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CDX2 downregulation regulates intrinsic WNT pathway
activation, dictating metastasis in APC and CTNNB1 wildtype
colorectal cancer
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Colorectal cancer (CRC) can be divided into 4 subtypes of which consensus molecular subtype 4 (CMS4) is associated with
metastasis and poor survival. Previously, we reported that the KPN mouse model resembles human CMS4. Strikingly, although
tumor formation in this model is slow and limited, effective metastasis is observed. To understand this aggressive behavior, we
compared two distinct in vitro KPN models, organoids and tumoroids. The organoid model only carries the original mutations,
while the tumoroids are derived from in vivo grown tumors that underwent selection during development. Here, we reveal that
tumoroids harbor endogenous WNT pathway activity, which can be driven by tankyrase activity and Cdx2 downregulation.
Importantly, WNT pathway activation was heterogeneous in nature, subject to regulation and allowed for a mixture of WNT-driven
and YAP-driven cells within tumoroids. This unique type of WNT pathway activation is not crucial for colonic tumor growth, but
results in metastatic spreading. Intriguingly, these findings reflect a specific subset of aggressive human CMS4 cancers that display
low CDX2 expression and lack of classical WNT pathway mutations, while having a higher tendency to metastasize. Together, these
data propose a novel mechanism for WNT pathway activation that drives metastasis formation in aggressive CRC.
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INTRODUCTION
Colorectal cancer (CRC) is the second leading cause of cancer-
related death worldwide [1]. Mortality rate is highest amongst
patients diagnosed with metastasized CRC of which less than 20%
survive after five years [2]. Importantly, treatment response
remains suboptimal due to extensive inter- and intra-tumor
heterogeneity. To characterize CRC features and improve therapy
efficacy, many efforts have been made to stratify tumors based on
their genetic expression profiles and resulted in the consensus
molecular subtypes (CMS). This CMS classification comprises four
unique subgroups, of which CMS1 is enriched for microsatellite
instable (MSI) tumors and CMS2/3/4 contain mainly microsatellite
stable (MSS) tumors [3]. Of the MSS tumors, CMS2 most closely
resembles the ‘canonical’ phenotype that is characterized by WNT/
MYC pathway activation, which is associated with the sequential
accumulation of classical mutations in CRC driver genes (Vogel-
gram) [4]. CMS3 is considered the more metabolically adapted
subtype, whilst CMS4 is characterized by high stromal influx and
epithelial-to-mesenchymal transition (EMT) signatures [3]. Of these
subtypes, CMS4 is the most aggressive type with the poorest
prognosis, as these tumors are prone to metastasize [3, 5–8].

Critically, understanding the molecular mechanisms underlying
this metastatic potential will greatly contribute to improved and
targeted therapeutic interventions for patients with CRC. We have
previously generated a specific CMS4 mouse model which harbors
a KrasG12D mutation, Trp53 deletion and Notch1 intracellular
domain (ICD) overexpression using Cre recombinase-driven loxP
recombination, known as the KPN model [9]. We demonstrated
that tumors arising in this model display CMS4-like gene
expression and spontaneously metastasize to the liver, lungs,
and peritoneal cavity, thereby recapitulating the aggressive form
of human CRC [9]. Surprisingly, KPN tumors displayed elevated
levels of WNT activity although no mutations in major WNT
pathway genes, such as Apc or Ctnnb1, were observed [9]. This is
particularly interesting since increased WNT activity has been
associated with oncogenic properties such as increased migration
and metastasis (reviewed in [10]). Interestingly, inhibition of WNT
ligand secretion in vivo using a porcupine inhibitor had no major
effects on tumor development and metastatic potential in the KPN
model [9]. Together, these data suggest that KPN tumors do not
rely on extrinsic WNT ligands. Given the prolonged latency period
exceeding 100 days, observed in this model’s tumor development,
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it is plausible that additional genetic or epigenetic adaptations,
beyond the original Cre-driven mutations, have accumulated over
time due to in vivo selection. Understanding this adaptation,
which contributes to the aggressive phenotype observed in the
KPN model, may provide further insight into the ontogeny of CRC.
In this study, the mechanisms underlying this selective pressure
were investigated by comparing KPN-mutant cells induced in vitro
and in vivo as organoid and tumoroid cultures, respectively. A
strong upregulation of WNT pathway activity in KPN tumoroids
was observed and inhibition of the pathway was only shown with
inhibitors downstream of extracellular ligand-receptor interaction.
Tankyrase (TNKS) and the transcription factor CDX2 were
identified as regulators of this intracellular WNT pathway
activation. Furthermore, WNT pathway activation was heteroge-
neous and KPN tumoroids represent a mixture of cells that express
high WNT pathway activation or high Yap activation and WNT
signaling was shown to be crucial for the induction of metastasis.
Intriguingly, a subset of CMS4 patients with CDX2 low and APC/
CTNNB1-wildtype tumors represent a group of CRCs that have a
relatively high propensity to metastasize. Together, these findings
suggest that the KPN recapitulates a subset of aggressive human
CRC and provides insight into the requirement for WNT pathway
activity in metastatic spreading. In addition, they point to a crucial
role for TNKS and CDX2 in mediating this intrinsic WNT signaling.

MATERIALS AND METHODS
Mice breeding and tumoroid/organoid isolation
A genetically engineered mouse model with the following genotype was
used: KrasLSL-G12D/+, Trp53fl/fl, Rosa26LSL-N1icd/+ (KPN, C57BL/6, N= 5, mixed
background) to introduce recombination of the target genes flanked by
loxP sites with use of the enterocyte-specific Villin-CreERtm promoter. To
generate organoids, the proximal part of the small intestine of a non-
induced mouse was used and organoid isolation was performed as
described previously [11]. Mutations were induced by in vitro recombina-
tion upon tamoxifen addition (see section on organoid/tumoroid culture).
To generate tumoroids, mutations were induced by in vivo recombination
via intraperitoneal administration of a single injection of 2 mg tamoxifen
(T5648, Sigma-Aldrich, the Netherlands) at an age of 6–12 weeks. Mice
were sacrificed at clinical endpoint (weight loss and/or hunching and/or
cachexia). Tumoroids were derived from the primary tumor of the small
intestine and processed as described before [9]. Animal breeding, for
isolation of the tumor and the proximal part of the small intestine, was
performed in accordance with the UK Home Office regulations (Project
License 70/8646) and all protocol used to obtain normal or cancerous
intestinal tissue were subject to review by the Animal Welfare and Ethical
Review Board of the University of Glasgow.

Animal transplantations
Needle-guided intracolonic transplantation. One full well of a 6-well plate
was used to harvest organoid cultures that were mechanically dissociated
and resuspended in 70 µl PBS per injection per mouse (female
Hsd:Athymic Nude-Foxn1nu, N= 8 per group) for colonic submucosal
injections as described before [12], using a Karl Storz TELE PACK+ VET
endoscopic video unit (Storz, Germany). Mice were weighed twice per
week and colonic tumor growth was measured once every 2 weeks using
endoscopy. Mice were sacrificed 18 weeks post injection or when humane
endpoint was reached (80% of the colon was blocked by the tumor, weight
loss >20% of maximum weight, abnormal behavior, colon perforation).
Colon, liver, lungs, spleen, diaphragm and peritoneum were analyzed for
metastasis.

