02N LN W=

Gastroenterology 2026;m:1-15

WNT-Driven Immune Evasion Promotes Malignant
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BACKGROUND & AIMS: BRAF-mutant colorectal cancer (CRC)
is a clinically aggressive subtype arising from the serrated
pathway and is associated with poor prognosis and therapy
resistance. The mechanisms driving malignant transformation
in microsatellite-stable (MSS) BRAF-mutant CRC remain
incompletely understood. We aimed to define the role of WNT
pathway activation in serrated CRC progression and tumor-

immune interactions. METHODS: We generated multiple
genetically engineered mouse models of BRAF-mutant MSS
CRC and complementary organoid-based transplantation
models. Genetic alterations in WNT pathway components were
functionally interrogated. Tumor development and immune
microenvironment remodeling were analyzed using bulk RNA
sequencing, single-cell RNA sequencing, Cellular Indexing of
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Transcriptomes and Epitopes by Sequencing, and functional
in vivo assays. RESULTS: WNT pathway activation via APC or
CTNNBI1 mutations, but not RNF43 loss, was required for tu-
mor initiation in BRAF-mutant CRC models. WNT activation
induced a molecular subtype shift and suppressed immune
response pathways. Mechanistically, WNT signaling sup-
pressed C-C motif chemokine ligand 20 expression and
remodeled the tumor microenvironment by promoting
immunosuppressive myeloid populations and altering T-cell
states. Functional assays demonstrated that WNT activation
enhances tumor progression in immunocompetent settings,
indicating immune evasion as a key driver of malignant pro-
gression. CONCLUSIONS: WNT pathway activation is a critical
determinant of malignant transformation in BRAF-mutant MSS
CRC by enabling immune escape. These findings identify WNT
signaling as a central regulator of tumor-immune interactions
and a potential therapeutic target in this aggressive CRC
subtype.

Keywords: Serrated Neoplasia; WNT Signaling; Tumor Micro-
environment; Mouse Models.

olorectal cancer (CRC) can arise through distinct

molecular and histopathological routes.'”* In addi-
tion to the classical pathway, CRC can develop via a more
aggressive serrated route, characterized by precursor le-
sions with saw-tooth-like histology." The serrated pathway
accounts for ~20% of CRC, is enriched in the right colon,
and often produces flat lesions that are difficult to detect by
colonoscopy, thus representing a clear unmet clinical
need.” Morphologically, serrated precursor lesions can be
classified as hyperplastic polyps, sessile serrated adenomas
(SSAs)/polyps, and traditional serrated adenomas.” Initia-
tion events of serrated lesions are activating point muta-
tions in BRAF or KRAS, leading to enhanced MAPK signaling
and increased proliferation.”” BRAF'°°F hotspot muta-
tions are found in ~10% of CRCs and are associated with
SSA precursors and define a clinically distinct subgroup
characterized by poor prognosis and low response rates to
conventional chemotherapies.®’ BRAF-activated serrated
human tumors exhibit characteristic DNA methylation
patterns (CpG island methylator phenotype) and nuclear (-
catenin localization, indicative of tumor-associated activa-
tion of the WNT/B-catenin pathway.'®'’ Approximately
half of serrated CRCs are microsatellite instability (MSI),
often through MLH1 silencing and respond well to immune
checkpoint inhibition (ICI).'* The remainder are microsat-
ellite stable (MSS), although BRAF-mutant MSS tumors
comprise only 3.4% to 7.1% of CRC, they follow a partic-
ularly aggressive clinical course.'**

Although estimations predict that 20% to 30% of CRC
arises from serrated precursor lesions, only ~10% of CRCs
actually present with serrated features.'® For better func-
tional understanding of disease progression, genetically
engineered mouse models (GEMMs) serve as useful and
important tools.'” Mice harboring oncogenic BRAF develop
widespread serrated hyperplasia that progresses with age
to dysplastic serrated adenomas but rarely to metastatic
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

BRAF-mutant colorectal cancer develops through the
serrated pathway and is associated with poor prognosis
and limited treatment options. The mechanisms driving
malignant transformation, particularly in microsatellite-
stable tumors, remain poorly understood.

NEW FINDINGS

Using genetically engineered mouse models and
organoid systems, we show that activation of WNT
signaling through APC or CTNNB1 mutations is
required for tumor initiation. WNT activation promotes
immune evasion by reshaping the  tumor
microenvironment and impairing T-cell function,
enabling tumor progression and metastasis.

LIMITATIONS

Findings are primarily based on mouse models and
organoid systems, which may not fully capture human
tumor complexity. Further validation and clinical studies
are required.

CLINICAL RESEARCH RELEVANCE

The results suggest new opportunities for combination
therapies targeting WNT signaling and antitumor
immunity in BRAF-mutated colorectal cancer.

BASIC RESEARCH RELEVANCE

The results identify WNT signaling as a key driver of
immune escape in BRAF-mutant colorectal cancer.

carcinoma. These advanced lesions exhibit enhanced MAPK
activity and activating WNT/S-catenin mutations.*'®
Immunohistochemical analyses of human SSAs show that
nuclear (-catenin is found in serrated lesions with
neoplastic potential."® However, some BRAF-mutant mouse
models develop tumors without detectable WNT activation,
indicating heterogeneity in pathway dependence.’

