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Zusammenfassung

Adulte Stammzellen sind fur die Regeneration des epithelialen Gewebes im Darm
notwendig, kdnnen aber auch eine wichtige Rolle bei der Tumorentstehung spielen. Sie
existieren in einer hochspezialisierten Mikro-Umwelt (Stroma), die als die Stammzellnische
bekannt ist. Im Dinndarm sind intestinalen Stammzellen (IS) im unteren Teil der
epithelialen Krypten lokalisiert. Obwohl kirzlich gezeigt werden konnte, dass Paneth-Zellen
wichtige Faktoren flr die Aufrechterhaltung der Nische der IS bereitstellen, zeigte eine
spezifische Depletion von Paneth-Zellen in Mausen keinen signifikanten Phanotyp. Dies
weist darauf hin, dass eventuell Zellen aus dem Stroma eine wichtige Rolle in der

Aufrechterhaltung der Stammzellnische spielen kénnten.

In der vorliegenden Arbeit sollten die Interaktionen innerhalb einer solchen
Stammzelinische im Dinndarm untersucht werden. Um die Mechanismen der Kontrolle von
Stammzellen zu untersuchen wurden verschiedene dreidimensionale (3D) Krypten-
Myofibroblasten Kokulturen etabliert. Die Interaktionen innerhalb der Stammzellnische in
vitro wurden hierbei durch Analyse der Kryptenmorphologie, Clonogenitat-Assay, PAS
(Perjod-Acid-Schiff Reaktion)-Farbung, Immunohistochemie, Genexpressionsanalyse

durch Microarray, Inhibititonsexperimente und Massenspektrometrie untersucht.

In direkten Kokulturen wuchsen etwa 50% der Organoide als Spharoide, im
Gegensatz zu Krypten in Monokulturen, in welchen nur 4-5% Spharoide beobachtet
wurden. Dieses Phdnomen war unabhangig von externen Faktoren (R-Spondin Zugabe).
Indirekte Kokulturen und Experimente mit konditioniertem Medium zeigten, dass die
Sphéaroide durch das Sekretom der Myofibroblasten aus der Kokultur induziert wurden.
Aulerdem, erhoéhten Myofibroblasten die Fahigkeit zur Selbsterneuerung von
Kryptenzellen. Die Analyse der Kryptenmorphologie mittels PAS- und Ki-67 Farbungen und
des Transkriptoms, zeigten eine gesteigerte Proliferation und reduzierte Differenzierung in
den Spharoiden der Kokultur was bedeutet, dass Organoide aus Kokulturen sich ahnlich
verhalten wie solche aus Tumoren (Apc*/'®&N Krypten). Zusatzliche Mikroarray Analysen
und pharmakologische Inhibitionsexperimente mit Wnt Inhibitoren (IWP-2/ C59) wiesen
darauf hin, dass Krypten-Myofibroblasten Interaktionen durch andere Mechanismen als den
kanonischen Wnt-Signalweg vermittelt werden. Diesbezlglich haben Massenspektrometrie
und Inhibititonsexperimente gezeigt, dass ein mdglicher Mechanismus hierbei der TGF-3

Signalweg sein konnte.

Zusammengefasst zeigen die hier prasentierten Daten eine Plastizitat des
intestinalen Epithels und Stammzellen in vitro und heben die wichtige Rolle der

Myofibroblasten in der Regulierung der Epithelzellen hervor. Die Ergebnisse dieser Arbeit
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belegen den Einfluss von Myofibroblasten auf Genregulation, Proliferation, Differenzierung
und die Fahigkeit zur Selbsterneuerung der Kryptenzellen durch sekretierte
Nischenfaktoren unabhangig vom kanonischen Wnt Signalweg. Zusatzlich zeigt diese
Studie, dass die Myofbroblasten nicht nur als Teil der normalen Stammzellnische wirken,
sondern mdglicherweise auch eine Rolle in der frihen Tumorentwicklung und

Tumorinitiierung in intestinalen Epithelien spielen.

Ein zweiter Teil des Projekts beschaftigt sich mit der Etablierung humaner
Organoidkulturen aus Barrett-Osophagus Biopsien (BE) und Biopsien vom Adenokarzinom
des Osophagus (EAC). In Kombination mit den im ersten Teil beschriebenen Mechanismen
kénnten in Zukunft die BE/EAC Organoide als Werkzeuge/Methoden fir prognostische
personalisierte, praventive und partizipatorische (P4) Medizin implementiert werden. Das

etablierte Protokoll vermittelt die Grundlagen fiir die erste BE/EAC Organoid BioBank.
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INTRODUCTION

| Organoids as a model to study the cellular microenvironment

1. Cellular interactions and tissue microenvironment

The integrity and proper functioning of a multicellular organism inevitably relies on
communication between cells, tissues and organs. Cellular interactions are based on
paracrine signaling (a neighboring cell sends signals) and juxtacrine signaling (requires
close contact), in contrast to autocrine effects (cells can influence themselves by secretion
of molecules for which they are responsive) or endocrine signaling (regulation by molecules
produced at distant place) (Fagotto and Gumbiner 1996, Alberts B 2002). Besides that, cell-
cell interactions can be divided into homotypic cell-cell interactions (communication
between cells of the same cell type) and heterotypic cell-cell interactions (communication

between different cell types).

In an organism cells are constantly communicating not only with other cells, but
also with the extracellular matrix (ECM). The ECM is present in all tissues and organs
(Frantz et al. 2010). It includes structural proteins such as collagens, and thus provides a
scaffold for the tissue (Nelson and Bissell 2006, Frantz et al. 2010). In addition, the ECM
has potential to regulate access to growth factors and can initiate signal transduction
(Juliano and Haskill 1993). The most known cell receptors for the ECM are integrins (Juliano
and Haskill 1993). Collectively, the tissue surrounding that is composed of the ECM, soluble
factors and different cell types, is called the microenvironment. Cellular components of the
microenvironment might have different origins and can be divided into immune e.g. T
lymphocytes, macrophages, dendritic cells and mast cells; and nonimmune, cells such as
fibroblasts, pericytes, endothelial cells and neurons (Liotta and Kohn 2001, Hanahan and
Weinberg 2011, Quante et al. 2011, Hanahan and Coussens 2012).

2. Tumor microenvironment

It is known that cancer is associated with irregularities in cellular interactions and
many studies have shown that the tumor microenvironment significantly differs from the
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microenvironment of a healthy tissue (Fukumura and Jain 2007, Jain 2013). Cancer is often
connected with an inflammatory reaction, as can be seen by infiltration of immune cells
(lymphocytes, macrophages, dendritic cells), and presence of inflammatory mediators such
as cytokines, chemokines and reactive oxygen species (ROS). Usually tumor associated
inflammation has features of chronic inflammation and tumor is believed to be a “"wound
that does not heal”” (Dvorak 1986). Another pathological feature of the tumor
microenvironment is abnormal vasculature (leaky vessels) and ongoing angiogenesis (Jain
2013). Moreover, many authors showed that the composition and dynamics of the ECM at
tumor site are also altered (e.g. structure of collagen) when compared to the healthy tissue
(Koninger et al. 2004, Lu et al. 2012, Cox et al. 2013) .