Intraperitoneal tumor outgrowth. One hundred thousand single cells
(derived from organoids or tumoroids) were resuspended in 100 µl
Matrigel:PBS (1:1), consisting of 50% fresh cold Matrigel (Corning, the
Netherlands) and 50% PBS, and injected intraperitoneally per mouse
(female Hsd:Athymic Nude-Foxn1nu, N= 6 per group) as described
previously [13]. Mice were weighed twice per week. Mice were sacrificed
eight weeks after injection or when the humane endpoint was reached
(ascites formation, weight loss >20% of maximum weight, abnormal
behavior). As described in ref. [14], the peritoneal cavity was divided into 9

regions and each region was scored according to tumor size and incidence
to derive a peritoneal cancer index (PCI) score. No blinding was performed
during examination of the peritoneum.
Female mice (Hsd:Athymic Nude-Foxn1nu, 6–12 weeks old) were

purchased from Envigo and housed in a 12 h light/12 h dark cycle, with
temperatures between 20 °C and 24 °C and 40–70% humidity. Before
transplantation into mice, in vitro cultured organoids/tumoroids were
seeded for 72 h in culture medium (as described in section ‘organoid/
tumoroid culture’) before harvesting in Cell Recovery Solution (354253,
Corning) on ice for 30min to dissolve the Matrigel. To obtain single cells,
organoids/tumoroids were harvested in TrypLE (12604013, Thermo Fisher
Scientific, the Netherlands) for 3 min at 37 °C.
Animals were randomly assigned to organoid or tumoroid transplanta-

tion group and no blinding was performed during examination.

Organoid/tumoroid culture
Tumoroids and organoids were cultured in Matrigel (Corning, the
Netherlands) and culture medium, composed of basal medium (ADF) with
freshly added mouse EGF (50 ng/ml, 315-09, Thermo Fisher Scientific),
R-spondin (20% (v/v) of in-house produced conditioned medium) and
Noggin (10% (v/v) of in-house produced conditioned medium). ADF
medium consists of advanced DMEM F/12, N2 (100x diluted) and B27 (50x
diluted) supplements, 10 mM HEPES, 100 units/ml of penicillin, 100 μg/ml
of streptomycin, 0.25 μg/ml amphotericin B and 2mM Glutamax (all Gibco,
the Netherlands). To recombine target genes containing loxP sites in
organoids in vitro, 1 µM 4-hydroxytamoxifen (4-OHT, H7904, Sigma-
Aldrich) was added to the culture medium overnight and refreshed with
plain culture medium the day after. Cultures were maintained in
humidified air containing 5% CO2 at 37 °C.

DNA isolation, PCR and genotyping
The NucleoSpin Tissue kit (740952, Bioké, the Netherlands) was used to
extract DNA according to manufacturer’s guidelines. Per PCR reaction,
100 ng DNA and genotype-specific forward and reverse primers were
added to MyTaq HS Red mix (25048, Bioline, Germany). Used primer
sequences are listed in Supplementary Table 1.

Constructs, transfection and lentiviral transduction
To generate a constitutive Cdx2 overexpression construct, Cdx2 cDNA was
excised with XhoI (R0146S, NEB, MA, USA) from pLV-tetO-Cdx2 (70697,
Addgene, MA, USA) and cloned between the XhoI restriction sites of the
pCW-CMV-FLAG-puro plasmid (a kind gift from Dr. Wouter Karthaus, EPFL,
Lausanne, Switserland). To create a CRISPR knockout (KO) for Cdx2,
lentiCRISPRv2-mCherry plasmid (99154, Addgene) was used carrying
single-guide RNA targeting exon 1 (Supplementary Table 2) via Bsmb1
cloning (R0580, NEB). A WNT reporter with iRFP713 expression (designated
pMULE-TOP-iRFP713) was produced by simplifying the pMULE_CMV-
eGFP_TOP-iRFP_PTCH1-mTurquoise2_CBF-tdTomato plasmid (113865,
Addgene) via SalI restriction digestion of the PTCH1 and CBF reporter
parts. Stbl3 competent bacteria (C737303, Thermo Fisher Scientific) were
used for transformation, NucleoSpin Plasmid EasyPure (740727, Bioké) was
used for plasmid isolation, and successful cloning was validated by Sanger
sequencing with use of the BigDye Terminator (BDT) v1.1 sequencing kit
(4337452, Thermo Fisher Scientific). Lentiviruses were produced by
HEK293T cells using second-generation packaging plasmids VSV.G
(14888, Addgene) and psPAX2 (12260, Addgene) and desired lentiviral
construct in a ratio of 1:3:4 via Lipofectamine 2000 transfection reagent
(11668019, Thermo Fisher Scientific). Organoids/tumoroids were trans-
duced by spinoculation with culture medium, 10 µM ROCK inhibitor
(Y0503, Sigma-Aldrich) and 8 µg/ml polybrene (107689, Sigma-Aldrich)
containing lentiviral particles at 32 °C for 1 h and incubated overnight in
humidified air containing 5% CO2 at 37 °C before transferring them to
Matrigel. Tumoroids, transduced with the pCW-Cdx2 overexpression
construct, were selected with puromycin (1 µg/ml, ant-pr-1, Invivogen,
the Netherlands). Cdx2 overexpression was validated via reverse transcrip-
tion quantitative PCR (RT-qPCR). Organoids or tumoroids transduced with
lentiCRISPRv2-Cdx2 or pMULE-TOP-iRFP713 were single-cell sorted with the
BD FACSAria III cell sorter (BD Biosciences, the Netherlands) based on the
positive expression of construct-dependent fluorescent selection markers.
After expansion of the unique CDX2 KO single cell clones, newly generated
lines were validated for CRISPR editing of Cdx2 by Sanger sequencing and
TIDE analysis [15]. Single-cell clones carrying the WNT reporter were
assessed for WNT reporter presence upon stimulation with the
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GSK3β-inhibitor/WNT-activator CHIR-99021 (CHIR, 10-1279, Tebubio, the
Netherlands) by flow cytometry.

RNA isolation, cDNA synthesis and RT-qPCR
The NucleoSpin RNA kit (740955, Bioké) was used to extract RNA, which
was then synthesized into cDNA using SuperScript III RT (18080093,
Thermo Fisher Scientific) according to the manufacturer’s protocol. RT-
qPCR was performed using SYBR Green mix (Roche, the Netherlands) and
Ct values were measured on the LightCycler 480 II machine (Roche). Gene
expression was calculated after normalization to the housekeeping gene
Rpl37. Used primer sequences are listed in Supplementary Table 3.

