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Abstract

Colorectal cancer (CRC) is one of the deadliest cancers worldwide. Despite
extensive research in the field, new therapies targeting CRC are in urgent need. CRC is
a highly heterogeneous disease with high levels of intra- and inter-patient heterogeneity.
Cancer stem cells are the driving force of tumor development and metastasis. One of the
approaches to treat CRC is differentiation therapy thereby induction of cancer stem cell
differentiation may lead to tumor regression. Intestinal normal and cancer organoids
represent an ideal model for studying the differentiation process ex vivo. Gene expression
profiling of drug-treated organoids can be used for quantification of the differentiation
process with high precision. RNA-seq based drug-screening platforms in organoids are
not yet established. Here we developed a high-throughput high-content targeted RNA-
seqg-based platform (TORNADO-seq) for monitoring gene expression of large gene
signatures in intestinal organoids which allowed us to quantify and evaluate complex
cellular phenotypes and cellular alterations upon drug treatment. We applied TORNADO-
seq in drug screening in wt and cancer intestinal organoids. We found many
differentiation-inducing drugs in wt organoids, including some drugs specifically enriching
for certain cell phenotypes, e.g. enteroendocrine cells. Further, we applied identified
differentiation-inducing drugs to cancer organoids (APC°;KRASC'?D;TP53") and
discovered that the majority of those differentiation-inducing drugs also targeted cancer
organoids. Differentiation induction seems to be a common mode of action of cancer-
targeting drugs. Based on gene expression profiles of treated cancer organoids, we were
able to propose and confirm the mechanism of action of several drugs indicating that
cancer cells may to be sensitive to alterations in the cholesterol biosynthesis pathway. In
general, utilization of TORNADO-seq allows predicting connections between cellular
phenotypes and signaling pathways in organoids which can be used for hypothesis
generation in a variety of biological systems.

The second part of the thesis is devoted to the investigation of mechanisms
underlying the accumulation of genetic alterations in CRC tumors. It is not known whether
cancer driver genes affect the rate of mutation acquisition. Here we performed exome
sequencing of single cell-derived organoids obtained from tumors with either APC'f,
APC:KRASC™?D or APC°:KRAS®'?D;TP53"f mutation phenotypes that reflect early
stages of CRC development. We discovered that presence of KRAS and P53 mutations

didn’t affect the number of single nucleotide substitutions (SNSs) in tumors, while the
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latter was increased in APC mutated tumors compared to wt cells and was highly
correlated with the tumor age. P53 inactivation was highly correlated with the presence

of large-scale (>10 Mb) copy number alterations (CNAs).

Keywords: colorectal cancer; differentiation therapy; high-throughput screening; high-

content screening; organoids; drug screening; RNA-seq.



Résumeé

Le cancer colorectal (CCR) est I'un des cancers les plus mortels dans le monde. Le
CCR est une maladie hautement hétérogéne avec des niveaux élevés d'hétérogénéité
intra- et inter-patients. Les cellules souches cancéreuses sont importantes au
développement tumoral et des métastases. L'une des approches pour traiter le CCR est
la thérapie de différenciation, l'induction de la différenciation des cellules souches
cancéreuses pouvant ainsi conduire a une régression tumorale. Les organoides issues
d’intestins sains et cancéreux représentent un modéle idéal pour étudier le processus de
différenciation ex vivo. Le profilage de I'expression génique des organoides traités par le
médicament peut étre utilisé pour quantifier avec une grande précision le processus de
différenciation. Les plates-formes de criblage de médicaments utilisant le sequencgage
d’ARN (RNAseq) dans les organoides ne sont pas encore établies. Nous avons
ainsidéveloppé une plate-forme basée sur I'ARN-seq ciblé a haut débit (TORNADO-seq)
pour suivre l'expression génique de larges signatures géniques dans les organoides
intestinaux, ce qui nous a permis de quantifier et d'évaluer de complexes phénotypes
cellulaires et altérations cellulaires lors de traitements médicamenteux. Nous avons
appligué TORNADO-seq au criblage de médicaments sur des organoides issues
d’intestins sains ou cancéreux. Nous avons trouvé de nombreux médicaments induisant
la différenciation dans les organoides non cancéreux, y compris certains médicaments
enrichissant spécifiquement certains phénotypes cellulaires, par exemple les cellules
entéroendocrines. De plus, nous avons appliqué des médicaments induisant la
différenciation identifiés sur des organoides cancéreux (APC;KRASC'2D;TP53) et
découvert que la majorité de ces médicaments induisant la différenciation ciblaient
également les organoides cancéreux. Sur la base des profils d'expression génique des
organoides cancéreux traités, nous avons pu proposer et confirmer le mécanisme
d'action de plusieurs médicaments indiquant que les cellules cancéreuses peuvent étre
sensibles aux altérations de la voie de biosynthése du cholestérol. En général, I'utilisation
de TORNADO-seq permet de prédire les connexions entre les phénotypes cellulaires et
les voies de signalisation dans les organoides, ce qui permettrait la génération

d'hypothéses dans une variété de systémes biologiques.

La deuxiéme partie de la thése est consacrée a I'étude des mécanismes sous-
jacents a l'accumulation d'altérations génétiques dans les tumeurs du CCR. Il n’est pas

connu si les génes moteurs du cancer affectent le taux d'acquisition de mutations. Nous
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avons ainsi effectué le séquencgage de I'exome d'organoides dérivés de cellules uniques
obtenus a partir de tumeurs avec des phénotypes de mutation APC"°f, APC°; KRASC'2D
ou APC°:KRASC12D; TP53/f qui reflétent les premiers stades du développement du CCR.
Nous avons découvert que la présence des mutations KRAS et P53 n'affectait pas le
nombre de substitutions de nucléotides simples (SNS) dans les tumeurs, alors que cette
derniére était augmentée par la mutation APC en comparaison aux cellules non mutées
et était fortement corrélée avec I'age de la tumeur. L'inactivation de P53 était fortement
corrélée a la présence d'altérations du nombre de copies (CNA) a grande échelle (> 10
Mb).

Mots-clés: colorectal cancer; differentiation therapy; high-throughput screening; high-

content screening; organoids; drug screening; RNA-seq.
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3D - Three-Dimensional
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FOLFOX - Chemotherapy regimen including folinic acid, 5-FU and oxaliplatin
GEMM - Genetically engineered mouse model
GECF — Gene expression core facility
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MOA — Mechanism of action
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PDOs — Patient-derived organoids
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UMAP - Uniform Manifold Approximation and Projection for dimension reduction
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1 Introduction
1.1 Overview of Intestinal epithelium organization

The small intestine is one of the most rapidly renewing organs in a mammalian
organism [Gehart H., Clevers H., 2019]. The small intestine of a mouse represents a
highly organized and repetitive structure (Fig. 1). The surface epithelium can be divided
into two main parts: villi (big finger-like protrusions) and crypts (smaller in size
invaginations surrounded by villi). There are 4 main cell types present in the villus:
enterocytes, enteroendocrine cells, goblet cells, and tuft cells. Enterocytes are absorptive
cells and are the most frequent cell type present in the intestinal villus region. There are
three types of secretory cells - enteroendocrine cells (which secrete hormones), goblet
cells (which secrete mucus), and tuft cells (which secrete interleukins and opioids). The
crypt compartment contains the stem cell niche, where stem cells reside which can give

rise to all types of differentiated cells.
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@ Enterocytes
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Figure 1. Schematic representation of intestinal epithelium organisation. Villus and crypt regions
are highlighted.

Stem cells are marked by high expression of leucine-rich repeat-containing G-

protein-coupled receptor 5 (Lgr5) and located at the bottom of the crypts where they are
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surrounded by Paneth cells. Paneth cells are another type of differentiated cell that
provides important growth factors such as Wnt and EGF important for stem cell niche
maintenance. Paneth cells are also a part of the epithelial defence system against
bacteria: they release various defensin proteins — small peptides with antimicrobial and
immune signaling activities. Various pathways including Notch, Wnt, BMP, and EGF
signaling pathways are essential for adult intestinal stem cell homeostasis and
maintenance. Dividing stem cells start to migrate from the bottom of the crypt up to the
top of the villi and while leaving this niche they start to differentiate. Differentiated cells
move up along the villus axis to the top of the villus where they undergo apoptosis. This
renewing cycle in the gut takes 4-5 days for enterocytes in the mouse and leads to a
continuous replacement of the epithelium [Crosnier C et al., 2006].

The large intestine or colon is a posterior part of the gastrointestinal tract. It absorbs
water and remaining nutrients, as well as compacts feces for excretion [Nick Barker,
2013]. The structure of the colon is remarkably different from the small intestine: the colon
epithelium consists of many crypts and lacks a villus compartment. Moreover, there are
major differences in cell type abundances: the colon is highly enriched by goblet cells and
lacks Paneth cells. Alternative cell niche population, Reg4* deep crypt secretory cells was
discovered in the colon which performs similar functions as Paneth cells in the small
intestine: they are located at the bottom of the crypt and express Notch ligands DII1/Dll4
as well as EGF [Sasaki N. et al., 2016]. Interestingly, unlike Paneth cells, Reg4* deep
crypt secretory cells don’t produce Wnt3, therefore ex vivo colonic organoid cultures
require additional supplementation with Wnt3 ligand for successful growth. Similarly, to
the small intestine, Lgr5 stem cells are also present in the colonic crypts and give rise to

all differentiated cells of the colonic epithelium (Fig. 2).

@ Stem cells

@ Reg4+deep crypt secretory cell
D Transit amplifying cells

@ Enterocytes

D Enteroendocrine cells

@ Goblet cells

D Tuftcells o,

Figure 2. Schematic representation of colonic epithelium organisation.
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1.2 Intestinal wt organoids

The research on intestinal development and homeostasis is important for our
understanding of how the processes are orchestrated in the gut in health and how they
can be distorted in disease. During the last decades, a growing number of experimental
data brought us to a better understanding of the networks and pathways implicated in
stem cell maintenance, differentiation, and cell turnover. A lot of this information was
obtained from in vivo mouse models (e.g. knock-out and lineage tracing experiments).
While providing reliable data, in vivo experiments are time-consuming and labor-
intensive. At the same time, the utilization of cell lines for in vitro experiments provides
only limited insight of the actual system. Thus, it became a necessity to use more reliable
and more representative models of an organ than simple 2D cell lines. Development of
extracellular matrix-based gels in the 1990s allowed to perform experiments with cells in
3D and boosted research in the organoid field [Barcellos-Hoff M.H. et al., 1989; Petersen
O.W. et al., 1992; Bissell M.J. et al., 2005; Simian M. et al., 2017]. Nowadays, organoids
are widely accepted as a useful research tool. A variety of screening experimental set-
ups and platforms involving organoid cultures were established in the recent decade.

A key achievement in generating a 3D ex vivo model of intestinal development was
obtaiend by Toshiro Sato from the Clevers group [Sato et al., 2009], who created a long-
term culturing method of Lgr5* stem cells. The latter could form 3D structures (organoids)
in the presence of essential growth factors - Rspo, EGF, and Noggin (the factors which
imitate the stem cell niche of the intestine where they are released by supporting Paneth
cells and the surrounding stroma). Organoids preserve crypt-villus morphology and
consist of all cell types found in the intestinal epithelium (Fig. 3), therefore being a highly
representative model of the intestinal epithelium. Organoids could be grown in the culture
for months, therefore, being a useful research tool and allowing to perform long-term
experiments. Application of organoids in the research boosted studies of intestinal stem
cell differentiation. Several studies described the involvement of new pathways and drug
combinations allowing to differentiate stem cell towards one particular cell type [X. Yin at
al., 2013; O. Basak et al., 2017]. For example, the importance of EGF signaling for EEC
differentiation was unravelled by the Clevers group: the EEC phenotype can be obtained
by simultaneous blocking of Wnt, Notch and EGFR pathways [O. Basak et al., 2017].
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Figure 3. Intestinal organoids. The black
bar corresponds to 100 um.

1.3 Intestinal epithelial cell types

[This chapter (1.3.) is cited here from my publication: “Single-Cell Studies of Intestinal
Stem Cell Heterogeneity During Homeostasis and Regeneration. M. Norkin*, C.
Capdevila®, R. | Calderon, T. Su, M. Trifas, P. Ordériez-Moran, K. S Yan (2020). Methods
Mol Biol 2171:155-167". The full publication can be found in the Annex]

Constant tissue renewal of the intestinal epithelium during homeostasis is fueled
by continuously dividing intestinal stem cells (ISCs) that reside at the base of the crypts
[Barker N. et al., 2007; Gehart H., Clevers H., 2019; Clevers H., 2013]. These crypt-base
columnar ISCs have been molecularly defined by the expression of the R-spondin
receptor Lgr5, a leucine rich repeat containing G protein-coupled receptor [Barker N. et
al., 2007]. Single-cell transcriptomic analysis reveals that Lgr5-eGFP* ISCs isolated from
Lgr5-eGFP-IRES-CreERT2 mice are comprised of distinct clusters of both cycling and
non-cycling Wnt- and R-spondin-dependent ISC as well as nascent transit-amplifying cell
populations, consistent with multiple reports suggesting heterogeneity within the ISC pool
[Buczacki S.J. Et al., 2013; Barriga F.M. Et al., 2017; von Furstenberg R.J. et al., 2014].
Many initial markers of ISCs were identified based on microarray and bulk RNA-seq
profiling of cells isolated using Lgr5 reporter expression. Subsequently, transcriptional
profiling using scRNA-seq technology helped to confirm these markers and also allowed
the identification of new ones, with varying degrees of characterization and validation
(Fig. 4): Aqp4, OIfm4, Tnfrsf19, Cdca7, Prelp, Rnf32, Cdk6, Rgmb, Clca4, Scn2b,
Sic14a1, Ascl2 and Soat1 [Haber A.L. et al., 2017; Grun D. et al., 2018; Grun. D. et al.,
2016; van der Flier L.G. et al., 2009; van der Flier L.G. et al., 2009; Munoz J. et al., 2012].
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Figure 4. Markers of small intestinal stem cells and their progeny. Summary of putative marker
genes of different intestinal cell types based on transcriptional profiling.

Under homeostatic conditions, Lgr5* ISCs regenerate the intestinal epithelium
[Barker N. et al., 2007]. In contrast, a distinct, label-retaining cell at the +4 cell position in
intestinal crypts has been reported and proposed to serve as a quiescent/slowly cycling,
reserve stem cell population that comes into play upon loss of Lgr5* ISCs [Sangiorgi E.
et al., 2008; Tian H. et al., 2011; Montgomery R.K. et al., 2011; Yan K.S. et al., 2012;
Potten C.S. et al., 1974; Potten C.S. et al., 1975; Potten C.S. et al., 1977]. Even though
multiple markers have been described for the +4 cell [Sangiorgi E. et al., 2008; Tian H. et
al., 2011; Montgomery R.K. et al., 2011; Powell A.E. et al., 2012; Yan K.S. et al., 2012],
more recent studies show that many of these overlap with Lgr5* ISCs, or are expressed
very broadly throughout the crypt [Munoz J. et al., 2012; Li N. et al., 2014, ltzkovitz S. et
al., 2011]. While it remains unclear if there are other professional reserve stem cell
populations that co-exist within the crypt alongside the Lgr5* ISCs, there is increasing
evidence of diverse cell types that are capable of exhibiting cellular plasticity to become
activated upon injury conditions to rapidly regenerate the epithelium following loss of
Lgr5* ISCs [Santos A.J.M. et al., 2018]. Indeed, some recent observations suggest that it

is not a single type of quiescent stem cells but rather a number of functionally distinct,
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non-Lgr5-expressing cell type that reverts to a stem cell state in an injury-inducible
fashion [Yan K.S. et al., 2017; Sangiorgi E. et al., 2008; Yan K.S. et al., 2012].

Globally, along the crypt-villus axis, the progenitor cells derived from Lgr5* ISCs
and their immediate transit amplifying (TA) progeny reside in the crypts close to the stem
cells and move into the villi upon differentiation. Absorptive enterocytes are the most
abundant cell lineage in the intestinal epithelium. Additionally, there are multiple secretory
cell lineages including mucus-producing goblet cells, Paneth cells, enteroendocrine cells,
and rare tuft cells [Clevers H., 2013]. All these differentiated cell lineages contribute to
specific functions of the intestine. The advantage of scRNA-seq methodology is that it
can be applied to distinguish specific gene-expression in individual sub-populations and
it can help to infer the hierarchical relationships of individual lineages. (Fig. 4).

Tuft cells are a rare cell type involved in chemosensory function. Tuft cells express
proteins known to be involved in taste signal transduction and also in an immune
response against parasite infection [Gerbe F. et al., 2016; Howitt M.R. et al., 2016]. Tuft
cells highly express such markers as Trpm5, Dclk1, Rgs13, Alox5ap, Avil, Hck, Kctd12,
Tubata, Pik3r and Plcg2 [Haber A.L. et al., 2017; Grun D. et al., 2018; Grun. D. et al.,
2016; Ting H-A. et al., 2019; Gerbe F. et al., 2009]. Recent findings using scRNA-seq
demonstrated the existence of two distinct subtypes of tuft cells: tuft-1 cells are highly
enriched in genes related to neuronal development, while tuft-2 cells show upregulation
of genes related to immunity. Specifically, tuft-1 cells are enriched for Nradd,
Gng13, Nrep, Rgs2, and PouZ2f3 [Haber A.L. et al., 2017] (Fig. 4). Conversely, tuft-2 cells
showed higher expression levels of the TH2-promoting cytokine thymic stromal
lymphopoietin (Tslp) and Ptprc (pan-immune cell marker CD45), as well as enrichment in
transcripts for Rac2, Ptgs1, Irf7, Ffar3 and Alox5.

Enterocytes are the most abundant cell type in the intestinal epithelium, making up
more than 80% of intestinal epithelial cells [de Santa B.P. et al., 2003]. Enterocytes are
predominantly located in the villus region and function in the hydrolysis, absorption, and
transport of nutrients [van der Filer L.G. et al., 2009]. Many enterocyte markers were
identified using bulk RNA-seq [Kazakevych J. et al., 2017] and scRNA-seq [Haber A.L.
et al., 2017; Grun D. et al., 2018; Grun. D. et al., 2016; Ting H-A. et al., 2019; Moor AE.
et al., 2018], among them Alpi, Apoa1, Anpep, Aldob, Sis, Apoa4, Prap1, Apoc3, Gstm3,
Gsta4, Fabp and Fabp2. Recently, scRNA-seq was used to identify enterocyte progenitor
populations [Grun D. et al., 2018; Grun. D. et al., 2016], to examine enterocyte regional
diversity through the gut [Haber A.L. et al., 2017], and to investigate the spatial allocation

of distinct functional classes of enterocytes along the intestinal crypt-villus axis [Gassler
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N. et al.,, 2006; Moor AE. et al., 2018]. It has been shown that earlier enterocyte
progenitors express high transcript levels of ribosomal proteins (Rn45s, Rps19 and
Rps12), Dmbt1, Reg3g, Ube2c and low levels of those for enterocyte-specific genes
(Prap1, Apoa1, Apoa4, Apoc3, etc.) [Haber A.L. et al., 2017]. Late progenitor cells lost
the expression of ribosomal proteins with concurrent elevation of enterocyte-specific
transcripts. Finally, mature enterocytes were characterized by further upregulation of
enterocyte-specific mRNA transcripts.

A study of regional enterocyte markers reveals that Fabp1, Apoa4, Apoc3, Gsta1,
Gstm3, Gstm1, Alpi, Prap1 and Rbp2 are highly expressed in the proximal part of the
intestine, while Fabp6, Mep1a, Dpep1 and Gdpd1 are predominantly expressed in the
distal small intestine [Haber A.L. et al., 2017]. This is consistent with differential absorptive
functions along the longitudinal proximal-to-distal gut axis. Moreover, a combination of
high-throughput scRNA-seq and bulk RNA-seq of laser-microdissected crypt-villus
sections revealed that enterocyte transcriptional signatures differ along the crypt-villus
axis consistent with their zonation [Moor AE. et al., 2018]. Enterocytes at the bottom of
the crypt showed enrichment in ribosomal/proliferation signatures (Rps712, Rpl/18 and
Rpl39) and antimicrobial program peptides (Reg3b, Reg3g, Nirp6 and 1/18) [Moor AE. et
al., 2018]. Enterocytes in the middle of the crypt-villus axis are enriched in the genes
responsible for the processing and absorption of various nutrients, especially amino acids
(Slc7a7 and Slc7a9) and carbohydrates (Sicba1, Sic2a2 and Sic2a5) [Moor AE. et al.,
2018]. Enterocytes at the top of the villus exhibited a distinct expression program:
enrichment in cell adhesion signature (Egfr, Kif4, Fos and Junb), purine catabolism genes
(Enpp3, Nt5e, Slc28a2, and Ada), and apolipoproteins/cholesterol processing genes
(Apobec1, Apoa4 and Apoat) (Fig. 4) [Moor AE. et al., 2018].

Goblet cells are secretory cells present in both the small intestine and colon. They
produce and secrete mucus into the intestinal lumen, which facilitates the migration of
chyme through the gut and contributes to a physical barrier that prevents microorganism
and toxins from direct contact with the mucosa. In addition, goblet cells are also shown
to be expanded in response to parasite infection [Haber A.L. et al., 2017; Artis D. et al.,
2004; Biton M. et al., 2011]. Several scRNA-seq experiments revealed many markers of
goblet cells [Haber A.L. et al., 2017; Grun D. et al., 2018; Grun. D. et al., 2016]: Tff3,
Spink4, Fcgbp, Agr2, Muc2, Txndcb, Tpsg1, Spdef, GucaZ2a, Lgals2, Pdia6 and Ern2.
Spdef has been shown to have an essential role in goblet cell differentiation [Noah TK. et
al., 2010; Gregorieff A. et al., 2009] (Fig. 4).
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Paneth cells are intermingled with Lgr5" ISCs at the crypt base and function in
antimicrobial defense and metabolic regulation of ISCs. They interact with ISCs via
signaling pathways such as Notch, Wnt3, and EGF [Sato T. et al., 2011; Pellegrinet L. et
al., 2011; Yilmaz O.H. et al., 2012]. While the first Paneth cell markers (lysozyme and
defensins) were reported decades ago [Ghoos Y. et al., 1971; Porter E.M. et al., 1997],
recent RNA-seq studies on sorted CD24* Paneth cells reveal additional transcripts
differentially enriched in Paneth cells relative to ISCs: DIl4, Tgfa, Wnt11, Clps, AY761185,
Itin1 and GucaZ2b [Sato T. et al., 2011]. Recent scRNA-seq studies additionally showed
that Paneth cells also exhibit regional diversity, and the expression profiles of these cells
are different in distal and proximal part of the small intestine: for example, Rnase1,
Defa17 and AY761184 are highly expressed in the duodenum, while Defa20, Defa21,
Defa22, Nupr1 and Itin1 show the highest expression in ileum [Haber A.L. et al., 2017].
Other Paneth-specific markers that show uniform expression through the gut include
Lyz1, Ang4, Clps, and HabpZ2 (Fig. 4) [Haber A.L. et al., 2017]. It still remains unclear how
and why Paneth cells are heterogeneous, and the functional implications on their
interactions with ISCs and on the other Paneth cell functions.

Enteroendocrine cells (EECs) produce hormones that regulate digestion,
metabolism, and participate in chemosensation, including nutrient detection. EECs
represent a very small fraction of epithelial cells that are widely dispersed throughout the
intestinal epithelium and have been elusive to molecular characterization due to their
marked cellularity heterogeneity. While EECs are located throughout the entire intestinal
epithelium, they also exhibit regionalized patterns of gene expression. Recently, scRNA-
seq studies have identified new putative markers for the EECs subpopulations and further
underscored the heterogeneity of this lineage. At least 10 different EEC subtypes have
been identified either in vivo or in vitro intestinal organoid culture [Haber A.L. et al., 2017;
Gehart H. et al., 2019; Grun D. et al., 2018; Grun. D. et al., 2016; Gehart H., Clevers H.,
2019; Basak O. et al., 2017]. Neurog3, Neurod1 and Neurod2 are known EEC markers
specific to EEC progenitor populations [Haber A.L. et al., 2017]. In addition, the EECs
markers ChgA and ChgB were shown to be predominantly expressed in the most
abundant EEC type — enterochromaffin (EC) cells [Haber A.L. et al., 2017; Gehart H. et
al., 2019]. Many more putative novel markers were identified for each of the EEC sub-
populations, using sequencing technology, including scRNA-seq: Gip, Fabp5 (K-cells);
Reg4, Afp, Tph1 (EC-cells (late)); Sst, Lapp, Rgs4 (D-cells); Ghrl, Serpinaic, Mboat4 (X-
cells); Cck, Gsg, Gsg-2 (I-cells); GiIp-1, Pyy, Cck (L-cells); Nts, Pyy, Scg3 (N-cells); Tac1,
Tph1, Geh1 (EC cells (early)) [Haber A.L. et al., 2017; Gehart H. et al., 2019; Grun D. et
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al., 2018; Grun. D. et al., 2016; Gehart H., Clevers H., 2019; Basak O. et al., 2017; Habib
A.M. et al., 2012]. Some of the markers (e.g. Cck, Gcg) are shown to be expressed in
several EEC subtypes simultaneously. Furthermore, while some markers are
predominantly expressed in the proximal small intestine (Cck, Ghrl), others are more
localized in the distal region (jejunum, ileum: Nts, Gcg, Pyy). Sct is expressed in all sub-
types of EECs and detected in both proximal and distal part of the gastrointestinal tract
[Gehart H. et al., 2019; Egerod K.L. et al., 2012] (Fig. 4). These EEC lineage markers
and their distribution need further confirmatory experimental validation and biological
interpretation. The diverse repertoire of EEC subsets found by scRNA-seq likely reflects
the multi-faceted functions of these cells that orchestrate chemosensation, digestion,

metabolism, and communication with other organs via their hormone products.

1.4 Colorectal cancer

1.4.1 General information

Colorectal cancer is one of the most commonly diagnosed cancers worldwide.
Almost 2 million people around the globe were diagnosed with colorectal cancer (CRC)
in 2020, resulting in nearly 1 million deaths as of 2020; up from 490,000 in 1990 [Yue Xi
et al., 2021]. Due to the implementation of earlier testing, the numbers of diagnosed cases
rise from year to year. The most common way to treat colon cancer is surgical removal
of the tumor. But often patients are diagnosed with cancer in later stages (llI-1V) of its
development when the disease has already spread to distant organs. 5-year OS rate for
the patients diagnosed with metastasis is only 14%. Cancer cells predominantly
metastasize to the liver, lungs, peritoneum, or ovaries [Leah H. et al., 2021; Xie Y.H. et
al., 2020].

1.4.2 Risks and nature of colorectal cancer

Colorectal cancer cases show both - sporadic (70% of all cases) and hereditary
nature (20-30% of all cases) (Fig. 5). The most common inherited risk conditions (about
5% of all CRC cases) are Lynch syndrome and familial adenomatous polyposis (FAP).
The remaining family cases have presumably polygenic or shared environmental risks
[Nora B. Henrikson, 2015] but one can not exclude the possibility of insufficient testing of
family members in the past. FAP is characterized by the development of many colorectal

polyps throughout life. This is typically caused by the presence of mutations in a tumor
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suppressor gene - adenomatous polyposis coli (APC) - a gene that controls cell
proliferation (but APC is also most commonly mutated in sporadic cases). FAP can be
further distinguished by the presence of autosomal recessive mutations (alterations in
both copies of the gene) in the DNA repair gene MUTYH which causes increased
mutational burden in those patients. The lifetime risk for developing CRC in FAP condition
is 100% (reached by age 40-50 years). Similarly, DNA repair gene mutations occur in
Lynch syndrome. Mutations in MLH1, MSH2, and MSH6 genes account for more than
95% of all Lynch syndrome cases. Patients carrying this disease (MLH1 and MSH2) have

up to 80% lifetime risk of developing colorectal cancer [Jasperson K.W. et al., 2010].

Colorectal cancer

Sporadic / spontaneous Family / inherited
(70-80% cases) (20-30% cases)
- age - Lynch syndrome
- diet - FAP (APC, MYTUH)] 5% cases
- male sex - polygenic and
- environment environmental factors
- smoking

- alcohol consumtion

- IBD (ulcerative colitis,
Chron’s disease) ] 1-2% cases

Figure 5. Colorectal cancer risks.

Most CRC cases arise spontaneously (70% of all cases). Main non-hereditary risk
factors include age, male sex, diet, environmental factors, smoking, excess alcohol
consumption. Inflammatory bowel disease (ulcerative colitis and Crohn’s disease), which
is caused both by environmental and genetic factors and characterised by chronic
inflammation in the colon and small intestine, accounts for 1-2% of all CRC cases. The
risk of IBD patients for developing CRC increases with the duration of the disease and
reaches 18% after 30 years of disease [Kim E.R. et al., 2014].

1.4.3 Characterisation of colorectal cancer development

Colorectal cancer is characterized by a multistep carcinogenesis process which
includes an adenoma-carcinoma progression sequence. The model was proposed by
Fearon and Volgestein in 1990 and implied a successive acquirement of mutations with
the tumor development [Fearon, E. R. et al., 1990]. There are two main pathways of
acquiring genetic changes which lead to CRC: the adenomatous pathway and the
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serrated pathway (Fig. 6). Both pathways have their typical histological features
(adenomas or sessile serrated polyps (SSPs)) and distinguished molecular origins. The
adenomatous pathway is the most common and accounts for 60-70% of cases. Its tumors
originate from adenomas with tubular histology and have alterations in the APC gene as
a first driving mutation. With time, these tumors acquire chromosomal instability (CIN) —
the accelerated rate of gains or losses of the chromosomal parts. In contrast, SSPs have
very different histological features: these tumors are flat and have serrated glands.
Serrated pathway cancer development begins with BRAF mutation. Serrated tumors are
characterized with features such as microsatellite instability (MSI), and CpG island

methylator phenotype (CIMP) pathway (Fig. 6).

Adenomatous pathway:
APC, KRAS, p53, CIN
Normal / (60-70% cases)

tissue
N Serrated pathway:
BRAF, MSI-H
(10-20% cases)

Figure 6. Two genetic pathways of CRC development.