3. Role of myofibroblasts in tumor progression

In addition to that, many studies have shown that fibroblasts at tumor site have an
altered phenotype, they are activated as can be seen by upregulation of a-smooth muscle
actin (a-SMA), and are called myofibroblasts or carcinoma associated fibroblasts (CAFs).
Currently, a-SMA is the most reliable marker of myofibroblasts (Serini and Gabbiani 1999),
although a-SMA is also expressed e.g. in the vessel wall (Serini and Gabbiani 1999).
Myofibroblasts could be distinguished from vascular smooth muscle cells by desmin and
smooth muscle myosin immunostainings: smooth muscle cells are positive for those
markers, whereas myofibroblasts are negative (McAnulty 2007). Phenotypically, CAFs
seem to resemble myofibroblasts that appear during wound healing and in fibrosis
(Desmouliere 1995, Serini and Gabbiani 1999). It is worth to add that stromal reaction based
on the fibroblast activation is transient during the process of wound healing — myofibroblasts
disappear (they are believed to undergo apoptosis) (Desmouliere 1995), whereas at the
tumor site myofibroblasts persist. It is believed that cancer cells play an active role in this
phenomenon — signaling molecules from cancer cells are thought to contribute to the

generation of so called tumor educated myofibroblasts (Ishii et al. 2010, Ren et al. 2012).

Furthermore, CAFs differ from normal fibroblasts by expression of proinflammatory
cytokines (Quante et al. 2011), chemokines (Orimo et al. 2005, Mishra et al. 2011), growth
factors (Vong and Kalluri 2011) and proangiogenic factors (Carmeliet 2005, Orimo et al.
2005, Vong and Kalluri 2011), and thereby promote tumor progression. In addition,
myofibroblasts contribute to cancer cell invasion (Kanekura et al. 2002, De Wever et al.
2008). Importantly, the stromal reaction in cancer is a clinically relevant process. Study by

Tsujino et al. showed that tumor stroma in colorectal cancer can contain 0.35-19.0% of
13



myofibroblasts (Tsujino et al. 2007). Interestingly, tumors with high number of
myofibroblasts were associated with shorter disease-free survival rate for stage Il and Il
colorectal cancer (Tsujino et al. 2007), which points to the potential function of
myofibroblasts as a prognostic factor. In addition to that, expression of PDGFRB in stromal

cells was shown to predict survival in prostate cancer (Hagglof et al. 2010).

4. Cancer as a disease of cellular differentiation

The fundamental feature of cancer is uncontrolled proliferation, and it is believed
that in a multicellular organism cancer can arise from any cell that has potential to proliferate
(Sell 1993). Keeping in mind that proliferation is the most characteristic feature of a cancer
cell, surprisingly it was found the rate of cell division is not specific to cancer cells, since
many non-malignant cells such as spermatogonia, hematopoietic cells, the cells of the
stratum germinativum as well as intestinal crypt cells can proliferate more rapidly than many
cancer cells (Markert 1968). That is why there must be an additional cellular process that is
disturbed in cells undergoing malignant transformation, and this is likely cellular
differentiation. Cellular differentiation is crucial to generate functional components of the
tissue — only the cell that is differentiated to a particular cell type can play its function e.g.
Goblet cell that is an example of terminally differentiated columnar epithelial cell type in the
intestine (Crosnier et al. 2006), and which produces mucus (synthesize and secrete mucins)
that is important for the barrier function of the intestinal epithelium (Ishikawa et al. 1994,
Deplancke and Gaskins 2001, Kim and Ho 2010). Defects in mucus production were found
to play an important role in pathogenesis of some diseases e.g. inflammatory bowel disease
and cystic fibrosis (Kim and Ho 2010). In contrast to highly specialized cell types such as
Goblet cells, tumor cells usually fulfill a physiological function only in part or the function is

completely lost (Ignatavicius and Workman 2015).

Already in 1971 it was suggested that tumor is not homogeneous, and that
proliferation of undifferentiated cells is important for tumor growth (Pierce and Wallace
1971). Further studies led to the discovery that cancer is very often associated with block
in cellular differentiation, which was for the first time shown for leukemia, and later also for
solid cancers (Tenen 2003). Also in leukemia, it was demonstrated for the first time that rare
and undifferentiated cells, that are capable of self-renewal, can repopulate the whole tumor
and have the ability to initiate and sustain the growth of tumor (Lapidot et al. 1994, Wang
and Dick 2005). Such cells were defined as cancer stem cells. Cancer stem cells were also

identified in non-hematopoietic cancers such as colon cancer (undifferentiated CD133+
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cells) (Ricci-Vitiani et al. 2007), breast cancer (undifferentiated CD44+/CD24-/low cells)
(Ponti et al. 2005), and other types of tumors (Wang and Dick 2005). One of the cancer
stem cell markers is CD44 (Wielenga et al. 2015, Yan et al. 2015), which is a
transmembrane molecule with several splicing variants (Friedrichs et al. 1995). Very
recently, it has been demonstrated that inhibition of CD44v6 signaling by v6 peptides in
pancreatic cancer models in vivo reduces tumor growth and formation of metastases
(Matzke-Ogi et al. 2015). Interestingly, in this study elevated levels of CD44v6 mRNA were
found to correlate with shorter survival of patients with metastatic pancreatic cancer
(Matzke-Ogi et al. 2015). Future clinical trials will show whether targeting CD44v6 could be

effective in human cancer.

5. Clinical relevance of cellular differentiation in cancer

The importance of cellular differentiation in cancer can be further supported by the
clinical trials. Degree of cellular differentiation is an important prognostic factor in cancer
(Vergote et al. 2001, Derwinger et al. 2010). Generally, poorly-differentiated tumor is
associated with bad prognosis. Currently, differentiation status of a tumor is utilized in clinics
for the diagnostic purposes and it is known as tumor grading (Frederick et al. 2013). Besides
its application for the diagnostic purposes, cellular differentiation could be induced in those
tumors that are poorly differentiated (so called differentiation therapy). Example of such
molecules that are capable of inducing cellular differentiation are retinoids (Sporn and
Roberts 1983). The best example is all-trans-retinoic acid (ATRA) that was shown to induce
differentiation of embryonal carcinoma cells (Jones-Villeneuve et al. 1982) and acute
promyelocytic leukemia (APL) blasts (Degos and Wang 2001, Sell 2004). APL is a subtype
of acute myeloid leukemia (AML) (Tenen 2003), and approximately 75% patients with APL
can be cured by the combination therapy composed of ATRA and chemotherapy (Degos
and Wang 2001).

In case of solid tumors it was reported that e.g. PPAR signaling is important for
differentiation of colon cancer cells (Sarraf et al. 1998). Moreover, simultaneous application
of interferon beta (IFN-B) and mezerein (activator of protein kinase C that possess
antileukemic properties) to human melanoma cells was shown to induce terminal
differentiation and loss of tumorigenicity (Huang et al. 1999). However, still very little is
known about both the alterations in signaling pathways that are associated with
differentiation in non-hematological malignancies and mechanisms driving the

differentiation of epithelium in homeostatic conditions. Future studies are needed to
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broaden the current knowledge on the understanding the mechanisms regulating the
balance between cellular proliferation and differentiation. Advances in this field can

contribute to the design of new targeted therapies in cancer.

