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Noncanonical Wnt signaling promotes colon
tumor growth, chemoresistance and tumor
fibroblast activation
Guillem Fuertes1,2,†, Beatriz Del Valle-P�erez1,2,3,†, Javier Pastor1,2 , Evelyn Andrades4,5, Ra�ul Pe~na2,

Antonio Garc�ıa de Herreros2,3,* & Mireia Du~nach1,**

Abstract

Colon tumors of the mesenchymal subtype have the lowest overall
survival. Snail1 is essential for the acquisition of this phenotype,
characterized by increased tumor stemness and invasion, and high
resistance to chemotherapy. Here, we find that Snail1 expression
in colon tumor cells is dependent on an autocrine noncanonical
Wnt pathway. Accordingly, depletion of Ror2, the co-receptor for
noncanonical Wnts such as Wnt5a, potently decreases Snail1
expression. Wnt5a, Ror2, and Snail1 participate in a self-
stimulatory feedback loop since Wnt5a increases its own synthesis
in a Ror2- and Snail1-dependent fashion. This Wnt5a/Ror2/Snail1
axis controls tumor invasion, chemoresistance, and formation of
tumor spheres. It also stimulates TGFb synthesis; consequently,
tumor cells expressing Snail1 are more efficient in activating
cancer-associated fibroblasts than the corresponding controls.
Ror2 downmodulation or inhibition of the Wnt5a pathway
decreases Snail1 expression in primary colon tumor cells and their
ability to form tumors and liver metastases. Finally, the expression
of SNAI1, ROR2, and WNT5A correlates in human colon and other
tumors. These results identify inhibition of the noncanonical Wnt
pathway as a putative colon tumor therapy.
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Introduction

The canonical Wnt signaling pathway is involved in the develop-

ment and progression of many human cancers (Nusse &

Clevers, 2017). The main consequence of the activation of this path-

way is the stabilization of b-catenin, although other reactions such

as JNK2 activation are also required for b-catenin translocation to

the nucleus and for the transcription b-catenin/Tcf4 target genes

(MacDonald & He, 2013; Garc�ıa de Herreros & Du~nach, 2019). How-

ever, not all Wnt ligands act through the canonical signaling; some,

such as Wnt5a, activate a different pathway not involving b-catenin
that has been called noncanonical Wnt signaling (Van Amerongen

et al, 2008). Molecularly, canonical and noncanonical Wnts use a

common receptor, Fz, but different co-receptors: LRP5/6, the canon-

ical, and Ror2, the noncanonical pathway (Van Amerongen

et al, 2008; Grumolato et al, 2010; MacDonald & He, 2013). They

also differ in the elements acting downstream in both pathways

although some, such as CK1e, Dvl2, and Fyn, are activated by both

types of ligands (Kikuchi et al, 2012; MacDonald & He, 2013; Garc�ıa

de Herreros & Du~nach, 2019).

Besides activating specific genes, both canonical and noncanoni-

cal Wnt pathways stimulate a common set of genes associated with

epithelial-to-mesenchymal transition (EMT) and cell invasion,

including Snail1 (Yook et al, 2005; Dissanayake et al, 2007; Gujral

et al, 2014; Villarroel et al, 2020; Feng et al, 2022). This is depen-

dent on the common activation of Stat3, which requires the Src-

catalyzed phosphorylation of Fz proteins such as Fz2 at Tyr552.

Modification of this residue promotes Fyn binding to Fz2, Fyn stim-

ulation, and Stat3 phosphorylation at Tyr705 (Gujral et al, 2014; Vil-

larroel et al, 2020). In addition to other specific responses, canonical

and noncanonical Wnts also stimulate another pathway involving

Dvl2 and JNK2 (Yamanaka et al, 2002; Wu et al, 2008; Villarroel

et al, 2020).
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Snail1 is among the genes transcriptionally activated by the Wnt/

Fyn/Stat3 axis in fibroblasts (Villarroel et al, 2020). Snail1 is a tran-

scriptional factor essential for triggering EMT, a process leading to

the acquisition of fibroblastic features by epithelial cells (Baulida

et al, 2019; Yang et al, 2020). Snail1 expression confers higher inva-

sion to tumor cells and also other traits associated with EMT such

as greater chemoresistance and cancer stem cell properties (Yang

et al, 2020). The precise agents controlling Snail1 expression in

colon tumor cells have not been identified although several extracel-

lular factors promote Snail1 expression in different tumor cells;

FGF2, HGF, TGFb, and few others (Peinado et al, 2003; Grotegut

et al, 2006). These proteins enhance binding to SNAI1 promoter of

NFkB, Stat3, Myc, HMGA2, AP-1, and Egr-1 transcriptional factors

activating SNAI1 transcription (Baulida et al, 2019). However,

increased transcription by itself is not sufficient to enhance Snail1

since this protein is very unstable and Snail1 upregulation needs

always to be associated with increased protein stability (D�ıaz & Gar-

cia de Herreros, 2016). For instance, Snail1 expression is totally

dependent on the activity of specific deubiquitinases (Dubs) such as

Dub3, Usp27X, and Usp37 (Wu et al, 2017; Lambies et al, 2019; Xiao

et al, 2019). The precise regulation of Snail1 Dubs by Snail1-

inducing factors has not been assessed other than the upregulation

of Usp27X and Dub3 by TGFb and TNFa, respectively (Wu

et al, 2017; Lambies et al, 2019).

The molecular classification of colon tumors has shown that the

mesenchymal (CMS4) subtype has the lowest overall survival

(Guinney et al, 2015). These tumors show an upregulation of genes

implicated in EMT. Accordingly, Snail1 presence in tumor cells has

also been associated with poor prognosis and an increased resis-

tance to chemotherapeutic agents (Kaufhold & Bonavida, 2014).

Therefore, to inhibit Snail1 and EMT would be particularly relevant

to decrease colon tumor lethality. When analyzing Snail1 expression

sensitivity to different drugs in colon tumor cell lines, we have

observed that it is markedly repressed by Porcupine inhibitors, com-

pounds that block the secretion of Wnt factors (Liu et al, 2013). This

suggests that the autocrine production of Wnt factors controls Snail1

expression. The cell lines used in our study were generated from b-
catenin/APC-mutated tumors and harbor ligand-independent tran-

scriptional activity of b-catenin. However, inhibitors of Wnt secre-

tion act on APC wild-type and also on APC-mutated tumors (Liu

et al, 2013; Madan et al, 2016). Our results indicate that Snail1 is

controlled by b-catenin-independent noncanonical Wnt signaling.

Accordingly, Ror2 depletion severely downregulates Snail1 in tumor

cells and affects growth in colon spheres, tumor invasion, and

chemosensitivity.

Results

Ror2 is necessary for Snail1 expression in colon tumor cells

As TGFb and Wnt factors induce Snail1 expression in fibroblasts

(see Introduction), we assessed the relative contribution of the auto-

crine secretion of these factors on Snail expression in SW620 and

HCT116, two tumor cells with high endogenous expression. These

two cells presented an altered canonical Wnt signaling due to muta-

tions in APC (SW620) or in CTNNB1 (HCT116) genes (Rowan

et al, 2000; Huang et al, 2021). The TGFb receptor I inhibitor

SB505124 (SB; DaCosta Byfield et al, 2004) did not modify Snail1

levels in these cells although it decreased Smad2 phosphorylation

(Fig 1A). Similar results were obtained with LY2109761 (Bandy-

opadhyay et al, 2006), a compound that inhibits TGFb receptor I

and II at different doses (Appendix Fig S1A). Moreover, supplemen-

tation of HCT116 and SW620 cells with TGFb did not modify Snail1

levels, in contrast to what happens in fibroblastic mesenchymal

stem cells (MSC) (Appendix Fig S1B), indicating that TGFb does not

control Snail1 expression in these intestinal tumor cells.

Instead, Snail1 was downregulated by the addition of LGK974

(LGK; Fig 1A), a Porcupine (PRCN) inhibitor that blocks acylation of

Wnt factors, both canonical and noncanonical, preventing their secre-

tion (Liu et al, 2013). LGK reduced Stat3 phosphorylation, a modifica-

tion produced by activation of both pathways (Fig 1A). This result

suggests that Wnt signaling is constitutively activated in these cells by

the autocrine expression of Wnt factors that control Snail1 expression.

Besides repressing SNAI1 RNA levels (Appendix Fig S2A), LGK also

decreased the expression of AXIN2 and CCND1, two targets of the

canonical Wnt pathway, and also of MMP9 and SIAH2, two RNAs

induced by noncanonical Wnts.

Since canonical and noncanonical Wnt pathways share a com-

mon receptor but differ in the co-receptor, we determined the rela-

tive expression of these co-receptors. As seen in Appendix Fig S2B

and C, the noncanonical co-receptor Ror2 correlated much better

with Snail1 expression than the canonical one, LRP5/6, in a small

panel of colon tumor cell lines. The TCGA database also showed a

significant positive correlation between SNAI1 and ROR2 mRNA,

better than that obtained with LRP5 or LRP6 (Table 1). Other non-

canonical co-receptors, such as Ror1 or Ryk, were not expressed in

colon tumor cells or do not show a positive correlation with Snail1

(Appendix Fig S2B and C).