Cancer cells influence their surroundings by secreting
cytokines, chemokines, and growth factors that reprogram
immune and stromal cells to adopt pro-tumorigenic phe-
notypes.m The composition of factors that are produced by
cancer cells may be instructed by cell-intrinsic cues such as
their genetics or epigenetics.””** Particularly, T cells are
central to adaptive antitumor immunity, capable of directly
recognizing and killing malignant cells."” Therapeutic
strategies targeting BRAF-mutant CRC by inhibiting the

Abbreviations used in this paper: 4-OHT, 4-Hydroxytamoxifen; CCL20, C-
C motif chemokine ligand 20; CCR6, C-C chemokine receptor type 6;
CITE-seq, Cellular Indexing of Transcriptomes and Epitopes by
Sequencing; CMS, consensus molecular subtype; CRC, colorectal can-
cer; EGFR, epidermal growth factor receptor; GEMM, genetically engi-
neered mouse model; ICIl, immune checkpoint inhibition; IFN, interferon;
MSI, microsatellite instability; MSS, microsatellite stable; PBS, phos-
phate-buffered saline; SSA, sessile serrated adenoma.

© 2026 The Author(s). Published by Elsevier Inc. on behalf of American
Gastroenterological Association Institute. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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MAPK pathway have been proven challenging due to rapid
feedback activation and pathway redundancy.”* Combina-
tion strategies, such as BRAF inhibition combined with
MEK or epidermal growth factor receptor (EGFR) inhibi-
tion, have shown promise in improving outcomes for pa-
tients with BRAF-mutant CRC.?* Interestingly, alterations in
RNF43, a negative regulator of WNT signaling, showed
predictive capacity for response to BRAF/EGFR inhibi-
tion.”* Resistance to BRAF/EGFR was found to be driven by
ERK-independent, SRC -mediated transcriptional reprog-
ramming via §-catenin signaling.”® Again, this indicates a
central role for WNT signaling in therapy resistance of
BRAF-mutant CRC. Recently, therapeutic efficacy has been
successfully extended by combining ICI with BRAF/MEK or
BRAF/EGFR targeting.”>*’ This highlights the potential for
combinatorial therapies, including ICIs, and underscores
the importance of understanding the tumor immune
microenvironment in BRAF-mutant CRC.

Limited understanding of the transition from SSA to
serrated CRC emphasizes the need for improved mecha-
nistic insight into pathways and processes driving this
malignant transformation. Here we generated multiple
GEMMs and used organoid transplantation models to
dissect genetic events driving the progression of BRAF-
mutant CRC. Because the role of WNT signaling in serrated
CRC is poorly defined, we examined recurrent WNT
pathway alterations identified in our GEMMs and patient
cohorts. We found that WNT pathway activation through
APC or CTNNBI mutations was required for SSA trans-
formation. Mechanistic characterization showed that WNT
activation drives immune evasion in serrated CRC by
impairing T-cell phenotypes. Ultimately, this opens oppor-
tunities to test novel immunotherapy strategies for WNT-
altered MSS CRC.

Materials and Methods

Details on overexpressing vectors, virus production, ethical
statement for human samples, mismatch repair/MSI analysis
of human samples, BRAF mutational analysis of human sam-
ples, pathological evaluation of lesion progression, animal ex-
periments, in vitro organoid growth, genome editing
validation, flow cytometry, immunofluorescence, immunobhis-
tochemistry, in situ hybridization, tumor dissociation, quanti-
tative polymerase chain reaction, single-cell sequencing data
generation and analysis, Cellular Indexing of Transcriptomes
and Epitopes by Sequencing (CITE-seq) data generation and
analysis, RNA sequencing, tumor bulk consensus molecular
subtype (CMS) classification, human single-cell sequencing
data set analysis, survival analysis by CMS, whole-exome
sequencing, mutational profiling of BRAF-mutant CRC from
publicly available data, drug screening of murine cancer
organoids, and analysis of drug sensitivities are available in the
Supplementary Materials.

CRISPR Knockout and Base Editing Vectors
CRISPR genomic engineering vectors were generated via

conventional oligo cloning strategies. Plasmids are shown in

Supplementary Table 1. Base editing contains a dCas9 domain

EEE 3

coupled to a cytosine deaminase (APOBEC). This facilitates the
deamination of a cytosine (C), leading to an uracil base (U),
which is then read as thymine (T). F2X is a base editor pre-
viously designed.?®

Colonoscopy-Guided Submucosal Injection
Intracolonic  injection = was  performed with 4-
Hydroxytamoxifen (4-OHT) for VBPN, VBPNA, VBPNC, and
VBPNR mouse models. Colonoscopic delivery of 4-OHT was
performed following established protocols.?’ Briefly, mice were
anesthetized using isoflurane, and a portable veterinary endos-
copy system (Karl Storz, Tele Pack Vet X LED) equipped with a
Hopkins telescope (#67030 BA) was used. Injections were
administered using a Hamilton syringe (#7656-01), a transfer
needle (#7770-02), and a fine injection needle (#7803-05).
Three separate injections of 70 uL each were delivered into the
colon wall to create visible blebs. Tumor initiation and pro-
gression were monitored longitudinally via colonoscopy.