Bulk RNA sequencing and data processing/analysis
RNA was extracted 72 h after seeding as described above. RNA Integrity
Number (RIN) values were evaluated with RNA ScreenTape analysis on the
Agilent 2100 Bioanalyzer (Agilent Technologies, CA, USA). Library prepara-
tion was done with the KAPA RNA Hyperprep (Roche) and samples were
sequenced on the Illumina HiSeq4000 platform with ~30 × 106 reads per
sample. Initial quality assessment of the raw data was conducted using
FastQC (v0.11.9) and MultiQC (v1.9) [16, 17]. Cutadapt was used (v1.18) for
trimming and removal of poor-quality bases (Phred score <20)
per sequence [18]. Sequence alignment against the Genome Reference
Consortium mouse genome build 38 (GRCm38) and gene count
determination were performed using STAR (v2.7.4a) [19]. Assessment of
differentially expressed genes and generation of Volcano plots were done
using the Genomics Analysis and Visualization Platform ‘R2’ [20]. Gene set
enrichment analysis (GSEA [21]), was used to run the ‘GSEApreranked’ tool
with online available gene sets on a generated pre-ranked list based on
log2 fold change expression of our own data including all genes.

Single cell RNA sequencing and data processing/analysis
KPN tumoroids were collected 72 h after seeding and digested as single
cells as described above. Cells were gated for live cells on DAPIneg (D9542,
Sigma-Aldrich) expression and sorted on the BD FACSAria III cell sorter (BD
Biosciences). Live cells were manually counted and 10.000 cells were
processed using 10x Chromium Single Cell 3’Reagent Kits v3 (v3.1
Chemistry Dual Index) and sequenced on the Illumina NovaSeq6000
platform. Reads were aligned against the GRCm38 and counted using the
10x Genomics Cellranger software (v3.1.0). Seurat library in R was used to
analyze raw count matrices. Assessment of gene expression was done
using the Genomics Analysis and Visualization Platform ‘R2’ [20].

Flow cytometry
Organoids/tumoroids were harvested for single-cell processing as
described above. Single cells were harvested in PBS and flow cytometry
analysis or FACS were performed on the BD LSRFortessa (BD Biosciences)
or BD FACSAria III cell sorter (BD Biosciences). Single cells were gated for
live cells on DAPIneg (D9542, Sigma-Aldrich) expression. WNT reporter
fluorescence expression (iRFP713) was measured with the 640 nm laser.
LY6a (1:10.000, PE-conjugated, 12-5981-82, Thermo Fisher Scientific) and
TROP2 (1:1000, AF1122, R&D systems, Minneapolis, MN, USA) + anti-Goat
IgG (1:500, PE-conjugated, F0107, R&D systems) expression were measured
with the 561 nm laser. Data was analyzed using FlowJo Software (BD).

Paraffin-embedding and immunohistochemistry/RNA-in situ
hybridization (ISH)
Organoid/tumoroid cultures were washed with PBS and then fixed with 4%
paraformaldehyde (PFA, 157-8, Electron Microscopy Sciences, the Nether-
lands) overnight at 4 °C and transferred to 70% ethanol the day after for
30min at room temperature (RT), followed by dehydration with 100%
ethanol containing hematoxylin (105175, Sigma-Aldrich; used for counter-
staining) and repeated with 100% ethanol twice and xylene (28973, VWR,
the Netherlands) twice for 30min at RT. The samples were incubated twice
in paraffin at 60 °C for 30min, embedded in fresh paraffin, cooled to 4 °C,
and stored at –20 °C till use.
Mouse-derived tumors/organs were fixed with 4% paraformaldehyde

overnight at 4 °C, dehydrated with ethanol, and then transferred to butanol
for 60min at RT before embedding in paraffin overnight.
A microtome (Leica, Germany) was used to cut the paraffin-embedded

blocks into 4 µm sections. Slides were deparaffinized and rehydrated with
xylene and decreasing ethanol steps. For immunohistochemistry staining,
antigen retrieval was performed with Epredia Lab Vision HIER buffer L (pH

6.0, TA135HBL, Thermo Fisher Scientific) or Tris-EDTA (pH 8.0,
10708976001, E9884, Merck, the Netherlands) combined with staining
with anti-CDX2 (1:100, MU392A, BioGenex, the Netherlands) or anti-
β-catenin (1:1000, 610153, BD Biosciences), respectively. Secondary
antibodies used were anti-mouse-HRP (DPVB110HRP, Immunologic, the
Netherlands) or anti-mouse-HRP (8021, EnVision FLEX, Agilent Dako, the
Netherlands). For RNA-ISH (RNAscope), slides were stained according to
manufacturer’s protocol (ACD RNascope 2.5 HD-Brown) with probes
against Notum (428981, ACD) or Lgr5 (312171, ACD). Slides are visualized
via DAB (BS04-999, Immunologic), counterstained with hematoxylin
(105175, Sigma-Aldrich) and mounted using standard procedures accord-
ing to manufacturer’s protocols.

Western blotting
Organoids/tumoroids were collected in Cell Recovery Solution (354253,
Corning) and placed on ice for 30min to dissolve Matrigel and
subsequently lysed using Laemmli sample buffer (1610737, Bio-Rad, the
Netherlands) with Halt protease and phosphatase inhibitor cocktail (1:100,
78440, Thermo Fisher Scientific) and 1.4 M β-mercaptoethanol (M6250,
Sigma-Aldrich). Protein concentrations were measured with Protein
Quantification Assay kit (740967, Bioké) according to manufacturer’s
instructions and measured on a BioTek absorbance reader (Agilent).
Protein samples (20 µg) were loaded into 4–15% precast gels (4561083,
Bio-Rad) and transferred to polyvinylidene difluoride (PVDF) membranes
using the Trans-Blot Turbo System (Bio-Rad). Membranes were blocked for
1 h in 5% bovine serum albumin (BSA, Sigma-Aldrich) in Tris-buffered
saline plus 0.1% (v/v) Tween-20 (TBS-T, Sigma-Aldrich) followed by
incubation with primary antibody overnight at 4 °C. The next day,
membranes were washed with TBS-T, then incubated with secondary
antibodies conjugated with horseradish peroxidase (HRP) for 1 h at RT and
developed with Lumi-LightPLUS Western Blotting Substrate (12015196001,
Roche). Membranes were imaged on the ImageQuant LAS4000 (GE
Healtcare Life Sciences, the Netherlands) and grayscale measurements
were used to quantify protein levels, as previously described, and
normalized to GAPDH levels [22]. Used antibodies were anti-β-catenin
(1:1000, 9562, Cell Signaling Technology, the Netherlands), anti-GAPDH
(1:5000, MAB374, Sigma-Aldrich), anti-vinculin (1:1000, 13901, Cell Signal-
ing Technology), anti-rabbit-HRP (1:5000, 7074, Cell Signaling Technology)
and anti-mouse-HRP (1:10.000, 1031-05, Southern Biotech, AL, USA).

Human datasets
Sweden set. A dataset of whole genome sequences and transcriptomes of
1063 primary CRCs from a recently published set (‘Sweden set’) was used
for analysis of CDX2 expression, CMS classification, APC/CTNNB1 mutational
status, MSS/MSI status and prognosis. The classification of CMS and MSS/
MSI was assigned as reported in ref. [23]. Samples were categorized as
mutant when at least 1 driver mutation in APC and/or CTNNB1 was present.
Mutations were called as drivers when the change was classified as
‘oncogenic’ or ‘likely oncogenic’ by the OncoKB web API (https://
www.oncokb.org/). Expression was TPM-normalized and log2-transformed.