More definitive conclusions were obtained downregulating Ror2

in both SW620 and HCT116 by stable expression of a specific

shRNA (shRor2 #1). Ror2 depletion potently decreased Snail1 pro-

tein (Fig 1B) and RNA (Fig 1C). No effects of shRor2 transfection

were observed on other noncanonical Wnt co-receptors such as

Ror1 or Ryk (Appendix Fig S3A). Downregulation of Ror2 in

SW620 and HCT116 cells was also reproduced using a different

shRNA (shRor2 #2) that also decreased Snail1 protein

(Appendix Fig S3B). Ectopic expression of murine Ror2 cDNA, not

sensitive to this shRNA, increased Snail1 protein levels in shRor2

HCT116 cells (Appendix Fig S3C). The effect of Ror2 downregula-

tion was not limited to SNAI1 since expression of other mesenchy-

mal gene products such as aSMA, TWIST, ZEB1, MMP9, or

MMP13 was also decreased (Fig 1B and C). Conversely, and likely

as consequence of the inactivation of transcriptional factors associ-

ated with EMT as Snail1 and Twist, E-cadherin protein and RNA

were upregulated (Fig 1B and C). As expected, expression of the

noncanonical Wnt target genes SIAH2 and MMP9 was reduced by

Ror2 depletion whereas the canonical Wnt targets AXIN2 and

CCND1 were not affected (Fig 1C). Remarkably, the expression of

Fz2, a receptor for both canonical and noncanonical Wnts, was

also sensitive to Ror2 depletion both as protein and RNA (Fig 1B

and C). Expression of Fz2 also showed a close correlation with

Snail1 in the different cell lines analyzed (Appendix Fig S4A and

B). Ror2 depletion also decreased other signals associated with

Wnt5a activation such as Stat3 or Jnk2 phosphorylation (Fig 1D;

Appendix Fig S3D).
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Figure 1.
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We also investigated the molecular basis for the Ror2-dependent

Snail1 expression. Ror2 downmodulation in both SW620 and

HCT116 cells markedly decreased the activity of a �869/+59

fragment of SNAI1 human promoter (Barber�a et al, 2004; Fig 1E).

This DNA fragment contains binding sites for Stat3 and AP1, two

transcriptional factors activated by Wnt5a. Stat3 binding sites were

located at �772/�766 and �732/�725 whereas those of AP1, at

�824/�821 and �95/�92 (Fig EV1A). A shorter promoter (�194/

+59) was also repressed by Ror2 depletion (Fig 1E). This shorter

fragment does not contain Stat3 binding sites; accordingly, only the

longer promoter was repressed by a Stat inhibitor whereas the activ-

ity of both fragments was decreased by a JNK inhibitor (Fig EV1B).

Binding of Stat3 and the AP1-complex member c-Jun to SNAI1 pro-

moter was also decreased by Ror2 downmodulation in HCT116 and

SW620 cells, as determined by ChIP assays (Fig EV1C). In line with

these results, inhibition of Stat3 and JNK2 activities diminished

Snail1 expression (Fig 1F; Appendix Fig S3E).

Another prominent point of control of Snail1 expression is pro-

tein stability. Snail1 protein half-life is very finely regulated by a

complex set of E3 ubiquitin ligases and Dubs (see Introduction).

Snail1 protein stability was lower in Ror2-depleted than in control

cells (Fig 1G and H). We analyzed the main E3 ubiquitin ligases

controlling Snail1 expression (D�ıaz & Garcia de Herreros, 2016):

only FBXL5 RNA, and not BTRC (corresponding to bTrCP1) or

FBXL14, was slightly upregulated by shRor2 (Fig EV1D). Regarding

Snail1 Dubs, USP17L2 (the gene encoding Dub3) RNA was consider-

ably decreased in Ror2-depleted cells (Fig EV1D), suggesting that

the lower expression of this Snail1-stabilizing enzyme is relevant for

the reduced Snail1 levels in Ror2-depleted cells.

Wnt5a, Ror2, and Snail1 form a feedback loop in tumor cells

The results presented above indicated that Wnt5a and Ror2 control

Snail1 expression in tumor cells. Remarkably, inhibition of this non-

canonical Wnt pathway, either depleting Ror2 or with LGK also

decreased WNT5A RNA (Fig 2A) and Wnt5a secreted protein

(Fig 2B). Expression of other Wnt proteins, corresponding to canoni-

cal (Wnt1 and 3a) and noncanonical (Wnt5b and 11) ligands, was

also downregulated in Ror2-depleted cells (Appendix Fig S5A). The

conditioned medium from Ror2-depleted cells showed a lower capa-

bility to activate the noncanonical pathway in fibroblasts than the

conditioned medium from control cells, as assessed determining

Stat3 phosphorylation 30 min after addition of the medium (Fig 2C;

Appendix Fig S5B). As seen in Appendix Fig S5C, the effect of the

◀ Figure 1. Inactivation of noncanonical Wnt signaling decreases the expression of Snail1 and other mesenchymal markers in colon tumor cell lines.

A SW620 and HCT116 cells were treated with the indicated concentrations of SB505124 (SB) or LGK974 (LGK) for 16 h. Total cell extracts were analyzed by WB.
Protein quantification was analyzed by densitometry of three different experiments and represented (mean � SD; right panel).

B SW620 and HCT116 cells expressing shCtl or shRor2 vectors were analyzed by WB. Quantification of the WBs from three biological replicates is presented in the
right panel. Values correspond to fold variation in shRor2 versus shCtl cells (mean � SD).

C RNA was isolated from shCtl or shRor2 SW620 and HCT116 cells, and the expression of the indicated genes was assessed by qRT–PCR. Values correspond to fold
variation in shRor2 versus shCtl cells. Results are mean � SD of at least three biological replicates performed in triplicate.

D SW620 and HCT116 cells expressing shCtl or shRor2 vectors were analyzed by WB. Quantification of the WBs is presented in Appendix Fig S3D as in (B).
E SNAI1 promoter activity was analyzed in HCT116 and SW620 cells and represented with respect to the activity of the �869/+59 promoter for each cell line

(mean � SD from three biological replicates performed in triplicate).
F HCT116 cells were treated with the indicated concentrations of Stat3 inhibitor S3I-201 or JNK inhibitor II for 16 h. Cells were lysed and Snail1 levels determined by

WB. Quantification of three biological replicates is presented in Appendix Fig S3E.
G, H In (G), shCtl or shRor2 SW620 cells were transiently transfected with a plasmid encoding Snail1-HA. Cells were treated with cycloheximide (CHX) (50 lg/ml) for the

indicated times, and ectopic Snail1 was analyzed by WB. A quantification of four biological replicates (mean � SD) is presented in (H).

Data information: *P < 0.05; **P < 0.01; ***P < 0.001 (unpaired t-test). The dashed line in A, B, and C corresponds to the protein or RNA value in untreated or shCtl-
transfected cells.
Source data are available online for this figure.

Table 1. Expression of WNT5A, SNAI1 and ROR2 and Wnt5A-target
genes correlates in colon tumors.

Gene expression
association Spearman Pearson

RNA

ROR2/SNAI1 0.32 (P = 1.06 e-10) 0.33 (P = 3.51 e-11)

SNAI1/LRP5 �0.11 (P = 0.032) �0.07 (P = 0.150)

SNAI1/LRP6 0.10 (P = 0.0439) 0.11 (P = 0.0309)

MMP9/SNAI1 0.32 (P = 9.1 e-11) 0.33 (P = 4.41 e-11)

MMP13/SNAI1 0.37 (P = 9.43 e-14) 0.41 (P = 1.816 e-16)

WNT5A/SNAI1 0.26 (P = 2.60 e-7) 0.27 (P = 7.83 e-8)

WNT3A/SNAI1 0.06 (P = 0.220) 0.07 (P = 0.151)

AXIN2/SNAI1 �0.13 (P = 8.60 e-13) �0.13 (P = 0.0118)

TGFB1/SNAI1 0.46 (P = 4.22 e-21) 0.46 (P = 5.11 e-21)

FZ2/SNAI1 0.24 (P = 1.650 e-6) 0.24 (P = 3.258 e-6)

WNT5A/FZ2 0.25 (P = 8.75 e-7) 0.29 (P = 5.35 e-9)

FZ2/ROR2 0.42 (P = 3.52 e-18) 0.43 (P = 5.38 e-19)

ROR2/FN1 0.62 (P = 2.62 e-41) 0.61 (P = 5.52 e-40)

AXIN2/WNT5A �0.08 (P = 0.115) �0.06 (P = 0.23)

WNT5A/MMP9 0.29 (P = 8.60 e-9) 0.32 (P = 1.61 e-10)

WNT5A/MMP13 0.42 (P = 1.88 e-17) 0.43 (P = 1.22 e-18)

WNT5A/TWIST1 0.43 (P = 9.39 e-19) 0.46 (P = 2.03 e-21)

USP17L2/WNT5A 0.45 (P = 2.46 e-3) 0.42 (P = 5.6 e-3)

USP17L2/MMP13 0.22 (P = 0.158) 0.18 (P = 0.238)

USP17L2/AXIN2 �0.06 (P = 0.769) �0.06 (P = 0.687)

Protein

b-catenin/Snail1 �0.26 (P = 6.73 e-9) �0.10 (P = 0.0281)

The correlation between the RNA expression (log RNA seq V2 RSEM) of the
indicated genes is represented. Spearman coefficients higher than 0.4 were
highlighted in dark gray and higher than 0.2, in light gray. Data were
obtained from the TCGA Colorectal Adenocarcinoma Firehose Legacy
database and analyzed in the cBioPortal. Scatter plots are shown in
Appendix Figs S10 and S11.
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Figure 2. Wnt5a, Ror2, and Snail1 form a self-stimulatory signaling pathway.

A RNA was isolated from shCtl or shRor2 HCT116 and SW620 cells, treated with LGK (10 lM) for 16 h when indicated and expression of WNT5A assessed by qRT–
PCR. Results are presented relative to control (mean � SD of three biological replicates performed in triplicate).

B Wnt5a protein levels were determined by WB in the conditioned medium of shCtl or shRor2 SW620 cells.
C MSC were treated with the specified conditioned media for the indicated times, and pStat3 was analyzed by WB. Results from two different experiments are

represented in Appendix Fig S5B.
D, E HCT116 or SW620 cells were treated with the conditioned medium from control or Wnt5a-producing cells for 16 h and expression of the indicated genes assessed

by WB (D) or qRT–PCR (E) (mean � SD of three biological replicates performed in triplicate in E). Results from three different experiments corresponding to D were
densitometered and represented in Appendix Fig S5E.

F SW480 cells were stably transfected with Ror2-HA or the empty vector phrGFP. Two independent clones of control and Ror2 were lysed and analyzed by WB. Quan-
tification of the results is presented in Appendix Fig S5G.

G WB analysis of HT29 M6 and SW480 overexpressing Snail1. Quantification is presented in Appendix Fig S5I.
H, I SW620 and HCT116 cells were transfected with control or Snail1 siRNA and analyzed by WB (H) or qRT–PCR (I, mean � SD of three biological replicates performed

in triplicate). Quantification of the results from H is presented in Appendix Fig S5K.

