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Abstract

Background: Cancer results from the accumulation of mutations leading to the acquisition of cancer promoting
characteristics such as increased proliferation and resistance to cell death. In colorectal cancer, an early mutation lead-
ing to such features usually occurs in the APC or CTNNBT genes, thereby activating Wnt signalling. However, substan-
tial phenotypic differences between cancers originating within the same organ, such as molecular subtypes, are not
fully reflected by differences in mutations. Indeed, the phenotype seems to result from a complex interplay between
the cell-intrinsic features and the acquired mutations, which is difficult to disentangle when established tumours are
studied.

Methods: We use a 3D in vitro organoid model to study the early phase of colorectal cancer development. From
three different murine intestinal locations we grow organoids. These are transformed to resemble adenomas after Wnt
activation through lentiviral transduction with a stable form of 3-Catenin. The gene expression before and after Wnt
activation is compared within each intestinal origin and across the three locations using RNA sequencing. To validate
and generalize our findings, we use gene expression data from patients.

Results: In reaction to Wnt activation we observe downregulation of location specific genes and differentiation
markers. A similar effect is seen in patient data, where genes with significant differential expression between the
normal left and right colon are downregulated in the cancer samples. Furthermore, the signature of Wnt target genes
differs between the three intestinal locations in the organoids. The location specific Wnt signatures are dominated

by genes which have been lowly expressed in the tissue of origin, and are the targets of transcription factors that are
activated following enhanced Wnt signalling.

Conclusion: We observed that the region-specific cell identity has a substantial effect on the reaction to Wnt activa-
tion in a simple intestinal adenoma model. These findings provide a way forward in resolving the distinct biology
between left- and right-sided human colon cancers with potential clinical relevance.
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Background

Activation of Wnt signalling is seen in a variety of
malignancies [1, 2], and is particularly crucial in colon
cancer [3]. Besides its role in cancer, Wnt signalling is
tightly regulated in embryonal development and tissue
homeostasis [4—6]. Activation of the Wnt pathway leads
to an increase in proliferation rate and is sufficient to
initiate intestinal adenoma formation [7]. Mutations in
key components of the Wnt pathway are found in >90%
of colon cancer [8]. In wild type cells, Wnt family pro-
tein members (e.g. Wnt-2b, Wnt-3) serve as ligands to
activate Wnt signalling [9]. Eventually the transcription
cofactor B-Catenin (encoded by CTNNBI) promotes
Wnt target gene expression via the transcription factor
family TCF [10, 11]. Principal target genes include for
example the oncogene c-Myc and the cell cycle regu-
lator Cyclin D1 [8, 12]. In absence of Wnt ligands, the
B-Catenin destruction complex, comprising of APC,
Axin and GSK3p, phosphorylates p-Catenin to initiate
ubiquitin-dependent degradation [13, 14]. Stabiliza-
tion of B-Catenin can be achieved directly by mutation
of phosphorylation sites in B-Catenin [15] or indirectly
by inactivation of the destruction complex (mostly
through APC inactivating mutations). Both mecha-
nisms are found to increase Wnt signalling in early car-
cinogenesis in the intestine.

It has been shown that the mutational profile is not
sufficiently explaining heterogeneity between tumours
[16]. It is speculated that the cell of origin, i.e. the nor-
mal cell that acquires the first cancer-promoting muta-
tion, might have a profound impact as well [17]. For
example, in hematopoietic stem cells it was even shown
that the same mutation can give rise to different pheno-
types, creating two subsets of stem cells with opposing
behaviour resulting from the same genetic event [18].
In medulloblastoma, two molecular subtypes caused
by different oncogenic pathways could be explained by
distinct cells of origin [19]. However, it remains largely
undefined to what extent the cell of origin determines
the resulting tumour in the intestine. We propose that
the longitudinal or craniocaudal axis in the intestine
is an attractive model to study how the characteristics
of cancer initiating cells influence the transformation
process, using the confined variation of regional differ-
entiation in the same organ. Indeed, organoid cultures
established from different regions of the murine intes-
tine were shown to conserve a location specific phe-
notype [20]. In addition, important earlier work form
Leedham et al. revealed that there exists a gradient of

Wnt activity along the longitudinal axis in both mice
and humans, translating into distinct stem cell dynam-
ics as distinct Wnt activating mutations along the intes-
tinal tract [21]. However, how exactly the cell of origin
and the acquired mutations shape the gene expression
profile and phenotype of the resulting pre-malignant
clones remains elusive. Dissecting the interplay of the
cancer initiating cells and oncogenic mutations in the
gut is of potential great relevance as in colon cancer the
location of the tumour has direct clinical implications.

In colon cancer the origin in the left or the right colon
has an impact on the prognosis, right-sided being asso-
ciated with a worse prognosis [22]. Right-sided tumours
tend to be more advanced, larger and more frequently
poorly differentiated [23, 24]. This is not only a result of
more advanced stage at presentation of disease but the
molecular subtypes and underlying pathophysiologi-
cal mechanisms also differ between the locations [16].
To identify the role of intestinal location, earlier stud-
ies looked at differential expression along the intesti-
nal craniocaudal axis. A gene expression comparison
between left and right-sided colon cancer found PRACI,
HOX6C and HOX13B as most differentially expressed
[25]. This raises the question to which extend regional
differences in colon cancer can be the result of pre-
existing differences in the origin tissue. A study that did
compare normal and tumour samples from caecum and
sigmoid/rectosigmoid found that most genes regulated in
tumours did not overlap with genes significantly different
between the locations [26]. However, microsatellite sta-
tus was available for less than half of the tumours, thus
a difference in the molecular pathophysiology between
the locations could not be excluded. To study the effect
of tumour location with the same underlying patho-
mechanism, in this case early Wnt activation by means of
Apc inactivation, Reichling et al. compared early adeno-
mas from Apc™™* mice between small or large intesti-
nal locations and to matched normal tissue [27]. Only a
limited number of genes and no known Wnt target genes
were found differentially expressed in both locations.
Further studies of adenoma formation in mice observed
a caudal shift of the tumour location from small intestine
towards colon after introducing an additional knockout
of Smad3 in the Apc™™*Smad3~'~ mouse or a heterozy-
gous mutation of Cdx2 in the Apc™*"1°Cdx2™'~ mouse
[28, 29]. These studies confirm that the cell of origin in
concert with specific mutations shape the ability of the
intestine to transform as well as the properties of the
resulting neoplasm.
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Fig. 1 Model for Wnt activation. a Organoids were grown from 3 locations of the wild type (wt) murine intestine, and after transduction with
stable Ctnnb1° (CPB) a cystic morphology can be observed in all locations. b Immunoblot of CTNNB1 and loading control GAPDH in organoids
grown without (wt) or with transduced Ctnnb1° (CB). ¢ Number of reads matching the wild type (wt)) hotspot region of Ctnnb1 and the mutated
(mut.) hotspot region of Ctnnb1:¢.97T>G;109T> G;121A > G;133T> G. d Quantitative PCR of Ctnnb1 and important Wnt target genes, n=3, *p <0.05,
*¥p <0.005 (Student’s t-test), mean fold change in vertical number. All error bars represent S.E.M. e Expression of Wnt target genes [32] as average
(n=3) scaled count, centred around the location average. Right columns show summarized average logarithmic fold change (log2FC) of CR/wt
and mean read count across locations. Indicated gene symbols are significantly differentially expressed in the average of all locations (adjusted
p-value <0.05, Wald -Test). f Gene Set Enrichment Analysis of Wnt target genes [32] in each location separately using GSEA preranked mode or (g)
testing enrichment of Hallmark gene sets [50] across all locations using EGSEA

In this study we set out to further unravel the interac-
tion of the cell of origin and the effect of an oncogenic
mutation activating the Wnt pathway at three different
intestinal locations. We took advantage of location spe-
cific organoid cultures to limit the influence of the micro-
environment and solely focus on the direct interplay of
the cell of origin and oncogenic pathway activation.
Since this model is largely based on regional differences
in transcriptional profiles and does not reach single cell
resolution to study cell state differentiation markers, our
findings reflect intestinal region-specific cellular features.
We found that Wnt pathway activation partially oblit-
erates the location specific gene expression pattern, but
at the same time installs novel region-of-origin-specific
transcriptomic features that cannot be inferred from the
non-transformed counterparts. Human gene expression
data confirmed these findings stressing the relevance of
these insights also for colon cancer. This study highlights
the complex interplay of regional cell type-specific fea-
tures and oncogenic pathway activation in the intestine,
and it establishes important context specific effects of
Wnt signalling during tumour initiation.