Adenomatous pathway: the initial event in tumor formation is believed to be the
inactivation of the APC gene (Fig .7), which is also the most common mutation in colon
cancer [Kuipers E.J. et al., 2015; cBioptral]. APC is a member of the Wnt signaling
pathway and encodes a protein that negatively regulates the level of beta-catenin protein.
Nonsense mutations in the APC gene lead to constitutive activation of Wnt signaling (via
beta-catenin-mediated transcriptional activation) which leads to a stem cell-
like/proliferative cell behavior and the formation of adenomas. Inactivation of the APC
gene is often followed by activating mutations in KRAS, an upstream effector protein in
the Raf-MEK-ERK pathway. This leads to acceleration in cell cycle progression and
further tumor growth. At later time points, inactivation of the tumor suppressor gene p53,
the cell cycle gatekeeper, allows tumor cells to escape cell cycle arrest and apoptosis.
These events lead to further accumulation of mutations, increased CIN, and progression
to the carcinoma stage which is characterized by metastatic dissemination (Fig. 7). The

whole process of tumor development might take years or even decades.
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Figure 7. CRC development stages.
1.4.4 Subtypes and classification of colorectal cancer patients

Colorectal cancer is a heterogeneous disease with many possible mutation
combinations which can drive tumor development. Tumors can be distinguished by the
genomic instability status - CIN (SCNA), MSI/MSS or CIMP high or low tumors; they can
be distinguished by the presence of BRAF and KRAS WT or mutant variants; they can
be low or rich in immune infiltration; they can have different MMR-D (mismatch repair-
deficiency) status. All these factors influence therapy efficiency and the survival of the
patients. Unfortunately, despite progress in molecular biology approaches in the last 10
years and a lot of information gathered on tumor development, histopathological analysis
is still the primary tool for therapy decision-making. Nevertheless, several attempts were
made to summarize the knowledge about CRC and to classify colorectal cancer patients
into particular groups to improve therapy outcome, i.e. in order to decide what group of
patients would benefit from receiving a certain drug or drug combination. One of the
earliest findings came shortly after the FDA approval of the first targeted therapy —
cetuximab — a chimeric IgG1 monoclonal antibody targeting EGFR [Cunningham D. et
al., 2004]. Clinical trials showed that only a small proportion of CRC patients benefit from
the treatment. It turned out that Cetuximab is primarily efficient for KRAS WT tumors,
while KRAS mutant tumors do not respond to the treatment because of continuous
activation of downstream EGFR signaling in those lesions [Liévre A., et al, 2006, Fiore Di
F.etal., 2007, De Roock W. et al., 2008]. This discovery led to the widespread application
of molecular profiling for the KRAS status in patients prior to therapy regime selection

alongside the histopathological evaluation of the tumor samples.
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Further, the first molecular CRC classification was performed based on tumor gene
expression profiles [Guinney J. et al. 2015]. An international consortium of 6 laboratories
combined their knowledge and skills to perform the clustering of more than 4000 patient
samples into 4 consensus molecular subtypes of colorectal cancer: CMS1, CMS2, CMS3,
and CMS4 (Fig. 8 [Guinney J. et al. 2015]). The work was based and driven by previous
research attempts to classify CRC tumors based on gene expression [Sadanandam A. et
al., 2013; Melo F. De S E et al, 2013; Marisa L. et al., 2013; Roepman P. et al, 2014,].

CMS2 CMS3 CMS4
Canonical Metabolic Mesenchymal

14% 37% 13% 23%
MSI, CIMP high, : Mixed MSI status, .
hypermutation SCNA high SCNA low, CIMP low SCNA high
BRAF mutations KRAS mutations
Immune infiltration WNT and Metabolic STEg)lr:n E‘l;z::c;iitgn’
and activation MYC activation deregulation : et
angiogenesis
Worse survival Worse relapse-free
after relapse and overall survival

Figure 8. Consensus molecular subtypes of colorectal cancer. Proposed taxonomy of colorectal
cancer, reflecting significant biological differences in the gene expression-based molecular
subtypes [Guinney J. et al. 2015].

CMS1 subtype is characterized predominantly by hypermutated BRAF tumors, with
high immune infiltration, high MSI status, high CIMP, and low SCNA status. The patients
from this cohort have the worst survival rate after relapse. CMS2 subtype or canonical
subgroup is the major group with a high percentage of APC mutations, activated Wnt and
Myc pathways, SCNA high, MSI and CIMP low. CMS3 or the metabolic subgroup has the
highest incidents of KRAS mutations and the tumors are enriched by multiple signatures
of metabolic dysregulation. Mesenchymal CMS4 subtype has the highest rate of stromal
infiltration, high SCNA levels, and TGF-f activation levels, with the worst overall survival
rate.

While providing important information on markers for CRC subtypes via gene
expression profiles, the classification has yet to confirm its prognostic relevance for
therapy decision-making. While some progress was achieved in predicting patient

survival and appropriate therapy according to CMS classification [Del Rio, M. et al., 2017],
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many clinical trials reported conflicting results regarding the efficacy of targeted agents
[Stintzing S. et al., 2019; Okita A. et al., 2018; Y. Buikhuisen J.Y. et al, 2020]. Moreover,
CMS relevance for metastatic lesions was questioned and an alternative classification
was proposed for those tumors [Mendelaar P.A. et al., 2021]. Some discrepancies in CMS
classification might be attributed to the fact that gene expression profiles were obtained
not only from epithelial tumor cells but the whole tumor sample including surrounding
immune and stromal cells [Y. Buikhuisen J.Y. et al, 2020]. Thus, an additional
classification system for the primary tumors was introduced later on describing 5 CRC
intrinsic signature (CRIS) clusters and was based solely on epithelial cell transcripts. Not
surprisingly, all these classification methods have limited overlap as they used cells of
different origin in their analysis. While these classification efforts are a huge step forward
in implementing a new strategy for therapy decision making, it might well be that the level
of heterogeneity in CRC patient tumors is much higher than anticipated and cannot be
described using only cohorts of 4-5 clusters. In the nearest future, a more personalized
approach using different types of PDO platforms will be the next important step in CRC

therapy decision making that might bring new insights to the field.
1.4.5 Most common mutations in CRC

According to the cBioportal website, whichaccumulates thousands of human
colorectal cancer metadata, the most common mutations in CRC are APC, TP53, KRAS,
SMAD4, and PIK3CA. Other common mutations in CRC tumors and the corresponding
pathways are MAPK signaling: KRAS, NRAS, BRAF, EGFR, ERBB2, ERBB3, FLT3; Wnt
signaling: APC, RSPO3, FBXW7, RNF43, ZNRF3, SOX9, TCF7L2, AXIN2, CTNNB1,
TP53, and ATM are the apoptosis-related genes, PI3K/AKT signaling — PIKECCA, PTEN,
AKT1, AKT2, PIK3CD; TGF-B signaling — SMAD4, SMAD2, TGFBR1, TGFBRZ2;
Chromatin modifiers: ARID1a, ARID2, ARID1B, and ARID4B.

Several studies establishing patient-derived organoids revealed a similar pattern of
most common mutations occurring in patient samples: KRAS, APC, TP53, BRAF,
PIK3CA, ATM, SMAD4, SOX9, FBXW?7 [van de Wetering M. et al., 2015; Schuette M. et
al., 2017; Ooft N.S. et al., 2019].

Analysis of metastatic samples reveals that the most common mutations driving
highly aggressive tumors include APC, KRAS, SMAD4, TP53, SRC, PIK3CA, SMARCA4
[cBioportal; Vlachogiannis G. et al., 2018].

1.4.6 Colorectal cancer treatment options
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Early-stage (I-Il) CRC patients undergo surgery as the main therapy option. More
advanced stages (lI-1ll) are complementarily combined with chemotherapy. The majority
of stage |V patients undergo chemotherapy treatment without surgical intervention. Until
the early 2000s, 5-FU and Leucovorin were the main first-line conventional therapies for
advanced CRC stages when oxaliplatin and Irinotecan-based regimens such as FOLFOX
and FOLFIRI were introduced for patient treatments [Gustavsson B. et al., 2015]. The
implementation of Irinotecan and Oxaliplatin lead to increased survival of metastatic
patients from 12 months to 18-21 months [Cunningham D. et al., 2004]. In 2004 the first
targeted therapy was introduced — cetuximab - a chimeric IgG1 monoclonal antibody
targeting EGFR receptor [Cunningham D. et al., 2004]. It turned out that it's effective only
for a cohort of KRAS and BRAF wt patients [Liévre A., et al, 2006; Fiore Di F. et al., 2007;
De Roock W. et al., 2008]. Moreover, the effect on survival of those patients is moderate
with only 4 extra months of median overall survival (FOLFIRI vs FOLFIRI + Cetuximab:
21 months vs 24.9 months) [E. V. Cutsem et al., 2009]. Another EGFR targeting agent
Panitumumab was approved by FDA in 2006 and is interchangeable with Cetuximab
(median overall survival, 23.8 months with FOLFOX plus panitumumab vs 19.4 months
with FOLFOX alone [Douillard JY. Et al., 2014]).

BRAF V600E patients have worse survival outcome compared to BRAF WT patients
with 15-20% shorter median OS [Taieb J. et al., 2019]. BRAF mutations are found in 5-
10% of CRC tumors and BRAF V600E accounts for a vast majority of metastatic CRC
cases (98%) [Taieb J. et al., 2019]. Current therapy treatment is not any different from
other CRC cases and includes fluoropyrimidine and either irinotecan or oxaliplatin. Only
in 2020, FDA approved a combination of encorafenib (BRAF inhibitor) and cetuximab for
BRAF V600E metastatic patients based on phase 3 BEACON CRC trial results (Fig. 9)
[Kopetz S. et al., 2019].

After successful implementation of the first targeted therapy against EGFR in 2004,
several drugs targeting the VEGF pathway were also approved by the FDA for the
treatment of metastatic disease in 2004-2015 - Bevacizumab, Ziv-aflibercept,
Regorafenib, Ramucirumab [Hurwitz, H. et al., 2004; Van Cutsem E et al., 2012; Grothey
A. etal., 2012; Tabernero J., et al., 2015]. Bevacizumab is a humanized IgG monoclonal
antibody targeting VEGF-A. Bevacizumab increased overall survival for metastatic
patients from 15.6 months to 20.3 months in phase [ll AVF2107 trials [Hurwitz, H. et al.,
2004]. Recently one more drug targeting VEGF pathway has been approved by the FDA
— Ramucirumab - a humanized monoclonal IgG antibody targeting VEGFR-2 [Tabernero,

J.etal., 2015].
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Figure 9. Overall survival results in phase 3 BEACON CRC clinical trial. ENCO/CETUX,
encorafenib plus cetuximab; HR, hazard ratio; OS, overall survival. [Tabernero J. et al., 2021].

Another milestone in treating CRC patients was achieved with the FDA approval of
checkpoint inhibitors in 2017-2018. Pembrolizumab (PD-1 like antibody), nivolumab (PD-
1antibody), and ipilimumab (CTLA-4 inhibitor) were approved for treating metastatic
CRCs with MMR-deficient and MSI-H tumors where they showed successful prolongation
of overall survival. The effect though extends to tumors with only a high mutational burden
which is probably explained by the expression of abnormal antigens which can be further
recognized by immune cells.

Recent advances in screening procedures and novel drug treatments undoubtedly
improved patient lives and their survival rate. At the same time, if we compare the median
survival rates from the late 1990s to nowadays the achieved effect is obviously very small.
This is especially relevant for metastatic patients where median overall survival increased
from 12 months to only 25 months. Despite many attempts in the development of targeted
drugs over the past years, more specific targeted therapy is still missing and urgently

needed for CRC treatments.

1.5 Differentiation therapy

1.5.1 Differentiation therapy in acute promyelocytic leukemia

One of the most successful examples of differentiation therapy in cancer is retinoic
acid derivatives in the treatment of acute promyelocytic leukemia (APL). APL is a type of

acute myeloid leukemia which is characterized by the expanded presence of
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promyelocytes (immature blood-forming cells) in the blood and bone marrow. The
alteration is caused by the impaired maturation process of those blood cells and the
majority of lethal cases are driven by blood clots. Mechanistically, almost all cases involve
chromosomal translocation which results in the production of PML-RARa fusion proteins
[Hansen LA. et al., 2000]. In homeostatic conditions, RARa is a nuclear transcription
factor that is getting activated upon the binding of steroid hormones driving consequential
heterodimerization with RXR transcriptional factors. RARa-RXR transcriptional
complexes regulate differentiation and growth of different cell lineages including
promyelocytes. In the disease, the differentiation function of the RARa-RXR complexes
is impaired by the dominant-negative function of PML-RARa fusion protein and the
expression of corresponding differentiation genes is repressed (Fig. 10). All-trans retinoic
acid (ATRA) drugs bind to PML-RARa fusion protein causing conformational changes
which lead to transcriptional activation of the differentiation program and maturation of

promyelocytes into granulocytes [Gocek E. et al., 2011].
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Figure 10. Molecular mechanism of ATRA-induced differentiation of APL cells [Gocek E. et al.,
2011].

Another paper highlights the dual role of retinoids in APL treatment — differentiation
of promyelocytes and the elimination of leukemia-initiating cells (LICs), a stem cell subset
of promyelocytes [Nasr R. et al., 2008]. The authors elucidated the important role of cyclic
AMP signaling in those processes which are important for the destruction of the PML-
RARa complex and eradication of LICs. They claim that LICs elimination is more relevant
for the APL treatment than differentiation of promyelocytes as only the latter itself doesn’t

cure patients. Even though it seems that the effect on LICs is important, the dual action
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of retinoic acid is not separable into differentiation vs. LIC depletion and the contribution
of promyelocytes differentiation is still substantial for disease control. Moreover, the LIC
elimination process requires higher doses of retinoic acid, and the mechanism of
clearance is yet not understood, which might well include the execution of some
differentiation programs. Thus, the importance of retinoic acid as a differentiation agent
is invaluable.

The discovery of retinoids for the treatment of APL completely changed the
landscape of disease prognosis. Before the implementation of differentiation therapy, the
disease was highly fatal and only about 40% of patients could be cured. ATRA treatments
lead to a drastic increase in patient survival with more than 95% of complete remissions

which highlights the importance and the actual potential of differentiation therapy.

1.5.2 Basics for differentiation therapy in colorectal cancer

Tumors are composed of different types of cancer cells that contribute to tumor
heterogeneity [Li H. et al., 2017]. Among those populations, there are cancer stem cells
(CSCs) that drive tumor growth and metastatic progression. In the primary tumor, they
are marked by Lgr5 gene expression, which is one of the markers for CSCs in CRC.
Differentiated cells are another prominent cancer cell population that can be
distinguished, for example, by KRT20 expression. Different intermediate progenitor cell
populations are also detected in CRC tumors [Baker A.M. et al., 2015]. Cancer cells differ
both by the level of proliferation and level of differentiation and usually, these two features
are inversely correlated in tumors. Thus, using CRC patient tumor samples and
corresponding human organoid xenografts in mouse models it has been shown that Lgrb
stem cells and KRT20 differentiated cells are localized in different parts of the tumor —
stem cells occupying the tumor border while differentiated cells reside in the inner tumor
regions [Shimokawa M. et al., 2017]. Moreover, while differentiated cells are mainly Ki67
negative, stem cells are reported to be Ki67 positive [de Sousa e Melo et al., 2017;
Shimokawa et al., 2017]. At the same time, it was shown that there are rare KRT20* Ki67*
and Lgr5* Ki67- populations and more prevalent Lgr5° KRT20* Ki67* cells which might
comprise intermediate progenitor cells residing in the tumor [Shimokawa M. et al., 2017,
Baker A.M. et al.,, 2015]. The fact that both differentiated cells and stem cells are
endogenously present in tumors already demonstrates that tumor cells are plastic.
Generally, the vast majority of differentiated cells in tumors either disappear or stay as
single-cell colonies over a long period of time, while stem cells and their progenitors

proliferate giving rise to colonies that ultimately contain differentiated cells. At the same
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time, as it was shown by the Sato group in lineage tracing experiments, a small proportion
of KRT20" differentiated cells (0.7%) is also able to give rise to colonies of tumor cells
that are positive for Ki67 staining and most likely express Lgr5. Moreover, various stress
conditions expand the capacity of differentiated cells to give rise to Lgr5* cells which were
demonstrated by specific ablation of Lgr5* cells in tumors [Shimokawa et al., 2017]. It
was suggested that transformation might be triggered by the freed stem cell niche after
Lgr5* cell elimination. Interestingly, in in vitro conditions, KRT20" and Lgr5* cells had a
similar clonogenic capacity which highlights the intrinsic stemness potential of both cell
populations. These findings highlight the similarity between the tumor architecture and
the crypt-villus hierarchy in normal intestinal epithelium where it was also shown that
under stress-induced conditions (targeted ablation, DSS treatment) merely all
differentiated cell populations are able to give rise to Lgr5* stem cells [van Es JH. Et al.,
2012; Buczacki SJ. et al., 2013; Tetteh PW. Et al., 2016; Jadhav U. et al, 2017; Yu S. et
al., 2018].

A deeper understanding of cancer cell plasticity and the connection between Lgr5*
stem cells and Lgr5 differentiated cells (which are highly enriched for differentiation
markers including KRT20 [Fumagalli A. et al., 2020]) was achieved with the works from
Frederic J. de Sauvage and Jacco van Rheenen groups. The Sauvage group
demonstrated that Lgr5 cells are indispensable for the growth of metastasis but not for
the primary tumor. Ablation of Lgr5" cells lead to a drastic decrease in metastasis
formation but didn’t cause tumor regression due to a constant replenishment of the Lgr5*
stem cell pool by Lgr5 cells [de Sousa e Melo et al., 2017]. The van Rheenen group
expanded this knowledge by establishing that Lgr5 cells are predominantly responsible
for metastatic dissemination from primary tumor but compelled for transformation back to
Lgr5* cells upon arrival to the metastatic niche for fueling metastatic tumor outgrowth.
Using growth factor-free in vitro experiments, the authors also showed that the ability of
differentiated cells to give rise to stem cells is a cell-intrinsic feature rather than dictated
by stem cell niche factors [Fumagalli A. et al., 2020].

Altogether, colorectal tumors are heterogeneous and composed of cells with
different proliferation and differentiation statuses. Differentiated cells are endogenously
present in colorectal tumors. Cancer stem cells are the driving force of primary and
metastatic tumor development. Differentiated cells preferentially vanish from the tumor
site during its development. Moreover, it's well documented that patients with well-
differentiated tumors have better overall survival rates compared to poorly differentiated

colorectal cancers [Xiao H. et al., 2013]. Stem cells, their progenitor cells, and
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differentiated cells are plastic and can transform one into another with a certain frequency
even in homeostatic conditions. This means that stem cells are able to respond to
differentiation-inducing signals and that the ratio of stem cell to differentiated phenotypes
in CRC could be altered exogenously (e.g. by using drugs).

These remarkable discoveries highlighted several important aspects for introducing
differentiation therapy. Differentiation therapy is one of the approaches to treat CRC
tumors which involves induction of cancer stem cell differentiation which blocks tumor
development and metastasis. This therapy enriches tumors with differentiated cells which
would be eliminated spontaneously. One predicament in this therapy is cell plasticity: it's
known that differentiated cells are able to transform back to stem cells, especially in those
cases when stem cells are actively eliminated. Thus, successful differentiation therapy
should simultaneously induce cancer stem cell differentiation and block signals which

allow differentiated cells to revert back to the stem cell state.

1.5.3 Examples of differentiation therapy in colorectal cancer

The first step in developing a differentiation therapy for CRC was previously done
in our lab [Ord6éRez-Moran P. et al., 2015]. This research uncovered the mechanism of
Hoxa5 driven differentiation in colorectal cancer using mouse and human experimental
models. The Hoxa5 gene drives terminal differentiation of the mouse small intestinal
epithelial cells. It negatively regulates Wnt signaling in differentiated cells and is missing
in stem cells. Hoxa5 gene expression is downregulated in CRC tumors, but its induction
leads to tumor differentiation, and inhibits progression and metastasis. Hoxa5 gene
expression can be activated by retinoic acid, a well-known inducer of differentiation. Thus,
this research clearly demonstrated a mechanistic insight into the tumor differentiation
process in CRC and potential drugs which could target it.

Hoxa5 is not the only example of tumor suppressor genes involved in differentiation.
Id2 is another protein with similar activity: depending on the environmental context it can
act as a repressor or an activator of tumor growth. For a few decades, it was believed
that 1d2 is an inhibitor of differentiation. Indeed, in the WT small intestine it is highly
expressed at embryonic stages of development however reduced in the adult [Lasorella
A. et al.,, 2014]. Later investigations showed that Id2 negatively regulates Wnt signaling
and its knock-out caused increased numbers of Lgr5* cells in the small intestine at
embryonic stages and spontaneous neoplasia in the adult [Nigmatullina L. et al., 2017].
Thus, Id2 is showing similar effects as Hoxa5 in affecting intestinal differentiation. Further

steps for making Id2 druggable are still missing.
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NDRG2 gene is another example of a tumor suppressor gene that facilitates the
differentiation of CRC [Shen L., et al., 2018]. Researchers showed that NDRG2 promotes
differentiation through silencing of Skp2 E3 ligase, which leads to the stabilization of p21
and p27. CDK inhibitors p21 and p27 regulate cell cycle progression which might underlie
NDRG2-driven differentiation. Mechanistically, NDRG2 abrogates B-catenin nuclear
translocation which reduces the activity of TCF/B-catenin driven Skp2 transcription. Clues
for making NDRG2 expression druggable are still missing and remain to be discovered.

Overall, few examples provided insights into the differentiation process in CRC, but
only the Hoxa5-induced differentiation study [Ordéfez-Moran P. et al., 2015] provided
possible drug candidates which could be used for CRC therapy. Thus, the discovery of
differentiation-inducing drugs for potential use in the clinic is still challenging but of high

interest.

1.6 Colorectal cancer models

Progress in cancer research could not be achieved without proper models to study
it. Thus, experimental need boosted the development of corresponding colon cancer
models. Cell lines were one of the first experimental models of colon cancer and some of
them were established already in the 1970-1980s (HT29, HCT116, Caco-2, SW480,
LoVo) according to a PubMed search and available publications [e.g. von Kleist S. et al.,
1975; Brattain M.G. et al., 1984]. Many of those are immortalized cell lines derived from
human adenomas, carcinomas, or adenocarcinomas. Nowadays there are nearly 90
different cell line models of human colon cancer available at the American Type Culture
Collection (ATCC) harboring different spectra of genetic mutations representing different
subtypes of CRC. Those very early but also limited cancer models nevertheless provided
a huge amount of information for the development of the field and are still widely used
nowadays.

Further research development demanded more representative models of CRC than
simple 2D cultures, which would include the complexity of an actual living organism with
its homeostasis and active immune system for a better understanding of the interaction
between cancer cells and the environment, and for better drug testing. Thus, the first
genetically engineered mouse model (GEMM) of colorectal cancer was introduced in
1990 — the APCM" mouse model (Min — multiple intestinal neoplasia) [Moser A.R. et al.,
1990]. It's a mouse model harboring a heterozygous mutation in the APC gene in codon
850 (APC protein has 2843 amino acids) which results in a truncating mutation and APC

protein malfunction. It was obtained via a N-Ethyl-N-nitrosourea (ENU) mutagenesis
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screen. Homozygous APC deletion is embryonical lethal, and it is therefore not possible
to obtain homozygous APCM" mice. For the phenotypic transformation of intestinal cells
to malignant polyps, a spontaneous loss-of-function (LOF) mutation in the second allele
has to occur, and usually, APCM" mice start to develop polyps at the age of 2-3 months
with up to 50 polyps developed through life [Moser A.R. et al., 1990; Zeineldin M. et al.,
2013]. Tumor development in these mice is driven by APC LOF and this model represents
a major cohort of adenomatous pathway tumors (60-70% of CRC cases). The APCMin
mouse model is a great tool for studying the initial steps of tumor development which for
the first time allowed identification and manipulation of genes involved in tumor
development in vivo [Zhang L. et al., 2017]. Unfortunately, there are several limitations of
that model: first of all, polyps develop at a relatively young age which doesn’t reflect the
tumor biology in humans where cancer arise mostly in older patients; second, the majority
of the tumors develop in the small intestinal tract, while the majority of human cancers
develop in the large intestine; third, the LOH mutation occurs spontaneously in the second
allele of APC which could lead to some level of heterogeneity between the tumors.
Moreover, one cannot exclude the possibility of mutations in other genes which leads to
APC silencing. There is no possibility to know upfront the location and the nature of the
second mutation unless a deep analysis of each tumor is performed. Fourth, these tumors
typically do not progress to more advanced adenocarcinomas which are observed in the
majority of human cases, the model thereby only reflects early stages of tumor
development. Finally, the average lifespan of APCM" mice is 4 months which makes it
tedious to maintain the mouse line.

The next breakthrough in designing adequate mouse models for studying CRC was
the implementation of the Cre-loxP system [Lakso M. et al., 1992; Buertin F. et al., 2020]
combined with the tamoxifen-inducible Cre-ERT2 system [Indra A.K. et al., 1999]. Several
Cre reporters were introduced including Fabpl-Cre, Villin-Cre, and Cdx2-Cre [Saam J.R.
et al., 1999; Madison B.B. et al., 2002; El Marjou F. et al., 2004; Hinoi T. et al., 2007,
Feng Y. et al., 2013]. Villin and Fabpl expression is not restricted to the large intestine:
while Villin is predominantly detected in the small intestine with lower expression levels
also detected in the large intestine, Fabpl is also expressed in the distal small intestine.
Cdx2 has a more specific pattern of expression — it expresses in large intestine and
therefore is a more relevant reporter for studying CRC tumorigenesis. Combing such
alleles with relevant loss-of-function (LOF) or gain-of-function (GOF) genetic models
resulted in powerful tools for studying CRC. The most common mutations (and pathways

they belong to) in colon cancer are APC (Wnt), TP53 (Apoptosis), KRAS (MAPK), SMAD4
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(TGF-B), PIK3CA (PI3K/AKT). According to the adenoma-carcinoma theory of tumor
development by Fearon and Volgestein [Fearon, E. R. et al.,, 1990] the acquiring of
mutations in tumors appear in the following sequence — APC, KRAS, P53; and later -
mutations altering TGF- 3 and PI3K/AKT signaling, such as SMAD4 and PIK3CA, leading
to enhanced chemoresistance and metastatic properties of tumor cells. Therefore,
several inducible mouse models were created to unravel the consequences of those
transformations. The ApcMn*Kras-SLC12D/*v/j|1Ce model was introduced to mimic early
stages of polyps development in the colon. Indeed, due to the activating KRAS mutation,
mice harboring these alleles (unlike APCM" model) developed multiple polyps in the colon
mimicking the first steps of tumor initiation [Enquist, I. B. et al., 2014]. More advanced
models included p53 inactivating mutations which are usually acquired by tumors at the
carcinoma stage, resulting in the APC KRAS p53 phenotype which reflects more
advanced stages of the adenomatous pathway [Martin S.E. et al., 2013; Ragusa S. et al.,
2014]. Interestingly, a study comparing APC p53 (AP) model versus APC p53 KRAS
(AKP) model, showed that adding the KRAS activating mutation increases MAPK and
PI3K/mTOR signaling as accessed via p-MEK, p-ERK, p-AKT, and p-S6 stainings. At the
same time, Wnt signaling was not altered but sustained at high levels in both models
(distinguished by B-Catenin staining) [Martin S.E. et al., 2013]. Several studies used
mouse-derived organoids (Fig. 11) to generate desirable mutation patterns and used

subsequent organoid transplantation into a mouse (subcutaneous, orthotopic injections)

for studying CRC development [Drost J. et al., 2015; de Sousa e Melo et al., 2017; Roper
J.etal., 2017].

Figure 11. Mouse cancer organoids harboring
the Apc™™; Kras™s¢12°:Tp53"" (AKP) genotype.

Comparison of AKP and AKPS (AKP + Smad4) models showed that both models
develop highly proliferative tumors but while AKPS tumors develop as invasive
carcinomas, the majority of AKP tumors are adenomas [Drost J. et al., 2015], though

other studies showed that AKP mutations can progress to carcinomas [Martin S.E. et al.,
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2013; Dionellis S.V. et al., 2021]. The discrepancies between the studies can be
explained by the timing of tumor growth. AKPS organoids have much higher levels of
genomic instability compared to AKP and AK organoids. Subcutaneous AKPS tumors

display exponential growth while AKP tumors have more moderate growth dynamics (Fig. 12).
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Figure 12. Subcutaneous tumors harboring AK, AKP and AKPS phenotypes. Organoids were
generated from ApcMin/*;KrasLSLG12D/*;Villin-Cre;Lgr5°™e¢F colonic tumors and further
transfected with gRNAs targeting p53 and Smad4. Left panel: tumor growth; right panel - ki67

staining [adjusted from de Sousa e Melo et al., 2017].

Moreover, assessment of Lgrb expression indicated that AKP and AKPS tumors
have similar stem cell content (around 15-20%) [de Sousa e Melo et al., 2017]. Authors
showed that only the AKPS model developed spontaneous metastasis in the orthotopic
setting in a time frame of 6 weeks after injection [de Sousa e Melo et al., 2017]. At the
same time, other research including ours, showed that the AKP model (Cdx2 tamoxifen-
inducible) developed metastasis after 25 weeks after low dose tamoxifen injection. This
is in line with the lower growth rate of the AKP model which probably causes delayed
metastatic potential.

The AKP models reflect the adenomatous pathway of CRC development, which is
the most common type of CRC accounting for 70% of all CRC cases. Other models of
CRC including BRAF mutations, MMR-D, or MSI status were successfully implemented
[Carragher L.A. et al., 2010; Coffee E.M. et al., 2013; Rad R. et al., 2013] and a detailed

description can be found elsewhere [Buertin F. et al., 2020].
1.7 Colorectal cancer patient-derived organoids

Patient-derived organoids can be regarded as a special type of CRC modeling
platform. For decades, research aimed to provide pivotal information for decision-making

for patient treatment, including cancer patients. However, despite the extensive research
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in the field we still know very little about the mechanisms, heterogeneity, metastatic
process, and acquired resistance in colorectal cancer. As a consequence of lack of
knowledge, only a limited number of drugs have passed clinical trials through past
decades and have been approved by the FDA for use against metastatic CRC. For
example, the first targeted therapy drug (Cetuximab, targeting EGFR signaling) was
approved by the FDA only 15 years ago, and its effect was restricted only to a cohort of
KRAS wt patients with moderate effect on overall survival [Cutsem E.V. et al., 2009]. This
fact clearly illustrates that the scientific community is far away from fully understanding
the mechanisms of this heterogeneous disease. With that, patient-derived organoids
(PDOs) can provide important information about inter- and intra-patient heterogeneity and
will allow to analyze the biology and drug-sensitivity of genetically diverse tumors.

It has been shown that PDOs (and PDXs models) recapitulate the histopathological
features and mutational spectrum of original tumors [Cho Y.B. et al.,, 2014; van de
Wetering M. et al., 2015; Bruun J. et al, 2020; Vlachogiannis G. et al., 2018; Mullinis S.C.
et al., 2019; Fujii M. et al., 2016; Roerink F.S. et al., 2018; Ooft N.S. et al., 2019] and
therefore provide representative models to study CRC, especially for precision medicine
decision-making. The establishment of PDOs is very efficient and reaches 90% while the
efficiency of PDX establishment is around 70% [Mullinis S.C. et al., 2019; van de Wetering
M. et al.,, 2015]. The research utilizing PDOs unraveled a high level of inter-patient
heterogeneity including morphological heterogeneity, genetic heterogeneity, and
heterogeneity in terms of drug response, which may be related to the different spectra of
acquired mutations for each individual tumor [van de Wetering M. et al., 2015; Fuijii M. et
al., 2016; Vlachogiannis G. et al., 2018]. The application of PDOs seems to be a useful
tool for predicting tumor response to standard drug treatments [Ooft N.S. et al., 2019;
Narasimhan V. et al., 2020; Vlachogiannis G. et al., 2018] which would facilitate and
speed up the therapy decision-making process.

