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Colorectal cancer (CRC) is highly prevalent in Western society, and increasing evidence indicates strong contributions of
environmental factors and the intestinal microbiota to CRC initiation, progression and even metastasis. We have identified a
synergistic inflammatory tumor-promoting mechanism through which the resident intestinal microbiota boosts invasive CRC
development in an epithelial-to-mesenchymal transition-prone tissue environment. Intestinal epithelial cell (IEC)-specific
transgenic expression of the epithelial-to-mesenchymal transition regulator Zeb2 in mice (Zeb2'®“™/+) leads to increased intes-
tinal permeability, myeloid cell-driven inflammation and spontaneous invasive CRC development. Zeb2'®™¢/+ mice develop a
dysplastic colonic epithelium, which progresses to severely inflamed neoplastic lesions while the small intestinal epithelium
remains normal. Zeb2"="/+ mice are characterized by intestinal dysbiosis, and microbiota depletion with broad-spectrum anti-
biotics or germ-free rederivation completely prevents cancer development. Zeb2'®"s/* mice represent the first mouse model of
spontaneous microbiota-dependent invasive CRC and will help us to better understand host-microbiome interactions driving

CRC development in humans.

tal cancer (CRC) each year, and approximately 50% will die

from the disease, making CRC the third most common and
fourth most deadly type of cancer'”. The majority of CRC cases are
sporadic and develop slowly over several decades through a step-wise
adenoma-to-carcinoma sequence, arising from adenomatous precur-
sors that progressively accumulate genetic mutations and epigenetic
alterations’. Hereditary CRC forms, such as familial adenomatous pol-
yposis and hereditary non-polyposis colon cancer or Lynch syndrome,
only account for about 5% of CRC cases. Environmental factors linked
to a Western lifestyle contribute to the etiology of CRC, through
mechanisms regulated by the intestinal microbiota‘. The notion that
CRC development is influenced by bacteria-host interactions is fur-
ther supported by the identification of several CRC-promoting bac-
teria or ‘oncobacteria, including Fusobacterium nucleatum®*. Chronic
intestinal inflammation, fueled by the intestinal microbiota, involves
both innate and adaptive immune responses with complex cytokine
networks that orchestrate cancer development™.

O ver 1.2 million patients worldwide are diagnosed with colorec-

Epithelial-to-mesenchymal transition (EMT) is a cellular repro-
gramming process whereby epithelial cells lose their polarity and
attachment to neighboring cells and acquire motile, migratory
properties of mesenchymal cells. EMT regulates tissue morphogen-
esis during embryonic development, but also occurs in the adult
organism in conditions of wound healing, fibrosis and cancer pro-
gression”'’, where it correlates with acquisition of cancer stemness,
suppression of cell death and resistance to therapy''-"’. EMT can
be induced by a variety of growth factors as well as by components
of the extracellular matrix and by hypoxia, eventually leading to
the upregulation of one or several members of the SNAI, ZEB and
TWIST families of EMT transcription factors'*. ZEB2 is a member
of the zinc finger E box-binding homeobox transcription factors,
and was identified as a protein that interacts with SMAD proteins of
the transforming growth factor-p (TGF-p}) signaling pathway. High
expression of ZEB2 is seen in many cancer cell lines and human
cancer specimens, and correlates with increased cellular motility,
invasion, cancer stem cell properties and tumor aggressiveness’.
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Importantly, ZEB2 expression in multiple human cancers is linked
to metastasis and poor prognosis'>".

In steady state, ZEB2 is constitutively expressed in cells of mes-
enchymal origin, including immune cells and fibroblasts, but absent
in epithelial cells. However, ectopic epithelial ZEB2 expression pat-
terns are observed in CRC and are linked to poor oncologic outcome
and distant recurrence'®. How aberrant epithelial ZEB2 expression
contributes to CRC malignancy remains unclear.

To study the role of intestinal epithelial Zeb2 in vivo, we gener-
ated intestinal epithelial cell (IEC)-specific Zeb2-expressing mice
(Zeb2™®C e+ mice). Zeb2 expression in IECs induces intestinal bar-
rier disruption and inflammation, leading to the development of
invasive CRC in mice. However, microbiota depletion in Zeb2¢-T¢/*
mice completely prevents CRC development, indicating that the
intestinal microbiota is driving inflammation-associated neoplastic
transformation of Zeb2-expressing IECs. Together, our study shows
that aberrant epithelial Zeb2 expression is sufficient to induce
invasive CRC development, which is driven by host-microbiota
interactions.

Results

Mono-allelic expression of Zeb2 in the mouse intestinal epi-
thelium induces invasive CRC. To investigate the effects of Zeb2
expression in the intestinal epithelium, we crossed conditional
Rosa26-Zeb2 transgenic mice (Extended Data Fig. 1a,b)'*** with
a transgenic mouse line that expresses Cre under the control of
the IEC-specific villin gene regulatory sequences (villin-Cre). The
villin-Cre transgenic line targets all epithelial cell lineages of the dis-
tal small intestine, cecum and colon, and its expression leads to effi-
cient Cre-mediated recombination in IECs starting before birth*'.
Upon Cre expression and excision of the floxed transcriptional stop
cassette (Extended Data Fig. 1a) in IECs, a bicistronic transcript
encoding Zeb2 and the enhanced green fluorescent protein reporter
(eGFP) is expressed from the Rosa26 promoter. Heterozygous Zeb2
expression in IECs after villin-Cre-mediated excision was suffi-
cient for a sixfold upregulation of Zeb2 and eGFP messenger RNA
(mRNA) levels in the intestinal epithelium (Fig. 1a).

IEC-specific Zeb2-expressing mice (R26-Zeb2™®*villin-Cre’s'*;
referred to as Zeb2™¢'¥*) are born according to Mendelian seg-
regation and newborns are indistinguishable from their wild-type
control littermates (R26-Zeb2™¥*villin-Cre**). However, from
approximately 18 weeks of age, Zeb2"“"¥* mice start losing body
weight and start dying (Fig. 1b,c). The median lifespan of Zeb2®<T¢/*
animals is 25weeks and none of these mice survives the age of
lyear (Fig. 1c). Already from a young age (5weeks), Zeb2®<Te/+
mice started suffering from diarrhea and started displaying blood
in their feces—two parameters indicative of intestinal pathology
(Fig. 1d)—and disease occurred independent of gender (Extended
Data Fig. 1c,d). High-resolution endoscopy showed a severe and
progressive carcinoma development in Zeb2"™“¥* mice, in contrast
with wild-type littermate mice, which displayed a healthy mucosal
surface and architecture (Fig. le,f). The colonic mucosal surface of
Zeb2™T¢+ mice transformed from a visibly granular tissue with
few bleeding spots in young animals into a highly nodular one in
older mice, characterized by colon wall thickening and deposi-
tion of fibrin, gradually obstructing the intestinal lumen (Fig. le).
Necropsy of Zeb2™ "¢+ mice further revealed gross abnormalities
of the colon, characterized by increased colon weight, severe dyspla-
sia of the colonic epithelium and mucus accumulation in multiple
tumor nodules, which developed mainly in the proximal colon, but
never in the small intestine (Fig. 1g—j).

Intestinal epithelial Zeb2 expression drives severe invasive CRC in
the absence of cooperating genetic defects. Histological analysis of
colon sections from adult Zeb2™ "¢+ mice showed gross changes in
the epithelial tissue of these animals. Epithelial abnormalities started

appearing in young Zeb2=¢T¢** mice ataround 5 weeks of age (Fig. 2a).
Older mice displayed a highly dysplastic colonic epithelium, which
developed into an adenocarcinoma with formation of epithelial inva-
sions and outgrowth of the colon muscle wall (Fig. 2b and Extended
Data Fig. 2). More specifically, Zeb2™"¢"* mice showed a diffuse
high-grade dysplasia of the mucosa associated with invasive muci-
nous adenocarcinoma in a background of atypical mucosal hyper-
plasia with multifocal intraepithelial neoplasia and intramucosal
carcinoma (Fig. 2b and Extended Data Fig. 2). Using immunohis-
tochemistry for eGFP—the reporter translated from the bicistronic
Zeb2-IRES-eGFP transcript—we could demonstrate tissue-specific
transgene expression throughout the colonic epithelial layer, includ-
ingthe neoplasticinvasive lesions of Zeb2™T¢"* mice, while the colons
of control animals were all negative for eGFP (Fig. 2c). Epithelial cell
proliferation was determined by Ki67 immunohistochemistry and
flow cytometry (Fig. 2c,d). Slow-cycling stem cells, which are only
sporadically Ki67+, are positioned at the crypt bottom and give rise
to active cycling (high Ki67") transit-amplifying cells, which are
located above the stem cell compartment in the colons of wild-type
mice”. However, in Zeb2™“™* colons, proliferating (Ki67*) cells
occupy the entire crypt length, including the crypt bottom, and also
the intramucosal lesions contain mainly proliferating cells (Fig. 2c
and Extended Data Fig. 3a,b). Activation of the transcription fac-
tor STAT3 has been demonstrated in many tumor types, including
CRC?”. In agreement, Stat3 activation, shown by the presence of
nuclear phospho-Stat3 immunostaining, could be demonstrated in
Zeb2™C T mice (Fig. 2¢). Also, TGF-p signaling, linked with EMT
induction, could be observed in the colon epithelium and tumor
stroma of Zeb2™CT¥+ mice, as demonstrated by phospho-Smad3
immunostaining (Fig. 2c). Increased expression of the stem cell sur-
face marker CD44 could be observed in colon lysates and on tissue
sections of Zeb2™T¢+ mice (Fig. 2e,f and Extended Data Fig. 3a).
Interestingly, elevated expression of CD44 is a hallmark of highly
tumorigenic CRC cells with metastatic properties**~°. Surprisingly,
no structural abnormalities nor pathology could be observed in the
small intestines of Zeb2™“"¢"* mice, although the Zeb2 transgene
was clearly expressed, as demonstrated by positive eGFP staining on
tissue sections and expression of Zeb2 and eGFP in tissue lysates of
Zeb2"T¢* mice (Fig. 2g and Extended Data Fig. 3¢). In addition, no
difference in cell proliferation (Fig. 2g,h and Extended Data Fig. 3d),
nor differences in the expression of inflammatory mediators, CD44
or Paneth cell markers, could be observed in the small intestines
between Zeb2™"¢"* and control animals (Extended Data Fig. 3e).

Next, we orthotopically transplanted single-cell suspensions iso-
lated from Zeb2 transgenic tumor tissue into the cecum of immu-
nocompromised NOD scid gamma (NSG) mice, to assess whether
these cells can induce the formation of tumors. Twenty weeks after
transplantation, small Zeb2 transgenic lesions could be identified
in the ceca of recipient NSG mice, as identified by the expression of
GFP, demonstrating the tumorigenic property of Zeb2 transgenic
tissue (Extended Data Fig. 4a).

Given the lethal and invasive character of Zeb2-driven cancer
in Zeb2™CT¢* mice, we next evaluated whether we could detect
additional genomic aberrations in cancer tissue of Zeb2™CTe'*
mice. Copy number analysis by shallow whole-genome sequencing
revealed no insertions or deletions in CRC tissue from Zeb2™cTe/*
mice compared with wild-type colon, or to control lung tissue from
Zeb2™CT¥+ mice (Extended Data Fig. 4b). In addition, a hot-spot
mutation analysis was performed to sequence genes that are recur-
rently mutated in CRC patients (APC, BRAF, CTNNBI, KRAS,
NRAS, TP53, PIK3CA and PTEN). However, no mutations were
identified in all genes analyzed (data not shown).