Results

Organoid model of intestinal transformation

In order to study the interplay between the transcrip-
tional profiles of cancer initiating cells and onco-
genic pathway activation, we employed an in vitro
model for intestinal transformation (Fig. 1a). Intesti-
nal epithelial organoid cultures were established from
three distinct regions of the murine intestine: proxi-
mal small intestine (prSI), distal small intestine (diSI),
and colon. Subsequently, the organoids were trans-
duced with an oncogenic variant of Ctnnbl (mutated
to p.S33A;S37A;T41A;S45A, hereafter referred to as
Ctnnb1®). The resulting stabilized p-Catenin protein is
not effectively targeted for degradation, accumulates and
translocates to the nucleus in order to interact with TCF
family members and drive expression of Wnt target genes
[15]. Following overexpression of CtnnbI®, prSI and diSI
organoids display a cystic growth pattern, reminiscent of

organoids in which the negative Wnt regulator Apc has
been inactivated (Fig. la, Additional file 1A) [30, 31].
Colonic organoids always show this cystic growth pat-
tern [32]. To validate that CTNNBI1 protein was present
at increased but physiological levels after transduction,
we compared the protein levels in all locations (Fig. 1b).
We generated global transcriptomic RNA sequencing
data from wild type (wt) organoids and CtnnbI® trans-
duced organoids from all three locations. We verified
based on the read counts of the mutation hotspot region
that wild type Ctnnbl was similarly expressed in wt and
Ctnnb1® organoids, and the mutated Ctnnbl:c.97T> G;l
09T> G;121A > G;133T > G was only detectable following
Ctnnb1® transduction (Fig. 1c). Using quantitative PCR,
we confirmed increased levels of CtnnbI® expression in
the models as well as increased expression of the Wnt
target genes Ascl2, Axin2 and c-Myc (Fig. 1d). Next, we
evaluated the expression of genes previously identified
as Wnt target genes relevant in colon cancer [32] in the
RNA sequencing data (Fig. 1e, f). This analysis revealed
a general overexpression of Wnt target genes following
CtnnbI® expression as expected, although regional differ-
ences were detected. Moreover, we employed a gene set
enrichment analysis (GSEA) to identify gene expression
profiles that are significantly altered following Wnt sig-
nalling activation compared to the wt organoids (Fig. 1g).
This established that ¢-Myc target gene signatures and
gene signatures relating to the cell cycle and proliferation
were more abundantly expressed just like the Wnt signal-
ling gene signature itself. In combination, our data reveal
that this in vitro model system exhibits features reminis-
cent of intestinal transformation.

Oncogenic Wnt activation erases region of origin related
cell identity

To investigate how active Wnt signalling modifies region-
specific gene expression profiles in intestinal epithelial
cells, we identified internal sets of location marker genes.
We plotted 15 genes (Fig. 2a) or 200 genes (Additional
file 1B) that are significantly higher expressed in wt orga-
noids of each location as compared to the other intestinal
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Fig. 2 Location signatures are downregulated upon Wnt activation. a Heatmap shows average (n=3) scaled counts for both conditions of

each location, additional columns show summarized mean log2FC(CB/wt) and mean read count across locations. Genes marked with asterix are
significantly differentially expressed in the average of all locations (adjusted p-value < 0.05, Wald-Test). Internal location (int. loc.) marker genes

are genes which showed the most significant (Wald-Test) upregulation in the wt samples of prSl, diSI or colon compared to all other locations' wt
samples, respectively. External location (ext. loc.) marker genes were previously reported to be specific to intestinal divisions [20, 33] or specifically
enriched in the intestine based on the Human Protein Atlas [34-37]. Cell type marker genes were previously reported to be specific to differentiated
intestinal cells [38-40]. b Our own location signature exhibited a significant downregulation upon Wnt activation in each location separately

using Gene Set Enrichment Analysis GSEA preranked mode. c Cell type marker genes [38-40] also showed significant downregulation upon Wnt

activation in Gene Set Enrichment Analysis using GSEA preranked mode

regions. Almost uniformly, these genes were downregu-
lated following Wnt pathway activation, indicating that
oncogenic Wnt pathway activation erases part of the
location specific cell identity (Additional file 2 lists fold
changes). This was also confirmed by GSEA for gene sets
encompassing the 200 most significant location specific
genes (Fig. 2b), demonstrating for all locations a down-
regulation of gene sets that represent location defined cell
identity. We detected the same trend when we used exter-
nal location signatures which were previously reported
(Fig. 2a) [20, 33], or when we employed an in vivo derived
set of genes which were found to be specifically enriched
in the intestine by the Human Protein Atlas (Fig. 2a)
[34-37]. Since Wnt signalling is known to be an impor-
tant driver of differentiation during embryogenesis, but
maintains stemness in adult intestines, we were curious
how our findings relate to the level of cell type specificity.
We observed that genes marking differentiated cells, as
described for specific cell types in single cell gene expres-
sion studies [38—40], were significantly downregulated
in Ctnnbl1® expressing organoids (Fig. 2a, c). From each
region we selected two location specific genes based on
the highest significance and fold change to validate with
quantitative PCR that the expression decreased after Wnt
activation (Additional file 1C). We confirmed the loca-
tion specificity and loss after transformation on protein
level for the growth factor Regenerating islet-derived 1,
REG], the ileal Fatty acid binding protein 6, FABP6, and
the mucin protein Mucin-1, MUC1 (Additional file 1D).
Taken together, these analyses indicate that oncogenic
Wnt activation reduces expression of genes that are char-
acteristic for the specific cellular identity associated with
the intestinal location.

In order to evaluate if this phenomenon can also be
captured in human cancers we established location spe-
cific profiles using the The Cancer Genome Atlas (TCGA)
dataset. Because small intestinal cancer is very rare and
left versus right colon cancers represent clinically rel-
evant distinct entities we focus on this distinction. We
selected samples from the normal colon and defined
genes with the most significant differential expression
between the right colon (caecum and ascending colon)