Data information: *P < 0.05; **P < 0.01; ***P < 0.001 (unpaired t-test). The dashed line in A, E, and I corresponds to the RNA value in control cells.
Source data are available online for this figure.
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conditioned medium of tumor cells on Stat3 phosphorylation in

fibroblasts was dependent on the expression of Ror2 also in these

cells.

These results suggest the existence of a feedback loop where

Wnt5a activates its own synthesis. Moreover, addition of LGK not

only decreased Snail1 expression (as seen in Fig 1A) but also that of

Ror2 and Fz2 (Appendix Fig S5D). Conversely, stimulation of

HCT116 and SW620 by Wnt5a increased Ror2, Fz2, Snail1, and

Wnt5a proteins or RNAs (Fig 2D and E; Appendix Fig S5E). This

Wnt5a-induced Snail1 upregulation was not sensitive to TGFb inhi-

bition by SB (Appendix Fig S5F). USP17L2 (Dub3) RNA was also

stimulated as well as MMP13, a bona fide target of the noncanonical

Wnt pathway (Fig 2E). These results suggest that Wnt5a, besides

activating its own expression, also increases other elements of the

pathway as Ror2 and Fz2, showing the existence of a feedback loop.

Other experiments confirmed the existence of this self-

stimulation. Ror2 overexpression in SW480, cells with low basal

levels of this co-receptor, also increased Snail1 expression as well as

that of Fz2 and Wnt5a (Fig 2F; Appendix Fig S5G and H).

Snail1 was also involved in the loop. Besides stimulating classi-

cal mesenchymal markers, such as fibronectin or aSMA, Snail1

ectopic expression in HT29 M6 or SW480 cells increased expres-

sion of Ror2, Fz2, Wnt5a, and even endogenous human Snail1

that could be discriminated from ectopic murine Snail1 by RT–

PCR (Fig 2G; Appendix Fig S5I and J). A transient transfection of

a Snail1 siRNA, which potently downregulated Snail1 protein and

RNA, decreased fibronectin expression, but only affected ROR2

and FZ2 RNA and not protein (Fig 2H and I; Appendix Fig S5K),

suggesting that Snail1 effect on these gene products requires more

time than on fibronectin and indicating a different extent of

involvement of Snail1 in the expression of noncanonical Wnt tar-

get genes.

Wnt5a/Ror2/ modulates TGFb production and
fibroblast activation

Another relevant consequence of the inhibition of the Wnt5a/Ror2/

Snail1 pathway is a decreased capability for tumor cells to promote

fibroblast activation. Besides affecting Wnt5a levels (see above),

Ror2 depletion also decreased TGFb production. First, endogenous

Smad2 phosphorylation was reduced by Ror2 depletion in SW620

and HCT116 cells (Fig 3A). TGFB1 RNA was potently repressed by

Ror2 depletion or LGK addition (Fig 3B); similar results were

obtained with TGFB2 and TGFB3 (Fig EV2A). Moreover, Ror2 deple-

tion in SW620 or HCT116 decreased the capability of the condi-

tioned medium produced by these cells to stimulate a TGFb-
sensitive reporter (Fig EV2B) or to increase Smad2 phosphorylation

in fibroblasts (Fig EV2C; Appendix Fig S6A). Conditioned medium

from cells depleted in Ror2 or treated with LGK was much less effi-

cient than control conditioned medium in activating Snail1 or fibro-

nectin expression in MSC, two proteins that are induced during

fibroblast activation but with different kinetics (Figs 3C and EV2C

and D; Appendix Fig S6A and B). Stimulation of fibronectin by the

conditioned medium of SW620 or HCT116 cells was considerably

decreased by the addition of the TGFb receptor inhibitor SB (Figs 3D

and EV2E); by contrast, Snail1 was not affected, suggesting that dif-

ferent factors secreted by tumor cells are responsible for the upregu-

lation of both proteins. Accordingly, Snail1 upregulation in MSC

caused by the conditioned medium from HCT116 cells was sensitive

to Ror2 elimination in the receiving MSC cells and not by SB

(Fig EV2F), indicating that Snail1 was likely stimulated by non-

canonical factors such as Wnt5a expressed by HCT116 cells.

Fibroblast activation also stimulates invasion. Therefore, as

shown in Fig 3E, incubation with control SW620 or HCT116 cells

increased fibroblast invasion through Matrigel; this stimulation was

not observed when these cells were co-cultured with Ror2-depleted

cells and was prevented by the addition of SB. Finally, overexpres-

sion of Snail1 in HT29 M6 cells enhanced the capability of the condi-

tioned medium derived from these cells to stimulate MSC activation,

as assessed analyzing Snail1 and fibronectin expression (Fig 3F;

Appendix Fig S6C). Altogether, these results indicate that noncanon-

ical Wnt signaling controls TGFb production by cancer cells and

their capability to activate fibroblasts.

Noncanonical Wnt signaling is required for tumorigenesis

Snail1 expression confers the capability to form tumor spheres or

tumor organoids (Mani et al, 2008). Elimination of Ror2 did not

alter the proliferation of either SW620 or HCT116 cells when these

cells were cultured in DMEM plus 10% FCS but slowed down cell

growth when they were maintained in 1% FCS (Fig 4A). LGK

also inhibited cell growth at both FCS concentrations

(Appendix Fig S7A). The effects of the inhibition of Wnt5a/Ror2 sig-

naling were more evident when cells were grown at limit dilution:

Ror2 depletion decreased the clonogenic capability, especially when

it was assayed at low FCS (Fig 4B; Appendix Fig S7B), and colony

formation in soft agar (Fig 4C; Appendix Fig S7C). Conversely,

SW480 cells overexpressing Ror2 were more efficient in generating

colonies than the corresponding controls (Appendix Fig S7B).

shRor2 cells did not form tumor spheres in Matrigel when cells were

grown in tumoroid culture medium, different to shCtl SW620 cells,

and remained attached to the plate (Fig 4D and E). Addition of LGK

also reduced the formation of colonies and tumor spheres (Fig 4E;

Appendix Fig S7B and D).

Since some of these properties (as formation of tumor spheres)

are associated with stemness, we analyzed the expression of genes

characteristic of tumor colon stem cells (Merlos-Su�arez et al, 2011).

In SW620 cells, Ror2 interference and LGK decreased the expression

of LGR5, ASCL2, and SMOC2, RNAs associated with stemness,

whereas increased the differentiation-related gene KRT20 (Fig 4F).

Snail1 depletion also promoted a similar decrease in LGR5, ASCL2,

and SMOC2 RNAs (Fig 4F).

The tumorigenic capability of these cells was also affected. At

day 28, when most of the mice bearing the control SW620 cells have

to be euthanized, these tumors presented an average size consider-

ably bigger than those generated from SW620 Ror2-depleted cells

(Fig 5A). Tumors from these cells show a delayed onset compared

with those formed by SW620 control cells. The initial lesions from

both types of tumors (obtained at day 18 from the control and day

22 from shRor2-generated tumors) exhibited a different infiltration

by activated fibroblasts, as shown by the lower expression of fibro-

nectin and vimentin in the stroma of shRor2 tumors (Fig 5B and C).

Ror2-depleted cells also generated tumors with lower muscle inva-

sion (Fig 5D and E). Accordingly, Ror2 depletion significantly dimin-

ished migration and invasion of these cells through Matrigel

(Fig 5F).
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Interference with the Wnt5a/Snail1 axis decreases metastasis of
primary colon tumor cells

To extend the conclusions of our study, we analyzed cells derived

from tumors generated in mice with APC, Kras, TGFb-receptor 2, and
p53 mutations (Tauriello et al, 2018; LAKTP mice). These murine

cells form tumor organoids (MTO) when grown embedded in

Matrigel, and liver metastasis when implanted in the spleen (Tauriello

et al, 2018). MTO cells expressed Snail1 and Ror2 and other genes

associated with this axis (Fig 6A). Snail1 expression was decreased by

LGK and by another porcupine inhibitor, WntC59 (Chen et al, 2009;

Fig 6A and B). These compounds downregulated Ror2 and Fz2

whereas increased E-cadherin (Fig 6A and B). WntC59 significantly

reduced proliferation of tumor spheres, to a greater extent when it

was added before the spheres were formed (Fig 6C and D). Both

WntC59 and LGK decreased the expression of genes associated with

stemness and upregulated Krt20, related to differentiation (Fig 6E).

To specifically inhibit noncanonical Wnt signaling in these cells,

we generated a dominant-negative mutant Ror2 consisting in the

extracellular domain of this protein (Appendix Fig S8A). This Ror2

extracellular domain (R-ECD) was produced in HEK293 cells and

purified from the conditioned medium (Appendix Fig S8B and C).

Addition of R-ECD to MTO cells specifically inhibited noncanonical

Wnt targets such as Siah2 and others without affecting canonical

target genes (Axin2, Ccnd1) (Appendix Fig S8D). Snai1, Wnt5a, and

Ror2 RNAs were also decreased by R-ECD (Appendix Fig S8D) as

well as Snail1 protein (see below). Ror2-ECD also reduced tumor

sphere formation (Fig 6D).

The in vivo effect of the inhibition of the Wnt5a/Snail1 axis was

assessed using WntC59. This compound was used in these experi-

ments with preference to LGK since it presents a better in vivo deliv-

ery. WntC59 decreased tumor growth when MTO were

subcutaneously grafted in nude mice (Fig 6F and G). WntC59-

treated tumors also showed a lower expression of mesenchymal

markers (Fig 6H). MTO cells were also injected in immune-

competent mice; in these experiments, WntC59 prevented the

appearance of tumors (Appendix Fig S9A and B).

Similar results were obtained using MTO cells with downmodu-

lated Ror2. In addition to Ror2, these cells presented lower Snail1

protein than controls (Fig 6I). Expression of noncanonical gene tar-

gets (Siah2) or genes associated with a mesenchymal phenotype

was also downregulated; on the contrary, Cdh1 expression was

stimulated and the canonical Wnt target Axin2, not affected

(Fig 6J). Ror2-depleted MTOs were less efficient in generating

tumors when grafted in immunocompetent mice (Fig 6K and L;

Appendix Fig S9C and D). Ror2-depleted tumors also showed a

lower expression of mesenchymal markers (Fig 6M).

