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Reactivated embryonic programs are associated with cancer progression, yet their role and
regulatory mechanisms remain poorly understood. In this study, we introduce ‘oncoembryology,’ an
approach that systematically compares embryonic and cancerous tissues to identify shared
molecular programs and assess their functional relevance in disease. Applying this strategy to
colorectal cancer, we identified SoxC transcription factors (Sox4, Sox11, Sox12) as critical regulators
of both embryonic development and tumorigenesis. SoxC transcription factors regulate diverse
downstream targets, including Tead2, Mdk, and Kif4, thereby regulating crucial steps of colon
development. Abrogating SoxC function in murine models reduced tumor growth and prevented liver
metastasis. Concordantly, a SoxC-driven oncoembryonic gene signature correlated with poor
survival in colorectal cancer patients, underscoring the therapeutic potential of targeting SoxC-

regulated pathways in cancer treatment.

Introduction

The phenotypical parallels between cancer cells and
embryonic cells, first observed by pathologists such
as Virchow, Lobstein, and Recamier in the 19th
century, have recently been substantiated at the
molecular level, revealing shared transcriptional
signatures and genetic programs (Fazilaty and
Basler, 2023; Krebs, 1947; Virchow, 1859). While the
controlled reactivation of embryonic programs is
crucial for successful tissue regeneration, improper
regulation or failure to silence these programs can
lead to pathologies including malignant cancers
(Fazilaty and Basler, 2023). Although the reactivation
of oncoembryonic programs is a recognized
phenomenon, the underlying mechanisms and their
functional consequences remain poorly understood.
Previous research, beyond a few well-known
processes such as epithelial-mesenchymal plasticity,
has primarily correlated embryonic genes expression
and cancer progression without conducting
simultaneous functional analyses in the embryo to
clarify the actual roles these programs play in both
contexts (AR Moorman et al., 2023; Baulies et al.,
2024; Burdziak et al., 2023; Fazilaty et al., 2019;
Fazilaty and Basler, 2023; Mustata et al., 2013;
Youssef and Nieto, 2024). This gap in understanding
underscores the need for research to unravel the role
of oncoembryonic programs in cancer.

In this study, we adopted a systematic
approach, first identifying common genetic
components between embryonic development and
cancer of the colon, then conducting functional
analysis within the controlled embryonic context to
uncover key regulatory mechanisms. The embryonic
environment offers a robust platform for isolating
functional components that are difficult to dissect in
the complex tumor setting. Once validated, we
returned to the cancer model to assess their
relevance to disease progression and therapeutic
potential. We term this reiterative approach
‘oncoembryology.” Through this, we identified SoxC
transcription factors (TFs) as key regulators of both
embryonic colon development and colon cancer
progression. By studying SoxC TFs in their native
embryonic context, we pinpointed essential
downstream factors as potential therapeutic targets
in colon cancer. This work highlights critical aspects
of oncoembryonic programs and demonstrates a
proof-of-concept for strategies that could translate
into more effective cancer treatments.

Results

SoxC transcription factors are oncoembryonic
regulators involved in colorectal cancer

Colorectal cancer (CRC) is the top cause of cancer
death in young adults, and its prevalence is
increasing. Currently, patients with metastatic cancer
have poor survival rates, making it clear that new
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therapies are urgently needed (Biller and Schrag,
2021; Siegel et al.,, 2024; Vuik et al., 2019).
Leveraging the oncoembryology concept, we
systematically compared the cell and molecular
profiles of the colon during development (embryonic
hindgut), healthy adult colon, and CRC. To faithfully
model the conventional metastatic disease in mice,
we employed colonoscopy-guided submucosal
injection of organoids in syngeneic mice (Borrelli et
al.,, 2024; Roper et al.,, 2018), using organoids
harboring mutations in Apc, Tp53, Kras, and Smad4
to enhance tumorigenesis and invasiveness,
reflecting the common mutational landscape of CRC
in patients (Fang et al., 2021; Hashimoto et al., 2024;
Nakayama and Oshima, 2019; Phipps et al., 2013)
(Figures S1A-F).

As a first step, we sought to identify the genes
specifically expressed both in the embryonic hindgut
and in CRC - the oncoembryonic genes. To this end
we compared single-cell RNA sequencing
(scRNAseq) data from the mouse developing hindgut
at embryonic day (E) 14.5, healthy adult colon, and
advanced colon tumors. We found two epithelial cell
clusters enriched in tumors (Figure 1A). The first
cluster corresponded to cells with embryonic
features and contained most embryonic cells (cluster
1, oncoembryonic). Validating the classification of
these as oncoembryonic cells, the cells expressed
previously reported oncoembryonic markers such as
Clu and Tacstd2 (Figures S2A-B) (Bala et al., 2023;
Fazilaty et al., 2021; Fazilaty and Basler, 2023;
Mustata et al., 2013). Functional gene ontology
analysis of the highly expressed genes in
oncoembryonic cells pointed to processes like
“‘integrin cell surface interactions”, “DNA damage-
induced apoptosis regulation”, “macrophage
chemotaxis” and “nucleosomal DNA binding” (Figure
S2C). Functional protein association network
analysis (Szklarczyk et al., 2023) of the proteins
encoded by the highly expressed genes in
oncoembryonic cells showed two main branches
linked via proteins such as Spp1, Mdk and Fn1
(Figure S2D), suggesting their importance as drivers
of tumor progression. The second tumor-specific
cluster expressed tuft cell markers such as Pou2f3
and Dclk1 (cluster 2; tuft-like tumor, Figure 1A, and
Figures S2A-B). However, this cluster did not contain
any embryonic cell. Genes expressed in tuft-like
tumor cells were linked to immune regulation and
cellular signaling, in line with the known function of
tuft cells (Figure S2E).

To explore the full extent of embryonic-
cancer overlap, we performed a comparative dual
differential expression analysis, comparing the
transcriptomes of all epithelial cells from embryonic
hindgut and colon cancer cells to that of healthy adult
colon epithelial cells. We identified over 1,500
oncoembryonic genes that were expressed in both

embryonic and cancerous states, with minimal or no
expression in healthy adult tissue (Figure 1B), mainly
involved in processes such as “DNA replication”,
‘chromatin remodeling” “RNA processing” and
“transcription regulation” (Figures S3A-B). Notably,
genes like Clu, Tacstd2, Marcksl1, Tead2 and Sox4
were prominently expressed in oncoembryonic cells
(Figures 1B-C). Regulatory network inference
predicted strong activity of regulons driven by TFs
including Sox4, Sox11, Mycn, Tead2 and Hmga2 in
oncoembryonic cells (Figures 1D and S3C).
Interestingly, Sox4 and Sox11, which together with
Sox12 form the SoxC subfamily, are specifically
expressed in  embryonic  epithelium  and
mesenchyme (Fig 1E).

To investigate the impact of SoxC gene
reactivation in tumors, we assessed the relationship
between elevated expression of these factors and
CRC patient survival. Strikingly, high expression of
SoxC TFs in human CRC tissues correlated with
poor patient survival (Figure 1F). Compared to
healthy adult tissues, where only low Sox4 levels are
detectable, strong expression of both Sox4 and
Sox11 is reactivated in tumors (Figures 1G-H and
S3D-F). Taken together, these data led us to further
investigate the role of SoxC TFs as master regulators
of an oncoembryonic program in colorectal cancer.

Studying SoxC in the embryo reveals its bona
fide genetic program

The embryonic tissue provides a more stable and
reproducible system for studying SoxC function than
the complex tumor environment. Therefore, to
discern the bona fide genetic program orchestrated
by the SoxC subfamily, we first sought to understand
the functional role of these TFs in embryonic
development,

Using a conditional mouse model, we induced
simultaneous ubiquitous knockout of all three SoxC
TFs (SoxC-KO) to avoid complications due to
redundancy among family members (Bhattaram et
al., 2010; Miao et al.,, 2019). Recombination was
induced at E10.5, when SoxC expression peaks in
the developing intestine (Figure S4A). SoxC-KO
embryos displayed significant developmental
abnormalities such as underdeveloped limbs,
malformed eyes as previously described (Bhattaram
et al.,, 2010). In addition, we observed shorter
intestinal length in KO embryos (Figures 2A and
S4B-C). In the intestine, SoxC-KO embryos exhibited
decreased stromal width and fewer mesenchymal
cells between the epithelium and the smooth muscle
layer (Figures 2B-C and S4D). Taken together these
results confirm the pivotal role of SoxC in
development.
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Figure 1. Reactivation of SoxC embryonic transcription factors in CRC is correlated with poor patient survival.
(A) UMAP plot of integrated single-cell RNA sequencing (scRNAseq) datasets of mouse embryonic developing colon
(hindgut), healthy adult colon and colon cancer (derived from AKPS organoid-based model). (B) Volcano plots of dual
differential gene expression analysis comparing epithelial cell gene expression from scRNAseq data of embryonic
hindgut and colon cancer to the healthy adult colon. Highlighted genes are examples of common genes in the
embryonic and cancer cells. (log2FC (log2 fold change) > 0.6, p_adj.glb (p value adjusted global) < 0.05). Differential
expression and p values were calculated via hierarchical permutation tests. (C) Immunofluorescent (IF) staining on
embryonic hindgut, healthy adult colon and colon cancer for Tactsd2 and Marcksl1 (magenta). Blue DAPI. Scale bar:
50 um. (D) Regulatory network inference using SCENIC analysis on the integrated epithelial scRNAseq data (from
1A). (E) Expression values of SoxC genes are shown as psupertime value learned for each cell (X-axis) and Z-scored
log2 gene expression values (Y-axis) across three embryonic and one adult time-points. (F) Kaplan Meier plots showing
the inverse correlation between SOXC family gene expression and CRC patients’ relapse-free survival. Hazard ratio
(HR) and logarithmic ranked p Value (logrank P) were analyzed to infer the significance of the differences. Numbers
below each graph represent number of patients at risk in any given time (months), black for low expression and red for
high expression of each gene. The cut-off is automatically calculated based on the best performing threshold. (G) IF
staining on embryonic hindgut, healthy adult colon and colon cancer for Sox11 (grey). Blue DAPI. Scale bar: 50 uym.
(H) IF staining on human healthy and malignant colon for EPCAM (epithelial marker, green) and SOX11 protein
(magenta). Blue DAPI. Scale bar: 50 um.
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To elucidate the full genetic network
regulated by SoxC TFs, we conducted a multi-omics