and the left colon (descending colon and sigmoid). Inter-
estingly, among the significant side-specific genes from
the human normal colon, we found a significant cor-
relation with the location specific genes from our com-
parison of murine colon vs. small intestine organoids,
suggesting that our model reflects a general proximal vs.
distal effect (Additional file 1E). Next, we selected colon
adenocarcinoma samples that harbour Wnt pathway
activating mutations in the APC gene. We included only
cancer samples from microsatellite stable (MSS) cancers,
since microsatellite instable cancers are a clearly distinct
entity characterized by distinct pathogenesis [41-43].
The most important clinical features are summarized in
Additional file 3A. In line with our in vitro findings using
murine organoids, also in these patients’ cancer samples,
the location specific gene expression profile is signifi-
cantly impaired confirming that Wnt pathway activation
obliterates location specific gene expression patterns
(Fig. 3a, b, Additional file 3B). In left-sided colon cancers,
the consensus molecular subtype (CMS) 2 is overrepre-
sented and thus the Myc pathway is more activated than
in right-sided colon cancers (Additional file 4B). We pre-
viously established that activation of the Wnt pathway is
more prominent in CMS2 than in other CMSs [16]. This
might explain why the downregulation of location mark-
ers is more pronounced in left-sided cancer samples.
To identify transcription factors that could be involved
in the regulation of the genes differentially expressed
between left and right colon, we tested which transcrip-
tion factor target gene sets were overlapping. We identi-
fied the target gene sets of CDX2, CDX1, ISX, CREB3L3
and GATAS, all reported as linked to differentiation in
intestinal cells with differences along the intestinal axis
[44—-48] (Fig. 3c). Of note, the genes encoding these tran-
scription factors were themselves not significantly dif-
ferentially expressed between left and right normal colon
(Additional file 3C), indicating another activation mech-
anism. However, in a subset we found the transcription
factor expression downregulated in colon cancer, corre-
lating with a decreasing overlap of their targets (Fig. 3d).
To test which genes were building the location marker
sets in normal tissue in vivo, we performed a GSEA on
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Fig. 3 Location specific signature partially erased in human colon cancer. a With transcriptome data from TCGA [8] we identified genes with
the most significant upregulation in left colon versus right colon (log2FC> 1, adjusted p-values < 0.01, Wald-Test) in the normal tissue samples
(left panel). The expression of those genes in MSS APC mutated colon cancer samples of the left colon is shown in the right panel. b The colon
side-specific signatures were analysed individually using GSEA. ¢ Genes differentially expressed between left and right TCGA normal colon tissue
samples were tested for overlap with transcription factor target gene sets using ChEA3 mean ranks with interaction [79]. Resulting ChEA3 scores
were compared to their expression in normal and colon cancer samples and in CREB3L3 and ISX we found a high Pearson-correlation, indicated in
brackets (d). Genes differentially expressed between left and right TCGA normal colon tissue samples were tested for enrichment in Hallmark genes
sets [50] using EGSEA (e)

50 curated Hallmark gene sets from the Molecular Sig- in the right colon (Fig. 3e). It is interesting to note that
nature Database [49-51] and found that gene sets asso- immune activated microsatellite instable tumours,
ciated with inflammatory response tended to be higher = which we excluded from our analysis, are known to be
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Fig. 4 Wntresponse is partly location specific. a Genes upregulated after Wnt activation (fold change > 1.2, adjusted p-value <0.05, Wald-Test) were
identified in each region separately. Genes which appeared significantly upregulated in all locations individually are shown on top, followed by
remaining 20 most significantly upregulated genes for each location (intersecting genes shown in between). Heatmap shows average (n = 3) scaled
counts per condition, centred around the location average, right columns show summarized log2FC(Cp/wt) and mean read count across locations.
Genes marked with asterix are differentially expressed in the average of all locations (adjusted p-value <0.05, Wald-Test). b Gene Set Enrichment
Analysis of genes upregulated after Wnt activation (fold change > 2, 200 lowest adjusted p-values < 0.05, Wald-Test) in each location using GSEA
preranked mode, after genes were ranked based on expression in each location’s expression in wt vs. other locations expression in wt. ¢ The genes
upregulated after Wnt activation from each location were examined for overlap with transcription factor target genes using ChEA3, the resulting
score was tested for correlation with the expression of the corresponding transcription factor coding gene in each location

predominantly located in the right colon. The fact that
inflammatory response pathways (interferon o, inter-
feron vy, allograft rejection) were already significantly
enriched in the right normal colon, suggests an inher-
ent location specific mechanism influencing the immune
microenvironment.

Oncogenic Wnt activation uncovers a region of origin
specific expression pattern

Importantly, in addition to maintaining expression of
genes characteristic of cell identity during transforma-
tion, the region of origin can also impact on the tran-
scriptomic profiles of cancers in a different fashion. It is
perceivable that activation of the Wnt pathway results in
activation of genes in a location specific fashion, thereby
installing a novel location specific identity. To test this
hypothesis, we identified the Wnt target genes for each
location separately, by comparing the expression pro-
files of the wt organoids of the different regions with the
respective CtnnbI® counterparts (Fig. 4a). This analy-
sis revealed that following Wnt activation the organoids
from different regions respond by activating partially
distinct sets of Wnt target genes. For a substantial set of
genes even an inverse relationship was detected, i.e. acti-
vation upon Wnt signalling in one location and down-
regulation in Ctnnbl® organoids from another location.
This suggests that Wnt activation installs an otherwise
undetected location specific gene expression program.
We were interested in detailing the nature of the genes
that were activated in a region of origin specific fashion.
With GSEA we found that the upregulated Wnt target
genes tended to be lowly expressed before Wnt activa-
tion (Fig. 4b). To test statistically, which genes responded
to Wnt activation differently between the locations, we
applied a likelihood ratio test for the effect of the Wnt
activation depending on the location. The resulting genes
were assigned to the three locations based on where they
showed the maximum (positive) log2 fold change (Addi-
tional file 4A). To identify transcription factors which
could explain the regional differences, the upregulated
Wnt target genes of each location were tested for over-
lap with transcription factor target gene sets. We found

that the expression levels of the transcription factors with
high evidence for overlapping target genes were rather
low in wild type and showed upregulation upon Wnt
activation (Fig. 4c). To examine, whether Wnt signatures
differ also between human colon cancer samples from
different locations, we compared again MSS tumours
with a mutation in APC from TCGA data. Among the
Wnt target genes which show a trend to differential
expression between left- and right-sided colon cancer, we
found most genes to be upregulated more in left-sided
cancer samples, however a few genes were more acti-
vated in the right-sided colon cancer samples (Additional
file 4C). This is in line with previous reports that Wnt
activation is higher in distal colon cancer [52, 53]. It also
gives the indication that Wnt response is qualitatively
location dependent even in patients samples.

Discussion

In this study we set out to disentangle the impact of
the cell that transforms, and the effects of the pathway
that drives carcinogenesis on the resulting gene expres-
sion profile. For this fundamental research question,
we employed a model system with low complexity in
order to reduce the confounding factors. The organoid
model allowed us to study the epithelial component of
early carcinogenesis through titrated Wnt activation.
To achieve this, we transduced the stabilized version
of Ctnnbl downstream of APC, because Apc requires
biallelic mutations for cancer initiating Wnt activation
which seem to (inter)depend on the intestinal location
[54]. With organoids from three different murine intes-
tinal locations we defined regional identity markers
using RNA sequencing data, extending earlier studies of
others [20]. These location identity markers were con-
cealed after Wnt activation via CtnnbIS as compared to
the original wild type organoids. As expected, cell type
differentiation markers were downregulated [55]. The
upregulated Wnt target genes differed between the loca-
tions and were generally lowly expressed in the control
organoids. It was previously reported that the intestinal
axis from proximal to distal needs an increasing dose of
added Wnt signal to exceed the polyp initiation threshold
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[21], which was in our model reflected by an increasing
amount of mutated Ctnnb1°. The lower levels of CtunbI®
in prSI might explain why results were less pronounced,

yet significant, in this location. To validate the impor-
tance of our findings for the disease we were modelling,
we examined human normal colon and colon carcinoma
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data from distinct colon regions. Because variation
between left and right sided colon cancer is tightly con-
nected to differences in pathomechanisms (reviewed in
[22]), we narrowed down the problem by focussing on
MSS Wnt activated colon cancer samples to unveil the
role of region-specific transcriptional background. When
we compared normal and cancer samples from the left
and right colon, we could recapitulate both of our main
observations from the murine organoid model: conceal-
ing of location markers and location differences in known
Wnt target genes.