6. Cellular and functional heterogeneity of the small intestinal

epithelium

The intestine is an organ with high cell turnover, which makes it a perfect model to
study the mechanisms that regulate cellular proliferation and cellular differentiation
processes. Structurally the small intestine (SI) is composed of finger-like protrusions, which
are known as villi, and invaginations known as crypts. An Sl crypt contains ~250 epithelial
cells, while a villus ~ 3,500 epithelial cells (Crosnier et al. 2006). In the intestine three distinct
epithelial cell compartments can be distinguished: stem cell compartment, proliferative zone
and differentiative zone (Kosinski et al. 2007). Intestinal epithelium undergoes regular
proliferation, differentiation and shedding cycles. With the regeneration time of 2-5 days
(Barker et al. 2007, Tian et al. 2011) and a mean cell cycle time of 12.3 h for the whole crypt
(Al-Dewachi et al. 1979), intestinal epithelium is one of most actively cycling tissue in the

mammalian organism. Daily ~200 cells per crypt are generated (Reya and Clevers 2005).

This high cell turnover in the intestinal epithelium is driven by the intestinal stem
cells (ISCs) (Barker 2014). After the proliferation, ISCs give rise to transit amplifying cells
(TA) that go through 4-5 cell divisions, and then undergo terminal differentiation (Snippert
et al. 2010b). The ISC is multipotent and its progeny generates all functional lineages of the
intestinal epithelium: columnar cells (enterocytes, which are polarized — have basal nucleus
and brush border on the top, and absorb nutrients), Paneth cells (play anti-bacterial function
e.g. by phagocytosis, and secretion of TNF, lysozyme and cryptidins); Goblet cells, which
are responsible for the mucus production, and enteroendocrine cells that secrete hormones
(Ouellette et al. 1994, Porter et al. 2002, Crosnier et al. 2006). Differentiated intestinal
epithelial cell types live 57 days and then they shed into the lumen (Marshman et al. 2002).

An exception is a Paneth cell, which lives ~30 days (Clevers and Bevins 2013).

Regeneration capacities of the intestine depends on the ISCs that are located at
the crypt bottom and are capable of self-renewal. In the literature two models of ISCs exist:
crypt base columnar (CBC) model and +4 model (Barker et al. 2012). According to the +4
model the ISC is located at +4 position, directly above the Paneth cell, and retains DNA

label. Whereas, according to CBC model the ISC is located +1 to +5 position and does not
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retain DNA label (Barker et al. 2012). Previously, it was thought that within one crypt there
exist approximately 4-6 ISCs (Marshman et al. 2002). However, more recent studies led to
the identification of Lgr5 as a marker for ISCs in the Sl and colon (Barker et al. 2007). Lgr5
was shown to mark CBC cells (Barker et al. 2007) (Fig. 1) and in vitro studies demonstrated
that single Lgr5+ stem cell gives rise to mini-guts in three dimensional (3D) culture system
(Clevers 2013). It is believed that each crypt contains 15 Lgr5+ stem cells, however
according to the “"neutral drift”” model all crypt cells originate only from 1 stem cell (out of
15 Lgr5+ stem cells) (Clevers 2013), which could suggest that there is some heterogeneity

among the population of Lgr5+ stem cells.

Mesenchymal cell

+4 |ISC (BMI1+, TERT+,
HOPX1+, slow cycling)

~ .
Paneth cells

Lgr5 ISCs
(fast cycling)

Fig. 1. Schematic of the small intestinal crypt. In the intestine two types of intestinal stem cells (ISCs)
can be distinguished Lgr5 stem cells and +4 ISCs. ISCs are in close interaction with Paneth cells

and mesenchymal cells.

Some other studies showed that besides Lgr5+ stem cells, there is another
population of ISC that is marked by the expression of Bmi1 (Tian et al. 2011). This
conclusion is based on the experiments in which Lgr5+ stem cells were depleted in vivo. In
order to do that Tian et al. employed LgrSDTR mice that is characterized by the presence
of diphtheria toxin receptor (DTR) gene in Lgr5 locus. Injection of diphtheria toxin (DT) to
such mice is expected to cause depletion of Lgr5+ stem cells (Tian et al. 2011). The authors
confirmed the loss of Lgr5+ stem cells by mRNA. Interestingly, after 10 days since the
injection of DT, crypt architecture was not significantly altered that suggested the existence
of an alternative stem cell pool (Tian et al. 2011). Lineage-tracing experiments proved that
upon loss of Lgr5+ stem cells another stem cell population, which is marked with Bmi1, can

give rise to new Lgr5+ stem cells (Tian et al. 2011). Bmi1+ ISCs are mostly located at the
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“+4” cell position (Yan et al. 2012) (Fig. 1). They are quiescent and represent a reserve
stem cell population that is activated during injury. In contrast to Lgr5+ ISCs, Bmi1+ ISC are
resistant to irradiation. Interestingly, Bmi1+ ISCs do not seem to be so much dependent on
canonical Wnt signaling as Lgr5+ ISCs, as it was shown by Wnt gain and loss function

experiments in vivo (Yan et al. 2012).

Besides Bmi1, there are also other markers of +4 cells in the intestinal crypt such
as Hopx, mTERT and Lrig1 (Barker et al. 2012). In addition, protein tyrosine pseudokinase
7 (PTKY) has been very recently identified as a new marker for human intestinal stem cells
(Jung et al. 2015). PTK7+ cells seem to exhibit self-renewal capacity and show gene
expression signature of Lgr5+ ISCs and label retaining cells (Jung et al. 2015). In the future

it would be interesting to perform PTK7+ lineage-tracing experiments.

7. Adult stem cells and their niches

In mammals adult stem cells are found not only in the gastrointestinal (Gl) tract,
but also in other organs such as brain, bone marrow, muscles, lungs, testis, and skin. Adult
tissue stem cells are defined as cells capable to self-renew and with the ability to produce
all cell lineages of the corresponding tissue (that is called multipotency). Adult stem cells
were identified by retaining 3H-thymidine labels (Cotsarelis et al. 1990) or bromo-
deoxyuridine (BrdU) (Smith 2005, Barker et al. 2007, Hsu and Fuchs 2012), or more recently
also by fluorescently labeled histone H2B (Hsu and Fuchs 2012) and genetic labeling
(Zovein et al. 2008, Snippert et al. 2010a).

In addition to self-renewal and multipotency, another common feature of adult stem
cells is their localization. Stem cells reside within specific anatomical locations called the
stem cell niches (Table 1). The stem cell niche concept was introduced for the first time in
1978 by Schofield (Schofield 1978), but initially it was largely neglected. So far the best
characterized stem cell niche is a niche for the hematopoietic stem cells (HSC) (Calvi et al.
2003, Zhang et al. 2003, Walker et al. 2009), which are located in bone marrow and give
rise to all blood cell types. In contrast e.g. the intestinal stem cell niche remains poorly
defined.
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Table 1. Localization of adult stem cell niches in different organs.