approach, integrating scRNAseq, Assay for
Transposase-Accessible Chromatin  sequencing
(ATACseq), and Chromatin Immunoprecipitation

coupled with sequencing (ChIPseq) from SoxC-KO
and wild-type (WT) embryonic hindguts (Figure 2D).
We identified significant gene expression changes
linked to intestinal development and suggesting
premature differentiation (Figures S4F-H). In SoxC-
KO epithelium, we observed appearance of
additional clusters and a marked upregulation of
more differentiated and adult cell markers like Lgr5,
Kif4, and KIf5 compared to WT cells, while embryonic
markers such as Nnat, Tead2, and Mdk were
downregulated (Figures 2E-F, S4E-H, S5A and S5C-
D). Notably, the integration of SoxC-KO scRNAseq
data with previously published datasets revealed the
premature appearance of adult-like cell clusters,
demonstrating the role of SoxC TFs in maintaining
the embryonic state (Figure S5B).

The ATACseq results highlighted substantial
chromatin accessibility changes in SoxC-KO
samples, reinforcing the role of SoxC TFs in
modulating both gene expression and chromatin
dynamics (Figure 2G). Regions with gained
chromatin accessibility are associated to genes
linked to differentiated intestinal cellular processes,
while lost accessibilities are linked to developmental
processes (Figures 2G and S6A-B). By integrating
ChlPseq (Figure S6C), ATACseq, and scRNAseq
data, we mapped specific genomic regions where
SoxC modulates gene expression and chromatin
dynamics, in direct or indirect manner. The latter is
based on presence or absence of SoxC ChlPseq
peaks, respectively. Noteworthy SoxC targets
include Tead?2 (direct) and Mdk (indirect) (Figure 2H).
Remarkably, the majority of differentially expressed
genes were upregulated in the SoxC-KO cells.
Similarly, we observed more gained chromatin
accessibility than lost in the KO tissues (Figure 2l).
This analysis positions SoxC as a key gatekeeper of
the embryonic progenitor state, actively repressing
the transition to adult stem-like states and
differentiation.

Further analyses on tissues confirmed the
upregulation of KIf4 and KIf5 and the downregulation
of Tead2 and Mdk at both the protein and
transcriptional levels (Figures 2J-O and S6D-E).
Taken together, these results underscore the critical
role of SoxC TFs, and their downstream
components, in regulating the embryonic progenitor
state during intestinal development and set the stage
for investigating their role in the cancer context.

SoxC oncoembryonic
progression of CRC

signature  predicts

Using the intersection of omics datasets from
embryos, we constructed a molecular landscape of
the SoxC program, identifying genes directly or
indirectly downstream of SoxC TFs, including both
gene activation and repression (Figure 3A). For
instance, genes such as Smad1/5/3, Tgfbr3, Tead?2,
Mdk regulate proliferation and growth; Mif, Pten, Gldc
are involved in cell survival; lI1r1, 1119, Rarb play
roles in immune modulation; while Hdac9/11,
Dnmt3a, Smarcd1/3 are key regulators of chromatin
remodeling. Moreover, genes like Fscn1, Cldn4,
Twist1 and Cdh1 modulate cell adhesion and
migration (Figure 3A). The identified genetic profile
highlights the critical role of the SoxC oncoembryonic
program in orchestrating multiple fundamental
cellular functions during embryonic development,
and suggest that it may similarly drive CRC
progression by promoting malignant behavior.

To evaluate the prognostic significance of the
SoxC-regulated oncoembryonic gene expression
program, we generated a SoxC-oncoembryonic
gene signature including only positively regulated
genes to score CRC data from patients. A 71-gene
signature was derived through cross-omics gene
intersection of multiple datasets, including: the
oncoembryonic signature as described above
(Figure 1B), genes downregulated in scRNAseq from
SoxC-KO embryonic hindgut compared to WT
(Figure 2F), and genes associated with chromatin
regions that lost accessibility in SoxC-KO embryonic
hindgut as determined by ATACseq (Figures 2G and
3B). This signature includes predicted direct targets
of SoxC TFs such as Tead2, Fscn1 (Figure 2H),
Basp1, Hdac9, Gldc, and F2r. It also includes
numerous indirectly regulated genes (no identified
peak in ChlPseq), most notably Mdk, which based on
predicted protein association network analysis could
play a central role (Figure S7A).

We computed SoxC-oncoembryonic
signature scores for patient samples and examined
their correlation with disease progression. In a cohort
of 339 colon adenocarcinoma patients, high average
expression of the SoxC-oncoembryonic signature
was significantly associated with decreased overall
survival compared to patients with low signature
expression (Figure 3C). Further analysis of
scRNAseq data from 29 CRC patients (Lee et al.,
2020) and three healthy colon samples (Parikh et al.,
2019) revealed that the majority of tumor samples
exhibited elevated expression of the SoxC-
oncoembryonic signature (Figure 3D). These
findings underscore the potential of the SoxC
oncoembryonic signature as a prognostic biomarker
and a therapeutic target in CRC.
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Figure 2. Knock-out model and multi-omics approach to identify SoxC-driven genetic programs. (A) Length of
entire hindguts in SoxC-KO E14.5 embryos and non-Cre (unrecombined SoxC fl/fl) littermates. (B) Representative
immunofluorescence (IF) staining of SoxC-KO and non-Cre littermates E14.5 hindguts (blue DAPI, green Phalloidin,
grey E-Cadherin). Scale bar: 50 um. (C) Measurement of stromal widths (defined as the distance between the lower
epithelial border and the beginning of the smooth muscle layer) in multiple images similar to 2B. Each dot represents
one measurement, between 3 to 5 measurements were taken from n=3 SoxC-KO and n=3 WT hindguts. (D)
Schematics of the multi-omics experiments performed using E14.5 wild-type (WT) and SoxC-KO hindguts. (E) UMAP
plot of SoxC-KO E14.5 hindgut scRNAseq integrated with previously published E14.5 WT hindgut scRNAseq. Dots
represent single cells, colored by cell type as illustrated in Figure S4E. (F) Volcano plot of gene expression fold
changes in scRNAseq of E14.5 hindguts in SoxC-KO or WT mice. Magenta dots represent genes significantly
downregulated in SoxC-KO (log2FC (log2-fold change) < -0.6, p_adj.glb (p value adjusted global) < 0.05), blue dots
represent genes significantly upregulated in SoxC-KO (log2FC > 0.6, p_adj.glb < 0.05). Selected genes are labeled.
Differential expression and p values were calculated via hierarchical permutation tests. (G) Volcano plot of ATACseq
peaks in SoxC-KO and WT E14.5 hindguts as identified via the ATACseq snakePipes pipeline. Magenta dots
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represent peaks significantly lost or reduced in SoxC-KO compared to WT (logFC < -1, FDR < 0.05), blue dots represent
peaks significantly gained or increased in SoxC-KO compared to WT (logFC > 1, FDR < 0.05). (H) ChlIPseq profiles in
selected genomic regions bound by Sox4 and Sox11, showing two examples of positively regulated (top) and two
negatively regulated (bottom) genes, also identified in scRNAseq and ATACseq (2F&G). (I) Number of genes with
significant changes detected in scRNAseq, ATACseq or ChlPseq and schematics of overlaps between the three
assays. Note that the Sankey plot shows only the genes shared between the datasets, while the total number of genes
in each category exceeds the number of shared genes. (J) Representative IF staining of E14.5 SoxC-KO and SoxC fl/fl
hindguts (blue DAPI, grey Sox11, magenta Klf4, green Phalloidin) and quantification of nuclear KiIf4 measured as
averaged intensity of all nuclei in the section. (K) gPCR analysis of Kif4 expression in WT and SoxC-KO E14.5 hindguts.
(L) Representative IF staining of E14.5 SoxC-KO and SoxC fl/fl hindguts (blue DAPI, grey E-Cadherin, magenta Tead2,
green Phalloidin) and quantification of nuclear Tead2 measured as averaged intensity of all nuclei in the section. (M)
gPCR analysis of Tead2 expression in WT and SoxC-KO E14.5 hindguts. (N) Representative IF staining of E14.5
SoxC-KO and SoxC fl/fl hindguts (blue DAPI, magenta Mdk, green Phalloidin) and quantification of nuclear Mdk
measured as averaged intensity of all nuclei in the section. (O) gPCR analysis of Mdk expression in WT and SoxC-KO
E14.5 hindguts. Statistical analyses for 2B and 2J-O were performed using a two-tailed unpaired t-test. Scale bars 50

pm.

SoxC-deficiency reduces CRC progression and
prevents metastasis

To directly assess the role of SoxC TFs in
tumorigenesis and metastasis, we generated SoxC-
KO AKPS organoids. We simultaneously targeted
the single exon of Sox4, Sox11, and Sox712 at two
distinct sites each within their coding regions with
enhanced Cas12a mediated perturbations (Figure
4A)(Campa et al.,, 2019; DeWeirdt et al.,, 2021).
Control AKPS organoids, in which intergenic regions
were targeted using the same method with the same
number of perturbations, displayed behavior akin to
parental organoids: all injections led to primary tumor
engraftment, with some animals developing
macroscopic liver metastases. In contrast, SoxC-KO
tumors displayed significantly reduced tumor size,
and none of the animals exhibited detectable liver
metastases, highlighting the critical role of SoxC in
both tumor growth and metastatic spread (Figures
4B-D).