WntC59 also prevented the formation of metastasis produced by

MTO cells in immune-competent mice (Fig 6N and O). Three weeks

after injection in the spleen, these cells originated liver metastasis in

◀ Figure 3. Noncanonical Wnt stimulates TGFb production by tumor cells and fibroblast activation.

A Smad2 phosphorylation was determined in extracts from shCtl or shRor2 SW620 and HCT116 cells. The quantification is presented in the right panel (mean � SD
or three biological replicates).

B RNA was isolated from HCT116 and SW620 control, stably depleted of Ror2 or treated with LGK for 16 h. Expression of TGFB1 was assessed by qRT–PCR
(mean � SD of three biological replicates performed in triplicate).

C, D MSC were treated with the conditioned media from shCtl or shRor2 SW620 (C, D) for the indicated times. TGFb receptor inhibitor SB505124 (SB, 5 lM) was added
when indicated in D. Cells were lysed and proteins analyzed by WB. Quantification of the protein levels from D is represented at the lower panel (mean � SD of
three biological replicates); from C, in Appendix Fig S6B.

E GFP-labeled MSC were seeded in Matrigel-coated transwells with SW620 and HCT116 cells and supplemented with SB when indicated. After 48 h, noninvading
cells were removed from the upper surface of the membrane and cells present at the lower surface were fixed. GFP-labeled cells were counted in five different fields
per filter by ImageJ software and represented (bottom). A representative picture of SW620 cells in each condition is shown (top). The bar corresponds to 500 lm.
The figure shows mean � SD of three experiments.

F MSC were treated with the conditioned media from Ctl or Snail overexpressing HT29 M6 cells for the indicated times. Cells were lysed and proteins analyzed by
WB. Quantification of protein levels is represented in Appendix Fig S6C.

Data information: ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001 (unpaired t-test). The dashed line in B corresponds to the RNA value in control cells.
Source data are available online for this figure.

▸Figure 4. Tumor sphere formation is prevented by noncanonical Wnt inhibition.

A Cell number was determined by the MTT assay for SW620 and HCT116 cells cultured in DMEM plus 1% FCS or 10% FCS (mean � SD of three biological replicates).
B Clonogenic assay carried out with HCT116 cells cultured in DMEM plus 1% or 10% FCS for 10 days. Colonies were stained with crystal violet and counted using

ImageJ software. Results are presented as mean � SD of triplicate samples of three independent experiments. The micrograph shows the results of a
representative experiment.

C Representative micrographs of the effects of Ror2 depletion on HCT116 cells soft-agar colony formation (21 days; left). Representative micrographs of SW620 cells
are shown in Appendix Fig S7B. Results show mean � SD of the number of colonies in triplicate samples of three independent experiments (right).

D, E Cells were seeded for tumor sphere formation in tumor organoid complete medium. In D, representative micrographs of shCtl and shRor2 SW620 cells. The scale
bar corresponds to 25 lm. In E, SW620 cells were supplemented with LGK (10 lM), starting the day of seeding. After 4 days, the wells were stained (top) and the
number of colonies counted and represented (bottom) (mean � SD of three biological replicates). A more detailed micrograph of the colonies is shown in
Appendix Fig S7D.

F RNA was isolated from SW620 control, stably depleted of Ror2, treated with LGK974 for 16 h or transfected with siSnail1 and the expression of the stem cell gene
markers LGR5, ASCL2, SMOC2 and the differentiation marker KRT20 was assessed by qRT–PCR. The figure shows mean � SD of at least three biological replicates
(performed in triplicate) represented with respect to the corresponding control (dashed line).

Data information: *P < 0.05; **P < 0.01; ***P < 0.001 (unpaired t-test).
Source data are available online for this figure.
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approximately 60% of the cases (Fig 6O). Treatment with WntC59

starting the same day of implantation totally inhibited the appear-

ance of metastases (Fig 6O; Appendix Fig S9E). The postmortem

analysis revealed the absence of tumors in WntC59-treated mouse

livers (Appendix Fig S9F).

The Wnt5a/Ror2/Snail1 axis modulates cisplatin resistance of
colon cancer cells

Another cellular property associated with Snail1 expression and

EMT is an enhanced chemoresistance. In accordance with the low

Figure 5. Noncanonical Wnt controls tumorigenesis of colon cancer cells.

A In vivo tumor growth of shCtl or shRor2 SW620 cells subcutaneously injected in NOD/SCID mice (105 cells/flank; eight tumors per condition; mean � SD).
B, C Representative images of fibronectin and vimentin staining in consecutive sections from paraffin-embedded tumors obtained when tumors were initially detected

(days 18 or 22). Staining with an anti-human antibody is also enclosed. The scale bar corresponds to 10 lm (B). Fibronectin and vimentin staining was quantified
as described in Methods (six tumors, three areas per tumor) and represented in (C; mean � SD).

D Representative images of the invading front of the tumors. The scale bar corresponds to 4 lM.
E Percentage of tumors showing muscle invasion.
F shCtl and shRor2 SW620 and HCT116 cells were seeded in transwell chambers coated with Matrigel when appropriate. After 48 h, cells were removed from the

upper surface of the membrane and cells present at the lower surface were fixed and stained with Crystal Violet. Results are presented as mean � SD from three
biological replicates.

Data information: *P < 0.05; **P < 0.01; (unpaired t-test).
Source data are available online for this figure.
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Snail1 expression in Ror2-depleted HCT116 and SW620, these cells

showed a higher sensitivity to cisplatin (Fig 7A), oxaliplatin, and 5-

fluorouracil (FU; Fig EV3A) than control cells. Addition of the Wnt

inhibitor LGK also increased cisplatin cytotoxicity (Fig 7A). Snail1

ectopic expression in Ror2-depleted cells rescued cisplatin resistance

(Fig 7B). A higher resistance was also observed upon ectopic Snail1

expression in HT29 M6 cells (Fig 7C).

Cisplatin increased Snail1 expression in both SW620 and HCT116

cells (Figs 7D and E, and EV3B) as it has been previously described

for DNA damaging insults (Sun et al, 2012; Vi~nas-Castells et al, 2014;

Sonego et al, 2019). This effect was abrogated by Ror2 depletion,

since shRor2 cells expressed very little Snail1. Cisplatin increased

cleaved caspase 3, an apoptosis marker, to a higher extent in shRor2

than in control cells, further corroborating their higher sensitivity

(Fig 7D). Other results confirmed that noncanonical Wnt signaling is

required for cisplatin-induced Snail1 upregulation. LGK prevented

the Snail1 raise in response to cisplatin, an effect that was not pro-

duced by the addition of recombinant DKK1, a specific inhibitor of

canonical Wnt signaling (Fig 7E). This LGK-induced Snail1 drop was

compensated by addition of recombinant Wnt5a (Fig 7E). WntC59

also prevented the increase in Snail1 caused by cisplatin (Fig EV3C

and D), an effect also rescued by supplementation with recombinant

Wnt5a (Fig EV3D). The cisplatin action on Snail1 expression seems

to be mostly post-translational since cisplatin increased SNAI1 mRNA

to a much lesser extent than protein (Fig EV3E) and remarkably

boosted the levels of ectopically expressed Snail1 in HT29 M6 cells

(Fig EV3F). Oxaliplatin and doxorubicin, but not FU also elevated

Snail1 protein (Fig EV3G). Similar results were obtained with other

cell lines; Snail1 was increased by cisplatin and downregulated by

LGK in LoVo, DLD1, and Caco2 colon tumor cells (Fig EV3H).

These results were also validated in MTO cells. Snail1 expression

was stimulated by cisplatin and decreased by LGK or WntC59

(Figs 7F and EV3I). Chk1 phosphorylation, a signal of DNA damage,

was also elevated by cisplatin but not affected by these two Wnt

inhibitors (Fig 7F). Both LGK and WntC59 increased MTOs

sensitivity to cisplatin (Fig 7G). These results were also reproduced

downmodulating Ror2; shRor2 MTO cells presented a decreased

upregulation in Snail1 protein in response to cisplatin (Fig 7H),

enhanced levels of cleaved caspase 3 and higher cisplatin toxicity

(Fig 7H and I). Similar results were also obtained in cells supple-

mented with R-ECD (Fig EV3I, J and K).

Expression of SNAI1, ROR2, FZD2, and WNT5A strongly correlates
in human tumors

Finally, we analyzed the expression of the relevant genes in public

databases. Besides the ROR2-SNAI1 positive relationship previously

mentioned, the TCGA database of colon tumors showed positive

correlations between the expression of SNAI1 and WNT5A or the

noncanonical target genes MMP9 or MMP13 and not with the canon-

ical ligand WNT3A or the canonical target AXIN2 (Table 1;

Appendix Fig S10). Snail1 protein did not correlate with b-catenin
protein levels. Expression of other members of the Wnt5a/Ror2/

Fz2/Snail1 pathway was also connected; for instance, expression of

SNAI1 associated with that of TGFB1 or FZ2 (Table 1;

Appendix Fig S11) and FZ2 also correlated with ROR2 or WNT5A.

As expected, WNT5A presented a positive relationship with the tar-

gets of the noncanonical pathway MMP9 and MMP13, and also with

TWIST1, but not with the canonical target gene AXIN2 (Table 1;

Appendix Fig S11). Although its expression in colon tumors was

limited, USP17L2 (Dub3) RNA also associated with WNT5A and tar-

gets of the noncanonical Wnt but not with those of canonical Wnts.

The positive correlation between the expression of SNAI1 and

WNT5A or ROR2 RNAs was also observed in other different tumors

(Fig EV4A); by contrast, SNAI1 did not associate with WNT3A or

LRP5. Finally, we analyzed the prognosis significance of a non-

canonical Wnt signature in colorectal cancer. Patients with tumors

displaying higher expression of ROR2, SNAI1, WNT5A, MMP13,

ZEB1, TWIST1, ACTA2, and FN1 presented a lower overall survival

than controls (Fig EV4B).

▸Figure 6. Inhibition of noncanonical Wnt decreases the tumorigenic and metastatic potential of primary colon tumor cells.

A, B LAKTP murine tumor (MTO) cells were seeded in the indicated culture conditions and supplemented with LGK (10 lM) or WntC59 (100 nM). Total protein extracts
(A) or RNA (B) were obtained and analyzed after 16 h of treatment. Quantification of the WB is also presented (A, right). Results are mean � SD of at least three
biological replicates.