One of the advantages of organoids for clinical decision-making is that researchers
may be able to model therapy resistance, identify and investigate resistant clones and
predict the best second line therapy for each individual patient, or drug combinations that
would most successfully treat the whole tumor or metastatic lesions. Perhaps the use of
more personalized approaches emerging in recent years will be a breakthrough in the
treatment of metastatic CRC. Using patient-derived organoids (PDOs) is clearly a

beneficial strategy.
1.8 Screenings in colorectal cancer
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PDOs, PDXs models, mouse-derived colon cancer organoids and 2D cell lines were
used in different formats for high-throughput screening. Here | collected the most recent
advances in reporter-based high-throughput techniques, novel imaging-based assays,

and experiments on drug testing for personalized decision making.
1.8.1 Reporter-based assays in cell lines

Several high-throughput drug-screening platforms were recently established to find
drugs targeting CRC. The advantage of the 2D cell line assays is that typically they are
capable to screen thousands of drugs based on the readout of specific reporter activity.

Zhan et looked for drugs modulating Wnt signaling in CRC using three cell lines
harboring mutations in KRAS, APC and -catenin—- HCT116, SW480, and DLD1 [Zhan T.
et al., 2019]. They used the TCF-Wnt luciferase reporter to identify small molecules
affecting Wnt signaling from a cohort of 2399 compounds. Unexpectedly, they discovered
that MEK inhibitors activate Wnt signaling by downregulating AXIN1, a rate-limiting
enzyme of the B-catenin destruction complex. Downregulation of AXIN1 mediated by
ERG1 (known downstream target of MAPK signaling) led to activation of Wnt signaling.
MEK inhibition leads to induction of stem cell phenotypes in CRC which is supported by
recent studies on plasticity in CRC [Shimokawa, M. et al., 2017; de Sousa e Melo et al.,
2017; Fumagalli A. et al., 2020].

Another study presented a high-throughput screening platform for identifying CRC
targeting drugs by implementing a three-reporter system simultaneously monitoring the
transcriptional activity of TCF/LEF, NF-kB, and NRF2 (transcription factor regulating
antioxidant genes). Wnt signaling (TCF/LEF reporter) is responsible for tumor
proliferation, NF-kB is a sensor of inflammation which is usually highly activated in tumors
and oxidative stress response is an important survival mechanism in CRC. Thus, authors
looked for the drugs inhibiting TCF/LEF and NF-kB reporters, or drugs activating NRF2
expression as a measure of increased oxidative stress. They screened the library of 1280
drugs and identified 8 hits, one of which is itraconazole, a drug which authors presume is
involved in cholesterol trafficking. Moreover, the authors demonstrated that itraconazole
suppresses the formation of polyps in APCM" mice [Miyamoto S. et al., 2020].

Another study implemented an alkaline phosphatase (ALP) reporter system to
identify differentiation-inducing drugs in colorectal cancer [Plotnikov A. et al., 2020]. ALP
is a differentiation marker in enterocytes in the normal intestine and is highly expressed
in well-differentiated tumors projecting better survival. At the same time, ALP is lowly

expressed in more aggressive, poorly-differentiated CRCs. The authors analyzed 5700
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drugs for ALP activity in two cancer cell lines HT29 and HCT116 and one normal colon
epithelial cell line CCD-841 (with already high levels of ALP activity) for comparison. They
found that MS023, an inhibitor of the histone methylase PRMT1, significantly upregulated
ALP activity in cancer cell lines but didn’t change ALP levels in normal epithelial cell lines.
The authors confirmed the differentiation signature induced by PRMT1 inhibitors using
RNA-seq and showed its high efficacy against CRC in HT29 xenograft mouse model. It

remains to be seen if this drug can be used in vivo in more complex CRC models.

1.8.2 High-throughput screenings in 3D cultures

The next step in generating more representative screening platforms for CRC
targeting drugs was the implementation of 3D organoid- or spheroid-based screenings.

Folkesson E. et al. reported a high-throughput screening in 3D spheroids cultures
of several cell lines and compared those readouts to results obtained from 2D screening.
Moreover, they were interested in analyzing the effects of 21 clinically relevant drug
combinations in 2D and 3D cultures. They used an ATP-based viability screenin HCT116,
HT29, and SW620 cell lines or spheroids. The authors discovered that drug synergy more
frequently works in cell lines than spheroid cultures. They also found out that 3D
spheroids are generally more sensitive to MEK inhibitors and drug combinations
containing MEK inhibitors [Folkesson E. et al., 2020].

Similarly, Du Y. et al established ultra-high-throughput screening in organoids based
on cell viability using CellTiter Blue. They screened 2036 drugs in a APC”’; KRAS®'2D
human colon organoid model in 384 well plate format. The technical difficulty of this type
of screening is that organoids are growing in solidified drops of gel matrixes (such as
Cultrex, basement membrane extract gel). Further, they derived optimized conditions for

organoid preparation for screening in the 1536 well format (Fig. 13) [Du Y. et al., 2020].
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Figure 13. Experimental set-up of high-throughput drug screening in colon cancer

organoids [taken from Du Y. et al., 2020].
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The proposed high-throughput miniaturized model could be a useful tool in ex vivo

analysis of patient tumor organoids for therapy decision-making.

1.8.3 High-content imaging-based screenings

The high-throughput platforms described above have clear advantages for the
screening of many thousands of conditions, but due to the implementation of only one to
three readouts, the information obtained with those assays requires additional orthogonal
experiments which would allow looking at mechanistic insights of drug action. A step
further in developing a high-content screening platforms was achieved by implementing
the microscopy-based analysis of treated 3D organoids. Works by the Liberali lab and the
Lutolf lab are of particular interest [Lukonin 1. et al., 2020; Brandenberg N. et al., 2020].

The Liberali lab established a microscopy-based platform for phenotypic
characterization of intestinal organoids upon drug treatment. They generated multivariate
profiles of hundreds of organoids based on their morphology and intensity and distribution
of DAPI (DNA staining), aldolase B (enterocytes), and lysozyme (Paneth cells) signals
accessed by immunofluorescent staining. They distinguished 15 phenotypic classes of
organoids and screened 2789 drugs observing 301 drugs that strongly induced one of
the monitored phenotypes. They found that an antagonist of retinoid X receptor (RXR)-a
enriched organoids in a regenerative state. They confirmed the regenerative capabilities
of RXR-a antagonist by performing in vivo experiments in irradiation-induced colitis
regeneration [Lukonin |. et al., 2020].

Recently, the Lutolf lab developed a high-throughput automated system for drug
screenings consisting of engineered cell culture microwells of 3D spheroids [Brandenberg
N. et al., 2020]. Engineered 96-wells contain around a hundred individually separated
spheroids located each at the bottom of a microwell. These 3D cultures are grown from
a cell suspension in 2% matrigel or diluted synthetic hydrogel which in theory allows their
use for downstream analysis. The system is automated for media change and drug
dispersion. High reproducibility of growth allowed authors to perform a proof of concept
high-content imaging-based screening on HCT116 derived spheroids. Using calcein-AM
ethidium homodimer-1 fluorescent labeling for live and dead cells they were able to

identify many HCT116 targeting drugs.

1.8.4 CRISPR screenings in organoids

Organoids were used successfully in CRISPR screening approaches. Several

recent studies applied large libraries of pooled gRNAs in human colon organoids
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harboring APC” or APC”;KRAS®'2P genotypes [Michels E.B. et al., 2020; Ringel T. et
al., 2020]. Two studies focused on resistance to TGF- 3 stimulation, an effect seen in
CRC during later stages of tumor development.

Michels E.B. et al. used pooled CRISPR-Cas9 screens in APC”/;KRAS®"?P human
colon organoids and identified TGFBR1, TGFBR2, and SMAD2 as tumor suppressors.
Further, they applied a library of transduced organoids in xenotransplantation
experiments and looked for clone enrichment after 12 weeks of tumor growth.
Interestingly, they found TGFBR2 as the strongest hit confirming the strong tumor-
suppressive role of TGF- B in the tumor microenvironment. Other hits included TP53,
ATM-2, SMAD4, STK11, and SMARCA, known drivers of CRC tumorigenesis. At the
same time, the analysis showed an enrichment of control gRNAs in surviving tumor cells
indicating a high rate of false-positive or presence of passenger gRNAs in tumor cells.

Ringel T. et al. modified their approach in analyzing single organoids instead of
using pooled screening followed by bulk RNA-seq. This improvement led to more robust
results eliminating the noise generated during the selection procedure. In in vitro screens
authors looked for resistance to TGF- treatment in WT organoids and were able to
identify known TGF-B pathway players TGFBR1, TGFBR2, and SMAD4 as positive hits
which accounted for 96% of all hits. As TGF-3 associated mutations arise at later steps
of CRC development the authors decided to analyze the synergy between TGF-§
signaling mutations and APC”- and APC”-; TP53 phenotypes. Interestingly, they found
that only 65% and 19% of gRNAs were targeting known TGF-B components,
correspondingly, in APC” and APC”; TP53 organoids. The rest of the genes were not
related to TGF-B which highlights higher potency of APC, TP53 mutated tumor cells in
overcoming TGF-B resistance, or the existence of synergy with alternative pathways
which could overcome that resistance. Among those genes were known chromatin
modifiers ARID1A, ARID2, SMARCA4, and KEAP1, also highly mutated genes in CRC
[Ringel T. et al., 2020].

The application of organoids in CRISPR screening highlights the possibilities that
organoid technology offers to study CRC. It is already now a useful tool in understanding
the biology of cancer development and could be especially helpful for the identification of

resistance mechanisms.

1.8.5 Screenings in patient-derived organoids
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The number of research projects utilizing PDOs for CRC treatment has been
growing rapidly in the last 10 years. CRC is a very heterogeneous disease with various
mutation combinations presented in epithelial tumor cells. This leads to the existence of
several types of CRCs which have different physiology, occurrence, survival time, and
response rates to particular drug treatments. Eventually, almost every patient can have a
unique combination of acquired mutations which makes it very difficult to make
predictions on treatment responses based on conventional CRC models. In that sense,
PDOs can provide an excellent opportunity for modeling personalized treatments for such
patients.

The majority of screening approaches in PDOs use only cell viability as a main
readout in their experiments. Boehnke K. et al. reported a high-throughput set-up for drug
screening in PDOs. They developed a protocol for tumor cell expansion and seeding in
384-well plate format which allows screening for many drug treatment conditions. Authors
used ATP consumption-based screening for accessing cell viability measured by relative
luminescence units (RLU) [Boehnke K. et al., 2016].

Other studies concentrated their effort in collecting and characterizing large
biobanks of CRC PDOs and tried to distinguish the response rates to the drug treatments
between the different cohorts of PDOs based on their mutational status. The Clevers lab
performed a proof of concept study with 20 established PDOs. The most common
mutations in those organoids were APC, TP53, KRAS, PIK3CA, and SMAD4, PDOs were
separated as hypermutated or non-hypermutated according to the number of acquired
mutations. The authors screened a small library of 83 compounds to determine PDOs-
specific responses. Interestingly, the clustering of the PDOs-based IC50 values predict
the existence of 3 clusters, but there was no overlap with the previously identified
hypermutation status. Further molecular dissection of the potential correlation between
oncogenic mutation and drug sensitivity discovered only a few, already known aspects
about the CRC tumors: TP53 WT PDOs were sensitive to the MDM2 inhibitor nutlin-3a;
KRAS mutant PDOs were resistant to anti-EGFR treatment [van de Wetering et al., 2015].
Another study by Schuette M. et al. reported a collection of 35 PDOs and performed
expression profiling of those tumor cells. They also analyzed gene expression changes
in response to several drug treatments including 5-FU, cetuximab, afatinib, and AZD8931.
They reported a new gene expression signature that better predicts sensitivity to EGFR
treatment compare to KRAS/RAF mutational status [Schuette M. et al., 2017]. Another
study used a small cohort of PDOs with either KRAS WT or KRAS mutant status for

accessing the response of tumor cells to the combinations of drug therapies targeting
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RAS pathway [Verissimo et al., 2016]. They showed that simultaneous inhibition of
EGFR, MEK, and ERK pathways doesn’t cause tumor cell death but rather induces their
quiescent state. This finding was confirmed in a mouse xenotransplant model using pan-
HER/MEK inhibitors. Similarly, Vlachogiannis G. et al. performed a small drug screen on
a panel of 19 PDO samples with 55 drugs from clinical trials [Vlachogiannis G. et al.,
2018]. Given the small cohort of samples, the authors could not link the responses of the
PDOs to drug treatments and their mutational status.

The idea of linking mutational status of the organoids to their responses to drug
treatment is a promising approach in finding predictive biomarkers for therapy decision-
making. As explained above, several attempts with proof of concept studies were carried
out in this direction. One of the limitations in these studies is the small sample size, which
doesn’t allow the discovery of significant links for mutation - drug response correlations.
Moreover, many of those studies used cell viability as a main readout for performing
comparisons and clustering. Considering that the main goal of CRC therapy is to find a
successful treatment for a given patient, using cell viability readouts might be useful, at
the same time it doesn’t necessarily lead to the discovery of predictive responses due to
complex interconnections of mutational burden. Moreover, depending on the
experimental setup this type of experiments cannot always explain the resistance
mechanisms of a given drug treatment. Instead, usage of gene expression signatures,
which more closely reflect tumor state, might be more successful in predicting PDO

responses to drug treatments [Schuette et al., 2017].
1.8.6 RNA-seq based screening platforms

Currently, there are no RNA-seq based platforms for performing high-throughput
screenings in organoids due to technical difficulties (mainly organoids being trapped in
solidifying drops of matrigel) and the high cost of RNA-sequencing. Though several
groups established bulk RNA-seq based screening methods for cell lines [Ye C. et al.,
2018; Bush E.C. et al., 2017], the high cost of whole transcriptome sequencing is not
compatible with high-throughput assays on a large collection of samples. Several
targeted approaches were suggested [Simon J.M. et al., 2019; Teder H. et al., 2018] but

were also not compatible with high-throughput drug screening in organoids.
1.9 Prospects of drug screening methods in organoids

For the last decades, only a limited number of drugs for CRC treatment successfully

passed various stages of clinical trials and were approved by the FDA. At the same time,
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many screens in CRC cell lines, tumor-originated spheroids, and PDOs were carried out.
There may be several reasons for this discrepancy. First of all, the use of insufficient
models e.g. 2D cell lines for predicting tumor response to drug treatment. Tumors have a
much more complex architecture with the presence of many cell types and active
signaling pathways which cannot be modelled by planar 2D cell lines. Second, the
majority of screening platforms rely on the activity of a single reporter system (such as
various viability assays, or Wnt signaling activity, or differentiation reporters) in predicting
the outcomes in patients. Those assays fail to elucidate resistance mechanisms upon
drug treatment and therefore cannot suggest corresponding drug combinations which
would successfully overcome resistance. Of course, there are far more reasons why the
therapy could fail, but the majority of the cases linked either to drug toxicity or its
inefficiency. We believe that understanding of the mechanisms which drive the resistance
would help solving both problems: first of all, it would allow to find a more suitable efficient
therapy by combing several drugs targeting different pathways, secondly, drug
combinations could allow the use of lower doses of corresponding drugs which may
reduce the drug toxicity. Thus, currently, there is a need for such drug screening platforms
which would quantify and evaluate complex cellular phenotypes and cellular alterations
upon drug treatment. One of the possibilities is to use targeted RNA-seq based high-
throughput platforms as they are compatible with the screening in organoids and enable

identification of the mechanism of drugs action.
1.10 Objectives of the project

1.10.1 First part of the thesis

The main goal of the first project was the development of a high-throughput RNA-
seq based platform for drug discovery in colorectal cancer. Application of targeted RNA-
seq and optimization of the library preparation protocols should overcome the challenges
linked to the high cost of RNA-seq profiling of thousands of samples. The large amount
of gene expression data available for intestinal cell types, organoids, and colorectal
tumors should be advantageous in designing highly specific gene panels for targeted
analysis.

Further, we aimed to discover differentiation-inducing drugs for CRC therapy using

our targeted RNA-seq based platform and a library of FDA-approved drugs.

1.10.2 Second part of the thesis
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In the second part of the thesis and in collaboration with the group of Prof.
Halazonetis, we investigated tumor development during the early stages of CRC
development. According to the adenoma-carcinoma multistep carcinogenesis process
proposed by Fearon and Volgestein tumor cells acquire mutations in a subsequent
manner during tumor development. At the same time, it's known that the number of
mutations detected in most tumors is too high taking into account the average rate of
acquisition of mutations of normal cells. Therefore, there was the hypothesis that the
transformation process in tumor cells leads to a higher capability of such cells to acquire
mutations at an enhanced rate. In this study, we investigated the role of p53 and KRAS
mutations for the frequency of mutations in the APC'°;KRAS®'2P; TP53°f mouse model of
CRC.
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Chapter 2: Results

2.1 Overview

Thesis results chapter consist of two parts. Both parts are published articles. In both
parts of the projects, we study colorectal cancer biology. While in the first project we
established the platform that allows us to identify and track differentiation trends induced
by drug treatments in colorectal cancer organoids, in the second project we look more
into colorectal cancer development: how cancer driver genes (p53 and KRAS) affect the
rate of mutation acquisition by tumors.

In the first project, we developed a high-throughput high-content targeted RNA-seq
based platform (TORNADO-seq) for monitoring the expression of large gene signatures
in intestinal organoids which allowed us to quantify and evaluate complex cellular
phenotypes and cellular alterations upon drug treatment. This approach allows us to
identify differentiation-inducing drugs. We applied TORNADO-seq in drug screening in wt
and cancer (APC'°;KRASC'2D; TP53'") intestinal organoids.

In the second part of the thesis we investigated the mechanisms underlying the
accumulation of genetic alterations in CRC tumors. We performed exome sequencing of
single cell-derived organoids obtained from tumors with either APCf (A)
APC:KRASC?D (AK) or APC°;KRASC2D; TP53/°f (AKP) mutation genotypes that reflect
early stages of CRC development. Using low-dose tamoxifen injections and CrefR™
inducible system we were able to generate colonic tumors developing over long period of
time (more than 5-6 months). We analyzed the mutational burden of those tumors and
corresponding liver metastasis and compared it to adenoma-staged, more benign, early

tumors.
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2.2. The first part of the thesis results is presented as a published

paper:

“High-content, targeted RNA-seq screening in organoids for drug

discovery in colorectal cancer.”

Cell Reports, 2021. 20;35(3):109026. doi: 10.1016/j.celrep.2021.109026.
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2.2.1 Graphical abstract
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In brief

Norkin et al. develop high-throughput, high-content organoid screening for the
systematic, large-scale, and quantitative analysis of complex biological systems involving
many cell types and alternative activation states. Targeted RNA-seq analysis of signature
gene sets allows the classification of responses to large collections of drugs or other

perturbagens at minimal cost.
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2.2.2 Summary

Organoids allow to recapitulate intestinal homeostasis and cancerogenesis in vitro,
however, RNAseq-based methods for drug screens are missing. We developed
TORNADO-seq —a high-throughput, high-content drug discovery platform that for the
first time uses targeted RNAseq to monitor the expression of large gene signatures for
the detailed evaluation of cellular phenotypes in organoids. TORNADO-seq is a fast,
highly-reproducible, time- and cost-effective (5% per sample) method that can probe cell
mixtures and their differentiation state in the intestinal system. We applied this method
to isolate drugs that enrich for differentiated cell phenotypes and used them for
colorectal cancer treatment. Indeed, these drugs are highly efficacious against cancer
compared to wild type organoids. Further, TORNADO-seq facilitated in-depth insight on
the mode of action of these drugs. Our technology can easily be adapted to many other
biological systems and will allow for a more systematic, large-scale, and quantitative

approach to study their biology.
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2.2.3 Introduction

Colorectal cancer (CRC) is among the three most commonly diagnosed cancers
and one of the major causes of cancer-related morbidity and mortality (Haggar and
Boushey, 2009). In particular late-stage and metastatic tumours remain challenging to
treat. Novel drug-based therapies are urgently needed, since despite many attempts,
successful surgery still contributes most to patient outcome. CRC tumours were shown
to retain partially differentiated, enterocyte- and goblet-like phenotypes, as well as stem-
like epithelial phenotypes, indicating existence of rudimentary differentiation programs
(Li et al., 2017). In particular, the frequency of stem-like cells has been linked to tumour
maintenance, progression, and metastasis (Fumagalli et al., 2020). We have recently
established differentiation therapy as a novel modality for CRC, which targets these
stem-like cells and induces their differentiation, resulting in tumour regression in patient-
derived xenotransplants and mouse models of intestinal cancer (Figure 1A) (Ordéiez-
Moran et al., 2015). Intestinal epithelial differentiation comprises a complex program
which involves at least 8 different cellular phenotypes and has been modelled recently
using organoid systems (Yin et al., 2014). Intestinal organoids are derived from intestinal
stem cells (ISCs) which expand and differentiate in an extracellular matrix to contain all
cell types present in the gut epithelium. This highly representative model has been used
to study development, mechanisms of differentiation, and rare epithelial phenotypes of
the intestine (Yin et al., 2014; Basak et al., 2017). For example, it has been shown that
inhibition of Wnt and activation of Notch signalling induces absorptive lineage
differentiation, while inhibition of Wnt, Notch, and EGFR signalling induces
enteroendocrine cell (ECC) fate (Basak et al., 2017). Further, organoids can be derived
from CRC patient samples (patient derived organoids, PDOs), and have been used for
personalized therapy approaches with a limited number of drugs (10-60 PDOs and 1-83
compounds; Gao et al., 2015; van de Wetering et al., 2015; Verissimo et al., 2016;
Schutte et al., 2017; Tashiro et al., 2017). These assays typically measured cell
growth/death, which provided only limited information on the biology of drug action. Drug
screens with CRC cell lines often covered a larger number of drugs, however, were still
limited by a small number of measured parameters such as the activity of one to three
pathway reporters (Miyamoto et al., 2019; Zhan et al., 2019)

Here, we developed a novel form of high-content, high-throughput screening in
organoids in order to identify small molecule drugs able to induce differentiation of

intestinal wild type and cancer cells. This is achieved by RNA expression analysis
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quantifying a large number of cell-type specific genes followed by deconvolution

methods to infer cell type composition.

Al e o o

Paneth EECs Enterocytes

> o

ISCs TA Goblet

WT ISC g
— @— P —

'nduced e ' ‘
d/f, chd 4 " EECs . ¥ ,51, Enterocytes
oy I :

D
- 10+
@ I - Enterocyte genes
£ [ - 1SC genes
8 51
1%]
Cancer cell 8 E"
e @ —_— %‘7& 0
-8
> .54
g il
<> Cancer stem cells 2L
== Cancer proliferative cells i 10
== Differentiated cancer cells = T 1 :? & T 1 l 1 rrrr
B
Untreated ISCs via FACS Enterocyte enrichment
Intestinal gene set (206) - Notch (9)
- Wnt (13)
[ - EECs (20) -BMP (5)
I - Enterocytes (16) :L%Fk'g (2)
3 - Goblet cells (14) - Hedgef(w)g (2
=3- ISCs (15) - Hippo (5)
@ - Paneth cells (13) - MAPK (9 EEC enrichment  ISC enrichment  Paneth enrichment
- qISCs (4) - JAK/STAT (3)
- TAs (18) -Mye (3)
[ - Tuft cells (11) - Cell cycle (7)
Il - Housekeeping genes (6) -Angioéenesis (2
[ - Signaling pathways (58) - Metabolism (8)
I - Cell physiology (27) - Apoptosis (6)
- EMT (4) [ - Enterocytes [ - Goblet cells - EECs

- Panethcells [ - I1SCs B - Tuft cells

Figure 1. Differentiation therapy and the establishment of a representative intestinal gene
set. A. Schematic representation of the differentiation process in wt organoids and differentiation
therapy in cancer. B. Composition of the selected 206 gene set for the assay. C. Clustering of
single intestinal epithelial cells based on the expression of our 206 gene signature into the
different intestinal populations using the StemID2 algorithm (Grun et al., 2015). Cluster numbers
are depicted in black; each dot corresponds to one cell. Cluster 1 — Enterocyte progenitors,
cluster 2 — TA, cluster 3 Enterocytes, cluster 4 — ISCs, cluster 5 -EECs (not depicted), cluster 6
— goblet cells, cluster 7 — goblet cells, cluster 8 Paneth cells, cluster 9 — Paneth cells, cluster 10
— EECs. D. gPCR data on organoids enriched for stem cells or absorptive enterocytes. Log2 FC
with SD values are shown. Number of replicates n=3. E. qPCR data on wt organoid samples
enriched for certain cell populations represented as pie charts. Each sector of a pie represents
one cell population which was detected in the sample based on expression of 5-10 specific
marker genes. Untreated organoids are shown as a pie with equal percentage of each cell
population (artificial cell composition is depicted). Fold change of each population in the sample
composition is converted to the percentages represented as sectors in the pies. Organoid
culture conditions: Enterocytes - IWP-2 and valproic acid (VPA); ISCs - CHIR and VPA; Paneth
- DAPT; EECs - DAPT, IWP-2 and Gefitinib, 2 days treatment.

As a high-content technology, mRNA expression analysis offers several

advantages such as precision, scalability, and sensitivity over other methods such as
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those that are antibody or reporter-based. Until now, no NGS-based screens in
organoids were developed due to the technical limitations imposed by organoids
growing in solidified drops of matrigel and the cost of classical RNA-sequencing assays.
Further, eukaryotic transcriptomes exhibit a wide dynamic range of gene expression
levels with a minority of highly expressed genes comprising the majority of RNA
molecules within a cell. Classical RNA sequencing (RNA-seq) insufficiently samples
weakly expressed transcripts, resulting in sparse sequence coverage and uncertain
quantification. By using oligonucleotide primers to restrict analysis to selected genes,
targeted RNA-seq improves sequencing read coverage, allowing sensitive and reliable
gene expression measurement over an extended dynamic range. Furthermore, in
combination with multiplex library preparation, the increased efficiency of targeted RNA-
seq can also reduce costs by increasing the number of conditions analysed in parallel.

For the analysis of complex phenotypes such as multi-lineage differentiation, there
is a need for high-content assays which not only enable drug discovery, but also provide
insight into biological mechanisms. Here we developed a high-content assay to measure
gene expression profiles that provide information on the frequency of all possible
intestinal cellular phenotypes, major signalling pathways, and general cell physiology,
detecting 206 carefully selected genes in either wild type (wt) or cancer intestinal
organoids. Our assay is cost-efficient and allows the analysis of thousands of treated
samples in one sequencing reaction, while achieving high efficiency and reproducibility.
Our technology can be easily adapted to answer many other biological questions and
will allow a more systematic, large-scale, and quantitative approach in a number of fields
such as developmental biology, physiology, pharmacology, personalized medicine, and

others, which involve dynamic, multicellular in vitro systems.

2.2.4 Results

2.2.4.1 Screen design and validation

In order to cover the different intestinal cell phenotypes, we selected 111 marker
genes for these eight populations: intestinal stem cells (ISC), transient amplifying cells
(TA), absorptive enterocytes (E), enteroendocrine cells (EEC), goblet cells, Paneth cells
(P), tuft cells, and quiescent ISCs (qISCs) (Figure 1B). These marker genes were
selected from published data sets of bulk RNA-seq and single-cell RNA-seq of primary
intestinal cell suspensions and organoid cultures which were further enriched by FACS

or in vitro differentiation protocols (please see Supp. Table 1 for the full list of studies;
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Basak et al., 2017; Grun et al., 2015; Grun et al., 2016). We further included 58 genes
reporting on major signalling pathways (Notch, Wnt, Hedgehog, Hippo, BMP/TGF-j3,
NF-kB, and growth factor signalling), 27 genes of general cell physiology (cell cycle,
metabolism, angiogenesis, apoptosis, epithelial-mesenchymal transition), and 6
housekeeping genes expressed in the whole intestine. The complete list of 206 genes
was selected based on uniqueness, expression level, reproducibility, and multi-set
intersection (Supp. Table 1). The clustering of single cells into the different intestinal
populations based on the expression of only this gene list produced comparable results
as the full transcriptome with 90% overlap in classifications of cell identity using the
StemlID (Grun et al., 2015; Grun et al., 2016) or the Seurat (Butler et al., 2018) algorithm
confirming the performance of the selected gene set (Figure 1C, Figure S1A).

Primers were designed using standard primer design guidelines considering
secondary structures and primer dimers using established software for multiplex PCR
design (for details please see Methods). To validate primers for our gene list, we
performed qPCRs on different cell populations of the murine small intestine. Cells were
either sorted by FACS (Lgr5-GFP* ISCs) or induced to differentiate into E, ISC, P or
EEC lineages in organoid culture using published media conditions (Yin et al., 2014,
Basak et al., 2017). Our results showed robust upregulation of lineage-specific markers
in the respective populations: for example, the stem cell signature was highly enriched
in Lgr5* ISCs but lost in absorptive enterocytes; and vice versa, the enterocyte-specific
signature was enriched in organoids induced to differentiate into absorptive enterocytes
and barely detectable in ISCs (Figure 1D). Such validation was performed for all major
lineages (Figure 1E).