Bulk transcript analysis of SoxC-KO tumors
confirmed reduced expression of SoxC TFs and
downregulation of key targets such as Tead2 and
Mdk (Figures 4E-F and S7B). These findings suggest
that SoxC governs a genetic program critical for
maintaining tumor growth and facilitating metastasis,
further solidifying SoxC as a promising therapeutic
target.

Tead2 and Mdk are critical SoxC downstream
factors

The YAP-TAZ cofactor Tead2 and the embryonic
growth factor Mdk emerged as key SoxC-regulated
oncoembryonic genes in multiple analyses (Figures
1B, 2F-H, 2J-O and 4E-F). We therefore wanted to
further explore their role in SoxC program. In situ
protein localization analysis showed that both Mdk
and Tead2 share the same expression pattern as
SoxC TFs: high expression in the embryonic hindgut,
downregulated in healthy adult tissue, and
reactivated in CRC (Figures 5A-B).

Consistent with the worse survival associated
with high SoxC signature expression, elevated MDK
levels were also correlated with poor survival in CRC
patients (Figure 5C). Cell-cell communication
analysis suggests Mdk functions as a secreted ligand
during hindgut development (Figures 5D and S8A-
B). In line with this, inhibition of Mdk in hindgut
explants resulted in epithelial flattening and impaired
development (Figure 5E). As a secreted ligand, Mdk
likely influences various cell populations in the tumor
microenvironment, particularly immune cells as
evidenced by our functional genetic network and cell-
cell communication analysis (Figure S2D and S8C-
D).

Similarly, high TEADZ2 expression correlated
with poor survival in CRC patients (Figure 5F).
Inhibition of Tead activity in hindgut explants led to
impaired epithelial development, producing a
flattened epithelium, like the effects observed with
Mdk inhibition (Figure 5G). Additionally, Tead
inhibition reduced the number of proliferating cells
(Figures S8E-F), further linking SoxC regulation of
Tead2 to cellular proliferation.

To further explore the regulation of Mdk and
Tead2 by SoxC TFs, we analyzed their modes of
regulation. Our ChIPseq data (Figure 2H) predicted
direct regulation of Tead2 by both Sox11 and Sox4,
which we confirmed through reporter assays
(Figures 5H and S8G). To identify potential
intermediate regulators of indirect targets, e.g. Mdk,
we analyzed chromatin regions that were
differentially accessible in SoxC-KO versus WT
samples, and the promoter of genes with
differentially accessible regions. By filtering based on
differential expression in SoxC-KO versus WT, as
well as embryo versus adult tissues scRNAseq, we
identified Hoxa13, Elk4, Hnf4a, Tcf3, Esrra, and
KIf3/4/5/6 as potential intermediaries (Figure S8H).
Except for Tcf3, all these transcription factors were
upregulated in SoxC-KO compared to WT hindgut
and adult cells compared to the embryo (Figures S8lI-
J). This suggests a mechanism where these TFs,
repressed by SoxC in the hindgut, act to suppress
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Figure 3. SoxC oncoembryonic signature involves several cellular functions and predicts disease outcome. (A)
Predicted gene regulatory network part of SoxC genetic program, based on the integration of data from embryonic hindgut
scRNAseq (Figures 2E-F), ATACseq (Figure 2G) and ChiIPseq (Figure 2H) showing direct (+ ChIP) and indirect as well
as activation and repression with distinct colors. Gene products are categorized based on their known functions, some
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with multiple functions are only shown in one category for simplicity. (B) Upset plot showing cross-omics gene
intersections. (C) Survival analysis of The Cancer Genome Atlas Colorectal Adenocarcinoma (TCGA-COAD) data with
patients grouped based on SoxC-oncoembryonic signature score. (D) SoxC-oncoembryonic gene signature score using
single-cell RNA sequencing (scRNAseq) in a cohort of 29 patients integrated with scRNAseq of three healthy individuals.
Box plots highlight the average distribution of score levels across single cells in different sample groups (left), or
individual samples (right). ‘Normal’ refers to phenotypically normal adjacent tissue from the same patients. The dashed
red line marks the average score value of the merged three Healthy samples.

embryonic programs in adult tissues. This hypothesis
was supported by the inverse correlation of protein
localization between KIf4 and Sox11 in mouse CRC
samples: healthy adjacent colon regions showed
high Klif4 but low Sox11, while cancerous lesions
exhibited high Sox11 and low KIf4 (Figures 51 and
S8K).

Overall, these results confirm the importance
of SoxC-regulated Tead2 and Mdk in hindgut
development and suggest a mechanism of
reactivation in CRC, highlighting their potential roles
in tumor progression.

Discussion

Reawakened embryonic programs have long been
assumed to contribute to cancer phenotypic plasticity
(Fazilaty, 2023; Fazilaty and Basler, 2023; Krebs,
1947; Virchow, 1859), yet how these programs would
promote tumor progression has remained elusive. In
this study, we applied a new approach—
oncoembryology—to identify and dissect the
reactivated embryonic programs in CRC. To fully
harness the potential of oncoembryology, we
compared single-cell transcriptomics from hindgut
development, CRC tumor progression, and healthy
adult colon tissues. SoxC TFs emerged as regulators
of both embryonic development and CRC. Returning
to the embryonic context allowed us to define the
core components of the SoxC program using
conditional loss-of-function models and a multi-omics
approach. Cross-system comparisons then enabled
us to pinpoint bona fide downstream targets of SoxC,
which were then validated through functional assays.

While the Sox family has been implicated in
intestinal development, the specific role of the SoxC
subfamily has not been previously established (Fu
and Shi, 2017). SoxC TFs, particularly Sox4 and
Sox11 are known regulators of neural development
and early organogenesis (Bergsland et al., 2006, p.
11; Bhattaram et al., 2010). Our findings demonstrate
that SoxC TFs are master regulators in maintaining
the embryonic progenitor state during intestinal
development as well as driving cancer progression.
Although SoxC factors were previously linked to
wound healing and other cancer types including
breast and prostate (Miao et al., 2019; Oliemuller et
al., 2020), their critical role in colorectal cancer has
remained underexplored.

We found that SoxC factors potentially
regulate a range of essential cellular processes,
including proliferation and growth, cell survival,
adhesion and migration, lineage plasticity and
immune modulation. Several predicted direct targets
of SoxC in the embryo are well-established
regulators of these key functions: Basp1 (involved in
neuronal development and plasticity), Hdac9 (a
histone deacetylase linked to chromatin remodeling
and immune regulation in cancer)(Yang et al., 2021),
Gldc (critical for cancer cell survival and
stemness)(Zhang et al., 2012), and F2r (thrombin
receptor PAR1, implicated in tumor growth and
metastasis)(Hua et al., 2021). A key finding of our
study is the observation that SoxC TFs negatively
regulate many gene expression programs. For
example, we found that KIf4, a transcription factor
crucial for maintaining epithelial homeostasis in the
intestine (Hickey et al., 2023; Katz et al., 2002), was
upregulated in SoxC-KO.

Loss of function of the SoxC TFs in the
embryo, therefore, disrupted the balance between
progenitor maintenance and differentiation, leading
to premature differentiation of epithelial cells. This
regulatory mechanism likely contributes to tumor
progression in CRC. Given the established role of
KIf4 in repressing epithelial-to-mesenchymal
transition and maintaining epithelial integrity (Agbo et
al., 2019; Borrelli et al., 2024; Liu et al., 2012), its
inhibition by SoxC may further drive tumor
aggressiveness by promoting a loss of epithelial
cohesion.

We also looked at the loss of function of the
SoxC TFs in tumors: the tumors were smaller and
had reduced metastatic potential. Indeed, we failed
to find any liver metastases in SoxC-KO models.
Supporting analyses demonstrate that the SoxC
oncoembryonic gene signature, derived from our
integrative analyses is a robust predictor of poor
survival in CRC patients. These results highlight the
therapeutic potential of targeting SoxC programs.
Two downstream targets Tead2 and Mdk are of
particular interest.

Targeting Mdk and Tead factors has been
explored as a therapeutic strategy in other tumor
systems. Mdk is known to promote an immune-
evasive microenvironment in melanoma, leading to
resistance to immune checkpoint blockade and poor
prognosis. However, genetically targeting Mdk
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Figure 4. SoxC KO reduces tumor growth and blocks metastasis. (A) Schematics of the generation of AKPS SoxC-
KO organoids. (B) Primary tumor morphology of control (Cas12a intergenic targeting) and SoxC-KO (Cas12a targeting
Sox4, Sox11 and Sox12 each with two specific gRNAs). Scalebar: 5 mm. (C) Bar plot of the tumor weights in the two
groups. (D) Percentage of primary tumor and metastatic growth. (E) Quantitative PCR showing the transcript levels of
SoxC TFs targets, Mdk and Tead?2. (F) Immunofluorescent staining of Mdk in Control and SoxC-KO colorectal cancer
(CRC) tumors. Scalebars: 50 ym. Statistical analyses were performed using an unpaired t-test.

makes tumors more sensitive to immunotherapy.
(Cerezo-Wallis et al., 2020). MDK has also been
implicated in immune tolerance in CRC, correlating
with poor patient survival (Hashimoto et al., 2024).
Our study shows that Mdk is a key signaling
component in CRC that cancer cells could use to
influence different cell types in the tumor
microenvironment, highlighting the potential benefits
of blocking it.