Our analyses reveal that there is a profound impact of
the region-specific cellular features on the transcriptomic
profiles of the resulting tumours, at least along the dif-
ferent locations of the intestinal tract. However, unlike
previously assumed, cells do not directly carry over their
cell specific gene expression profiles, but reveal initially
hidden region-specific signatures. This has implications
for the concept of the cell of origin in cancer as well as
for the methods used to study this phenomenon. Our
data suggest that cell or tissue specific profiles from non-
transformed tissues are non-informative to predict the
region of origin of a given cancer. Our results indicate
that the region-specific features of cells can be partially
erased, while the region of origin does have an important
impact on defining which genes are activated upon onco-
genic pathway activity.

Several limitations of this study include the fact that we
have only evaluated the effect of a Wnt activating muta-
tion in specific regions of the intestine. It remains to be
defined if our results can be generalized to other onco-
genic pathways and organs. For example, KRAS muta-
tions are more prevalent in the proximal colon and it has
been recently suggested that certain KRAS mutations
might be location dependent [56, 57]. Moreover, RAS
mutations have a synergistic effect with APC mutations
[58] so that the further examination of location depend-
encies in other oncogenic pathways should incorporate
potential cooperative effects. Another limitation is that
we only studied the impact of the region of origin on the
longitudinal axis in the intestine. It remains unclear how
the profiles of distinct cell types along the differentiation
axis in the intestine, e.g. Lgr5" stem cells, absorptive pro-
genitors or neuroendocrine cells, shape the phenotype of
the resulting neoplasm. This is an important unresolved
question, in particular because an increasing range of
cell types is identified as amendable to transformation,
usually as a result of inflammation associated signals
from the environment [59, 60]. It remains an attractive
explanation for the notion that the highly diverse phe-
notypes of colon cancers can only partially be explained
by genetic differences. On the other hand, the cell type
specific differentiation gradient is already known to be
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convertible, involving major changes in chromatin acces-
sibility but maintaining a widely stable epigenetic status
[61-63]. In that way, it seems less likely that differentia-
tion-related features are hardwired and conserved in can-
cers of the intestine.

To conclude, at a very basic level, our results provide
further support to the fact that distinct regions in the gut
present with distinct features. Some of these are poten-
tially clinically significant. For example, tumour location
in the colon is associated with response to anti-EGFR
agents in the RAS/RAF wild type population. Whilst left-
sided cancers display marked clinical benefit, right-sided
tumours are less responsive [64, 65]. These observations
might be associated with regional differences that are
exposed following oncogenic pathway activation. Hence,
our findings provide a way forward in an attempt to
resolve this notion.

Conclusion

We observed that region-related cellular identity has a
substantial effect on the reaction to Wnt activation in a
simple intestinal adenoma model. While the tissue spe-
cific pattern is partially erased, the response to onco-
genic transformation cannot be inferred from the tissue
of origin. These findings highlight the context dependent
effect of oncogenic Wnt signalling and provide a way for-
ward in resolving the distinct biology between left- and
right-sided human colon cancer with potential clinical
relevance.

Methods

Organoid generation and maintenance

Isolation of small intestine (SI) and colon crypts from
wild type mice was adapted from Sato et al. [66]. Briefly,
resected prSI, diSI and colon were opened longitudi-
nally, villi were removed and cut into 0.5 mm pieces.
The fragments were washed several times with cold PBS.
After this, the intestinal pieces were incubated in 2 mM
(SI) or 25 mM (colon) EDTA in PBS at 4 °C for 30 min,
in order to detach intestinal crypts from the basal layer.
After removal of EDTA, crypts were resuspended in
10 mL of cold PBS 10% ECS, pipetted up and down
vigorously, and passed through a 70 pum strainer. Sub-
sequently, crypts were resuspended in Matrigel® (Corn-
ing), seeded in 24-well plates, and supplemented with
Advanced DMEM/F12 medium (Gibco) containing 1x
N2 (Gibco), 1x B27 (Gibco) 50 ng/mL, 10 mM HEPES
(Boehringer), Glutamax (Gibco) and 1 mM N-acetyl-
cysteine (Sigma-Aldrich), supplemented with 50 ng/mL
murine EGF (TEBU-Bio) and 10% of Noggin and R-spon-
dinl conditioned media (hereafter called ENR medium).
In addition, 10 uM CHIR (Axon Medchem) and 10 uM
Rock inhibitor (Sigma-Aldrich) were added to all crypt
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cultures. After two days in culture, CHIR was removed
from SI crypt cultures and Rock inhibitor from both, SI
and colon. Cultures were incubated at 37 °C and 5% CO,.

Generation of Ctnnb1° construct

A stabilized (mutated to p.S33A;S37A;T41A;S45A) ver-
sion of Ctnnbl (GenBank ID: NM_001165902.1:¢.[97T >
G;109T > G;121A > G;13T > G]) was obtained in pLX304
as a gift from William Hahn (Addgene # 42561) and
cloned into the vector pWPXL downstream the consti-
tutively active promotor EFla (Addgene #12,257) which
was kindly provided by Didier Trono Finally, P2A-dsRed
sequence was cloned downstream CtnnbI® gene. All
restriction enzymes were from New England Biolab. Len-
tiviral particles were generated using PEI transfection
with 2nd generation packaging plasmids VSV-G pMD2.G
(Addgene #12259) and PAX2 (Addgene #12260), kindly
provided by Didier Trono respectively.

Generation of adenoma organoids

Wild type organoids from prSl, diSI and colon were
transduced with the pWPXL-Ctnnb1%-P2A-dsRed plas-
mid in order to generate adenoma organoids [67, 68].
Once adenoma cultures were established, selection for
positively transduced organoids was performed. Since
the Wnt pathway is upregulated in these organoids,
the dependence on external Wnt agonist is diminished.
Therefore, after four days selection for pWPXL-Ctnnb15-
P2A-dsRed positive organoids was performed by cultur-
ing them in selection medium, ENR without R-spondinl
conditioned medium for SI and ENR for colon organoids.
Visual expression of the dsRed construct by fluorescence
microscopy (Zeiss AxioVert 200) confirmed successful
transduction (Additional file 1A). We further confirmed
Ctnnbl1 upregulation in quantitative PCR, Western Blot
and on RNA sequencing data.

Quantitative PCR

Overexpression of Ctnnbl, detection of Wnt targets
and specific region markers were validated by quantita-
tive PCR. In short, RNA was isolated using NucleoSpin®
RNA kit (Macherey—Nagel). Then, 500 ng of total RNA
were retrotranscribed using 5 pg/mL polydT primers and
SuperScript® III reverse transcriptase (Thermo Scien-
tific) at 50 °C. cDNA was diluted 1:20 in distilled water
and amplified in 5 pL reactions with LightCycler® 480
SYBR Green I Master 2X on a LightCycler® 480 (Roche).
Results were analysed using LightCycler® 480 software
version 1.5.1.62. Relative fold gene expression was cal-
culated using the delta-delta Ct (27°PY) method [69)].
Primer sequences can be found in Additional file 5.
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Western blotting

Organoid protein lysates were made using Cell Lysis
Buffer (Cell Signaling Technologies) according to manu-
facturers’ protocol. Subsequently, protein concentra-
tions were determined using Pierce Protein Assay Kit
(Thermo Scientific). Next, 30 pg protein was loaded in
4-15% Mini-PROTEAN® TGX precast protein gels (Bio-
Rad), separated by electrophoresis and transferred to
PDVF membranes using the Trans-Blot Turbo System
(Bio-Rad). Membranes were blocked in 5% Skim Milk
Powder (Sigma) and primary antibodies were incubated
overnight in 5% BSA/TBST and washed with TBST (0.1%
Tween® 20, P1379, Sigma). HRP-conjugated secondary
antibodies were incubated for 1 h at room temperature
in 5% BSA/TBST and washed with TBST. Protein lev-
els were detected using Pierce” ECL Western Blotting
Substrate (Thermo Scientific) and revealed using Image-
Quant LAS 4000 (GE Healthcare Life Sciences). Primary
antibodies used are anti-B-Catenin (9562, Cell Signaling
Technologies), anti-REG1A (PA5-70,626, Thermo Sci-
entific), anti-FABP6 (PA5-50,407, Thermo Scientific),
anti-MUC1 (PA5-95,487, Thermo Scientific) and anti-
GAPDH (MAB374, Millipore). Secondary antibodies are
anti-rabbit-HRP (7074, Cell Signaling technologies) and
anti-mouse-HRP (1070-05, Southern Biotech). Images
were cropped around the target protein sizes. Load-
ing control was performed with GAPDH staining for all
membranes.

