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Abstract

Background: Metastasisunderliesmost colorectal cancer mortality. Cancer cells spread
through the body as single cells or small clusters of cells that have aivénwassenchymal,
nonproliferative phenotype. At theecondary sitethey revert to a prolifative ‘tuma
constructing’epithelial phenotypeto rebuilda tuma. We previouslydeveloped a unique

vitro 3D mode] called LIM1863Mph, which faithfully recapitulates tlse reversible
transitions that underpin colorectal cancer metastégissignalingplays a key role in these
transitions and is initiated by the coupling of extracellular Wrrizzled (FZD).Usingthe
LIM1863-Mph model system we demonstratiht the Wntreceptor FZD7s necessary for
mesenchymal to epithelial transitighlET). Here we investigatthe role of\Wnt ligandsin

MET. Results: Wnt secretion is dependent gralmitoylation by the enzyme &rcupine
(PORC) A PORC inhibitor(IWP2) that preventsthe secretion of Wnproteins including
Wnt2B, blockedheepithelial transition of mesenchymaM1863-Mphcells Wnt genearray
analysisidentified several Wnts that are upregulated in epithelial compared to mesenchymal
LIM1863-Mph cells, suggesting these ligands in MET. Wnt2B was the most abundant
differentially expressed Wnt genkdeed, recombinant Wnt2Bould overcome the IWPR2
mediated block irepithelial transition of mesenchymal LIM1968oh cells

Conclusion: Wnt2B co-operats with Frizzled7 to mediate MET in colorectal cancer.



Introduction

Colorectal cancer (CRC) is a major health problem worldwidesandlar to other forms
of cancer, it is much harder to treat once it has spread to other orghedody. A necessary
step in the genesis of most CRCs is deregulation of the f-catenin dependent Wnt signaling
pathway(Clevers and Nusse 2012), which occurs through genetic mutation of downstrea
pathway components, primarily the tumor suppressor ddasomatous Polyposis COAPC)
(Fearon 2011)At amolecular level, the Wnt/p-catenin pathway regulates the cytoplasmic and
nuclear levels of B-catenin via a cytoplasmic destruction complex that includes APC, Axin a
GSK3p. Mutations of APCin CRC disrupts this regulation and B-catenin accumulates in the
cytoplasm, translocates to the nucleus and leads to the constitutive activation of TCF/LEF/f-
catenin transcription of target gen@sorinek et al. 1997, van de Wetering et al. 2002)
However, the level of nuclear B-catenin is variable in CR@espite activating mutations in the
downstream components of the pathyRsabletz et al. 1998, Brabletz et al. 200hyicating
additional regulation of the Wnt/B-catenin pathwayy the tumor environmer{incan and
Barker 2008).

The majority ofCRCsare well differentiated forming organized tubular structures, gt th
still metastasizeand thereforeitferentiation statuss often a poor prognostidactor for this
cancer Both primary and secondary (meteses) weldifferentiated tums have clearly
defined localized invasive areas where the tubular structures©RiBes reorganized yielding
tumor cell sheets and isolated tumor cells interspesstedthe stromgBrabletz et al. 1998,
Brabletz et al. 2001)Histological detection of imasive areas in theumor predicts poor
outcome, independent of tumor staging (Ueno et al. 2014, Wong et al. Z0@3) cells
engaged in tubular structures are well differentiatéth membrane f-catenin (polarized
epithelial cellsYhatstain with Ki67. In contrast, cell division (Ki-67 staining) is decreased or
undetected in ddifferentiated (migraty, invasive, mesehymal) tumo cels with intense
cytoplasmic and nuclear -cateninat invasive area@Brabletz et al. 2001)Based on these
phenotypic changes, dbfferentiation at the invasive front is referred to as an epithelial to
mesenchymairansition (EMT)(Kirchner and Brabletz 2000). Once in the setary organs,
the reverse transition occurs (MET) whichimsetates the epithelial, proliferative phenotype.
Notably, the pathology of primary and secondary tefior mostCRGCsis the saméBrabletz
et al. 2005a, Thierp002) Transitions between epithaliand mesenchymal states are thus

dynamic and reversible. Presumably, this revexkde differentiated disseminated cells to an



epithelial phenotype is necessary tamstatecell division so that the tumatructure can be
re-built at the secondary si{@hiery 2002, Vincan 2004).

During metastasis cancer cells disseminate through the body ascsilgte small clsters
of cells and can remain ‘dormant’ for many yegdiacDonald et al. 2002, Naumov et al. 2Q02)
Moreover, disseminated cancer cells (mesenchymakpraiferating) evade conventional
anti-carcer therapies, which in general target proliferating cells. The abilityrtorgte these
‘dormant’ cancer cells is critical for curative tneeht. Initiation of tumor growth at the
secondary site is the ralieniting step in metastasi@hambers et al. 2002Lonsequently,
circumventing release from dormancy offers a further avenue for tharapntervention.
However, the molecular mechanismmontrolling early events of release from ‘dormancy’ are
still largely unknown due to the complexity this presentaf@lysisn vivo. To overcome this
limitation, we have established a unigmevitro morphogenesis culture system using the
humancolorectal cancercell line LIM1863 (Whitehead et al. 1987). In this model system
LIM1863 cells growing as a twdimensional2D) monolayeundergo METio form 3D highly
organized, multicellular structures that resemble enclosed -carcinondestuffermed
organoids). We demonstrated cyclic transition from 2D to 3D and refer tadhisted cell line
as LIM1863Mph (momhogenetic)(Vincan et al. 2007a, Vincan et al. 2007b, Vincan et al.
2008) The dynamic phenotype transitions between 2D and 3D faithfully recapitiie
pathology of invasive (d®nstructing tubular structures) and central (constructing tubular
structures) areas of carcinoma tiss(Migcan et al. 2007a)Ne recordeduclear f-catenin in
the monolayer cells (low or undeted@Ki-67 staining), then a transient, short, sharp increase
in nuclear B-catenin at the initiation of MET, just as the cells lift off the tissue culturd¢iplas
and become Ké67 positive. This intense nuclear f-catenin rapidly subsides to undetectable
levds as the organoids form, while 47 staining is retained as all the organoid cells
proliferate.Using RNAFmediated knocklown in LIM1863Mph, we demonstrated th#te
Wnt receptorFrizzled7 (FZLY) is necessary for ME{Vincan et al. 2007b). ZD7-mediated
Whnt/B-catenin signalings known to orbestrate tissue “constructingiorphogenetic events
during embryonic developmefg.g. epithelial organization of somit@snker et al. 2005)
and our findings indicate a similar rdler FZD7in the context of CRQVincan et al. 2007c).