Zeb2 transgenic expression in IECs induces intestinal barrier
disruption, bacterial infiltration and colon inflammation dur-
ing CRC development. The monolayered intestinal epithelium
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Fig. 1| Mono-allelic expression of Zeb2 in the mouse intestinal epithelium induces CRC. a, Quantitative PCR analysis for Zeb2 and eGFP in colonic
epithelial lysates from Zeb2"®%/+ (Tg/+) mice (n=7) and wild-type littermate controls (WT, n=7). b, Body weight of Tg/+ (n=28) and control mice
(n=27) as a function of time. ***P < 0.001. ¢, Kaplan-Meier survival curve of Tg/+ (n=25) and control mice (n=20). ****P < 0.0001. d, Clinical stool
scores of Tg/+ (n=28) and control mice (n=27) based on Hemoccult assay. ***P < 0.001. e, Representative endoscopic pictures of 5-, 10-, 15-, 20-
and 25-week-old Tg/+ (minimum n=6 mice per age) and control mice (minimum n=>5 mice per age). f, Colon pathology detected by endoscopy and
represented as MEICS scores. Each symbol represents one mouse. ***P < 0.001 (minimum n=5 mice per age for WT; minimum n=6 mice per age for
Tg/+). 8, Representative macroscopic images of the colon from a Tg/+ mouse and a control mouse (representative of n=10 mice of each genotype).
h, Representative macroscopic image of a colon from a Tg/+ mouse (representative of n=10 Tg/+ mice). Inset: magnified image of the area shown by

the red dashed box, depicting an invasive colon tumor. i, Representative Alcian Blue/PAS staining on colon sections of Tg/+ (top) and WT mice (bottom).
Images are representative of n=10 mice of each genotype. Scale bar: 1,000 um. j, Weights of Tg/+ and control colons. Each symbol represents one mouse.
***P=0.0007. All data are presented as means + s.e.m. Statistical significance was determined by two-tailed Mann-Whitney U-test (a and j), the residual

maximume-likelihood method in Genstat (b, d, f) or log-rank Mantel-Cox test (c).

forms a tight physical barrier separating large amounts of com-
mensal bacteria from underlying immune cells, ensuring intestinal
immune homeostasis. Loss of barrier integrity allows translocation
of microbes and their products across the epithelial lining, which
activates underlying immune cells to mount local inflamma-
tory responses. Structural intestinal barrier instability can lead to
continuous exposure to bacterial products and chronic mucosal
inflammation, which is now widely accepted to facilitate neoplastic
transformation of the intestinal epithelium”-*.

To analyze the stability of the intestinal barrier in the pheno-
type of Zeb2™¢T¢* mice, we assessed barrier permeability by oral
gavage of fluorescein isothyocyanate (FITC)-labeled dextran and
measurement of fluorescence in serum 4h after FITC-labeled
dextran administration. Surprisingly, and already at young age,
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FITC-labeled dextran translocation into the circulation was
observed in Zeb2™“™¥* mice, but not in control littermate mice,
demonstrating intestinal barrier disruption in Zeb2™¢T¢* mice
(Fig. 3a). Next, we performed bacterial 16S fluorescence in situ
hybridization (FISH) on Carnoy-fixed colon samples to visualize
the bacteria-mucus-epithelium interface. Intestinal bacteria are
usually separated from the intestinal epithelium by an impermeable
inner mucus layer*. Colon tissues of young (7-week-old; precan-
cerous stage) Zeb2™T¢* mice display an inner mucus layer that is
abnormally thin and discontinuous, compromising the spatial seg-
regation of bacteria from the epithelial surface, and allowing bacte-
rial mucosal association and infiltration (Fig. 3b).

Epithelial barriers depend on cell-cell interactions and the
activity of intercellular junctions for permeability control. Indeed,
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Fig. 2 | Zeb2"“™¢/+ mice develop severe pathology in the colon but not in the small intestine. a, Representative images of colon sections of 5-week-old
Tg/+ and control mice, showing early stages of pathology (representative of n=>5 mice of each genotype). Scale bars: 200 um. b, Top: hematoxylin and
eosin-stained sections from the colons of 30- to 34-week-old Tg/+ mice (n=7), showing multicentric invasive adenocarcinoma in a background of
atypical mucosal hyperplasia with multifocal intraepithelial neoplasia and intramucosal carcinoma (invasive fronts and transmural lesions are marked
with an arrowhead). Bottom: magnified images of the areas shown by the red dashed boxes, showing transmural epithelial invasion. The intramucosal
carcinoma is characterized by tumultuous proliferation of irregular glandular units and of the invading adenocarcinomatous component, with abundant
mucus collection and transmural infiltration of the intestinal wall. Scale bars: 1,000 um (main) and 200 um (inset). ¢, Representative images of colon
sections of Tg/+ (n=5) and control mice (n=5), showing the expression of eGFP, the presence of mucus (visualized by Alcian Blue/PAS staining), cell
proliferation (Ki67), and Stat3 and Smad3 phosphorylation. Scale bars: 100 pm. H&E, hematoxylin and eosin. d, Quantification by flow cytometry of the
number of Ki67*EpCam* epithelial cells in colon tissue lysates of Tg/+ (n=5) and control mice (n=5). ***P<0.001. e, Quantitative PCR analysis for CD44
in colonic epithelial lysates from Tg/+ (n=8) and control mice (n=8). f, Representative images of colon sections of Tg/+ (n=>5) and control mice (n=5)
stained for CD44. Scale bar: 100 um. g, Representative images of sections from the small intestines of Tg/+ (n=5) and control mice (n=5). Scale bars:
200 um. h, Quantification by flow cytometry of the numbers of Ki67+EpCam* epithelial cells in tissue lysates from the small intestines of Tg/+ (n=>5) and
control mice (n=5). All data are presented as means + s.e.m. Statistical significance was determined by a two-sided Student's t-test (d), or two-tailed

Mann-Whitney U-test (e).

a downregulation of the tight junction protein zona occludens 1
(ZO-1) can be demonstrated in colon tissues of Zeb2™¢1¢+ mice. In
control mice, ZO-1 anchored membrane proteins to the cell cyto-
skeleton and could be visualized by a tight honeycomb-like stain-
ing pattern (Fig. 3c). However, no such staining pattern could be
observed in Zeb2-expressing tumor tissue, indicating loss of epithe-
lial cellular junction stability (Fig. 3c). In contrast, and complemen-
tary with its function in EMT, Zeb2 expression in Zeb2"™ ¥+ mice
induced the upregulation of the mesenchymal markers fibronectin
and vimentin in colonic lysates (Fig. 3d). In agreement, inducible

expression of ZEB2 in the CRC cell line DLD-1 induced marked
loss of cell adhesion molecules involved in tight and gap junctions
(Extended Data Fig. 5).

Since no pathology could be observed in the small intestine of
Zeb2™T¢+ mice (Fig. 2g and Extended Data Fig. 3), we also quan-
tified expression of tight junction proteins and desmosomal pro-
teins in the small intestine of Zeb2™ "¢+ mice. While most of these
proteins showed a trend towards reduced expression, Cldn-4 and
Dsc-3 were substantially downregulated in the small intestine of
Zeb2™<Tg+ mice compared with control mice (Extended Data Fig. 6).
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Fig. 3 | Zeb2 transgenic expression in IECs induces intestinal barrier disruption, bacterial infiltration and colon inflammation. a, Intestinal permeability
assay using FITC-labeled dextran in 7-week-old (left) and 14-week-old (right) Tg/+ (n=7) and control mice (n=6 and 4, respectively). Each symbol
represents one mouse. Both datasets are representative of two independent experiments. b, Immunofluorescence staining for the mucus UEAT1 lectin and
16S bacterial FISH on colon sections from 7-week-old Tg/+ and control mice (representative of n=6 mice of each genotype). Inset: magnified image of the
area shown by a white dashed box, showing penetration of bacteria into the crypt region. Scale bars: 100 um. ¢, ZO-1 immunostaining on colon sections
from 25-week-old Tg/+ and control mice (representative of n=4 mice of each genotype). Scale bars: 20 um. d, Quantitative PCR analysis for vimentin
and fibronectin on IEC colon lysates from Tg/+ (n=8) and control mice (n=8). e, Immunostaining on colonic sections of Tg/+ and control mice for
CD45+ leukocytes, CD3* T cells and F4/80* macrophages (representative of n=>5 mice of each genotype). Scale bars: 100 um. f, Serum levels of CXCL1
in Tg/+ (n=11) and control mice (n=10). g, Heatmap representing log,-transformed quantitative PCR immune panel expression analysis on colon lysates
from Tg/+ (n=6) and control mice (n=4). The log, (fold-change values) and the color scale are shown at the right of the heat map. h, Quantitative PCR
analysis for inflammatory cytokines TNF, IL-1B, IL-6 and A20 (Tnfaip3) measured in the colon lysates from Tg/+ (n=8) and control mice (n=38). All data
are presented as means + s.e.m. Statistical significance was determined by two-tailed Mann-Whitney U-test (a, d, f and h).
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These data show that although barrier integrity is affected by Zeb2
expression, neither inflammation nor tumor pathology develops in
the small intestine of Zeb2'™¢*¢*+ mice, probably due to the absence
of sufficient numbers of bacteria in the small intestine.

Histological examination of colon sections revealed the presence
of large numbers of immune cells infiltrating the colonic mucosa
(Fig. 2a,b and Extended Data Fig. 2). To visualize the immune
cell infiltrates in the colons of Zeb2™< ¢+ mice, we performed a
CD45 immunostaining and were able to confirm immune cell infil-
trates in colonic sections of Zeb2™"#*+ mice (Fig. 3¢). Furthermore,
F4/80 staining revealed the presence of large numbers of macro-
phages in sections from the colons of Zeb2™"¢*+ mice (Fig. 3e),
but only small numbers of CD3* T cells (Fig. 3e). Also, high
levels of CXCL1 (also known as KC) could be detected in the
sera of Zeb2™“'¥* mice (Fig. 3f). CXCL1 is mainly expressed by
macrophages, neutrophils and epithelial cells and acts as a potent
neutrophil chemoattractant’’. Next, using an extensive quantita-
tive reverse transcription PCR-based immune array for inflamma-
tory mediators, we confirmed an inflammatory gene signature in
Zeb2™T¢+ tumor tissue, demonstrating high expression of vari-
ous immune and inflammatory genes in Zeb2¢T¢* colon tissue
compared with control tissue (Fig. 3g). Quantitative PCR analysis
also confirmed enhanced expression of the prototype inflamma-
tory cytokines tumor necrosis factor (TNF), interleukin-1p (IL-1pB)
and IL-6, and of the nuclear factor-kB (NF-«B) response gene A20
(Tnfaip3), in colonic lysates of Zeb2™¢"¢* mice relative to control
lysates (Fig. 3h).

Immune profiling of myeloid and T cell compartments in
colon tissue using flow cytometry revealed strong accumulation
of mainly myeloid cells, including neutrophils, monocytes, mac-
rophages, dendritic cells and eosinophils in the colonic mucosa
of Zeb2"™CT¢* mice, as shown on t-distributed stochastic neighbor
embedding (t-SNE) plots and quantification of specific myeloid
subsets (Fig. 4a,b). Conversely, we found reduced levels of CD8*
T cells, reduced Ty1 (CD4*T-bet") and increased regulatory T cell
levels (CD4*FoxP3") in colon lamina propria of Zeb2“T¢* mice
(Fig. 4a,b). CRCs characterized with high myeloid cell and low T cell
infiltrates correlate with worse disease outcome and immunotherapy
response*~**. To evaluate the tumor-promoting role of myeloid cells
in Zeb2™Te mice, we treated mice with GR-1-depleting antibod-
ies. Antibody-mediated depletion of GR-1* myeloid cells induced
significant reduction in lamina propria neutrophils (Fig. 4c), and
induced significant protection from CRC development, as shown
by endoscopic and histological analysis (Fig. 4d—f). These data indi-
cate that the myeloid cell compartment significantly contributes to
tumor development in Zeb2"™¢"¢+ mice.