Generation of Mouse Organoids

Mouse colon organoids were generated following previ-
ously published protocols.”’ Briefly, colon tissue was excised,
cut into ~5-mm fragments, and washed repeatedly in cold
phosphate-buffered saline (PBS). After allowing tissue pieces
to settle, the supernatant was removed, and the washing step
was repeated until the supernatant appeared clear. The frag-
ments were then incubated in PBS containing 25 mM EDTA for
colon (Invitrogen, #AM9260G) for 30 minutes on a rotating
platform at 4°C. Supernatant fractions were collected and
examined, and the cleanest crypt-containing fraction was
selected. These were pooled, passed through a cell strainer,
and centrifuged to collect the crypts.

The resulting pellet was resuspended in Cultrex BME,
reduced growth factor matrix (R&D Systems, #3433-005-01).
Colon organoids were cultured in Advanced Dulbecco’s modi-
fied Eagle’s medium/F12 (Gibco, #12634028) supplemented
with 1% L-Glutamine (Thermo Fisher Scientific, #25030024),
1% HEPES (Sigma, #H0887-100), 1% penicillin-streptomycin
(Sigma, #P4458-100ML), 50% WRN-conditioned medium,
20% fetal bovine serum (Thermo Fisher Scientific,
#A5256701), 50 ng/mL epidermal growth factor (Peprotech,
#AF-100-15), 10 uM Y-27632 (Holzel, #M1817), 0.5 uM A83-
01 (Sigma, #SML0788), and 2 uL/mL Primocin (InvivoGen,
#ant-pm-2).

Organoid Genome Editing

DNA of organoid cultures was edited via CRISPR genetic
engineering for the generation of specific knockouts and base
edits. Organoids were cultured to confluency and subjected to
plasmid electroporation. The mix was electroporated with
NEPA21 electroporator (Nepagene). Electroporation was con-
ducted with poring pulse: 175 V, 5-ms length, 50-ms interval, 2
intervals, 10% decay rate, and positive polarity and transfer
pulse: 20 V, 50-ms length, 50-ms interval, 5 intervals, 40%
decay rate, and + polarity.

Organoid Transduction and Selection
Organoids were dissociated with TrypLE (Gibco,
#12605010) and resuspended in 100 uL of complete media
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with 10 ug/mL of Polybrene (Sigma, #TR-1003); 100 uL of the
lentiviral particles containing the Ccl20-expressing plasmid
and the respective empty vector were added to the organoid
suspension and the mix was spun down at 32°C for 30 minutes
and incubated at 37°C for 1 hour. Transduced organoids were
plated in 70% BME. Four to 5 days after transduction, orga-
noids were selected via antibiotic selection.

Organoid Treatments

To modulate Wnt pathway activity in vitro, cells were
treated with WNT Surrogate-Fc Fusion Protein (Wnt-Fc, AVS bio,
#IPA-N001) at 200 ng/mL or with a Glycogen Synthase Kinase-3
inhibitor (CHIR-99021, Sigma-Aldrich, #SML1046) at 3 uM.
Treatments were maintained for 24 and 48 hours, respectively.

Subcutaneous Injection, Tumor Growth Assay,
and T-Cell Depletion

Dissociated organoids were resuspended in 100 uL of a 1:1
mixture of PBS and BME. Next, mice were anesthetized and the
single-cell organoid suspension was injected into the flank.
CD4/8 T-cell depletion was performed by treating mice with
100 ug anti-CD4 antibody (BioXCell, BXC-BE0003-1), anti-CD8
antibody (BioXCell, BXC-BE0061), or rat I[gG2b isotype control
(BioXCell, BXC-BE0086) twice per week via intraperitoneal
injections. Treatment started 2 days after organoid injection.

Intrasplenic Injection

Dissociated tumor cells in PBS were slowly introduced into
the spleen using a fine-gauge syringe. Access to the spleen was
achieved through a small surgical incision in the left lateral
abdomen, followed by gentle exteriorization of the spleen.
Animals were euthanized 4 weeks after implantation of the
modified tumor organoids.

Statistical Analysis

Statistical analysis of single-cell RNA sequencing data was
performed using R (version 4.3.3) and the Seurat package
(version 5.0.2), as outlined in the respective analysis sections.
For comparisons of gene expression or gene set activity be-
tween cell groups (eg, split violin plots), the Wilcoxon rank-
sum test was applied as implemented in Seurat. P values
were adjusted for multiple comparisons using the Benjamini-
Hochberg method unless otherwise specified. Additional sta-
tistical analyses were conducted in GraphPad Prism version 10
(GraphPad Software), unless stated otherwise. The statistical
tests used, number of biological replicates, and sample sizes
are provided in the corresponding figure legends. Data are

d
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presented as the mean + standard error of the mean. Statis-
tical significance is indicated as follows: *P < .05, **P < .01,
***P < .001, and ****P < .0001.