TCGA PanCancer Atlas set. TCGA PanCancer Atlas whole exome sequen-
cing and RNA sequencing data for colon and rectal cancers were
downloaded from cBioPortal for analysis of CDX2 expression and APC/
CTNNB1 mutational status [24, 25]. CDX2 mRNA levels were RSEM-
normalized and log2-transformed [26]. Samples were categorized as
mutant when at least 1 mutation in APC and/or in the region encoding the
phosphorylation sites of CTNNB1 was present.

Sanger set. IC50 values of XAV-939 (TNKS inhibitor) of human colon and
rectum adenocarcinoma sanger cell lines (COREAD) were available via
Genomics of Drugs Sensitivity in Cancer (GDSC) database: (https://
www.cancerrxgene.org/compound/XAV939/1268/overview/ic50?tissue=
COREAD). Cell lines were categorized as mutant when at least 1 driver
mutation in APC and/or CTNNB1 was present. Mutations were called as
drivers when the change was classified as ‘oncogenic’ or ‘likely
oncogenic’ by the OncoKB web API (https://www.oncokb.org/). Assess-
ment of CDX2 gene expression was done using the Genomics Analysis
and Visualization Platform ‘R2’ [20].

Statistical analysis
Statistics are performed using GraphPad Prism 10.2.0 for all figures, except
for the analysis of patient tumor data where indicated. Here R version 4.3.2
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was used. A p-value of <0.05 is considered significant. Sample size,
p-values, error bar definitions and statistical testing are described in the
figure legends.

Ethics approval
All methods were performed in accordance with the relevant guidelines
and regulations. All animal transplantations were approved by the Animal
Experimentation Committee at the Amsterdam UMC in Amsterdam (ethical
approval numbers AVD11800202013801 and AVD11800202317163) and
performed according to national guidelines. All used human data sets are
published and publicly available.

RESULTS
WNT pathway activity in KPN models in vitro
The KPN model has been shown to grow aggressive tumors with
high metastatic potential. However, tumor development is
relatively slow and limited, as on average only two tumors per
intestine develop with a latency of more than 100 days [9]. As a
comparison, mouse models that harbor mutations in the most
frequently mutated gene involved in CRC, Apc, combined with
deletion of Trp53, will in the same setup develop at least 20
tumors [9]. This implies that additional changes are likely needed
to promote tumor growth in the KPN model. Remarkably, KPN
tumors appear to have elevated WNT activity, in the absence of
mutations in Apc and in the majority of cases also without
mutations in Ctnnb1. Nonetheless, these APC and β-catenin
wildtype tumors do grow independently of exogenous WNT
ligands. This suggests that, in the KPN model, alternative
regulation of WNT signaling may play a role in stimulating tumor
growth.
To investigate the nature of the in vivo adaptation that drives

tumor growth within the KPN model, two different in vitro 3D
cultures derived from the KPN mouse model were compared: KPN
tumoroids and KPN organoids (Fig. 1a, b). The KPN tumoroids
were derived directly from tumors that developed in vivo in the
KPN mice, while KPN organoids were established from a healthy
small intestine derived from an uninduced KPN mouse and were
recombined in vitro by the addition of 4-OHT (validated in
Supplementary Fig. 1a, b). As the latter have not been exposed to
an in vivo selection pressure, these organoids are assumed to be
without any additional mutations. To assess the difference
between KPN tumoroids and organoids, mRNA was sequenced
and differentially expressed genes (DEGs) were identified and
analyzed for enrichment for known gene sets (Fig. 1c, d).
Strikingly, tumoroids and organoids displayed significantly differ-
ent expression profiles (Fig. 1c), and tumoroids were specifically
enriched in genes involved in WNT signaling (Fig. 1d), confirming
the in vivo adaptation in the KPN model, beyond the three initial
mutations. To exclude genetic heterogeneity within the tumoroid
cultures, single-cell clones derived from bulk tumoroids were
grown and RNA was sequenced synchronously and compared to
the KPN organoids for DEGs (Supplementary Fig. 2a–c). In
agreement with the results observed in bulk cultures, gene set
enrichment of upregulated genes in multiple single-cell KPN
tumoroid clones confirmed the WNT signaling pathway as the top
hit compared to KPN organoids (Supplementary Fig. 2a, b).
Moreover, single-cell-cloned KPN tumoroids displayed elevated
expression of known WNT pathway regulating genes and
transcriptional targets, such as Nkd1, Notum, Wif1, Axin2, and
Lef1 (Supplementary Fig. 2c). These sequencing results were
confirmed with RT-qPCR for WNT target gene Axin2 levels in the
single-cell clones (Supplementary Fig. 2d). To examine transcrip-
tional regulation of the WNT pathway, cellular location of the
β-catenin protein was analyzed with immunohistochemistry (IHC).
This showed nuclear staining in the tumoroids but not in the
organoids, suggesting increased transcription of β-catenin target
genes in tumoroids (Fig. 1e, left panels). In agreement, Notum

RNAscope confirmed the differences detected by mRNA sequen-
cing (Fig. 1e, right panels). To directly measure WNT pathway
activity, a fluorescent WNT signaling reporter was introduced into
the organoids and tumoroids. This reporter measures nuclear
activation of the transcription factors TCF/LEF upon β-catenin
binding, quantified with a fluorescent marker. A strong reporter
activation was observed in tumoroids, in sharp contrast to the
organoids, which show very low WNT reporter activity (Fig. 1f, g).

WNT signaling is regulated independently of ligand-receptor
interaction but depends on tankyrase activity and Cdx2
expression
To investigate WNT pathway activity in both models in more
detail, the expression of the transcriptional WNT target Axin2 was
used as a read-out. Withdrawal of R-spondin1 or addition of the
porcupine inhibitor LGK-974 was used to destabilize the WNT-
receptor Frizzled (FZD) or inhibit WNT-ligand secretion from the
cell, respectively (Fig. 2a). Compared to control samples (cultured
in full ENR medium, consisting of EGF, Noggin and R-spondin1),
KPN organoids were shown to rely on R-spondin1 and autocrine
production of WNT ligands for Axin2 transcription (Fig. 2b). In
contrast, Axin2 expression in tumoroids was not only much higher
than in organoids (Supplementary Fig. 2d), but it was also
expressed independently of exogenous WNT ligands (Fig. 2c). To
identify possible factors involved in WNT signaling further
downstream of the ligand-receptor interaction, the top 30 up-
and downregulated genes between KPN tumoroids and organoids
were analyzed in more detail. Cdx2 was found as one of the top
hits to be downregulated in these KPN tumoroids (Fig. 2d).
Intriguingly, not all KPN tumoroids derived from tumors growing
in KPN mice displayed Cdx2 downregulation (Supplementary Fig.
3a, case 6 and 7). In some samples significant Cdx2 expression
was still observed, but this was invariable the case in KPN
tumoroids that contained mutations in either Ctnnb1 or displayed
strong mutations in Csnk1a1 (Supplementary Fig. 3b, case 6 and
7). In agreement, stronger WNT pathway activity was evident in
these KPN tumoroid lines as compared to the KPN tumoroids with
Cdx2 downregulation, reaching levels of Apc-mutant organoids
(Supplementary Fig. 3b). Together, these observations indicate
that WNT pathway adaptation is crucial for tumor formation to
occur in the KPN model and that the larger fraction of tumors
developing do so by modulating Cdx2 expression.
CDX2 has been reported to stimulate the transcription of AXIN2