However, the Wnt ligands that-aperate with FZD®uringthe initiation of MET are not
known. Here v show that Wnt is required for MET in the LIM18®&8sh modelas inhbiting
wnt secretion blocks METSecretion of Wnt is dependen porcupine (PORCJvan den



Heuvel et al. 1993)an enzyme in the endoplasmic catum that post translationally
palmitoylates Wnts at a highly conserved serine residue (Lum and Clevers 2012, Elaalan
2016) Inhibition of PORC with IWP2 (B. Chen et al. 2009, S. Chen et al. 26108kedMET.
We identify the Wnts that are differentially expressed by mesenchynthlepithelial
LIM1863-Mph cellsusing an array platforngnd demonstrate that recombin#t2B or the
archetypical -catenin activating WniWnt3a, canpartially rescue MET when Wnt secretion
is blocked by IWP2

Results

Wnt expression and signalingin LIM 1863-Mph cells

The LIM1863Mph cells undergo cyclic transitions betweeronolayerand freefloating
organoid clustex The organoids are spheres of highly polarized epithelial ceallsndra
central lumer(Vincan et al. 2007a, Vincan et al. 2007b), shown diagrammatically in Fig. 1A
Having identified a role for FZD7 in orchestrating MET in the LIM1888h model(Vincan

et al. 2007h)andgiven that the expression of FZD7 does not change durisgtifagsitiors
(data not shown), the next important step was to identify which Wnt gesresdifferentially
expressed by monolayer and organoid celhal thuscould potentially ceoperate with FZD7

in this process. To answer this questior, @mployed the Human Wntdgiaing Pathway
Array (Qiagen). Total RNA was extracted from LIM18BBh monolayerand organoicells,
cDNA synthesized and assayed using the cDNA array. Relative exypregas determined
using HMBS as reference (Fig. 1B). WBt2W/nt3 and Wnt10A were markedly wpgulated

in the organoids compared to the monolayer cells; expressidintd and Wntll were
relatively unchanged, whille other Wnt genes were expressed at very low levels. Looking at
expression levels of Wif-catenintarget genes (Fig. 1Chése were similar in both cell types
with less than twdold changes in expression. The differences in \Bni&nt3 (and Wnt3a
albeit expressed at very low levelnd Wnt target gene expressidentified by the array
analyseswvere validated by independeRT-°PCR on a separate set of cell preparations (Fig.
2A & 2B). Wnt2B was the most abundant differentially expressed Wnt and was thus
investigated furtherWnt2B expression in the LIM186®1ph organoids was confirmed by
immunofluorescence and confocal m&copy in which we observed WriRlocalized in

puncta apical to the nuclei of LIM1883ph organoid cells (Fig. 2C). As shown previously



(Vincan et al. 2007a, Vincan et al. 200,Aajinin—»2, a marker for the invasive frotlubek
et al. 2001)s very strongly up-regulate@-30 fold)in the mesenchymal cells compared to the
mature organoids. Similarly, the EMT marké&audin1(Suh et al. 20135 also upregulated

in the mesenchymal cel(§ig. 2B).

Wnt isnecessary for MET

Wnt2B functions to promote the activityoftestinal stem cedl(Farin et al. 2012)
which are also theell-of-origin in colorectal cancéBarker et al. 2009). Furthermore, we have
also recentlghownthatWnt2B co-operatsand ceimmunoprecipitatewith Fzd7in intestinal
stem cell§Flanagan et al. 2015 nd thereforgve focutsed on the function of this Wimt MET,

assem cell properties a@tenhijacked by cancer cel{8arker et al. 2009, Phesse et al. 2014)

First, we investigated whether Wnt is necessary for MET. Wnts aretsgarowth
factors and require pestanslational modification by PORC to be secréidChen et al. 2009,
S. Chen et al. 2009, Lum and Clevers 2012, Madan et al. 2016, van den Heuvel et al. 1993)
Inhibition of PORC enzyme activithas been shown tmhibit the secretion of Wntsand
therefore we used the PORC inhibitor IWP2 as a tool to inhibit Wnt secréfmconfirmed
inhibition of Wnt secretion sing Wnt3A-L-cells,a mouse fibroblast continuous cefidithat
was stably transfected with a Wnt3A and secretes Wnt3A into the supelivdiibet et al.
2003) We collected conditioned medium from parentatdlls and Wnt3AL-cells with or
without the PORC inhibitor IWP2 (5 uM). These conditioned media were then added to
parental Lcells We showed by immunoblot that Wnt8anditioned medim induced the
accumulation of B-catenin and thahis activity was lostvhenthe PORC inhibitor IWPXvas
added during preparation of the Wnt8aAnditioned mediumthus confirming that that IWP2
is functioning to inhibit Wnt secretion in these céRgy. 3A).

Next, nonolayer organoids were treated with 5 uM IWP2 as they were jushgt
re-organizeto form organoids i.e. undergoing MET. Inhibition of PORC blocked MET and the
monolayer patch had a “cotton wool” appearance witbbudding orgarids, consistent with
a mesenchymal phenotypéincan et al. 2007b). In contrast, numerous generating organoids
wereobservedn the carrieitreated monolayer patch (Fig. 3B). Expression of the mesenchymal

markers laminin—y2 andClaudinlremained high in the IWP2 treated celfedwas increased



apprximately two fold when compared to the control DMSO treated cealldjroning their
mesenchymal phenotyp@ig. 3C). The expression ofWnt target genes was relatively
comparable between the IWP2 treated and control @etis 3C). This is consistent with our
observation thathese genes are relatively unchangdten mesenchymal and epithelial
LIM1863-Mph cells are compared (Fig. 1C).