Organ Localization of the niche

Bone marrow Endosteal regions of the trabecular bone area
Intestine Bottom of the crypt

Lung Terminal bronchiole (bronchioalveolar ductal junction)
Ovary Hilum

Skin Hair bulge

It is believed that the stem cell niche has several functions (Fuchs et al. 2004, Li
and Neaves 2006). Firstly, the niche provides anchoring site for the stem cells. Secondly,
the niche regulates stem cell self-renewal and provides anti-differentiation signals, thus
keeping stem cells in an undifferentiated state. Thirdly, it is believed that the niche controls
symmetric and asymmetric cell divisions. The stem cell niche is composed of cellular
components that surround stem cells and non-cellular such as the ECM and soluble factors
(Scadden 2006, Morrison and Spradling 2008, Voog and Jones 2010). From the
mechanistic point of view stem cell niche components can act through cell-contact
dependent or cell contact independent manner. Physical interaction between niche and
stem cells can be mediated by tight junctions, adherens junctions, gap junctions, Notch
signaling, basement matrix and extracellular matrix e.g. in the germ cell niche in Drosophila
differentiation signals are passed through gap junctions (Walker et al. 2009). Whereas, the
examples of diffusible factors are as follows: Wnts, Hedgehog, bone morphogenetic
proteins (BMPs) and prostaglandin E2 (PGE2) (Walker et al. 2009). Interestingly, oxygen
was also suggested to be an important diffusible component of the stem cell niche. It was
shown that low oxygen tension keeps e.g. HSC, embryonic, mesenchymal and neural stem
cells in an undifferentiated state (Mohyeldin et al. 2010). It is believed that besides the role
in stem cell maintenance, low-oxygenic niche protects against accumulation of genetic
alterations (DNA damage) that are associated with the presence of ROS (Eliasson and
Jonsson 2010).

To the cellular components of the niche belong stromal cells such as a subset of
osteoblasts in bone marrow, Sertoli cells in male germline stem cell niche or myofibroblasts
that surround epithelium in the intestine (Zhang et al. 2003, Li and Xie 2005, Voog and
Jones 2010). Nevertheless, stem cell descendants might also play stem cell niche function
asitis seen in HSC niche where distinct subpopulations of bone marrow macrophages were
reported to regulate HSC (Ehninger and Trumpp 2011). Moreover, in the intestine Paneth

cells were shown to support Lgr5+ cells and provide growth factors such as EGF and Wnts
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(Sato et al. 2011). Surprisingly, ablation of Paneth cells in vivo did not significantly alter
crypt architecture (Durand et al. 2012), which suggests that in the absence of Paneth cells
surrounding myofibroblasts provide niche signals to the ISCs, however currently little is

known about interaction between intestinal subepithelial myofibroblasts and ISCs.

8. Subepithelial myofibroblasts in the intestine

Subepithelial myofibroblasts surround the whole crypt and the villus in the small
intestine (Powell et al. 1999). Interestingly, subepithelial myofibroblasts were found to be in
close proximity to intestinal epithelium already during organ development (Powell et al.
1999). Scoring serial sections revealed that in mice there are 38 and 124 myofibroblasts
per crypt in the Sl and the colon, respectively (Neal and Potten 1981). Subepithelial
myofibroblasts are slowly cycling cells (Maskens Ap Fau - Rahier et al. 1979). They are
positive for a-SMA and negative for desmin (or exhibit weak expression of desmin) (Powell
et al. 1999). Subepithelial myofibroblasts are believed to form syncytia (Powell et al. 1999).
Interestingly, subepithelial myofibroblasts within crypt-villus unit are heterogeneous cell
population. Subepithelial myofibroblasts located to crypt base were reported to be oval and
rather immature. In contrast, myofibroblasts that reside in the villus were observed to be
stellate-shaped and differentiated (Powell et al. 1999). Excitingly, this myofibroblast
heterogeneity (Powell et al. 2011) correlates with the gradient of crucial niche factors (e.g.
Wnt ligands, BMPs) (Kosinski et al. 2007) that determines the proliferation and

differentiation zones in the crypt-villus unit.

Based on their anatomical location, subepithelial myofibroblasts were hypothesized
to be a cellular component of the intestinal epithelial niche and to regulate self-renewal and
differentiation of ISC. In situ hybridization studies showed that subepithelial fibroblasts
express Dkk3, sFRP-1, Wnt2b, Wnt4, Wnt5a (Gregorieff et al. 2005), which suggests that
stromal cells regulate Wnt signaling in the intestinal crypt. Moreover, studies using cell lines
showed that intestinal fibroblasts modulate intestinal epithelial cell proliferation via
hepatocyte growth factor (Goke et al. 1998). In other studies it was observed that
myofibroblasts conditioned by either human recombinant progastrin (Duckworth et al. 2013)
or PGE-2 (Shao et al. 2006) promote epithelial cell proliferation in insulin-like growth factor
2 (IGF2) and amphiregulin-dependent manner, respectively. Intestinal myofibroblasts were
also shown to promote compensatory proliferation in epithelial response to injury by
activation of the Tpl2-Cox-2-PGE2 pathway (Roulis et al. 2014).
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Interaction of subepithelial myofibroblasts with intestinal epithelium is not
unidirectional. Although subepithelial myofibroblasts seem to be critical regulators of ISCs,
they also undergo regulation from the crypt side. One example is the Hedgehog pathway.
In the intestine, ligands for Hedgehog pathway are secreted by the epithelial cells and bind
to the Patched (Ptch) receptor on mesenchymal cells (Madison et al. 2005). Transgenic
mice expressing Hhip (hedgehog inhibitor) in the epithelium exhibit mislocalization of

myofibroblasts and abnormal villus structure (Madison et al. 2005).

9. Signaling pathways involved in stem cell regulation

Adult stem cells are regulated by a number of signaling pathways, some of which
overlap with the pathways important during embryogenesis and morphogenesis, such as
Wnt pathway and BMP pathway. Generally, pathways regulating stem cell function can be
divided into growth stimulatory and growth inhibitory. To the first group of pathways belong
Wnt pathway (Reya and Clevers 2005) and FGF pathway (Vallier et al. 2005), and
interestingly, they seem to be universal pathways to maintain stem cells not dependently
on the tissue of origin of the particular stem cell. On the other hand, growth inhibitory

pathways are usually inducing differentiation such as BMP pathway.

Wnt pathway is one of the most important regulator of stemness (Kleber and
Sommer 2004, Nusse 2008, Golestaneh et al. 2009). In addition, deregulations of this
pathway lead to the development of intestinal cancer (Reya and Clevers 2005). Wnts are a
family of at least 19 proteins in humans (Chien et al. 2009). Wnts are secreted lipid modified
glycoproteins that regulate many biological processes, among them stem cell maintenance,
proliferation and oncogenesis (Willert et al. 2003, Chien et al. 2009). It is believed that all
Whnts require palmitoylation for their secretion and activity (Proffitt et al. 2013). This process
is mediated by porcupine, an endoplasmic reticulum (ER) membrane-bound O-
acyltransferase, which adds palmitic acid to the Wnt proteins that are transported into ER
(Mikels and Nusse 2006, Takada et al. 2006, Proffitt et al. 2013).