and GSK3β, which encode components of the cytoplasmic
destruction complex that targets β-catenin for proteasomal
degradation [27]. Therefore, decreased CDX2 expression could
lead to increased WNT-pathway activity. mRNA levels of Cdx2 were
validated by RT-qPCR, which confirmed the very low expression
levels in tumoroids compared to organoids (Supplementary Fig.
3c). To exclude that WNT signaling activity itself downregulated
Cdx2 expression, AKPN organoids (Villin-CreERtm, Apc–/–, KrasG12D/+,

Trp53–/–, Rosa26N1icd/+), which exhibit genetic activation of the
WNT pathway due to Apc deletion, were checked for Cdx2
expression; this showed even higher levels than KPN organoids,
indicating that WNT pathway activation is not leading to Cdx2
repression (Supplementary Fig. 3c). Differential CDX2 expression
patterns were also detected at the protein level, using IHC, with no
expression detected in KPN tumoroids, while KPN organoids
showed nuclear CDX2 staining (Fig. 2e). To investigate the role of
the β-catenin destruction complex in WNT activation in KPN
tumoroids, an inhibitor that directly intervenes with the destruc-
tion complex was used. TNKS inhibition with IWR-1 leads to
stabilization of AXIN and, subsequently, augments the activity of
the destruction complex, diminishing Wnt pathway output (Fig.
2a). Interestingly, whilst KPN tumoroids were sensitive to IWR-1
and exhibited decreased WNT-target gene expression upon
treatment (Fig. 2f, Supplementary Fig. 3d, e), KPN organoids
were unresponsive to TNKS inhibition as they rely more on
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ligand-receptor inhibition (Supplementary Fig. 3f). To demonstrate
the selectivity of IWR-1 towards the destruction complex, AKPN
organoids, which cannot assemble a functional destruction
complex due to the absence of APC, were also treated and
shown to be insensitive to IWR-1 (Supplementary Fig. 3g–i).
Cdx2 downregulation, as a consequence of CpG island

methylation, in CRC has been extensively studied [28–30]. To
determine whether Cdx2 downregulation is mediated by gene
methylation, KPN tumoroids were treated with decitabine, a DNA
methyltransferase inhibitor. Upon hypomethylation, Cdx2 expres-
sion was induced in KPN tumoroids (Supplementary Fig. 3j),
pointing towards a similar mechanism as reported for CRC.
To gain more insight into the role of Cdx2 downregulation in

WNT signaling, KPN tumoroids were transduced with a lentiviral
Cdx2 overexpression construct (Supplementary Fig. 3k). Cdx2
transcript levels were increased more than 700 times in
comparison with untransduced KPN tumoroids, reaching levels
comparable to those of the KPN organoids (Fig. 2g). Expression of
downstream WNT targets was examined in tumoroids expressing
either endogenous or overexpressed levels of Cdx2 in the
presence or absence of IWR-1. Both Cdx2 overexpression and
TNKS inhibition alone downregulated WNT target expression

levels, but a combination of both these interventions had an even
more significant impact (Fig. 2h, Supplementary Fig. 3l, m).
Reciprocally, KPN organoids in which Cdx2 was knocked out
showed increased WNT pathway activity and expression of
transcriptional target Axin2 (Fig. 2i, j). Cdx2 overexpression and
TNKS inhibition, individually and combined, also decreased the
protein levels of β-catenin in the tumoroids (Fig. 2k), in line with
our hypothesis that both enhance the activity of the destruction
complex leading to decreased transcriptional activity of the WNT
pathway. Vice versa, increased protein levels of β-catenin were
shown in KPN organoids with Cdx2 KO and in combination with
GSK3β-inhibitor CHIR-99021 (Fig. 2k), confirming that Cdx2 is able
to regulate the WNT pathway in the KPN model.
As reported by Jackstadt et al. [9], KPN tumors do not reach

intrinsic WNT pathway signaling as high as APN tumors (Fig. 2l).
Therefore, WNT pathway signaling in the KPN tumoroids was
moderately active. Interestingly, APN tumors with hyperactivated
WNT signaling do not metastasize, which is in line with recent
discoveries highlighting the importance of the plasticity of two
heterogenic cell states that drive metastasis [31–33]. These two
heterogenic cell states maintain either high WNT activity or YAP
activity and are defined by a crypt-base columnar stem cell (CBC)
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signature and regenerative stem cell (RSC) signature, respectively
[33]. To determine whether KPN tumoroids also contained such
heterogeneity, single cell sequencing was performed, which
revealed two distinct cell populations. One has high levels of
Lgr5 (epithelial, WNThigh marker), while the other was more fetal/

regenerative-like as defined by Tacstd2 (YAPhigh marker) (Fig. 2m).
In addition, flow cytometry stainings for LY6a and TROP2, well-
known YAP-driven markers of the fetal epithelium [34, 35],
showed heterogenic expression in KPN tumoroids. In contrast,
KPN organoids did not show heterogeneous staining and instead
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had very high expression of these YAPhigh markers (Fig. 2n). To
determine the difference between KPN tumoroids and organoids
in terms of dynamic cell states, gene set enrichment for CBC and
RSC signatures was performed and confirmed the YAPhigh state
associated with the RSC signature in KPN organoids in comparison
to tumoroids, while tumoroids were enriched for the WNT
pathway activated CBC signature (Supplementary Fig. 4a,b).
However, compared to APN tumors, KPN tumors are enriched
for the RSC signature and were less purely WNT-driven
(Supplementary Fig. 4c,d). Importantly, as the KPN tumoroids are
clonally derived, the heterogeneity is installed dynamically. To
conclude, KPN tumoroids maintain a dynamic heterogeneity for
both WNThigh and YAPhigh populations.