In order to implement this gene set for high-throughput screening we developed
and validated a targeted RNA-seq method (Figure 2A, 2B) that we termed TORNADO-
seq (Targeted ORgANOID sequencing). Briefly, we isolated mRNA of treated organoids
from one well of a 96-well plate (about 10,000 cells) using oligo(dT) magnetic beads and
synthesized cDNA in a reverse transcription (RT) reaction using a mixture of 206 gene-
specific reverse primers carrying a unique molecular identifier (UMI) and a common part
needed for subsequent amplification steps. The obtained cDNA was amplified in a 15t
stage PCR with one common reverse primer and a mixture of 206 gene-specific forward
primers (containing a second common part) (Figure 2A). Obtained products were
barcoded in a 2"? stage PCR and pooled for library preparation and sequencing (Figure
2A).
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Figure 2. Schematic representation of library preparation for targeted RNA sequencing.
A. cDNA is synthesized from polyA mRNA in an RT reaction using a mixture of 206 gene specific
reverse primers (GSP) carrying a UMI and a common sequence (part of lllumina Read1
sequence) needed for further amplification steps. The obtained cDNAs are further amplified in
a 1% stage PCR with one common primer and the mixture of 206 gene specific forward primers
(carrying a second common part derived from SMART-seq). The obtained products are
barcoded in a 2™ stage PCR using a set of forward and reverse primers (carrying index1 and
index2, and P5 and P7 adapters for lllumina sequencing). B. Schematic view of high-throughput
processing of drug treated intestinal organoids. Organoids were seeded in a 96 well plate format
in Matrigel, drug-treated, then lysed. mRNA was isolated from lysates using oligo-dT magnetic
beads in a 96 well plate format. Tth DNA polymerase was used for the RT reaction, and cDNA
is purified with AMPure XP magnetic beads. After two rounds of PCR amplification, an additional
clean-up procedure with AMPure XP magnetic beads is performed, and final libraries are pooled
and purified twice on 2% agarose gel (not shown). C. Pearson’s correlation of mRNA
quantification between qPCR and targeted RNA-seq. 30 random genes were chosen for the
comparison. Log2 FC values are represented. D. Left: Conventional RNA-seq data of untreated
organoids from repository GSM2358985. 3,000,000 reads distribution, 14,000 genes
represented. Genes from our 206 gene signature with high, mid, and low expression are
represented by green, orange, and red dots, respectively. Right: Targeted RNA-seq of untreated
organoids. 40,000 reads distribution. High (green) and low (red) expressed genes (colours as
quantified in 2D) are depicted with their expression rank quantified by our targeted RNA-seq
method. The number of reads was normalized by the combined number of all 206 selected
genes. The number of reads between conventional and targeted RNA-seq was normalized by
the combined expression of the 206 selected genes.
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After analysis of the initial targeted RNA-seq results, primers showing inadequate
or unspecific amplification were re-designed and substituted by new pairs. In addition,
primer concentrations were adapted so that amplicons of high abundance were diluted
enabling enrichment of sequencing read coverage for weakly expressed genes and
more precise quantification. In total, three iterations of primer re-design and
concentration adjustment were performed to optimize the assay. The final setup
provides excellent reproducibility showing a Pearson’s correlation coefficient of r>0.95
based on raw read counts of untreated biological replicates (Figure S1B). Comparison
of RNA-seq and gqPCR-based quantification of gene expression revealed a high
correlation confirming the accuracy of our method with a Pearson’s correlation
coefficient of r=0.79 (Figure 2C). We sequenced more than 3,000 samples with an
average sequencing depth of 70,000 reads per sample. The average read coverage
was 370 reads per gene with 50% of genes having counts above 100 reads per gene
and more than 80% of genes having counts above 10 reads per gene (Figure 2D).
Average mapping efficiency to the targeted gene signature was 70% and reached 95%
as a function of mRNA quantity. Duplication rate as assessed by UMIs varied between
genes and equalled 2.2 transcripts per UMI on average. Due to the improved uniformity
of read distributions by TORNADO-seq compared to conventional RNA-seq technology,
we can employ moderate sequencing depth (50,000 reads per sample) allowing the
analysis of more samples in parallel and reducing the total cost of our assay (including
reagents for cell culture, sequencing library preparation, and sequencing cost) to 5 USD

per sample.

2.2.4.2 Identification of differentiation-inducing drugs in wt intestinal organoids

In order to identify small molecule drugs that induce intestinal epithelial
differentiation in organoids from wt mice, we assayed 320 compounds from a library of
FDA-approved drugs. Our screen identified 56 drugs as potential hits using a threshold
of at least five significantly altered, differentially expressed (DE) genes (|log2FC| > 1,
padj <0.05) based on obtained gene expression profiles (Figure 3A). The screen
exhibited good reproducibility showing a Pearson’s correlation coefficient of r =0.93
based on raw read counts across all drugs (Figure S$S1C) and r=0.65 for top drug hits
using fold change (FC) values over untreated samples. Among those potential hits were
substances already utilized for treatment of colon cancer (itraconazole; Buczacki et al.,
2018), pyrvinium (Wiegering et al., 2014; Li et al., 2014), tubulin inhibitors (bendazoles,

colchicine), and cytotoxic drugs known to affect general cell physiology (anti-
55



metabolites: gemcitabine, azaguanine, mercaptopurine, floxuridine; topoisomerase
inhibitors; and cytotoxic antibiotics: anthracyclines and antimycins). Interestingly, our
screen identified several novel drug candidates such as antipsychotic phenothiazines,
cholesterol-lowering statins, anti-mycotic conazoles, selective estrogen-receptor
modulators (SERM), glucocorticoids, and antihistamines. Supervised clustering based
on cell type-specific genes identified common gene expression alterations that resulted
in five distinct clusters of drugs (Figure 3A). All cytotoxic compounds (cluster wt-1)
suppressed ISC, TA, and cell cycle signatures as expected. At the same time, the more
potent anthracyclines (epirubicin, doxorubicin, daunorubicin) exhibited a very specific
pattern and led to a relative increase of absorptive enterocyte-specific genes. Loss of
ISCs and increased enterocytic differentiation was confirmed by FABP1
immunofluorescence staining and cytometry for Lgr5-GFP (Figure 4A, 4C). This is likely
an indirect effect since these compounds deplete proliferative cells (Figure 4C) causing
a relative accumulation of differentiated cells, most prominently absorptive enterocytes
as the most frequent differentiated cell type in organoids. Indeed, when analysing the
microscopy images that were taken before harvesting the organoids for RNA isolation,
cell death was twice as frequent for cytotoxic compared to non-toxic compounds (Figure
S2C, S2D). We excluded the possibility that dead cells affected the measured RNA
expression changes (Figure S2A, S2B). Importantly and in contrast to the cytotoxic
drugs of cluster wt-1, the remaining clusters (wt-2 — wt-5) induced different responses.
The vast majority of drugs in cluster wt-2 (statins, SERMs, and phenothiazines)
decreased enterocyte frequencies, upregulated markers of other differentiated cell
phenotypes such as EECs, goblet, or tuft cells, and decreased proliferation-related
genes to a lesser extent. In particular, statins and phenothiazines were characterised by
a high increase in EEC markers. Cluster wt-3 contained glucocorticoids which induced
an inflammatory signature evidenced by upregulation of Apoa4, Cdkn1a, Pdlim2, Prpa1,
and NFKBIA, and downregulation of Clca4, Sis, Cdc25c, and Cck. This more global
pattern in response to glucocorticoids was also observed in the CMAP database, which
supports the validity of our assay (Figure S3A). Drug cluster wt-4 showed robust
downregulation of Paneth cells, while drugs from cluster wt-5, which included conazoles,
altered only few differentiation-associated genes. Phenotypic changes reported in the
screen were validated by gPCR for some of these clusters, confirming the robustness
of our method (Figure S3B).
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Figure 3. TORNADO-seq identifies differentiation

organoids. A. Supervised clustering of wt treated samples based on the expression of cell type
specific genes. Log10[counts +1] values are represented. Expression level is computed as row
Z-score values. Drug cocktails (dc) dc1 and dc2 enrich for absorptive enterocytes and EECs
(details in methods part). B. Calculated cell type composition represented as stacked bar charts.
Each sector of a bar represents one cell population which was detected in the sample based on
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expression of specific marker genes. The untreated control depicts a cell type distribution in wt
organoids where each population is of equal size to facilitate comparisons. Calculated relative
fold change of each population upon drug treatment was converted to bar sectors. The drug
order and gene expression information are identical to that in Figure 3A. Drug cluster colour bar
represented at the top of the figure.

The majority of potential drug hits was further evaluated based on the upregulation
or downregulation of at least five differentiation or stem cell genes, respectively
(log2FC|>1, padj<0.05), which resulted in 27 drugs classified as differentiation-
inducing. Further, cell type enrichment analysis revealed that some of these drugs
induced differentiation to a specific cell type. We identified lovastatin, atorvastatin,
perphenazine and trifluoperazine to specifically induce EEC enrichment as well as
Paneth cell markers. All four drugs do not upregulate absorptive enterocyte specific
genes, which is in contrast to another EEC induction cocktail (Figure 3A:DC2)
suggested earlier (Basak et al., 2017) which has broader effects on intestinal
differentiation including induction of enterocytes and goblet cells (Figure 4A, 4B).
Moreover, we also identified drugs which specifically deplete certain cell types: for
example, silodosin depleted enterocytes, while tulobuterol, xylazine, and other drugs
from cluster wt-4 depleted Paneth cell markers (Figure 3A). Cell type enrichments for
all drugs are quantified and summarized in Figure 3B and Supp. Table 2. For selected
drugs, treatment effects were validated by orthogonal assays (Figure 4). We used
immunofluorescence analysis of Fabp1 to quantify enterocytes and of ChromograninA
and Serotonin to detect enteroendocrine cells. Further, we employed flow cytometry to
measure intestinal stem cells via the Lgr5-GFP allele and cell death via DAPI. Finally,
we used the histology stains Sirius Red and Periodic acid-Schiff (PAS) to identify Paneth
and goblet cells, respectively. These assays confirmed changes in cell lineage
frequency in line with what we had measured using our targeted RNA-seq approach.
For example, statins increased secretory lineages such as enteroendocrine and Paneth
cells and decreased stem cell frequency while Daunorubicin was increasing enterocytes

and decreasing stem and enteroendocrine cell frequencies.

2.2.4.3 Comprehensive analysis of drug-induced differentiation patterns reveals
connections between cellular phenotypes and signalling pathways in wt

organoids

One of the advantages of TORNADO-seq is the possibility to discover potential
crosstalk between the various signalling pathways and cell types by identifying frequent

co-regulation of genes over many treatment conditions.
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Figure 4. Differentiation phenotypes are confirmed by orthogonal assays. A.
Immunofluorescence stainings with the indicated antibodies against FABP1, ChromograninA
(ChrA) and Serotonin of organoids cultured under the following conditions: IDG (IWP-2, DAPT,

Gefetenib) and IV (IWP-2, VPA) are known drug cocktails (Yin et al.,

2014; Basak et al., 2017),

Dauno — daunorubicin, Ato — Atorvastatin, and Lova — Lovastatin are drugs identified in our
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screen. Organoids were treated at 10 uM for 2 days in ENR medium. Scale bars, 100 um. B.
Periodic acid-Schiff (PAS) and Sirius Red stainings for the detection of goblet and Paneth cells
of organoids cultured under multiple conditions. IDG (IWP-2, DAPT, Gefetenib) and IV (IWP-2,
VPA) are known drug cocktails (Yin et al., 2014; Basak et al., 2017); Dauno — daunorubicin, Ato
— Atorvastatin, and Lova — Lovastatin are drugs identified in our screen. Organoids were treated
at 10uM for 2 days in ENR medium. Scale bars, 100 um. C. FLow cytometry of organoids treated
as above using the Lgr5-GFP allele to measure ISCs and DAPI to measure alive cells.

We analysed these possible connections using correlograms (Figure 5A) to directly
show such gene-gene correlations (Figure S4). We observed that absorptive enterocyte
differentiation strongly correlates with downregulation of ISCs and TAs as well as
proliferative signatures. Differentiation into EEC, tuft, goblet, and Paneth cells is highly
interconnected, in line with their placement in the secretory lineage with generation from
a common, secretory lineage progenitor cell. The same applies to signalling pathways:
Whnt, Myc, and cell cycle genes show high correlation, consistent with c-Myc as a known
downstream target of the Wnt pathway and the role of this pathway in driving intestinal
proliferation and cancer development. As well-known organizers of the stem cell niche
in the intestine, Notch and Wnt pathways also displayed a high correlation. Further,
Whnt/B-catenin signalling correlated with epithelial-mesenchymal transition (EMT) as
expected (Basu et al., 2018; Kim et al., 2019). Interestingly, a decrease in Paneth cell
markers was correlated with increased proliferation and Notch signalling (Figure 5A).
This may be linked to the ability of Paneth cells to de-differentiate and acquire stem-like
properties upon injury (Schmitt et al., 2018). Moreover, Notch inhibition is well known to
promote Paneth cell expansion (Yin et al., 2014). In vivo, the intestinal epithelium is
characterized by low oxygen concentrations and a decreasing oxygen gradient towards
the lumen (Karhausen et al., 2004). Our analysis identified VEGF, a known marker of
hypoxia, to anti-correlate with several differentiated lineages including enterocytes. It
remains to be seen to what extend oxygen concentrations may contribute to the
intestinal lineage differentiation profile. In essence, TORNADO-seq identifies both
known and novel interactions between cell states and signalling pathways, suggesting
that this method can be an advantageous discovery tool for hypothesis generation in a

variety of biological systems.
2.2.4.4 Evaluating differentiation-inducing drugs in cancer organoids

We compared the profiles of untreated, wt, and transformed
APC°:KRASC2:TP53"°f (AKP) organoids which were obtained from advanced mouse
intestinal tumours (Figure 5B). As expected, in comparison to wt organoids, we

observed an upregulation of proliferative signatures and a downregulation of
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differentiation markers in AKP organoids, which is a hallmark of advanced tumour
progression. Of note, wt and cancer organoids exhibit different morphology: while wt

organoids grow as budding structures, the cancer organoids form spheres (Figure 1A).
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Figure 5. TORNADO-seq identifies connections between cellular phenotypes and
signalling pathways in organoids. A. Correlogram showing the correlations between various
pathways and cell types in wt organoids. Correlations are computed from the gene expression
profiles (Figure 1B) of organoids treated with drugs from Figure. 3A (30 drugs with highest
number of DE genes, see Method section) with cor function in R with assay p-values equal to
0.05. B. Expression profiles of untreated wt and AKP organoids for 130 highly expressed genes
in both systems from our 206 gene set grouped by cell type or pathway/function. Log10[counts
+1] values are represented. Expression level is computed as row Z-score values.

We next performed TORNADO-seq on drug treated AKP cancer organoids
selecting only those drugs which had scored as potential hits in wt organoids. We found
over half (16 out of 27) of the drugs inducing differentiation in the wt also affect AKP
organoids (using the same criteria as for the wt: deregulation of at least five stem or
differentiation-related genes) by inducing loss of stem cell signatures concomitant with
an upregulation of differentiation markers (Figure 6B, Supp. Table 3). Importantly,
when we evaluated the full set of 320 drugs on AKP cancer organoids by morphological

scoring, we obtained identical results: only drugs inducing differentiation in wt organoids
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targeted cancer organoids causing prominent growth arrest and cell death while all other
drugs were ineffective. This suggests that differentiation induction may be a major factor

determining drug activity.
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Figure 6. Differentiation-inducing drugs target AKP cancer organoids. A. Clustering of
drug-treated AKP cancer organoids based on their gene expression profiles (97 genes
differentially expressed between the samples are depicted). For each drug, both replicates are
displayed on the heatmap. Log10[counts +1] values are represented. Expression level is
computed as row Z-score values. B. Summary of drug effects on wt and AKP organoids. Left
panel represents the phenotypes of all drug-treated wt organoids. Right panel represents the
effect of the drugs that induce differentiation in the wt system on AKP cancer organoids. Drugs
targeting AKP organoids are defined as those that downregulate/upregulate 5 or more stem
cell/differentiation genes ((|log2FC| > 1, padj < 0.05).

Supervised clustering (excluding the drugs of cluster “wt-1" which largely
contained cytotoxic drugs), revealed three drug clusters which resembled the clusters
for wt organoids: one cluster containing tubulin inhibitors — “AKP-4"(cluster 4 in the wt),
a cluster containing statins — “AKP-2” (cluster 2 in the wt) and a cluster containing
conazoles — “AKP-5" (cluster 5 in the wt; Figure 6A). The “AKP-2” cluster revealed the
strongest phenotype displaying a profound decline in proliferation, reduction of ISC and
Whnt signatures, and a decrease of lipid biosynthesis genes, whereas stress-response
genes (Nupr1, NF-kB2) and MAPK signalling increased. Importantly, statins also

increased expression of differentiation genes such as tuft cell lineage markers Krt8 and
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Krt18. The “AKP-5" cluster induced higher expression of differentiation markers
especially for goblet and Paneth cell specific genes (Muc2, Pla2g2a, Clps) and
downregulated a variety of proliferation and growth-related genes. Tubulin inhibitors
showed a distinct signature with a strong decrease of inflammation response genes and
a moderate decrease in ISC and Wnt signalling genes. Drugs of the glucocorticoid
cluster identified in the wt screens (wt-3) did not affect cancer organoids. For selected
drugs, we analysed time dependence of the response in cancer organoids. This
revealed early and late responses (Figure S5): a transient increase of stress responses
only atday 1 of treatment involving Nupr1, Nfkb, Birc3, and NFKBIA, while Wnt signalling
decreased and differentiation markers increased gradually from day 0 to day 2. Overall,
this analysis revealed a striking overlap in the response of wt and cancer organoids

suggesting similar modes of action of the drugs in either model.
2.2.4.5 Treatment responses of cancer organoids exhibit distinct signatures

As we have already established, untreated wt and AKP organoids display different
expression profiles (Figure 5B). Correlation and differential expression analysis for
treatment-responsive AKP samples (Figure S6) showed a strong reduction of many ISC
genes while goblet-specific genes (Muc2, Agr2, Clps) were upregulated. Evaluation of
gene-gene correlations using gene ontology revealed four differentially affected group
of genes: proliferation/metabolic genes, G1/S phase genes, cell death/apoptosis genes,
and inflammation/stress response genes (GO term p-values 2E-7, 2E-10, 2E-6, 2E-5,
respectively; Figure S6). Interestingly, many genes from the first three groups were co-
regulated in wt organoids (Figure S4: green circle), but in AKP organoids were
differentially affected and each cluster of drugs — statins, conazoles, tubulin inhibitors,
and cytotoxic compounds altered a specific combination of these group of genes. While
proliferation/metabolic genes were downregulated in all drug clusters, the G1/S phase
genes were only reduced by statins. Further, while statins, conazoles, and cytotoxic
drugs increased inflammation genes, these were downregulated by tubulin inhibitors.
Apoptosis genes were only activated by cytotoxic drugs (Figure S7A). In line with
previous reports, the proliferation signature strongly anti-correlated with inflammation
(Schmitt et al., 2018). Thus, using gene expression profiles of treated organoids, we
were able to identify novel biological responses not only in wt but also in cancer

organoids.
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2.2.4.6 Drug classification helps uncover the mechanism of action against cancer

organoids

We performed clustering of treated wt and AKP samples based on gene
expression profiles using non-negative matrix factorization (NMF) and Uniform Manifold
Approximation and Projection for dimension reduction (UMAP) (Figure S7B). Despite
the biological differences between wt and AKP organoids, the majority of drugs targeting
AKP organoids clustered similarly to the wt setting, which indicates a common mode of
action (MOA) in both systems. Interestingly, some of the co-clustering drugs were not
known to have a common MOA. For example, phenothiazines, SERM inhibitors, and
antihistamines produced similar responses as statins and conazoles (“AKP-2", “AKP-
5”), which are well known cholesterol lowering agents (Figure 7A). We therefore
explored phenothiazines, SERM inhibitors, and antihistamines in more detail to
elucidate if their MOA may be related to the cholesterol biosynthesis pathway. A
literature search indicated that these drugs, among many other functions, can also
inhibit enzymes in the cholesterol biosynthesis pathway or may alter cholesterol
trafficking (Figure 7B) (Adams et al., 2003; Korade et al., 2016; Wages et al., 2018;
Shim et al., 2015; Moebius et al., 1997). To verify this idea, we performed rescue
experiments by adding cholesterol-cyclodextrin complex to drug-treated organoids. This
indeed overcame differentiation phenotypes produced by statins, phenothiazines,
SERMSs and the sigma receptor ligands Ifenprodil and Opipramol (Figure 7C). Of note,
this cholesterol-induced rescue was weakest for statins and increased drug
concentrations overcame cholesterol-mediated rescues. A role of cholesterol for
intestinal homeostasis and cancer is supported by recent findings (Wang et al., 2018;
Voorneveld et al., 2017; Miyamoto et al., 2019). Importantly, several of these drugs
(ifenprodil, opipramol, perphenazine, toremifene) exhibited higher potency against AKP
compared to wt organoids suggesting a favourable therapeutic window for future
application (Figure 7D). This example shows that our high-content analysis of
phenotypes over a large number of drugs can help to identify MOAs and relevant
pathways which may not correspond to the expected MOA for certain drugs.

We finally evaluated drugs of the AKP-2 (“Statins”) and AKP-5 (“Conazoles”)
clusters on human cell lines. We chose four cell lines representing different consensus
molecular subtypes (CMS) of colorectal cancer Guinney et al., 2015): DLD-1 — CMS1,
LS-174T- CMS2, NCI-H508 — CMS3 and HCT-116 — CMS4. More than half (10 out of
17) of the drugs identified to target AKP organoids also targeted human CRC cell lines
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(Figure 7E, Supp. Table 4). While phenothiazines were not effective against human
cell lines growing in culture medium with 10% FCS (which contains cholesterol), the
statins Atorvastatin and Lovastatin, more potent inhibitors of cholesterol biosynthesis,
showed the highest potency. Also for the human cell lines, statin effects could be
rescued by further addition of cholesterol (data not shown) in support of their MOA.
Thus, our screen identified several interesting candidates, statins, opipramol and

toremifene for further in vivo validation as novel drug candidates for CRC therapy.
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Figure 7. The mode of action of cancer organoid targeting drugs is linked to the

cholesterol biosynthesis pathway. A. UMAP clustering of drug treated AKP organoids. Colour

codes signify different clusters. UMAP is based on the expression of the most DE genes among
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AKP treated samples. Cluster wt-3 is not present as glucocorticoids didn’'t affect cancer
organoids. B. Schematic representation of cholesterol biosynthesis pathway and drugs from
“Statins” and “Conazoles” clusters targeting different enzymes of this pathway according to a
literature search (reference list in the main text). C. Phase-contrast images of rescue of drug
effects with cholesterol. CD is cholesterol:methyl-R-cyclodextrin (MRCD) complex (Christian et
al., 1997). D. Drug response titration curves comparing wt (blue) and AKP mutant (red) treated
organoids after 4 days of treatment E. Colorectal cancer cell lines are targeted by drugs from
AKP-2 (blue box) and AKP-5 (violet box) clusters. Right ellipse (grey) shows the assignment of
these cell lines to a particular CMS.

2.2.5. Discussion

Here we describe TORNADO-seq as a novel high-content approach for high-
throughput drug discovery in organoids. While the majority of drug screens are based
on few parameters such as the activity of signalling pathways or the measurement of
cell viability, they lack rich data required for the analysis of complex phenotypes and the
MOA of drugs. We demonstrate here that TORNADO-seq is an excellent tool to
overcome these limitations, for the discovery of new biological read-outs, and for the
analysis of multicellular phenotypes. To our knowledge, this is the first NGS-based HTS
platform developed for organoid cultures.

TORNADO-seq compares favourably with other high-content methods with
respect to availability, cost, and applicability to organoid-based screens. TORNADO-
seq shows high-reproducibility, requires only 6h to perform, is cost-efficient (5 USD per
sample including culture, library preparation, and sequencing cost), and doesn’t require
any specialized equipment. Due to the implemented UMI-counting and sequencing of
amplicons, TORNADO-seq lacks PCR- and ligation-based bias and misdetections.
Primer design is straightforward, needs minor optimization, and only requires moderate
effort. Several high-throughput NGS methods have been established previously which
are inapplicable to organoid-based screens. Genome-wide RNA-seq methods require
high sequencing depth for many of the weakly expressed genes relevant for our system
which increases assay cost (Ye et al., 2018; Bush et al., 2017). Other targeted
approaches are based on ligation reactions between acceptor and donor probes (Simon
et al., 2019; Teder et al., 2018) and require tedious optimization and troubleshooting
while suffering from PCR amplification bias and difficulties in detecting weakly
expressed targets (Supp. Table 5 for comparison).

Analysis of treated wt organoids revealed known and new aspects of intestinal
epithelium organization and signalling networks. Cytotoxic compounds predominantly

enrich for absorptive enterocytes, which is likely related to the fast induction of cell death
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and therefore loss of proliferating stem and progenitor cells leaving behind enterocytes
as the main component of intestinal organoids. Indeed, a higher frequency of
enterocytes was observed in daunorubicin treated organoids by immunofluorescence
analysis. In contrast, non-toxic drugs often eliminate enterocytes and enrich other cell
types (e.g. EECs or goblet cells) indicating specific differentiation induction. We have
also noticed a delayed phenotype with the non-toxic drugs compared to the swift action
of cytotoxic drugs, which is in line with the observation that differentiation may act over
a longer timescale. We were able to identify drugs specifically enriching organoids for a
certain cell type. In particular, lovastatin and trifluoperazine specifically induced EEC
enrichment more precisely than previously proposed drug cocktails (Basak et al., 2017)
(Supp. Table 2). Observed phenotypes were detected by both, bulk gene expression
changes and single cell analysis using immunofluorescence, FACS and histology.
Indeed, higher expression of EEC marker genes was caused by an increased frequency
of EECs.

While we can not fully exclude the possibility of passive enrichment of particular
cell types by the corresponding drug treatments, it seems that non-toxic drugs indeed
induce specific differentiation. While cytotoxic compounds most probably induce a
simple shift in the cellular composition of organoids, statins seem to induce the
enhanced differentiation into EECs. Indeed, cytotoxic compounds predominantly enrich
organoids for absorptive enterocytes, which is likely related to the fast induction of cell
death and therefore loss of proliferating stem and progenitor cells leaving behind
enterocytes as the main cell type present in intestinal organoids. At the same time,
statins specifically upregulate only EEC markers, which was also shown by additional
orthogonal experiments (Immunofluorescence) where corresponding single cells were
counted. Additional time course and in vivo lineage tracing experiments could be useful
in further assessment of the mechanism of EECs enrichment.

Importantly, we identified many novel drug candidates targeting colon cancer
organoids which were not described previously for CRC. Among them are antipsychotic
phenothiazines, cholesterol-lowering statins, anti-mycotic conazoles, SERMSs,
glucocorticoids, and anti-histamines. Based on the obtained gene expression profiles
we were able to propose and confirm MOAs for some of these drugs which we found to
act by targeting the cholesterol pathway. Several of these drugs (ifenprodil, opipramol,
perphenazine, toremifene) showed a beneficial therapeutic window targeting
preferentially cancer compared to wt organoids. Finally, statins, opipramol and

toremifene also targeted human CRC cell lines warranting future in vivo validation.
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In line with our initial hypothesis, differentiation induction seems to be a common
mechanism for drugs targeting cancer organoids, as all of these drugs also induced
differentiation in wt organoids. Most of these drugs trigger stem cell loss in cancer
organoids which may provide additional benefits for therapy since the stem-like
population of cancer cells has been shown to have important functions in tumour
maintenance, therapy resistance and metastasis.

TORNADO-seq is a tool which can be easily optimised and adapted for mouse or
human in vitro systems such as organoids of various tissue types, which are increasingly
being developed (Schutgens and Clevers, 2020), or other differentiation-capable
systems such as embryonic stem cells or induced pluripotent stem cells. It can be further
combined with other perturbators such as CRISPR or expression library technologies.
TORNADO-seq is therefore a promising tool in high-throughput drug discovery and
translational, personalized medicine approaches, as well as for basic questions in
biology that address mechanisms of development or homeostasis of multicellular

systems.
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2.2.7 STAR Methods
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be fulfilled

by the Lead Contact, Joerg Huelsken (joerg.huelsken@epfl.ch).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Gene expression profiles generated in this paper with TORNADO-seq has been
deposited in the Gene Expression Omnibus (GEO) under accession number GEO:
GSE157167. The files and the scripts for processing the raw data are deposited at
https://github.com/MaximNorkin91/Tornado-seq-protocol/.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
All experiments with mice were authorized by the Canton of Vaud (license VD3396)

and were performed according to accepted guidelines for animal handling.

Mice

All mice were kept on a 12-hour light/dark cycle in individually ventilated cages.
We used Lgr5CGFP-IRES-CreER* o wt mice for generation of normal intestinal organoids. The
cancer organoids were generated from APC'°:KRAS®'2:TP53"f mice. The Apc™ mice
(Shibata et al., 1997), Kras-s-¢'2P mice (Jackson et al., 2001) and Tp53"" mice (Marino
et al., 2000) were combined with Cdx2CERT2* mice (Feng et al., 2013) to obtain
APCP":KRASC2:TP53 intestinal tumours. All mice were in a C57BL/6 background.
Healthy 8-10 weeks old male and female mice were used in the study. Mice used in this

study had no previous history of drug administration, surgery or behavioural testing.

Cell lines

DLD-1 and NCI-H508 were cultured in RPMI 1640 media (61870010, Thermo
Fisher Scientific). HCT-116 and LS-174T were cultured in DMEM-F12 media (31331-
028, Gibco). All cells were supplemented with 10% FBS (F7524, Sigma-Aldrich) and 1x
pen strep (15140-122, Gibco). Cells were passaged using Trypsin-EDTA (25300-054,
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Gibco) every 2-3 days or when they reached 90% confluence. All cells were maintained
ina 37°C, 5% CO2 atmosphere.

METHOD DETAILS

Organoid culture and drug screening

Organoid cultures were derived either from Lgr5CFP-IRES-CreER* or wt mice as
described previously (Sato et al., 2009). Cancer organoids were obtained by activating
Cre-ERT2 in APC°:KRASC'2:TP53"" mice. Cre-ERT2 was activated by a single
intraperitoneal injection of tamoxifen dissolved in peanut oil (0.6 mg/ml) at a dose of 3
mg/kg. Six-month-old tumours were processed as follows: cut into small 2 mm pieces,
washed thoroughly in PBS-EDTA at 4 °C, then homogenized with a teflon pestle in 1.5
ml tubes. Tissue homogenates were trypsinized in Trypsin-EDTA for 3-4 min and quickly
pipetted up and down, approximately 100-200 times, using 200 pl tips to disrupt any cell
aggregates. After centrifugation, the pellets were resuspended in ENR media, filtered
through 70 um cell strainers (BD Bioscience) and single cell suspensions were mixed
with cold Matrigel (Corning) and plated in 96-well plates. Organoids were cultured in 10
cm dishes in EGF, Noggin, and R-Spondin (ENR)-containing media for wt and AKP
organoids. For the screening, organoids were physically disrupted by pipetting (50-100
times) until small clusters of cells or crypts were obtained and seeded at a concentration
of 50 clusters/crypts per well of a 96-well plate. A selection of 320 drugs from a library
of FDA-approved drugs was provided by the Biomolecular Screening Facility at EPFL.
The drugs were applied 24h after organoid seeding at a final concentration of 10 uM
(0.1% DMSO in ENR medium), organoids were treated for 2-4 days and harvested in
300 ul of lysis buffer (ref. S1550S, NEB). Two to four biological replicates were used in
the screening. Chosen timing of the whole assay is long enough to be able to detect
differentiation and short enough to avoid organoid starvation. The AKP model was
selected as it reflects progression to a more advanced CRC stage. All wells of a 96-well
plate were imaged using bright field microscopy (DMI4000b inverted microscope, Leica)
prior to harvesting. Organoids were treated with published drug cocktails for 2 days (10
puM DAPT or 2 uM IWP-2, 1.5 mM VPA (DC1 — drug cocktail 1) or 3 uM CHIR99021, 1.5
mM VPA or 2 yM IWP-2, 10 uM DAPT, 5 uM Gefitinib (DC2 — drug cocktail 2)) according
to previously established protocols for the primer validation experiments (Yin et al.,

2014; Basak et al., 2017). These cocktails were used as positive controls in each
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separate 96-well experiment, along with untreated samples. Rescue experiments were
performed with cholesterol:methyl-R-cyclodextrin (MRCD) complex (CD complex) at
molar ratio of 1:8 with 242 ug/ml cholesterol and 5mM MRCD.