Wnt2B and Wn3A functionin MET

Following the demonstration that inhibiting Wnt secretion blocked ME& next
investigated if addition of recombinant Wtsuldrescue/restore METT 0 better visualize the
changes in the morphology during the MET process, the cells were seeddthimter slides
andstained foreither Ecadherin or Z@L, to demonstrate the cell architecture. Cultures were
treated with DMSO5 uM IWP2 or with 5 puM IWP2with either WntB (100 ng/ml)or the
archetypical f-cateninactivating Wnf Wnt3a(100 ng/ml)Willert et al. 2003) TheE-cadherin
stainedDMSO treated cultures show that organoids wesgsgeEmbling because the monolayer
cell patches have “holes”, i.e. areas wheecells are lifting off (arrows) and starting te re
organize themselves into organoids (indicated byitiwdées in Fig. 4A)In contrast, the IWP2
treated cells remain a tight patch andBEheadherinstaining does not distinguish any organoid
formation or cells lifting off the tissue culture plastic (Fig. 4B). Adding recomhiivent2B
(Fig. 4C) or Wnt& (Fig. 4D) restores organoid assembly with “holes” observed én th
monolayer patches, indicating the cells are lifting off ardrganizing into organds. The
Z0-1 staining shows the central lumen of the organoids being assemtihe DMSO treated
cultures Fig. 5A indicates one example of assembling organoidsese clusters of apical ZO
1 staining are not observed in the cultures treated with IWi§25B).In contrastthe cluster
of apical ZO1 was cleary evident when recombinant Wnt was addedhe IWP2treated
cultures(Fig. 5C & 5D). We have previously demonstrated that FZD7 is required for MET
(Vincan et al. 2007bandbinds to WntB (Flanagan et al. 2015Thus, our collectivalata
indicatesthat FZD7 transmits signals froM/nt2B to orchestrate MET in this model of

colorectal caner morphogenesis (Fig).6

Discussion



In CRC, aberrant activation of the Wnt/B-catenin signaling pathway leads to the
accumulation of B-catenin in the nucleus and thus the hyqetvation of f-cateninTCF/LEF
gene transcription. Indeed, the ocaativaton of the Wnt signaling pathway, causbg
mutations to some of its intracellular components, is found in nearly all GR@ssporadic
and familial(Kinzler et al. 1991)Most notab¢ is the tumor suppressor geA€C, which is
found to be mutated in approximately-80% of CRCs. However, in addin to theseAPC
mutations, the oveexpression of certain upstream signaling components can regulate Wnt
signaling activity, irrespective of the downstream pathaetyvating mutations (Caldwell et
al. 2004, Suzuki et al. 2004, Ueno et al. 2009, Vincan et al. 2007b, Vincan et al. 2005)
Importantly, additional Wnt signaling underlies malignant progression as thas#amu of
invasive capabilities and metastameties on dynamic reversible processes, EMT and MET
(Thiery 2003. Thus, it is of greatmportance to understand how these processes are
coordinated and regulated, as it may provide novel avenues to block metastadisjswhi
ultimately the cause of cancer death. The results presented irtuthys demonstrate the
potential ofblocking the nteraction betweeWnt and FZD7 as atherapeutic target torevent

MET and cancer recurren€€incan and Barker 2008).

Although additional signaling by the WRZD receptor complex was initially
considered unnecessary in CRC, it is now accepted that the upstream compartaipate
in the initiation and progression of CRC. This is based on several lingsiefee. Epression
of nuclear B-catenin in early adenoma is not as strong as it is in later gRigelps et al. 2009a,
Phelps et al. 2009bAlso, naturally occurring inhibitors of WARZD interaction, thesecreted
Frizzled related proteinsERP$, arebona fidetumor suppressors in CRCaldwell et al.
2004, Suzuki et al. 200&uggesting that the additional modulation of the B-catenindependent
Wnt signding pathway is via the upstream components of the pathway. Furttegrmor
epigenetic silencing of sFRfan occur before truncating mutation®\AC (Suzuki et al. 2004)
indicating that aberrant signaling from the WD complex may precede aberrant signaling
due to truncation oAPC. Furthermore, both Wnts (Dimitriadis et al. 2001, Katoh et al. 1996,
Kirikoshi et al. 2001, Ru et al. 2008hd FZ (He et al. 2011, Holcombe et al. 2002, Sagara
et al. 1998, Ueno et al. 2008, Vincan 2004, Vincan et al. 208rgbdverexpressed in CRC
tissues and cell lines andn additionally modulate the B-catenindependenWnt signaling
pathway(Ueno et al. 2009, Vincan et al. 2007b, Vincan et al. 20f#gpite mutation t&PC
or CTNNZ1(the gene that codes for 3-catenin). Notably, Wnt signaling appears to be constrained



in CRC cells[reviewed in(Phesse et al. 2016)giving way to burst of localized increased
signaling as occurs at the invasive fr{Bitabletz et al. 2005hyhere aberrant activation of the
Wnt pathway can induce EMT in tumor cells (Kim et al. 2002, Mariadasdn2§Gd., Muller

et al. 2002) Our collective data in the LIM186BIph model indicates that the initiation of
MET is associated with a brief burst of even higher Wnt/B-catenin signaling than that seen in
the dormant mesenchymal cells at the invasive {iBratbletz et al. 2001, Vincan et al. 200.7b)