Inhibition of TEAD factors has been explored
in several cancer contexts. Combining TEAD
inhibitors with targeted therapies, such as EGFR or
MEK inhibitors, has shown synergistic effects in
preclinical models. Multi-component inhibition may
offer more effective therapeutic benefits by tackling
both drug resistance mechanisms and multiple
cancer-causing factors at the same time (Pobbati et
al., 2023). A more comprehensive understanding of
the molecular program, particularly  the
oncoembryonic factors and their interactions, is
essential for identifying vulnerabilities and enabling
the development of more effective combinatorial
therapies. Targeting oncoembryonic factors, in
particular, offers the potential for disease-specific

treatments, sparing healthy cells that do not express
these factors.

Taken together, our results highlight the
critical role of the SoxC oncoembryonic program in
regulating multiple cellular functions during
embryonic development and suggest that this
program similarly drives malignant behavior in
colorectal cancer. Oncoembryology not only bridges
the gap between developmental biology and cancer
research but also lays the groundwork for future
studies aimed at exploiting these shared pathways
for clinical benefit.

Materials and Methods
Patient samples

Written informed consent was obtained before
specimen collection, and the study was approved by
the local ethics committees (Cantonal Ethics
Committee of the Canton Zurich, approval no. EK-
1755). Three tumor samples were resected from
colorectal cancer patients. Two healthy colon
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Figure 5. Tead2 and Mdk are key downstream targets of SoxC TFs. (A) Immunofluorescent (IF) staining of Mdk
(magenta) in E14.5 hindgut, healthy adult colon and colon cancer. Blue DAPI. (B) IF staining of Tead2 (magenta) in
murine E14.5 hindgut, healthy adult colon and colon cancer. Blue DAPI. (C) Survival analysis of colorectal patients
divided into high or low MDK expression. (D) Inferred interactions through Mdk signaling in E14.5 WT hindgut. Edge
weights are proportional to the interaction strength. (E) IF staining and quantification of epithelial thickness of E13.5
hindgut explants cultured ex-vivo for 2 days in the presence of MDK inhibitor (iMDK, n=6) or control (DMSO, n=6). For
each explant, 5-7 measurements were taken. Blue DAPI, grey E-cadherin, green Ki67. (F) Survival analysis of colorectal
patients divided into high or low TEAD2 expression. (G) IF staining and quantification of epithelial thickness of E12.5
hindgut explants cultured ex-vivo for 2 days in the presence of TEAD inhibitor (iTEAD, n=4) or control (DMSO, n=3). For
each explant, 5-7 measurements were taken. Blue DAPI, grey E-cadherin, green Ki67. (H) Activity of Tead2 promoter
after Sox11 or Sox4 transfection assessed by luciferase assay in HEK293 cells. N=8 for Sox11, n=3 for Sox4. (I) IF
staining of KIf4 and Sox11 in mouse colon cancer and adjacent tissue. Insets of representative regions with high nuclear
KIf4 or Sox11 expression. On top: quantification of mean nuclear intensity along a left-to-right axis. Scale bars: 50 um.
Statistical analyses for (D), (G), (H) using two-tailed unpaired t-test.
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specimens were resected from heathy colon regions.
After surgical resection, tissue samples were fixed in
4% formaldehyde for 2 hours and incubated in 30%
sucrose overnight at 4°C before cryosectioning (see
below).

Mice

C57BL/6J wild-type mice were purchased from
Charles River (Strain code: 027), C57BL/6-NRj were
purchased from Janvier, Rosa26-CreERT2 (R26-
CreERT2) mice were purchased from The Jackson
Laboratory (Strain code: 008463), Sox4 fl/fl; Sox11
fl/fl; Sox12 fI/fl (SoxC fl/fl, (Bhattaram et al., 2010;
Hoser et al., 2008; Miao et al., 2019)) mice were a
gift from Véronique Lefevbre (Children’s Hospital of
Philadelphia, USA) and Elizabeth Sock (Institute of
Biochemistry, FAU Erlangen-Nuernberg, Germany).
SoxC fl/fl mice were bred to R26-CreERT2 and
genotyped using the primers as in Table S$1.
Standard PCR reactions were mixed. Sox12 PCR
required the addition of 5% DMSO. For Sox11 and
Sox4 a standard three-step PCR was performed as
follows: 2 min denaturation at 94°C, 35 cycles of 15
sec at 94°C, 75 sec at 65°C, 90 sec at 72°C, 2 min
final elongation at 72°C. Sox12 and R26-CreERT2
were performed as follows: 2 min denaturation at
94°C, 35 cycles of 15 sec at 94°C, 30 sec at 57°C,
45 sec at 72°C, 2 min final elongation at 72°C. We
affirm compliance with all relevant ethical regulations
for animal testing and research. All mouse
experiments were performed in accordance with
Swiss Guidelines and approved by the Cantonal
Veterinary Office Zurich, Switzerland. The mice were
all housed in the same accredited facility under
specific-pathogen free conditions in a 12 h-12 h light-
dark schedule, and chow and water were provided
ad libitum. At the experimental end-point, mice were
euthanized by CO2.

Timed breeding

A C57BL/6J male and a C57BL/6J female or a R26-
CreERT2; SoxC fl/fl male (for RNA extraction) or
SoxC fl/wt male (for immunofluorescent stainings)
and a SoxC fl/fl female at age between 7-24 weeks
were transferred to the same cage in the evening. In
the morning the female was checked for the
presence of a vaginal plug. If present, the day was
counted as embryonic day E0.5. To induce SoxC
knock-out, gavage was used to administer tamoxifen
dissolved in corn oil to a final dose of 200 mg per kg
of body weight.

Colonoscopy-guided submucosal injection of
CRC organoids

This procedure was adapted from a previously
published protocol (Roper et al., 2018). 36 hours
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after passaging, AKPS organoids were mechanically
dissociated and resuspended in OptiMEM (Gibco).
Each 40uL Matrigel® (Corning) dome was
resuspended in 50 uL OptiMEM for one injection in
one mouse. Male C57BL/6NRj mice between the
ages of 7 and 16 weeks were anesthetized using
isoflurane inhalation and placed on a heating pad at
37°C facing upwards. The colon was rinsed with pre-
warmed PBS to remove feces using the plastic tubing
from an intravascular catheter (BD) mounted onto a
50 ml syringe (B. Braun). The organoid solution was
injected with custom injection needles (33 gauge,
400 mm length, point style 4, 45° angle, Hamilton), a
syringe (Hamilton) and a colonoscope with an
integrated working channel (Storz). Pressure was
applied on the needle just enough to allow the
delivery of 50 yL of organoid suspension below the
mucosa and the formation of a visible injection
bubble. Mice were monitored until an experimental or
humane end point was reached.

Ex-vivo culture of hindgut

Embryonic hindguts from C57BL/6J wild-type were
isolated at E12.5 or E13.5 stages. Samples were
divided into groups of cultured control which were
treated with DMSO or treated with iIMDK (Sigma,
5mg/ml) or iTEAD (TM2 TEAD inhibitor, 10uM
biotechne) inhibitors. The ex-vivo cultures were
carried out as previously described (Fazilaty et al.,
2021). Briefly, the hindguts were isolated, placed on
transwell plates (24 mm  inserts, 8.0 mm
polycarbonate membranes, Corning Coaster), and
incubated for 48 hours at 37°C in BGJb medium
supplemented with Ascorbic acid (0.1 pg/ml, Sigma)
and antibiotics (PenStrep (10,000U/ml Penicillin;
10,000 mg/ml Streptomycin), Gibco). Samples were
then fixed for 1 hour and processed as mentioned
below before sectioning and immunofluorescence
analyses.

AKPS organoids
Culturing

Vil-creER2;APCKC; Trp53KC;Kras®'?P"TSmad4<©
(AKPS) organoids were cultured in 50 pyl Matrigel
domes (Corning) as described previously (Sato and
Clevers, 2013). To make complete medium,
Advanced DMEM/F12 (Life Technologies) was
supplemented with 10mM HEPES (Gibco), 1X
GlutaMax (Gibco), 1% penicillin—streptomycin
(Gibco), 1X B27 supplement (Gibco), 1X N2
supplement (Gibco) and 1mM N-acetylcysteine
(Sigma-Aldrich). Organoids were split every 2-3 days
by mechanical dissociation.
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RNP-mediated Smad4 KO

Vil-creER™; APCK%; Trp53K°;KrasC®?PVT (AKP, Figure
S1A) organoids, a gift from Owen Sansom (Beatson
Institute for Cancer Research), were cultured under
the above-described conditions with
supplementation of 100 ng/mL mouse recombinant
noggin (Sigma). Two days before transfection, 5 nM
nicotinamide (Sigma) and 10 yM ROCK inhibitor (Y-
27632, Stem Cell Technologies) were added to the
medium. sgRNA with previously published sequence
(de Sousa e Melo et al., 2017)(Figure S1A) were
obtained from IDT as a combination of both crRNA
and tracrRNA (Alt-R system). Organoids were
collected, washed, resuspended in TrypLE (Gibco)
and dissociated into single cells by incubating at
37 °C for 10 min. After neutralization with Advanced
DMEM/F12, cells were centrifuged at 290 x g for
3 min, resuspended in 1 mL complete medium with
5mM nicotinamide and 10 yM ROCK inhibitor and
transferred to two wells of a 48-well plate containing
50 yL of transfection mix. The transfection mix was
prepared by combining 25 uL OptiMEM containing
1,250 ng Alt-R S.p. Cas9 Nuclease V3 (Integrated
DNA Technologies), 240 ng Mm Cas9 SMAD 4.1.AR
Alt-R CRISPR-Cas9 sgRNA (Integrated DNA
Technologies) and 2.5uL Cas9 Reagent Plus
(Invitrogen) with 25 yL OptiMEM containing 1.5 uL