Results

Modeling Advanced Braf-Mutant Colorectal
Cancer Uncovers WNT Activation

BRAF-mutant CRC has previously been associated with
poor prognosis. Analysis of independent human cohorts
confirmed the poor prognosis of BRAF-mutant CRC and
identified distinct patterns of WNT pathway alterations in
BRAF-mutant MSS and MSI tumors (Supplementary
Figure 1A-C).”*° To model this aggressive CRC subtype,
we intercrossed Villin1Cre®® mice with a Braf'®°°® and
floxed Trp53 allele (VBP) (Figure 1A4), as there is a high
frequency of TP53 mutations observed in human MSS
BRAF-mutant CRC.*>! Intraperitoneal injection of tamoxifen
and subsequent recombination of floxed alleles in the in-
testine generated metastatic tumors (Figure 1B-D;
Supplementary Figure 1D). We previously described that
Notch1 activation is a driver of metastasis in Kras-mutant
serrated CRC.” Therefore, we intercrossed a conditional
Notch1 intracellular domain (N1licd) allele into VBP mice
(VBPN, Figure 14). The activation of Notch1 signaling upon
Cre-recombination, significantly enhanced metastasis,
whereas no impact on survival or number of tumors was
detected (Figure 1B and C; Supplementary Figure 1E). To
further characterize the molecular features of these tumors,
we assessed WNT pathway activation by immunohisto-
chemistry for (-catenin. In most VBPN tumors, WNT
signaling was activated, as indicated by nuclear/cyto-
plasmic §-catenin localization and expression of the WNT
target gene Lgr5 (Figure 1E and F; Supplementary
Figure 1F and G). To determine whether this WNT activa-
tion was associated with genetic alterations, we performed
whole-exome sequencing of 10 VBPN tumors. Genetic al-
terations in the CRC driver gene Ctnnb1 were detected in
40% of tumors, with mutations affecting the exon 3 resi-
dues S33, I35, and T41. Mutations at these sites are ex-
pected to impair g-catenin degradation and thereby
promote $-catenin stabilization (Figure 1G). To assess the
human relevance of our mouse model, we analyzed WNT
signaling status in human BRAF-mutant MSS colorectal
cancer. Approximately one-third of tumors showed nu-
clear/cytoplasmic (-catenin positivity and another subset

<

Figure 1. Genetic modeling of Braf-mutant colorectal cancer. (A) Schematic describing the genetics and induction of VBPN
mice. (B) Kaplan-Meier curve of VBP (n = 19) and VBPN (n = 30) mice post induction. Log-rank (Mantel-Cox) test. (C) Bar
graph showing the incidence of metastasis in VBP (n = 12) and VBPN (n = 18) mice. Statistical significance was assessed by
Fisher’'s exact test. (D) Representative hematoxylin and eosin (H&E) image of VBPN carcinoma. Scale bar, 100 um. (E)
Proportion of tumors (VBPN) with nuclear/cytoplasmic 8-catenin expression (n = 26). (F) Immunofluorescence of VBPN tu-
mors. Scale bar, 50 um. (G) Genetic alterations identified via whole-exome sequencing in tumors from VBPN mice (n = 10).
The upper panel displays the full-length protein structure with mutations mapped to their amino acid positions. The lower
panel provides an expanded schematic of exon 3, detailing the cluster of genomic alterations within this hotspot region. (H)
Proportion of human BRAF-mutant MSS tumors with nuclear/cytoplasmic g-catenin expression (n = 10). (/) Immunofluo-
rescence of human BRAF-mutant MSS tumors. Scale bar, 50 um. (J) Oncoprint showing WNT pathway alterations and tumor
mutational burden in human BRAF-mutant MSS CRCs (n = 270).
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showed partial positivity, supporting conservation of this
phenotype between VBPN tumors and human BRAF-mutant
MSS CRC (Figure 1H and [; Supplementary Figure 1H). His-
topathological analysis of lesions containing adjacent low-
grade and high-grade dysplasia revealed that WNT activa-
tion, evidenced by nuclear/cytoplasmic (-catenin localiza-
tion, was consistently observed in high-grade dysplastic
regions, suggesting activation during tumor progression
(Supplementary Figure 1[). Moreover, mutational profiling
of 270 BRAF-mutant MSS CRC patients from 7 independent
cohorts identified recurrent alterations in WNT pathway
components, including APC, RNF43, AXINZ2, and CTNNBI
(Figure 1J). Comparison of BRAF-mutant MSS and MSI CRCs
revealed distinct WNT alteration patterns. MSS tumors were
dominated by constitutive, ligand-independent APC muta-
tions, whereas MSI tumors showed a more heterogeneous
landscape in which RNF43 mutations, associated with
ligand-dependent WNT activation, occurred at frequencies
comparable to APC mutations (Supplementary Figure 1J).
Together, these data demonstrate that the highly metastatic
VBPN model recapitulates WNT pathway activation
observed in human BRAF-mutant CRC.