Using the LIM1863Mph model system, we demonstrated a requirement for FZD7 in
MET that is necessary to assemble the organdidsan et al. 2007b), but the question of
which Wnt ligand was signaling via FZD7 remained unanswerbdre are 19 mammalian
Wnts andhere we invetigated which of these Wnt ligands interacts with FZD7 to activate
MET. First, we employed a gene array and identified \Bnt®/nt3 and Wntl8 as
differentially expressed by mesenchymal and organoid LIMABB cells. Next, we
demonstrated a requirement fd/nt in the assembly of organoids by demonstrating that
inhibition of Wnt secretion using IWPRBlocked MET. We chose to further investigate the role
of Wnt2B in the LIM1863Mph cels as we had identified thi&/nt asa signaling partneof
FZD7 in intestinal stem cellgFlanagan et al. 20159nd Wnt2B can activate p-catenin
dependent Wnt signaling (Goss et al. 200@irthermorealthough it has been suggested that
RNAi-mediated inhibition of PORCUPINE can suppress the growth of breast cafisan a
Wnt independent mechanism, this did not phenocopy treatment with2I\{¢Blls did not
respond to IWFL or IWR-2) (REF TO ADD; Covey et al, PLoS One, 2012, PLoS ONE 7(4):
e34532.). . Indeedye demonstratéhat recombinant WntB (or the archetypical p-catenin
activating Wnt, Wnt3 (Willert et al. 2003) could restore MET when Wnt secretion was
inhibited in the monolayer LIM186BIph cells. Notably, WntB mediated B-catenin
dependent Wnt signaling is implicated during the morphogenesis of ubes(lglesias et al.
2007) which is one of the key MET events during development. Thus a role forB/mt2
promoting the formation of glandular structures in CRC is consisteht itgi role during
development. Furthermore, Wit2vas also one of the first Wnts demonstrated to be-over
expressed in CRC cell lingBafico et al. 2004, Katoh et al. 199&otably, Wnt3 is also
overexpressed in colorectal tum@wloshanenko et al. 2013y hus the role we identify for
Wnt2B, andpotentiallyWnt3, are consistent witbver-expression reported for these Wnts in

colorectal cancer.



Wnt3 produced by Paneth cells in the epithelium is essential for intestimalcells
(Sato et al. 2011, Sato et al. 200®9) the absence of W8, Wnt2B can compensat@-arin et
al. 2012). More recently, it was shown, that high levels of Wiat2 predominantly expressed
in Glil positive subepithelial mesenchymal cells, which are adjacent to the cfyptenta et
al. 2016) This localization of Wnt2B is consistent with previous reports showing2lVnt
expression in the mesenchyme of mouse intestine (Gregori¢ff2€108) Collectively, these
studies identify WntB and Wnt3 as intestinal stem cell Wnts. Intriguingly, the data presented
here indicates thahese stem cell Wnts also function in colorectal cancer morphogenesis
indicating that the stem cell Wnts, like FZD7, feature in colorectal cahably, we
demonstrated that FZD7 stem cell functiom ¢ee partially compensated by closefjated
FZD genes FZD1 and FzZD2(Flanagan et al. 2015), however, the same compensatory
mechanism does not appeamtwurin cancer agknock-down of FZD7 blocks METVincan
et al. 2007h)andinhibiting FZD7 functionwith a dominaninegative receptor eadomainhas
potentantitumoractivity in colorectal cancgiVincan et al. 2005and other cancers such as

liver cancer [reviewed ifVincan and Barker 2008)].

Colorectal cancer (CRC) is a major health problem worldwide that is rbeded by
an aging population. CRC can effectively beeclif it remains localized and is surgically
resected, however cancer cells often spread to other ongdinsetastasse underlyingmost
CRC mortality. Clearly better strategies are needed to stop tuenarrence which will
ultimately lead to better management and treatment of advanced CRC, angueotige
increaseatientsurvival.Furthermore, reversible EMT and MET underpins metastasis of other
solid tumors(Ocana et al. 2012), thus the mechanisms for MET reported here atsgbe

relevant to other forms of cancer.

Experimental Procedures

Céll lines, cell cultureand live cell imaging

Cells lines were either purchased from ATCC (HEK293), provided by the igudw
Institute for Cancer Research (LIM1863) (Whitehead et al. 1687he Nusse laboratory
(parental Lcells and Wnt3d_cells) (Willert et al. 2003) The adapted LIM186&1phline has
been previously describd¥incan et al. 2007a, Vincan et al. 2008¢lls were culturedni



RPMI 1640 medium (GIBC(O11875-119), supplemented with 10fat inactivated fetal calf
serum ESC, Chemicon InternationaEmbryo Max FCS, ES qualifieES-009A), 20 mM
HEPES,Glutamine and antibioticPenicillin/Streptomycin The LIM1863Mph cells were
cultured in rich medium wit additional supplements jig/mL hydrocortisone (SolGortef
for injection), ~0.91pg/mL insulin (Insulin for injection, 100U/mL, from Pharmacy) and 10
4M 1-thioglycerol (Sigma M6145)] The cells were incubated at 37°C in a humidified
atmosphere contaimg 10% CQ.

To plate the LIM1863Vph so that they preferentially form monolayer patches
acherent LIM1863Mph cells were detachealith Trypsin/EDTA solution §.05% (w/v trypsin
1:250, 0.02% (w/v) EDTA, pH7.Gdnd seededt 5x 10° cells/cnt tissue culture well surface

area as previously describ@dincan et al. 2008).

Differential interference contrast (DIC) images of LIM18@ph cultures were taken
on a Nikon TiE microscope using either a 4x Plan Fluor NA 0.13 objective or a ao-HRlor
NA 0.3 objective. A focal stack of images was collected 10um apart anéggedd@rough the
“Best Focusfunction of MetaMorph v7.7.7 (Molecular Devices) to generate thé ifimage
(Vincan et al. 2007b)