CRISPRmax reagent (Invitrogen) according to
manufacturer's instruction (CRISPRmax Cas9
Transfection Reagent, Invitrogen). sgRNA was

omitted in the control condition. The cells were
spinoculated for 1 h by centrifuging at 600 x g and
32 °C, then incubated for 2h at 37 °C. Cells were
then collected, washed once with Advanced
DMEM/F12, resuspended in Matrigel and cultured as
described above (with supplementation of 10 pM
ROCK inhibitor in the first passages). After three
days, 50 ng/mL TGFp (Peprotech) was added to the
medium of both CRISPR-edited and control
organoids for metabolic selection and kept for two
further passages (Figure S1C). Smad4 genomic
locus was amplified by PCR (forward primer 5'-
ATCTACCTTGTGAAATGTGTTCTC-3’, reverse
primer 5- TACCAAACTCTCAATTGCTC-3’) and the
presence of small insertions and deletions assessed
with the Guide-it Mutation Detection Kit (Takara Bio).
The PCR amplicons were then inserted into pGEM
vectors using the pGEM-T Easy Vector system
(Promega) and 40 (CRISPR-edited) and 16 (control)
bacterial colonies were sequenced by Ecoli NightSeq
(Microsynth). Sequencing results were then aligned
to a reference sequence in CLC Main Workbench 7
(Qiagen) to assess their mutational status (Figure
aS1D).
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enAsCas12a-based knock-out of SoxC

AKPS SoxC knockout organoids were generated
using enAsCas12a (DeWeirdt et al.,, 2021;
Kleinstiver et al., 2019) in combination with Pol Il
delivered crRNA-arrays (Campa et al., 2019). The
necessary targeting sequences for Sox4, Sox71,
Sox12 and intergenic regions, were obtained using
the guide design tool CRISPick (DeWeirdt et al.,
2021; Kim et al., 2018) with the mouse GRCm38
reference genome and enAsCas12a CRISPRko
mode. The Sox4, Sox11, and Sox72 crRNAs (spacer
— direct repeat) were combined in sets of two to form
a 6-mer pre-crRNA array (AKPS-SoxCKO) with
efficacy scores > 0.8 for each guide. Similarly, 6-mer
pre-crRNA arrays were designed for intergenic
regions perturbing the SoxC chromosomes with two
crRNAs per chromosome. The arrays were cloned
into a 3" generation lentiviral vector which expressed
the array under the EF1a promoter together with
GFP and Puromycin (EF1a-EGFP-2A-Puro-Triplex-
pre-crRNA array-WPRE)(Campa et al., 2019) to be
compatible with enAsCas12a-2A-Blas (pRDA_174,
Addgene, 1346476) (DeWeirdt et al., 2021) in AKPS
organoids. For lentiviral production, 3 million HEK
cells were seeded in a 75 cm2 flask in DMEM (gibco)
+ 10% heat-inactivated FBS (gibco) + 1% penicillin—
streptomycin (gibco). After 24 h cells were
transfected using Lipofectamine™ 3000 reagent
(ThermoFisher) according to manufacturer’s
instruction. 2.25 ug pRev (Addgene 12253), 2.25 ug
pVSV (Addgene 12259) and 6.75 ug pMDL
(Addgene 12251) plasmids were mixed with 9 ug of
lentiviral expression vector, 500 yL OptiMEM and
40.5 uL P3000 reagent. 28 uL Lipo3000 were added
to 500 yL OptiMEM, mixed to the DNA mixture and
added to the cells. After 8 h, the medium was
collected and stored at 4°C and replaced by lentivirus
packaging medium (5% FBS + 0.2 mM Sodium
Pyruvate in OptiMEM). After 48 h, the medium was
collected, pooled to the previously collected medium,
filtered through a 0.45 um filter and concentrated
using an Amicon® Ultra-15 Centrifugal Filter Unit
(Merck Millipore) to 1 mL and subsequently stored at
-70°C. For lentiviral transduction, organoids were
dissociated mechanically, incubated in TrypLE for 5
min at 37°C and washed with Advanced DMEM/F12
+ 10% heat inactivated FBS. 200 uL of concentrated
virus were used to transduce organoids from 4-6 40
pL Matrigel domes. Complete medium (as described
above) + 4 ng/uL Polybrene + 10 yM ROCK inhibitor
+ 5 mM nicotinamide (Sigma) was added up to 500
ML and cells were spinoculated for 1 hour 600 x g at
32°C. Cells were then let to recover at 37°C for 2-4
hours before being plated in Matrigel and cultured in
complete medium + Y-27632 + nicotinamide. After
outgrowth, organoids were selected for 14 days
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using 2 pg/mL of Puromycin (Sigma) and 8 pyg/mL of
Blasticidin (ThermoFisher).

Single-cell RNA sequencing

Single-cell isolation and preparation for scsRNAseq of
tumors

Mice were euthanized by CO, and the abdomen
opened. The colon was extracted and examined for
the presence of tumors. The intestinal tube was cut
open and rinsed with PBS (gibco). Healthy-looking
tissue was removed from around the tumor with a
blade. Tumors from three mice (replicate 1) and three
mice (replicate 2) were used for subsequent steps.
Tumors were minced in small pieces and
subsequently dissociated into single cells using the
Tumor Dissociation Kit (Milteny Biotec) as per
manufacturer’s instructions using the gentleMACS™
Octo Dissociator with Heaters. DNase | (Roche) at a
final concentration of 25 ug/mL was added to all
washing steps to remove DNA and reduce viscosity.
Single cells from each tumor were stained for
antibodies against the epithelial marker Epcam
(Invitrogen) and the immune marker CD45 in 1mL of
staining solution (PBS (gibco) + 0.2% BSA (Roche)
+ 2 yL Epcam-PE-Cy5 (eBioscience) + 2 uL CD45-
APC-eFluor780 (eBioscience). Cells were then
centrifuged 7 min at 300 x g and resuspended in 200
ML ADMEM/F12 (Gibco) + Hepes (Gibco, 100mM) +
Glutamax (Gibco, 1X) + 0.2 yL DAPI (ThermoFisher).
Epithelial, immune and double negative cells were
sorted from each sample using a BD FACS Aria Il
4L operated by the Cytometry Facility at UZH. Single
stained samples were used for compensation. For
each mouse cells were mixed in the following ratios:
35% epithelial cells, 5% immune cells, and 60%
double-negative cells. Approximately 60K cells for
each replicate with a similar proportion of cells from
each mouse were used for library generation.

Single-cell isolation and preparation for scsRNAseq of
E14.5 SoxC-KO hindguts

Two pregnant females were euthanized by CO, and
the abdomen opened and the uteri extracted.
Amniotic sacs were opened to retrieve the embryos.
Hindguts were dissected and collected in BGJb
medium (gibco) + ascorbic acid (0.1 pg/mL, Sigma).
A total of 19 hindguts were minced with a blade and
incubated for 30 min at 37°C in a solution of
Collagenase D (Roche, 1 mg/mL). After filtering in a
40 uM strainer and washing with BGJb, the single
cells of each litter were stained for the epithelial
marker Epcam in 500 pL staining solution (PBS
(gibco) + 0.2% BSA (Roche) + 1 uyL Epcam-PE-Cy5
(eBioscience)). For each litter, cells were mixed at a
ratio of 2:1 negative to epithelial cells. A total of 50K
cells were used for library generation.
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Generation of scRNAseq libraries

Whole transcriptome analysis (WTA) libraries were
generated following BD Rhapsody standard
protocols (Doc ID: 210966, Doc ID: 23-21711-00)
using the following kits: BD Rhapsody™ Enhanced
Cartridge Reagent Kit (BD 664887); BD Rhapsody™
Cartridge Kit (BD 633733); BD RhapsodyT™ cDNA
Kit (BD 633773); BD Rhapsody™ WTA Amplification
Kit (BD 633801). Libraries were indexed using
different Library Reverse Primers (650000080,
650000091-93) for each sample.

Sequencing of libraries

Libraries were sequenced at the Functional
Genomics Center Zurich (FGCZ) using a single lane
of a 10B flowcell on the lllumina Novaseq X Plus and
150 bp for R1/R2. A 3% PhiX spike-in was used for
all libraries.

Mapping of data

An indexed genome was generated with STAR
(Dobin et al.,, 2013) (version 2.7.10b) using the
following reference files: GRCm38.p6 and
GENCODE’s M25 annotation. Raw .fastq were
aligned and unique alignments were counted using
STARsolo (Kaminow et al., 2021) (version 2.7.10b).

Computational analysis for scRNAseq
Pre-processing

For the healthy adult colon, the following published
datasets were used: GSE151257 (Brugger et al.,
2020) and GSE266161 (Moro et al., 2024). For
embryonic E14.5, E15.5 and E18.5 WT hindgut, the
following published dataset was used: GSE15400
(Fazilaty et al., 2021). For earlier embryonic hindgut,
the following published dataset was used:
GSE186525 (Zhao et al., 2022). Data analysis of
scRNAseq was performed using the Seurat package
version 5.1 (Butler et al., 2018) in R version 4.4.1.
Cells with counts for less than 200 genes and genes
that were detected in less than 3 cells were removed.
Quality control metrics (mitochondrial transcripts,
total number of genes and total number of
transcripts) were calculated using
addPerCellQCMetric() from the scuttle package and
filtered using isOutlier() from the scater package for
the number of genes and transcripts. Cells with high
mitochondrial gene content were determined visually
from the distribution of mitochondrial transcripts
content and removed (GSE266161 healthy adult
60%, GSE151257 healthy adult 25%, AKPS-1 55%,
AKPS-2 25%, GSE15400 WT embryo 25%, SoxC-
KO embryo 30%, GSE186525 embryonic intestine
30%). Doublets were identified and removed using
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scDblFinder(). After pre-processing, the following cell
numbers were retained: 4,024 (GSE266161 healthy
adult), 6,120 (GSE151257 healthy adult), 5,008
AKPS-1, 1,199 AKPS-2, 5,124 (GSE15400 WT
embryo), 3,738 SoxC-KO embryo, 65,460
GSE186525 embryonic intestine. For all datasets,
normalization, scaling, variable gene selection and
principal component analysis was performed using
the standard workflow in the Seurat package (Butler
et al., 2018; Stuart et al., 2019)
(https://satijalab.org/seurat/).