Together, our data show that Zeb2™C'®* mice display a loss
in intestinal barrier integrity, which allows penetration of micro-
bial products into the underlying tissue. Loss of barrier stabil-
ity and bacterial translocation in Zeb2™"¥* mice induces strong
local myeloid immune cell infiltration and inflammatory cytokine
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production, which installs a state of chronic inflammation known to
facilitate neoplastic transformation.

Zeb2 IEC transgenic mice are characterized by microbial dys-
biosis. Loss of mucosal barrier integrity and microbial mucosal
penetration in young Zeb2™¢'¢* animals (Fig. 3) suggests that
the microbiota play a role in the development of chronic mucosal
inflammation and colon carcinoma. To characterize the microbiota
composition in Zeb2"™¥* mice versus wild-type littermate control
mice, we performed 16S ribosomal RNA and ITS2 gene amplicon
sequencing from stool samples of 25-week-old mice, to examine
the bacterial and fungal community structure, respectively. By
exclusively using heterozygous breeding couples and cohousing of
the different genotypes, breeding and caging effects on the micro-
biota can be excluded. Regarding the bacterial diversity, Zeb2"<T¢'*
mice displayed increased a-diversity at the genus level compared
with wild-type littermate controls (Fig. 5a). The B-diversity analysis
showed two distinct communities between wild-type and Zeb2!'=¢- T8+
mice (Fig. 5b,c). These communities were also different from blank
controls (data not shown), ruling out the possibility of any major
contamination event during the generation of the data. To further
explore key phylotypes that may contribute to the observed differ-
ences in microbial communities, linear discriminant analysis effect
size (LEfSe) analysis was performed. The Zeb2™=T¢+ fecal micro-
biota was characterized by a lower abundance of the $24-7 family
and the Lactobacillus and AFI2 genera. Conversely an increase
was observed in several taxa including: RF32 and Bacteroidales
orders; Clostridiaceae, Desulfovibrionaceae, Enterobacteriaceae
and Helicobacteraceae families; Bacteroides, Prevotella, Turicibacter,
Parabacteroides, Enterococcus and Coprobacillus genera; and
Bacteroides acidifaciens, Bacteroides distanosis and Akkermansia
muciniphila species (Fig. 5c,d and Extended Data Fig. 7). In
colonic mucosal samples, the same dysbiotic trends were observed:
increased bacterial diversity in Zeb2"™¢"¥* mice (Extended Data
Fig. 8a) and differences in bacterial community structure (Extended
Data Fig. 8b). We again identified a decreased abundance of the
Lactobacillus genus and an increased abundance of the Helicobacter
genus in the colonic mucosa of Zeb2"™"¢* mice (Extended Data
Fig. 8c-e). In contrast with bacterial communities, we found no
differences in fungal a- and p-diversity between genotypes in feces
(Extended Data Fig. 8f,g). Taken together, these results showed that
Zeb2™C ¥+ mice at the age of established disease are characterized
by marked bacterial dysbiosis.

The intestinal microbiota is required for CRC development
in Zeb2 IEC transgenic mice. To determine the extent to which
commensal intestinal microbes contribute to CRC development in
Zeb2™CT¢*+ mice, we depleted the resident microbiota by treating
these mice with a cocktail of broad-spectrum antibiotics (ampi-
cillin, ciprofloxacin, metronidazole and vancomycin) from wean-
ing age onwards. Interestingly, antibiotic treatment completely

>

>

Fig. 4 | Myeloid cell infiltrates contribute to CRC in Zeb2 IEC transgenic mice. a,b, t-SNE plots showing myeloid (blue: macrophages; yellow: monocytes;
dark green: neutrophils; pink: dendritic cells; light green: eosinophils) (left) and T cell infiltration (blue: CD4+*FOXP3*; pink: CD4+T-bet*; green: CD8*)
(right) in 16-week-old Tg/+ (n=6) versus wild-type mice (n=6) (a), and corresponding quantifications of colonic lamina propria leukocyte subsets by
flow cytometric analysis (b). Each symbol represents one mouse. ¢, Flow cytometry analysis confirming GR-1* cell depletion in the colons of wild-type

and Tg/+ mice after treatment with neutralizing anti-GR-1 (a-GR-1; n=3 mice) versus isotype control antibodies (con; n=3 mice). Lamina propria cells
were stained with either anti-Ly6G and anti-Ly6C antibodies or with an anti-GR-1 antibody. The experiment was performed twice with similar results. Each
symbol represents one mouse. d, Representative Alcian Blue/PAS-stained sections from the colons of 8-week-old Tg/+ mice treated with neutralizing
anti-GR-1 or isotype control antibodies. Scale bars: 200 um. Images are representative of two independent experiments with similar results.

e, Representative endoscopic images of 8-week-old Tg/+ mice treated with neutralizing anti-GR-1 or isotype control antibodies. Images are representative
of two independent experiments with similar results. f, Colon pathology in 8-week-old Tg/+ mice treated with neutralizing anti-GR-1 (n=8 mice) or
isotype control antibodies (n=8 mice), detected by endoscopy and represented as MEICS scores. Data from two independent experiments were

pooled. Each symbol represents one mouse. All data are presented as means + s.e.m. Statistical significance was determined by two-sided Student's t-test

(b, candf).
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prevented CRC development and lethality in Zeb2™<T¢* mice
(Fig. 6a). No CRC pathology relating to loss of body weight (Fig. 6b),
presence of fecal blood or diarrhea (Fig. 6¢), changes in colon appear-
ance and weight (Fig. 6d,e), expression of inflammatory markers
(Fig. 6f), colon pathology based on colonoscopy (Fig. 6g), murine
endoscopic index of colitis severity (MEICS) analysis (Fig. 6h) or
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histology (Fig. 61) could be detected in antibiotic-treated Zeb2=<T¢/*
mice, in contrast with non-treated Zeb2™ "¢+ mice, which all devel-
oped CRC. Although antibiotic-treated Zeb2"“"¢* mice are com-
pletely protected from the development of CRC, they still presented
intestinal barrier leakage, comparable to the non-treated Zeb2!E¢-T¢'+
mice (Fig. 6j). This suggests that cell-intrinsic effects resulting from
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Fig. 5 | Microbiota dysbiosis in Zeb2 IEC transgenic mice. a,b, Altered bacterial diversity/community structure in fecal samples from 25-week-old
wild-type (green; n=21) and Tg/+ mice (red; n=34). In a, a-diversity was measured using the Shannon diversity index at the genus level (P=3.5x10-%
two-sided Wilcoxon test). Each box represents the third (upper) and first (lower) quartiles. Lines inside the boxes represent median values. In b,
B-diversity is represented by a principal coordinates analysis of Bray-Curtis dissimilarity distances of bacterial composition. ¢,d, Differentially abundant
taxa between wild-type and Tg/+ mice. ¢ shows an LEfSe cladogram of differentially abundant taxa in fecal samples from WT (green; n=21) and Tg/+
mice (red; n=34). d shows linear discriminant analysis (LDA) scores of differentially abundant taxa combined with multiple testing corrections (analysis
associated to €): MaAsLin test (P,;; < 0.05) and t-test with false discovery rate correction (*P,; < 0.05). Letters before underscores show the taxonomic

rank: ¢, class; f, family; g, genera; o, order; p, phylum; s, species.

transgenic Zeb2 expression directly impact on intestinal barrier
stability, but are not sufficient to drive hyperproliferation or malig-
nant transformation of the intestinal epithelium in the absence of
the microbiota. In addition to treating mice with a four-component
broad-spectrum antibiotic cocktail, we treated Zeb2™T¢* mice
with selective antibiotics to kill either Gram-positive (vancomy-
cin) or Gram-negative (aztreonam) bacteria, from weaning age
onwards. Interestingly, only vancomycin treatment provided pro-
tection against CRC development in Zeb2™¢T¢* mice, suggesting
that Gram-positive bacteria drive the pathology in Zeb2™< ¢+ mice
(Extended Data Fig. 9).

To rule out any side effect of antibiotics that may affect CRC
development, Zeb2™¢T¢* mice were rederived under germ-free
conditions by embryo transfer in axenic recipient mice, and raised
under germ-free conditions. Germ-free Zeb2"“"¢* mice were com-
pletely protected from CRC development and reached old age with-
out exhibiting any intestinal abnormality (Fig. 7a-c and Extended
Data Fig. 10). Also, germ-free Zeb2™“"¢* mice retained increased
intestinal barrier permeability but did not display inflammatory
gene expression in the colon (Fig. 7d,e). Collectively, these data
show that Zeb2 expression in IECs causes barrier destabilization
independent of the intestinal microbiota. However, the intestinal
microbiota is required to cause colonic mucosal inflammation and
subsequent CRC development in Zeb2™ "¢+ mice.

In conclusion, we hypothesize that infiltration of commensal
bacteria and their molecular products, caused by a more perme-
able epithelial barrier, is necessary to drive chronic inflammation

and IEC malignant transformation, initiating invasive colon cancer
development in Zeb2™¢T¥*+ mice.

Intestinal epithelial Zeb2 expression is associated with human
CRC. The consensus molecular subtype (CMS) represents a robust
classification system for CRC stratification, in which CMS4 is char-
acterized by the enrichment of mesenchymal markers®. We analyzed
bulk gene expression profiles of tumor tissue from public online
expression datasets comprising >3,500 patients with CRC*.
Unsupervised hierarchical clustering analysis showed clear segrega-
tion of the main CMS subtypes, including CMS4, which was char-
acterized by high expression of EMT regulators including ZEBI,
ZEB2, SNAI1/SNAIL and SNAI2/SLUG (Fig. 8a). Remarkably, sev-
eral of the highly expressed immune genes in Zeb2™¢#*+ mouse
colon tissue were also prominently expressed in human CMS4 CRC
(including Cxcl5, Ptgs2/Cox2, Cxcll3, C5ARI, CCL2, CD40 and
CCRY7; Figs. 3g and 8a). ZEB2 expression, along with other mesen-
chymal markers in CRC tumors, is mainly attributed to infiltrating
stromal and immune cells rather than to epithelial cells undergo-
ing EMT. This observation is supported by transcriptome datasets
on human colon cancer'~*. However, although they are masked
by strong mesenchymal cell infiltration, EMT mechanisms may
still contribute to CRC in humans. We evaluated ZEB2 expression
in mucosal biopsies of patients with CRC of different CMS classes,
and could demonstrate that in the majority of all analyzed biopsies
ZEB2 was expressed in the intestinal epithelium, particularly at
invasive sites (Fig. 8b), in agreement with previous observations'®.
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Fig. 6 | Microbiota dependency for CRC development in Zeb2 IEC transgenic mice. a, Kaplan-Meier survival curves of antibiotic-treated (ABX) Tg/+ mice
(n=10) and untreated Tg/+ controls (n=6). **P=0.0081. b, Body weights of ABX Tg/+ mice (n=10) and untreated Tg/+ controls (n=6) as a function
of time. ¢, Clinical stool scores of ABX Tg/+ mice (n=10) and untreated Tg/+ controls (n=6) based on Hemoccult assay. d, Representative macroscopic
images of the colons of ABX Tg/+ and wild-type control mice at the end of the treatment (left) and 30 weeks after cessation of antibiotics (right). Images
are representative of a minimum of n=4 mice per genotype. e, Colon weights of ABX Tg/+, untreated Tg/+ and ABX wild-type littermates at the end of
the treatment (left; n=4 mice per group) and 30 weeks after cessation of antibiotics (right; n="5 mice for wild type; n=4 mice for Tg/+). Each symbol
represents one mouse. ****P < 0.0001. NS, not significant (P=0,9882). f, Heatmap representing log,-transformed quantitative PCR expression analysis
on colon lysates from non-treated (—ABX) versus antibiotic-treated (+ABX) Tg/+ and wild-type control mice. The log, (fold-change values) and the color
scale are shown at the right of the heat map. g, Representative endoscopic pictures of 10-, 15-, 20-, 25- and 57-week-old ABX Tg/+ (n=10) and untreated
Tg/+ control mice (n=6). h, Colon pathology detected by endoscopy and represented as MEICS scores. Each symbol represents one mouse (n=10 mice
for wild type ABX and Tg/+ ABX; n=6 mice for Tg/+). ***P < 0.001. i, Representative hematoxylin and eosin-stained sections from the colons of ABX
Tg/+ and untreated Tg/+ mice 30 weeks after cessation of the treatment (representative of n=4 mice of each genotype). Scale bars: 200 um. j, Intestinal
permeability assay using FITC-labeled dextran in ABX Tg/+ (n=4) and ABX wild-type mice (n=4) 20 weeks after cessation of the treatment. Each
symbol represents one mouse. All data are presented as means + s.e.m. Statistical significance was determined by log-rank Mantel-Cox test (a), one-way
ANOVA with Tukey's correction (e), the residual maximume-likelihood method in Genstat (h) or two-tailed Mann-Whitney U-test (j).
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b, Representative hematoxylin and eosin-stained sections from the colons of 55-week-old germ-free wild-type and Tg/+ mice. Scale bar: 1,000 pm.