RNA sequencing

Total RNA was isolated using NucleoSpin RNA isola-
tion kit (BIOKE, Leiden, Netherlands) and the quality
of RNA samples was subsequently assessed using Agi-
lent 2100 Bioanalyzer (Agilent Technologies Inc., Santa
Clara, CA, USA). Generation of sequencing libraries was
performed using the TruSeq RNA Library Preparation
Kit v2 (Illumina, San Diego, CA, USA) and 1 ug of total
RNA. Sequencing was performed on HiSeq2500 (Illu-
mina) with 50-bp single-end reads. Average sequencing
depth (total number of reads) was 17.69 M reads (range
11.28 M to 23.32 M). Mean coverage (number of reads
x read length / target size) of all genes was on average
4.395 (range 2.658 to 6.480). After excluding genes with a
mean read count< 1 for downstream analysis, the average
coverage across the samples was 11.293 (range 6.831 to
16.654).

Data retrieval

Reads were aligned and quantified using HISAT?2 (2.0.4),
samtools (1.3.1) and subread featureCounts (1.5.0-
pl) with GRCm38.85 [70-72]. The mutated region of
Ctnnb1® comprising four mutations was identified among
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the unmapped reads as a 37b long string “GCTGGAA
TCCATGCTGGTGCCACCGCCACAGCTCCTG”  as
opposed to the wild type “TCTGGAATCCATTCTGGT
GCCACCACCACAGCTCCTT” among the mapped
reads.

TCGA gene expression data as raw counts and clini-
cal data was obtained using TCGAbiolinks (2.12.3) [73].
Only samples with an annotated tumour site or site of
resection or biopsy were analysed, assigning sigmoid and
descending colon to left colon and cecum and ascending
colon to right colon. MSS tumours with a somatic APC
mutation were selected based on the annotations of the
original publication [8]. CMS labels were obtained from
the original publication [16].

Data analysis

DESeq2 (1.10.1) was applied for normalization and dif-
ferential expression analysis [74]. The results were
annotated with org.Mm.eg.db (3.8.2) or org.Hs.eg.db
(3.8.2) and plotted using ComplexHeatmap (2.0.0) or
ggplot2 (3.2.0) [75]. After ranking genes according to the
decreasing Wald statistics value, GseaPreranked (v3.0)
was used for gene set enrichment analysis on ENCODE
transcription factor target gene sets, Wnt target genes
and location markers from literature as well as gene
lists generated from our own data using cut-offs of fold
change>1.2 and Benjamini—Hochberg adjusted p-value
of 0.05 [20, 32, 33, 51, 74]. Results were replotted adapt-
ing Rtoolbox::replotGSEA (v.1.4). An alternative Gene
Set Enrichment method based gene expression analysis
with limma::voom(3.40.2) and edgeR (3.26.5) was used
on MiSigDB Hallmark gene sets with EGSEA (1.12.0) [49,
50, 76-78]. Overlapping transcription factor target gene
sets were identified using ChEA3 mean rank mode on the
200 genes with the highest significant upregulation (fold
change > 2, adjusted p-value <0.05) between Ctnnb1® and
wt in each location or between the left and right nor-
mal colon from TCGA samples [74, 79]. The score was
inverted in order to be maximal with the highest overlap
evidence. From genes coding these transcription factor
we selected genes that showed variance in expression in
wild type and in the log2 fold change upon Wnt activa-
tion between the locations (above average) and plot-
ted their correlation to the corresponding transcription
factor targets overlap. Correlation was tested using the
Spearman method in R package ggpubr (0.2.5).

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/512935-020-01661-6.

Additional file 1. Validation of findings. (A) The expression of dsRed
after Ctnnb1° transduction was examined by fluorescence microscopy
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including images merged with bright field, scale bar =200 pum. (B) Heat-
map depicts average (n = 3) scaled counts for both conditions of each
location, right columns show summarized log2 fold changes, log2FC(CB/
wt), and mean read count across locations. Genes represent our location
signatures comprising each 200 most significantly (Wald-Test) upregu-
lated genes comparing the wt samples of prSl, diSI or colon to all other
locations'wt samples, respectively. (C) Validation of location marker genes
with quantitative PCR, n=3, Student’s t-test, error bars represent S.EM,,
mean fold change in vertical number. (D) Immunoblot of prSl location
marker REG1, diSl location marker FABP6, colon location marker MUCT and
control GAPDH, protein lysates from organoids grown without (wt) or with
transduced Ctnnb1° (CR). The loading control is exemplarily shown for

the FABP6 membrane. (E) For genes which are significantly differentially
expressed in the murine organoid locations in colon vs. small intestine
and in TCGA normal samples from the left vs. right colon we find a signifi-
cant correlation (Spearman) of the log2 fold changes (log2FC).

Additional file 2. Location signatures are downregulated upon Wnt
activation. Genes depicted in Fig. 2A are provided in a table format with
compiled log2 fold changes (12FC) (n = 3) for each location separately. The
comparison of the wt samples of prSl, diSI or colon to all other locations’
wt samples retrieved the most significantly (Wald-Test) upregulated genes
categorized as internal location (int. loc.) marker genes. Corresponding
log2 fold changes are listed under 12FC.loc for all locations. External loca-
tion (ext. loc) marker genes were previously reported to be specific to
intestinal divisions [20, 33] or specifically enriched in the intestine based
on the Human Protein Atlas [34-37]. Cell type marker genes were previ-
ously reported to be specific to differentiated intestinal cells [38-40]. The
downregulation of location and differentiation markers upon Wnt activa-
tion can be appreciated in the separately calculated log2 fold changes
(CB/wt) listed under I2FC.ctn.vs.wt. NA values correspond to expression
below detection in either condition or a non-mappable gene symbol
from literature.

Additional file 3. Location signatures are downregulated upon Wnt
activation in vivo. (A) To validate our findings in human in vivo samples
we used TCGA data [8] with the summarized clinical characteristics of
patients. *Transverse colon samples were depicted but not included in
the differential expression analyses between the two sides, due to lack of
more specific site information. The same holds for a single sample from
normal transverse colon of a female patient (44 years). (B) Using tran-
scriptome data from TCGA [8] we identified genes differentially expressed
(adjusted p-value <0.01, Wald-Test) between left and right colon in the
normal tissue samples (left panel). The expression of those genes in MSS
APC mutated colon adenocarcinoma samples is shown in the right panel.
Samples for transverse colon are included for comparison purpose. (C)
Transcription factors for which an enrichment of their target genes was
observed in normal colon side-specific genes show little or no differential
expression of their own coding genes in the normal colon but partially a
differential expression between normal colon and colon cancer samples.