Dimensionality reduction, clustering and integration

Dimensionality reduction was performed using
UMAP (Mclnnes et al.,, 2018) with 25 principal
components (30 for oncoembryonic integration) and
a resolution of 0.5 (0.8 in healthy adults integrated
with tumors). Clusters were then identified using the
FindNeighbors() and FindClusters() functions in
Seurat, and annotated based on known epithelial
and stromal marker genes (Figure S2A, S4E). For
the integration of embryonic, healthy adult and tumor
epithelium, clusters positive for Epcam were subset.
For the integration of multiple developmental stages,
(GSE186525) only cells were subset that had one of
the following meta data “sample”. €95, e105 i,
e115_1li, e135_li, e155_I. Data integration was done
using FindIntegrationAnchors() (using 50 principal
components for oncoembryonic integration, 30 for all
other) and IntegrateData().

Pseudotime, regulatory network, gene ontology,
differential expression, cell-cell communication
analyses

Pseudotime models for time course experiments
were built using the R package psupertime v0.2.6
(Macnair et al.,, 2022). We used the package
following the standard workflow using the
penalization ‘best’. Regulatory network inference
was performed using the R package SCENIC v1.3.1
following the standard workflow (Aibar et al., 2017).
GENIE3 (Huynh-Thu et al., 2010) was used to infer
the co-expression network. Transcription factor motif
analysis was performed using Rcistarget v1.24 and
the following databases: mm9-500bp-upstream-
7species.mc9nr.genes_vs_motifs.rankings.feather,
mm9-tss-centered-10kb-
7species.mc9nr.genes_vs_motifs.rankings.feather.
For cell state identification, AUCell v1.26.0 was used.
Gene ontology and predicted genetic networks were
generated using ClueGO (Bindea et al., 2009)
v2.5.10 via Cytoscape v3.10.1 (Shannon et al.,
2003). The highly expressed genes in cell clusters
were used for the analyses. The network clustering
contained data from GO_BiologicalProcess-EBI-
UniProt-GOA-ACAP-ARAP-25.05.2022 and
GO_MolecularFunctions-EBI-UniProt-GOA-ACAP-
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ARAP-25.05.2022. Clusters (containing at least
three nodes) were identified and network specificity
was adjusted based on the number of genes, which
originated from highly expressed genes in each
cluster analyzed via the FindMarkers() function in
Seurat. Differential expression analysis was
performed using the R package distinct v1.16 (Tiberi
et al., 2023) with default permutation numbers using
log counts as input and generating log2 fold-changes
using the cpm() function from edgeR v4.2.1
(Robinson et al., 2010). Before differential analysis,
all epithelial annotated clusters were merged into one
cluster, as well as all mesenchymal clusters and
immune clusters. Genes were considered
differentially expressed if p_adj.glb < 0.05 and log2-
fold change > 0.6. Plots were generated using
ggplot2 v3.5.1 (Wickham, 2016). For cell-cell
communication analysis, CellChat v2.1.2 (Jin et al.,
2023, 2021) was used following the standard
workflow.

ATACseq

17 wildtype and 14 SoxC-KO E14.5 hindguts were
dissected, divided into 3 replicates (WT: 6+5+6, KO:
5+5+4) and dissociated into single cells as described
above. Cells were resuspended in 100 yL PBS and
counted. 50K cells of each sample were processed
independently for ATACseq library preparation
(Buenrostro et al., 2015). Briefly, cells were
centrifuged for 5 min at 500 x g and resuspended in
cold lysis buffer (10 mM Tris-HCI, pH 7.4, 10 mM
NaCl, 3mM MgClI2, 0.1% IGEPAL CA-630). After
lysis, the nuclei were then centrifuged for 10 min at
500 x g, resuspended in 50 pL 1X transposition mix
(25 puL Tagment DNA Buffer, 2.5 yL Tagment DNA
Enzyme, 22.5 pL nuclease-free H20) (lllumina) and
incubated for tagmentation at 37°C shaking at 400
rpm for 30 min. Tagmented DNA was purified using
MinElute PCR Purification Kit (Qiagen) and eluted in
10 pL elution buffer. The library was then amplified
for 5 cycles using the NEBnext high fidelity 2X PCR
Master Mix (NEB) and Nextera compatible Multiplex
primers (ActiveMotif) in the following reaction: 10 pL
transposed DNA, 10 pyL water, 2.5 uL 25 yM Nextera
primer 1, 2.5 uL 25 yM Nextera primer 2, 25 pyL L 2X
PCR Master Mix. 5 yL of the PCR reaction were used
for gPCR to determine the additional number of PCR
cycles to avoid saturation o the amplification.
Between 5 and 8 additional PCR cycles were
performed. Amplified libraries were then purified
using MinElute PCR Purification Kit (Qiagen) and
eluted in 20 uL elution buffer. DNA concentration was
quantified at a Qubit (Thermofisher). Libraries were
sequenced by the FGCZ using a single lane of a 10B
flowcell on the Illlumina Novaseq X Plus with a 150
bp paired-end configuration. Reads were mapped
using the DNA-mapping pipeline from snakePipes
pipelines (Bhardwaj et al.,, 2019), the premade
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GRCm38/mm10 Gencode release m19 indices and
defaults options (BOWTIE2 as aligner). Peak
detection was performed using the snakePipes
ATACseq pipeline and the default options (MACS2
as peak caller with qval < 0.001, CSAW for
differential accessibility analysis with FDR < 0.05,
logFC > 1). bigWig file of the three WT replicates and
the three SoxC-KO replicates were merged into a
single track using bigWigMerge for visualization in
IGV (Robinson et al., 2011). Gene ontology analysis
was performed using the enrichGO() function from
the clusterProfiler v4.12.2 R package (Yu et al,
2012).
Chromatin DNA-
sequencing

Immunoprecipitation

C57BL/6J E14.5 hindguts (minimum 40 hindguts per
replicate, in 3 replicates) were dissected in PBS
(gibco) as described above, divided into three
replicates, digested 30 min at 37°C in 0.15 mg/mL
collagenase D (Roche) and subsequently fixed in 1%
paraformaldehyde (PFA, SantaCruz) for 10 minutes
at room temperature. PFA was then quenched by
adding glycine (Fluka) to a final concentration of
0.125 M. Cells were washed once with PBS,
resuspended in 250 pL of lysis buffer (1% (SDS), 10
mM EDTA, 50 mM Tris-HCI pH 8, protease inhibitor
cocktail (Roche)), frozen and thawed and incubated
rotating for 30 min at 4°C. Lysates sonicated three
minutes in Covaris S220 (intensity 5, duty cycle 10%,
cycles per burst 200, frequency sweeping mode,
temperature ca. 7°C) using AFA Fiber microTube
(Covaris). Sonicated samples were diluted to 2.5 mL
with dilution solution (0.01% SDS, 1% Triton X-100,
2 mM EDTA, 20 mM Tris-HCI pH 8, 150 mM NaCl,
protease inhibitor cocktail (Roche)) and divided into
500 pL aliquotes. Fragmentation between 200 and
1000 bp was confirmed by running smaller aliquots
on an agarose gel. Samples were incubated with
antibodies (Table S2) overnight rotating at 4 °C, input
samples were frozen for later de-crosslinking. Magna
ChlIP protein G magnetic beads (Sigma Aldrich) were
blocked overnight with 0.05% BSA (Roche), 2 pug/ml
of herring sperm DNA (Promega) in dilution solution.
Antibody samples were then incubated with beads
3.5 h rotating at 4 °C and then washed with washing
buffer (WB) 1 (0.1% SDS, 1% Tx100, 2 mM Tris-HCI
pH 8, 150 mM NaCl), WB 2 (0.1% SDS, 1% Tx100,
2 mM Tris-HCI pH 8, 500 mM NacCl), WB 3 (1%
NP40, 1% sodium deoxycholate, 10 mM Tris-HCI pH
8, 1 mM EDTA, 0.25 mM LiCl), and finally with WB 4
(10 mM Tris-HCI pH8 and 1 mM EDTA). WB 4 was
removed and 100 pL of 10% CHELEX were added to
the beads, 200 pL to the input samples and samples
were de-crosslinked at 95°C for 10 min, cooled down
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at RT for 7 min, treated with Proteinase K
(Fermentas, 2 pg/ml) at 55 °C for 30 min and
inactivated at 95 °C for 10 min. Samples were
centrifuged at max speed for 10 min, supernatant
was collected. Beads and CHELEX pellet were
washed with 100 yL water, centrifuged again and
supernatant added to the previous one. For input
samples, DNA precipitation was performed as
follows: 28 pL of 5 M NaCl was added to 700 yL de-
crosslinked input, 1400 uL 100% EtOH were added,
and samples was incubated for at least 8 hours at -
20 °C, centrifuged 30 min at 15000 g, 4 °C,
supernatant was removed, DNA pellet washed once
with 70% EtOH and resuspended in a 100 pL water.
Libraries were prepared by the FCGZ using the NEB
Ultra Il DNA Library Prep Kit (NEB) for lllumina
according to the manufacturer’'s instructions. For
replicate 1, 200 M reads per sample were sequenced
on an lllumina Novaseq 6000 with 150 bp paired end
reads. For replicates 2 and 3, 20M reads per sample
were sequenced on an lllumina Novaseq 6000 with
100 bp single read. Reads were mapped using the
DNA-mapping pipeline from snakePipes pipelines,
the premade GRCm38/mm10 Gencode release m19
indices and defaults options (BOWTIEZ2 as aligner).
Peak detection was performed using the snakePipes
ChlIPseq pipeline and the default options (MACS2 as
peak caller with qval<0.001). bigWig file of the three
WT replicates and the three SoxC-KO replicates
were merged into a single track using bigWigMerge
for visualization in IGV. Peaks in at least two
replicates out of three were found using the bedops
suite (Neph et al., 2012) and the bedmap function
with parameter --fraction-both 0.5 to return all
genomic peak regions with at least 50% overlap in
two files. Peaks were annotated using the R package
ChiPseeker v1.40.0 (Yu et al, 2015) with the
annotatePeak() function and the
TxDb.Mmusculus.UCSC.mm10.knownGene
database. Gene IDs in the Entrez format were
translated to gene symbols using the
mmusculus_gene_ensembl mart database and the
getBM() R function of the biomaRt R package
v2.60.1 (Durinck et al., 2005).