C Cell number was analyzed by CellTiter-Go assay in MTO cells supplemented with WntC59 (100 nM) every 3 days (mean � SD of three biological replicates).
D MTO were seeded in the presence of WntC59 or recombinant R-ECD (0.2 lg/ml) and 4 days later the wells were stained and the number of cells represented

respect the corresponding control (mean � SD of three biological replicates).
E Effect of LGK and WntC59 on the expression of the stem cell gene markers and the differentiation marker KRT20 was determined by qRT–PCR (mean � SD of three

biological replicates performed in triplicate).
F, G In vivo tumor growth of MTO cells subcutaneously injected in NOD/SCID mice (F) (5 × 105 cells/flank; eight tumors per condition) and treated with WntC59

(10 mg/kg/day in the drinking water) or vehicle. Tumor weight of NOD/SCID mice at day 26 is presented in (G). In F and G, mean � SD of the eight tumors is
shown.

H Representative images of Hematoxylin/Eosin (H/E), fibronectin and vimentin staining in sections from paraffin-embedded tumors obtained at day 26 in NOD/SCID
mice. The scale bars correspond to 50 lm (H/E, fibronectin) or 100 lm (vimentin).

I, J WB (I) and RNA analysis (J) of MTO cells infected with shRor2 or shCtl. Quantification of the WB is also presented (I, right). Results are mean � SD of three
biological replicates (performed in triplicate in J).

K, L C57BL/6J mice (eight tumors per condition) were injected subcutaneously with luciferase-expressing LAKTP MTO (shCtl or shRor2). The kinetics of in vivo lumines-
cence are shown (mean � SD of the values of eight tumors). Tumor weight at day 38 is presented in (L).

M Representative images of fibronectin and vimentin staining in sections from paraffin-embedded tumors from LAKTP MTO cells obtained at day 38. The scale bars
correspond to 50 lm.

N, O C57BL6 mice were injected in the spleen with MTO cells and treated since day 1 with WntC59 or vehicle. In (N), kinetics of in vivo luminescence (mean � SD of the
values in five mice); in (O), the percentage of mice showing in vivo luminescence.

Data information: *P < 0.05; **P < 0.01; ***P < 0.001 (unpaired t-test). The dashed line in A, B, E, I and J corresponds to the protein or RNA value in control cells.
Source data are available online for this figure.
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Discussion

The relevance of noncanonical Wnt signaling in colon cancer cell

proliferation and growth has been shown by several authors (Gujral

et al, 2014; Voloshanenko et al, 2018; Pashirzad et al, 2021). In this

article, we demonstrate the existence of an autocrine noncanonical

Wnt signaling pathway that controls the expression of Snail1 and

other mesenchymal markers in colon tumor cells. Snail1 is a tran-

scriptional factor critically involved in EMT that confers to tumor

cells higher invasion and increased resistance to chemotherapeutic

drugs. After the initial activation of Snail1 expression (likely by a

combination of oncogenic mutations, extracellular factors, and

Figure 6.
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Figure 7. Wnt5a and Ror2 modulate cisplatin resistance of tumor cells.

A–C Viability was assayed by MTT in the indicated cells treated with LGK when specified and supplemented with cisplatin for 24 h. In (B), cisplatin resistance was
assessed in shRor2 cells transfected with a Snail1 expression plasmid or the corresponding empty plasmid. The figure shows mean � SD of the results of three
experiments.

D Cells were treated with cisplatin for the indicated times. Total extracts were lysed and analyzed by WB.
E HCT116 cells were treated with LGK (10 lM), recombinant Wnt5a (50 ng/ml) and control or DKK1 conditioned medium (obtained as described in Methods),

combined with cisplatin (40 lM) for 16 h. Total extracts were obtained and analyzed by WB.
F, H MTO cells, either not-transfected or infected with shCtl or shRor2 were treated with LGK (10 lM), WntC59 (100 nM) or the corresponding controls, supplemented

with cisplatin when indicated and analyzed by WB. Quantification of the results of Snail1 analysis from (F and H) is presented in Fig EV3I.
G, I MTO cell viability was determined as above (mean � SD of the results of three-four experiments).

Data information: *P < 0.05; **P < 0.01; ***P < 0.001 (unpaired t-test).
Source data are available online for this figure.
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stress conditions; Fig EV5a), Snail1 increases the synthesis of Wnt5a

and other proteins that participate in this pathway, as Fz2 and Ror2

(Fig EV5b). Once activated, this pathway self-amplifies its response

since Wnt5a also increases the synthesis of Snail1 and conse-

quently, of Fz2, Ror2, and Wnt5a itself (Fig EV5b). The existence of

self-stimulatory loops has been documented in the pathways con-

trolling Snail1 expression and EMT in different cells (Garc�ıa de Her-

reros & Baulida, 2012; Zhang et al, 2014). Thus, when activated, the

elevated levels of Wnt5a, Ror2, Fz2, and Snail1 self-perpetuate the

signaling and maintain a tumoral phenotype characterized by higher

invasion and chemoresistance.

Another consequence of our results is the involvement of non-

canonical Wnt signaling in Snail1-induced EMT in colon cancer

cells. Stimulation of Wnt5a by Snail1 has also been observed in epi-

dermoid carcinomas (Ren et al, 2011). As our results and this work

demonstrate, Snail1 activation of mesenchymal genes does not just

involve a higher activity of b-catenin transcriptional activity, as it

has been repeatedly described (Solanas et al, 2008; Stemmer

et al, 2008; Freihen et al, 2020) but the stimulation of noncanonical

Wnt pathway. It remains to be stabilized how Snail1 promotes

Ror2, Wnt5a, and Fz2 expression. It is noteworthy that, although

Fz2, Ror2, and Wnt5a are induced by Snail1 in tumor cells, as other

mesenchymal markers such as fibronectin and aSMA, they are not

as sensitive as these to Snail1 depletion, suggesting that their induc-

tion by Snail1 is more indirect. Snail1 directly stimulates mesenchy-

mal genes such as FN1 by direct binding to their promoters

(Stanisavljevic et al, 2011; Hsu et al, 2014). It is likely that this is

not the case for Fz2 or Ror2 and their expression is consequence of

the stimulation of signaling pathways by Snail1 that, although

dependent on this factor for its initiation, do not require it for the

maintenance, as it has been described for other mesenchymal genes

(Baulida & Garc�ıa de Herreros, 2015).

In this article, we also show that Ror2 or Snail1 depletion

decreases stem cell markers, indicating a positive relationship

between Snail1 and stemness, similarly to what has been reported

by other authors (see Mani et al, 2008 or Morel et al, 2008),

although some data from the Hecht laboratory are discrepant (Beyes

et al, 2019). According to these authors, Snail1 ectopic expression in

LS174T colon tumor cells represses the expression of stemness

genes. It is possible that, as these authors indicate in their article,

“the relationship between EMT and stemness varies in different

tumor entities” although it is more likely that the contrary effects

depend on the extent of Snail1 expression in the cell lines used. As

it has been commented in a recent consensus review (Yang

et al, 2020), a very extensive EMT as that caused by a high overex-

pression of Snail1 or other EMT factors might produce different and

opposite effects than a partial one, since it decreases cell growth.

According to this idea, it is now accepted that a partial EMT is that

related to metastasis since it simultaneously increases invasion and

stemness features.

Moreover, our results unveil another contribution of EMT to

tumor invasion. As presented, tumor cells with high Snail1 and a

more mesenchymal phenotype display a higher capability to pro-

mote fibroblast activation. Besides producing Wnt5a, these cells also

synthesize more TGFb; accordingly, the levels of active TGFb in the

conditioned medium are decreased by Ror2 depletion in HCT116 or

SW620 cells and stimulated by Snail1 in HT29 M6 or SW480 cells.

This result indicates that EMT, as caused by Snail1 in HT29 M6 cells

or reversed by Ror2 depletion in HCT116 or SW620, confers to tumor

cells a greater capability to activate the neighbor microenvironment

(Fig EV5c). This has a considerable impact on tumor development

since activated fibroblasts enhance epithelial tumor invasion by

remodeling the matrix and secreting specific factors (Fig EV5d; Gaggi-

oli et al, 2007; Alba-Castell�on et al, 2016). Moreover, they also affect

other tumoral traits, for instance, they prevent tumor infiltration by

cytotoxic T-cells (Tauriello et al, 2018). An implication of this result

is that EMT, even if limited to few cells in a tumor might stimulate

invasion through a nonautonomous effect; thus, promoting the acti-

vation of CAFs in the tumor microenvironment.

We also investigated the possibility that this secreted TGFb might

have an autocrine effect since this factor can stimulate Snail1 tran-

scription in several cellular contexts (Peinado et al, 2003; Zavadil

et al, 2004; Gal et al, 2008). However, we have not been able to acti-

vate Snail1 expression in the colon cancer cell lines used in our

studies adding exogenous TGFb (see Appendix Fig S1B), although

Smad2 phosphorylation was detected. This might be related to the

deficient TGFb signaling observed in colon tumors, particularly in

those most advanced, due to SMAD4 or TGFBR2 loss (Taketo & Ede-

lamnn, 2009).

Another finding is the specific stimulation of Fz2 expression by

Wnt5a and Snail1. Fz2 is a member of the Fz receptor family

capable to stimulate Stat3 phosphorylation through its binding to

and the activation of Fyn tyrosine kinase (Gujral et al, 2014). This

requires the Src-catalyzed phosphorylation of Fz2 at Tyr552 (Gujral

et al, 2014; Villarroel et al, 2020). Among the members of the Fz

family, this tyrosine is only conserved in Fz1 and Fz7, suggesting

that only these three receptors are capable to activate Stat3. Fz2 is

raised by Wnt5a and Snail1 in tumor cells and correlates with the

expression of these two genes in colon tumors. It is likely that the

elevated expression of this receptor, together with that of Ror2, is

essential to self-perpetuate the expression of Snail1 and mesenchy-

mal markers in colon tumors.