Under physiological conditions activation of Wnt signaling is tightly regulated. The
canonical Wnt pathway is turned on when Wnt ligand binds to the frizzled (Fz) receptor and
Lrp5/6 co-receptor (Eisenmann 2005) (Fig. 2). As a consequence the complex of three
proteins, Apc-GSK-Axin, is not stable and (3-catenin is not degraded. As a result $-catenin
translocates into nucleus, where it interacts with transcription factors T-cell factor (TCF) and
lymphoid-enhancing factor (LEF), and transcription of Wnt target genes is initiated

(Eisenmann 2005) (Fig. 2). One of the Wnt target genes is Axin2, which is a part of the
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negative feedback mechanism (Yan et al. 2001, Jho et al. 2002, Lustig et al. 2002). In many
cancers components of the canonical Wnt signaling are deregulated and as a result Wnt
signaling pathway is constitutively activated (Reya and Clevers 2005, Anastas and Moon
2013). One of the gene that is mutated in colorectal cancer is e.g. Apc, which is a tumor
suppressor gene discovered in 1991 (Polakis 1997, Vogelstein and Kinzler 2004, Polakis
2012, White et al. 2012). Mice models involving mutations in Apc gene such as ApcM" or
Apc*'638N develop polyps (benign adenoma), mainly in the small intestine, and thus can be
considered as models of tumor initiation (Taketo 2006). Insertion of an additional mutation

V12G

e.g. Kras enables tumor progression by promoting the incidence of invasive

adenocarcinoma (Janssen et al. 2006).
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Fig. 2. Schematic of the canonical Wnt signaling pathway, adapted from (McNeill and Woodgett
2010). A. In the absence of a Wnt ligand B-catenin undergoes phosphorylation and ubiquitination,
and is degraded by the proteasome. B. Upon binding of the Wnt ligand to frizzled and Lrp5/6
dishevelled becomes activated and releases B-catenin from the "“degradation complex’ (that
includes Axin, Apc, CKI, GSK3). As a result B-catenin is translocated into nucleus and the

transcription of target genes is induced.

Besides canonical Wnt signaling, there exists also an alternative Wnt signaling.
Non-canonical Wnt signaling is less understood. Mechanistically, non-canonical Wnt
pathway is usually B-catenin independent (Eisenmann 2005) and signal transduction can

be mediated e.g. through receptor tyrosine kinase-like orphan receptor 2 (Ror2) (Oishi et
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al. 2003). Examples of non-canonical pathways include planar cell polarity (PCP) pathway,
and a calcium pathway that involves activation of two kinases CamKIl and PKC (Kuhl et al.
2000, Eisenmann 2005).

One of the pathway, which suppresses Wnt activation is BMP signaling pathway
(He et al. 2004). Briefly, when a BMP ligand binds to BMP receptor type | (BMPRI), then
BMPRI associates with BMPRII, and BMPRI gets phosphorylated. After that, BMPRI
phosphorylates receptor Smads (R-Smads) that as a result interact with nuclear Smad-4,
and transcription of target genes is initiated (Brazil et al. 2015). It was shown that Bmp
pathway regulates stem cell number (Zhang and Li 2005). Interestingly, in transgenic mice
expressing Noggin (BMP inhibitor) epithelial cell proliferation in villi is observed (Haramis et
al. 2004), which normally does not occur there as this is a differentiation zone. Furthermore,
genetic alterations associated with BMP signaling e.g. mutations in Smad4 or Bmpria
cause juvenile polyposis, a disorder that is characterized by the presence of polyps in colon
or whole Gl tract, and that is associated with increased risk of colon cancer development
(Gallione et al. 2004). The examples from above point out to the crucial role of BMP pathway
in the restriction of epithelial cell proliferation, and thus differentiation pathways can be

considered as protection mechanisms against tumorigenesis.

To sum up, adult stem cells are tightly regulated by both intrinsic and extrinsic
factors. The latter ones are mediated by the stem cell niche. Deregulation of mechanisms,
which control stem cell proliferation and differentiation might lead to pathologies such as

cancer.

10. Intestinal organoids as a physiologically relevant 3D model

to study cellular proliferation and differentiation

A vast majority of in vitro cellular models are based on two-dimensional (2D) cell
cultures, in which mostly cancer cell lines are utilized. However, original tissue
heterogeneity might be very limited in cell lines. Moreover, in 2D culture system cells grow
flat and are attached to the plastic surfaces thus missing three-dimensional (3D) cellular
architecture and interactions with the ECM. Recently, there has been growing interest in
utilizing 3D models. 3D cell cultures were shown to have altered gene expression profiling
when compared to 2D (Bissell et al. 2002). Importantly, 3D culture promotes epithelial cell
polarization and differentiation, and more closely recapitulates the complexity of the organs
(Bissell et al. 2002, Pampaloni et al. 2007).
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Since 2009 it has been possible to culture mouse intestinal crypts in 3D system in
vitro, which is known as mini-gut culture or intestinal organoid culture (Sato et al. 2009).
Isolated Sl crypts or single Lgr5 positive sorted cells are embedded in matrigel, which is a
mixture of different components of the ECM (such as collagen IV, heparan sulfate
proteoglycan, laminin, entactin) and it is believed to mimic the natural basement membrane
(Kleinman Hk Fau - McGarvey et al. 1982). Such culture involves serum-free medium
containing growth supplements N2 and B27. In addition, medium contains growth factors
such as R-Spondin, EGF, and Noggin, which are important for maintenance of stem cell
activity in the organoids. The roles of these growth factors are as follows: R-Spondin is a
Whnt pathway agonist, that functions as a ligand for Lgr5; in addition R-Spondin can also
bind to Lgr4 and Lgr6 (Carmon et al. 2011, de Lau et al. 2011, Glinka et al. 2011, Schuijers
and Clevers 2012). EGF is important for the proliferation of ISCs (Al-Nafussi and Wright
1982, Biteau and Jasper 2011), whereas Noggin inhibits differentiation by antagonizing
BMP signaling (Lim et al. 2000, Groppe et al. 2002, Haramis et al. 2004). Importantly,
cellular and functional heterogeneity of the intestinal epithelium is preserved in the intestinal
organoid culture. In this culture not only the ISCs are present, but also polarized
enterocytes, Goblet cells, Paneth cells and enteroendocrine cells (Sato et al. 2009).
Moreover, in the mini-gut culture proliferative and differentiative zones can be distinguished,
that are believed to represent the compartments along the crypt-villus in the small intestine
in vivo (Sato et al. 2009). Organoids can be passaged and maintained in vitro for at least
1.5 year and were shown to have intact karyotype (Leushacke and Barker 2014). Very
recently organoid cultures have been established from other organs such as colon, liver,
pancreas, stomach, prostate and tongue (Barker et al. , Huch et al. 2013, Boj et al. 2014,
Gao et al. 2014, Ren et al. 2014, Calon et al. 2015). Although these organoid cultures seem
to preserve features of epithelial cells from the original organ much better than cell lines do,
they are missing the stromal niche. Here, | would like to propose to combine the epithelial
organoids together with stromal cells isolated from the same organ to better mimic the

cellular interactions in a particular organ.