Additional file 4. Wnt response is partly location specific. (A) Heatmap
with average (n=3) scaled counts, centred around the location mean.
Right columns show summarized log2FC(C3/wt) and mean read count
across locations. Using a likelihood ratio test, we identified genes, in which
the reaction to Wnt activation depends significantly on the location. The
location dependently upregulated genes were separated into 3 groups,
where the upregulation was maximal in prSl, diSI or colon, respectively. (B)
Genes differentially expressed between left and right TCGA colon cancer
samples were tested for enrichment in Hallmark genes sets using EGSEA.
(C) Using transcriptome data from TCGA [8] we tested, which Wnt target
genes [32] were differentially expressed between left and right colon

in the MSS APC mutated colon cancer samples. Wnt genes with a trend

to differential expression between the colon cancer locations (adjusted
p-value <0.05 at TP53RK, all genes p-value <0.15, Wald-Test) are plotted
(right panel). The expression of those genes in normal samples is shown
in the left panel. Samples for transverse colon are included for comparison
purpose.

Additional file 5. Primers used in quantitative PCR.



https://doi.org/10.1186/s12935-020-01661-6
https://doi.org/10.1186/s12935-020-01661-6

Adam et al. Cancer Cell Int (2020) 20:578

Abbreviations

CMS: Consensus molecular subtype; diSI: Distal small intestine; GSEA: Gene set
enrichment analysis; MSS: Microsatellite stable; prSI: Proximal small intes-

tine; SI: Small intestine; CB, Ctnnb1®: Stabilized {3-catenin; TCGA: The Cancer
Genome Atlas; wt: Wild type.

Acknowledgements
Not applicable.

Authors’ contributions

RSA, SS, FM and LV conceptualized the project. RSA, SMvN, SS, ANH and LV
designed the experiments. RSA, CPM, SMvN, SS, NL and NEJG performed
the experiments. RSA, CPM, SMvN and LV wrote the manuscript. All authors
approved of the final version.

Funding

This work is supported by The New York Stem Cell Foundation and grants
from KWF (UVA2014-7245), the Maurits en Anna de Kock Stichting (2015-2),
Worldwide Cancer Research (14-1164), the Maag Lever Darm Stichting (MLDS-
CDG 14-03), the European Research Council (ERG-StG 638193) and ZonMw
(Vidi 016.156.308) to L.V. L.V. is a New York Stem Cell Foundation—Robertson
Investigator. Parts of this work were funded by CRUK core Grant C14303/
A17197 and A19274.

Availability of data and materials

The dataset generated and analysed during the current study is available in
the Gene Expression Omnibus (GEO) repository, under accession number
GSE146476 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgiracc=GSE14
6476).

Ethics approval and consent to participate

Mouse experiments/intestinal isolations were performed according to
national guidelines and approved by the animal experimentation committee
at the Amsterdam UMC.

Consent for publication
Not applicable.

Competing interests
L.V. received consulting/speaker fees from Genentech Inc, Bayer and Servier.
LV. received unrestricted research grants from Servier, Roche, Novartis.

Author details

! Laboratory for Experimental Oncology and Radiobiology (LEXOR), Center

for Experimental and Molecular Medicine (CEMM), Cancer Center Amsterdam
and Amsterdam Gastroenterology and Metabolism, Amsterdam University
Medical Centers, Meibergdreef 9, 1105 AZ Amsterdam, The Netherlands.

2 Oncode Institute, Meibergdreef 9, 1105 AZ Amsterdam, The Netherlands.

3 Hubrecht Institute, Royal Netherlands Academy of Arts and Sciences (KNAW)
and UMC Utrecht, Uppsalalaan 8, Utrecht 3584 CT, The Netherlands. “ Research
& Development Department at STEMCELL Technologies UK, 7100 Cambridge
Research Park, Beach Drive Waterbeach, Cambridge CB25 9TL, UK. ® Cancer
Research UK Cambridge Institute, University of Cambridge, Robinson Way,
Cambridge CB2 ORE, UK. ® The Alan Turing Institute, 96 Euston Road, Kings
Cross, London NW1 2DB, UK. ” University of York, Wentworth Way, York YO10
5DD, UK.

Received: 8 March 2020 Accepted: 16 November 2020
Published online: 03 December 2020

References

1. Nusse R, Clevers H. Wnt/B-catenin signaling, disease, and emerging thera-
peutic modalities. Cell. 2017;169(6):985-99.

2. ZhanT, Rindtorff N, Boutros M. Wnt signaling in cancer. Oncogene.
2017,36(11):1461-73.

3. Powell SM, Zilz N, Beazer-Barclay Y, Bryan TM, Hamilton SR, Thibodeau SN,
et al. APC mutations occur early during colorectal tumorigenesis. Nature.
1992;359(6392):235-7.

17.
18.

20.

22.

23.

24.

25.

26.

27.

Page 13 of 15

Kielman MF, Rindapaa M, Gaspar C, van Poppel N, Breukel C, van Leeuwen
S, et al. Apc modulates embryonic stem-cell differentiation by controlling
the dosage of B-catenin signaling. Nat Genet. 2002;32(4):594-605.
Korinek V, Barker N, Moerer P. van Donselaar E, Huls G, Peters PJ, et al.
Depletion of epithelial stem-cell compartments in the small intestine of
mice lacking Tcf-4. Nat Genet. 1998;19(4):379-83.

Pinto D, Gregorieff A, Begthel H, Clevers H. Canonical Wnt signals are
essential for homeostasis of the intestinal epithelium. Genes Dev.
2003;17(14):1709-13.

Shtutman M, Zhurinsky J, Simcha |, Albanese C, D’Amico M, Pestell R, et al.
The cyclin D1 gene is a target of the B-catenin/LEF-1 pathway. Proc Natl
Acad Sci. 1999,96(10):5522-7.

The Cancer Genome Atlas Network. Comprehensive molecular character-
ization of human colon and rectal cancer. Nature. 2012;487(7407):330-7.
Gregorieff A, Pinto D, Begthel H, Destrée O, Kielman M, Clevers H.
Expression pattern of Wnt signaling components in the adult intestine.
Gastroenterology. 2005;129(2):626-38.

Korinek V, Barker N, Morin PJ, van Wichen D, de Weger R, Kinzler KW, et al.
Constitutive transcriptional activation by a 3-catenin-Tcf Complex in
APC~/~ colon carcinoma. Science. 1997:275(5307):1784-7.

. Molenaar M, van de Wetering M, Oosterwegel M, Peterson-Maduro J,

Godsave S, Korinek V, et al. XTcf-3 Transcription factor mediates 3-catenin-
induced axis formation in Xenopus embryos. Cell. 1996;86(3):391-9.

He T-C, Sparks AB, Rago C, Hermeking H, Zawel L, da Costa LT, et al.
Identification of c-MYC as a target of the APC pathway. Science.
1998;281(5382):1509-12.

Aberle H, Bauer A, Stappert J, Kispert A, Kemler R. 3-catenin is a target for
the ubiquitin-proteasome pathway. EMBO J. 1997;16(13):3797-804.

lkeda S, Kishida S, Yamamoto H, Murai H, Koyama S, Kikuchi A. Axin, a
negative regulator of the Wnt signaling pathway, forms a complex with
GSK-3f and B-catenin and promotes GSK-3(3-dependent phosphoryla-
tion of B-catenin. EMBO J. 1998;17(5):1371-84.

Liu C, Kato Y, Zhang Z, Do VM, Yankner BA, He X. 3-Trcp couples (3-catenin
phosphorylation-degradation and regulates Xenopus axis formation.
Proc Natl Acad Sci. 1999;96(11):6273-8.

Guinney J, Dienstmann R, Wang X, de Reynies A, Schlicker A, Soneson C,
et al. The consensus molecular subtypes of colorectal cancer. Nat Med.
2015;21(11):1350-6.