PORCN inhibitors such as LGK are in preclinical assays for their

use in colon tumors and other neoplasms (Kim et al, 2020; Bugter

et al, 2021). Although many tumor cells with APC mutations

increase b-catenin stability independent of Wnt action, canonical

factors also promote other responses required for a full b-catenin
transcriptional effect, such as those required for b-catenin transloca-

tion to the nucleus (Garc�ıa de Herreros & Du~nach, 2019). Therefore,

inhibitors of canonical Wnt secretion might affect APC-mutated

tumors as reported previously (Liu et al, 2013; Madan et al, 2016).

However, our data suggest that their main impact, at least in a sub-

set of APC-mutated tumors, the most mesenchymal ones, is related

to their capability to inhibit the action of noncanonical Wnts and to

prevent the expression of Snail1, with subsequent effects on tumor

initiation, chemoresistance, and stroma activation. Therefore,

PORCN inhibitors might be combined with chemotherapeutic agents

in colon tumor treatment.

Materials and Methods

Antibodies and reagents

The following antibodies were used in this study: Ror2 and Stat3

(from Santa Cruz Biotechnology, Santa Cruz, CA, USA; sc-374174
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and sc-8019, respectively); phospho-Stat3 (Tyr705) (pStat3), Snail1,

Ror1, phosphor-Smad2 (Ser465/467) (pSmad2), Smad2/3,

phosphor-Chk1 (Ser345) (pChk1), Caspase 3 and LRP5/6 (from Cell

Signaling, Danvers, MA, USA; 9145S, 3879, 4102S, 3108, 8685,

23489661S and 2560S); Fz2, Lamin B, Fibronectin and Jnk2 (from

Abcam, Cambridge, UK; 52565, 16048, 2413 and 178953); b-actin,
a-Smooth Muscle Actin (aSMA) and human nuclei (clone 3E1.3)

(from Sigma, St. Louis, MO, USA; A5441, A2547, and MAB4383);

Vimentin (from BD-Pharmingen, San Diego, CA, USA; 550513); HA

(Roche, Basilea, Switzerland; 11867423001, clone 3F10); phospho-

Jnk2 (Thr183/Tyr185, Thr221/Tyr223) (pJnk2) (Millipore, Billerica,

MA, USA; 07–175), Wnt5a (from R&D System, Minneapolis, MN,

USA; AF645). Other reagents: SB505124 (from Sigma; S4696), S3I-

201, LGK974, and LY2109761 (from Selleckchem, Houston, TX,

USA; S1155, S7143, and S2704), JNK inhibitor II (from Calbiochem,

Darmstadt, Germany; 420119); WntC59 (from MedChemExpress,

Monmouth Junction, NJ, USA; HY-15659).

Cell culture

Authenticated cell lines (HEK293, SW480, SW620, HCT116, LS174,

Caco2, DLD12, LoVo, and HT29 M6) were obtained from the Euro-

pean Collection of Authenticated Cell Cultures or the American Type

1 Culture Collection (ATCC) and supplied by the Cancer Cell Line

Repository from IMIM. The generation and use of HT29 M6 and

SW480 cells transfected with Snail1 has been reported (Batlle

et al, 2000; Solanas et al, 2008). Murine mesenchymal stem cells

(MSC) were obtained as indicated (Alba-Castell�on et al, 2016). All

cell lines were used for no more than 20 passages and routinely

tested by PCR to verify that they remained Mycoplasma-free. Cells

were grown in Dulbecco’s modified Eagle’s medium (DMEM, Gibco)

supplemented with 4.5 g/l glucose, 1 mM sodium pyruvate, 2 mM

glutamine, 100 IU/ml penicillin, 100 mg/l streptomycin, and 10%

fetal calf serum (FCS; Gibco) and maintained at 37°C in a humid

atmosphere containing 5% CO2. Assays were performed with cells

at 60–70% confluency.

Stimulation of the noncanonical pathway by Wnt5a was per-

formed adding conditioned medium from L fibroblasts control or

stably transfected with a plasmid encoding Wnt5a (both obtained

from the ATCC, ref. CRL-2648 and CRL-2814, respectively; Manas-

sas, VA, USA). Alternatively, cells were treated with recombinant

Wnt5a (from R&D; 645-WN) at 50 ng/ml. DKK1 was prepared from

cells transfected with pcDNA3-DKK1, gently provided by Dr. A.

Mu~noz, CIB-CSIC, Madrid, Spain.

Mouse tumor organoids (MTO) derived from colon tumors with

APC, TGFB receptor 2 and p53 deletions and a Kras-Gly12Asp acti-

vating mutation (LAKTP cells), and transfected with Luciferase were

kindly provided by Dr. E Batlle (Institut de Recerca Biom�edica de

Barcelona; Tauriello et al, 2018). These cells were cultured embed-

ded in Matrigel in MTO culture medium (advanced DMEM/F12,

GIBCO), supplemented with B27 without retinoic acid (Thermo

Fisher 12587010) and 10 mM HEPES pH 8 (Sigma), 2 mM L-

Glutamine, 50 ng/ml recombinant human EGF (MedChemExpress),

100 ng/ml recombinant murine Noggin (MedChemExpress) and

1 lM galunisertib (LY2157299, Selleckchem). For MTO passaging,

Matrigel drops were washed twice with Hanks’ Balanced Salt Solu-

tion (HBSS) (137 mM NaCl, 5.4 mM KCl, 0.25 mM Na2HPO4,

0.44 mM KH2PO4, 0.1 g/l D-Glucose, 4.2 mM NaHCO3) and treated

with Cell Recovery Solution (Corning, 354253) for 10 min at 37°C.

Cells were centrifuged at 500 g and treated with Trypsin–EDTA

(Sigma) for 10 min at 37°C, followed by mechanical disaggregation

of organoid fragments (by pipetting) until a single-cell suspension

was obtained. Cells were centrifuged at 500 g and seeded in

Matrigel. After polymerization at 37°C, MTO culture medium was

added to the drops and cells cultured at 37°C with 5% CO2.

Cell transfection and selection of transfectants

Human shRNAs specific for ROR2 (TRCN0000001492, 50-CGACAA
GCTGAACGTGAAGAT-30; and TRCN00000010625, 50-GCACAG
CCCAAATCATAACTT-30; considered #1 and #2, respectively, in this

article) and shRNA control (50-CGCTGAGTACTTCGAAATGTC-30)
were obtained from Mission shRNA, Sigma St. Louis, MO, USA. For

stable expression of shRNA in HCT116 and SW620 cells, the indi-

cated shRNAs were co-transfected with phrGFP using PEI

(Polyethylenimine, Polysciences, Inc; Niles, IL, USA); cells were

grown for 2 weeks and sorted by BD FACSAria Fusion Cell Sorter

(BD Biosciences, San Jose, CA, USA) at the Parc de Recerca Biomed-

ica de Barcelona (PRBB) FACS facility. Most of experiments were

performed with shRor2 #1, otherwise indicated. Downregulation of

the Ror2 was analyzed after cell sorting by Western blot (WB). Ror2

overexpression was achieved by transfecting pcDNA3-Ror2-HA

(murine, kindly provided by Dr. Y. Minami, Kobe University,

Japan). Snail1 downregulation was performed using SNAI1-specific

small interfering RNA (siRNA) (Dharmacon, Lafayette, CO, USA, L-

010847-01-0005) or siRNA control (D-001810-02-50). Cells were

transfected using DharmaFECT transfection agent (Dharmacon)

with 0.2 nmols of siRNA control (siCtl) or Snail1 siRNA (siSnail1),

according to the manufacturer’s instructions. Experiments were per-

formed 48 h after transfection. For Snail1 overexpression experi-

ments, ectopic pcDNA3-Snail1-HA was transiently overexpressed in

shCtl and shRor2 SW620 and HCT116 cells using PEI. Cells were

analyzed 48 h after transfection.

For the generation of MTOs deficient in shRor2 expression,

MTOs were infected with lentiviral particles containing an shRNA

targeting Ror2 (or a nontargeting shRNA) and mCherry. Infected

cells were selected with puromycin at 1 mg/ml. Cells were grown

for 2 weeks, sorted by BD FACSAria Fusion Cell Sorter (BD Bio-

sciences, San Jose, CA, USA) at the Parc de Recerca Biomedica de

Barcelona (PRBB) FACS facility and analyzed by WB.

Human tumor bioinformatic analysis

The co-expression data of mRNA and protein and survival curves

were obtained from TCGA Colorectal Adenocarcinoma (Firehose

Legacy) data in the cBioPortal public database (http://www.

cbioportal.org/) on May 2020 (Cerami et al, 2012; Gao et al, 2013).

In this study, we assessed the mRNA expression of ROR2, SNAI1,

LRP5, LRP6, MMP9, MMP13, WNT5A, TGFB1, AXIN2, FZD2,

TWIST1, and USP17L2 (DUB3). Protein expression of Snail1 and b-
catenin was also studied. For the survival curves, a patient group

with high expression of ROR2, SNAI1, FZD2, WNT5A, MMP13,

ZEB1, and ACTA2 was generated. The correlation of SNAI1 associa-

tion with ROR2, WNT5A, LRP5, or WNT3A was also studied in dif-

ferent human tumors from TCGA (Firehose Legacy) data in the

cBioPortal public database (http://www.cbioportal.org/) on May
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2020. Spearman coefficient was represented in a heatmap graph

using GraphPad software.

Mouse tumorigenesis experiments

Animals were maintained in a specific pathogen-free area at the

PRBB Animal Facility. All the procedures were approved by

the Animal Research Ethical Committee from the PRBB and by the

Generalitat de Catalunya (CEEA AGH-19-0028) following the EU

Directive 2010/63/EU. For heterotopic xenografting, 8-week-old

NOD/SCID mice or C57BL/6J (males, from Charles River Laborato-

ries, Wilmington, MA, USA) were subcutaneously inoculated on

their hind leg flanks with 5 × 105 cells LAKTP grown as MTOs or

105 SW620 cells and monitored daily for tumor growth. When

tumors got a prestabilized size, mice were euthanized and tumors

fixed by 4% formaldehyde and embedded in paraffin for hema-

toxylin and eosin staining and immunohistochemistry. For metas-

tases analysis, 5 × 105 LAKTP cells, expressing luciferase and grown

as MTOs, were diluted in cold 3:1 HBSS-Matrigel (growth factor

reduced) (100 ll) and injected in the spleen of C57BL/6J mice

(Charles River Laboratories). Mice were analyzed for in vivo biolu-

minescent determination by using the IVISTM SD Imaging System

Xenogen Imaging Technologies and the Living Image software

2.60.2. Bioluminiscent quantification was performed after intraperi-

toneal inoculation of 100 ll of luciferin (Perkin Elmer) solution

(25 mg/ml). When indicated WntC59 (10 mg/kg/day) or vehicle

were added to the drinking water.