WNT Activation Drives Malignant Transformation
of Serrated Colorectal Cancer

Next, we set out to define the functional role of genetic
WNT pathway alterations in the progression of serrated
CRC. To this end, we introduced driver mutations that were
identified in the 270 human samples (Figure 1J). We inter-
crossed a floxed allele of Rnf43"/® (VBPNR), Apc™* (VBPNA)
or an activating deletion of exon 3 in Ctnnb1™"/* (VBPNC). To
determine whether this additional alteration leads to CRC
development, we induced recombination at the proximal to
mid colon by injection of 4-OHT. This induction generates a
focal recombination at the site of injection and, different
from the previously introduced model, leaves the remaining
intestine unrecombined. Indeed, this induction resulted in
tumor development only at the injection site, with no tumors
observed elsewhere in the intestine (Figure 24 and B). This
technology enabled us to specifically assess tumor initiation.
Longitudinal monitoring showed that only VBPNC and
VBPNA mice generated metastatic tumors, whereas VBPN or
VBPNR did not within 1 year post injection (Figure 2C and
D). Tumors arising in VBPNA and VBPNC showed strong
nuclear/cytoplasmic localization of §-catenin (Figure 2E-G).
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RNA-sequencing data of VBPN tumors (intraperitoneal in-
jection) or VBPNA/VBPNC tumors showed a clear separation
of tumors, based on WNT activation status (Figure 2H and I).
WNT activation resulted in a subtype switch from the
mesenchymal CMS4 in VBPN to the WNT-high subtypes,
CMS2 and CMS3, in VBPNA and VBPNC tumors (Figure 2J;
Supplementary Figure 1K). This shift from the mesenchymal
subtype to the WNT-high and metabolic subtypes® is in line
with the activation of WNT signaling. Interestingly, activa-
tion of WNT signaling and the subtype switch co-occurred
with a downregulation of Notchl-signaling activity
(Figure 2K and L). Again, this agrees with our previous
observation that Notchl signaling is a major driver of
CMS4.” Furthermore, we identified a strong downregulation
of immune response signaling in WNT-high (VBPNA and
VBPNC vs VBPN) tumors (Figure 2M). In sum, we provide
functional evidence that WNT pathway activation is a central
part of tumor initiation in Braf~-mutant CRC.

WNT-Driven Immune Evasion In Vivo

Next, we investigated the effect of WNT activation on
immune surveillance. To avoid acquisition of additional
driver mutations in vivo and potential effects of tumor
location, we isolated normal colonic epithelial cells from
uninduced VBPN mice and established organoids, which
were recombined ex vivo with 4-OHT (Figure 34;
Supplementary Figure 24). The resulting spherical orga-
noids grew independently of epidermal growth factor and
were edited to generate isogenic Rnf43- or Apc-knockout
lines or a Ctnnb1 S33F mutation using CRISPR/Cas9 or base
editing, respectively’”*® (Figure 34; Supplementary
Figure 2A-D). Two independent clones per single guide
RNA were analyzed to account for clonal effects. RNA
sequencing revealed upregulation of canonical WNT targets
and suppression of immune-regulatory processes in Apc-
and Ctnnb1-mutant organoids (Figure 3B-G). Complemen-
tary quantitative polymerase chain reaction showed
increased Lgr5 expression in Apc- and CtnnbI-mutant
organoids, whereas Rnf43 loss alone did not activate WNT
target expression but retained responsiveness to WNT3a
(Supplementary Figure 2E and F). Principal component
analysis and gene set enrichment analysis further charac-
terized the distinct transcriptional state of Rnf43-mutant
organoids (Supplementary Figure 2G and H). TOP-GFP re-
porter organoids independently confirmed canonical WNT

<«

Figure 2. WNT pathway alterations and tumor initiation in Braf-mutant models. (A) Breeding and induction strategy of VBPN,
VBPNR, VBPNA, and VBPNC mice. (B) Colonoscopy pictures of indicated genotypes over time. (C) Kaplan-Meier curve of
indicated genotypes post induction as outlined in (A). Statistical analysis was conducted with the log-rank (Mantel-Cox) test.
(D) Incidence of metastasis in VBPNA (n = 12) and VBPNC (n = 9) mice. (E) Representative hematoxylin and eosin (H&E)
image of VBPNA and VBPNC tumors. Scale bar, 400 um. (F) Representative 3-catenin stain of VBPNA and VBPNC tumors.
Scale bar, 200 um. (G) Percentage of tumors with nuclear/cytoplasmic §-catenin expression (n = 5 VBPNA; n = 21 VBPNC).
(H) Principal component analysis plot of bulk RNA-sequencing data across genotypes (n = 10 VBPN; n = 12 VBPNA; n = 5
VBPNQ). (/) Differentially expressed genes across genotypes. (J) CMS analysis across the genotypes. (K) Gene set enrichment
analysis (GSEA) of VBPN vs VBPNA/VBPNC for WNT pathway activation. (L) GSEA of VBPN vs VBPNA/VBPNC for NOTCH-
pathway activation. (M) GSEA of VBPN vs VBPNA/VBPNC for indicated gene sets. Adjusted P values shown in the enrich-
ment plots in (K), (L), and (M) by applying the Benjamini-Hochberg procedure to control the false discovery rate across all

tested gene sets.
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activation in Apc- and CtnnbIl-mutant, but not Rnf43-
mutant, lines (Supplementary Figure 21 and J).

To phenotypically characterize VBPNA and VBPNC
organoids, we analyzed their proliferation in vitro. WNT
activation did not alter organoid growth in vitro (Figure 3H).
Screening of 140 compounds, most of which were clinically
approved, revealed genotype-specific responses. VBPNR
organoids, included because RNF43 mutations predict re-
sponses to combined BRAF/EGFR inhibition,>* showed
greater sensitivity to targeted therapies, whereas Apc- and
Ctnnb1-mutant organoids were resistant to BRAF and MEK
inhibitors (Supplementary Figure 34-E).