Elevated WNT signaling regulates metastatic potential in the
KPN model
A crucial and unique aspect of the aggressiveness of the KPN
model is the metastatic spreading to the lymph nodes, liver and
lungs as well as to the peritoneal cavity, observed in nearly all
tumor-bearing mice [9]. Given the high metastatic outgrowth in
the KPN mouse model, the role of WNT activation on metastasis
development was next examined. To study this, intracolonic
transplantation of KPN tumoroids or KPN organoids was
performed using endoscopic injection into the colon wall. Mice
were killed either 18 weeks post transplantation or when
endoscopic imaging showed 80% bowel obstruction by tumor
growth (Fig. 3a, b and Supplementary Fig. 5a). Whereas all mice
successfully transplanted with KPN tumoroids reached the end-
point of 80% bowel obstruction, only 50% of the mice carrying
KPN organoid transplants exhibited tumor outgrowth (Fig. 3c, d
and Supplementary Fig. 5b), suggesting that the in vivo selection
that KPN tumoroids had previously undergone increased their
transplantation fitness. Nevertheless, the elevated WNT activity,
achieved by the intracellular WNT pathway activation, was not
crucial for tumors to grow after intracolonic injection as 50% of
the KPN-organoid-transplanted mice did develop tumors (Fig. 3d).
In contrast, 75% of the mice that showed KPN tumoroid
outgrowth also developed metastasis, while none of the KPN-
organoid-transplanted mice showed metastatic spreading (Fig. 3e
and Supplementary Fig. 5c–e), not even when orthotopic tumor
outgrowth was evident and had reached 80% bowel obstruction.
To analyze the developed orthotopic tumors in more detail (Fig.
3f), lesions were checked for known marker expression. In
accordance with the expression levels seen in 3D in vitro cultures

and, in contrast to organoid transplants, tumoroid transplants
showed increased levels of Notum and nuclear β-catenin and
lacked CDX2 expression, as detected by RNAscope and IHC,
implying that they retained their unique WNT pathway character-
istics when transplanted in vivo (Fig. 3g). Interestingly, organoid
transplants showed heterogeneous CDX2 protein expression (Fig.
3g) compared to uniform levels when cultured in vitro (Fig. 2e). In
the transplanted mice, metastasis formation developed mostly in
the liver and peritoneal cavity, recapitulating human disease and,
specifically, the metastatic tropism of CMS4 CRCs (Fig. 3h,i) [7].
Importantly, heterogenic Lgr5 expression in both colonic tumor
and metastatic lesions of KPN tumoroid transplants was detected
by in situ hybridization, and largely absent in KPN organoid
derived transplants (Fig. 3j).
Although some mice injected with KPN organoids showed

significant and relatively rapid tumor growth, the overall reduced
number of tumors generated from transplanted KPN organoids
could have affected their capacity to form metastases. Therefore,
to directly assess the potential of growth of intestinal cells at
distant sites, mice were injected intraperitoneally with KPN
organoids or tumoroids and sacrificed 8 weeks after injection to
examine outgrowth in the peritoneal cavity (Fig. 3k). Intriguingly,
mice transplanted with KPN tumoroids had developed multiple
tumor nodules, especially on the liver, omentum and back area of
the peritoneal cavity, while mice injected with KPN organoids
carried no or only a few small tumors (Fig. 3l, Supplementary Fig.
5f–h), again pointing to the requirement for WNT pathway
activation and/or the heterogeneous WNT/YAP-active states for
the outgrowth of metastases. Assessment of the PCI score further
confirmed the significant difference in the metastatic growth of
the two models (Fig. 3m, Supplementary Fig. 5i, j) [13]. In line with
the orthotopic transplants, intraperitoneal organoid and tumoroid
transplants also retained their expression patterns similar to those
seen in vitro. KPN organoids-derived tumors maintained their
WNT-low profiles, while the KPN tumoroid-derived tumors
displayed WNT-activity in a subset of the cells (Fig. 3n).

The KPN tumoroid model closely resembles human CMS4
tumors in APC mutational status, CDX2 expression and
prognosis
Based on transcriptomic analyzes, KPN tumoroids are classified as
CMS4 and provide an aggressive mouse model for CRC recapitulating
some of the metastatic features observed in patients [9]. Therefore, to
determine whether KPN-tumoroid-specific characteristics, such as

Fig. 2 Tankyrase and the transcription factor CDX2 drive intrinsic WNT signaling in tumoroids. a Schematic overview of the WNT pathway
and WNT pathway inhibitors used in this study. Axin2 levels of KPN organoids (b) and tumoroids (c) cultured after 72 h of R-spondin
withdrawal (EN) or LGK-974 (5 µM, S7143, Selleckhem, USA) treatment. Fold change (FC) relative to standard culture conditions (ENR).
d Volcano plot highlighting expression of Cdx2 among transcripts differentially expressed in KPN tumoroids vs KPN organoids. KPN tumoroids
represent 3 independent experiments with 2 different tumoroid lines (single cell clones) derived from different mice (N= 6). KPN organoids
represent 2 independent experiments with 2 different organoid lines (bulk) derived from different mice (N= 4). e Representative IHC staining
for CDX2 in KPN organoids and tumoroids. f Levels of Axin2 in KPN tumoroids after 72 h treatment with IWR-1 (10 µM, S7086, Selleckhem,
USA). Fold change relative to standard culture conditions (ENR). Dots represent 3 independent experiments (N= 3). g Levels of Cdx2 in KPN
organoids and KPN tumoroids, and KPN tumoroids with Cdx2 overexpression (OE). Fold change relative to expression levels in KPN organoids.
Dots represent N= 6 independent experiments. h Levels of Axin2 in untransduced KPN tumoroids and tumoroids with Cdx2 OE after 72 h
treatment with standard culture conditions (ENR) or IWR-1 (10 µM). Fold change relative to untransduced tumoroids cultured under standard
culture conditions (ENR). Dots represent 3 independent experiments (N= 3). i Geometrical mean of WNT reporter fluorescence in KPN
organoids after 48 h treatment with CHIR (5 µM) relative to untreated KPN parental cells lacking Cdx2 KO. Dots represent N= 3 independent
experiments. Data analyzed with unpaired one-tailed Student’s t test. j Levels of Axin2 in untransduced KPN organoids and organoids with
Cdx2 KO after 48 h treatment with standard culture conditions (ENR) or CHIR (5 µM). Fold change relative to untransduced organoids cultured
under standard culture conditions (ENR). Dots represent 3 independent experiments (N= 3). Data analyzed with unpaired one-tailed Student’s
t test. k Representative western blot image for β-catenin protein levels in KPN tumoroids and tumoroids with Cdx2 OE after 48 h treatment
with IWR-1 (10 µM) or KPN organoids and organoids with Cdx2 KO after 48 h treatment with CHIR (5 µM). Values below image indicate the
mean grayscale values of β-catenin relative to GAPDH levels from 3 independent experiments (N= 3). l GSEA of intrinsic WNT target genes
(geneset derived from [61]) on pre-ranked (log2 fold change) mode for all differentially expressed genes in APN tumors (N= 3) compared to
KPN tumors (N= 7) [9]. m Single cell RNA sequencing data for Lgr5 and Tacstd2 in KPN tumoroids (N= 2). n Flow Cytometry for LY6a or TROP2
expression (PE) measured on 561 nm laser. Data are mean ± s.e.m from N= 3 independent experiments, unless otherwise specified, and
analyzed with unpaired two-tailed Student’s t test.
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Apc/Ctnnb1mutation-independent WNT pathway activation, low Cdx2
expression and presence of metastases, were mirrored in human
pathology, both the TCGA COREAD cohort (TCGA set) and a recently
published human CRC cohort (Sweden set) were used [23, 36].
To exclude a confounding impact of microsatellite instability,

which correlates with low CDX2 expression [37–39], only MSS
samples with variable levels of CDX2 expression, including a
subset showing low or no expression, were analyzed from the