Targeted RNA-seq library construction

mRNA isolation:

All library preparation steps were performed in 96-well plates. mMRNA was isolated
with The New England Biolabs (NEB) Magnetic mRNA Isolation Kit (S1550S) and the
isolation was performed according to the manufacturer’s protocol. Briefly, the media was
removed by inverting and flicking the plate. For lysing the organoids, 200 pl of lysis buffer
(S1550S, NEB) was added to each well using a multichannel pipette, Matrigel was
disrupted by mechanical force using 200 ul tips and a multichannel pipette. Lysis buffer
containing organoids was transferred to special 1.2 ml low profile plates (AB-1127,
Thermo Fisher Scientific) and additional 100-200 pl of lysis buffer was added to each
well. Organoids were disrupted by gently pipetting around 50 times. The 96-well plate
was covered with aluminium sealing (6570, Corning) and put on a shaker at 300 rpm at
RT for 10-15 min for efficient lysis. For mRNA binding, 22 pl of Oligo d(T)2s magnetic
beads (S1550S, NEB) was used. The mRNA isolation was performed according to the
manufacturer's protocol using 200 pl of all wash buffers and 40-50 ul of elution buffer. A
magnet (AM10027, Thermo Fisher Scientific, magnetic stand - 96) was used for
separating the magnetic beads during the washes and a second magnet (12331D,
Thermo Fisher Scientific, DynaMag - 96 Side) was used for separating the magnetic
beads during the elution step. The mRNA-bead suspension was transferred to a non-
skirted PCR plate (AB0600, Thermo Fisher Scientific) and incubated in a PCR machine
at 55°C for 140s prior to elution. Eluent was transferred to a V-bottom 96-well plate
(6018323, 96-Well micro test plates, V-bottom, PP Ratiolab) and stored at -80°C.

RT reaction:

RT reaction was carried out with Tth DNA-polymerase (11 480 022 001, Roche)
according to the manufacturer’s protocol in a non-skirted PCR plate (AB0600, Thermo
Fisher Scientific) with 2.5 units of enzyme per reaction and 1 pl of a 0.5 uM mixture of
gene specific reverse primers. Each reaction was pre-incubated at 72°C for 5 min
without enzyme and then placed on ice. After the enzyme was added, the reaction was
carried out at 72°C for 1 min and 60°C for 30 min. Obtained cDNA transcripts were

cleaned with Agencourt AMPure magnetic beads (A63881, Beckman Coulter Inc.)
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according to the manufacturer's protocol at a 1:1.8 ratio of cDNA synthesis

mixture:AMPure beads and eluted with 40 pl of elution buffer.
Amplification (15t and 2"? stage PCR):

Cleaned cDNA was used as a template for 15t stage PCR and amplified with GoTaq
G2 HS Polymerase (M7423, Promega). 2 ul of purified cDNA, 1 ul of 5 uM 15t stage
common primer and 1 pl of a 0.5 uM mixture of 206 forward primers were used (Supp.
Table 6). The following PCR program was used - Supp. Table 7. Obtained products
were purified with AMPure magnetic beads as described above. 2" stage PCR was
carried out with GoTaq G2 HS Polymerase, 1 pl of each 5 uM Fw and Rev 2" stage
indexing primers, 2 pl of purified 15t stage PCR product, and amplified for 15-20 cycles
with the following program: 94°C - 20 sec, 68°C — 15 sec, 72°C — 10 sec. Separately
amplified libraries were pooled together by plates (96 samples) and purified twice on 2%
agarose gels using QlIAquick Gel Extraction Kit (28704, Qiagen) according to the

manufacturer’s protocol.
Targeted RNA-sequencing and data processing

Pooled libraries were sequenced at an average depth of 70,000 reads per sample.
Sequencing was performed on a NextSeq500 platform using a single-end (Read1
lllumina sequencing primer), standard depth 75nt run at the Gene Expression Core
Facility (EPFL, Lausanne, Switzerland). Custom index1 sequencing primer (PAGE
purified) was added to the machine: 5'- act ctg cgt tga tac cac tgc ttc cgc gga cag gc -
3. Raw reads were first demultiplexed by standard Illumina protocols. The
demultiplexed reads were processed with a custom script. Briefly, the first 10 bases of
the each read contained UMI sequences and were deduplicated with UMI-tools.
Deduplicated reads were processed with the Bowtie (ver. 1.2.2.)/samtools (ver. 1.2.7)
pipeline and were aligned to a custom genome containing only the 206 target
sequences. Aligned reads were counted with Cufflinks (ver. 2.2.1). The files and scripts
for processing the raw data are deposited at

https://github.com/MaximNorkin91/Tornado-seg-protocol/. Some samples were

excluded from the analysis due to technical errors using a threshold of 1000 total raw
reads per sample. Obtained raw count tables were pre-processed for the analysis with
DESeq2 package (ver. 1.24.0) in R. Batch effect correction was performed between 96-
well plates: each sample was downscaled to 50000 reads and average gene expression

per plate was calculated; scaling factor for each gene was calculated by dividing
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average gene expression value in one plate over average gene expression value in
another plate . Normalization across the samples was performed based on the sample
size (total counts per sample). Potential drug hits for the wt screen were determined as
drugs altering more than 5 differentially expressed (DE) genes (|log2FC|>1,
padj <0.05). The average Pearson’s correlation for all compound hits using FC values
was r=0.65. Drugs inducing differentiation in wt or transformed organoids were defined
as downregulating/upregulating 5 or more stem cell/differentiation genes ((|log2FC| > 1,
padj < 0.05) upon drug treatment. Heatmaps were obtained with pheatmap (ver. 1.0.12.)
or ComplexHeatmap (ver. 2.3.1.) packages. Clustering was performed with umap (ver.
0.2.3.1.) and nmf (0.21.0) packages. Mysort toolbox in R was used to obtain cell type
compositions. Correlograms were obtained with the corrplot (ver. 0.84) package. Figure
5a was obtained via the corrplot function in R by analysing the 30 strongest (with more
than 10 DE genes) drug hits. All genes with |log2FC| > 1 were used for obtaining specific
up- and down-regulated signatures. Figure 7a was obtained via the umap package in R
using 40 most DE genes (significantly altered in at least 5 analysed samples) between
selected drugs for treated AKP organoids. Figure S7B was obtained with nmf package

in R using the same criteria as in Figure 7a, for both wt and cancer treated organoids.
Analysis of published single-cell sequencing data

Single-cell RNA-sequencing data was obtained from GSE76408 and analysed with
StemlID2 and Seurat packages in R according to published guidelines. For the analysis,
240 genes of interest were extracted from the file
“transcript_counts_intestine_5days_YFP.xIs”. Cells were filtered based on a 100 reads
threshold for the sum of these 240 gene counts; cells with fewer reads were discarded.
Based on the results of the analysis and subsequent sequencing results 206 out of 240

genes were selected.
FACS

Lgr5* stem cells were sorted for the primer validation experiments. Intestinal crypts
were isolated from 2-3 months old Lgr5CFPiresCreERI* mjce as described previously (Sato
et al., 2009). After several washes, the crypt cells were incubated with Trypsin-EDTA at
37°C for 5 min. Dead cells were excluded by DAPI staining. The GFP"d" (Lgr5*) cells
were sorted on a BD FACSAria™ Fusion at FCCF EPFL.

FITC AnnexinV (640906, Biolegend) and DAPI (D9542, Sigma-Aldrich) were used

for detection of apoptotic and dead cells in human cell lines and were analyzed on the
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Attune NxT sorter. Cells in 96-well plates were trypsinized, washed with PBS and
stained with AnnexinV antibody for 15 min in the dark (1:20 dilution), DAPI was added
right before FACS analysis at 0.1 uyg/ml. The results of this analysis are shown in Suppl.
Table 4; drugs which scored for inducing increased cell death were considered as

relevant.

Whole mount immunofluorescence stainings

Whole mount stainings were performed as described (Dekkers et al., 2019) with
few adjustments. In short, organoids were extracted from the wells by mechanical
disruption of matrigel, sedimented by gravity to remove dead cells, and fixed for 1h in
4% PFA on ice. Tips precoated with 1% (wt/vol) BSA in PBS were used for handling.
Fixed organoids were carefully washed with PBT buffer (0.1% (vol/vol) Tween in PBS)
several times by aspirating the supernatant and adding 1ml of a fresh PBT solution,
followed by an incubation for 10 min. Organoids were blocked in OWB buffer (0.1%
(vol/vol) Triton X-100 and 0.2% (wt/vol) of BSA in PBS) for 15 min on ice and stained
with primary antibodies (1:100-1:200 dilution) overnight at 4°C. Excess antibody was
removed by washing several times with OWB buffer (3x30 minutes). Organoids were
further incubated with secondary antibodies (1:500 dilution) for 4 hours at 4°C. After
several washes organoids were resuspended in fructose-glycerol solution (pre-warmed
to RT) and incubated for 20 min before embedding on slides as described previously.
Imaging was performed on an inverted Leica SP8 confocal microscope and three-

dimensional reconstructed confocal images were assembled in Fiji.
Immunofluorescence, Inmunohistochemistry

Organoids were extracted from at least 10 wells of a 48 well plate by mechanical
disruption of the matrigel, sedimented by gravity to remove dead cells, and fixed
overnight at in 4% PFA on ice. Tips precoated with 1% (wt/vol) BSA in PBS were used
for handling. Fixed organoids were carefully washed with PBT buffer (0.1% (vol/vol)
Tween in PBS), mixed with pre-warmed Histogel (HG-4000-012, Thermo Fisher
Scientific) and embedded in a final volume of 40 ul placed on the lid of a 10cm dish to
solidify (4°C, 5 min). The Histogel drop containing the organoids was placed in the
cassette and processed for dehydration and paraffin embedding according to standard
procedures. Sections of 5-7 ym thickness were cut using a rotary microtome (Hyrax M25
V2) and dried at 60°C for 1h. After rehydration, antigen retrieval was performed by heat

induced epitope retrieval (HIER) using pH 6.0 citrate buffer. Slides were washed with
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PBS (3x 5min). Organoid sections were surrounded with a hydrophobic barrier using a
barrier pen and each section was incubated with a few drops of 1% BSA in PBS for
blocking. Blocking solution was removed by tapping each slide several times. Sections
were incubated with primary antibodies (1:100 — 1:400 diluted in 1% BSA in PBS) at4°C
overnight in a humidity chamber. Slides were washed in PBS (3x 5min) and incubated
with the secondary antibody (1:1000 diluted in 1% BSA in PBS) for 1h at room
temperature. Slides were washed in PBS (3x 5min) and mounted in water-based
Fluoromount media (0100-01, SoutherBiotech). Dehydration, rehydration procedures
and antigen retrieval were performed at HCF, EPFL. Imaging was performed on a
confocal microscope (Leica SP8 Inverted).

PAS staining was performed at HCF, EFPL, using standard protocols. Sirius Red
staining was performed on rehydrated sections: 10 min Hematoxyline, 2 min tap water,
30 sec (several dips) in 70% ethanol, 2h in Alkaline Sirius Red solution, rinsed with tap
water, dried at room temperature and mounted in xylene based mounting media.
Imaging was performed on an upright microscope (Leica DM5500 B).

The following primary and secondary antibodies were used: mouse anti-L-FABP (sc-
374537, Santa Cruz), rat Anti-Serotonin (ab6336, Abcam), mouse anti-ChrA (sc-
393941, Santa Cruz), donkey anti-mouse Alexa 568 (A-10037, ThermoFisher
Scientific), goat anti-mouse Alexa 488 (A-11029, ThermoFisher Scientific), donkey anti-
rat Alexa 488 (A-21208, ThermoFisher Scientific), goat anti-rat Alexa 568 (A-11077,

ThermoFisher Scientific).
qPCR validation

gPCRs during the validation step were performed with 50-100 organoids. RNA
extraction was performed by two methods: with magnetic beads as described above and
with a column-based method (74104, RNeasy Mini Kit, Qiagen) for comparison of the
results. Both RNA isolation procedures were performed according to the manufacturer’s
protocol. RT reaction from RNA samples isolated with the column-based method was
performed with 50-500 ng of total RNA per reaction using either Superscript Il
(18064014, Thermo Fisher Scientific) or Tth DNA polymerase for comparison of the
results. PowerUp SYBR Green Master Mix (A25742, Thermo Fisher Scientific) was used
for gPCR amplification with 10 pl total volume per reaction and 0.5 yM final primer
concentration. qPCR was performed in a StepOnePlus thermocycler (Applied
Biosystems) and relative gene expression was determined by the comparative CT

method based on expression of 6 housekeeping genes. A list of the primer sequences
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is provided in Supp. Table 6. Primers for gPCR comprise only the gene-specific part of

the full-length primers for library construction from Supp. Table 6.

2.2.8 QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical tests were executed using GraphPad Prism (Prism 7 for Mac OS X)
software or the statistical software R (version 4.0.3). Mean with SD values are reported
in the figures where gPCR validation, FACS or immunostaining quantifications were
made. Differences between variables of control and treated samples were assessed by
2-tailed Student’s t test.

2-4 biological replicates were used in organoid drug screening. Potential drug hits
for the wt screen were determined as drugs altering more than 5 differentially expressed
(DE) genes (]log2FC|>1, padj<0.05).

transformed organoids were defined as downregulating/upregulating 5 or more stem

Drugs inducing differentiation in wt or

cell/differentiation genes ((Jlog2FC| > 1, padj < 0.05) upon drug treatment.

2.2.9 KEY RESOURCES TABLE

REAGENT or RESOURCE \ SOURCE \ IDENTIFIER
Antibodies
mouse anti-L-FABP Santa Cruz sc-374537
rat anti-Serotonin Abcam ab6336
mouse anti-ChrA Santa Cruz sc-393941
donkey anti-mouse IgG Alexa 568 ThermoFisher A-10037
Scientific
goat anti-mouse IgG Alexa 488 ThermoFisher A-11029
Scientific
goat anti-rat IgG Alexa 568 ThermoFisher A-11077
Scientific
donkey anti-rat IgG Alexa 488 ThermoFisher A-21208
Scientific
Chemicals, Peptides, and Recombinant Proteins
human EGF Recombinant Protein ThermoFisher PHGO0313
Scientific
mouse R-spondin1 fusion to mouse Fc Was produced and | mRspo1_mFc
purified using a
construct obtained
from Dr. Calvin
Kuo, Stanford
University; (m
INVALID
CITATION !l
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mouse Noggin cDNA was mNoggin_His
synthetized
according to
NM_008711.2
followed by this
linker and His tag
(IEGRGGGSGGG
SGGGSPGHHHH
HHHH) produced
and purified.
IWP-2 Stemgent 130-105-335
Gefetinib Santa Cruz sc-202166
Biotechnology
CHIR99021 Sigma-Aldrich SML1046-5MG
Valproic acid Sigma-Aldrich V0033000
Y-27632 Tocris 1254
DAPT Sigma-Aldrich D5942
Daunorubicin Cayman chemical CAY-14159-5
Atorvastatin Sigma-Aldrich PHR1422
Lovastatin Adipogen Life AG-CN2-0051-
Sciences M025
Methyl-beta-cyclodextrin, average Mw 1310 Acros Organics ACR37711-0050
Cholesterol Adipogen Life CDX-C0249-
Sciences G025
DAPI for nucleic acid staining Sigma-Aldrich D9542
FITC Annexin V Biolegend 640906
Peanut oil Sigma-Aldrich P2144
Tamoxifen Sigma-Aldrich T5648
Critical Commercial Assays
Tth DNA-polymerase Roche 11 480 022 001
Superscript I Thermo Fisher 18064014
Scientific
GoTaq G2 HS Polymerase Promega M7423
Oligo d(T)2s magnetic beads New England S1550S
Biolabs
Agencourt AMPure magnetic beads Beckman Coulter A63881
Inc.
Magnetic mRNA Isolation Kit New England S1550S
Biolabs
PowerUp SYBR Green Master Mix Thermo Fisher A25742
Scientific
QIAquick Gel Extraction Kit Qiagen 28704
RNeasy Mini Kit Qiagen 74104
Deposited Data
Gene expression profiles of treated organoids This paper GSE157167
produced by TORNADO-seq
Experimental Models: Cell Lines
HCT-116 ATCC CCL-247
DLD-1 ATCC CCL-221
NCI-H508 ATCC CCL-253
LS-174T ATCC CCL-188
Experimental Models: Organisms/Strains
Lgr5CFP-IRES-CreER "C57BL/6J, Jackson Stock No.:
Laboratory 008875
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WT, C57BL/6J Jackson Stock No.:
Laboratory 000664

Cdx2CeERT2+ APCKRASC®2: TP53"" C57BL/6J Jackson Stock No.;
Laboratory 022390, 009045,

008179, 008462

Oligonucleotides

Rev primers for RT reaction, see supp. table 6 This paper NA

Fw primers for 1% stage PCR, see supp. table 6 This paper NA

Common rev primer for 1% stage PCR, see supp. This paper NA

table 6

Primers for 2" stage PCR (i5 index), see supp. This paper NA

table 6

Primers for 2" stage PCR (i5 index), see supp. This paper NA

table 6

Software and Algorithms

FlowJo v10.7.1 FlowJo, LLC https://www.flow;j

o.com/solutions/fl
owjo; RRID:
SCR 008520

Oligoanalyzer

Integrated DNA
Technologies

https://eu.idtdna.c
om/calc/analyzer

ImageJ

(Schindelin et al.,
2012)

RRID:SCR_0022
85

Primer Pooler v1.41 (Brown et al., http://ssb22.user.
2017) srcf.net/pooler/

BLAT Jim Kent https://genome.u
csc.edu

UMI-tools (Smith et al., 2017) | https://github.com
[CGATOxford/UM
I-tools

Bowtie v1.2.2. (Langmead et al., http://bowtie-

2009)

bio.sourceforge.n
et/index.shtml

Samtools v1.2.7

(Li et al., 2009; Li,
2011)

http://samtools.so
urceforge.net

Cufflinks v2.2.1

(Trapnell et al.,
2010)

https://qgithub.com

[cole-trapnell-
lab/cufflinks

DESeq2

(Love et al., 2014)

10.1186/s13059-
014-0550-8

pheatmap v1.0.12

(Kolde, 2019)

https://qgithub.com
[raivokolde/pheat
map

ComplexHeatmap v2.3.1.

(Gu et al., 2016)

10.18129/B9.bioc
.ComplexHeatma

p

umap v0.2.3.1.

(Mclnnes, 2020)

https://cran.r-
project.org/web/p
ackages/umap/

Nmf v0.21.0

(Gaujoux and
Seoighe, 2010)

https://cran.r-
project.org/web/p
ackages/NMF/
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mysort

(Chen et al., 2018)

https://testtoolshe
d.g2.bx.psu.edu/v
iew/moneycat/my
sort/e3afe097e80
a

corrplot v0.84

(Wei, 2017)

https://cran.r-
project.org/web/p

ackages/corrplot/

Other

Non-skirted PCR 96-well plate, for mMRNA elution Thermo Fisher AB0600
Scientific

V-bottom 96-well plate, for mRNA storage PP Ratiolab 6018323

DynaMag - 96 Side magnet, for mMRNA elution Thermo Fisher 12331D
Scientific

Magnetic Stand-96, for mMRNA isolation Thermo Fisher AM10027
Scientific

Low profile 96-well plates, for mRNA isolation Thermo Fisher AB-1127
Scientific

96-well plates, for organoid growth Grenier Bio-One 655090

Aluminium sealing Corning 6570

Histogel Thermo Fisher HG-4000-012
Scientific

Matrigel Corning 356231
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2.2.11 Supplementary figures and tables
2.2.11.1 Supplementary figures
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Figure S1. Validation of intestinal gene set and TORNAOD-seq accuracy and
reproducibility. Related to Figure 1.

A. Clustering of single cells based on the expression of only our 206 gene signature into the
differentintestinal populations using the Seurat algorithm. Columns represent different
single cells, rows represent cell type specific markers. Only six main cell types are
presented. B. Pearson’s correlation between untreated replicates of wt organoids as
analysed by TORNADO-seq. All samples were down-sampled to an average number of
reads and batch correction was performed between the samples from different plates for
the comparison. C. Average Pearson’s correlation coefficients between replicates across
all drug treated samples. For the comparison, all samples were down- sampled to an
average number of reads and batch correction was performed between samples from

different plates.
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Figure S2. Contribution of dead cells to the measured gene expression profiles.
Related toFigure 2.

A. RNA quantification was performed by qPCR for the indicated genes either from
untreated organoids (ctrl) or from a 1:4 mixture of untreated and 20uM daunorubicin-
treated, dead organoids. Measured RNA levels were only altered up to 1.1-fold when
comparing control and mixed samples. Average values of replicates are shown, error bars
represent SD values. B. Comparison of RNA quantities isolated from either untreated (one
96 well) or 20uM daunorubicin treated organoids (four 96 wells) accessed by gPCR for the
housekeeping genes Rpl19 and Epcam. Fold changes over untreated controls are
represented. Average log10(FC) values of replicates values are shown, error bars
represent SD values. C. Percentage of wt organoid cultures showing signs of cell death
either untreated or treated with drugs from cluster 1 (toxic drugs) or drugs of the other
clusters (non-toxic drugs). Percentages are averaged from the percentage of organoids
with signs of cell death per well over all samples from each group. D. Examples of different
morphologies of wt organoids untreated or treated with drugs for 2 days as used in Figure
S2C. Scale bar is 50 ym. Top and bottom images show technical replicates. “Live,
differentiated organoids” are the images of organoids treated with 10 uM Ifenprodil, and

“Organoids with signs of cell death” are organoids treated with 10 uM Epirubicin.
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Figure S3. Confirmation of TORNADO-seq validity and robustness.

Related to Figure 3.

A. Comparison of targeted RNA-seq results with CMAP database (Subramanian et al.,
2017). Left: Heatmap of gene expression FC values vs. untreated controls for
glucocorticoid-treated wt organoids (first 5 columns) and randomly selected drugs acting
as negative controls (last 5 columns). Colours display column Z-score values highlighting
upregulated (yellow) and downregulated (blue) genes vs. untreated controls. Genes in the
red box are consisting the glucocorticoid-response signature as obtained by TORNADO-
seq which was used as input for CMAP. Right bottom: CMAP output showing that the
submitted gene signature is recognized as being induced by glucocorticoid drugs. B.
Chemical structure of glucocorticoids in a. C. gPCR confirmation of targeted RNA-seq
profiles for 4 drug groups (statins, phenothiazines, glucocorticoids, anthracyclines) from 3
clusters (wt-1, wt-2, wt-3) using two representative drugs each. Shown are fold changes
in enterocyte- and EEC-specific marker expression. Statins and phenothiazines (group 1
and 2) correspond to cluster wt-2 from Figure 3A, glucocorticoids (group 3) corresponds to
cluster wt-3 from Figure 3A and anthracyclines (group 4) correspond to cluster wt-1. Red
colours represent enterocyte markers, green represents EEC markers. Average log2(FC)

values of replicates are shown, error bars represent SD values.
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Figure S4. Gene-gene correlations for co-regulated genes in drug-treated wt organoids.

Related to Figure 5.

Circles highlight main cell type specific genes coregulated upon drug treatments
with colours corresponding to their signature. The green circle depicts proliferation-
related genes from the ISC, Wnt, TA, metabolism and cell cycle signatures.
Aggregated, pathway correlations summarized in Figure 5A are based on this
analysis. Tuft and goblet cell markers are highly co-regulated and highlighted by

double circles of corresponding colours.
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Figure S5. Drug responses over time for AKP cancer organoids show the existence of
early and late cell responses. Related to Figure 6.

Heatmap displaying drug responses over time for AKP cancer organoids. Columns
represent drug treated samples (day 1, 2) or untreated controls (day 0). The number
of replicates for day 1 is half of that for day 2. The data are shown as log10[counts
+1] — expression value and displayed as Z- scores per gene (colour bar). “Up, down”
refers to transient upregulation of gene expression at day1 and downregulation at

day 2 compared to day 0 (untreated controls).
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Figure S6. Gene-gene correlations for co-regulated gene clusters in drug-treated AKP

cancer organoids.Related to Figure 6.

Gene-gene correlations for co-regulated gene clusters in drug-treated AKP cancer

organoids. Circleshighlight clusters of genes according to GO term enrichment. Green

circles contain genes from signatures such as Wnt, ISCs, TA, metabolism, and cell cycle

of wt treated organoids (correspondingpart of Figure S4 shown in the lower left corner

depicts the clustering of these genes in the wt system). The red circle contains genes

from signatures such as NF-kB, apoptosis, and angiogenesis. Arrows indicate distribution

of wt proliferation genes into 3 new independent clusters in AKP cancersystem.
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Figure S7. Drug clusters caused different cancer gene signatures.

Related to Figures 6 and 7.

A. Left box: Identified gene signatures in cancer organoids extracted from Figure S6. Right
box: 4 drug groups: depicted downregulated and upregulated genes in light green and light
orange, respectively. Beside each gene name is the number of the corresponding gene
cluster from the leftbox (also depicted with the colour code). Up- and down-regulated
genes are calculated as averageper corresponding drug group. B. Clustering of drugs for
treated wt and AKP samples. NMF heatmapfor drug treated AKP organoids is displayed
on the bottom panel. The colour code represents the correlation between the samples as
calculated by NMF. Clustering is based on the expression of themost DE genes among
AKP treated samples as in Figure 6A. See methods for details. On the top panel,
clustering results for drug treated wt organoids are shown for comparison which were

obtained by comparing NMF and UMAP clustering results.
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2.2.11.2 Supplementary tables

Table S1: Assignments of all 206 genes to a particular cell type or biological pathway and full
list of single-cell studies which were used to select our 206 gene signature set. Related to
STAR Methods.

Gene Signature_group Gene Signature_group
Vegfa Angiogenesis Scd2 Metabolism
Hifla Angiogenesis Lars2 Metabolism
Birc3 Apoptosis Tkl Metabolism
Birc2 Apoptosis Fasn Metabolism
Xiap Apoptosis Gart Metabolism
Bax Apoptosis Ppat Metabolism
Bcl2l1 Apoptosis Shmt2 Metabolism
Bcl2 Apoptosis Shmtl Metabolism
Id1 BMP NFKBIA nF kB

1d2 BMP Nfkb2 nF kB

1d3 BMP Nfkb1 nF kB
Bmprla BMP Rela nF kB

Gdf15 BMP Cxcl9 nF kB

Ccnbl cell cycle Tnf NF kB
Cdkn3 cell cycle Hesl Notch
Cdc25c cell cycle Notchl Notch
Cdc25a cell cycle KIf4 Notch
Cdknlb cell cycle Atohl Notch
Ccndl cell cycle Rbpj Notch
Ccnel cell cycle Hes6 Notch

Chgb EEC DIl1 Notch
Cbfa2t3 EEC Jagl Notch

Rgs2 EEC Notch2 Notch
Cdknla EEC Itinl Paneth_cells
Chga EEC Ang4d Paneth_cells
Cck EEC Lyz1l Paneth_cells
Gip EEC Guca2b Paneth_cells
Sst EEC Defa24 Paneth_cells
Tphl EEC Defal7 Paneth_cells
Rbbp4 EEC Clps Paneth_cells
Dachl EEC Pla2g2a Paneth_cells
Tacl EEC Wnt3 Paneth_cells
Cpe EEC AY761184 Paneth_cells
Ghrl EEC Nuprl Paneth_cells
Ptprn2 EEC Habp2 Paneth_cells
Neurog3 EEC Defa6 Paneth_cells
Fabp5 EEC Hopx qlSCs

Sct EEC Pdlim2 qlSCs
Neurodl EEC Bmil qlSCs

Scgn EEC Lrigl qlSCs

Cdhl EMT Dmbtl TA

Pkpl EMT Mki67 TA

Cdaa EMT Ube2c TA

Vim EMT Hmmr TA

Regl Enterocytes Gjb3 TA



Gene
Aldob
Ces2e
Prapl
Alpi
Gstad
Gstm3
Apoc3
Plac8
Fabpl
Sis
Fabp2
Apoad
Anpep
Fthl
Mdh2
Tff3
Muc2
Spink4
Fcgbp
Tmsb10
Lgals2
Guca2a
Agr2
Txndc5
Secblg
Pdiab6
Cclé
Ern2
Zgl6
Map2kl
Map3kl
Kras
Nras
Rictor
Egfr
Pten
Aktl
Pdk1l
Statl
Ifngr2
Socs3
lhh
Ptchl
Areg
Birc5
Ppp2cb
Yapl
Aurka
Epcam

Signature_group

Enterocytes
Enterocytes
Enterocytes
Enterocytes
Enterocytes
Enterocytes
Enterocytes
Enterocytes
Enterocytes
Enterocytes
Enterocytes
Enterocytes
Enterocytes
Enterocytes
Enterocytes
Goblet_cells
Goblet_cells
Goblet_cells
Goblet_cells
Goblet_cells
Goblet_cells
Goblet_cells
Goblet_cells
Goblet_cells
Goblet_cells
Goblet_cells
Goblet_cells
Goblet_cells
Goblet_cells
MAPK/AKT
MAPK/AKT
MAPK/AKT
MAPK/AKT
MAPK/AKT
MAPK/AKT
MAPK/AKT
MAPK/AKT
MAPK/AKT
JAK/STAT
JAK/STAT
JAK/STAT
Hedgehog
Hedgehog
Hippo

Hippo

Hippo

Hippo

Hippo

Houskeeping_genes

Signature_group

Gene

Fgfbpl TA
Phlda2 TA
1810065E05Ri TA

Ptma TA

Rbp7 TA
Prox1 TA
Proml TA

Etva TA
Bhlhe40 TA
Trim31 TA
Pabpcl TA
Coxb5a TA
Ppmlg TA
Acvrl TGF-b
Bambi TGF-b
Sox4 TGF-b
Adhl Tuft cells
Krt8 Tuft cells
Krt18 Tuft cells
Aldh2 Tuft cells
Tmeml76b  Tuftcells
Dclkl Tuft cells
Plcg2 Tuft cells
Pou2f3 Tuft cells
Alox5ap Tuft cells
Trpmb5 Tuft cells
Hck Tuft cells
Trp53 myc
Myc myc
Mycbp myc
Ephb3 Wnt
Ephb2 Wnt
Axin2 Whnt

Btrc Whnt
Porcn Wnt
Tcf712_isol  Wnt
Tcf712_iso2  Wnt
Cdx2 Wnt
Hoxa5 Whnt
Ctnnbl Wnt
Sox9 Wnt
Aldhl Wnt
Rara Whnt
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Gene Signature_group Gene Signature_group
Tubada Houskeeping_genes
Hprt Houskeeping_genes
Polr2a Houskeeping_genes
Thp Houskeeping_genes
Tubb2c Houskeeping_genes

gDNA_Cpe  Genomic_DNA conrols
gDNA_Lgr5 Genomic_DNA conrols
gDNA_OIfm4 Genomic_DNA conrols
gDNA_Dclkl Genomic_DNA conrols

Clcad ISCs
Olfm4 ISCs
Prelp ISCs
Slcl2a2 ISCs
Soatl ISCs
Lgr5 ISCs
Ascl2 ISCs
Cdke ISCs
Aqpd ISCs
Cdca7 ISCs
Rnf43 ISCs
Rgmb ISCs
Rnf32 ISCs
Tnfrsf19 ISCs
Mbnl2 ISCs
List of studies:
PMID: 28285904. Mex3a Marks a Slowly Dividing Subpopulation of Lgr5+ Intestinal Stem Cells,

PMID:
PMID:
PMID:
PMID:
PMID:
PMID:
PMID:

27345837. De Novo Prediction of Stem Cell Identity using Single-Cell Transcriptome
26287467. Single-cell messenger RNA sequencing reveals rare intestinal cell types,
28334816. Dynamic Changes in Chromatin States During Specification and

22692129. The Lgr5 intestinal stem cell signature: robust expression of proposed
28059064. BMP restricts stemness of intestinal Lgr5+ stem cells by directly suppressing
19269367. Transcription Factor Achaete Scute-Like 2 Controls Intestinal Stem Cell Fate.
27939219. Induced Quiescence of Lgr5+ Stem Cells in Intestinal Organoids Enables
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Table S2: Cell type enrichments quantified for all drugs using mysort toolbox in R. Related to

Figure 3.