Detection of B-catenin by immunoblot

L-cellswereseeded in replicate weliseated with conditioned mediu@M) harvested
from the L-cell parental line, or the Wnt3a&oducing cell lingWillert et al. 2003)with or
without the Porcupine inhibitor IWRB. Chen et al. 2009, S. Chen et al. 200%er treatment
with the conditioned medjgheL-cellswere washed with warm calcium anéggmesium free
phosphate buffered salineBS’) and then scraped from the weltor~1 ml ofPBS'. The cells
were thenpelletedat 1200rpm for 2min and resuspended &0 pl of PBS, followed
immediatelyby the addition of hot (>95°C) 2x Laemmli Sample Buffer (BieRad Laboatories,
161-0737)with 0.5M B-mercaptoethanaindthenincubated at >95°C for 5 min. The whole
cell lysate protein samples were separated by SPSSE (sodium dodecyl sulfate
polyacrylamide gel electrophoresm)dthe separatkproteins transferred to a nitrocellulose
membrane (Hyond GExtra, AmershamRPN303E). After transfer, the membranas
blocked with5% (w/v) skim milk powder in Tris buffered salin€RS) with 0.1% Tweer20
(TBS-T) for 1hr at room temperatureinsed and incubated overnight in primary antibody

(mouse antp-catenin, BD Transduction Labs, 610154) at 4°C. Following the overnight



incubation, the primary antibody was washed off with TB&nd the bound antibody detected
with antrmouseHRP (DAKO, P0161)and Enhanced Chemiluminescen{eCL) [Clarity
Western ECL Substrates; Luminol/enhancer reagent and Peroxide re&jeRad,
1705060)].

I mmunofluor escence staining

To stainLIM1863-Mph during MET, detached monolayer cellere seeded at 5 x
10%c? in 2-chamber slides (Lalbek, 177429)s describedVincan et al. 2008and given
the indicated treatmentBollowing treatment, the growth medium was removed and the cells
were washed twice in PBS(PBSwith Mg**/Ca"™) andfixed in situwith methanol at20°C
for 20 min. The cells were incubated for 1hr in 5% FCS in 0.2% PBST to block wditspe
binding of the antibodies. The primary antibody was diluted in 5% FCS in 0.05% (PBST
+ 0.05% Triton X100), and left overnight at 4°C. After washing, the cells were incubated in
the secondary antibody for 1hr at room temperature and then DABiD{dmidino-2-
phenylindole) wasaddedto stain the nuclei. The cells were mounted in 70% glycerol for
confocal microscopy. The primary antibodies used were mouseE-aatiherin (BD
Transduction Labs, 610181) and mouse-Z@i1 (Invitrogen, 339100). Secondary antibody
was Alexa antmouse 568Detection of the staining for the chamber slides was captured on a
Leica LAS AF SP5 microscope using a 20x HCX Plan Apo NA 0.7 IMM objective

Freefloating organoids were fixed in 4.0% paraformaldehyde in PBS&d
permeadized with 0.2% PBST PBS with 0.2% Triton %100). Primary antibody was E
cadherin andabbit ani-Wnt2B (abcam, ab5057%5 Secondaryantibodieswere Alexa anti
mouse 594and Alexa antirabbit 488 Staining of the fredloating organoids was captured

usingtheZeiss LSM Meta confocal.

Z-stacls of images was collected and processed in ImageJ v1.43u, then finalized in
Adobe Photoshop CS4 v11.0.2 to generate the final infdbénages from an experiment

were processed in the same way.

RNA extraction, cDNA synthesis and quantitative PCR

Gene expression by gRACR (quantitative reverse transcriptase polymerase chain

reactior) wasperformedaswe previously describe@Vincan et al. 2005)Briefly, following



treatment, thecells were harvestemh TRIzol (Invitrogen15596-018 and total RNAwas
purified and DNAse treated using Raky miniprep columns (Qiager4104) cDNA was
synthesizedrom 4 g oftotal RNA using anchored oligodT primers (Promega) and Moloney
Murine Leukemia Virus Reverse TranscriptaseNMV RT, Promega M1705). Quantitative
PCR on the cDNA samplegas performed usin§YBR green (Invitroged309155 and ABI
PRISM 7500 Sequence Detector (Applied Biosystem$he housekeeping gene
hydroxymethylbilane synthase (HMBYYandesompele et al. 200&ps used toalculate the
fold change 224€T method as describe@Vincan et al. 2005). fimer sequenceareavailable

on request.

For the aray analysis, cDNA(four separate monolayer and organoid populatioas)
synthesizeds above anthen assayed on the Human Wnt Signaling Pathway Array (Qiagen,
PAHS043YA). HMBS expression was determinky gPCRas above and used to calculate
the fold dhange (22T method) as describdlfincan et al. 2005).

Statistical analysis

Data are expressed as mean + SEM, where mggmasents number of experiments (three or
more). Statistical tests used are Student’s t test or Mdmitmey with Prism6 (GraphPad

software) wheré values of < 0.05 were considered significant.

References

Bafico, A., Liu, G. Z., Goldin, L., Harris, V. and Aaronson, S. A. (2004) An autocrine mechanism for
constitutive Wnt pathway activation in human cancer cells. Cancer Cell, 6(5), pp. 497-506.

Barker, N., Ridgway, R. A, van Es, J. H., van de Wetering, M., Begthel, H., van den Born, M.,
Danenberg, E., Clarke, A. R., Sansom, O. J. and Clevers, H. (2009) Crypt stem cells as the cells-
of-origin of intestinal cancer. Nature, 457(7229), pp. 608-11.

Brabletz, T., Hlubek, F., Spaderna, S., Schmalhofer, O., Hiendimeyer, E., Jung, A. and Kirchner, T.
(2005a) Invasion and metastasis in colorectal cancer: epithelial-mesenchymal transition,
mesenchymal-epithelial transition, stem cells and beta-catenin. Cells Tissues Organs, 179(1-
2), pp. 56-65.

Brabletz, T., Jung, A., Hermann, K., Gunther, K., Hohenberger, W. and Kirchner, T. (1998) Nuclear
overexpression of the oncoprotein beta-catenin in colorectal cancer is localized
predominantly at the invasion front. Pathol Res Pract, 194(10), pp. 701-4.



Brabletz, T., Jung, A., Reu, S., Porzner, M., Hlubek, F., Kunz-Schughart, L. A., Knuechel, R. and
Kirchner, T. (2001) Variable beta-catenin expression in colorectal cancers indicates tumor
progression driven by the tumor environment. Proc Natl Acad Sci U S A, 98(18), pp. 10356-
61.