24



Il Organoids as a potential tool for personalized cancer

medicine

1. Need for the personalized approaches in oncology

Cancer is not one disease, but many types of diseases. Majority of patients with
cancer are treated using traditional methods such as chemotherapy, radiotherapy or
surgery. Besides that, during the last decade there has been growing interest in the
application of targeted therapies and immunotherapies. Despite the enormous progress in
cancer research and development of new therapy regimens, malignant disease still remains
an incurable disease for many patients. One of the biggest challenge in medicine is variable
response to drugs among the patients. It is estimated that only 25-60% patients respond to
drugs (Wilkinson 2005). This is possibly caused by the enormous heterogeneity in human
population that is mediated by genetic and epigenetic factors as well as differences in
metabolism and lifestyles. Therefore, medicine needs to focus on the individual and apply
personalized approaches. An example of such an approach in oncology is targeted therapy,
such as monoclonal antibodies or tyrosine kinase inhibitors, which are based on molecular
alterations in cancer cells. Targeted therapies are usually successfully applied only to the
subsets of patients (Van Cutsem et al. 2007, Siena et al. 2009), therefore it is crucial to
firstly stratify the patients. Examples of molecular targets in cancer and drugs that act
against them are as follows: EGFR (cetuximab), HER2 (trastuzumab), B-raf/MEK/ERK

(vemurafenib) (Jackson and Chester 2015).

Furthermore, more recently also the term of predictive, personalized, preventive
and participatory (P4) medicine has been introduced (Weston and Hood 2004, Auffray et
al. 2010, Hood and Friend 2011), which is a broader term than personalized medicine. P4
medicine has proactive character and is based on the systems approach. Moreover, it
includes many measurements for each patient, application of new technologies (such as
high-throughput ““omics technologies™’) and integration of the data, and is believed to be a
future medicine (Hood 2013).
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2. Cellular models as tools to predict response to drugs

Besides patient stratification, one key element of the personalized medicine is
prediction of patient’s response to drugs (Ma et al. 2006). Predicting response to drugs can
ultimately lead to increased efficacy of the treatment and avoiding unnecessary side effects

(Spear et al. 2001), as well as improvement of the patient’s life quality.

Established cell lines have been one of the main tools to predict clinical response
to drugs (Geeleher et al. 2014, Falgreen et al. 2015). Culturing human cancer cells ex vivo
has played enormous role in drug discovery and in better understanding of the malignant
disease (Shoemaker 2006). Recently, the Cancer Cell Line Encyclopedia (Barretina et al.
2012) has been established, which is a collection of genomic data from 947 human cancer
cell lines, and in addition contains pharmacologic profile of 24 drugs for approximately 500
human cancer cell lines. Although in the Cancer Cell Line Encyclopedia data from different
types of cancer are incorporated and this can be used to predict response to drugs in

particular types of cancer, it does not recapitulate tumor heterogeneity in the patients.

Besides cell lines, other tools that can be applied to predict patient’s response to
drugs are patient-derived xenograft (PDX) models. Human PDXs rely on the transplantation
of human cancer cells into immunodeficient mice (Morton and Houghton 2007). These
models are believed to recapitulate biology of human tumor. However, PDX models have
some limitations. Firstly, they do not mimic original tumor-host interactions as they contain
mouse stroma. Secondly, PDX models luck fully competent immune system, which plays
an important role during tumor development and tumor progression (Schreiber et al. 2011);
and very recently anti-PD-1/PD-L1 immunotherapy have shown benefits for the patients
with melanoma and lung cancer (Hamid et al. 2013, Ott et al. 2013, Patel and Kurzrock
2015, Sgambato et al. 2016).

Here, | would like to propose the application of human-derived organoid cultures
as a tool for predicting patient’s response to drugs in preventive and personalized cancer
medicine. Human-derived organoids have numerous advantages when compared to PDXs
and standard 2D cultures. Firstly, human-derived organoids are less time-consuming than
PDXs. Secondly, by using patient-derived cultures ethical concerns related to animal
research can be avoided. In comparison with 2D systems, 3D models seem to better
recapitulate pharmacologic response to drugs (Fischbach et al. 2007, Leung et al. 2015).
Currently, 3D organoid cultures represent the most reliable in vitro model of human disease
from the physiological point of view (Boj et al. 2014, Gao et al. 2014, Leushacke and Barker
2014). Furthermore, recently the 15t human organoid BioBank (http://hub4organoids.eu)
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was established, that is a collection of organoids from tumor tissue specimens from patients
with colon, pancreas, prostate and lung cancer, and patients with cystic fibrosis. However,
Barrett’'s esophagus (BE) and esophageal adenocarcinoma (EAC) organoids are not
included in this BioBank. Here the aim was to establish human-derived BE/EAC organoid
cultures. In the future such cultures could be incorporated into clinics as tools to predict
response of BE/EAC patients to drugs. Additionally, established protocol for the generation
of BE/EAC-derived organoids could create basis for the initiation of the 15! BE/EAC organoid
BioBank.

Il Aims and research objectives

Both epithelial stem cells under homeostatic conditions as well as cancer cells are
influenced by the regulatory mechanisms from the surrounding niche. Myofibroblasts
represent an important component of the tumor niche and contribute to tumor development
and progression. However, little is known about their role as a niche during the intestinal
epithelium homeostasis and tumor initiation. Recently, Paneth cells have been shown to be
a niche cell for ISCs, nevertheless their depletion did not cause loss of ISCs, thus
suggesting that surrounding pericryptal myofibroblasts might provide necessary niche
signals for the ISCs. Here, we set out to investigate the intercellular interactions between
intestinal crypts and myofibroblasts in 3D culture system. In the second part of this thesis a
translational approach was taken for the establishment of human-derived BE/EAC
organoids, that in the future could be utilized as a surrogate tool for P4 medicine. In order

to accomplish this, the following aims were developed:
| To build an in vitro system to reconstruct the intestinal stem cell niche
Proposed aims:

(1) Establish the isolation and culture of Sl crypts

(2) Establish the isolation and culture of SI myofibroblasts

(3) Characterize crypts and myofibroblasts cultured in vitro by RT-PCR and
immunohistochemistry stainings

(4) Establish the direct and indirect 3D co-culture systems
Il To investigate the role of myofibroblasts as a stem cell niche

Proposed aims:
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(1) Characterize the phenotype of Sl crypts in the co-culture by phase contrast
microscopy and immunohistochemistry stainings

(2) Investigate whether myofibroblasts promote self-renewal in the crypts by performing
clonogenicity assay

(3) Analyze the expression of known niche factors in the intestinal myofibroblasts in
vitro by RT-PCR

(4) Examine the influence of SI myofibroblasts on the gene expression in the crypts by
microarray analysis and real-time PCR

(5) Investigate whether myofibroblasts can contribute to tumor initiation phenotype by:
a) comparison of the transcriptome of wild type (wt) crypts from the co-culture and
the transcriptome of the organoids derived from Apc*/'6%N tumors
b) analysis of cellular proliferation and differentiation by Ki-67 and PAS staining

(6) Test whether Wnts secreted by myofibroblasts can contribute to the crypt phenotype
by performance of inhibitor studies

(7) Evaluate which protein networks are involved in stromal-epithelial cross-talk in the
intestinal stem cell niche in vitro by proteome analysis

(8) Synthesize the data from both transcriptome and proteome analyses to define

molecular signature of the crypts in the co-culture
lll To develop in vitro tools for personalized approaches in oncology

In order to achieve this aim, the endoscopic biopsies from BE/EAC patients will be utilized

for the establishment of the organoid cultures.
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MATERIALS AND METHODS

| Cell culture

All centrifugation steps for the cell culture procedures were performed with the Centrifuge
5702R (Eppendorf).