Sample Enterocytes| EECs | Goblet Tuft Paneth | qISCs ISCs TA

Control 12.5000| 12.5000( 12.5000( 12.5000( 12.5000( 12.5000| 12.5000| 12.5000
DC1 24.7424( 11.8284( 13.9311| 13.6290| 8.9070| 11.2363| 5.4694| 10.2564
DC2 18.5090| 19.2895( 10.7123( 15.5528( 11.1535| 11.2012| 5.4455| 8.1362
Epirubicin 26.8696( 10.8622( 13.1917| 10.7509| 8.4138| 21.3308| 4.5139| 4.0671
Daunorubicin 32.3651| 4.9853| 9.6805| 9.6528| 7.9482| 28.0549| 3.8425| 3.4705
Doxorubicin 32.8548| 8.4548| 10.9829| 7.1564| 11.9086| 15.4135( 4.6867| 8.5424
Colchicine 20.1353( 28.1459( 9.4389| 15.3179| 8.8677| 10.7426| 2.7313| 4.6204
Griseofulvin 10.8904| 10.2568| 13.7159( 12.3876( 8.1402( 22.5472| 9.5049| 12.5570
Floxuridine 12.7744| 15.7713| 11.1067( 12.4309| 14.2667| 17.9751| 6.4320| 9.2429
Pyrvinium 18.8125| 9.6530( 12.4624( 10.4699( 16.6015( 16.5545| 7.3455| 8.1006
Antimycin 19.4368| 8.4941| 13.7437( 9.2697| 9.3272| 17.6077| 10.9427| 11.1782
Minoxidil 23.6193( 10.3439( 11.3008| 14.2642| 10.2958| 14.1329| 5.6293| 10.4138
Mercaptopurine 12.3998| 14.5268| 11.6648( 15.2781| 20.3381| 11.8429| 7.3443| 6.6052
Irinotecan 15.4020| 11.3375| 13.2379( 11.6601| 19.3379( 15.6658| 5.5713| 7.7874
Gemcitabine 16.9499| 17.6786| 11.4869| 14.7040| 15.8530( 10.8825( 6.2595( 6.1857
Nalbuphine 18.6902| 13.6594| 12.0865( 12.4153| 21.6397( 10.0834| 5.3519| 6.0736
Erlotinib 16.5802| 18.6231| 7.7873| 14.8757| 16.2120( 12.2524| 9.1484| 4.5208
Azaguanine 7.9272| 15.3054( 11.8307| 13.0589| 21.4605| 11.7482| 11.2691| 7.4000
Papaverine 9.8874| 5.9999| 4.9647| 17.4934| 8.0875| 34.4950( 11.6576( 7.4145
Carbamazepine 12.2603| 13.9023| 6.1388( 14.0612| 7.8024|( 14.3646| 14.2437| 17.2266
Calcipotriene 9.3368| 9.0625| 13.6042| 10.5089| 14.7202| 27.1375| 7.2826( 8.3473
Toremifene 12.9030| 10.6581| 10.6803( 24.4672| 15.8123| 9.3307| 6.0692| 10.0792
Fluphenazine 9.2928( 19.1302| 10.1193| 12.7703| 14.4328| 16.2335( 6.7848| 11.2364
Silodosin 8.4489( 10.1782| 17.6725| 13.5056| 10.4123| 14.5831| 8.8494( 16.3499
Fluconazole 11.7772| 12.2310| 15.5787| 9.6634| 14.4978| 13.8706( 9.2732| 13.1081
Piperacetazine 9.0609( 13.5910| 12.4459| 13.0440| 12.8882| 13.7047| 14.2731( 10.9923
Perphenazine 7.3965( 19.6079| 15.1329| 10.6145| 16.4714| 14.4641| 7.4425( 8.8702
Trifluoperazine 7.0841| 16.3726( 11.1027| 12.4591| 13.0104| 13.6082| 13.4757| 12.8872
Prochlorperazine 8.7867| 13.9618| 13.2937| 10.9870| 13.4506| 14.0688| 12.9188( 12.5327
Tamoxifen 10.1619| 13.6915| 11.7950( 11.8677| 12.5322| 16.1398| 11.1096| 12.7023
Clomiphene 6.2399| 17.9970| 13.8866| 12.2982| 10.6011| 17.7775( 10.0098| 11.1900
Opipramol 7.6810( 14.1555| 11.5322| 12.7357| 22.6423| 12.0678| 8.7248( 10.4607
Ifenprodil 9.9044| 13.8659| 10.4061| 15.7320| 14.4882| 9.7877| 11.6836( 14.1321
Simvastatin 6.5709| 24.6921| 5.7758| 18.0383| 16.7123| 13.1698| 6.7410( 8.2997
Fluvastatin 10.1117| 39.2654| 5.4349| 17.7901| 11.6572| 7.1751| 3.8777| 4.6879
Lovastatin 6.2725| 33.7904| 10.0185| 16.3474| 10.2511| 12.4662( 5.0830( 5.7710
Atorvastatin 6.6973| 27.8736| 12.0881| 15.4824| 16.9113| 11.4342( 4.8951| 4.6180
Prednicarbate 11.2956| 11.9763| 13.5116| 10.9711| 15.2673( 17.3074| 9.9127| 9.7580
Hydrocortisone 13.0847| 12.0761| 11.4320( 10.6718( 13.7210( 19.2746| 10.5680| 9.1718
Budesonide 11.7773| 11.6016| 12.3163( 11.0918( 11.8339( 18.2314| 13.4140| 9.7336
Dexamethasone 11.1076| 12.1262| 12.1777( 11.3186( 11.8788( 19.7649| 11.7431| 9.8830
Triamcinolone 13.0879| 13.5910( 12.7320( 12.7982( 11.1985( 16.2166| 10.3762| 9.9996
Fludrocortisone 8.8440| 11.7462| 13.7232| 12.6150| 12.6154| 19.4849( 10.8469| 10.1244
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Sample Enterocytes| EECs | Goblet Tuft Paneth | qISCs ISCs TA

Corticosterone 9.9090( 11.0674( 12.0068( 11.9691| 11.7834| 18.5988| 12.4491| 12.2164
Xylazine 11.7421] 13.7039| 9.8174| 14.0256| 7.6705( 17.6879| 11.8994| 13.4532
Thalidomide 10.3653| 14.3452( 15.5382( 11.2773| 9.8289| 19.1874| 7.6432| 11.8144
Acetohexamide 16.4991| 15.7411| 8.5785| 14.1345| 8.5820( 14.2333( 9.8208| 12.4107
Tobramycin 12.1383| 13.7366| 8.6621| 15.8440| 9.9256( 13.4666| 12.6704| 13.5563
Tulobuterol 12.7800] 12.3265| 8.5944| 14.5140| 6.5617( 20.5283( 10.5947( 14.1004
Etofenamate 17.7013] 11.0922| 10.4839| 11.5248| 9.6823( 13.4431( 12.9945( 13.0780
Tolbutamide 8.8719( 11.2254( 12.8682| 13.0426| 7.9299| 20.5437| 10.6627| 14.8557
Itraconazole 14.6726| 11.4317| 14.2322| 11.4521| 9.8887( 15.9650( 10.3258( 12.0318
Albendazole 16.7872| 12.3320| 12.1133| 12.4460| 7.7239( 15.9635( 10.4414| 12.1927
Mebendazole 15.3093| 9.9343( 10.2286| 16.9801| 12.3314| 14.2097| 10.5253| 10.4812
Butoconazole 11.8126] 13.3698| 12.3780| 13.1692| 12.5056( 15.6235( 10.0351( 11.1064
Econazole 8.8840( 15.1885( 11.5889( 12.6798| 12.1016| 13.9864| 12.5368| 13.0340
Hydroxyzine 10.5065| 15.8577| 13.5619| 14.2340| 10.5465( 13.7553| 9.2455| 12.2925
Thiethylperazine 10.4975| 15.6090| 13.1211 13.2911( 12.9836( 15.1976| 8.4338| 10.8663
Tripelennamine 13.3963| 11.6436| 12.2516| 12.6116| 15.0113( 14.9340| 9.8963| 10.2553
Nefazodone 12.1743] 11.0682| 13.2808| 12.2443| 10.2838( 15.6188| 11.8945| 13.4353
Sarafloxacin 13.3997| 11.9553| 12.7623| 11.9023| 10.8127( 12.7484| 13.0807| 13.3386
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Table S3: List of drugs inducing differentiation phenotypes in WT organoids and targeting

AKP mutant organoids. Related to Figure 6.

Class WT_differentiation_phenotype AKP_targeting
Ifenprodil yes yes
Opipramol yes yes
Prochlorperazine |yes yes
Atorvastatin yes yes
Perphenazine yes yes
Pyrvinium yes yes
Lovastatin yes yes
Nalbuphine yes yes
Hydroxyzine yes yes
Clomiphene yes yes
Thiethylperazine |yes yes
Toremifene yes yes
Trifluoperazine yes yes
Antimycin yes yes
Nocodazole yes yes
Erlotinib yes no
Tripelennamine yes no
Calcipotriene yes no
Thalidomide yes no
Silodosin yes no
Triamcinolone yes no
Xylazine yes no
Sarafloxacin yes no
Itraconazole yes no
Fluconazole yes no
Acetohexamide yes no
Nefazodone yes no
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Table S4: Cell death induction as measured by FACS in human cell lines treated by indicated drugs. Related to Figure 7. Percentage of
annexinV positive or DAPI positive cells is displayed as an average of two independent experiments (except DLD-1 cells where only one replicate
was used). Combined scores were calculated based on each replicate of cell treatments: score 1 was assigned to a drug if annexin or DAPI
percentage was at least 110% of the average control value (score 14 is the maximal possible score). Drugs with combined scores of more than 1
were considered to target CRC cell lines. Hits are highlighted in grey colour.

DAPI+ |ANX-V |DAPI+|ANX-V |DAPI+ |ANX-V DAPI+

Drug_name LS174T |DLD1 |DLD1 |HCT116 |HCT116 [NCI-H508 |NCI-H508 |LS174T |DLD1 HCT116 |NCI-H508
56.1 18.8] 60.1 60.9 35.3 31.0 54.4 45 8|targeted [targeted |targeted [targeted
90.7 459| 81.3 75.6 79.3 60.7 54.8 47 1|targeted [targeted |targeted [targeted
50.4 15.3] 36.5 41.4 46.7 37.6 64.3 51.5|targeted |targeted |targeted |targeted
88.7 25.8] 63.4 63.8 74.0 62.5] 88.0 79.8|targeted |targeted |targeted |targeted
443 140 35.1 36.8 30.1 25.1] 46.3 30.1|targeted |targeted [targeted |targeted
429 17.3] 59.2 63.3 40.3 37.4| 93.3 85.8|targeted |targeted [targeted |targeted

Carbamazepine 6 39.5 9.7] 329 47.9 18.6 17.6 29.8 243 targeted targeted

Xylazine 6 46.2 15.1) 43.5 57.9 16.1 16.3 19.6 18.2|targeted |targeted targeted

Erlotinib 5 36.5 11.6] 39.8 46.0 10.6 45.0 20.8 15.2 targeted [targeted |targeted

Tamoxifen 4 44.1 12.1] 26.8 314 20.1 20.0: 18.7 14.7 targeted |targeted

Opipramol 4 40.6 9.6] 348 47.7 16.3 16.3 11.5 10.8|targeted |[targeted [targeted

Clemastine 4 35.8 7.0 33.0 323 19.9 16.2 22.6 13.8|targeted targeted

Isoconazole 3 41.8 9.0] 34.1 35.8 19.6 16.1 19.3 11.6 targeted targeted

Toremifene 3 36.7 10.1) 33.5 39.0 14.1 13.7 18.8 111 targeted targeted

Nalbuphine 3 37.2 10.5) 38.7 413 15.5 15.0 15.5 13.9 targeted targeted

Clomiphene 2 37.6 83| 29.3 28.6 18.0 15.8 23.7 alsal targeted

Pinaverium 2 35.0 9.3] 26.5 26.7 13.4 11.7 21.2 14.7 targeted

Hydroxyzine 1 41.5 12.5] 23.0 22.2 16.2 13.4 9.9 6.0|targeted

Minoxidil 1 36.5 8.8] 22.2 318 20.9 20.5 13.7 10.5 targeted

Benzoxiquine 1 49.4 12.0] 23.4 21.7 15.5 13.6 11.0 7.5|targeted

Econazole 1 36.0 7.1] 25.3° 333 20.3 20.0: 14.8 11.8 targeted

Calcipotriene 1 34.5 6.6] 26.4 27.5 17.1 15.3 14.0 8.6|targeted

Tulobuterol 1 35.8 10.1] 20.1 19.7 213 18.0] 7.1 4.4 targeted

Tegaserod 1 35.8 9.0] 220 234 13.0 12.4 15.9 10.7 targeted

Tobramycin 1 38.3 10.5 18.6 25.1 18.0 19.5 12.8 11.1 targeted

Fluconazole 1 41.0 85| 205 21.0 17.5 15.5 10.7 8.0|targeted

Thalidomide 1 36.7 8.2] 235 26.0 21.2 18.3 10.1 6.6 targeted

Tripelennamine 1 30.8 79| 249 26.2 19.0 16.3 20.8 9.0 targeted

Trifluoperazine 36.3 10.7] 25.6 26.1 13.2 10.9 10.6 7.4

Prochlorperazine 37.4 83| 231 27.2 18.7 18.3 10.8 8.0

Thiethylperazine 39.2 8.5] 23.4 258 18.9 19.0] 13.6 10.1

Perphenazine 41.0 10.6] 19.1 21.7 18.0 17.4 9.1 7.3

Mizolastine 40.3 10.6] 26.7 29.1 19.8 18.0] 10.6 7.3

Ifenprodil 38.5 11.3] 22.6 187 133 11.3 11.5 8.6

Butoconazole 37.7 10.8] 19.0 19.8 14.8 13.3 15.0 11.7

Piperacetazine 39.1 10.2 189 213 17.2 16.2 11.8 10.0

Hydrocortisone 38.0 9.6] 284 295 12.9 13.6] 11.4 8.9

Etofenamate 32.7 8.4 26.0 26.1 15.1 14.1 11.9 8.7

Silodosin 38.4 9.7] 19.6 20.2 11.2 13.0] 134 9.8

Sarafloxacin 41.0 9.3] 22.8 2238 18.5 16.1 114 7.2

Control_repl 315 8.1] 30.8 31.9 16.5 17.4 13.6 114

Control_rep2 37.7 12.0] 184 21.9 17.7 20.1 124 10.4

Control_rep3 38.6 10.1] 16.5 17.9 15.1 20.3 15.3 11.7

Control_rep4 40.1 10.1] 16.4 16.2 22.1 17.1 13.7 10.4

Control_rep5 37.5 12.6] 17.7 225 15.5 14.0 12.8 10.5

Control_rep6 36.8 8.5] 13.7 1438 18.7 16.2 10.0 7.1

Control_average 37.0 10.2y 189 20.9 17.6 17.5 13.0 10.3
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Table S5: Comparison of different high-throughput sequencing methods. Related to STAR

Methods.
# of cells RNA
Avg # of genes |Avg # of genes| needed per purification
detected >100 counts well format needed
PLATE-seq 10200 800 (8%) 10000 96 yes
DRUG-seq 11000 1000 (10%) 2500( 384, 1536 no
TAC-seq 57 57 (100%) 10000 NA yes
RASL-seq| 56 ( 261 probes) 90 (35%) 1000 384 yes / no
TORNADO-seq 205 100 (50%) 1000 96 yes
library
construction | Sequencing
Sequencing cost per cost per Total cost

processing time deepth sample * sample ** | per sample

PLATE-seq 8-10 hrs N/A $10
DRUG-seq 10 hrs $0.9 $10 $11
TAC-asq NA 500k $6 $2.5 ~$85
RASL-seq 6 hrs| 10-500k reads $4 *rx $0.4 ~$5
TORNADO-seq 6 hrs 50k reads $4 * $0.2 ~$5

Advantages Disadvantages

PLATE-seq|Detection of more than 10 000 Need of special ologo-dT plates, highest

DRUG-seq

TAC-seq

RASL-seq

TORNADO-seq

genes

Detection of more than 10 000
genes

Medium price, UMI counting
improvement compare to RASL-
seq

Lowest price for HTS

Lowest price for HTS, UMI counts
and amplicon insertion alingment
allow to remove bias from
unspeciifc amplification

price per sample

Requires custom liquid dispensing
equipment, high price forsequencing,
compatibility with organoid-based screens

Optimization and troubleshooting of ligation;

based problems, random ligation at low
target level, expensive primers with 5'Phos

Optimization and troubleshooting of ligation;

based problems, random ligation at low
target level, expensive primers with 5'Phos,
PCR amplification bias

Optimization of the primers

*not very comparable due to 96 and 384 well plate formats. Technically it appears impossible to perform
organoid screens based on RNA-seq in a 384 well plate.

**Price per 1 mio reads = S5
*** S1 cost of culture (matrigel, B27, N2 media, etc) and primers included
// Primer and probe cost is counted for 10 000 samples
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Table S7: PCR conditions. Related to STAR Methods. For RT reaction Tth-DNA polymerase was used. For

PCR GoTaq Hot Start enzyme was used.

1st stage PCR:

PCR touch-down method:

94°C -1 min

2x:

-94°C -1 min
-65°C-5 min
-72°C-1min

2x:

-94°C-1 min
-64°C -4 min
-72°C-1min

2x:

-94°C-1 min
-63°C-3 min
-72°C-1min

2x:

-94°C -1 min
-62°C-2 min
-72°C-1min

2x:

-94°C-1 min
-61°C-1 min
-72°C-1min

10x:

-94°C- 20 sec
-60°C- 15 sec
-72°C-10sec

2nd stage PCR:
-94°C- 20 sec
-68°C-15sec
-72°C-10 sec

repeat 10-20 cycles
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2.3.1 Graphical abstract
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2.3.2 Abstract

The genomes of many human CRCs have been sequenced, revealing a large number
of genetic alterations; however, the molecular mechanisms underlying the accumulation
of these alterations are still being debated. In this study, we examined colorectal tumours
that developed in mice with Apc'°/°x Kras-s-¢12D and Tp53'°ox targetable alleles.
Organoids were derived from single cells and the spectrum of mutations was determined
by exome sequencing. The number of single nucleotide substitutions (SNSs) correlated
with the age of the tumour but was unaffected by the number of targeted cancer-driver
genes. Thus, tumours that expressed mutant Apc, Kras and Tp53 alleles had as many
SNSs as tumours that expressed only mutant Apc. In contrast, the presence of large-
scale (>10 Mb) copy number alterations (CNAs) correlated strongly with Tp53
inactivation. Comparison of the SNSs and CNAs present in organoids derived from the
same tumour, revealed intratumoural heterogeneity, consistent with genomic lesions
accumulating at significantly higher rates in tumour cells, than in normal cells. The rate of
acquisition of SNSs increases from the early stages of cancer development, whereas
large-scale CNAs accumulate after Tp53 inactivation. Thus, a significant fraction of the
genomic instability present in cancer cells cannot be explained by aging processes

occurring in normal cells before oncogenic transformation.
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2.3.3 Introduction

Colon is an excellent organ to study the accumulation of genomic alterations during

cancer development, because precancerous and cancerous lesions can be easily

harvested [1-6]. The initial event in most colorectal carcinomas (CRCs) is biallelic

inactivation of the tumour-suppressor gene Adenomatous polyposis coli (APC) [2,7-9].
Further CRC development involves the accumulation of additional mutations that may be

subclone-specific [6,10-15]. Activating mutations targeting KRAS are acquired in up to

40-50% of sporadic CRCs and are associated with dysplasia [2,8,16]. Up to 50-60% of
human CRCs acquire inactivating mutations in the TP53 tumour-suppressor gene, an
event associated with progression of dysplastic lesions to carcinoma. p53, the protein
product of TP53, induces cell cycle arrest, senescence or apoptosis in response to DNA
damage. Thus, its inactivation allows cancer cells to survive and proliferate, despite the
presence of oncogene-induced DNA damage [17].

The first mouse model generated to study colon cancer disease was a mouse that
harbours only Apc deletion in one allele (ApcN*) (Moser et al., 1990). They have been
extensively in research however, these mice do not recapitulate patient's CRC because
first they develop tumours mainly in the small intestine and second, these are benign
adenomas (Moser et al., 1990, Shibata et al., 1997). Many efforts have been done to
generate a better model of CRC. Later on, Apc:Kras mutant mouse model was generated
in an attempt to replicate the genetics underlying human CRC. These mice show higher
tumour multiplicity than Apc deleted mice and what is more important these colonic
tumours present an invasive phenotype in small intestine as in colon (Sansom et al.,
2006, Janssen et al., 2006, Hung et al., 2010). This aggressive intestinal phenotype that
increases intestinal tumour formation and progression was explained by synergistic
activation of Wnt signalling (Janssen et al., 2006). As TP53 inactivating mutations occur
at a much higher frequency in advanced human CRC (50-60%) than in adenomas
(<10%), this mouse model was bred with Tp53 knock-out. This triple combination led to
aggressive tumors that developed into carcinomas in the ceacum and colon (Martin et al.,
2013, Tetteh et al., 2016). Indeed, intrasplenic injections or orthotopic transplantations of
AKP cell lines into immunodeficient mice, these cells were able to invade, metastasize
and colonize to the liver (Martin et al., 2013; Roper et al., 2017).

One of the most important hallmarks of cancer, including CRC, is genomic instability,

a feature that facilitates cancer progression [18] and resistance to therapy [11,19,20].
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Genomic instability can lead to the accumulation of numerous genomic alterations,
including single nucleotide substitutions (SNSs), small insertions and deletions (indels),
copy number alterations (CNAs) and chromosomal rearrangements. It is well established
that CNAs and chromosomal rearrangements accumulate at higher rates in cancer cells,
than in normal cells. However, it is less clear whether the rate of acquisition of SNSs
increases after cell transformation. The early consensus in the field has been that the
high number of SNSs in most human cancers simply reflect the high number of point
mutations present in normal cells due to aging; since tumours are of monoclonal origin,
these mutations become evident when tumour DNA is sequenced [21]. An alternative
view is that SNSs accumulate at higher rates in cancer cells. Our sequencing study of
human colon adenomas supported this latter view, since it revealed a higher number of
SNSs in adenomas with severe dysplasia, compared to adenomas with mild dysplasia,
despite similar patient age distribution [22]. One may also consider the possibility that
certain types of mutations accumulate at higher rates in cancer cells, whereas other types
of mutations accumulate at equal rates in normal and cancer cells due to, for example,
aging. Along these lines, it is worth noting that the large-scale sequencing studies of
human cancers have revealed distinct types of SNSs that are referred to as mutational
signatures [23-26]. Similarly, various bulk tissue sequencing studies of genetically
engineered mouse models (GEMMs), that recapitulate aspects of human cancers, have
been conducted and improved our understanding of tumour initiation and progression
[27-33].

The prevailing signature in human cancers is signature 1, a signature that is defined
by a high number of C-to-T transitions in the context of CpG sites [25,34]. These
mutations arise from failure to properly repair a methylated cytosine, after it has been

deaminated by hydrolysis [35]. It has been proposed that signature 1 mutations

accumulate with equal rates in normal and cancer cells [36—38]. However, the majority of

mutations in colon cancer conform to signature 1 and our exome sequencing study, cited
above, revealed a higher number of signature 1 SNSs in adenomas with severe
dysplasia, compared to mild dysplasia. A higher mutation rate for signature 1 SNSs can

be rationalized on the basis that cancer cells have DNA replication stress, which leads to

the formation of single-stranded DNA [17]. The rate of cytosine deamination is hundred

times higher in single-stranded, than double-stranded DNA [35], and deamination of a

methylated cytosine to thymine in single-stranded DNA cannot be detected by the repair
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machinery, because it does not lead to base pair mismatches and because thymine is a
naturally occurring base in DNA.

Understandably, interpretation of cancer sequencing data is complicated by the
presence of intratumoural heterogeneity [21,39]. Mutations that are present in a subset
of cancer cells may have very low overall allele frequencies and not be counted. To
address this problem, one can prepare single cell-derived tumour organoids for
sequencing. In a previous study, we sequenced the exomes of organoids derived from
normal or precancerous single cells isolated from the intestines of ApcM™* mice and
observed eleven times more mutations in the organoids derived from the precancerous
cells [40]. Another study also examined single cell-derived organoids; in this latter study
organoids were prepared from cancer and normal cells obtained from three CRC human
patients. Comparison of the number of mutations in the tumour-derived organoids, as
compared to the normal tissue-derived organoids revealed a modest increase in the
number of SNSs conforming to signature 1 and a more significant increase in the number
of SNSs conforming to signature 17 [41].

To gain a better understanding of mutation rates in cancer cells, we turned to a mouse
model of CRC that is driven by several cancer driver genes. Specifically, we examined
mice that had three targetable alleles: Apc'®/oX, Kras-s-¢12D and Tp53'o/°x  corresponding
to the most frequently mutated genes in human colon cancer [42,43]. The mice also
harboured a transgene that was expressed specifically in the colon and which encoded a
tamoxifen-inducible recombinase (Cdx2°ERT2) allowing the three cancer-driver genes to
be targeted in an inducible manner. As before, we prepared single cell-derived organoids
from CRCs that developed in these mice and sequenced their exomes. Our results
provide a better understanding of the role of oncogenes and tumour suppressor genes

on the accumulation of SNSs and CNAs in cancer cells.

2.3.4 Results

2.3.4.1 Clonal organoid cultures derived from single tumoral cells

We used a mouse model of colonic tumorigenesis (AKP-Cdx2CERT2 mice), in which
three endogenous cancer-driver genes were modified, so they could be targeted by a
tamoxifen-inducible Cre gene. The targeted cancer-driver genes were Apc, whose exon
15 was flanked by loxP sites (Apc'©/¥), Kras, which contained a G12D mutation and a

transcription termination site flanked by loxP sites upstream of the first coding exon
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(Krasts-612D*) "and Tp53, whose exons 2-10 were flanked by loxP sites (Tp53'°%X) (Fig.
1a; Fig. S1a). The Cre gene was under control of the Cdx2 promoter to confer specific

expression in the large intestine.
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Figure 1. CRC mouse model, resected samples and genotype of organoids. (a) Structure of
conditional alleles of Apc, Trp53, and LSL-KrasG12D. Blue boxes and orange triangles indicate
exons and loxP sites, respectively. (b) Four 3-4 months old mice were injected with tamoxifen to
initiate tumor development. Resections from caecum and colon tumours were obtained for
subsequent isolation of intestinal single cells. Normal tissue was also resected and used as
control sample during sequencing analysis. Mouse IV developed metastatic events in liver tissue
and metastatic tumor samples were also resected and sequenced. (c) Multiregion sampling of
each mouse is illustrated by coloured labels. PT: primary tumours, MT: metastasis, O: tumour
organoids. (d) Recombination events in organoids validated by PCR-based genotyping and by
read depth analysis of sequencing data. Red, orange and green colour indicate homozygous,
heterozygous and no recombination for Apc and Trp53, respectively. In the case of LSL-
KrasG12D, red colour represents recombination of the conditional allele.

We administered tamoxifen to four mice (Fig. 1b). The first mouse (ml) received a
dose of 30 mg/kg; this mouse developed multiple tumours and was sacrificed 2 weeks
after tamoxifen administration. The other three mice received a tamoxifen dose of 3
mg/kg, which led to low levels of recombination and few tumours developing. These mice
were sacrificed 10 to 25 weeks after tamoxifen injection. Tissue biopsies with
macroscopically visible tumours were used to prepare suspensions of single cells, which
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were then aliquoted into wells of 96-well plates for expansion as 3D-organoid cultures
(Fig. 1c; Fig. S1b). We only propagated cultures from wells, in which initially only a single
organoid grew, and we considered that these cultures were derived from a single cell.
The organoids were spheroid-shaped and lacked the crypt-like projections that are typical
of intestinal organoids derived from non-transformed cells (Fig. S1b).

A diagnostic PCR, supported by analysis of the number of exome sequencing reads,
was used to determine whether the Apc, Kras®'?® and Tp53 genes had undergone
recombination by Cre (Fig. 1d). As expected, all tumour-derived organoids retained the
Cre gene (Fig. S2a) and had suffered biallelic deletions of exon 15 of Apc (Figs S2b, S3).
The G12D Kras allele had also recombined in all organoids (Fig. 1d; Figs S2c, S4, S5).
Finally, in most organoids derived from mice | and I, the Tp53 gene had not recombined,
whereas in all organoids from mice Il and IV both Tp53 alleles had recombined (Fig. 1d;
Figs S2d, S6).

2.3.4.2 Single nucleotide substitutions — Prevalence

Single nucleotide substitutions (SNSs) were identified by comparing the exome
sequencing data of the single cell-derived tumour organoids to the corresponding data of
bulk normal tissue from the same mice (Fig. 1b). We used the liver as the reference
normal tissue, except for mouse 1V, for which we used the kidney, because its liver had
metastatic lesions (Fig. 1c). For mouse |V, we also obtained exome sequencing data of
primary and metastatic tumour tissue biopsies (Fig. 1c).

One concern when analysing cancer sequencing data, in which few SNSs are
expected per sample, is that a significant fraction of the identified variants may be
germline polymorphisms and not somatic SNSs. This type of error will occur, when, due
to low sequencing coverage, germline variants are identified in the sequences of the
tumour organoid, but not in the sequences of the reference normal tissue. Given the very
large number of non-annotated germline variants in the mouse, such errors may be
frequent. To minimize them, we performed exome sequencing, which allowed us to have
high sequencing coverage. In addition, we restricted the analysis to the protein coding
regions, because these are well-annotated.

The exome sequencing data of 22 tumour organoids prepared from the four mice
revealed, in total, 206 somatic SNSs mapping to gene coding regions or splice sites (Data
S1). Of the 206 SNSs, 149 were missense, 3 nonsense, 44 synonymous and 10 were

targeting splice-sites (Fig. 2a). We classified all the SNSs as passenger mutations, since
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none of them targeted known oncogenes or tumour suppressor genes (as defined by
ICGC/TCGA).