¢, Representative images of colon sections of 20-week-old germ-free wild-type and Tg/+ mice, showing normal cell proliferation (Ki67), CD44 expression,
Stat3 phosphorylation and Smad3 phosphorylation (representative of n=4 mice of each genotype). Scale bars: 100 um. d, Intestinal permeability assay
using FITC-labeled dextran in 12-week-old germ-free wild-type (n=5) and Tg/+ mice (n=5). Each symbol represents one mouse. Data are presented as
means + s.e.m. and were analyzed by two-tailed Mann-Whitney U-test. e, Heatmap representing log,-transformed quantitative PCR expression analysis

on colon lysates from 12-week-old specific pathogen-free (SPF) and germ-free WT and Tg/+ mice. The log, (fold-change values) and the color scale are
shown at the right of heat map.
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Fig. 8 | ZEB2 expression in human CRC. a, Heatmap depicting the results of hierarchical clustering of human CRC gene expression. Rows represent
patients (n=3,511); columns represent genes. Colors represent decreased (blue) or increased (red) normalized expression. CMS subtypes are denoted
on the right-hand side of the heatmap as colored bars. The dendogram scales correspond to average linkage of Pearson correlations as a similarity
measure (‘Corr."). b, ZEB2 expression in human CRC biopsies. Images are representative of immunofluorescence staining for ZEB2 (red) and an epithelial
pan-keratin marker (green) on colon sections from: (1) healthy colon with ZEB2 expression in lamina propria mesenchymal cells; (2) ZEB2-negative
colonic CMS2 adenocarcinoma; (3) and (4) ZEB2-positive colonic adenocarcinoma (CMS subtype unknown); (5) ZEB2-positive colonic CMS4
adenocarcinoma; and (6) ZEB2-positive colonic CMST adenocarcinoma. Scale bars: 100 um (n=4 samples).
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In contrast, ZEB2 expression was absent in the epithelium of healthy
tissue sections, and restricted to mesenchymal cells in the lamina
propria (Fig. 8b).

Together, we conclude that ZEB2 expression is prominent in the
colon epithelium of human patients with CRC, and demonstrate
profound similarities between human CRC and the Zeb2®cT¢*
mouse model in terms of expression profiles, immune components
and clinical CRC manifestation.

Discussion

CRC is a devastating and deadly disease, with increasing incidence
in Western society, and which develops in response to genetic,
immunological and environmental cues. High ZEB2 expression has
been demonstrated in many CRC cell lines, and the expression of
ZEB2 was shown to accelerate tumor growth and induce metasta-
sis in xenotransplantation models, whereas ZEB2 silencing impairs
tumor growth'>'®. Importantly, ZEB2 expression in human tumor
colonic epithelium was shown by immunohistochemistry, and was
apparent in over 40% of all CRC samples analyzed'®. Epithelial ZEB2
expression was associated with poor oncologic outcome and distant
recurrence, and was suggested as a novel biomarker for patient strat-
ification. Using human CRC tissues from different CMS subtypes,
here we confirmed prominent ZEB2 expression not only in the stro-
mal tissue fraction, but also in the intestinal epithelium. Moreover,
we now prove that intestinal epithelial Zeb2 expression in mice is
sufficient to drive invasive CRC development, which we demon-
strate to depend on microbiota-host interactions, since antibiotic
treatment or germ-free rederivation completely protects Zeb2"¢-T¢/+
mice from CRC development. Hence, we propose a model in which
Zeb2-mediated partial mesenchymal reprogramming of epithelial
cells, in combination with host responses to the resident microflora
upon barrier destabilization, synergistically drives the develop-
ment of invasive and lethal CRC development in mice. In striking
contrast with the colon cancer phenotype, no abnormalities were
observed in the small intestines of Zeb2"¢"¢* mice. This obser-
vation was in line with the requirement of intense epithelium-
microbiota interactions for tumor development, since bacteria
reach much higher densities in the colon compared with the small
intestine. Finally, we also demonstrated that orthotopic transplan-
tation of Zeb2 transgenic tumor tissue into immunocompromised
mice could induce the formation of small Zeb2 transgenic lesions.
However, these lesions did not evolve to the characteristic aggres-
sive CRC that was observed in Zeb2™¢"¢* mice, suggesting that the
inflammatory context drastically amplifies the tumor-promoting
potential of these Zeb2-expressing transplants, reinforcing a syn-
ergistic microbiota-dependent inflammation/EMT model of how
Zeb2 promotes tumorigenesis.

CRC is typically considered to arise from adenomatous precur-
sors that develop into carcinomas through progressive accumulation
of gain-of-function mutations in oncogenes and loss-of-function
mutations in tumor suppressor genes’. However, in our model,
increased expression of Zeb2 in IECs was sufficient to induce the
spontaneous development of CRC, in the absence of additional
CRC-inducing mutations. Indeed, we could not identify mutations
in oncogenes or tumor suppressor genes linked to CRC nor other
genomic defects based on specific hot-spot mutation analysis and
shallow whole-genome sequencing of Zeb2™¢"¢* tumors. This
observation is of high clinical relevance and proves that the classical
progressive adenoma—carcinoma cascade can be bypassed by con-
ditions that lead to aberrant epithelial Zeb2 expression. However,
deep sequencing and analysis for epigenetic modifications should
be performed to rule out the involvement of genetic and epigenetic
alterations in the development of CRC in Zeb2™"¢* mice.

Given the necessity of host-microbiota interactions for the
development of spontaneous CRC in Zeb2 transgenic mice, this
CRC mouse model represents a unique tool with which to study
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interactions between the intestinal microbiota, host immunity
and CRC development. Indeed, accumulating data show that the
intestinal microbiome strongly influences colon cancer develop-
ment in humans**. A variety of gut microbial species, including
Fusobacterium and Bacteroides fragilis, are known to trigger inflam-
matory pathways and oncogenic signaling, promoting CRC develop-
ment and metastasis. Strikingly, recent data indicate that microbiota
components can drive metastasis by traveling along tumor cells to
distant sites’®. Moreover, the composition of the microbiome was
recently shown to drastically influence the efficacy of anti-cancer
therapy*’-"%. Hence, it will be highly interesting to define distinct
bacterial classes that regulate CRC development in Zeb2™T¢+ mice.
The identification of these species and their metabolites will be cru-
cial to better understand the mechanisms behind CRC and the pos-
sibilities to treat the disease.

Although many studies have shown that intestinal barrier dis-
ruption and chronic inflammation are associated with CRC,
the Zeb2™™¢ mouse model goes beyond that association. In the
Zeb2™C"e model, an epithelial-restricted initiating event induces
barrier defects, inflammation and a very fast, fully penetrant and
aggressive CRC, which develops independent of exogenous carcino-
gens or additional CRC-associated genetic mutations. The classic
azoxymethane/dextran sodium sulfate model of inflammation-
associated CRC crucially relies on combining chronic dextran
sodium sulfate-induced inflammation with the azoxymethane car-
cinogen, indicating that chronic inflammation alone is not suffi-
cient to efficiently induce CRC development. Moreover, numerous
mouse models have been described in which an epithelial-restricted
defect leads to barrier destabilization and subsequent chronic
intestinal inflammation, such as in IEC-specific NEMO-, FADD-,
caspase-8-, RIPK1- or XBP1-deficient mice>*->*. While all of these
models display barrier loss and intestinal inflammation associ-
ated with increased regenerative epithelial proliferation, none of
these mouse models spontaneously develops intestinal tumors,
demonstrating that barrier loss and chronic intestinal inflamma-
tion do not automatically induce carcinogenesis but require addi-
tional tumor-promoting factors. This study identifies epithelial
Zeb2 expression as such a CRC-promoting factor. Although CRC
in Zeb2"™<'¢ mice does not involve genetic mutations in the typical
human CRC-associated genes, we believe this model is nonethe-
less very relevant for human CRC, since epithelial Zeb2 expression
could be confirmed in human CRC biopsies.

In conclusion, we have identified a novel CRC-promoting mech-
anism that depends on synergistic interactions between EMT-prone
epithelial cells, the intestinal microbiota and the host immune
system. Epithelial Zeb2 initiates loss of epithelial differentiation
inducing barrier instability, bacterial infiltration and mucosal
inflammation. In the absence of bacteria and subsequent inflam-
mation, partial EMT is not sufficient to induce CRC development,
but only upon synergistic interactions with microbial and myeloid
immune components does aggressive invasive CRC develop. This
Zeb2™<Tg+ CRC mouse model represents a new and unique tool
with which to study the mechanisms by which the intestinal micro-
biota contributes to the development of CRC, and will enable the
validation of new microbiota-based therapeutic strategies for the
treatment of invasive CRC.

Methods

Animal experiments. Rosa26-Zeb2 mice have been generated and described
elsewhere". To induce specific and mono-allelic overexpression of the Zeb2
transgene in the intestinal epithelium, Rosa26-Zeb2 mice were crossed with
villin-Cre transgenic mice*'. Axenic Rosa26-Zeb2 mice were generated by embryo
transfer in axenic recipients at the germ-free mouse facility of the University of
Bern and were successfully imported into the germ-free facility of Ghent University
for further studies. Axenic mice were housed in positive-pressure flexible film
isolators (North Kent Plastics). All experiments were performed on mice of
C57BL/6 genetic background. Mice were housed in individually ventilated cages
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at the VIB Center for Inflammation Research in a specific pathogen-free animal
facility. All experiments on mice were performed according to institutional (Ethical
Committee for Animal Experimentation at Ghent University’s Faculty of Sciences
and Faculty of Medicine and Health Sciences), national and European animal
regulations.