Omics intersections

From differential analyses and ChIPseq annotated
peak files, the unique gene symbols were extracted.
For the oncoembryonic signature, genes
downregulated in the adult compared to the embryo
were intersected with genes upregulated in the
cancer compared to the healthy. From ChiPseq
identified peaks, unique gene symbols were
extracted and the resulting gene list for Sox11 was
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merged with the one for Sox4. Annotations from
regions with gained accessibility in ATACseq were
filtered to obtain a gene symbol list with unique
nearest gene entries, the same was done for the
regions with lost accessibility. Gene symbols from
transcripts down- or upregulated in SoxC-KO
scRNAseq were extracted. All the resulting lists were
used for the different intersections represented in
Figure 2H. The Sankey plot was generated using
SankeyMatic (https://sankeymatic.com/build/). For
the SoxC oncoembryonic signature in Figure 3,
genes downregulated in SoxC-KO and with an
associated ATACseq region with lost accessibility in
SoxC-KO were intersected with the oncoembryonic
signature from Figure 1.

Survival analyses

Kaplan-Meier plots for single genes were plotted
using the “Kaplan Meier Plotter”
(https://kmplot.com/analysis/) (Gyorffy et al., 2010)
and the colorectal cancer mMRNA gene chip database
including all patients and all probe sets.

Kaplan-Meier plot for the oncoembryonic
signature was generated using the R package
TCGAbiolinks v2.32.0 (Colaprico et al., 2016).
Clinical and gene expression quantification data
were downloaded from the TCGA-COAD cohort
using STAR- counts as workflow type. Expression
data were subset for sample type “primary tumor”.
One mouse-exclusive “predicted gene” from the
signature was removed before translating the
signature to human gene names. Gene expression
data was extracted for the genes in the signature.
Average expression per sample barcode was
calculated. For patients with multiple samples, the
average of different samples was again averaged.
Clinical data and averaged scores were then
merged. Samples with missing clinical data or
missing expression values were removed for a final
total of 339 patients. The cutoff for splitting patients
into two groups was determined by averaging scores
of all patients. Survival curves were created using the
functions Surv() (with time as “days to death” or “days
to last follow up” for censored data and “dead” or
“alive” as event) and survfit() from the R package
survival v3.7.0 (Therneau et al., 2024) and plotted
using ggsurvplot() from the R package survminer
0.4.9 (Kassambara et al., 2021). Survival curve
difference was tested using survidff() from the
survival package.

Scoring of CRC patient’s scRNAseq data

scRNAseq data of CRC patients obtained from
previously published datasets (GSE132465,
GSE144735 (Lee et al., 2020) and GSE116222
(Parikh et al., 2019) only healthy subset). Standard
pre-processing was performed as described above.
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Epithelial cells were subset based on published
annotation. The signature score was calculated per
cell using the AddModuleScore() function from the
Seurat package. Adjusted scores were calculated by
subtracting the mean score of all healthy cells.
Averages per sample type (tumor, normal adjacent
or healthy donor) and per patient were calculated and
plotted using ggplot2.

Total RNA extraction

Dissected tumors, healthy tissues or embryonic
hindguts were resuspended in 300-500 uL of TRI
Reagent (Sigma) and 60-100 uL of chloroform was
added according to the manufacturer’s instruction.
Samples were centrifuged for 15 min at 12’000 x g,
and the aqueous phase was then mixed with one
volume of 70% ethanol. The sample was loaded onto
Qiagen RNeasy purification kit columns and
purification continued as per manufacturer’s
instruction including DNase treatment. 500 ng of total
RNA was reverse-transcribed using the cDNA
synthesis kit (Takara Bio) according to the
manufacturer’s instructions. Expression of genes of
interest was quantified with primers listed in Table
S3, by RT—qPCR using the PowerTrack SYBR
Green Master Mix (ThermoFisher) (2.5 ng of cDNA,
0.25 uM of each primer, 5 pyL of master mix) and
monitored by the QuantStudio3 system (Applied
Biosystems). The samples were analyzed in
technical duplicates and the average cycle threshold
values were normalized to B-Actin using the AACT
method (Livak and Schmittgen, 2001).

Tissue isolation

Human patients’ samples, embryonic hindgut tissues
from E14.5 embryos and colorectal tumors were
fixed for 1 hour (overnight for RNAscope samples) at
4°C in 4% paraformaldehyde in PBS (ChemCruz)
and incubated overnight in 30% sucrose in PBS at
4°C. Tissues were embedded in OCT and frozen at -
70°C.

Cryo-sectioning

OCT-embedded tissues were cryo-sectioned using a
Microm HM560 Cryostat (Thermo Scientific) at 10
pMm and dried for 1 hour at room temperature before
either being directly used for immunofluorescent
staining or stored at -70°C.

Immunofluorescent staining

Standard immunohistochemical protocols were
performed with the primary antibodies listed in Table
S2. Briefly, tissue sections were thawed at room
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temperature for 30 min and blocked with 5% BSA
(Roche) + 0.2% Tween 20 (Sigma) in PBS (gibco).
Primary antibodies were diluted in 3% BSA and
incubated on the sections for 1 h at room
temperature. After thorough washing with PBS,
secondary  antibodies (anti-rabbit, anti-goat
antibodies conjugated with Alexa Fluor-555 and
Alexa Fluor-647, Invitrogen) were diluted 1:500
dilution in 3% BSA and incubated on the sections for
1 h at room temperature. Phalloidin (Invitrogen,
1:1000) coupled to Alexa Fluor 488 was incubated
together with secondary antibodies. Sections were
counterstained with DAPI and, after washing with
PBS, mounted with Dako Fluorescence Mounting
Medium (Agilent) and imaged on the Leica SP8
confocal microscope maintained by the Center for
Microscopy and Image Analysis, University of Zurich.
Images were processed in FIJI (Imaged 1.54f).

Image processing

The same adjustments were applied to all images to
be compared. To quantify the nuclear fluorescent
signal, a threshold (Huang algorithm, auto settings)
was applied to the nuclear (DAPI) channel. The result
was further binarized and improved by filling holes
and applying a watershed filter. The nuclei were
segmented using the analyze particle function
(settings:  8-Infinity,  circularity:  0-1). The
segmentation was overlaid on the DAPI channel and
all nuclei of low quality (e.g., partially sectioned/dim
nuclei that were not fully captured) or of inconclusive
position in regards to their tissue position were
excluded. The average fluorescence intensity of the
remaining nuclei in the proper channel was
measured, plotted, and analyzed using Prism 8
(GraphPad, USA). To measure epithelium width,
freehand lines were drawn in FIJI (Imaged 1.54f)
followed by length measurement.

For quantification of KIf4 and Sox11 signal along the
spatial axis, a mask of the segmented nuclei was
applied to the channel of interest, and all intensities
outside of the nuclei were set to 0 using “Clear
Outside”. A 1-pixel-wide region of interest along the
x-axis was generated and the mean intensity of
pixels with intensity > 1 across the region was
measured. Intensities were plotted against the
positional value in R using the barplot() function.

RNA in situ hybridization

mMRNA in situ hybridization was performed using the
RNAscope technology™ (Advanced Cell
Diagnostics, Germany) on mouse healthy adult colon
and tumor tissue sections according to the
manufacturer’s instructions (RNAscope Fluorescent
Multiplex Assay). Probe sets for Sox4 and Sox71
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were designed by Advanced Cell Diagnostics.
Images were obtained on a Leica SP8 laser scanning
confocal microscope.

Luciferase assay

Tead2 enhancer region was cloned into pGL3 basic
vector (AddGene 212936) using primers and
enzymes listed in Table S4. Mutations in the binding
site were induced by amplifying the full vector with
mutation-containing primers. A minimal promoter
was removed from the M50 Super 8x TOPFlash
(AddGene 12456) by Xhol and Hindlll digest and
ligated to an Xhol digested pGL3. For the Sox11
overexpression plasmid, the Sox11 coding sequence
was amplified from plLenti-CMV-GFP-Sox11
(AddGene, 120387). P2A-EGFP was amplified from
a self-cloned sLP-CreERT2-P2A-EGFP plasmid.
pLenti-Lifeact-EGFP  (AddGene, 84383) was
amplified using primers listed below. The three
fragments were ligated using NEBuilder. Sox4-3myc-
P2A sequence was PCR amplified from a
synthesized plasmid and cloned into pLenti-Lifeact-
tdTomato (AddGene, 64048) using NEBuilder. Kif4
was PCR amplified from the plasmid TetO-FUW-
OSKM (AddGene, 20321) and inserted into Xbal-
digested PB-CMV-MCS-EF1a-GreenPuro
(SystemBiosciences, PB513B-1).