Visvader JE. Cells of origin in cancer. Nature. 2011;469(7330):314-22.

Li Q Bohin N,WenT, Ng V, Magee J, Chen S-C, et al. Oncogenic Nras has
bimodal effects on stem cells that sustainably increase competitiveness.
Nature. 2013;504(7478):143-7.

Gibson P, Tong Y, Robinson G, Thompson MC, Currle DS, Eden C, et al.
Subtypes of medulloblastoma have distinct developmental origins.
Nature. 2010;468(7327):1095-9.

Middendorp S, Schneeberger K, Wiegerinck CL, Mokry M, Akkerman

RDL, van Wijngaarden S, et al. Adult stem cells in the small intestine are
intrinsically programmed with their location-specific function. Stem Cells.
2014;32(5):1083-91.

. Leedham SJ, Rodenas-Cuadrado P, Howarth K, Lewis A, Mallappa S, Seg-

ditsas S, et al. A basal gradient of Wnt and stem-cell number influences
regional tumour distribution in human and mouse intestinal tracts. Gut.
2013;62(1):83-93.

Stintzing S, Tejpar S, Gibbs P, Thiebach L, Lenz H-J. Understanding the
role of primary tumour localisation in colorectal cancer treatment and
outcomes. Eur J Cancer. 2017;84:69-80.

Hemminki K, Santi |, Weires M, Thomsen H, Sundquist J, Bermejo

JL. Tumor location and patient characteristics of colon and rectal
adenocarcinomas in relation to survival and TNM classes. BMC Cancer.
2010;10(1):688.

Meguid RA, Slidell MB, Wolfgang CL, Chang DC, Ahuja N. Is there a differ-
ence in survival between right-versus left-sided colon cancers? Ann Surg
Oncol. 2008;15(9):2388-94.

Hu W, Yang Y, Li X, Huang M, Xu F, Ge W, et al. Multi-omics approach
reveals distinct differences in left- and right-sided colon cancer. Mol
Cancer Res MCR. 2018;16(3):476-85.

Birkenkamp-Demtroder K, Olesen SH, Serensen FB, Laurberg S, Laiho P,
Aaltonen LA, et al. Differential gene expression in colon cancer of the
caecum versus the sigmoid and rectosigmoid. Gut. 2005;54(3):374-84.
Reichling T, Goss KH, Carson DJ, Holdcraft RW, Ley-Ebert C, Witte D, et al.
Transcriptional profiles of intestinal tumors in ApcMin mice are unique


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE146476
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE146476

Adam et al. Cancer Cell Int

28.

29.

30.

31

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

(2020) 20:578

from those of embryonic intestine and identify novel gene targets dys-
regulated in human colorectal tumors. Cancer Res. 2005;65(1):166-76.
Aoki K, Tamai Y, Horiike S, Oshima M, Taketo MM. Colonic polyposis
caused by mTOR-mediated chromosomal instability in Apct/A716
Cdx2*/~ compound mutant mice. Nat Genet. 2003;35(4):323-30.

Sodir NM, Chen X, Park R, Nickel AE, Conti PS, Moats R, et al. Smad3 defi-
ciency promotes tumorigenesis in the distal colon of ApcMin/+ mice.
Cancer Res. 2006;66(17):8430-8.

Dow LE, O'Rourke KP, Simon J, Tschaharganeh DF, van Es JH, Clevers H,
et al. Apc restoration promotes cellular differentiation and reestablishes
crypt homeostasis in colorectal cancer. Cell. 2015;161(7):1539-52.
Sato T, Stange DE, Ferrante M, Vries RGJ, van Es JH, van den Brink S,

et al. Long-term expansion of epithelial organoids from human colon,
adenoma, adenocarcinoma, and Barrett’s epithelium. Gastroenterology.
2011;141(5):1762-72.

van der Flier LG, Sabates-Bellver J, Oving |, Haegebarth A, De Palo

M, Anti M, et al. The intestinal Wnt/TCF signature. Gastroenterology.
2007;132(2):628-32.

Peloquin JM, Goel G, Kong L, Huang H, Haritunians T, Sartor RB, et al.
Characterization of candidate genes in inflammatory bowel disease-
associated risk loci. JCl Insight. 2016;1(13):e87899.

Fagerberg L, Hallstrom BM, Oksvold P, Kampf C, Djureinovic D, Odeberg J,
et al. Analysis of the human tissue-specific expression by genome-wide
integration of transcriptomics and antibody-based proteomics. Mol Cell
Proteomics. 2014;13(2):397-406.

Gremel G, Wanders A, Cedernaes J, Fagerberg L, Hallstrom B, Edlund

K, et al. The human gastrointestinal tract-specific transcriptome and
proteome as defined by RNA sequencing and antibody-based profiling. J
Gastroenterol. 2015;50(1):46-57.

Yu NYL, Hallstrom BM, Fagerberg L, Ponten F, Kawaji H, Carninci P, et al.
Complementing tissue characterization by integrating transcriptome
profiling from the Human Protein Atlas and from the FANTOM5 consor-
tium. Nucleic Acids Res. 2015;43(14):6787-98.

Uhlén M, Fagerberg L, Hallstrom BM, Lindskog C, Oksvold P, Mardi-
noglu A, et al. Tissue-based map of the human proteome. Science.
2015,;347(6220):e1260419.

Gehart H, van Es JH, Hamer K, Beumer J, Kretzschmar K, Dekkers JF, et al.
Identification of enteroendocrine regulators by real-time single-cell dif-
ferentiation mapping. Cell. 2019;176(5):1158-1173.e16.

Haber AL, Biton M, Rogel N, Herbst RH, Shekhar K, Smillie C, et al. A single-
cell survey of the small intestinal epithelium. Nature. 2017;551(7680):333.
Parikh K, Antanaviciute A, Fawkner-Corbett D, Jagielowicz M, Aulicino A,
Lagerholm C, et al. Colonic epithelial cell diversity in health and inflam-
matory bowel disease. Nature. 2019;567(7746):49-55.

lonov'Y, Peinado MA, Malkhosyan S, Shibata D, Perucho M. Ubiquitous
somatic mutations in simple repeated sequences reveal a new mecha-
nism for colonic carcinogenesis. Nature. 1993;363(6429):558-61.

Lothe RA, Peltomaki P, Meling GI, Aaltonen LA, Nystrom-Lahti M,
Pylkkanen L, et al. Genomic instability in colorectal cancer: relation-
ship to clinicopathological variables and family history. Cancer Res.
1993;53(24):5849-52.

Thibodeau SN, Bren G, Schaid D. Microsatellite instability in cancer of the
proximal colon. Science. 1993;260(5109):816-9.

Asada R, Saito A, Kawasaki N, Kanemoto S, lIwamoto H, Oki M, et al.

The endoplasmic reticulum stress transducer OASIS is involved in the
terminal differentiation of goblet cells in the large intestine. J Biol Chem.
2012,287(11):8144-53.

Choi MY, Romer Al, Hu M, Lepourcelet M, Mechoor A, Yesilaltay

A, etal. A dynamic expression survey identifies transcription fac-

tors relevant in mouse digestive tract development. Development.
2006;133(20):4119-29.

Gao X, Sedgwick T, Shi Y-B, Evans T. Distinct functions are implicated for
the GATA-4, -5, and -6 transcription factors in the regulation of intestine
epithelial cell differentiation. Mol Cell Biol. 1998;18(5):2901-11.

Grainger S, Hryniuk A, Lohnes D. Cdx1 and Cdx2 exhibit transcriptional
specificity in the intestine. PLoS ONE. 2013;8(1):e54757.