1.1. Cell isolation and culture

1.1.1. Isolation and culture of murine small intestinal crypts

W1 Sl crypts were isolated from the murine S| and cultured as previously published
(Sato et al. 2009, Pastula and Quante 2014). Briefly, the SI was harvested from a mouse,
washed with ice-cold 10% Fetal Bovine Serum (FBS)/ phosphate-buffered saline (PBS)
(both from Life Technologies), and cut into 2-4 mm pieces. Then, tissue fragments were
washed 5-10 times with ice-cold 10% FBS/ PBS and incubated with 2 mM EDTA at 4°C.
After that, tissue fragments were passed through a 70 um cell strainer (BD Biosciences).
The flow-through (containing crypts) was centrifuged at 600 rpm at 4°C for 5 min. After the
subsequent washing with PBS and centrifugation (at 800 rpom at 4°C for 5 min), the crypt
pellet was resuspended in Matrigel (BD Biosciences). 50 ul of Matrigel containing the crypts
was pipetted per well into a 24-well plate. After the solidification of Matrigel, 500 pl of the
crypt complete medium (CCM) (Table 2-4) was added per well. The S| adenoma organoids
were derived from Apc*'®3N mouse tumors (Janssen et al. 2006); the isolation was
performed in the same way as for the wt crypts. During the first passages adenoma
organoids were cultured in the same way as normal Sl crypts. For the adenoma organoid
cultures with higher passage numbers medium without the addition of R-Spondin, EGF and
Noggin (defined as SCM+GF medium) (Table 3) was used.
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Table 2. Composition of the single crypt medium (SCM).

Component Company Volume
Advanced DMEM/F12 Life Technologies 485 ml
100x GlutaMax Life Technologies 5 ml
100x Pen/Strep Life Technologies 5 ml
Hepes (1 M) Life Technologies 5 ml

Table 3. Composition of the SCM+GF.

Component Company Volume
SCM - 500 ml
50x B27 Life Technologies 10 ml
100x N2 Life Technologies 5 ml
N-Acetyl-L-cysteine (500 mM) Sigma 1.25 ml

Table 4. Composition of the crypt complete medium (CCM).

Component Company Volume
SCM+GF - 40 ml
EGF (50 ng/ul) PeproTech 20 ul
Noggin (100 ng/ul) PeproTech 40 ul
R-Spondin-1 (1 ug/ul) PeproTech 20 ul

1.1.2. Crypt passage

For the crypt passage, firstly the medium was removed and ice-cold PBS was added.
Then, the crypts were incubated on ice for 5-10 min and pipetted up and down. After
pipetting, the crypts were transferred into a 15-ml falcon tube and centrifuged at 600 rpm at

4°C for 5 min. Afterwards, the supernatant was discarded. For the washing PBS was added
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to the pellet, and the crypts were centrifuged at 800 rpm at 4°C for 5 min. After removal of
the supernatant, the crypts were resuspended in Matrigel, seeded in a 24-well plate and

cultured. The crypts were maintained by passage at 1:2 split ratio every 7 days.

1.1.3. Isolation of myofibroblasts

Intestinal myofibroblasts were isolated using the outgrowth method (Pastula et al.
2016) with some minor modifications. Briefly, the S| was collected from a mouse and cut
into 2-3 mm fragments. After washing with ice-cold 10% FBS/ PBS, the tissue fragments
were incubated with 1 mM dithiothreitol (DTT) for 15 min at room temperature. Then,
epithelial cells were removed by incubation in 1 mM EDTA for 30 min at 37°C; after washing
with Hanks" Balanced Salt Solution (HBSS) (Life Technologies), the incubation step with
EDTA was repeated. Subsequently, the tissue fragments were digested in DMEM (Life
Technologies) containing 1 mg/ mL collagenase type | (Sigma) for 30 min at 37°C, and
washed. Then, tissue fragments were plated and cultured in a medium composed of RPMI
(Life Technologies), 10% FBS (Life Technologies), 100 pg/ml Normocin (Invivogen) and 1%
penicillin/ streptomycin (Life Technologies) (Table 5).

Table 5. Composition of the medium for myofibroblasts.

Component Company Volume
RPMI Life Technologies 450 ml
FBS Life Technologies 50 ml
100x Pen/Strep Life Technologies 5 ml
Normocin 50 mg/ml Invivogen 1 ml

Human myofibroblasts were isolated from 3-5 mm? biopsy. Human tissue samples
were obtained from the patients with BE at the Klinikum rechts der Isar TUM according to
the ethics committee and with informed consent of the patients. Both human BE
myofibroblasts and murine wt colon myofibroblasts were isolated in the same way as Sl

myofibroblasts (described above). Gastric CAFs were derived from the stomach of
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Enhanced Green Fluorescent Protein (EGFP)+ bone marrow transplanted IL-1b mice, a

model of inflammation-induced gastric cancer (Quante et al. 2011).

1.1.4. Culture of myofibroblasts

For the passage, primary myofibroblasts were washed with PBS and incubated with
accutase (Life Technologies). Myofibroblasts at higher passage number were dissociated
with trypsin instead of accutase. Cells were pipetted up and down and transferred into a 50
ml falcon tube. Cells were centrifuged at 1200 rpm for 5 min. After removal of the
supernatant myofibroblasts were resuspended in a medium containing: RPMI 1640 (Life
Technologies), 10% FBS (Life Technologies), 1% penicillin/ streptomycin (Life
Technologies) and 100 ug/ml Normocin (Invivogen) (Table 5) and cultured. Normocin was
used mainly for the culturing of primary myofibroblasts and omitted from the medium for the

myofibroblasts at higher passage number.

1.1.5. Human-derived Barrett’s esophagus and esophageal adenocarcinoma

organoids

Human tissue samples were obtained from the patients with BE or EAC at the
Klinikum rechts der Isar TUM according to the ethics committee and with informed consent
of the patients. The 3-5 mm? BE or EAC biopsy was cut into small pieces, washed with ice-
cold HBSS and incubated with a digestion buffer at 37°C for approximately 1 hour with
occasional shaking. The composition of the digestion buffer was as follows: DMEM, P/S,
2.5% FBS, 75 U/ml collagenase type Xl (Sigma) and 125 ug/ml dispase Il (Sigma). After
the digestion, tissue fragments were washed with 10% FBS/ PBS followed by embedding
in Matrigel. For the cell seeding 50 pl of Matrigel was added per well in a 24-well plate. After

the solidification of Matrigel, 500 pl of culture medium (Table 6) per well was added.

32



Table 6. Composition of the medium for human organoids.

Component Company Volume
CCM (see Table 4) - 20 mi
Whnt3a (100 ng/ pl) PeproTech 20 ul
FGF-10 (100 ng/ pl) PeproTech 20 ul
Nicotinamide (1M) Sigma 200 pl

2.1. Co-cultures

2.1.1. Direct co-culture

For the co-culture experiments wt Sl organoids and wt SI myofibroblasts were utilized.
Firstly, the medium was removed from the organoid culture, followed by the addition of ice-
cold PBS. The crypts were incubated on ice for 5-10 min and then pipetted up and down.
Afterwards, the crypts were transferred into a 15-ml falcon tube and centrifuged at 600 rpm
at 4°C for 5 min. Then, the supernatant was thrown away and crypt pellet was kept on ice.
In the meantime myofibroblasts were prepared for the experiment. After washing with PBS,
trypsinization and counting, the myofibroblasts were added to the crypt pellet. Cells were
centrifuged at 1200 rpm at 4°C for 5 min. The supernatant was discarded. Approximately
15 000 myofibroblasts and 300-500 crypts were resuspended in 50 ul of Matrigel per well
in a 24-well plate. For the co-culture either CCM (Table 4) or medium without R-Spondin,
EGF and Noggin (SCM+GF) (Table 3) was used. Depending on the type of experiment cells
were co-cultured for 24h/ 2 days/ 3 days.