Next, we wanted to follow our observation of immune
regulation by WNT signaling activity. To this end, we trans-
planted organoids into immunodeficient mice, which
revealed no differences in tumor growth depending on WNT
pathway alterations (Figure 3I). However, when trans-
planted into immuno-proficient C57BL/6 mice, both clones
from VBPNA and VBPNC organoids showed significantly
increased growth compared with the non-targeting controls
(Figure 3J). This phenotype was also observed in a liver
colonization assay, with metastases detected only in mice
injected with Apc- or CtnnbIl-mutant VBPN organoids
(Figure 3K). Whole-exome sequencing analysis of VBPN tu-
mors showed no mutations in canonical regulators of antigen
presentation, chemokine signaling, and immune modulation
(B2m, Tapl/2, NiIrch, Jak1/2, Ccl5, Cxcl9/10, and Cd274),
suggesting that the downregulation of immune processes
was not driven by other genetic events. These findings sug-
gest that the enhanced WNT activation leads to immune
suppression, enhancing tumor growth and metastasis.

WNT Activation Rewires the Tumor Immune

Microenvironment

To define how WNT activation remodels the tumor
microenvironment, we performed CITE-seq on 11,559 cells
from VBPN, VBPNA, and VBPNC tumors (Figure 4A-C). Five
cancer-cell clusters were identified, with expansion of
cluster 3 and reduction of cluster 2 in WNT-activated tu-
mors. Cluster 3 showed increased Axin2 and Lgr5 expres-
sion, and cancer cells from VBPNA and VBPNC tumors were
enriched for WNT signatures (Figure 4D). WNT activation
also shifted neutrophils and macrophages toward myeloid-
derived suppressor cell- and M2-like states (Supplementary
Figure 4A-D) and altered T-cell composition, increasing
TCF7" progenitor-like CD4" T cells and exhausted CD8" T
cells, the latter of which were absent from control tumors
(Figure 4E-G; Supplementary Figure 4F).
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To assess the functional contribution of these T-cell
populations, we depleted CD4" or CD8" T cells following
transplantation of VBPNA organoids into C57BL/6 mice
(Figure 4H; Supplementary Figure 54 and B). CD4" T-cell
depletion accelerated tumor growth, whereas CD8™ T-cell
depletion reduced it (Figure 4I and J), revealing opposing
roles of these T-cell subsets. Single-cell analysis following
depletion further showed opposing remodeling of myeloid
populations, antigen presentation, and interferon signaling
after CD4%" vs CD8" T-cell depletion (Figure 4K-N;
Supplementary Figure 5C-J). Together, these findings
indicate that WNT-high BRAF-mutant CRCs establish an
immune state that limits effective tumor recognition.

Downregulation of C-C motif chemokine ligand
20 by WNT Signaling Promotes Tumor
Progression

To identify mediators linking WNT activation to altered
T-cell states, we analyzed differentially expressed genes in
VBPNA and VBPNC organoids and identified Ccl20 as
consistently downregulated (Figure 54-C). C-C motif che-
mokine ligand 20 (CCL20) recruits CD4™ T cells through C-
C chemokine receptor type 6 (CCR6).>* Notably, reduced
Ccl20 expression was accompanied by increased Axin2
expression, confirming enhanced WNT pathway activity
(Figure 5B and (). Consistently, treatment of VBPN orga-
noids with Wnt-Fc, a potent recombinant ligand designed
to induce WNT signaling, led to Ccl20 downregulation,
which negatively correlated with Axin2 expression
(Figure 5D). We further validated this relationship in the
human MSS BRAF-mutant HT29 cell line, by treating with a
Glycogen Synthase Kinase-3 inhibitor (CHIR-99021), which
induced AXINZ expression and concomitantly led to a
decrease in CCL20 levels (Figure 5E), confirming WNT-
dependent regulation of CCL20 in murine and human cells.

To assess the functional relevance of CCL20 suppression
in vivo, we generated VBPNC organoids ectopically
expressing Ccl20, along with an empty vector control
(Figure 5F). Validation confirmed robust Ccl20 expression
(Figure 5G), thus we performed injections into immuno-
competent C57BL/6 mice alongside empty vector controls.
Strikingly, Ccl20-overexpressing cells showed significantly
reduced tumor growth compared with controls
(Figure 5H). Endpoint tumor weights were also signifi-
cantly decreased in the Ccl20-overexpressing tumors
(Figure 51). Together, these findings demonstrate that WNT
pathway activation suppresses CCL20 expression, thereby
promoting tumor growth.