For luciferase measurements, 10K HEK-
293T cells were seeded in medium as described
above in 96-well and after 10 h transfected with 17
ng enhancer/silencer pGL3 vector, 3.4 ng of pRL
Renilla Luciferase vector (Promega, E2231) and 34
ng of transcription factor vector using the
Lipofectamine™ 3000 reagent (Invitrogen) according
to manufacturer’s instruction. Medium was replaced
12 h after transfection and 48 h after transfection
cells were lysed with 50 pyL 1x passive lysis buffer
diluted in water (Promega, E194A). Cells were frozen
at -70°C for 30 min. 10 uL of lysate was transferred
to a white 96-well plate. 50 yL of Luciferase assay
reagent Il (Promega, E195A) and Stop&Glo reagent
(Promega, E641A) were added to measure Firefly
and Renilla successively in a GloMax-Multi
microplate reader (Promega).

Statistics

Images were prepared using Fiji (Imaged, 1.52p),
Adobe lllustrator (v28), Adobe Photoshop (v25) and
Affinity Designer (v1.10). All statistical analyses were
performed by Prism (GraphPad Software, v10,
2024). Statistical significances were measured using
two-tailed unpaired t-test, one-way or two-way
ANOVA with Tukey’'s multiple comparison test.
Relevant statistical information can be found in
associated figure legends.
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Figure S1. Engineering metastatic organoid-based CRC model by mutating Smad4 in Apc, Kras, and Tp53
organoid. (A) Schematic representation of the genetic background of AKP colorectal cancer (CRC) organoids, derived
from a mouse model where Villin CreERT2-mediated recombination induces knockout of Apc, Kras, and Tp53. (B)
CRISPR-Cas9 strategy used for Smad4 mutagenesis, employing guide RNA (gRNA) targeting exon 1 of Smad4. (C)
Comparison of control AKP organoids and AKP organoids with Smad4 gRNA, selected with TGF recombinant protein.
(D) Sanger sequencing results of clones generated from PCR amplifications of AKP and AKPS (AKP + Smad4 mutation)
organoids, confirming mutations in the Smad4 gene. (E) Schematic of the orthotopic CRC model, where organoids are
transplanted via colonoscopy-guided injection into the mouse colon. (F) Histological analysis of primary and metastatic
tumors from the orthotopic CRC model visualized using hematoxylin and eosin staining.
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Figure S2. Tumor-specific cell populations exhibit distinct gene expression profiles and predicted functions.
(A) Dot plot illustrating marker gene expression across annotated clusters from the single-cell RNA sequencing
(scRNAseq) data presented in Figure 1A. The size of each dot represents the proportion of cells expressing a particular
transcript, while the color intensity reflects the average expression level within each cluster. (B) UMAP plots from the
scRNAseq data (see Figure1A) display the expression patterns of markers for cluster 1 and cluster 2. Color intensity,
ranging from gray to purple, denotes the expression levels of each gene. (C) Predicted functional gene interaction
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network of highly expressed genes in cluster 1 (oncoembryonic cells) from the scRNAseq data in Figure 1A (left). A
corresponding summary of gene ontology (GO) terms is shown as a pie chart (right), with numbers representing the
percentage of GO terms for each category. (D) STRING functional protein association network analysis of highly
expressed genes in cluster 1 cells from the scRNAseq data in Figure 1A. (E) Predicted functional gene interaction
network of highly expressed genes in cluster 2 (tuft-like cells) from the scRNAseq data in Figure 1A (left), accompanied
by a pie chart summarizing the GO terms (right), with numbers indicating the percentage of GO terms for each group.
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Figure S3. Sox4 and Sox11 as key drivers of transcription factor regulons enriched in oncoembryonic cells. (A)
Predicted functional gene interaction network of oncoembryonic genes derived from dual differential gene expression
analysis (from Figure 1B), showing significant interactions among key SoxC-regulated genes. (B) Summary of gene
ontology (GO) terms represented in panel S3A, displayed as a pie chart, with numbers indicating the percentage of GO
terms in each category. (C) Complete regulatory network inference using SCENIC analysis on integrated epithelial
scRNAseq data (from Figure 1A), highlighting Sox4 and Sox11 as master regulators in the oncoembryonic cells. (D)

25


https://doi.org/10.1101/2024.10.08.617191
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.08.617191; this version posted October 11, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Dalessi et al., 2024 (preprint)

Quantitative PCR showing transcript levels of SoxC transcription factor targets in healthy, healthy-adjacent, and colon
tumor tissues from mouse models. (E) RNA in situ hybridization (RNAscope) and quantification of signal intensity for
Sox4 and Sox11 in mouse healthy and colon tumor tissues. Scale bar: 50 um, DAPI (blue) counterstains nuclei. (F)
Immunofluorescent staining of human healthy and cancerous colon tissues for E-CADHERIN (epithelial marker) and
SOX11 protein. Scale bar: 50 ym.
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Figure S4. SoxC transcription factors control colon development. (A) Ridge plot representing normalized counts

of Sox11, Sox4 and Sox12 in epithelial cells at different stages of colon development. (B) Full R26-CreERT2; SoxC fl/fl

or non-Cre littermate embryos at stage E14.5 or E18.5 after tamoxifen induction of Cre at E10.5. Arrows point at eye,

back and digit phenotypes. (C) Length (in mm) of SoxC-KO or non-Cre littermate midguts at E18.5. (D) Quantification
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of mesenchymal nuclei present in the region below the epithelium and before the smooth muscle layer in SoxC-KO or
non-Cre littermate E14.5 hindguts. (E) Marker genes were used for the annotation of the integrated WT and SoxC-KO
E14.5 hindgut scRNAseq dataset. (F-H) Gene ontology and network analyses of top 200 genes enriched in clusters
Epithelial 3 (F), Epithelial 4 (G) and Mesenchymal 4 (H) of the integrated WT and SoxC-KO E14.5 hindgut scRNAseq

dataset.
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Figure S6. Biological processes affected by SoxC-KO in ATACseq and ChIPseq. (A-C) Gene ontology analysis
(biological processes) of all genes nearest to genomic regions with lost accessibility (A) or gained accessibility (B) in
SoxC-KO E14.5 hindgut compared to WT or with significant ChIPseq peaks for Sox11 and or Sox4 (C). Top 20 gene
ontologies are shown. (D) Representative immunofluorescent staining in SoxC-KO or non-Cre littermate E14.5 hindguts.
Blue DAPI, magenta KI5, green Phalloidin. Scalebar 50 ym. (E) gPCR analysis of KIf5 expression in WT and SoxC-KO
E14.5 hindguts. Statistical analysis was performed using a two-tailed unpaired t-test.
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Figure S7. Functional protein interaction network of the SoxC oncoembryonic signature. (A) STRING functional
protein association network analysis of the 71-gene SoxC oncoembryonic program signature (from Figure 3A),
illustrating predicted interactions between key gene products involved in the SoxC-driven pathway. (B) Quantitative
PCR analysis displaying transcript levels of selected SoxC transcription factor targets in control and SoxC-KO tumor
samples. The results highlight the impact of SoxC deletion on downstream gene expression.
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Figure S8. Mdk and Tead2 as key downstream targets of SoxC TFs. (A) Comparison of inferred information flow for
all predicted cell-communication pathways in E14.5 hindgut or adult colon. Red-colored pathways are enriched in the
E14.5 hindgut, blue-colored pathways are enriched in the adult. (B) Significant predicted Mdk ligand-receptor
interactions from cell-cell communication prediction by CellChat in the scRNAseq of E14.5 WT including all cell types.
Edge weights are proportional to the interaction strength. (C) Significant predicted Mdk ligand-receptor interactions
originating from epithelial cells (Oncoembryonic/ISC-like, Enterocyte-like, Tuft-like, Secretory-like or Enteroendocrine-
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like). Inferred interactions are the result of cell-cell communication prediction by CellChat in the scRNAseq of cancer
cells only (AKPS organoid-derived tumors) including all cell types. Edge weights are proportional to the interaction
strength. (D) Inferred interactions through Mdk signaling from epithelial cells as in (B). (E) Quantification of nuclear Ki67
signal in Figure 5D and replicates (E13.5 hindgut explants cultured for 2 days ex vivo in the presence of DMSO or MDK
inhibitor). (F) Quantification of nuclear Ki67 signal in Figure 5G and replicates (E12.5 hindgut explants cultured for 2
days ex vivo in the presence of DMSO or TEAD inhibitor). (G) Top: Activity of WT Tead2 promoter or with deletion of
putative Sox11 binding site (BS) after Sox11 transfection assessed by luciferase assay in HEK293 cells. N=8 for WT,
n=3 for BS mutation. Bottom: schematics of Tead2 promoter region cloned for the assay (-465 to +94 from the coding
sequence start) and the mutated base (position +10 from the coding sequence start). Statistical analysis using two-way
Anova with Bonferroni’'s multiple comparison test. (H) Schematics of strategy to identify intermediate regulators of
indirect targets of SoxC TFs. (I) Representative immunofluorescent staining of adult mouse colon (left, blue DAPI, green
Pdgfra-GFP, magenta KIf4) or human healthy colon (right, blue DAPI, green E-CADHERIN, magenta KLF4). (J) Z-
scored log2 expression values of KIf3, Kif4, KIf5, KIf6é with cell ordered along a pseudotime learned by pstupertime at
different stages of colon development (x-axis). (K) Immunofluorescent staining from Figure 5M (mouse colon cancer)
with nuclear mask applied on each separate channel. Top: grey, Kif4. Middle: magenta, Sox11. Bottom: blue DAPI, grey
KIf4, magenta Sox11. If not otherwise stated, statistical analyses were performed using a two-tailed unpaired t-test.
Scale bars 50 ym.
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