Stool score. Occult or gross blood lost per rectum, and stool consistency were
determined weekly. The presence of fecal blood was determined using Hemoccult
SENSA (Beckman Coulter) analysis. For bleeding, a score of 0 was assigned for

no blood, a score of 2 was assigned for positive Hemoccult and a score of 4 was
assigned for gross bleeding. For stool consistency, a score of 0 was assigned for
well-formed pellets, a score of 2 was assigned for pasty and semiformed stools

and a score of 4 was assigned for liquid stools. These scores were added together
and divided by two, resulting in a total stool score ranging from 0 (healthy) to 4
(maximum pathology). To eliminate any diagnostic bias, mice were scored blindly.

Endoscopic analysis. High-resolution mouse endoscopy and MEICS scoring
was performed, as previously described™, using a Coloview endoscopic system
(Karl Storz). Mice were anesthetized with 2-2.5% isoflurane in oxygen during
the procedure.

Anti-GR-1 antibody treatment. Zeb2'"*"¢* mice were treated from weaning
age onwards by intraperitoneal injection every 2d with neutralizing anti-GR-1
antibodies (RB6.8C5 monoclonal antibody; 40 mgkg body weight), and clinical
pathology was scored by MEICS analysis, as described above.

Depletion of commensal intestinal bacteria. To deplete commensal bacteria, mice
were treated either with a cocktail containing 200 mgl~ ciprofloxacin (Sigma-
Aldrich), 1gl~" ampicillin (Sigma-Aldrich), 1gl~! metronidazole (Sigma-Aldrich)
and 500 mgl~! vancomycin (Labconsult) in drinking water, or with vancomycin
(500 mgl*; Labconsult) alone, or with aztreonam (0.1 gl™"; Cayman Chemical)
alone. The presence of colonic microflora was regularly determined by culturing
fecal pellets in both brain heart infusion (BD) and thioglycollate medium (Sigma-
Aldrich). To restore commensal microbiota, dirty bedding from control wild-type
(Rosa26-Zeb2'¢*villin-Cre**) mice was transferred into the cages.

FITC-dextran intestinal permeability assay. Intestinal permeability was assessed
by oral gavage of FITC-labeled dextran (Sigma-Aldrich). Mice were administered
600 mg FITC-labeled dextran per kg body weight in sterile phosphate-buffered
saline (PBS) by oral gavage. After 4h, blood was collected from the facial vein,
and FITC-labeled dextran levels were measured in 100 ul serum by fluorometry
(485nm). Mice were anesthetized during blood collection. Serial dilutions of
FITC-labeled dextrane in PBS were used each time to generate a standard curve,
and serum from PBS-gavaged mice was used as blanks.

Histology. Mouse organs were fixed in formalin (10%; neutral buffered; Sigma-
Aldrich). Samples were dehydrated, embedded in paraffin, sectioned at 5 um,
stained with hematoxylin and eosin and examined by light microscopy. For
combined Alcian Blue and periodic acid Schiff stainings, dewaxed sections were
rehydrated and incubated in Alcian Blue for 20 min. Sections were subsequently
washed with PBS before incubation in 1% periodic acid for 10 min followed by
incubation in Schiff’s reagent for 10 min. Sections were counterstained with Mayer’s
hematoxylin for 30s, washed and dehydrated before mounting with Depex. For
immunochemistry, sections were dewaxed and incubated in Dako antigen retrieval
solution, boiled for 20 min in a Pick cell cooking unit and cooled down for 2.5h.
Endogenous peroxidase activity was blocked with 3% H,0, for 30 min at room
temperature. Slides were incubated in blocking buffer (fish skin gelatin, bovine
serum albumin and 5% normal goat serum) for 1h at room temperature. Sections
with primary antibodies (rabbit anti-GFP (Cell Signaling; dilution 1/200), rabbit
anti-Ki67 (Cell Signaling; 1/1,000), rabbit anti-Phospho-Smad3 phospho$423-425
(Abcam; 1/500), anti-Phospho-Stat3 (Cell Signaling; 1/500), rat anti-CD45 (BD
Pharmingen; 1/50), rabbit anti-CD3 (Abcam; 1/500) and rat anti-F4/80 (Serotec;
1/100)) were incubated overnight in blocking buffer at 4°C. After excessive
washing, slides were incubated with secondary antibody (biotinylated anti-primary
antibody species), followed by avidin-biotin complexes, and peroxidase activity
was detected with diaminobutyric acid substrate (Vector Laboratories). Slides

were counterstained with Mayer’s hematoxylin, dehydrated and mounted with
Depex and imaged on an Olympus BX51 microscope or Zeiss Axio Scan Digital
Slide Scanner (Carl Zeiss Microscopy). For cryosections, tissues were fixed in 1%
paraformaldehyde and 4% sucrose overnight at 4 °C, followed by 20% sucrose until
sedimented, then embedded in O.C.T., stored at —80°C and sectioned at 8 um. For
immunofluorescence, slides were air-dried for 1 h at room temperature, rehydrated,
incubated in blocking buffer and stained overnight with rabbit anti-ZO-1 antibody
(Thermo Fisher Scientific; 1/100). After excessive washing, slides were incubated
with goat anti-rabbit 488 DyLight (1/300), counterstained with DAPI, mounted and
imaged on a Leica SP5 confocal microscope.

FISH. Stainings were performed as described previously®. Briefly, colon tissue
with fecal pellets was fixed in cold methanol-Carnoy fixative (60% methanol,

30% chloroform and 10% glacial acetic acid) overnight at 4°C. The next day,
tissues were transferred to pure methanol and processed using standard methods
and embedded in paraffin. Paraffin sections of 5um were processed for mucin 2
staining with fluorescein-labeled UEA1 lectin (Vector Laboratories), and bacteria
were detected with the universal bacterial FISH probe EUB338 (50-GCTGCCTC
CCGTAGGAGT-30), with 5'-Cy3 labeling. Slides were counterstained with DAPI,
mounted and imaged on a Leica SP5 confocal microscope.

Quantitative real-time PCR. Total RNA was isolated using TRIzol reagent
(Invitrogen) and an Aurum Total RNA Isolation Mini Kit (Bio-Rad), according
to the manufacturer’ instructions. The synthesis of complementary DNA
(cDNA) was performed using the iScript Advanced cDNA synthesis kit
(Bio-Rad) according to the manufacturer’s instructions. cDNA was amplified
for quantitative PCR in a total volume of 5 ul with a SensiFAST SYBR No-ROX
Kit (Bioline) and specific primers on a LightCycler 480 (Roche). The reactions
were performed in triplicates and the results were analyzed with gbase+
software (Biogazelle). As reference targets, Cox4il, Eeflal and Matr3 were

used (Cox4il forward: AGAATGTTGGCTTCCAGAGC; Cox4il reverse:
TTCACAACACTCCCATGTGCG; Eeflal forward: TCGCCTTGGACGTTCTT
TT; Eeflal reverse: GTGGACTTGCCGGAATCTAC; Matr3 forward: TGGACC
AAGAGGAAATCTGG; Matr3 reverse: TGAACAACTCGGCTGGTTTC). The
following mouse-specific primers were used: Tnf forward: ACCCTGGTATGAG
CCCATATAG; Tnfreverse: ACACCCATTCCCTTCACAGAG; IL1f forward:
CACCTCACAAGCAGAGCACAAG; IL1f reverse: GCATTAGAAACAGTCCA
GCCCATAG; IL6 forward: GAGGATACCACTCCCAACAGACG; IL6 reverse:
AAGTGCATCATCGTTGTTCATACA; vimentin forward: TGGTTGACACC
CACTCAAAA; vimentin reverse: GGTCATCGTGATGCTGAGAA,; fibronectin
forward: AGACTCGAGGCGGAAATTCG; fibronectin reverse: CCCTGCGACC
CTCAGAAGT; Zeb2 transgene forward: GATTACAAGGATGACGATGAGC; Zeb2
transgene reverse: CCTCCTGGGATTGGCTTGTT; eGEP forward: CGACAA
CCACTACCTGAGCAG; eGFP reverse: CTTGTACAGCTCGTCCATGC;
A20/Tnfaip3 forward: AAACCAATGGTGATGGAAACTG; A20/Tnfaip3 reverse:
GTTGTCCCATTCGTCATTCC; CD44 forward: TCTGCCATCTAGCACTA
AGAGC; CD44 reverse: GTCTGGGTATTGAAAGGTGTAGC; F11R forward:
ACCTTCTCATCCAGTGGCAT; F11R reverse: CAGAGGAGGGGACACTGATGC;
Cldn4 Forward: ACCCACCCACCTACCCTACTA; Cldn4 reverse: TCCCCAG
CCCTCCCCAAACCA; Cldn6 forward: TCCGAATATCCCACCAAGAAT; Cldn6
reverse: AGACAACCCCCAAACTACTCCG; Cldn7 forward: AGGGTCTGC
TCTGGTCCTT; Cldn7 reverse: GTACGCAGCTTTGCTTTCA; Ocldn forward:
CTGTGAAAACCCGAAGAAAGA; Ocldn reverse: ATGTCCAGGCTCCCAAG
ATAA; Tjp1 forward: TGGAATTGCAATCTCTGGTG; Tjpl reverse: TTTTCC
TGTAGCTGTCCTTCA; Dscl forward: CCTGGTTCTGGTATTATTTTG; Dscl
reverse: CCAGATTCACTTTGCCTACAG; Dsc3 forward: TGGGTCTTCAG
TTTTGTTGG; Dsc3 reverse: CGATGATCTTGTCTGCCTCTA; Dsg2 forward:
CCTTTCGGCATATTCGTCTTT; Dsg2 reverse: AGTCCAATGCATAGCCT
GTCA; Pkpl forward: GTCAAACGGCAGAAGTCG; and Pkp1 reverse:
TGGTGCCGTAGTTGTTGTAAT. In addition, the expression of 204 immune-
related genes was analyzed by quantitative PCR using gene-specific primers.
Expression values were measured in triplicates on a Roche LightCycler 480

and normalized to Cox4il, Matr3 and Sdha. The results are expressed as the

log, [fold-change] expression compared with respective control genotypes.

Quantification of cytokines. Mouse blood was collected postmortem by cardiac
puncture. Serum was isolated by 15 min cold centrifugation at maximum speed
and stored at —80°C. Mouse tissue was collected postmortem and snap-frozen.
Tissue was lyzed on a TissueLyser II (Qiagen) and proteins were isolated in NP-40
lysis buffer with protease inhibitors. Cytokines were quantified using the Bio-Plex
Pro kit (Bio-Rad) on the Bio-Plex 200 system (Bio-Rad).