Brabletz, T., Jung, A., Spaderna, S., Hlubek, F. and Kirchner, T. (2005b) Opinion: migrating cancer
stem cells - an integrated concept of malignant tumour progression. Nat Rev Cancer, 5(9),
pp. 744-9.

Caldwell, G. M., Jones, C., Gensberg, K., Jan, S., Hardy, R. G., Byrd, P., Chughtai, S., Wallis, Y.,
Matthews, G. M. and Morton, D. G. (2004) The Wnt antagonist sFRP1 in colorectal
tumorigenesis. Cancer Res, 64(3), pp. 883-8.

Chambers, A. F., Groom, A. C. and MacDonald, I. C. (2002) Dissemination and growth of cancer cells
in metastatic sites. Nat Rev Cancer, 2(8), pp. 563-72.

Chen, B., Dodge, M. E., Tang, W., Lu, J., Ma, Z., Fan, C. W., Wei, S., Hao, W., Kilgore, J., Williams, N. S.,
Roth, M. G., Amatruda, J. F., Chen, C. and Lum, L. (2009) Small molecule-mediated disruption
of Wnt-dependent signaling in tissue regeneration and cancer. Nat Chem Biol, 5(2), pp. 100-
7.

Chen, S., Borowiak, M., Fox, J. L., Maehr, R., Osafune, K., Davidow, L., Lam, K., Peng, L. F., Schreiber,
S. L., Rubin, L. L. and Melton, D. (2009) A small molecule that directs differentiation of
human ESCs into the pancreatic lineage. Nat Chem Biol, 5(4), pp. 258-65.

Clevers, H. and Nusse, R. (2012) Wnt/beta-catenin signaling and disease. Cell, 149(6), pp. 1192-205.

Dimitriadis, A., Vincan, E., Mohammed, I. M., Roczo, N., Phillips, W. A. and Baindur-Hudson, S. (2001)
Expression of Wnt genes in human colon cancers. Cancer Lett, 166(2), pp. 185-91.

Farin, H. F., Van Es, J. H. and Clevers, H. (2012) Redundant sources of wnt regulate intestinal stem
cells and promote formation of paneth cells. Gastroenterology, 143(6), pp. 1518-1529 e7.

Fearon, E. R. (2011) Molecular genetics of colorectal cancer. Annu Rev Pathol, 6, pp. 479-507.

Flanagan, D. J., Phesse, T. J., Barker, N., Schwab, R. H., Amin, N., Malaterre, J., Stange, D. E., Nowell,
C.J., Currie, S. A, Saw, J. T., Beuchert, E., Ramsay, R. G., Sansom, O. J., Ernst, M., Clevers, H.
and Vincan, E. (2015) Frizzled7 functions as a Wnt receptor in intestinal epithelial Lgr5(+)
stem cells. Stem Cell Reports, 4(5), pp. 759-67.

Goss, A. M., Tian, Y., Tsukiyama, T., Cohen, E. D., Zhou, D., Lu, M. M., Yamaguchi, T. P. and Morrisey,
E. E. (2009) Wnt2/2b and beta-catenin signaling are necessary and sufficient to specify lung
progenitors in the foregut. Dev Cell, 17(2), pp. 290-8.



Gregorieff, A,, Pinto, D., Begthel, H., Destree, O., Kielman, M. and Clevers, H. (2005) Expression
pattern of Wnt signaling components in the adult intestine. Gastroenterology, 129(2), pp.
626-38.

He, W., Wong, S. C., Ma, B., Ng, S. S., Lam, M. Y., Chan, C. M., Au, T. C., Chan, J. K. and Chan, A. T.
(2011) The expression of frizzled-3 receptor in colorectal cancer and colorectal adenoma.
Journal of Clinical Oncology, 29(4).

Hlubek, F., Jung, A., Kotzor, N., Kirchner, T. and Brabletz, T. (2001) Expression of the invasion factor
laminin gamma2 in colorectal carcinomas is regulated by beta-catenin. Cancer Res, 61(22),
pp. 8089-93.

Holcombe, R. F., Marsh, J. L., Waterman, M. L., Lin, F., Milovanovic, T. and Truong, T. (2002)
Expression of Wnt ligands and Frizzled receptors in colonic mucosa and in colon carcinoma.
Mol Pathol, 55(4), pp. 220-6.

Iglesias, D. M., Hueber, P. A., Chu, L., Campbell, R., Patenaude, A. M., Dziarmaga, A. J., Quinlan, J.,
Mohamed, O., Dufort, D. and Goodyer, P. R. (2007) Canonical WNT signaling during kidney
development. American Journal of Physiology-Renal Physiology, 293(2), pp. F494-F500.

Katoh, M., Hirai, M., Sugimura, T. and Terada, M. (1996) Cloning, expression and chromosomal
localization of Wnt-13, a novel member of the Wnt gene family. Oncogene, 13(4), pp. 873-6.

Kim, K., Lu, Z. F. and Hay, E. D. (2002) Direct evidence for a. role of beta-catenin/LEF-1 signaling
pathway in induction of EMT. Cell Biology International, 26(5), pp. 463-476.

Kinzler, K. W., Nilbert, M. C,, Su, L. K., Vogelstein, B., Bryan, T. M., Levy, D. B., Smith, K. J., Preisinger,
A. C., Hedge, P., McKechnie, D. and et al. (1991) Identification of FAP locus genes from
chromosome 5qg21. Science, 253(5020), pp. 661-5.

Kirchner, T. and Brabletz, T. (2000) Patterning and nuclear beta-catenin expression in the colonic
adenoma- carcinoma sequence. Analogies with embryonic gastrulation. Am J Pathol, 157(4),
pp. 1113-21.

Kirikoshi, H., Sekihara, H. and Katoh, M. (2001) WNT10A and WNTS6, clustered in human
chromosome 2g35 region with head-to-tail manner, are strongly coexpressed in SW480
cells. Biochemical and Biophysical Research Communications, 283(4), pp. 798-805.