Preparation and purification of Ror2-extracellular
domain (R-ECD)

The extracellular domain of Ror2 (amino acids 1–404, R-ECD) was

amplified from pcDNA-mRor2, using the primers 50-GGTGGAA
AGCTTATGGCTCGGGGC-30 (forward) and 50-GGTGGTGCGGCC
GCAACAGAATCC-30 (reverse), containing HindIII and NotI restric-

tion sites, respectively. The PCR product was purified, digested with

HindIII and NotI and inserted into pcDNA6 myc-His eukaryotic

expression vector (Invitrogen, Waltham, MA, USA). For R-ECD pro-

duction, HEK293 cells were transfected with pcDNA6-R-ECD-myc-

His using polyethylenimine. After the transfection, the HEK293

medium was replaced by DMEM plus FBS (10%) and the condi-

tioned medium was collected after 24 h. Conditioned medium was

adjusted to 20 mM Tris–HCl pH 8.2 and 300 mM NaCl (binding

buffer), and R-ECD was purified by affinity chromatography on

Nickel-NTA beads (Qiagen, Hilden, Germany). After binding for 1 h

at 4°C, beads were washed with binding buffer plus 5 mM imida-

zole and eluted in the same buffer plus 250 mM imidazole. R-ECD

concentration and purity in the eluate was assessed by SDS-gel elec-

trophoresis and Coomassie staining.

Cell viability assays

Cell proliferation and cell viability in cell lines were routinely ana-

lyzed by MTT assay. For cell viability assays, 6,000 cells were

seeded in 96-well plates, and after 24 h, cells were treated with the

drugs at different concentrations for 24 h. For cell proliferation

assays, 4,000 cells were seeded. Cell viability and proliferation was

measured adding 0.5 mg/ml of 3-(4,5-dimethylthiazol-2-yl)-2,

5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich) in DMEM 0%

FBS for 3–4 h at 37°C. After incubation, cells were solubilized in

DMSO: isopropanol (1:4) and the absorbance at 590 nm of the

solution was quantified in an Infinite M200 microplate reader

(Tecan).

Alternatively, MTOs viability experiments were performed with

Celltiter Glo (Promega). Four thousand MTO cells were seeded in

Matrigel in standard MTOs culture conditions in 96-well plates.

Three days later, the assay was performed by adding 15 ll of Cell-
titer Glo in each well and analyzing luminescence in a FB-12 lumi-

nometer (Berthold Detection Systems).

For 2D colony formation assays, 1,000 cells were seeded in 6-

well plates and allowed to grow for 10 days in DMEM plus 1% or

10% FBS. Then, cells were fixed and stained with a buffer contain-

ing 30% methanol and 0.5% Crystal violet for 20 min. After incuba-

tion, cells were washed with PBS and the number of colonies was

quantified with ImageJ software (Schindelin et al, 2012). For 3D soft

agar colony formation assays, 6-well plates were firstly coated with

a mix of agar (1%) in DMEM (supplemented with NaHCO3, NaCl,

FBS and antibiotics) and incubated for 30 min at room temperature

to allow agar polymerization. After incubation, a mix of 0.6% agar

and DMEM (10% in FBS) containing 5,000 cells/well was added on

top of the 1% agar. The mix was incubated for 30 min again to

allow agar polymerization. Fresh DMEM 10% was added twice

weekly on top to avoid agar desiccation. After 21 days of growth,

the experiments were stopped and the MTT assay was performed.

Pictures of the colonies were taken, and colonies were quantified

with ImageJ software.

Colon tumor sphere formation was assessed by growing cells in

mouse tumor organoid culture medium as indicated for MTO cells.

Migration and invasion assays

HCT116 and SW620 cells (105) were resuspended in 150 ll DMEM

plus BSA (0.1%) and FBS (0.1%). Cells were seeded on a Transwell

filter chamber (Costar 3422, Thermo Fisher Scientific, Waltham,

MA, USA) without coating (migration) or coated with 0.5 mg/ml

Matrigel (BD Biosciences, 354230). After 30 min at 37°C, the lower

chamber was filled with DMEM plus FCS (10%), which was used as

chemoattractant. Assays were stopped at 48 h; cells that have not

penetrated in the lower chamber were then removed from the upper

surface of the membrane, while cells that adhered to the lower sur-

face were fixed with 100% methanol for 20 min and stained with

Crystal Violet. Cells were eluted with 30% acetic acid, and the OD

was measured at 590 nm. In co-culture invasion experiments, GFP-

labeled MSC (2 × 104) were seeded with HCT116 or SW620 cells

(8 × 104). Assays were performed as above, and invasion was

stopped at 16 h; cells were washed with PBS and fixed with p-

formaldehyde (4%) for 20 min. Five random photographs (10×) of

each membrane were taken to analyze the area of invasion. Only

GFP-labeled cells were analyzed with lmageJ software.

Immunohistochemical analysis of tumors

Samples were fixed with p-formaldehyde (4%) at room temperature.

Fixed samples were dehydrated and paraffin-embedded according to

standard procedures. Sections (2.5 lm) were prepared and stained

with hematoxylin and eosin for histological evaluation. After
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standard deparaffinization and rehydration of the samples, antigen

retrieval was carried immersing the sections in Tris-EDTA buffer pH

9 or citrate buffer pH 6 and boiling for 15 min. Samples were

blocked during 2 h in Tris-buffered saline (TBS) plus FBS (1%) and

BSA (1%) and incubated with anti-human nuclei (1/100), anti-

Vimentin (1/200) or anti-fibronectin (1/100) primary antibodies

overnight. Signal was amplified with EnVision+ System HRP

Labelled Polymer (anti-mouse or anti-rabbit, DAKO) and visualized

with the DAB kit (DAKO).

To evaluate vimentin and fibronectin staining, a minimum of

three different areas per tumor were imaged and stromal area was

manually delimitated. Percentage of vimentin- or fibronectin-

positive area within stroma was calculated with ImageJ and repre-

sented. For evaluation of invasion, the medial section of each

tumor, six per condition, was obtained and HE stained. Invasion of

tumor epithelial cells toward adjacent muscle was determined. No

blinding was done in these determinations.

RNA isolation and analysis

RNA was obtained using RNeasy Mini Kit (Qiagen, 74106), retro-

transcribed, and analyzed by quantitative PCR in triplicate as in

Solanas et al (2008) using HPRT as control in a SYBR Green LightCy-

cler 480 Real Time System (Roche) at the PRBB Genomic Facility.

The list of the primers used is provided in Appendix Table S1.

Promoter activity assays

Reporter assays were carried out by transfecting 50 ng of two SNAI1

promoter fragments (Barber�a et al, 2004) cloned in pGL3* basic vec-

tor (Promega). Cells were co-transfected with 1 ng of SV40-Renilla

luciferase plasmid as control for transfection efficiency. Expression

of Firefly and Renilla luciferases was analyzed 48 h after transfec-

tion, according to the manufacturer’s instructions in a FB-12 lumi-

nometer (Berthold Detection Systems, Bad Wildbad, Germany).

Alternatively, for the determination of TGFb response, HEK293T

cells were infected with TGFB/SMAD Luciferase Reporter Lentivirus

(Kerafast, Boston MA, USA). The mean � SD of the results of three

independent transfections is given.

Chromatin immunoprecipitation (ChIP) assays

1 × 107 cells were crosslinked with 1% formaldehyde and incubated

with 0.125 M glycine to stop the reaction. Cells were lysed in

50 mM Tris–HCl pH 8, 2 mM EDTA, 0.1% NP40 and 10% glycerol

supplemented with a protease inhibitor cocktail and centrifuged at

800 g for 5 min. Pellets were resuspended in nuclear lysis buffer

(50 mM Tris–HCl pH 8, 1% SDS, 10 mM EDTA, and protease inhi-

bitor cocktail) and sonicated to generate 200 to 1,500 bp DNA frag-

ments. Samples were diluted 1:10 (16.7 mM Tris–HCl pH 8, 1.2 mM

EDTA, 167 mM NaCl, 1.1% Triton X-100 and 0.01% SDS), pre-

cleared with Protein-G–agarose for 3 h, and immunoprecipitated

with antibodies against Stat3 (Santa Cruz Biotechnology), c-jun

(Cell Signaling) and irrelevant mouse or rabbit IgGs as control.

DNA–protein complexes were pelleted with protein-G–agarose.

Then, samples were treated with elution buffer (100 mM NaCO3

and 1% SDS) and incubated at 37°C 1 h. Then, 200 mM NaCl was

added and immunoprecipitates de-crosslinked by incubation at 65°C

overnight followed by digestion with proteinase K for 1 h at 55°C.

DNA was purified using the MinElute PCR purification kit (Qiagen),

and promoter regions were detected by qPCR amplification using

two pairs of oligonucleotides corresponding to the distal (�659/

+569; forward: 50-AAAGGCCGTGGCATTTCAAG-30; reverse: 50-CAT
TGACGAGGGAAACGCAC-30) or proximal (�231/�155; forward:

50-CACCTGCTCGGGGAGTGG-30; reverse: 50-TATCTGCCACGCCCCT
TTGT-30) regions of SNAI1 human promoter.

Cell lysis and protein analysis by western blot

Cell extracts were obtained in SDS lysis buffer (Tris–HCl pH 7.5,

25 mM; NaCl, 150 mM and SDS 1%) and analyzed by WB using the

indicated primary antibodies and HRP-conjugated secondary anti-

bodies. WB quantification was performed using ImageJ software.

Protein levels were quantified and corrected by actin levels, or by

total protein levels in case of phosphorylated proteins, and referred

to control cells or control treatment depending on the experiment.

Quantification is shown as the mean of at least three different exper-

iments � SD.