Flow cytometry analysis of colonic leukocytes. Lamina propria isolation from
colonic samples of specific pathogen-free and germ-free Zeb2'""¢ mice and their
wild-type littermates was performed as described previously'. The isolated cells
were used for extracellular and intracellular staining for representative markers

of T and myeloid cells, in two separated panels (1 10° cells per sample), then
analyzed by flow cytometry using a five-laser - BD LSRFortessa. For the analysis
of the T cell compartment, the cells were stained with 7-AAD (1/1,000) for live/
dead separation and then extracellularly with the following antibodies: anti-CD3
APC (eBioscience; 17-0031-83; 1/100), anti-CD4 APC-Cy7 (BD; 552051; 1/200)
and anti-CD8 V500 (BD; 560776; 1/100). After the extracellular staining, the

cells were fixed/permeabilized using the Foxp3 Transcription Factor Staining
Buffer Set (eBioscience; 00-5523-00). Finally, the cells were stained intracellularly
with anti-Foxp3 Alexa Fluor 488 (eBioscience; 53-5773-82; 1/100), anti-T-bet
PE-Cy7 (eBioscience; 25-5825-82; 1/100), anti-RORyt BV421 (BD; 562894; 1/100)
and anti-GATA3 PE (eBioscience; 12-9966-42; 1/100). For the analysis of the
myeloid compartment, the cells were stained with Fixable Viability Dye eFluor
506 (eBioscience; 65-0866-14; 1/300) for live/dead separation and then only
extracellularly with the following antibodies: lineage (CD19 (eBioscience; 15-0193-
82; 1/400), CD3 (eBioscience; 15-0031-82; 1/200) and NK1.1 (BioLegend; 108716;
1/200) PE-Cy5), anti-CD45 Alexa Fluor 700 (eBioscience; 56-0451-82; 1/800),
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anti-Ly6G PercpCy5.5 (BD; 560602; 1/200), anti-Ly6C-APC (eBioscience;
17-5932-80; 1/200), or anti-GR-1 where mentioned (eBioscience; 45-5931-80;
1/200), anti-Siglec F BUV395 (BD; 740280; 1/200), anti-CD11b BV605 (BD;

563015; 1/600), anti-CD64 BV711 (BioLegend; 139311; 1/100), anti-F4/80 Biotin
(eBioscience; 13-4801-82; 1/100), Streptavidin BV421 (BioLegend; 405226; 1/1000),
anti-CD11c PE-eFluor 610 (eBioscience; 61-0114-82; 1/300) and anti-MHC Class

II APC-eFluor 780 (eBioscience; 47-5321-80; 1/800). The flow cytometry data were
analyzed using FlowJo software and a sequential gating strategy. The graphs showing
the percentages of myeloid cells represent proportions of every parent population.
In the analysis of T cells, CD8* are presented as a percentage of the CD3* parent
population, and CD4*T-bet* and CD4 Foxp3* are presented as percentages of the
CD4" population. Regarding the t-SNE plots, 5,000 cells per sample were exported
from six mice per genotype. The export was on the CD3* lineage for the T cells and
on the CD45" lineage (excluding CD19%, Nk1.1* and CD3" fraction) for the myeloid
cells. The samples were then concatenated and then analyzed with the t-SNE plugin
of Flowjo (10.6.1) (iterations = 1,000; perplexity = 30), so the representative plots
show a total of 30,000 cells. Following dimensional reduction, coordinates for each
t-SNE dimension (i.e., t-SNE1 and t-SNE2) in the two-dimensional plots were
determined and integrated as novel parameters.

Flow cytometry analysis for assessment of epithelial cell proliferation. Colonic
and ileal epithelial cells were isolated according to the following protocol. The colon
and ileum were flushed with PBS and cut into small pieces, followed by incubation
in dissociation solution (DMEM supplemented with 10% fetal calf serum, 0.20%
collagenase and 0.125 ulml~" dispase II) for 40 min, on a shaker at 37 °C. To obtain
single cells, the digested tissues were passed through a 100-um filter, followed by a
wash with DMEM + 10% fetal calf serum. The pellet was resuspended in 30% Percoll
and centrifuged for 5min at 400g. Red blood cells were removed by incubation with
ACK lysis buffer for 1 min at room temperature. Finally, cells were resuspended

in PBS, and 1x 10° epithelial cells per sample were stained with the antibodies
eFluor780 Lived/Dead staining (eBioscience; 65-0865-14), EpCam PE-Cy7 (G8.8;
eBioscience; 25-5791-80) and Ki67 eFluor660 (SolA15; eBioscience; 50-5698-82),
and analyzed with a BD five-laser LSRFortessa flow cytometer.

Microbiome analysis. A total of 55 fecal samples were collected from 25-week-old
wild-type and transgenic mice (34 and 21 mice, respectively). Mucosal colonic
tissues were also collected from the same mice near the tumor area. Fresh feces
and mucosal tissues were snap-frozen and immediately stored at —80 °C until

use. DNA was extracted using an RNeasy PowerMicrobiome kit (Qiagen), as
instructed by the manufacturer, but with modifications, including the addition of
10 min at 90 °C before vortexing and the exclusion of the DNase I step. No more
than ten samples were prepared at once, and each set of extractions included a
negative control (blank). To amplify the V4 region of the 16S ribosomal RNA
gene, the 341F and 805R primers were used (CCTACGGGNGGCWGCAG® and
GACTACHVGGGTATCTAATCC®, respectively). To amplify the ITS2 gene (only
in feces), the gITS7 and ITS4 primers were used (GTGAATCATCGARTCTTTG"
and TCCTCCGCTTATTGATATGC, respectively). Amplification, indexing and
Illumina MiSeq sequencing (2 X 250 base pairs (bp)) have been performed by
Biofidal, according to the manufacturer’s protocol. Overlapping paired-end reads
were merged and processed with a LotuS$ pipeline®, with clustering of sequences
into operational taxonomic units using the Greengenes (gg_13_5) database for
taxonomy assignation. Further analysis was performed using Phyloseq*. Except for
the a-diversity analysis, operational taxonomic units with an absolute abundance
of <0.01% were removed from the analysis. Graphs were done with ggplot2. The
LEfSe algorithm (http://huttenhower.sph.harvard.edu/galaxy) was performed in
combination with a multivariate analysis by linear models (MaAsLin) and a ¢-test
with false discovery rate correction.

RNA sequencing analysis of the DLD-1 CRC cell line. DLD-1 cells were
lentivirally transduced with a construct allowing doxycycline-inducible expression
of the EMT transcription factor ZEB2. Cells were stimulated with doxycycline
(1.5 ugml™") in RPMI growth medium supplemented with 10% fetal calf serum,
sodium pyruvate and non-essential amino acids. Total RNA was extracted from
DLD-1 cells using the NucleoSpin RNA Plus kit (Machery-Nagel) according to
the manufacturer’s instructions. The integrity of the samples was confirmed using
an Agilent Bioanalyzer 2100. The mRNA library was prepared with the QuantSeq
3’ mRNA FWD kit (Lexogen) followed by sequencing with the NextSeq 500
high-output kit (Illumina).

Orthotopic transplantation experiment. Single-cell solutions derived from tumor
tissue of the Zeb2™"¢"* mice (10° cells) were orthotopically inoculated in the
cecum of NSG mice (The Jackson Laboratory), together with 2 x 10° cells that were
injected subcutaneously in the same mice. These injections were done in a mixture
of 50%:50% Matrigel:serum-free medium. Mice were monitored on a weekly

basis by measuring the body weight, and twice a week by palpation, for a
subcutaneous tumor.

Shallow sequencing and hot-spot mutation screening. Tissues from 32-week-old
R26-Zeb2"* (n=4) and wild-type control littermates (n=2) were snap-frozen
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in liquid nitrogen and stored at —80 °C until genomic DNA extraction. Genomic
DNA was isolated using a QIAamp DNA Mini Kit (Qiagen) according to the
manufacturer’s instructions. Briefly, 25 mg tissue was homogenized in a TissueLyser
IT (Qiagen) for 2min at 15 Hz, followed by digestion with Protease K at 56 °C and
1,100 r.p.m. for 3h. RNA was digested with RNAse A (1 mgml~'; Invitrogen) and
genomic DNA was purified on manufacturer’s columns. The DNA concentration
and quality were measured on a NanoDrop (Thermo Fisher Scientific) and stored
at —20°C to avoid acidic hydrolysis. DNA from Zeb2 tumors was compared

with the corresponding colon region of a healthy wild-type littermate, and
internally with DNA isolated from the lungs. Shallow-depth whole-genome
sequencing of tumor and control DNA was performed using an Illumina

HiSeq 3000 instrument, starting from 200 ng input DNA. Tumor DNA was
sheared to 200 bp with a Covaris Ultrasonicator. Afterwards, library preparation
was performed with a NEXTflex Rapid DNA Sequencing Kit (BioScientific),
automated on a Hamilton STAR robot. Libraries were pooled to equimolar
concentrations and samples were pooled per lane on the HiSeq 3000. Data
analysis and visualization were performed with the online analysis suite Vivar®’.
Each genome profile (line view and chromosome view) was manually checked
for aberrations. In parallel, a hot-spot mutation analysis was performed. For this,
the most frequently observed mutations in patients with CRC were identified
using the Colorectal Cancer Atlas. Primers were designed spanning a region

of approximately 1,000 bp around the mutation in the Apc, Braf, Ctnnbl, Kras,
Nras, p53, Pik3ca and Pten genes. Genomic DNA was amplified with the Phusion
High-Fidelity DNA Polymerase kit (Thermo Fisher Scientific) according to the
manufacturer’s instructions, using the gene-specific primers. After purification
with the QIAquick PCR purification kit (Qiagen), the amplified region of interest
was sequenced and analyzed for the presence of gene mutations. The following
primers were used: Apc forward: GCTTCTGGCTTATCTTCA; Apc reverse:
GCTGGCAGAAGTTTATACA; Braf forward: CCCAGCAGAGTTAAAGTGTA;
Brafreverse: GCTTCTACCTTCTGAGTG; Ctnnbl1 forward: GCCTTTGTTC
TCTTCCCTT; Ctnnbl reverse: CGCGTCATCCTGATAGTTA; Kras forward:
GGGTAGGTGTTGGGATAG; Kras reverse: GGACTTTCTTTCTCTGTGG; Nras
forward: GCACTCATCTGCAAGGAA; Nras reverse: GCACGAACTTGTT
TACTG; p53 forward: GCCGAACAGGTGGAATAT; p53 reverse:
GGAAGGAGAGAGCAAGAG; Pik3ca forward: GGGAGTCACTGTTCTACTT;
Pik3ca reverse: GCTCACAACTAACCTGGA; Pten forward: GCAGTTCACAA
AAGTCCCA; and Pten reverse: GCCAACAAACTAAGGGTC.

Human CRC datasets and survival analysis. The human CRC expression profiling
dataset is a multi-cohort collection similar to what was used by Guinney et. al.”,

with additional datasets from the National Center for Biotechnology Information
Gene Expression Omnibus (GSE41258, GSE24551 and GSE87211) and ArrayExpress
(E-MTAB-863). Expression datasets were pooled after cohort-specific centering and
batch correction using naive RUV2 (ref. **). Hierarchical clustering was performed
using average linkage of Pearson’s correlation. CMS labels were generated using the
published CMS Classifier”.

Human tissue samples. For immunohistochemistry, colonic biopsies were
obtained from patients with CRC who had given written informed consent to
participate in the Institutional Review Board-approved Biobank of University
Hospitals Leuven, Belgium (S50887-ML4707).

Immunoflourescence with tyramide signal amplification. The following antibodies
were used to detect the respective proteins: anti-Zeb2 (rabbit, 1:900)* and anti-panCK
(mouse; 1:300; DAKO; M3515; clone AE1/AE3). The PerkinElmer Opal 4-Color
Manual IHC Kit (PerkinElmer/ Akoya; NEL810001KT) was used for the tyramide
signal amplification according to the manufacturer’s protocol. For introduction of
the secondary HRP, the Envision+/HRP goat anti-Rabbit (Dako Envision+ Single
Reagents; HRP; Rabbit; code K4003) was used for antibody raised in rabbit (Zeb2)
and the OPAL Polymer HRP Ms+Rb (Akoya/Perkin Elmer; ARH1001EA) was used
for the antibody raised in mouse (panCK). The various proteins were detected using
the OPAL 570 (Zeb2) and OPAL 690 (panCK) reagents. Images were acquired on the
Zeiss Axio Scan.Z1 using a X20 objective and ZEN 2 software.