<

Figure 3. Immune evasion by WNT activation. (A) Schematic describing the generation of isogenic VBPNA and VBPNC
organoids. Scale bar, 250 um. (B) Volcano plot of differentially expressed genes from VBPN vs VBPNA organoids. (C) Gene
set enrichment analysis (GSEA) of VBPN vs VBPNA organoids for indicated gene sets. (D) GSEA of VBPN vs VBPNA
organoids for WNT pathway activation. (E) Volcano plot of differentially expressed genes from VBPN vs VBPNC organoids. (F)
GSEA of VBPN vs VBPNC organoids for indicated gene sets. (G) GSEA of VBPN vs VBPNC organoids for WNT pathway
activation. (H) Growth assay of indicated organoids in vitro (n = 2). (/) Tumor growth of subcutaneous tumors in immuno-
deficient mice (n = 6 per group). (J) Tumor growth of subcutaneous tumors in immuno-proficient mice (n = 6 per group). (K)
Number of liver metastases in immuno-proficient mice. Data were analyzed using an unpaired t test (n = 6). Data in (H), (/), and
(J) were analyzed by 2-way analysis of variance. Adjusted P values shown in the enrichment plots in (D) and (G) by applying
the Benjamini-Hochberg procedure to control the false discovery rate across all tested gene sets.
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Figure 5. WNT/CCL20/CCR6 axis in CRC. (A) Top 20 differentially expressed cytokine and chemokine genes across
VBPNA and VBPNC organoids compared with VBPN. (B and C) Relative Cc/l20 and Axin2 mRNA expression in VBPNC
(B) and VBPNA (C) organoids (n = 3). (D) Relative Cc/20 (n = 7) and Axin2 (n = 5) messenger RNA (MRNA) expression in
VBPN organoids following 24 hours of treatment with Wnt-Fc. (E) Relative CCL20 and AXIN2 mRNA expression in HT29
cells following 48 hours of treatment with CHIR-99021 (n = 4). (F) VBPNC organoids with empty vector (EV) and Cc/20
overexpression (OE) organoid lines. Scale bar, 250 um. (G) Relative Cc/l20 mRNA expression following OE in VBPNC
(n = 3). (H) Tumor growth of subcutaneous tumors (n = 6). Data were analyzed by 2-way analysis of variance. (/) Tumor
weight at endpoint of subcutaneous VBPNC EV and VBPNC Cc/20 tumors (n = 6). Data in (B), (C), (D), (E), (G), and (/) were
analyzed by unpaired t test.
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Figure 4. Immune phenotyping of Braf-mutant tumors. (A) Schematic describing the CITE-seq workflow. (B) UMAP plot
(11,559 cells) showing the cellular distribution of VBPN NT (n = 3), VBPNA (n = 3) and VBPNC (n = 3) tumors. (C) Bar plot
describing the distribution of cell types across genotypes. N = nontargeting VBPN; A = VBPNA; C = VBPNC. (D) WNT target
gene expression in the epithelial cell compartment of tumors. Statistical significance was assessed by Wilcoxon rank-sum
test with Benjamini-Hochberg correction. N = nontargeting VBPN; A = VBPNA; C = VBPNC. (E) UMAP plot showing T-
cell annotations. (F) Quantification of T-cell state across genotypes. N = nontargeting VBPN; A = VBPNA; C = VBPNC. (G)
UMAP and box plot showing CD8 T-cell exhaustion cluster across genotypes. Data were analyzed by unpaired t test. N =
nontargeting VBPN; A = VBPNA; C = VBPNC. (H) Experimental setup for T-cell depletion in vivo. (/) Tumor growth curve
under T-cell depletion. Data were analyzed by 2-way analysis of variance (n = 6 per group). (J) Quantification of T-cell
depletion at endpoint. Statistical analysis was conducted by a 2-way analysis of variance. (K) UMAP of 7995 cells from single-
cell RNA sequencing of tumors from (H)—(J) treated with immunoglobulin (Ig)G (n = 3), CD4 (n = 3), CD8 (n = 3). (L) Proportion
plot of different cell types in the tumors from different treatments. (M) Gene set enrichment analysis (GSEA) of cancer cells
from CD4 depletion vs IgG. (N) GSEA of cancer cells from CD8 depletion versus IgG.
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Figure 6. WNT/CCL20/CCR6 axis in human CRC. (A and B) Kaplan-Meier curves correlating relapse-free survival with
median CCL20 (A) and CCR6 (B) expression (n = 1336). Data in (A) and (B) were analyzed using the log-rank test. (C) Single-
cell atlas of human CRC adapted from Chu et al.*® The analyzed subset comprised 312 samples and 459,557 cells. (D) UMAP
density plot of CCL20 expression in the malignant epithelial cell compartment. (E) LGR5 expression in the malignant epithelial
cell compartment. (F) SMOC2 expression in the malignant epithelial cell compartment. (G) UMAP of the T-cell cluster of the
data set with T-cell subtypes indicated. (H) T-cell cluster with CD8, CD4, or proliferating T cells indicated. (/) CCR6 expression
in the T-cell cluster. (J) Expression analysis of CCR6 in the different T-cell clusters. (K) Proposed model of WNT-driven

immune evasion in Braf-mutant CRC.

CCL20-CCR®6 Axis Is Conserved in Human
Colorectal Cancer

To investigate the link between WNT pathway activa-
tion, Ccl20 downregulation, and reduced CD4" T-cell
recruitment in the human setting, we analyzed a cohort of
1,336 patients (Figure 64 and B). Tumors were stratified
into CCR6-high vs CCR6-low and CCL20-high vs CCL20-low
groups. Interestingly, lower expression of either factor was
associated with poor prognosis.