Statistical analysis

All results shown were representative from at least three indepen-

dent experiments. Data are presented as mean � SD. When appro-

priate, statistical analyses were conducted using Excel software

(Microsoft, Redmond, WA, USA) and data were analyzed for signifi-

cance using the unpaired t-test. P-values < 0.05 are symbolized with

one asterisk, P < 0.01, with two asterisks, and P < 0.001, with three

asterisks.

Data availability

No primary datasets have been generated and deposited.

Expanded View for this article is available online.
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Expanded View Figures

▸Figure EV1. Ror2 modulates SNAI1 transcription and Snail1 protein stability.

A Diagram of the two SNAI1 promoter fragments indicating the position of the Stat3 and AP1 binding elements.
B Promoter activity was analyzed in HCT116 and SW620 cells and represented with respect to the activity of the �869/+59 promoter for each cell line. Cells were

treated with JNKi (50 lM) and Stat3 inhibitor (S3I-201; 25 lM) for 16 h.
C A ChIP assay was performed as detailed in Methods in the indicated cells using c-Jun or Stat3 antibodies and an irrelevant IgG as control. Binding to SNAI1 promoter

was determined using primers specific for the distal (�659/+569; right panel) or proximal (�231/�155; left panel) parts of this promoter in order to assess Stat3 or c-
Jun binding, respectively.

D RNA was isolated from control and Ror2-depleted SW620 and HCT116 cells. Expression of Snail1 ubiquitin ligases and Snail1 deubiquitinases was assessed by qRT–
PCR.

Data information: In (B–D), the results are presented as mean � SD from three (B, C) or three to five (D) biological replicates performed in triplicate. ns, not significant;
*P < 0.05; ***P < 0.001 (unpaired t-test). The dashed line in D corresponds to the RNA value in control cells.
Source data are available online for this figure.
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▸Figure EV2. Noncanonical Wnt stimulates TGFb production by tumor cells and fibroblast activation.

A RNA was isolated from HCT116 and SW620 control or treated with LGK for 16 h. Expression of TGFB2 and TGFB3 was assessed by qRT–PCR. The figure shows the
mean � SD of three biological replicates performed in triplicate.

B Conditioned medium from the indicated cells was obtained and used to stimulate HEK293T infected with TGF/SMAD reporter (mean � SD of three biological
replicates performed in triplicate).

C–F Conditioned medium was also added to MSC cells previously transfected with shRor2 or shCtl when indicated. TGFb receptor inhibitor SB (5 lM) was
supplemented when mentioned. Cells were lysed and proteins analyzed by WB. Quantification of the experiments (mean � SD of three biological replicates) is
shown at the lower panel (for E) and in Appendix Fig S6A (for C).

Data information: *P < 0.05; **P < 0.01; ***P < 0.001 (unpaired t-test). The dashed line in (A) corresponds to the RNA value in control not-treated cells.
Source data are available online for this figure.
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▸Figure EV3. Wnt5a/Ror2 modulates Snail1 increase promoted by chemotherapeutic drugs in colon tumor cells.

A Viability of HCT116 cells was determined by MTT assay after treatment with the indicated concentrations of oxaliplatin and 5-Fluorouracil (5-FU) for 24 h. Results
show the mean � SD of two independent experiments performed in triplicate.

B Snail1 protein quantification from HCT116 cells treated with the indicated drugs or Ror2-depleted. The mean of three or four biological replicates � SD is shown.
C, D HCT116 cells were treated with WntC59 (100 nM or the indicated concentrations) and recombinant Wnt5a (50 ng/ml) combined with cisplatin (40 lM) for 16 h.
E RNA from cells treated with cisplatin for 16 h was analyzed by RT–PCR.
F WB analysis of HT29 M6 stably overexpressing Snail1 and treated with cisplatin (40 lM).
G SW620 and HCT116 cell lines were treated with the indicated concentrations of oxaliplatin, doxorubicin (doxo) (5 nM) or 5-FU (100 lM) for 16 h and analyzed by

WB.
H Cell lines were treated with cisplatin (40 lM) and LGK974 for 16 h and analyzed by WB.
I Snail1 protein quantification in MTO cells treated with the indicated drugs or infected with shCtl or shRor2. Mean � SD of three (left) or two (right) biological

replicates is shown.
J Viability was measured by the CellTiter-Glo assay in MTO cells treated with R-ECD (0.2 lg/ml) in combination with the indicated concentrations of cisplatin for

72 h. Results show the mean � SD of three independent experiments performed in triplicate.
K MTO cells were treated with R-ECD (0.2 lg/ml) or the corresponding control, supplemented with cisplatin (100 lM) when indicated and analyzed by WB.

Data information: *P < 0.05; **P < 0.01; ***P < 0.001 (unpaired t-test).
Source data are available online for this figure.
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Figure EV4. Expression of SNAI1 correlates with
WNT5A and ROR2 in other human tumors.

A Heat map of the association of SNAI1 RNA and
other genes in different neoplasms. Spearman
coefficient was represented in a heatmap graph
using GraphPad software. Data were obtained
from the TCGA Firehose Legacy database and
analyzed in the cBioPortal.

B Kaplan–Meier survival curves of patients with
colon tumors presenting low (control) or high
expression of the noncanonical Wnt signature
(ROR2, SNAI1, FZD2, WNT5A, MMP13, ZEB1, ACTA2).
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Figure EV5. Model for the control of Snail1 expression, EMT and fibroblast activation by noncanonical Wnt signaling.

As consequence of specific mutations, the sustained action of Wnt extracellular factors or microenvironmental stress conditions (a), some tumor cells (in pink) start to express
Snail1 and undergo EMT (b). In these cells Snail1 not only increases the expression of mesenchymal markers and anti-apoptotic genes (see magnification), but also of Wnt5a,
Ror2 and Fz2, creating a self-stimulation loop that amplifies and sustains the activity of the signaling pathway, and feeds the expression of Snail1 by activating Stat3 and JNK
dependent pathways. Moreover, the expression of TGFb, and other Wnt factors, is stimulated. TGFb and Wnt5a activate fibroblasts placed in the microenvironment (c) and
likely, other nearby tumor cells, and facilitate tumor invasion (d) and chemoresistance.

Guillem Fuertes et al EMBO reports

� 2023 The Authors EMBO reports 24: e54895 | 2023 EV8


	 Abstract
	 Intro�duc�tion
	 Results
	 Ror2 is nec�es�sary for Snail1 expres�sion in colon tumor cells
	 Wnt5a, Ror2, and Snail1 form a feed�back loop in tumor cells
	embr202254895-fig-0001
	embr202254895-fig-0002
	 Wnt5a/Ror2/ mod�u�lates TGFbeta pro�duc�tion and 	fibrob�last acti�va�tion
	 Non�canon�i�cal Wnt sig�nal�ing is required for tumori�ge�n�e�sis
	 Inter�fer�ence with the Wnt5a/Snail1 axis decreases metas�ta�sis of pri�mary colon tumor cells
	embr202254895-fig-0003
	embr202254895-fig-0004
	 The Wnt5a/Ror2/Snail1 axis mod�u�lates cis�platin resis�tance of colon cancer cells
	embr202254895-fig-0005
	 Expres�sion of SNAI1, ROR2, FZD2, and WNT5A strongly cor�re�lates in human tumors
	embr202254895-fig-0006

	 Dis�cus�sion
	embr202254895-fig-0007

	 Mate�ri�als and Meth�ods
	 Anti�bod�ies and reagents
	 Cell cul�ture
	 Cell trans�fec�tion and selec�tion of trans�fec�tants
	 Human tumor bioin�for�matic anal�y�sis
	 Mouse tumori�ge�n�e�sis exper�i�ments
	 Prepa�ra�tion and purifi�ca�tion of Ror2-ex�tra�cel�lu�lar 	domain (R-ECD)
	 Cell via�bil�ity assays
	 Migra�tion and inva�sion assays
	 Immuno�his�to�chem�i�cal anal�y�sis of tumors
	 RNA iso�la�tion and anal�y�sis
	 Pro�moter activ�ity assays
	 Chro�matin immuno�pre�cip�i�ta�tion (ChIP) assays
	 Cell lysis and pro�tein anal�y�sis by west�ern blot
	 Sta�tis�ti�cal anal�y�sis

	 Data avail�abil�ity
	 Acknowl�edg�ments
	 Author contributions
	 Dis�clo�sure and com�pet�ing inter�ests state�ment
	 Ref�er�ences
	embr202254895-bib-0001
	embr202254895-bib-0002
	embr202254895-bib-0003
	embr202254895-bib-0004
	embr202254895-bib-0005
	embr202254895-bib-0006
	embr202254895-bib-0007
	embr202254895-bib-0008
	embr202254895-bib-0009
	embr202254895-bib-0010
	embr202254895-bib-0011
	embr202254895-bib-0012
	embr202254895-bib-0013
	embr202254895-bib-0014
	embr202254895-bib-0015
	embr202254895-bib-0016
	embr202254895-bib-0017
	embr202254895-bib-0018
	embr202254895-bib-0019
	embr202254895-bib-0020
	embr202254895-bib-0021
	embr202254895-bib-0022
	embr202254895-bib-0023
	embr202254895-bib-0024
	embr202254895-bib-0025
	embr202254895-bib-0026
	embr202254895-bib-0027
	embr202254895-bib-0028
	embr202254895-bib-0029
	embr202254895-bib-0030
	embr202254895-bib-0031
	embr202254895-bib-0032
	embr202254895-bib-0033
	embr202254895-bib-0034
	embr202254895-bib-0035
	embr202254895-bib-0036
	embr202254895-bib-0037
	embr202254895-bib-0038
	embr202254895-bib-0039
	embr202254895-bib-0040
	embr202254895-bib-0041
	embr202254895-bib-0042
	embr202254895-bib-0043
	embr202254895-bib-0044
	embr202254895-bib-0045
	embr202254895-bib-0046
	embr202254895-bib-0047
	embr202254895-bib-0048
	embr202254895-bib-0049
	embr202254895-bib-0050
	embr202254895-bib-0051
	embr202254895-bib-0052
	embr202254895-bib-0053
	embr202254895-bib-0054
	embr202254895-bib-0055
	embr202254895-bib-0056
	embr202254895-bib-0057
	embr202254895-bib-0058
	embr202254895-bib-0059
	embr202254895-bib-0060
	embr202254895-bib-0061