Sweden set (Fig. 4a). Although the MSS/MSI status was unknown
for most patients, the variable CDX2 expression was reproduced in
the TCGA set when all patients were included (Supplementary Fig.
6a). To determine whether CDX2 expression is correlated with
classical WNT pathway mutations, the Sweden patient set was
further separated into two groups based on the presence or
absence of mutations in the APC or CTNNB1 genes, the main driver
mutations responsible for WNT hyperactivation in CRC. Strikingly,
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we found that around 20% of the MSS patients do not carry such a
classical mutation and, importantly, this genetic subgroup
associated strongly with significantly lower CDX2 expression (Fig.
4b). In line with this observation, the patient population with the
25% lowest CDX2 expression included fourfold more APC/CTNNB1-
wildtype patients, compared to the group that contained the 25%
highest CDX2 expressing patients (Fig. 4c). These findings were
replicated in the TCGA COREAD dataset (Supplementary Fig. 6b,c).
This suggests that the combination of Apc/Ctnnb1-wildtype status
and low Cdx2 expression, observed in the KPN tumoroid model, is
recapitulated in human CRC disease, potentially pointing to a
similar mechanism of activating the WNT pathway. Furthermore,
the value of the tankyrase inhibition on CDX2low/APC/CTNNB1-
wildtype was analyzed using the GDSC database and revealed
lower IC50 values for a known tankyrase inhibitor (XAV-939) for
this subset compared to CDX2high/APC/CTNNB1-wildtype or
CDX2high/APC/CTNNB1-mutant lines (Supplementary Fig. 6d).
Together, these observations support our hypothesis that CDX2
reduction and tankyrase activation typify this subset of CRCs.
Importantly, APC/CTNNB1-wildtype patients were more overrepre-

sented in CMS4 patients compared to all other subtypes (Fig. 4d).
Similarly, CMS4 patients were significantly enriched in the 25% lowest
CDX2-expressing patient subgroup (55.9%) compared to the 25%
highest CDX2-expressors (19.7%) (Fig. 4e). To investigate the clinical
relevance of our findings, CMS4 was separated into CDX2high/APC/
CTNNB1-mutant and CDX2low/APC/CTNNB1-wildtype and compared
to a recently defined new classification system, intrinsic-consensus
molecular subtypes (iCMS), that used intrinsic epithelial signatures to
identify two subgroups, iCMS2 and iCMS3 [40]. These two subgroups
are associated with different outcomes in CMS4 patients, of which
iCMS3/CMS4 tumors have the worst prognosis [40]. Intriguingly,
CDX2high/APC/CTNNB1-mutant CMS4 patients were mostly classified
as iCMS2, while CDX2low/APC/CTNNB1-wildtype CMS4 patients were
classified as iCMS3 (Fig. 4f). Since iCMS3 is associated with worse
prognosis, the overall survival of these subgroups was determined.
This showed significant differences, with CDX2low/APC/CTNNB1-
wildtype CMS4 patients found to have worse outcome, in agreement
with their corresponding iCMS classification (Fig. 4g). In addition, the
association with the presence of metastasis was studied in CMS4
patients. In line with earlier findings [28, 41, 42], CDX2low/APC/
CTNNB1-wildtype CMS4 patients were associated with a higher
incidence of metastasis (Fig. 4h). Based on these results, we conclude
that low CDX2 expression is associated with APC/CTNNB1-wildtype
patients and both features are enriched in CMS4 patients, more
specifically in a subgroup of CMS4 patients that present with a high
propensity to metastasize.

DISCUSSION
The role of canonical WNT hyperactivation in an APC-mutated
setting has been reported extensively in CRC, since APC is
generally considered as the main initiating event in the MSS

canonical WNT-driven CRCs. As APC and CTNNB1 are mutated in
approximately 75% of all CRC cases [24], such patients possess a
dysfunctional destruction complex and are therefore unable or
ineffective at targeting β-catenin for degradation, resulting in the
accumulation of this protein so that it can freely translocate to the
nucleus and activate the WNT transcriptional program. Impor-
tantly, such APC-mutated CRCs do not present as null mutants and
some residual control on β-catenin expression levels is evident
[43]. This canonical WNT pathway hyperactivation is typically seen
in CMS2 tumors, defined by high levels of classical WNT pathway
targets and indeed holds the highest percentage of APC
mutations. In contrast, CMS4 tumors contain relatively more APC
wildtype tumors compared to the other MSS subtypes (CMS2 and
CMS3). However, the majority of these CMS4 patients still show
relatively high WNT pathway activity [3]. Currently, the KPN model
is the best genetically modified mouse model for CMS4, which
also lacks genetic perturbation of the Apc and Ctnnb1 genes in
contrast to most mouse models of CRC. Our study now shows that
a unique mode of WNT pathway activation is the result of TNKS
activity and Cdx2 repression. TNKS inhibitors have been developed
to target WNT pathway activity and applied to various models of
CRC to test sensitivity [44–47]. Interestingly, results indicated that
the effectiveness of TNKS inhibitors depended on the extent of
the APC truncation with weaker mutations not responding [47].
Our two KPN models also showed variable sensitivity to TNKS
inhibition. Moreover, human MSS CRC cell lines with wildtype APC
and CTNNB1 and low CDX2 appear more sensitive to TNKS
inhibition.
Our data also suggest that WNT activity in CMS4 patients,

lacking APC mutations, could be partly regulated by CDX2
downregulation, similarly to the CMS4 KPN tumoroid model.
Importantly, recent data suggest that dynamic cell states are
crucial for metastasis to occur in CRC. Fumagalli and co-workers
indicated in mouse models that LGR5- cells travel through the
circulation and seed at distant sites where they subsequently need
to acquire WNT pathway activity and a subset of LGR5+ cells
appear [31]. Similarly, Heinz et al. indicated that these two cellular
states are defined by YAP and WNT activity respectively and are
dynamically changing their expression profiles [32]. Intriguingly,
this heterogeneity is mirrored in gene expression data of human
CRCs with poor prognosis where a mixture of YAP-driven fetal
gene expression (RSC) signatures with WNT-driven crypt-based
columnar stem cell (CBC) signatures are associated with poor
outcome for patients [33]. We observed that KPN tumoroids share
this heterogeneity in cell states, while in contrast expression
profiles of KPN organoids are purely YAPhigh and APC-mutant
driven organoids and tumoroids are largely WNThigh. The presence
of this heterogeneity aligns with the potential to metastasize in
mouse models, which is evident for KPN tumoroids but not for
organoids and also not observed in the APC-driven models. We
therefore believe that this heterogeneity underpins the metastatic
potential of cancer cells in this mouse model and extends towards