Suh E, Chen L, Taylor J, Traber PG. A homeodomain protein related to
caudal regulates intestine-specific gene transcription. Mol Cell Biol.
1994;14(11):7340-51.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Page 14 of 15

Liberzon A, Subramanian A, Pinchback R, Thorvaldsdottir H, Tamayo P,
Mesirov JP. Molecular signatures database (MSigDB) 3.0. Bioinformatics.
2011,27(12):1739-40.

Liberzon A, Birger C, Thorvaldsdéttir H, Ghandi M, Mesirov JP, Tamayo P.
The Molecular Signatures Database Hallmark Gene Set Collection. Cell
Syst. 2015;1(6):417-25.

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette
MA, et al. Gene set enrichment analysis: a knowledge-based approach
for interpreting genome-wide expression profiles. Proc Natl Acad Sci.
2005;102(43):15545-50.

Albuquerque C, Baltazar C, Filipe B, Penha F, Pereira T, Smits R, et al.
Colorectal cancers show distinct mutation spectra in members of

the canonical WNT signaling pathway according to their anatomical
location and type of genetic instability. Genes Chromosomes Cancer.
2010;49(8):746-59.

Albuquerque C, Bakker ERM, van Veelen W, Smits R. Colorectal

cancers choosing sides. Biochim Biophys Acta BBA - Rev Cancer.
2011;1816(2):219-31.

Christie M, Jorissen RN, Mouradov D, Sakthianandeswaren A, Li S, Day F,
et al. Different APC genotypes in proximal and distal sporadic colorec-
tal cancers suggest distinct WNT/ B-catenin signalling thresholds for
tumourigenesis. Oncogene. 2013;32(39):4675-82.

van de Wetering M, Sancho E, Verweij C, de Lau W, Oving |, Hurlstone
A, et al. The B-catenin/TCF-4 complex imposes a crypt progenitor
phenotype on colorectal cancer cells. Cell. 2002;111(2):241-50.

Rosty C, Young JP, Walsh MD, Clendenning M, Walters RJ, Pearson

S, et al. Colorectal carcinomas with KRAS mutation are associated
with distinctive morphological and molecular features. Mod Pathol.
2013;26(6):825-34.

Serebriiskii IG, Connelly C, Frampton G, Newberg J, Cooke M,

Miller V, et al. Comprehensive characterization of RAS mutations in
colon and rectal cancers in old and young patients. Nat Commun.
2019;10(1):3722.

Janssen KP, Alberici P, Fsihi H, Gaspar C, Breukel C, Franken P, et al.

APC and oncogenic KRAS are synergistic in enhancing Wnt signal-

ing in intestinal tumor formation and progression. Gastroenterology.
2006;131(4):1096-1009.

van der Heijden M, Zimberlin CD, Nicholson AM, Colak S, Kemp R, Meijer
SL, et al. Bcl-2 is a critical mediator of intestinal transformation. Nat Com-
mun. 2016;7(1):1-11.

Schwitalla S, Fingerle AA, Cammareri P, Nebelsiek T, Goktuna SI, Ziegler PK,
et al. Intestinal tumorigenesis initiated by dedifferentiation and acquisi-
tion of stem-cell-like properties. Cell. 2013;152(1):25-38.

Jadhav U, Saxena M, O'Neill NK, Saadatpour A, Yuan G-C, Herbert Z, et al.
Dynamic reorganization of chromatin accessibility signatures during
dedifferentiation of secretory precursors into Lgr5+ intestinal stem cells.
Cell Stem Cell. 2017;21(1):65-77.e5.

Kaaij LT, van de Wetering M, Fang F, Decato B, Molaro A, van de Werken
HJ, et al. DNA methylation dynamics during intestinal stem cell differen-
tiation reveals enhancers driving gene expression in the villus. Genome
Biol. 2013;14(5):R50.

Kim T-H, Li F, Ferreiro-Neira |, Ho L-L, Luyten A, Nalapareddy K, et al.
Broadly permissive intestinal chromatin underlies lateral inhibition and
cell plasticity. Nature. 2014;506(7489):511-5.

Arnold D, Lueza B, Douillard J-Y, Peeters M, Lenz H-J, Venook A, et al.
Prognostic and predictive value of primary tumour side in patients with
RAS wild-type metastatic colorectal cancer treated with chemotherapy
and EGFR directed antibodies in six randomized trialst. Ann Oncol.
2017,28(8):1713-29.

Holch JW, Ricard |, Stintzing S, Modest DP, Heinemann V. The relevance of
primary tumour location in patients with metastatic colorectal cancer: a
meta-analysis of first-line clinical trials. Eur J Cancer. 2017;70:87-98.

Sato T, Vries RG, Snippert HJ, van de Wetering M, Barker N, Stange DE,

et al. Single Lgr5 stem cells build crypt-villus structures in vitro without a
mesenchymal niche. Nature. 2009;459(7244):262-5.

Andersson-Rolf A, Fink J, Mustata RC, Koo B-K. A video protocol of
retroviral infection in primary intestinal organoid culture. J Vis Exp JoVE.
2014;90:e51765.

Koo B-K, SasselliV, Clevers H. Retroviral gene expression con-

trolin primary organoid cultures. Curr Protoc Stem Cell Biol.
2013;27(1):5A.6.1-5A.6.8.



Adam et al. Cancer Cell Int (2020) 20:578

69.

70.

71.

72.

73.

74.

75.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using

real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods.

2001,25(4):402-8.

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The
sequence alignment/map format and SAMtools. Bioinformatics.
2009;25(16):2078-9.

Liao Y, Smyth GK, Shi W. featureCounts: an efficient general purpose
program for assigning sequence reads to genomic features. Bioinforma
Oxf Engl. 2014;30(7):923-30.

Pertea M, Kim D, Pertea GM, Leek JT, Salzberg SL. Transcript-level expres-
sion analysis of RNA-seq experiments with HISAT. StringTie and Ballgown
Nat Protoc. 2016;11(9):1650-67.

Colaprico A, Silva TC, Olsen C, Garofano L, Cava C, Garolini D, et al. TCGA-

biolinks: an R/Bioconductor package for integrative analysis of TCGA data.

Nucleic Acids Res. 2016;44(8).e71-e71.

Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15:550.
Gu Z, Eils R, Schlesner M. Complex heatmaps reveal patterns and
correlations in multidimensional genomic data. Bioinformatics.
2016;32(18):2847-9.

Page 15 of 15

76. Alhamdoosh M, Ng M, Wilson NJ, Sheridan JM, Huynh H, Wilson MJ, et al.
Combining multiple tools outperforms individual methods in gene set
enrichment analyses. Bioinformatics. 2017;33(3):414-24.

77. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. limma powers dif-
ferential expression analyses for RNA-sequencing and microarray studies.
Nucleic Acids Res. 2015;43(7):e47-e47.

78. Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package
for differential expression analysis of digital gene expression data. Bioin-
formatics. 2010,26(1):139-40.

79. Keenan AB, Torre D, Lachmann A, Leong AK, Wojciechowicz ML, Utti
V, et al. ChEA3: transcription factor enrichment analysis by orthogonal
omics integration. Nucleic Acids Res. 2019;47(W1):W212-24.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Intestinal region-specific Wnt signalling profiles reveal interrelation between cell identity and oncogenic pathway activity in cancer development
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Results
	Organoid model of intestinal transformation
	Oncogenic Wnt activation erases region of origin related cell identity
	Oncogenic Wnt activation uncovers a region of origin specific expression pattern

	Discussion
	Conclusion
	Methods
	Organoid generation and maintenance
	Generation of Ctnnb1S construct
	Generation of adenoma organoids
	Quantitative PCR
	Western blotting
	RNA sequencing
	Data retrieval
	Data analysis

	Acknowledgements
	References