Korinek, V., Barker, N., Morin, P. J., van Wichen, D., de Weger, R., Kinzler, K. W., Vogelstein, B. and
Clevers, H. (1997) Constitutive transcriptional activation by a beta-catenin-Tcf complex in
APC-/- colon carcinoma. Science, 275(5307), pp. 1784-7.



Linker, C., Lesbros, C., Gros, J., Burrus, L. W., Rawls, A. and Marcelle, C. (2005) {beta}-Catenin-
dependent Wnt signalling controls the epithelial organisation of somites through the
activation of paraxis. Development, 132(17), pp. 3895-905.

Lum, L. and Clevers, H. (2012) Cell biology. The unusual case of Porcupine. Science, 337(6097), pp.
922-3.

MacDonald, I. C., Groom, A. C. and Chambers, A. F. (2002) Cancer spread and micrometastasis
development: quantitative approaches for in vivo models. Bioessays, 24(10), pp. 885-93.

Madan, B., Ke, Z., Harmston, N., Ho, S. Y., Frois, A. O., Alam, J., Jeyaraj, D. A., Pendharkar, V., Ghosh,
K., Virshup, I. H., Manoharan, V., Ong, E. H., Sangthongpitag, K., Hill, J., Petretto, E., Keller, T.
H., Lee, M. A., Matter, A. and Virshup, D. M. (2016) Wnt addiction of genetically defined
cancers reversed by PORCN inhibition. Oncogene, 35(17), pp. 2197-207.

Mariadason, J. M., Bordonaro, M., Aslam, F., Shi, L., Kuraguchi, M., Velcich, A. and Augenlicht, L. H.
(2001) Down-regulation of beta-catenin TCF signaling is linked to colonic epithelial cell
differentiation. Cancer Res, 61(8), pp. 3465-3471.

Muller, T., Bain, G., Wang, X. and Papkoff, J. (2002) Regulation of epithelial cell migration and tumor
formation by beta-catenin signaling. Experimental Cell Research, 280(1), pp. 119-133.

Naumov, G. N., MacDonald, I. C., Weinmeister, P. M., Kerkvliet, N., Nadkarni, K. V., Wilson, S. M.,
Morris, V. L., Groom, A. C. and Chambers, A. F. (2002) Persistence of solitary mammary
carcinoma cells in a secondary site: a possible contributor to dormancy. Cancer Res, 62(7),
pp. 2162-8.

Ocana, O. H., Corcoles, R., Fabra, A., Moreno-Bueno, G., Acloque, H., Vega, S., Barrallo-Gimeno, A.,
Cano, A. and Nieto, M. A. (2012) Metastatic Colonization Requires the Repression of the
Epithelial-Mesenchymal Transition Inducer Prrx1. Cancer Cell.

Phelps, R. A., Broadbent, T. J., Stafforini, D. M. and Jones, D. A. (2009a) New perspectives on APC
control of cell fate and proliferation in colorectal cancer. Cell Cycle, 8(16), pp. 2549-56.

Phelps, R. A., Chidester, S., Dehghanizadeh, S., Phelps, J., Sandoval, I. T., Rai, K., Broadbent, T.,
Sarkar, S., Burt, R. W. and Jones, D. A. (2009b) A two-step model for colon adenoma
initiation and progression caused by APC loss. Cell, 137(4), pp. 623-34.

Phesse, T., Flanagan, D. and Vincan, E. (2016) Frizzled7: A Promising Achilles' Heel for Targeting the
Wnt Receptor Complex to Treat Cancer. Cancers (Basel), 8(5).

Phesse, T. J., Buchert, M., Stuart, E., Flanagan, D. J., Faux, M., Afshar-Sterle, S., Walker, F., Zhang, H.
H., Nowell, C. J., Jorissen, R., Tan, C. W, Hirokawa, Y., Eissmann, M. F., Poh, A. R., Malaterre,
J., Pearson, H. B, Kirsch, D. G., Provero, P., Poli, V., Ramsay, R. G., Sieber, O., Burgess, A. W.,
Huszar, D., Vincan, E. and Ernst, M. (2014) Partial inhibition of gp130-Jak-Stat3 signaling



prevents Wnt-beta-catenin-mediated intestinal tumor growth and regeneration. Sci Signal,
7(345), pp. ra92.

Ru, M. X., Hang, E. S. U., Balraj, P., Lim, P. and Jamal, R. (2008) Overexpression of WNT2 and TSG101
genes in colorectal carcinoma. Tropical Biomedicine, 25(1), pp. 46-57.

Sagara, N., Toda, G., Hirai, M., Terada, M. and Katoh, M. (1998) Molecular cloning, differential
expression, and chromosomal localization of human frizzled-1, frizzled-2, and frizzled-7.
Biochem Biophys Res Commun, 252(1), pp. 117-22.

Sato, T., van Es, J. H., Snippert, H. J., Stange, D. E., Vries, R. G., van den Born, M., Barker, N., Shroyer,
N. F., van de Wetering, M. and Clevers, H. (2011) Paneth cells constitute the niche for Lgr5
stem cells in intestinal crypts. Nature, 469(7330), pp. 415-8.

Sato, T., Vries, R. G., Snippert, H. J., van de Wetering, M., Barker, N., Stange, D. E., van Es, J. H., Abo,
A., Kujala, P., Peters, P. J. and Clevers, H. (2009) Single Lgr5 stem cells build crypt-villus
structures in vitro without a mesenchymal niche. Nature, 459(7244), pp. 262-5.

Suh, Y., Yoon, C. H., Kim, R. K., Lim, E. J.,, Oh, Y. S., Hwang, S. G., An, S., Yoon, G., Gye, M. C., Yi, J. M.,
Kim, M. J. and Lee, S. J. (2013) Claudin-1 induces epithelial-mesenchymal transition through
activation of the c-Abl-ERK signaling pathway in human liver cells. Oncogene, 32(41), pp.
4873-82.