Fig. 3 Metastatic potential of organoids vs tumoroids in vivo. a Schematic overview of in vivo experiment with intracolonic injection of KPN
tumoroids and organoids. b Representative endoscopic images of colonic tumor growth over time till endpoint was reached ( > 80% bowel
obstruction). Arrow indicates tumor. c Kaplan-Meier curve of colon tumor-free survival. Organoids, n= 6; tumoroids, n= 8. Data analyzed by
log-rank test. d Proportion of tumor growth in colon analyzed at human/clinical endpoint. e Proportion of presence of metastasis at human/
clinical endpoint. f Representative image of intestine with tumor at clinical endpoint ( > 80% bowel obstruction). g Representative Notum ISH
and β-catenin/CDX2 IHC staining on colonic tumors derived from organoid and tumoroids. Insets represent zoomed-in images of dashed
areas. Scale bar, 100 μm. Scale bar zoom panel, 10 μm. h Location of metastases originating from tumor grown from intracolonic tumoroid
transplantation. i H&E staining of liver with metastasis derived from intracolonic tumoroid transplantation. Scale bar, 100 μm. j Representative
Lgr5 ISH on tumors derived from intracolonic tumoroid / organoid transplantation and liver metastasis derived from intracolonic tumoroid
transplantation. Insets represent zoomed-in images of dashed areas. Scale bar, 100 μm. Scale bar zoom panel, 20 μm. k Schematic overview of
in vivo experiment with intraperitoneal (IP) injection and PCI-scoring areas. l H&E staining of IP tumor grown from IP tumoroid transplantation.
Scale bar, 400 μm. m PCI score including tumor size and quantity. Organoids N= 6, tumoroids N= 5. Data mean ± s.e.m;, analyzed with
unpaired two-tailed Student’s t test. n Notum ISH and β-catenin/CDX2 IHC staining on IP tumors derived from IP transplantations of organoids
or tumoroids. Insets represent zoomed-in images of dashed areas. Scale bar, 100 μm. Scale bar zoom panel, 10 μm.
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APC and β-catenin wildtype CRC. The potential to modulate WNT
pathway activity, which is more evident in these wildtype cases, is
crucial to switch states and therefore allows for more effective
metastasis.
Although CDX2 is regarded as a transcription factor that drives

cell type specification in the intestine [48, 49], regulation of
β-catenin activity by CDX2 has been reported before and appears
to dependent on a direct interaction with β-catenin [50].
Alternatively, CDX2 has been shown to mediate expression of
GSK3β and AXIN, and loss of CDX2 can thus be expected to
decrease the levels of these two proteins that are vital parts of the
destruction complex [27]. Although the exact mechanism by
which Cdx2 expression is downregulated in the tumoroids is
unclear, this decrease has been recognized to occur in CRC due to
hypermethylation and has been previously shown to be
associated with CMS4 [51, 52], which was confirmed in the
current analysis. In addition, low levels of CDX2 have been

extensively correlated to poor prognosis in CRC [53–55]. Similarly,
the iCMS classification has resulted in the refinement of CMS and
identified CMS4 patients with worse prognosis as iCMS3. In line
with this, CDX2low/APC/CTNNB1-wildtype CMS4 patients were
classified as iCMS3 and had poor poorer prognosis compared to
CDX2high/APC/CTNNB1-mutant CMS4 patients. As described by
Nunes et al., APC-wildtype is associated with poor prognosis [23].
However, our analysis provides a start of an explanation why this
association is a poor predictor as shown by a population of lower
CDX2 expressors in APC-wildtype patients, which emphasizes the
relevance of this combination. Accordingly, screening for CDX2
expression levels could aid in the prediction of (worse) outcome in
patients, specifically in the APC/CTNNB1-wildtype subset.
Next to a clear prognostic association, our data also reveal a

maybe unexpected requirement for WNT activation in metastatic
spreading within this subgroup. That WNT activation is needed for
initiation of tumor formation in the colon is a well-accepted fact
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patients, n= 839. Violin plot displays median and quartiles. b Comparison of CDX2 expression in 2 groups based on APC and CTNNB1
mutational status. WT = wildtype, n= 151. mutant, n= 688. Dots represent individual patients. Data analyzed with unpaired two-tailed
Student’s t test. c Comparison of APC/CTNNB1 mutational status in 2 groups based on CDX2 expression levels (25% highest vs 25% lowest
expressors). N= 210 for both groups. Percentages are normalized within each group. Data analyzed with Fisher’s exact test. d Comparison of
APC/CTNNB1 mutational status in 2 groups based on CMS classification. CMS1/23; n= 431, CMS4; n= 255. Percentages are normalized within
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within 25% of patients with lowest CDX2 levels. N= 210 for both groups. Data analyzed with Fisher’s exact test. f Confusion matrix calculated
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charts comparing the percentage incidence of metastasis in all CMS4 patients (left) versus subsets of CMS4 patients; APC/CTNNB1 mutant
samples within 25% highest CDX2 expressors (middle) versus APC/CTNNB1 WT samples within 25% lowest CDX2 (right). Percentages are
normalized within each group. CMS4 patients, n= 255; APC/CTNNB1 mutant 25% highest CDX2 expressors CMS4, n= 61; APC/CTNNB1 WT 25%
lowest CDX2 expressors CMS4, n= 30. Difference between 25% highest and lowest expressors analyzed with Fisher’s exact test. R version 4.3.2
was used for statistical analyses.
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[56–58]. Surprisingly, the KPN model suggested that this is not an
absolute requirement as KPN organoids without WNT pathway
activation grew out effectively in 50% of the cases. Whether this is
due to in vivo production of WNT ligands by the microenviron-
ment or to the intrinsic properties of the tumor cells themselves
has not been studied, but it is clear that the conditions that allow
for colonic tumor growth of KPN organoids are not sufficient for
metastatic spreading. This indicates that the intrinsic WNT
pathway activation, observed in the KPN tumoroids, not only
allows for more effective tumor growth but is crucial for driving
metastatic growth. The in vivo selection that is uncovered here for
the KPN model is therefore an essential adaptation for the
aggressive metastatic behavior of these tumor cells and further
implies that the three primary mutations alone are insufficient to
fully recapitulate this outcome. WNT pathway activity was shown
to be crucial for the migratory capacity of CRC cells, which is an
essential first step in metastasis (reviewed in [59]). Moreover,
recent data indicate that effective metastatic growth in CRC
requires a transition into a YAP-activated fetal state during
migration, but a subsequent reversion towards a WNT-active
epithelial state when seeded at a distant site [31, 32, 60]. This
transitory phase appears to align with poor prognosis in patients
as well and may point to a crucial WNT-dependency in the
outgrowth of metastases [33]. This would explain why KPN
organoids, which contain the rare combination of those three
founder mutations, do not spontaneously metastasize by them-
selves, and thus do not represent a reliable CMS4 model. The
additional (epi-)genetic changes that occur in the KPN tumoroids
provide us with a unique and tractable model system that
resembles a clinically relevant CRC subgroup that can be identified
based on the characteristics investigated in this study. The use of
TNKS inhibitors, as well as other therapeutic strategies defined in
the KPN model, could very well lead to a more effective therapy
for these high-risk patients in the future.
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