Statistics and reproducibility. All repeated independent experiments showed
similar results. No statistical method was used to predetermine sample sizes,
and no data were excluded from the analyses. Data were analyzed using
GraphPad Prism 7 software. The results are expressed as means + s.e.m. For
survival data analysis, Kaplan-Meier estimates of the survivor function for
both the control and transgenic mice were calculated using survival time

data of individual mice. Differences in survival distribution between groups
were tested using the log-rank Mantel-Cox test. Bio-plex, quantitative PCR
and colon weight data were analyzed using unpaired, non-parametric Mann-
Whitney U-tests. Body weight, stool score and MEICS data over time were
analyzed as repeated measurements using the residual maximum likelihood as
implemented in Genstat version 19. Briefly, a linear mixed model of the form
response =y + genotype + time + (genotype X time) + (subject X time) was fitted
to the repeated measurements. The term subject X time represents the residual
error term with dependent errors because the repeated measurements are taken
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in the same individual, causing correlations among observations. Times of
measurement were set as equally spaced, and the best model for correlation on
repeated measurements (for example, uniform, autoregressive, antedependence

or unstructured) was selected based on the likelihood ratio test statistic and the
Akaike information criterion. The significance of genotype effects over time (that
is, genotype X time) and changes in differences between genotype effects over time
were assessed using an approximate F-test. For analysis of human colonic biopsies,
analyses were carried out using R version 3.5.0 (R Development Core Team), and
differential gene expression was assessed using the DESeq2 package.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

Statistical source data for Figs. 1-7 and Extended Data Figs. 1, 3 and 5-10 are
provided with the paper. RNA sequencing data on ZEB2-overexpressing DLD-1
cells have been deposited in the Gene Expression Omnibus under accession code
GSE148823. Sequencing data from the shallow whole-genome sequencing on
Zeb2™¢T¢"* and control colon tumor tissue have been deposited in the Sequence
Read Archive database under accession code PRINA626401. All other data
supporting the findings of this study are available from the corresponding author
on reasonable request.
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Extended Data Fig. 1| Expression of Zeb2 in the mouse intestinal epithelium. a, Schematic representation of the conditional ROSA26-based Zeb2
overexpression mouse model. The mouse Zeb2 open reading frame was targeted to the ROSA26 locus preceded by a floxed (fl) transcriptional stop
(PGK-Neo-3XpA) cassette and followed by IRES-EGFP reporter sequence. b, R26-Zeb2™/ mice were crossed with a Cre transgenic line under the control
of Villin promoter, generating R26-Zeb2™* villin-cre™* transgenic (Tg/+) mice and R26-Zeb2™'* villin-cre** (WT) controls. c-d, Kaplan-Meier survival
curve (c) and clinical stool score (d) of male (n=12 mice) and female (n=10 mice) Zeb2'*“/+ mice based on Hemoccult assay. Data are presented as
mean + SEM.
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Extended Data Fig. 2 | Histopathology of Zeb2"¢™/+ mice. a, Representative H&E stained colon section from wild-type control mouse showing normal
proximal colon (representative for n=10 mice). Left panel, magnification of boxed area. b, Representative H&E stained sections of Zeb2'® <™/ mouse
(representative for n=7 mice) demonstrating multicentric invasive adenocarcinoma in a background of atypical mucosal hyperplasia with multifocal
intraepithelial neoplasia and intramucosal carcinoma. Also sparse inflammatory cell infiltrates, predominantly lymphocytes and plasma cells, can

be observed in the lamina propria and submucosa. Left panel, higher magnification showing severe atypical hyperplasia/intramucosal carcinoma
characterized by tumultuous proliferation of irregular glandular units (upper), and of the invading adenocarcinomatous component characterized by
irregular glandular profiles with abundant mucus collection, transmural infiltration of the intestinal wall and spread along the mesenteric ligament (lower).
¢, PAS staining of section of distal colon and rectum of Zeb2'¥%/+ mouse (representative for n=7 mice). Abundant collection of PAS-positive mucus is
evident in the irregular neoplastic glandular units transmurally invading the intestinal wall and infiltrating along the mesenteric ligament. d, Macroscopic
view on proximal colon tissue dissected in 44-week old WT and Zeb2't“®/+ mice. e, Macroscopic dissected proximal colon in 31-week old Zeb2'®¢Te/+
mouse displaying transmural cancerous outgrowth.

NATURE CANCER | www.nature.com/natcancer



ARTICLES NATURE CANCER

Ki67 quantification CD44 quantification  p_stat3 quantification P-Smad3 quantification
oy 500 . W 0007 e . WT Wi 1500,
E 0] » « Tg Tg = : T — e
£ s 3 200 2000 g Tg
~aof ¥ s 1600 00574
0 - = — 200] T o - -
@ 2000 » i ) 3 A2
& w0 e Mool ¥ el I - ” e 7
> '] ' z . L
+ 0 —— 0 —r— o ’ ——r —
Muc Subm Musc Ser Muc Subm Musc Ser Muc Subm Musc Ser Muc Subm Musc Ser
b. WT Zeb2'EcTe/+ WT Zeb2'EcTe/+ d.

Ki67 quantification

'1 1 w o~ 10000 . M
B 3 E o] s = T
; 2 E 9
) ] % = = .I. ¥
= ) ] : 5 a®
o { A g
3 $ ; 4
E 3 1 3 a ©
St 5 Q@ 2000
1 ¥ E # ] >
£ s ! 8 o — s —
S| J 1 ¢ Muc Subm Musc Ser
o T e T v w T ™ T v a
w
Ki67
5 = E. A20 - Cfr\]!g“ = LysP : cD44
o = 20 < 1.5,
e §'  _ns g - 5% 5= 5 =
Q@ @ B s “1s 2
.9-.4 g 0 ] T g —l_ o 1.0 T
H a g 10 a. 10 a
2 X s % % % os
] L 05 ) 05 =
0 iy [ @ [
wr Ta/+ & 0o o oo o 0o @ 00 T =
eGFP TgH WT Tg/+ WT Tgi+ g
g © *% TNF IL1p - ngz c:-(]gs
- *x 2( S 204
R E 25 ns 5 3 S S .
g® == @ 20 @ T @ 15 2 15
s ol T 9?2 g o
x . a =% Q‘-O g 1.0
9 X 1.0 x X
T; o o e 0.5 @ o5
- 05 - - = 0
x o D [ ] D
o & 00 (4
wr Tgi+ & 00 wr Tok Wt Tgh 00 wr o

WT Tgi

Extended Data Fig. 3 | Zeb2"®™¢/+ mice develop severe pathology in colon but not in small intestine. a, Quantification of Ki67-, CD44-, P-Stat3- and
P-Smad3-positive cells in different regions of the colon (mucosa, submucosa, muscle or serosa) of 25-30-week old wild-type (WT) and Zeb2'¥"/+ mice
(Tg) (Ki67 Tg/+, n=9 mice and WT, n=6 mice; CD44 Tg/+, n=5 mice and WT, n=5 mice; P-Stat3 Tg/+, n=7 mice and WT, n=5 mice; P-Smad3 Tg/+,
n=6 mice and WT, n=3 mice). For each tissue region and mouse, 3 separate areas were analyzed and averages per mouse per region were plotted in
GraphPad Prism. Data are presented as mean + SEM. ** p<0.01, *** p<0.001, **** p<0.0001. Two way ANOVA, corrected for multiple comparisons using
Sidak test in GraphPad Prism. b, Representative FACS plots of Ki67+EPCAM+ cells in colon (left panel) and small intestine (right panel) in 5 week old
wild-type (WT) and Zeb2t™/+ mice. The experiment was performed twice with similar results. ¢, Quantitative PCR analysis for Zeb2 and eGFP in lysates
from the small intestine of Zeb2'®%/+ (Tg/+, n=6 mice) and wild-type littermate controls (WT, n=5 mice). Data are presented as mean + SEM and were
analyzed with two-tailed Mann Whitney test, p-value = 0.0043 for both. d, Quantification of Ki67-positive cells in different regions of the small intestine
of 25-30-week old wild-type (WT, n=4 mice) and Zeb2"+ mice (Tg, n=5 mice). For each tissue region and mouse, 3 separate areas were analyzed and
averages per mouse per region were plotted in GraphPad Prism. Data are presented as mean + SEM and were analyzed with two-way ANOVA with Sidak
correction. e, Quantitative PCR analysis for inflammatory markers (TNF, IL-1p, Cox2, Cxcl5 and A20), CD44, and Paneth cell markers (Crypt-1and LysP)
in lysates from the small intestine of Zeb2®“"/+ (Tg/+, n=6 mice) and wild-type littermate controls (WT, n=5 mice). Data are presented as mean + SEM
and were analyzed with two-tailed Mann Whitney test, p-value = 0.0087 for IL-1p and 0.0043 for Cox2; ns, non-significant.
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Extended Data Fig. 4 | Tumorigenic potential and copy number profiling of Zeb2 transgenic tissue. a, Orthotopic transplantation of intestinal tumor
cells from Zeb2 transgenic mice into the cecum of NSG mice. Zeb2 transgenic cells could be identified by immunohistochemical staining for the GFP
transgene. Scale bar: 200um; boxed area Scale bar: 100um. Data representative for one experiment on 5 NSG mice. b, Copy number analysis by shallow
whole genome sequencing of Zeb2'¥/+ colon tumor tissue (n=4 mice, lanes 3-6), normal lung tissue (n=2 mice, lanes 1-2) and normal colon tissue from
a wild-type littermate control mouse (lane 7). Genomic aberrations are positioned along the murine chromosomes and visualized in red for deletions and
blue for amplifications.
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Extended Data Fig. 5 | Induction of ZEB2 expression leads to a loss of cell adhesion complexes such as tight and gap junctions. RNA-Seq analysis on
Doxycycline (Dox)-inducible ZEB2-overexpressing DLD-1 colorectal cancer cell line clones. Data represents the mean centered rlog-transformed counts
(n=3 biological repeats).
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Extended Data Fig. 6 | Zeb2 expression and intestinal barrier integrity in the small intestine. Quantitative PCR analysis for expression of tight junction
proteins (Claudin-4, -6 and -7, Occludin, Tjp-1, F1IR/JAM-1) and desmosomes (Desmocollin-1 and -3, Desmoglein-2, Plakophillin-1) in lysates from the
small intestine of Zeb2'® %+ (Tg/+, n=6 mice) and wild-type littermate controls (WT, n=5 mice). Data are presented as mean + SEM and were analyzed
with two-tailed Mann Whitney test. *, p-value = 0.0173; ** p-value = 0.0043; ns, non-significant.
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Extended Data Fig. 7 | Microbiota dysbiosis in Zeb2'®"/+ mice. Abundance of significantly different taxa between wild-type (WT, n=21 mice) and
Zeb2"®/+ (Tg/+, n=34 mice) fecal samples based on MaAslin and t-test FDR correction analysis. The horizontal straight line indicates the group means
and the dotted line indicates the group medians.