The average allele frequency of the SNSs in the organoids was approximately 50%
(Fig. 2b). Considering that the organoids were derived from a single cell, these allele
frequencies are consistent with heterozygous mutations acquired in vivo. If the SNSs had
been acquired during tissue culture, they would not be present in all cells and would have
lower allele frequencies. By comparison, the allele frequencies of the SNSs in bulk tumour
tissue were lower than 50% (Fig. 2b), reflecting intratumoural heterogeneity (see below)
and the presence of normal cells in bulk tumour tissue.

We next studied the spectrum of the identified SNSs. For mice | and II, tumour
biopsies that were a few mm apart from each other were used to prepare organoid
cultures and one organoid culture was sequenced per tissue biopsy (Fig. 1c¢). In these
mice, no SNSs were shared between the different organoids indicating that independent
transformation events took place in the different biopsies (Fig. 2c). Indeed, mice | and Il
showed signs of tumour development quite early after tamoxifen injection, consistent with
the development of many tumours in parallel.

For mouse lll, a single tumour tissue biopsy was used to obtain organoid cultures,
two of which were subjected to exome sequencing (Fig. 1c). Fourteen SNSs were shared
between the two organoids and eight SNSs were private (two and six, respectively, in the
two organoids) (Fig. 2c). At the very minimum, the private SNSs must have been acquired
after tumour development was initiated.

For mouse IV, two tumour tissue biopsies were harvested; three and four single cell-
derived organoid cultures were then sequenced from the two biopsies, respectively (Fig.
1c). Interestingly, all organoids shared four SNSs, whereas six of the seven organoids
shared an additional six SNSs (Fig. 2c). Thus, the organoids derived from the two tumour
biopsies were related to each other. Given that the average frequency for all mutant
alleles was about 50% (Fig. 2b), we infer that the SNSs were acquired in vivo. It is
possible that the four shared SNSs might have been acquired prior to neoplastic
transformation. In contrast, the private SNSs (29 in total; defined as SNSs found in only
one of the seven organoids) and the semi-private SNSs (12 in total; defined as SNSs
found in more than one, but not in all organoids) must have been acquired after neoplastic

transformation (Fig. 2c).
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Figure 2. Types and allele frequencies of identified point mutations. (a) Number of SNSs within
the protein coding regions that were identified in the tumour organoids of all four mice. (b) Allele
frequencies of coding and splicing somatic SNSs present in tumour organoids of mice I-IV and in
primary and metastatic tumours of mouse IV. As expected the majority of somatic variants in
organoids have a frequency around 50% (red boxes), whereas primary and metastatic tumors
contain somatic SNSs with lower frequency (yellow and orange boxes, respectively) due to
contamination by normal cells. (c) Coding and splice site SNSs present in sequenced tissues and
organoids. Red, blue and green colours indicate honsynonymous, synonymous and splice-site
point mutations, respectively. For the primary and metastatic biopsies of mouse IV, SNSs with
allele frequencies less than 20% or less than 10% are marked by boxes with decreased colour
saturation.

Mouse IV was the only mouse that developed metastases to the liver. We attempted
to establish organoids from the metastatic lesions, but were unable to do so (Fig. 1c, Fig.
S1b). However, we sequenced the exomes of four distinct metastatic lesions (MT1-MT4)
and also the exomes of the two primary tumour biopsies (PT1, PT2), from which we had
successfully obtained organoid cultures (O1A-C-O2A-D). The four SNSs that were

shared by all organoids were also present in the primary and metastatic tumour biopsies.

The majority of the semi-private SNSs were present in at least one of the biopsies,
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whereas the majority of the private SNSs were absent (Fig. 2c). The two primary tumour
biopsies had similar, although not identical SNSs profiles, whereas three of the four
metastatic lesions had distinct SNS profiles, indicating at least three independent

metastasis seeding events (Fig. 2c).

2.3.4.3 Single nucleotide substitutions - Link to genotype and

Distribution

We next examined whether there was a correlation between the genotype of the
organoids and the number of SNSs acquired. The organoids from mice | and Il, in which
Apc was inactivated and mutant Kras was expressed, had accumulated fewer SNSs than
the organoids derived from mice Il and IV, in which Tp53 was also inactivated (Fig. 3a).
Nevertheless, this difference might not be related to the genotype, because mice Ill and
IV were sacrificed 20 and 25 weeks after tamoxifen administration, whereas mice | and |l
were sacrificed after two and ten weeks, respectively (Fig. 1b). Thus, the number of SNSs
in the four mice correlated well with the time over which the tumours developed (Fig. 3b),
implying a similar rate of SNS acquisition over time in all mice.

In a previous study, we had performed exome sequencing of single cell-derived
organoids from ApcM"* mice; these organoids originated either from adenomatous polyp
or normal intestine tissue. The average number of SNSs in the transformed ApcMn*
organoids was very similar to the number of SNSs present in the organoids from mice |
and Il, which expressed mutant Kras, in addition to having inactivated Apc (Fig. 3a). In
contrast, the organoids derived from non-transformed cells from the same mice had
significantly fewer SNSs than the transformed organoids (Fig. 3a). These results suggest
that expression of mutant Kras did not have a significant effect on the rate by which SNSs
accumulate; on the other hand, transformed cells had a higher mutation rate than normal
cells. We note that colon cells that have as cancer-drivers only mutant Apc or only mutant
Apc and mutant Kras are precancerous in humans.

An interesting feature of SNSs in human precancerous and cancerous lesions is that
they target more frequently large genes than small genes [22]. Mechanistically, one
explanation is that a slower progression of replication forks in cancer cells could result in
the central segments of large genes being replicated in mitosis by the break-induced
replication mechanism, which is error-prone [17,44-50]. We examined the distribution of

somatic SNSs according to gene size in the mouse tumour organoids and observed more
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SNSs per Mb, than expected, in the large genes (Fig. 3c). This effect was statistically

significant for mice Il, Ill and 1V, but not for mouse |, which developed tumours rapidly.
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Figure 3. Relation of number of SNSs to age and distribution of SNSs according to gene
size. a) Average number of somatic SNSs in normal and tumour organoids of Apc"™* mice and
in tumour organoids of AKP mice. Organoids originated from mice | and Il displayed a similar
mutational burden to these of Apc"™™* mice but lower than mice Ill and IV organoids. b) Linear
correlation of the number of somatic coding and splice site SNSs with the time over which the
tumours developed, calculated from the dates at which the mice were injected with tamoxifen and
sacrificed. c¢) Distribution of SNSs according to gene size. The graphs show the ratios of observed
(Obs) versus expected (Exp) number of SNSs for each gene category. The observed number of
SNSs is indicated by the green letters. With the exception of mouse |, the somatic SNSs were
significantly more prevalent in the large genes.

2.3.4.4 Single nucleotide substitutions — Mutational signature

SNSs in human cancers often target nucleotides in specific sequence contexts, which
are referred to as mutational signatures. Signature 1, which is the most prevalent

mutational signature in human cancers, describes the substitution of cytosines by
thymines in the context of NpCpG motifs [25,34]. This signature, although present in most
cancers, exhibits some tissue specificity and is particularly prevalent in precancerous

lesions (adenomas) and cancers of the colon [22]. We had previously observed this
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signature in organoids derived from intestinal adenomas of ApcM"* mice [40]. In the
current study, signature 1 was again the most prevalent signature (Fig. S7a). The high
prevalence of signature 1 became even more evident when the number of substitutions
was normalized by the frequency of the respective triplets in the genome (Fig. 4a), since

the NpCpG triplet is quite underrepresented in the mouse genome (Table S1).
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Figure 4. Mutational signatures of somatic SNSs in tumour organoids. a) Normalized
signatures of protein-coding SNSs identified in the tumour organoids from mice I-1V of this study
and from Apc™" mice. b) Normalized signatures of protein-coding SNSs identified in the tumour
organoids from three CRC patients. The SNS frequencies were normalized according to the
prevalence of the respective nucleotide triplets in the protein-coding sequences of the mouse
(a) and human (b) reference genomes.
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Interestingly, we also observed evidence for the presence of SNSs conforming to
signature 17 in the mouse organoids of our current study and of our previous study of
ApcMn* mice (Fig. 4a and Fig S7a). Signature 17 is characterized by an elevated number
of T to G and T to C substitutions in the context of CpTpT trinucleotides. Its origin is
unknown, but it is particularly present in esophageal, stomach and colon human cancers
[25,51-53].

To determine whether the mutational profiles observed in the mouse organoids were
similar to those present in human cancers, we reanalyzed the published sequencing data
of 36 human organoids derived from the tumours and normal tissues of three colorectal
cancer patients [41]. The SNSs within the protein coding sequences revealed a strong
signature 1 profile and a weak signature 17 profile, similar to what we observed in the
mouse organoids (compare Figs 4b and S7b to Figs 4a and S7a, respectively).

Since the human organoids were subjected to whole-genome sequencing, we were
able to examine more thoroughly their mutational signature profile. At the genome-wide
level, signature 1 was by far the most prevalent signature, followed by signature 17 in
patients 1 and 2 (Fig. S8a). Further analysis of the SNSs conforming to these signatures
revealed a strong dependence on replication timing with more SNSs being present in late
S than in early S replication regions (Fig. S8b). Within each replication timing domain, the
frequency of SNSs was similar in the protein coding, intronic and intergenic regions; this
was true for both signatures 1 and 17 (Fig. S8c). Finally, we note that the SNSs
conforming to signature 1 and the C to T transitions in non-CpG contexts were the only

SNS types present in organoids derived from non-transformed cells (Fig. S8a).
2.3.4.5 Copy number alterations

To probe for copy number alterations (CNAs) in the mouse tumour organoids, we
compared the number of sequencing reads across the genome to the number of normal
tissue reads from the same mouse. For this type of analysis, whole genome sequencing
data are superior to exome sequencing data; yet the high read coverage of our data
allowed us to identify copy number changes with a high degree of certainty (Fig. S9).

For the organoids from mice | and Il, the analysis did not reveal any convincing CNAs
(Fig. 5). Small genomic regions with different ratios of the number of sequencing reads in
the organoid and reference bulk normal tissue were observed, but similar differences

were observed when comparing the number of reads between different normal tissues.
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Moreover, some of these differences were even shared between the organoids of mice |
and I, which strongly indicates that they were noise (Fig. 5).

In contrast to mice | and Il, several CNAs were evident in the organoids from mice I
and IV. The two organoids from mouse Ill shared CNAs on chromosomes 2, 6 and 16,
indicating that they were related (Fig. 5). These two organoids also shared 14 SNSs (Fig.
2c). The seven organoids from mouse |V all shared loss of one copy of chr 13; five of the
seven organoids shared CNAs on chromosomes 9 and 11; and two of the seven
organoids shared a duplication of chr 6. Finally, organoid O1A had private CNAs on
chromosomes 5, 8 and 12 (Fig. 5). Many of the CNAs observed in the organoids from
mouse IV were also evident in the primary and metastatic tumour biopsies. Interestingly,
metastatic lesion 1 had several CNAs that were not present in any of the organoids or
primary tumour samples; these CNAs included amplifications in chromosomes 9 and X

and deletions in chromosomes 1 and 9 (Fig. 5).
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Figure 5. Profiles of copy number alterations (CNAs) in the tumour organoids and tissue
biopsies from mice I-IV of this study. Red and blue colours correspond to deletions and
duplications, respectively, and colour saturation indicates the ratio of the number of reads in the
organoid or biopsy compared to the normal reference tissue.
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2.3.4.6 Evolution of tumour clones in mouse IV

The availability of SNS and CNA data from several organoids and from primary and
metastatic tumour samples of mouse IV provided an opportunity to establish an order in
which these mutations were acquired during tumour evolution.

First, we plotted the allele frequencies of all the SNSs identified in the organoids and
tumours of mouse IV (Fig. S10). In the organoids, most allele frequencies were close to
50%, consistent with one allele being mutated in a diploid region of the genome. For a
few SNSs, the allele frequencies deviated significantly from 50%, but all these SNSs were
located within genomic regions affected by CNAs. In the primary tumours, the SNS allele
frequencies ranged between less than 5% to about 30%: the four SNSs that were
identified in all organoids had allele frequencies of about 30%; whereas, the allele
frequencies of the remaining SNSs were lower with the interesting exception of the SNSs
that targeted the Ociad2 and Vmn1r119 genes, which had allele frequencies close to
30%, even though they were identified in only 3 out of the 7 organoids (Fig. S10). In the
metastatic lesions all SNSs had similar allele frequencies, consistent with each
metastasis having been seeded by a single cell or by a microcolony of genetically identical
cells (Fig. S10). Accordingly, we included the metastatic lesions in the phylogenetic tree.
We note that metastatic lesions 3 and 4 had exactly the same SNSs and CNAs (Fig. 2c
and 5).

To plot the phylogenetic tree, we started with the four SNSs (SNS-TRUNK) and the
deletion of one copy of chr 13 (CNA-TRUNK) that were present in all the organoids and
metastatic lesions (Fig. 6). Three branches could be projected from the trunk of the
phylogenetic tree. The first branch (B1) was formed by O2A and contained several private
mutations (SNS-B1); the second branch (B2) was formed by MT1 and contained private
CNAs affecting chromosomes 1, 9 and X (CNA-B2), as well as a duplications of chr 6 and
chr 8; the third branch (B3) was formed by all other samples and contained a group of six
SNSs (SNS-B3). In regard to branch B2, we note that the duplications of chr 6 and chr 8
were also present in the O1A and MT2 samples, raising the possibility that the metastatic
lesion MT1 might not be monoclonal. Therefore, we attributed only the CNAs affecting
chromosomes 1, 9 and X to branch B2 (Fig. 6b).

From branch B3, two branches originated; the first branch (B3A) encompassed O1A
and MT2 and was characterized by the presence of four SNSs (SNS-B3A), and
duplications of chromosomes 6, 8 and 12 (CNA-B3A). From this first branch, a sub-branch

emerged containing O1A and characterized by a group of six SNSs (SNS-B3Aa) and
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amplification events in chr 5 (CNA-B3Aa). The second branch (B3B) emerging from
branch B3, was characterized by a SNS targeting Vnn2r99 (SNS-B3B), an amplification
of part of chr 11 and a deletion of part of chr 9 (CNA-B3B).
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Figure 6. Phylogenetic analysis of tumour progression in mouse V. a) Phylogenetic tree
illustrating the temporal order of acquisition of the SNSs and CNAs. The branches (B) of the
tree are numbered. b) Colour-coding of the SNSs and CNAs according to the phylogenetic
analysis. The SNSs and CNAs belonging to the same branch of the phylogenetic tree have the

same colour.

119



In turn, two branches arose from branch B3B: branch B3Ba, which was formed by
O1B and was characterized by 7 private SNSs (SNS-B3Ba) and duplication of chr 6
(CNA-B3Ba; we consider this to be an independent event from the duplication of chr 6
observed in O1A and MT2) and branch B3Bb, which was formed by O1C, O2B, O2C,
02D and MT3/MT4 and was characterized by a SNS targeting the Cntnap5b gene (SNS-
B3Bb). From branch B3Bb, a branch (B3Bb1) containing O2B and O2C emerged; in turn,
this branch gave rise to two branches characterized by SNS-B3Bb1a and SNS-B3Bb1b,
respectively (Fig. 6).

The phylogenetic tree encompassed all the SNSs and CNAs with the notable
exception of the SNSs targeting the Ociad2 and Vmn1r119 genes (Fig. 6), as these SNSs
could not be incorporated in a way that made sense to us. What is evident is that tumour

development was associated with the parallel emergence of SNSs and CNAs.

2.3.5 Discussion

Genomic instability is considered a major culprit of tumour development and
emergence of resistance to therapy. While the presence of genomic instability in cancer
was recognized at the beginning of the previous century, the advent of massive parallel
sequencing has significantly advanced our understanding of the mechanisms leading to
this cancer hallmark [19].

Our study focused on two major types of genomic instability: chromosomal instability
and instability at the level of SNSs. The key question that we wanted to address was the
extent to which the Apc, Kras and Tp53 genes, which are frequently implicated in colon
cancer development, contribute to the types of genomic instability mentioned above. As
a model system we used tumour-prone mice that express mutant Kras and that inactivate
Apc and, stochastically, Tp53. Single cell-derived organoids were examined to allow us
to obtain a better understanding of cancer development in the face of tumour
heterogeneity. We compared the current results to the results generated from our
previous study, in which we performed exome sequencing of organoids derived from
precancerous lesions and matching normal intestinal epithelium of Apc™™* mice [40].

The analysis of the data revealed a rather simple picture. The rate of accumulation
of SNSs was higher in the tumour-derived organoids than in the organoids derived from
the normal epithelium, but unaffected by the number of targeted cancer-driver genes.
Thus, the organoids with mutant Apc accumulated SNSs with the same rate as the
organoids with mutant Apc and mutant Kras and even the organoids with mutant Apc,

mutant Kras and mutant Tp53. In contrast, CNAs were present almost exclusively in the
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organoids harbouring mutant Tp53. The observation that the rate of accumulation of
SNSs was independent of the number of mutant cancer-driver genes was unexpected. In
contrast, other studies had previously linked Tp53 mutations to the induction of CNAs
[42,54,55)].

As mentioned above, SNSs can exhibit specific patterns that are referred to as
mutational signatures [23,25,56]. Signature 1 is the most dominant signature and is
characterized by the presence of C to T substitutions in a CpG context; this signature
arises from spontaneous deamination of methylated cytosines to thymines [22,35,56]. It
has been proposed that signature 1 SNSs accumulate at a constant rate in both normal
and transformed cells [36—38]. Thus, their number would reflect the age of the organism.
However, in our previous study of organoids derived from ApcM"* mice, the tumour-
derived organoids had a significantly higher number of CpG to TpG transitions than the
organoids derived from non-transformed cells [40]. Similarly, an analysis of the
sequencing data of organoids derived from three human colon cancer patients revealed
more signature 1 SNSs in the tumour-derived organoids than the organoids derived from
normal tissue [41 and Fig. S8]. Nevertheless, signature 1 SNSs were present to a
significant degree in the normal tissue-derived organoids. In contrast, SNSs that do not
conform to signature 1, were present almost exclusively in the tumour-derived organoids
(Fig. S8). We conclude that the mutagenic processes leading to signature 1 operate also
in normal cells, albeit at a lower level than in tumour cells, whereas the mutagenic
processes that lead to the other signatures are highly tumour-specific. Interestingly, all
SNSs showed a dependence on replication timing with late S replicating regions being
significantly more prone to mutagenesis than the early S replicating regions. This
dependency may explain why there is a higher density of protein coding sequences in the
early S replicating regions of the genome.

The sequencing of single cell-derived organoids from the same tumour makes it
possible to construct a phylogenetic tree marking tumour development. In our study, this
was possible for mouse IV. Our analysis revealed a phylogenetic tree characterized by
the parallel emergence of SNSs and CNAs. In addition, analysis of metastatic lesions
demonstrated that apart from MT1, the rest were derived from a single cell or genetically
identical cells. In contrast, sequencing of the primary tumour tissue revealed a spectrum

of mutations typical of a heterogeneous population of cancer cells.

2.3.6 Conclusions
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An analysis of organoids derived from a mouse model of colorectal cancer has
allowed us to study the accumulation of SNSs and CNAs at the single cell level during
tumour evolution. The key conclusions are that the rate of accumulation of SNSs is higher
in transformed than non-transformed cells and that it is unaffected by the number of
cancer-driver genes that are active in the tumour. Thus, tumours with mutant Apc
accumulate as many SNSs as tumours with mutant Apc, mutant Kras and mutant Tp53.
Signature 1 SNSs are the most prevalent in our model but are also present to a lower
degree in normal cells. Moreover, late S replicating genomic regions are more prone to
accumulate SNSs. In contrast to SNSs, CNAs were observed only in cells with mutant
Tp53. So far, very few studies have been published sequencing single cell-derived
tumour organoids. Nevertheless, this approach has great potential to elucidate the
mutagenic processes present in cancer and, therefore, to contribute to our understanding

of genomic instability.
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2.3.7 Materials and Methods
Mice

All mice were kept on a 12-hour light/dark cycle in individually ventilated cages. The

Apcloex mice [57,58], Kras's-¢12P mice [59] and Tp53'°¥'>x mice [60] were crossed to

Cdx2CreERT2* mijce (The Jackson Laboratory, Charles River, L'Arbresle, France) [61] to
obtain Apc'o¥ox;Krasls-C12D; Tp53loxlox, Cx2CreERT2/+ (AKP-Cdx2C¢ERT2) animals (Fig. 1a,
1b). All experiments were authorized by the Canton of Vaud (license VD3396) and were
performed according to accepted guidelines for animal handling.

Genotyping

A small amount of tissue from each mouse was used for genotyping. Confirmation of
recombination events upon tamoxifen injection was assessed by genotyping the
corresponding organoids selected for sequencing. For genotyping, the organoids from
one well of a 48-well plate were lysed in 200 pL lysis buffer supplemented with 150 pg of
Proteinase K and then incubated overnight at 55 °C. The lysates were diluted 10 times
with water and subjected to PCR amplification using GoTaq Hot Start Polymerase
(M7423, Promega).

The following primers were used for genotyping: for the cre allele: Cre_Fw (5’-
CACCAGCCAGCTATCAACTCG-3’)and Cre_Rev (5-TTACATTGGTCCAGCCA CCAG-
3’); for the Apc allele: Apc_Fw (5-GTTCTGTATCATGGAAAGATAGGTG GTC-3’) and
Apc_Rev1l (5-CACTCAAAACGCTTTTGAGGGTTGATTC-3') or Apc Rev2 (5-
GAGTACGGGGTCTCTGTCTCAGTGAA-3'); for the Tp53 allele: Tp53_Fw1 (5™
CACAAAAAACAGGTTAAACCCA-3") or Tp53_Fw2 (5-AAGGGG
TATGAGGGACAAGG-3') and Tp53_Rev (5-GAAGACAGAAAAGGGGAGGG-3'); for the
KrasG12D allele: Kras WT_Fw (5°-TGTCTTTCCCCAGCACAGT-3’) or Kras_ MUT_Fw
(5’-CCATGGCTTGAGTAAGTCTGC-3) and Kras_common_rev (5'-
CTGCATAGTACGCTATACCCTGT-3'). The PCR conditions and DNA fragment sizes

obtained are described in the Supplementary Information section.
Induction of tumour formation

Tamoxifen (Sigma), 3 mg/kg (or 30 mg/kg for mouse 1), was administered either as a
single i.p. injection with sunflower oil (mouse Il) or by gavage with peanut oil (mouse I,
mouse |l and mouse V), when the mice were 10-14 weeks old. The mice were sacrificed
2 weeks (mouse 1), 10 weeks (mouse Il), 20 weeks (mouse lll) or 25 weeks (mouse V)
after tamoxifen administration.
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Tissue isolation, organoid culture and expansion

Intestinal tissue (colon or caecum) was isolated from AKP-Cdx2CERT2 mice. Colonic
tumours were distinct and each was dissected and treated separately. For caecum
tumours, which effectively occupied nearly all the caecum space, the caecum was divided
in several parts and each part was considered as a separate tumour. For each tumour,
the resected tissue was cut into 2-3 mm wide cubes, that were separated by tissue also
2-3 mm wide. The tumours of mouse lll, isolated 20 weeks after tamoxifen administration,
were small in size and were not cut into separate pieces before processing (see Fig. 1c
and Figure S1b).

The tumour fragments were washed thoroughly in PBS-EDTA at 4 °C and then
homogenized with a teflon pestle in 1.5 ml Eppendorf tubes. Tissue homogenates were
treated with Trypsin-EDTA for 3-4 min and quickly pipetted up and down, approximately
100-200 times, using 200 pl tips to disrupt any cell aggregates. After centrifugation, the
pellets were resuspended in ENR media, filtered through 70 uym cell strainers (BD
Bioscience) and single cell suspensions were mixed with cold Matrigel® (Corning) and
plated in 96-well plates. The tissue culture media (ENR) for these organoids was based
on DMEM/F12 (Life Technologies) supplemented with B27 and N2 (Life Technologies),
supplemented with 10 mM HEPES, 100 units/mL of penicillin and 100 pg/mL of
streptomycin (Life Technologies), 2mM L-Glutamine (Life Technologies) and 1.25 yM N-
Acetylcysteine (Sigma-Aldrich). The following growth factors were also added: 50 ng/mL
murine recombinant EGF (Life Technologies), R-Spondin1-Fc and Noggin-6xHis [62].
After the Matrigel solidified, ENR tissue culture media was added on top. The
suspensions of single cells were seeded at different cell concentrations to obtain wells
containing a single organoid. Selected organoids from each tumour piece were then
expanded to obtain enough material for DNA sequencing. For these organoids, the
medium was changed every 2 days and organoids were split every 3-4 days by
mechanical dissociation. Organoids were kept in culture as short as possible to obtain
the necessary amount of DNA for exome sequencing; on average, each organoid culture
was split three times. Around four to six 48-well plates full of organoids were harvested

and the organoid pellets were washed and frozen at -80 °C.

DNA Extraction and Exome Sequencing
Genomic DNA from the organoids was extracted and fragmented by sonication. The

resultant fragments (~200 bp) were subjected to exome capture using the SureSelect
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Mouse All Exon Kit (Agilent Technologies) and paired-end libraries were prepared and

sequenced on an lllumina HiSeq 4000 platform.
Sequence Analysis

Sequencing reads were aligned on the mouse reference genome NCBI Build
GRCm38/mm10 using the Burrows-Wheeler Alignment tool v.0.7.17. Bam conversion,
sorting, removal of PCR duplicates and indexing of the sequence alignment files was
conducted by SAMtools v.1.9. Somatic variant calling was performed by GATK v.4.11.0
using healthy tissue from the liver or kidney of the same mouse as matching normal
sample. False positive calls were filtered out using a panel of normal samples constructed
from all normal tissues of 4 mice. Variants present in common mouse dbSnp142 were
also discarded. The mutational spectra of detected somatic SNSs were examined using
the SomaticSignature v.2.20.0 R package for the analysis of all the 96 possible
trinucleotide changes. CNA events in bam files were analysed by VarScan2 v.2.4.3 using
the recommended workflow. To filter out somatic CNA events, we excluded CNAs that
were present in the liver, kidney and spleen tissues of the mice from which the organoids

were prepared. Segmentation was applied by DNAcopy R package v.1.58.
SNS signature normalization

The SNS signatures in mouse and human samples were normalized using the
genomic mouse and human sequences, respectively, downloaded from the NCBI RefSeq
curated dataset at the UCSC server (http://hgdownload.soe.ucsc.edu/goldenPath/). The
coordinates of early-S, mid-S and late-S replicating regions of the human genome were

obtained from our previous analysis of U20S cells [63].
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2.3.9 Supplementary figures and tables
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Fig S1. Mouse breeding and preparation of organoids. a) Breedings to generate AKP-

Cdx2CreERT2 mjce. b) Resection of primary tumours and metastatic lesions. Macroscopically
visible intestinal tumors were resected, followed by isolation of single cells from intestinal crypts
and expansion as 3D organoid cultures. Tumour organoids derived from the colonic tumoral cells
grew as spheroids and lacked crypt-like projections typical of healthy intestinal cells. Phase
contrast images of AKP-Cdx2CreERT2 tymour organoids expanded from a single cancer cell, after
1 week in culture. Scale bars, 100 um. ¢) H&E staining was performed on primary tumour 2 (PT2)

and liver metastatic tissue (MT1) of mouse I'V. Scale bars correspond to 500 um, 200um, 100um,
50um from left to right.
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Fig.S2

Cre

PLN Alw
ELN AW
LN AW
TLIN AW
azo Aw
220 AW
920 AW
¥Z0 Alw
210 AW
a10 AW
VIO Alw
zld Alw
Tid AW
Kaupny~ Al

a10 I
VIO llw

Kaupny Jjjw

1M1

Aol w

60 |w
80 W
L0 W
90 1w
SO W
vO W
€0 W
Z0 w
10 W
Kauppy
PEYTV]

& & &
o a o
o o °
S =3 S
I e} Q
H]

& o Y
o a a
o o )
3 1 S
el ) <
B

-y & &
K a 2
o o )
S 2 o
) ) S
£

& & &
o a o
) o o
S ] S
) o) I
=

Abc

LN AW
ELN Al
CIN Alw
TLA Alw

azo Alw
220 Alw
920 Alw
Y20 Alw
210 Alw
a10 Alw
VIO Alw
2ld Alw
Tid Alw
Aauppy Alw

500 bp-

300 bp-| = —————

ato Inw
VIO nmw

Kaupiy~ 1w

1500 bp-

500 bp-| S
300 bp-

YO lw
£0 W
zo
10 lw
oM W

1500 bp-|

500 bp{ «
300 bp-|

1500 bp-

500 bp|

300 bp]

PLN Al
ELN AlW
ZLN AW
TLIN Al
azo Alw
220 Alw
920 Alw
Y20 Alw
210 Alw
a10 Alw
VIO Alw
zld Alw
T1d AW
Kaupny Al

1500 bp-|

500 bp|

300 bp]

10 lw
VIO liw

Ksupiy~ nw

60 |w
80 1w
L0 |w
90 1w
S0 Iw
v0 W
£0 W
20 |w
10 1w
Aauppy Jw

1500 bp-

500 bp-|

300 bp-|

1500 bp-

500 bp-| «

300 bp-

1500 bp-

500 bp-| “
300 bp-

Kras

LN Alw
ELN AW
ZLN AW
TLN AW
azo Aw
2Z0 AW
920 AW
v20 Alw
210 AW
a10 Alw
YIO Alw
Zld Alw
Tid AW
Ksuppy Al

aTo w
YO lw
Kaupny niw

Jan i

60 [w
80 W
L0 1w
90 W
SO W
vo W
€0 W
z0 W
10 W
Kauppy|w

JaAl W

& a a
Q o o
) o o
S S o
) n ®
-

& a o
o o a
o o o
S S ©
I} n ®
-

S s &
o a =2
o o o
=3 S °
0 n ®
-

Y a a
o o o
o o o
=3 S S
) n ®
B

PLN AW
ELN AlW
LN AW
TIN AW
azo Al
920 Alw
820 Alw
Y20 Alw
10 Alw
a10 Alw
VIO Alw
2ld AW
Tid AW
Kauppy~ Al

1500 bp-

500 bp-| s

100 bp-|

garo nw
VIO llw

Ksuppy i

1500 bp-|

500 bp-| S

100 bp-|

o 1w
€0 lw
20 liw
TO liw

i

1500 bp-

500 bp-|

100 bp-|

1500 bp-|

500 bp-| w=

100 bp-

135



Fig.S2 (continued)
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Fig S2. Mouse genotyping by PCR. a) Genotyping using the primer pair Cre Fw-Cre Rev. The
observed size of a 200-bp PCR product indicates Cre-positive samples. b) Genotyping for Apc
using the pair of primers Apc Fw-Apc Revl (top panels) and Apc Fw-Apc Rev2 (bottom
panels). PCR product sizes of 314-bp and 225-bp correspond to mutant and wt alleles, respectively
(top panels). A PCR product size of 258-bp designates the mutant recombinant allele (bottom
panels). ¢) Mouse genotyping for Kras using the pairs of primers Kras WT Fw-
Kras common_rev (top panels) and Kras WT Fw-Kras MUT rev (bottom panels). PCR product
sizes of 250-bp and 290-bp correspond to wt and recombined mutant alleles, respectively (top
panels). A PCR product size of 119-bp designates the presence of the mutant non-recombined
allele (bottom panels). d) Mouse genotyping for 7p53 using the pairs of primers Tp53 Fw-
Tp53 Rev (top panels) and Tp53 Fw2-Tp53 Rev (bottom panels). A PCR product size of 612-bp
indicates the presence of the mutant recombined allele (top panels). PCR product sizes of 584-bp
and 431-bp indicate the mutant non-recombined and wt alleles, respectively (bottom panels).
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Fig.S3
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Fig.S3 (continued)
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Fig S3. Whole exome sequencing read depth of Apc genomic locus for mouse I (a), mouse II
(b), mouse III (¢) and mouse IV(d). Normal tissues and tumour organoids are represented by
green and red colours, respectively. Primary tumours and metastatic tissues are illustrated by
orange and yellow colours, respectively. Black arrows point to the deletion of exon 15. The
genotype is indicated next to the sample name.
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Fig.S4 (continued)
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Fig S4. Whole exome sequencing read depth of Kras genomic locus for mouse I (a), mouse II
(b), mouse III (¢) and mouse IV(d). Normal tissues and tumour organoids are represented by
green and red colours, respectively. Primary tumours and metastatic tissues are illustrated by
orange and yellow colours, respectively.
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Fig.S5
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Fig.S6 (Continued)
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Fig S6. Whole exome sequencing read depth of 7p53 genomic locus for mouse I (a), mouse II
(b), mouse III (¢) and mouse IV(d). Normal tissues and tumour organoids are represented by
green and red colours, respectively. Primary tumours and metastatic tissues are illustrated by
orange and yellow colours, respectively. Black arrows point to the deletion of exons 2-10. The
genotype is indicated next to the sample name.
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Mouse organoids — coding sequences
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Fig S7. Mutational signatures of somatic SNSs in tumour organoids. a) Non-normalized
signatures of protein-coding SNSs identified in the tumour organoids from mice I-IV of this study

and from Apcmin mice. b) Non-normalized signatures of protein-coding SNSs identified in the
tumour organoids from three CRC patients.
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Fig.S8
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Fig S8. Mutational signatures of somatic SNSs in human normal and tumour cell-derived
organoids as a function of replication timing and gene annotation. a) Normalized frequencies
of all SNSs identified in the organoids from normal and tumour cells from three CRC patients. b)
Normalized frequencies of SNSs conforming to signature 1 (C to T in NpCpG triplet) and to
signature 17 (T to G in CpTpT triplet), according to replication timing. ¢) Normalized frequencies
of Cto T and T to G SNSs according to gene annotation and replication timing. The SNS
frequencies were normalized according to the prevalence of the respective nucleotide triplets in
the corresponding regions of the human genome.
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Fig S9. Examples of detected copy number alterations in mouse tumour organoids. Green
arrows indicate somatic copy number alteration events. In the example shown in the bottom panel,
one copy of chromosome 13 has been lost.
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Fig S10. Allele frequencies of identified somatic SNSs. The allele frequencies of SNSs in
primary tumour biopsies (PT1, PT2) varied, consistent with tumour heterogeneity, and did not
exceed 30% (top panel). The SNSs identified in tumour organoids had allele frequencies close to
50%, apart from the SNSs that localized within genomic regions affected by CNA events (middle
panels). Finally, the allele frequencies of the SNSs in the metastatic biopsies showed little
variation, consistent with the metastases originating from one or more genetically identical cells
(bottom panel).
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Chapter 3: Conclusions and outlook

First part of the thesis.

