the beginning of hair follicle forma(igidal et al.,Curr Biol 2005.
More Sox9 placode cell clusts were detected in Wnt inhibitor treated wounds compared to
respective controls(Fig 30G-1). Although studies using epidernspecific promoters to
modulate Wnt signal@d_owry et al.,Genes De005 Ito et al.,Nature2007 Gay et al. Nat Med
2013 have showed that epidermal Wnt activation is an important esgaint for hair follicle
neogenesis, it is possible that in our model, dermal Wnt inhibitory signals promote regeneration
without disrupting follicle regeneration mediated by Wnt in the epidermis. This is also evident
by our immunofluorescence dat&ig 21B-C and Fig 22B-C) where we did not observe a
detectable reduction in Wnt signals in the epidermis as measurefd-chtenin and b-

gabctosidasemmunofluorescence intensity by treatment with our Wnt inhibitors.
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Figure 30: Wnt inhibition does not affect hair follicle neogenesis in newly regenerated
tissue.
H&E stainedsections of ear wound treated with) XAV -939,(B) C-113 or(C) Pyr showed

newly regenerating hair follicles (black arrows). Dashed red lines represent wound ifiygin;
Graphical representation of number of new hair follicles arising in the regenerated tissue with
211 or Pyr treatment(E) anticytokertain15 (red),(F) anticytokeratinl7(red), andG) antk

Sox9 (redhstained sections of XA\®39%treated tissue highlights new hair follicles arising in the
regenerated tissyel) Sox9 (red) stained section of Pyeated tissue showing positive stagnin

of placode cells (magnified in the insets) in very early stages of hair follicle formation; PCNA
(green) marks proliferating basal cells of epidermis; nucletth &e counterstained blue with
Hoechst. HF hair follicle; Ep Epidermis; D Dermis.(I) Number of early hair placodes stained
with Sox9. (D and IN O per group. Scale bars equal 50pum





































































































































