Suzuki, H., Watkins, D. N., Jair, K. W., Schuebel, K. E., Markowitz, S. D., Dong Chen, W., Pretlow, T. P.,
Yang, B., Akiyama, Y., Van Engeland, M., Toyota, M., Tokino, T., Hinoda, Y., Imai, K., Herman,
J. G. and Baylin, S. B. (2004) Epigenetic inactivation of SFRP genes allows constitutive WNT
signaling in colorectal cancer. Nat Genet, 36(4), pp. 417-22.

Thiery, J. P. (2002) Epithelial-mesenchymal transitions in tumour progression. Nat Rev Cancer, 2(6),
pp. 442-54.

Ueno, H., Shinto, E., Kajiwara, Y., Fukazawa, S., Shimazaki, H., Yamamoto, J. and Hase, K. (2014)
Prognostic impact of histological categorisation of epithelial-mesenchymal transition in
colorectal cancer. Br J Cancer, 111(11), pp. 2082-90.

Ueno, K., Hazama, S., Mitomori, S., Nishioka, M., Suehiro, Y., Hirata, H., Oka, M., Imai, K., Dahiya, R.
and Hinoda, Y. (2009) Down-regulation of frizzled-7 expression decreases survival, invasion
and metastatic capabilities of colon cancer cells. Br J Cancer, 101(8), pp. 1374-81.

Ueno, K., Hiura, M., Suehiro, Y., Hazama, S., Hirata, H., Oka, M., Imai, K., Dahiya, R. and Hinoda, Y.
(2008) Frizzled-7 as a potential therapeutic target in colorectal cancer. Neoplasia, 10(7), pp.
697-705.

Valenta, T., Degirmenci, B., Moor, A. E., Herr, P., Zimmerli, D., Moor, M. B., Hausmann, G., Cantu, C.,
Aguet, M. and Basler, K. (2016) Wnt Ligands Secreted by Subepithelial Mesenchymal Cells



Are Essential for the Survival of Intestinal Stem Cells and Gut Homeostasis. Cell Reports,
15(5), pp. 911-918.

van de Wetering, M., Sancho, E., Verweij, C., de Lau, W., Oving, ., Hurlstone, A., van der Horn, K.,
Batlle, E., Coudreuse, D., Haramis, A. P., Tjon-Pon-Fong, M., Moerer, P., van den Born, M.,
Soete, G., Pals, S., Eilers, M., Medema, R. and Clevers, H. (2002) The beta-catenin/TCF-4
complex imposes a crypt progenitor phenotype on colorectal cancer cells. Cell, 111(2), pp.
241-50.

van den Heuvel, M., Harryman-Samos, C., Klingensmith, J., Perrimon, N. and Nusse, R. (1993)
Mutations in the segment polarity genes wingless and porcupine impair secretion of the
wingless protein. Embo J, 12(13), pp. 5293-302.

Vandesompele, J., De Preter, K., Pattyn, F., Poppe, B., Van Roy, N., De Paepe, A. and Speleman, F.
(2002) Accurate normalization of real-time quantitative RT-PCR data by geometric averaging
of multiple internal control genes. Genome Biol, 3(7), pp. RESEARCH0034.

Vincan, E. (2004) Frizzled/WNT signalling: the insidious promoter of tumour growth and progression.
Front Biosci, 9, pp. 1023-34.

Vincan, E. and Barker, N. (2008) The upstream components of the Wnt signalling pathway in the
dynamic EMT and MET associated with colorectal cancer progression. Clin Exp Metastasis,
25(6), pp. 657-63.

Vincan, E., Brabletz, T., Faux, M. C. and Ramsay, R. G. (2007a) A human three-dimensional cell line
model allows the study of dynamic and reversible epithelial-mesenchymal and
mesenchymal-epithelial transition that underpins colorectal carcinogenesis. Cells Tissues
Organs, 185(1-3), pp. 20-8.

Vincan, E., Darcy, P. K., Farrelly, C. A., Faux, M. C., Brabletz, T. and Ramsay, R. G. (2007b) Frizzled-7
dictates three-dimensional organization of colorectal cancer cell carcinoids. Oncogene,
26(16), pp. 2340-52.

Vincan, E., Darcy, P. K., Smyth, M. J., Thompson, E. W., Thomas, R. J., Phillips, W. A. and Ramsay, R.
G. (2005) Frizzled-7 receptor ectodomain expression in a colon cancer cell line induces
morphological change and attenuates tumor growth. Differentiation, 73(4), pp. 142-53.

Vincan, E., Swain, R. K., Brabletz, T. and Steinbeisser, H. (2007c) Frizzled7 dictates embryonic
morphogenesis: implications for colorectal cancer progression. Front Biosci, 12, pp. 4558-67.

Vincan, E., Whitehead, R. H. and Faux, M. C. (2008) Analysis of Wnt/FZD-mediated signalling in a cell
line model of colorectal cancer morphogenesis. Methods Mol Biol, 468, pp. 263-73.

Voloshanenko, O., Erdmann, G., Dubash, T. D., Augustin, I., Metzig, M., Moffa, G., Hundsrucker, C.,
Kerr, G., Sandmann, T., Anchang, B., Demir, K., Boehm, C,, Leible, S., Ball, C. R., Glimm, H.,



Spang, R. and Boutros, M. (2013) Wnt secretion is required to maintain high levels of Wnt
activity in colon cancer cells. Nature Communications, 4.

Whitehead, R. H., Jones, J. K., Gabriel, A. and Lukies, R. E. (1987) A new colon carcinoma cell line
(LIM1863) that grows as organoids with spontaneous differentiation into crypt-like
structures in vitro. Cancer Res, 47(10), pp. 2683-9.

Willert, K., Brown, J. D., Danenberg, E., Duncan, A. W., Weissman, I. L., Reya, T., Yates, J. R., 3rd and
Nusse, R. (2003) Wnt proteins are lipid-modified and can act as stem cell growth factors.
Nature, 423(6938), pp. 448-52.

Wong, S. C,, Lo, E. S., Chan, A. K., Lee, K. C. and Hsiao, W. L. (2003) Nuclear beta catenin as a
potential prognostic and diagnostic marker in patients with colorectal cancer from Hong
Kong. Mol Pathol, 56(6), pp. 347-52.