Despite the generous efforts of many research labs and clinicians to find efficient
treatment for CRC, it’s still one of the deadliest cancers and leads to over 1 million deaths
worldwide. Metastatic patients have the worst survival rates and new approaches to treat
this disease are in urgent need. A high level of intra- and inter-tumor heterogeneity is one
of the reasons for many drugs failure: the drug might be active in one cohort of patients,
but others will not respond to it. Moreover, tumor cell plasticity and acquired resistance
allow tumor cells to escape the drug action. The latter is driven by cancer stem cells, a
small population of the most aggressive and resistant cells in the tumor. Additionally, the
research shows that other cancer cell population - differentiated cells are less proliferative
and are the first to vanish from the tumor site [Shimokawa M. et al., 2017].

Here we considered and implemented two conceptual ideas in an effort to find a
treatment for CRC. First, we address the differentiation therapy approach to treat CRC
by differentiating cancer stem cells to less aggressive differentiated-like cancer cells.
Second, we established an RNA-seq-based platform that monitors organoid responses
to drug treatments and allows: 1) discovery of cell type perturbations in wt organoids, 2)
discovery of novel drug treatments inducing a particular differentiation phenotype both in
wt and cancer organoids, 3) identification of drug resistance mechanism in cancer
organoids. Further, this approach could be used in predicting drug combinations for
targeting several signaling pathways involved in tumor escape from the treatment.
Moreover, large collection of gene expression data of drug treated cancer organoid allows
discovering novel connections between the pathways which might be implicated in
resistance mechanisms.

Here we developed RNA-seq based high-throughput screening platform
(TORNADO-seq) in organoids which allows monitoring the expression of large gene
signatures and allows to quantify and evaluate complex cellular phenotypes and cellular
alterations upon drug treatment. While the majority of drug screens are based on few
parameters such as the activity of a single reporter or the measurement of cell viability,
they lack rich data required for the analysis of complex phenotypes and the MOA of drugs.
These limitations can be easily overcome with the use of TORNADO-seq (Targeted
ORgANOID sequencing). TORNADO-seq compares favourably with other high-content

methods with respect to availability, cost, and applicability to organoid-based screens.
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TORNADO-seq shows high-reproducibility, requires only 6h to perform, is cost-efficient
(5 USD per sample including culture, library preparation, and sequencing cost), and
doesn’t require any specialized equipment. Due to the implemented UMI-counting and
sequencing of amplicons, TORNADO-seq lacks PCR- and ligation-based bias and
misdetections. Primer design is straightforward, needs minor optimization, and only
requires moderate effort. To our knowledge, this is the first NGS-based HTS platform
developed for organoid cultures.

Taken that, we applied this approach to identify differentiation-inducing drugs in wt
and cancer organoids (APC';KRAS®'?D;TP53/°"). In wt organoids, we were able to
identify drugs specifically enriching organoids for a certain cell type. In particular,
lovastatin and trifluoperazine specifically induced EEC enrichment more precisely than
previously proposed drug cocktails (Basak et al., 2017). More importantly, we identified
many novel drug candidates targeting colon cancer organoids that were not described
previously for CRC. Among them are antipsychotic phenothiazines, cholesterol-lowering
statins, anti-mycotic conazoles, SERMs, glucocorticoids, and anti-histamines. Based on
the obtained gene expression profiles we were able to propose and confirm MOAs for
some of these drugs which we found to act by targeting the cholesterol pathway. Several
of these drugs (ifenprodil, opipramol, perphenazine, toremifene) showed a beneficial
therapeutic window targeting preferentially cancer compared to wt organoids. Finally,
statins, opipramol and toremifene also targeted human CRC cell lines warranting future
in vivo validation. Additional experiments with wider range of drug concentration, of
course, could bring an additional layer of information to our understanding on the
mechanism of action of identified drug hits.

Interestingly, many of the identified drugs targeting cancer organoids were acting
via cholesterol-biosynthesis pathway. This is in line with high consumption of energy by
cancer cells for fuelling their growth. Future research will have to find a way to target
this pathway in patients, maybe using some locally delivered particles/or targeted
radiation of certain nature which would allow to disrupt cholesterol accumulation in
cancer cells. Interestingly, several observational studies showed improved survival in
CRC patients taking statins as a medication with a primarily goal to lower cholesterol
levels [Melloni C. et al., 2019; Poynter J.N. et al., 2005].

Colorectal cancer research is a fast-developing field and new approaches for CRC
treatment are constantly emerging. So, recent application of patient-derived organoids in
drug screenings and in predicting patient-specific responses to the drug treatments may

be a promising tool for fighting CRC. We believe that the implementation of RNA-seq
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based screenings such as TORNADO-seq in combination with PDO technology will allow
the identification of resistance mechanisms in tumors. Altogether, the combined
application of those technologies will definitely improve our understanding of this fatal

disease.
Second part of the thesis.

Accumulation of mutations in tissues occurs constantly. Genomic instability (single
nucleotide substitutions (SNSs), copy number alterations (CNAs)) is a hallmark of cancer.
Acquiring of mutations eventually will lead to the development of malignant tumors,
including colorectal cancer. It has been reported that mutation acquisition rate in CRC
tumors is much higher than in normal cells [Lugli N. et al., 2017]. Even though the process
of mutation acquisition is studies well, the contribution of driver genes to this process in
CRC is not fully elucidated. According to the tumor development theory by Fearon and
Volgestein [Fearon, E. R. et al., 1990] the acquiring of mutations (SNSs) in tumors appear
in the following sequence — APC, KRAS, P53, before mutations altering TGF- 3 and
PIBK/AKT signaling, such as SMAD4 and PIK3CA, appear leading to enhanced
chemoresistance and metastatic properties of tumor cells. Further, copy number
alterations (CNAs) develop in more aggressive tumors with the time and can in the same
way as SNSs affect the expression of important genes and driver the tumor progression.

Here we combined single-cell derived tumor organoids and exome sequencing to
elucidate the role of p53 and KRAS driver genes. We used either APC" (A)
APCKRASC?D (AK) or APC°;KRASC2D; TP53/°f (AKP) mutation genotypes that reflect
early stages of CRC development. Using low-dose tamoxifen injections and CrefR™
inducible system we generated colonic tumors developing over long period of time (more
than 5-6 months). Some of those tumors (AKP) developed as carcinomas and gave
metastasis to the liver. We saw a high increase in the number of acquired mutations in
tumors which developed over long period of time compared to short lived tumors (2
weeks). But the rate of mutation acquisition was not affected by the number of cancer-
driver genes (A, AK or AKP). At the same time, CNAs were present almost exclusively in
tumors harboring TP53 mutations, which was also shown by other studies. Additional ex
vivo experiments on proliferation rate of organoids showed that the difference in SNSs
present in non-transformed and transformed cells cannot be explained by differences in
proliferation rates. Limited sample size in this study of course is a weakness and can'’t
fully exclude the possibility that timing is also important for CNAs alongside TP53

mutation.
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We showed that tumors harboring AKP phenotype are able, over long period of time
(6 months) to progress to carcinoma stage and give metastasis to distant organs (liver).
Surprisingly, those tumors didn’t have much more mutations than tumors which were only
10 days old. At the same time “old” tumors had other changes in genomic instability such
as CNAs, sometime with the disappearance of a bigger part of the whole chromosome,
telling us that the evolving of the tumor on later stages of its development is most likely
to be regulated via CNAs rather than SNSs. Further, we were able to track the evolution
of the tumor clones in the mouse which had metastasis and found that those separated
metastatic lesions had both common and unique mutations. Interestingly, we also able to
detect further chromosomal alterations in some of the distant metastasis indicating further
tumor adaptation and evolution in new microenvironment. Taken together, in the model
of early colorectal cancer development the influence of KRAS mutation for genomic

instability is minimal, at the same time TP53 affect genomic instability via CNAs.
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Single-Cell Studies of Intestinal Stem Cell Heterogeneity
During Homeostasis and Regeneration

Maxim Norkin, Claudia Capdevila, Ruben I. Calderon, Tianhong Su,
Maria Trifas, Paloma Ordonez-Moran, and Kelley S. Yan

Abstract

Single-cell RNA-sequencing (scRNA-seq) provides a unique opportunity to study heterogencous cell
populations within tissues, including the intestinal epithelium, to gain detailed molecular insights into
their biology. Many new putative markers of intestinal stem cells and their progeny have been described
using single-cell transcriptomics, which has contributed to the identification of novel subpopulations of
mature cell types and insight into their developmental trajectories. This approach has revealed tremendous
cellular heterogeneity within the intestinal epithelium that is concordant with its diverse and multifaceted
functions. We discuss the function of these subpopulations during tissue homeostasis, as well as putative
subpopulations with inducible regenerative potential following tissue injury.

Key words Single-cell RNA-sequencing, Stem cell, Intestine, Epithelium, Lineage, Homeostasis,
Regeneration, Differentiation, Plasticity

1 Introduction

The renewal of the intestinal epithelium is characterized by both
tight regulation and an immense turnover capacity. This rapid
renewal is important given the relatively harsh conditions to
which the epithelial cells are exposed during their lifetime. In
addition to its remarkable proliferative activity, the intestinal epi-
thelium is extremely diverse in its cellular composition, reflecting a
high degree of heterogeneity within its major lineages [1, 2]
(Fig. 1). For example, the enteroendocrine cell (EEC) lineage is
thought to be comprised of at least ten different cell types
[1, 3]. Additionally, there is controversy over the heterogeneity of
its stem cell compartment that supports tissue turnover and regen-
eration. Multiple studies highlight the regenerative function of
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Fig. 1 Markers of intestinal stem cells and their progeny. Summary of putative marker genes of different
intestinal cell types based on transcriptional profiling. Enterocytes: left upper corner—enterocyte specific
markers, left bottom corner—proximal and distal markers of enterocytes, right—genes with variable
expression in enterocytes along the intestinal villus axis. EECs: left upper corner—EEC specific markers,
left bottom corner—proximal and distal markers of EECs, right—specific markers of EEC subpopulations.
Lar5* ISCs: stem cell specific markers. Paneth cells: top—specific genes, bottom—proximal and distal
markers of corresponding populations. Tuft cells: up—specific markers, bottom—specific markers of tuft
subpopulations. Goblet cells: specific markers

reserve stem cells that are deployed during times of tissue injury
using distinct mechanisms from those employed during homeosta-
sis [ 1, 4—14]. Morcover, numerous progenitor cells and intermedi-
ates along the developmental trajectories of individual linecages
remain to be established.

Single-cell RNA-sequencing (scRNA-seq) is a rapidly evolving
method that is becoming an indispensable tool to investigate the
cellular composition of tissues. Continuous changes in cellular
identity can also be analyzed by real time-resolved single-cell tran-
scriptomics, which can be used for cellular processes that display
transient activation of a marker gene [3]. Early studies using
scRNA-seq in the intestine were performed on mouse epithelial
cells [15, 16]. More recent reports have delineated the mRNA
expression in human epithelial cells. The cell types identified in
human tissues largely correlated with the previous scRNA-seq
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analyses performed on the mouse [17]. Overall, scRNA-seq stud-
ies have revealed new insights into the cell types and mechanisms
that underlie intestinal homeostasis and epithelial regeneration.
Here, we summarize recent findings using this technology as well
as new questions raised by these studies (Figs. 1 and 2).

2 Cellular Heterogeneity During Intestinal Homeostasis

The constant tissue renewal of the intestinal epithelium during
homeostasis is fueled by continuously dividing intestinal stem
cells (ISCs) that reside at the base of the crypts [18-20]. These
crypt-base columnar ISCs have been molecularly defined by the
expression of the R-spondin receptor Lgr5, a leucine rich repeat
containing G protein-coupled receptor [18]. Single-cell transcrip-
tomic analysis reveals that Lgr5-eGFP" ISCs isolated from Lgr5-
¢GFP-IRES-CreERT2 mice are composed of distinct clusters of
both cycling and non-cycling Wnt- and R-spondin-dependent
ISC as well as nascent transit-amplifying (TA) cell populations,
consistent with multiple reports suggesting heterogeneity within
the ISC pool [10, 21, 22]. Many markers of ISCs were initially
identified based on microarray and bulk RNA-seq profiling of cells
isolated using Lgr5 reporter expression. Subsequently, transcrip-
tional profiling using scRNA-seq technology helped to support
these markers and also allowed the identification of new ones,
with varying degrees of characterization and validation (Fig. 1):
Aqp4, Olfm4, Tufrsfl19, Cdea7, Prelp, Rnf32, Cdko6, Rgmb, Clcn4,
Sen2b, Sle14al, Ascl2, and Soatl (2, 15, 16, 23-25].

Under homeostatic conditions, Lgr5" ISCs regenerate the
intestinal epithelium [18]. In contrast, a distinct, label-retaining
cell at the +4 cell position in intestinal crypts has been reported and
historically proposed to serve as a quiescent /slowly cycling, reserve
stem cell population that comes into play upon loss of Lgr5" ISCs
[4-6, 8, 26-28]. Even though multiple markers have been
described for the +4 cell [4-8], more recent studies show that
many of these overlap with Lgr5" ISCs, or are expressed very
broadly throughout the crypt [29-31]. While it remains unclear if
there are other dedicated reserve stem cell populations that coexist
within the crypt alongside the Lgr5" ISCs, there is increasing
evidence of diverse cell types that are capable of exhibiting cellular
plasticity to become activated upon injury conditions to rapidly
regenerate the epithelium following loss of Lgr5" ISCs
[32]. Indeed, some recent observations suggest that it is not a
single type of quiescent stem cell but rather a functionally distinct,
non-Lgr5-expressing cell type that reverts to a stem cell state in an
injury-inducible fashion [1, 4, 8].

Globally, along the crypt—villus axis, the progenitor cells arising
from Lgr5" ISCs and their immediate TA progeny reside in the
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Fig. 2 Injury-induced regeneration of the intestinal epithelium. Injury-induced regeneration of the intestinal
epithelium is mediated by Sca1* and/or Clu™ cells (blue), which are rare under homeostatic conditions. Sca1*/
Clu* cells repopulate the crypts of the small intestine and regenerate the epithelium following damage-
induced loss of Lgr5* ISCs

crypts close to the stem cells and move into the villi upon differen-
tiation. Absorptive enterocytes are the most abundant cell lineage
in the intestinal epithelium. Additionally, there are multiple secre-
tory cell lineages including mucus-producing goblet cells, Paneth
cells, EECs, and rare tuft cells [20]. All these differentiated cell
lineages contribute to specific functions of the intestine. The advan-
tage of scRNA-seq methodology is that it can be applied to study
specific gene expression in individual subpopulations and it can help
to infer the hierarchical relationships of individual lineages (Fig. 1).

Tuft cells are a rare cell type involved in chemosensory func-
tion. Tuft cells express proteins known to be involved in taste signal
transduction and also in an immune response against parasite infec-
tion [33, 34]. Tuft cells express such markers as Trpm5, Dclkl,
Rys13, Alox5ap, Avil, Hck, Kctdl2, Tubala, Pik3r5, and Plgy2
[2, 15, 16, 35, 36]. Recent findings using scRNA-seq demon-
strated the existence of two distinct subtypes of tuft cells: tuft-1
cells are highly enriched in genes related to neuronal development,
while tuft-2 cells show upregulation of genes related to immunity.
Specifically, tuft-1 cells are enriched for Nradd, Gngl3, Nrep, Rgs2,
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and Pou2f3 2] (Fig. 1). Conversely, tuft-2 cells showed higher
expression levels of the TH2-promoting cytokine thymic stromal
lymphopoictin (75/p) and Ptpre (pan-immune cell marker CD45),
as well as enrichment in transcripts for Rac2, Ptysl, Irf7, Ffar3, and
Alox5.

Enterocytes are the most abundant cell type in the intestinal
epithelium, making up to 80% of intestinal epithelial cells
[37]. Enterocytes are predominantly located in the villus region
and function in the hydrolysis, absorption, and transport of nutri-
ents [38]. Many enterocyte markers were identified using bulk
RNA-seq [39] and scRNA-seq [2, 15, 16, 41]; among them are
Alpi, Apoal, Anpep, Aldob, Sis, Apoad, Prapl, Apoc3, Gstm3,
Gsta4, Fabpl, and Fabp2. Recently, scRNA-seq was used to identify
enterocyte progenitor populations [ 15, 16 ], to examine enterocyte
regional diversity throughout the gut [2], and to investigate the
spatial allocation of distinct functional classes of enterocytes along
the intestinal crypt—villus axis [40, 41]. It has been shown that
carlier enterocyte progenitors express high transcript levels of ribo-
somal proteins (Rn45s, Rps19, and Rpsl2), Dmbtl, Reg3g, Ube2c
and low levels of those for enterocyte-specific genes (Prapl, Apoal,
Apoad, Apoc3, etc.) [2]. Late progenitor cells lose the expression of
ribosomal proteins with concurrent elevation of enterocyte-specific
transcripts. Finally, mature enterocytes are characterized by further
upregulation of enterocyte-specific mRNAs.

A study of regional enterocyte markers reveals that Fabpl,
Apoad, Apoc3, Gstal, Gstm3, Gstml, Alpi, Prapl, and Rbp2 are
highly expressed in the proximal part of the intestine, while Fabp6,
Mepla, Dpepl,and Gdpdl are predominantly expressed in the distal
small intestine [2]. This is consistent with differential absorptive
functions along the longitudinal proximal-to-distal gut axis. More-
over, a combination of high-throughput scRNA-seq and bulk
RNA-seq of laser-microdissected crypt—villus sections revealed
that enterocyte transcriptional signatures differ along the crypt—
villus axis consistent with their zonation [41]. Enterocytes at the
bottom of the crypt showed enrichment in ribosomal /proliferation
signatures (Rps12, Rpl18, and Rpl39) and antimicrobial program
peptides (Reg3b, Reg3g, Nirp6, and 1/18) [41]. Enterocytes in the
middle of the crypt—villus axis are enriched in the genes responsible
for the processing and absorption of various nutrients, especially
amino acids (8/c7a7 and Sle7a9) and carbohydrates (Slc5a 1, Slc2a 2,
and S/c2a5) [41]. Enterocytes at the top of the villus exhibited a
distinct expression program: enrichment in cell adhesion signature
genes (Egfr, Kif4, Fos, Junb), purine catabolism genes (Enpp3,
Nt5e, Slc28a2, and Adn), and apolipoproteins/cholesterol proces-
sing genes (Apobecl, Apon4, and Apoal) (Fig. 1) [41].

Goblet cells are secretory cells present in both the small intes-
tine and colon. They produce and secrete mucus into the intestinal
lumen, which facilitates the migration of chyme through the gut

1/9



160 Maxim Norkin et al.

and contributes to a physical barrier that prevents microorganisms
and toxins from direct contact with the mucosa. In addition, goblet
cells are also shown to be expanded in response to parasite infection
[2, 42, 43]. Several scRNA-seq experiments revealed multiple
markers of goblet cells: Tff3, Spink4, Fegbp, Agr2, Muc2, Txndc,
Tpsyl, Spdef, Guca2a, Lgals2, Pdin6, and Ern2 (2, 15, 16]. Spdef
has been shown to have an essential role in goblet cell differentia-
tion [44, 45] (Fig. 1).

Paneth cells are intermingled with Lgr5* ISCs at the crypt base
and function in antimicrobial defense and metabolic regulation of
ISCs. They interact with ISCs via signaling pathways such as Notch,
Wnt, and EGF [46—48]. While the first Paneth cell markers (lyso-
zyme and defensins) were reported decades ago [49, 50], recent
RNA-seq studies on sorted CD24" Paneth cells reveal additional
transcripts differentially enriched in Paneth cells relative to ISCs:
Dil4, Tyfa, Wntll, Clps, AY761185, Itinl, and Guca2b
[46]. Recent scRNA-seq studies additionally showed that Paneth
cells also exhibit regional diversity, and the expression profiles of
these cells are different in distal and proximal part of the small
intestine: for example, Rnasel, Defal7, and AY761184 are highly
expressed in the duodenum, while Defa20, Defa2l, Defn22,
Nuprl, and Itinl show the highest expression in ileum [2]. Other
Paneth-specific markers that show uniform expression throughout
the gut include Lyzl, Ang4, Clps, and Habp2 (Fig. 1) [2]. It still
remains unclear how and why Paneth cells are heterogeneous, and
the functional implications on their interactions with ISCs and on
the other Paneth cell functions.

EECs produce hormones that regulate digestion and metabo-
lism, and participate in chemosensation, including nutrient detec-
tion. EECs represent a very small fraction of epithelial cells that are
widely dispersed throughout the intestinal epithelium and have
been clusive to molecular characterization due to their marked
cellular heterogeneity. While EECs are located throughout the
entire intestinal epithelium, they also exhibit regionalized patterns
of gene expression. Recently, scRNA-seq studies have identified
new putative markers for the EECs subpopulations and further
underscored the heterogeneity of this lincage. At least ten different
EEC subtypes have been identified either in vivo or via in vitro
intestinal organoid culture [2, 3, 15, 16, 19, 51]. Neurog3, Neu-
rodl, and Neurod2 are known EEC markers specific to EEC pro-
genitor populations [2]. In addition, the EEC markers ChgA and
ChyB were shown to be predominantly expressed in enterochro-
maffin (EC) cells [2, 3]. Many more putative novel markers were
identified for each of the EEC subpopulations, using sequencing
technology, including scRNA-seq: Gip, Fabp5 (K-cells); Reg4, Afp,
Tphl (EC-cells (late)); Sst, Lapp, Rgs4 (D-cells); Ghrl, Serpinalc,
Mboat4(X-cells); Cek, Gsg, Gsg-2 (1-cells); Glp-1, Pyy, Cck (L-cells);
Nts, Pyy, Scp3 (N-cells); Tacl, Tphl, Gehl (EC cells (early)) [2, 3,
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15, 16, 19,51, 52]. Some of the markers such as Cck and Geg are
shown to be expressed in several EEC subtypes simultancously.
Furthermore, while some markers are predominantly expressed in
the proximal small intestine (Cck and Ghrl), others are more loca-
lized in the distal region (N5, Geg, and Pyy). Sct is expressed in all
subtypes of EECs and is detected in both proximal and distal parts
of the gastrointestinal tract [3, 53] (Fig. 1). These EEC lincage
markers and their distribution need further confirmatory experi-
mental validation and biological interpretation. The diverse reper-
toire of EEC subsets found by scRNA-seq likely reflects the
multifaceted functions of these cells that orchestrate chemosensa-
tion, digestion, metabolism, and communication with other organs
via their hormone products.

3 Cellular Heterogeneity During Tissue Repair

Multiple distinct types of cells capable of regenerating the intestinal
epithelium after tissue injury or Lgr5* ISC loss have been described
[32]. Importantly, these include progenitor cells of both secretory
and absorptive cell lineages, as well as more differentiated cells that
reside within the intestinal crypt. Functional studies using lincage
tracing in mice using Alpi* absorptive enterocytes [54 ] and secre-
tory lincage markers [ 8,9, 55, 56] support the possibility that there
are multiple populations capable of reconstituting the intestinal
epithelium following injury, suggesting a model of cellular plasticity
in which perturbation of homeostasis enables even lincage-
committed cells to regain regenerative capability. For instance,
recent comparative transcriptomics using scRNA-seq to examine
cells isolated from various reporter mice revealed that lincage-
committed EECs also exhibit regenerative potential in the context
of irradiation injury [1]. In this setting, Lgr5" ISCs are rapidly
ablated, and Prox1" crypt cells of the enteroendocrine linecage can
come into play to regenerate the epithelium. Notably, ProxI is
expressed in quiescent crypt cells near the +4 cell position and
identifies cells of the tuft and enteroendocrine lineages, suggesting
a shared linecage progenitor [1]. Thus, despite being already-
committed secretory populations, these cells are capable of regen-
erating the epithelium following tissue injury.

scRNA-seq has recently provided additional insight into poten-
tial mechanisms for injury-induced regeneration of the intestinal
epithelium. Recent reports of injury-induced regeneration have
identified and characterized two additional subpopulations of epi-
thelial cells that occupy the crypt compartment following tissue
damage. Various injury models, including helminth infection,
result in expansion of crypt cells that adopt a fetal-like transcrip-
tional program, in which the crypt cells are functionally
Wnt-independent and express the protein Scal [12, 14, 57,
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58]. In another report, a rare population that selectively expands
upon damage is characterized by high expression of clusterin (Clu)
(Fig. 2) [13]. The inter-relationship between these populations
remains undefined.

In contrast to Wnt pathway-dependent Lgr5* ISCs, Scal™ cells
rise, peak, and return to basal expression levels in different injury/
perturbation models including parasitic helminth infection, irradi-
ation, and Lgr5* ISC ablation by diphtheria toxin, in a manner that
is inversely proportional to the loss of Lgr5* ISCs [12]. These Scal*
cells are capable of forming regenerative, primarily undifferenti-
ated, fetal-like proliferative crypts devoid of canonical adult Lgr5"
ISC markers shortly after injury [12]. By the time Lgr5" ISCs re-
emerge and repopulate the regenerating epithelium, Scal expres-
sion decreases. Notably, Scal™ cells in the adult small intestine are
ultimately derived from Lgr5™ ISCs; yet, they can arise and regen-
crate the epithelium independent of Lgr5" ISCs themselves
[12]. Importantly, this report provides evidence of epithelial cells
co-opting a fetal-like transcriptional program for repair of damaged
adult tissue [12].

Cells characterized by high expression levels of clusterin (Clu)
and referred to as “revival” stem cells (revSCs) were recently
reported to selectively expand following irradiation damage
[13]. RevSCs were identified by scRNA-seq analysis of the regen-
erating intestinal epithelium 3 days after irradiation, and were
characterized as a preexisting Lgr5~, Clu*, YAP-dependent
injury-induced quiescent cell type that is most prominently found
following tissue damage [ 13]. Immunofluorescent analysis of trans-
genic Clu reporter mice confirmed limited numbers of Clu* cells
within the epithelium during homeostatic conditions. Indeed,
crypts populated by Clu" cells did not harbor Lgr5" ISCs
[13]. However, lineage tracing experiments initiated under homeo-
static conditions demonstrated that those rare Clu" cells were
multipotent and capable of giving rise to Lgr5" ISCs [13]. Follow-
ing irradiation damage, Clu" cells repopulated the small intestine
and colon epithelium [13]. Consistent with these data, ablation of
Clu" cells displayed no detrimental phenotype under homeostasis;
however, impaired regeneration of the epithelium was observed in
the context of irradiation, acute and chronic colitis [ 13 ]. Similarly,
both Scal® and Clu" cells are derived from Lgr5" progeny,
although the degree of overlap between these and other regenera-
tive populations remains unknown. Is this repair capacity restricted
to certain discrete cell populations, or do these gene signatures
represent a common intermediate state where lineage-committed
cells transiently converge as they go backward in the linecage hierar-
chy and reacquire regenerative potential (Fig. 2)? Further studies
are needed in order to address these questions.
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4 Conclusion

scRNA-seq has enabled the description of intestinal epithelial cell
populations and their interrelationships with unprecedented gran-
ularity. One caveat to using this technology to study cellular het-
crogeneity is that cellular categorization ultimately requires
experimental functional validation, which currently remains a bot-
tleneck. In addition to providing more accurate definitions for
mature populations and describing potential inferred lineage tra-
jectories, scRNA-seq has demonstrated regional differences in cell
type prevalence, as well as substantial compartmentalization along
the crypt—villus axis. Taken together, these studies highlight the
high degree of cellular diversity in intestinal tissue architecture,
which is concordant with the great diversity of its biological func-
tions. Morcover, these studies underscore the notion that cellular
identity is malleable and influenced by environmental cues, as cells
can adopt different functions in different biological contexts, fur-
ther expanding the potential cellular heterogeneity within the
tissue.
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