NATURE CANCER | www.nature.com/natcancer



NATURE CANCER ARTICLES

a. R b. 0.4 f. 25 .
E250. _ :S;M
& 0.2 =
b22s- s §1s
3 @ %
3 2 ;
§200- 0.0 5
14 ~
B a Eos
- <-02 5
00 3
wr Tg+ 1 WT Toe
-04
025 0.00 025 050
Axis.1 [34.6%]
- d. 8- 06
C. - - WT
= —
= - /e 7 os
—& @
- e
— =
- ~ 00
- w
- R
— <03
L
-
— = 00 05
Axis.A [31.8%]
L]
-
-
-
-
-
=
-
-
-
-
-
-
W 59 [ Vermgomcroticess 4o -34-24
W 20: 0 Vernuomicrotisies.
e.
Re— Helicobacter
,; 1
4

A4 .Jw‘-n.- -

Extended Data Fig. 8 | Microbiota dysbiosis in Zeb2'®"¢/+ mice. a, b, Altered bacterial diversity/community structure in mucosal samples from 25
week-old wild-type (WT, in green, n=28 mice) and Zeb2"*“"/+ (Tg/+, in red, n=17 mice) mice. a-diversity measured by the Shannon Diversity Index at the
genus level (p= 0.1439, Welch two Sample t-test) (a). p-diversity represented by a PCoA of Bray-Curtis dissimilarity distances of bacterial composition
(b). ¢, d, Differentially abundant taxa between wild-type (WT) and Zeb2'®"/+ (Tg/+). Linear Discriminant Analysis Effect Size (LEfSe) cladogram of
differentially abundant taxa in mucosal samples from WT (in green, n=21mice) and Tg/+ (in red, n=34 mice) mice (¢). Linear Discriminant Analyis (LDA)
scores (d) of differentially abundant taxa combined with multiple testing corrections (analysis associated with Extended Data Fig. 8c): t-test with FDR
correction (*: padj <0.05) (no significant differences were identified based on MaAslin analysis). [phylum (p), class (c), order (o), family (f), genera (g),
species (s)]. e, Abundance of significantly different taxa between wild-type (WT) and Zeb2'®¢"/+ (Tg/+) mucosal samples based on t-test FDR correction
analysis. The horizontal straight line indicates the group means and the dotted line indicates the group medians. f, g, Mycobiota profiling in Zeb2'¥¢Te/+
mice. Fungal diversity/community (WT n=33 mice, in green, and Tg/+ n=22 mice, in red). a-diversity measured by the Shannon Diversity Index at the
genus level (p= 0.0717, Welch two Sample t-test) (f). p-diversity represented by a PCoA of Bray-Curtis dissimilarity distances of fungal composition (g).
Each box represents the third (upper) and first (lower) quartiles. Lines inside the boxes represent the median.
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Extended Data Fig. 9 | ABX treated Zeb2'®“™8/+ mice are protected from CRC development. a, Clinical stool score of untreated (n=6 mice),
vancomycin-treated (n=6 mice) and aztreonam-treated (n=4 mice) Zeb2"*/+ mice based on Hemoccult assay. Data are presented as mean + SEM.
b, Colon pathology detected by endoscopy and represented as MEICS (murine endoscopic index of colitis severity) score. Each symbol represents one
mouse. Data are presented as mean + SEM. ¢, Colon histology of Aztreonam (left panel) and Vancomycin (right panel) treated Zeb2'®</+ mice by H&E

staining. Scale bar: 200um. Representative images from one experiment with n=4 mice.
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Extended Data Fig. 10 | Axenic Zeb2'®™/+ mice are protected from CRC development. a, Quantification of Ki67-, CD44-, P-Stat3- and P-Smad3-positive
cells in different regions of the colon (mucosa, submucosa, muscle or serosa) of 20 week-old germfree wild-type (WT) and Zeb2'® "8+ mice (Tg). For each
tissue region and mouse, 3 separate areas were analyzed and averages per mouse per region were plotted in GraphPad Prism. Data are presented as mean

+ SEM and were analyzed with two-way ANOVA with Sidak correction (Ki67 WT, n=4 mice and Tg/+, n=5 mice; CD44 WT, n=4 mice and Tg/+, n=4 mice;
P-Smad3 WT, n=3 mice and Tg/+, n=6 mice). b, Flow cytometry analysis of colonic lamina propria immune cells in 12 week-old germfree WT (n=6 mice)
and Zeb2 e+ (n=6 mice). Data are presented as mean + SEM, two-sided student'’s t test. Each symbol represents one mouse.
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Antibodies

Antibodies used rabbit anti-GFP (Cell Signaling, #2596, dilution 1/200), rabbit anti-Ki67 (Cell Signaling, #12202, dilution 1/1000), rabbit anti-
Phospho-Smad3 phosphoS423-425 (1/500, Abcam, ab52903), anti-Phospho-Stat3 (Cell Signaling, #9145S, dilution 1/500), rat
anti-CD45 (BD Pharmingen, 560501, 1/50), rabbit anti-CD3 (Abcam, ab5690, 1/500), rat anti-F4/80 (Serotec, MCA497G, 1/100),
rabbit anti-ZO-1 antibody (1/100, ThermoFisher, 61-7300), neutralizing anti-GR1 antibodies (RB6.8C5 Mab, non commercial),
anti-CD3 APC (eBioscience, 17-0031-83, 1/100), anti-CD4 APC-Cy7 (BD, 552051, 1/200), anti-CD8 V500 (BD, 560776, 1/100), anti-
Foxp3 Alexa Fluor 488 (eBioscience, 53-5773-82, 1/100), anti-Tbet PE-Cy7 (eBioscience, 25-5825-82, 1/100), anti-RORgt BV421
(BD, 562894, 1/100) and anti-GATA3 PE (eBioscience, 12-9966-42, 1/100), Fixable Viability Dye eFluor™ 506 (eBioscience,
65-0866-14, 1/300), CD19 (eBioscience, 15-0193-82, 1/400), CD3 (eBioscience, 15-0031-82, 1/200), NK1.1 (Biolegend, 108716,
1/200) PE-Cy5], anti-CD45 Alexa Fluor 700 (eBioscience, 56-0451-82, 1/800), anti-Ly6G PercpCy5.5 (BD, 560602, 1/200), anti-
Ly6C-APC (eBioscience, 17-5932-80, 1/200), [or anti-GR1 where mentioned (eBioscience, 45-5931-80, 1/200)], anti-Siglec F
BUV395 (BD, 740280, 1/200), anti-CD11b BV60S (BD, 563015, 1/600), anti-CD64 BV711 (Biolegend, 139311, 1/100), anti-F4/80
Biotin (eBioscience, 13-4801-82, 1/100), Streptavidin BV421 (Biolegend, 405226, 1/1000), anti-CD11c PE-eFluor 610
(eBioscience, 61—114-82, 1/300), anti-MHC Class || APC-eFluor 780 (eBioscience, 47-5321-80, 1/800), EpCam PE-Cy7 (G8.8,
eBioscience, 1/400, 25-5791-80), Ki67 eFluor660 (SolA15, eBioscience, 1/200, 50-5698-82), anti-Zeb2 (rabbit, 1/900, non-
commercial) and anti-panCK (mouse, 1/300, DAKO, M3515, Clone AE1/AE3)

Validation All antibodies used have been obtained from commercial vendors (with the exception of the neutralizing anti-GR1 antibody and
the anti-ZEB2 antibody which has been validated for IHC on human samples). Validation information can be found on the
respective Vendor
websites.
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Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) DLD-1 cells were obtained from ATCC and lentivirally transduced with ZEB2cDNA using doxycyclin-inducible expression
system

Authentication DLD1 cell line from ATCC, not authenticated

Mycoplasma contamination Cells were tested negative for mycoplasma.

Commonly misidentified lines  pLD1 line not in ICLAC register
(See ICLAC register)

Animals and other organisms
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Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals C57BL/6J Rosa26-Zeb? transgenic mice (generated by the Geert Berx lab) were crossed with Villin-cre transgenic mice. Both male
and female mice, between 1 and 55 weeks of age, were used in these studies. NSG mice were obtained from The Jackson
Laboratory (NOD.cg-Prkdcscidll2rgtm1Wijl/SzJ).

Wild animals The study did not involve wild animals
Field-collected samples The study did not involve samples collected from the field.
Ethics oversight All experiments on mice were conducted according to institutional, national and European animal regulations. Animal protocols

were approved by the ethical committee of Ghent University Faculty of Sciences and Faculty of Medicine and Health Sciences
(EC2017-042)

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants

Policy information about studies involving human research participants

Population characteristics Colonic biopsies were obtained from CRC patients with following characteristics:
patient 1 : f, age 82y, stage IV, moderately differentiated adenocarcinoma, BRAF_exon15_p.Val600Glu;
TP53_exon7_p.Arg248GIn; TP53_exon5_p.Argl75His; PIK3CA_exon2_p.Arg108His; FBXW7_exon12_p.Gly687Glu;
FBXW& exonll p.His580Asn, no treatment pre- or post-surgery
patient 2 : f, age 86y, stage lll, moderately differentiated adenocarcinoma, TP53_exon7_p.Cys242Trp; APC_exon15_p.Serl356%;
MET_exon2_p.Glul68Asp, no treatment pre- or post-surgery
patient 3 : f, age 49y, stage IV, moderately differentiated adenocarcinoma, KRAS_exon2_p.Gly12Asp; TP53_exon5_p.Argl75His;
APC_exon15_p.GIn1429*; FBXW7_exon9_p.Argd73Glufs*25, no treatment pre- or post-surgery
patient 4 : 3, age 85y, stage IV, well-differentiated adenocarcinoma, KRAS_exon2_p.Gly12Val; APC_exon15_pGIn406*, no
treatment pre- or post-surgery

Recruitment Colonic biopsies were obtained from CRC patients that had given written informed consent to participate.

Ethics oversight Institutional Review Board approved Biobank of University Hospitals Leuven, Belgium (S50887-ML4707).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|:| All plots are contour plots with outliers or pseudocolor plots.
|Z A numerical value for number of cells or percentage (with statistics) is provided.
Methodology
Sample preparation Lamina propria isolation from colonic samples of SPF and GF Zeb2IEC-Tg and their wild type littermates was performed as

described previously (Scott et al., Immunity, 2018). The isolated cells were used for extracellular and intracellular staining for
representative markers of T and myeloid cells, in two separated panels (1x106 cells/sample), and then analyzed by flow




Instrument
Software

Cell population abundance

Gating strategy

cytometry.

for assessment of epithelial cell proliferation: Colonic and ileal epithelial cells were isolated according to the following protocol:
Colon and ileum were flushed with PBS and cut in small pieces, followed by incubation in dissociation solution (DMEM
supplemented with 10 % FCS, 0.20 % collagenase and 0.125 pl/ml Dispase Il) for 40 min, on a shaker at 37°C. To obtain single
cells, the digested tissues were passed through a 100 um filter, followed by a wash with DMEM +10 % FCS. The pellet was
resuspended in 30 % percoll and centrifuged for 5 min at 400 x g. Red blood cells were removed by incubation with ACK lysis
buffer for 1 min at room temperature.

amples were measured on a FACS Fortessa 5 laser or BD FACSymphony (BD Biosciences) and data were analyzed using FlowJo.
FlowJo was used to analyze the data.

All shown cell populations were significantly abundant. All cell population were alive by using a live/dead marker. The abundance
was calculated by adding counting beads to the sample just before measurement.

The flow cytometry data were analyzed using FlowJo software and a sequential gating strategy. The graphs demonstrating
percentages of myeloid cells represent proportions of every parent population. In the analysis of T cells, CD8+ are presented as
percentage of the CD3+ parent population and CD4+Tbet+ and CD4+Foxp3+ are presented as percentages of the CD4+
population. Regarding the tSNE plots, 5000 cells/sample were exported from 6 mice/genotype. The export was on the CD3+ for
the T cells and on CD45+-lineage (CD19, Nk1.1, CD3) for the myeloid cells. The samples were then concatenated and then
analyzed with tSNE (iterations=1000, perplexity=30), so the representative plots show the a total of 30000 cells.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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