Next, we investigated this axis in a large single-cell RNA-
sequencing dataset from human samples (n = 312)
(Figure 6C). After subsetting malignant epithelial cells, we
identified a distinct CCL20-expressing subcluster
(Figure 6D). This cluster showed different expression pat-
terns compared with WNT target genes LGR5 and SMOC2
(Figure 6F and F), supporting an inverse association be-
tween WNT pathway activity and CCL20 expression in hu-
man CRC cells. We then analyzed the T-cell compartment in
the same dataset (Figure 6G) and detected CCR6 expression

exclusively within the CD4" T-cell population (Figure 6H
and [). More detailed annotation revealed that CCR6
expression was enriched in CD4-ANXA1, CD4-IL17A, and
Treg-FOXP3 subsets (Figure 6]), indicating that multiple
CD4" T-cell states may respond to cancer cell-derived
CCL20. Together, these findings indicate that the WNT-
CCL20-CCR6 axis is conserved in human CRC and suggest
that WNT-driven suppression of CCL20 may limit CCR6™
CD4* T-cell recruitment, thereby contributing to impaired
antitumor immunity and poorer outcomes.

Discussion

Here, we identify a mechanism of WNT signaling-driven
transformation of SSA to serrated CRC, characterized by
nuclear/cytoplasmic accumulation of §-catenin during the
transition from low-grade to high-grade dysplasia.
Modeling human-relevant genetic alterations, recurrently
detected in BRAF-mutant serrated CRC, revealed a critical
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role for Notch1 signaling in driving tumor progression and
metastasis to clinically relevant sites such as the liver and
lungs. Similar to human serrated CRC, these mouse models
show WNT pathway activation in the course of malignant
transformation. WNT pathway activation was essential for
progression by driving immunosuppression.

Our data show that, similar to Kras-mutant serrated
CRC,” Notchl activation promotes metastatic progression in
Braf-mutant models. Functional interrogation of recurrent
WNT pathway alterations demonstrated that Apc and Ctnnb1
mutations robustly promoted tumor initiation, whereas
Rnf43 loss was insulfficient. This distinction was mirrored in
human cohorts, in which RNF43 alterations were more
prominent in BRAF-mutant MSI tumors, whereas APC alter-
ations predominated in MSS tumors. The association of Apc-
and Ctnnbl-mutant tumors with CMS2/3 further suggests
that the consequences of WNT activation depend on
pathway strength and tumor context. Although APC alter-
ations have been associated with poor prognosis in BRAF-
mutant CRC,>° strong WNT activation may establish a mo-
lecular state distinct from the WNT-low, CMS4-like pheno-
type of VBPN tumors. Serrated CRC also can progress
without substantial WNT activation,’ indicating that WNT-
low tumors may evade immune surveillance through alter-
native mechanisms, including a transforming growth factor
B-high immunosuppressive tumor microenvironment, as
previously described.” Thus, individual WNT pathway al-
terations are not functionally equivalent but differentially
shape tumor initiation, molecular subtype, and immune
regulation. Collectively, our findings provide functional
evidence that WNT pathway activation during the tran-
sition to high-grade dysplasia is a key driver of malig-
nant progression in BRAF-mutant serrated CRC.

The observation that WNT activation in BRAF-mutant
CRC suppresses inflammatory and immune-regulatory re-
sponses is consistent with previous correlative studies
linking WNT pathway activation in CRC to immune exclu-
sion.***” The unexpected reduction in tumor growth
following CD8" T-cell depletion contrasted with the accel-
erated growth following CD4 ™ T-cell depletion, suggesting
opposing functions of these T-cell subsets and may reflect a
predominance of functionally exhausted CD8% T cells
within these tumors. Rather than mediating effective
cytotoxicity, such cells may contribute to adaptive immune
resistance through sustained inflammatory signaling and
immunoediting. In line with this, the inverse regulation of
antigen presentation machinery and interferon (IFN)
signaling following CD4" vs CD8™ T-cell depletion suggests
that CD4" T cells are required to maintain IFN-driven an-
tigen presentation, whereas CD8" T cells may impose se-
lective pressure that favors antigen-presenting machinery-
low tumor variants or induces feedback inhibition of IFN
responsiveness. Further functional characterization,
including cytokine profiling, exhaustion marker analysis,
assessment of suppressive pathways, and ex vivo co-culture
assays, will be necessary to disentangle whether these ef-
fects are driven by direct suppressive functions of specific
T-cell subsets or arise indirectly through their impact on
the broader tumor microenvironment.
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WNT-driven immune evasion has also been reported in
melanoma and hepatocellular carcinoma, where WNT
activation impairs CD8" T-cell priming by suppressing
dendritic-cell recruitment through reduced CCL4 and CCL5
expression.*®*? Our findings reveal a related but distinct
mechanism in CRC, in which WNT activation suppresses
CCL20 expression. The reduced tumor growth following
ectopic Ccl20 expression supports the functional relevance
of this chemokine axis. Together, these findings suggest
that chemokine suppression represents a conserved
mechanism of WNT-driven immune evasion, while the
affected chemokine and immune-cell populations are
tumor-context dependent. Our data therefore support
investigating WNT pathway inhibition as a strategy to
promote immune reprogramming and sensitize MSS CRC to
immune checkpoint blockade.

Overall, we show that complex genetic interactions are
not merely additive but synergistic, essentially rewiring
transcriptional programs. Consequently, altering the tumor
microenvironment is critical for tumor-cell-mediated im-
mune evasion. Understanding this crosstalk and what in-
dividual mutations contribute to the cancer cell state and
tumor microenvironment are essential for designing
rational combination therapies and stratifying patients by
functional oncogenic programs rather than single-gene
alterations.

Supplementary Material

Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at http://doi.org/10.1053/j.
gastro.2026.07.035.
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