2.1.2. Indirect co-culture

For the indirect co-culture Sl organoids and S| myofibroblasts were seeded in a 6-well
plate to which an insert (Transwell, 24 mm diameter insert, 0.4 um pore size, tissue culture
treated polyester membrane, Corning) was placed. The crypts were resuspended in

Matrigel and plated in the bottom of the well, whereas myofibroblasts were seeded on the
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insert. Firstly, SI myofibroblasts were seeded on the insert in a 6-well plate (day 0). 85 000
myofibroblasts were seeded per well. 1.5 ml of medium (RPMI, 10% FBS, 1% penicillin/
streptomycin) was added to the insert and 3 ml of medium to the bottom part was added
per well. Myofibroblasts were incubated overnight at 37°C. At day 1 adherence of
myofibroblasts was confirmed by observation under the microscope and then the medium
was removed, and myofibroblasts were gently washed with PBS. Moreover, at day 1 S| wt
organoids were seeded in the bottom well (below the insert where the myofibroblasts were
growing): 3 Matrigel drops (each 50 ul) per well. After solidification of Matrigel, 1.5 ml of
SCM+GF medium (Table 3) was added to the bottom part of the well and 1.5 ml to the
insert. In addition to that, SI organoids were seeded in a well without myofibroblasts
(organoid monoculture), which served as a control. At day 2 (24h after seeding the

organoids), epithelial cells were harvested for RNA isolation.

3.1. Experimental procedures

3.1.1. Conditioned medium

S| myofibroblasts were cultured in RPMI, 10% FBS, 1% penicillin/ streptomycin for at
least 20h. Then, the medium was harvested and passed through a 0.2 uym filter to remove
the cell debris. Such prepared medium was utilized to treat the crypts. For the treatment,
firstly the crypts were taken out of Matrigel, pipetted up and down, embedded again in
Matrigel and seeded in a 24-well plate (as described in section 1.1.2. Crypt passage). After
the solidification of Matrigel, the myofibroblast-conditioned medium was added to the crypts.
As a control medium composed of RPMI, 10% FBS, 1% penicillin/ streptomycin was

applied.

3.1.2. Wnt inhibition experiment

60 000 SI myofibroblasts per well were seeded in a 6-well plate in medium composed
of 10% FBS, 1% P/S, RPMI and 100 pug/ml Normocin (Table 5). Cells were incubated
overnight at 37°C and then the medium was removed, followed by washing with PBS.
Afterwards, low serum medium (1% FBS, P/S, RPMI, 100 ug/ml Normocin) was added and

cells were incubated for 1-2h at 37°C, and then treated with Wnt secretion inhibitors: 2 ug/
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ml IWP-2 (Sigma) or 100 nM C59 (SelleckChem). For the control, cells that were treated
with DMSO were used. After 24h the medium was removed and fresh medium containing
inhibitors/ DMSO was added. After 5 days of treatment (treatment every 24h) Si
myofibroblasts were combined together with crypts (as described in the section Cell culture
2.1.1). For the co-culture experiment the inhibitors/ DMSO were added to the co-culture.
After 24h, the experiment was analyzed in the context of spheroid percentage and spheroid

diameter.

3.1.3. TGF-B inhibition experiment

For the co-culture wt Sl crypts were cultured together with wt SI myofibroblasts as
described in the section Cell culture 2.1.1. For the treatment SCM+GF medium (Table 3)
containing 8 uyM TGF-B inhibitor LY2109761 (SelleckChem) was used. As a control
SCM+GF medium containing DMSO was utilized. After 72h, the experiment was analyzed

in the context of spheroid percentage and spheroid diameter.

3.1.4. Treatment with thrombospondin

Crypts were treated with thrombospondin either as the monoculture or the co-culture
with S| myofibroblasts (described in the section Cell culture 2.1.1). For the treatment
SCM+GF medium containing 100 ng/ml, 500 ng/ml, 1 pg/ml human recombinant
thrombospondin-1 (ProSpec) has been used. After 24h experiment was analyzed in the

context of spheroid percentage. As a control untreated cells were used.

3.1.5. Clonogenicity assay

Clonogenicity assay was carried out as previously described (Farrall et al. 2012b) with
some modifications. Wt S| organoids were dissociated into single cells with Tryple Express
(Life Technologies) and passed through a 30 um cell strainer (Miltenyi Biotec). After the

dissociation, epithelial cells were combined together with SI myofibroblasts and embedded
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in Matrigel. 1 pl of 1 mM Y-27632 (Sigma) per 10 ul of Matrigel was added. 10 ul of Matrigel
per well was plated in a 96-well flat-bottom plate (Sarstedt). For the culture 100 pl of medium
per well was added, the composition of the medium was the same as previously published
(Sato et al. 2009, Pastula and Quante 2014) (Table 4). Cells were seeded at day 0 and
analyzed at day 3. For the analysis the outgrowth was calculated: organoid count per well/
epithelial cell count per well x 100 = outgrowth (%). In addition, the diameter of organoids

at day 3 was measured.

3.1.6. Impact of collagen on the phenotype of intestinal organoids

Influence of collagen type | on the phenotype of intestinal organoids was investigated
as previously described (Pastula et al. 2016). Briefly, a matrix containing Matrigel and an
additional collagen (Table 7) was prepared, and mixed with Sl organoids (monoculture) or
mixed with both S| organoids and S| myofibroblasts (co-culture). 50 ul/ well of matrix
containing the cells was pipetted into a 24-well plate. As a control the S| organoid
monoculture seeded in Matrigel was used. The medium that was used was CCM (Table 4).
The cells were seeded at day 0. At day 2 both budding organoids and sphere-like organoids

(spheroids) were quantified.

Table 7. Composition of the matrix (for three-dimensional culture) containing an additional collagen.

Component Company Volume (pl)
EMEM 10x Lonza 135
GlutaMax 100x Life Technologies 12
NaHCO3 50x Life Technologies  28.5
Collagen | Organogenesis 855
Matrigel BD Biosciences 285
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Il Molecular biology

1. RNA isolation

RNA isolation was conducted with RNeasy Mini Kit (Qiagen), including DNase

digestion on column (Qiagen), according to manufacturer’s instruction.

2. Reverse transcription

For the reverse transcription (RT) all components listed in the Table 8 were mixed
and pipetted into an Eppendorf tube, then spin down and incubated for 10 min at room
temperature. As a negative control reaction without the addition of reverse transcriptase
was performed was performed. Further steps were run on the T100 Thermal Cycler (Bio-

Rad) using the reaction conditions stated in the Table 9.

Table 8. Components of a reverse transcriptase reaction.

Component Company  Volume (ul)
M-MLV RT 5X Reaction Buffer Promega 5
dNTP mix, 10mM Promega 1.25
rRNasin, Rnase inhibitor 40 u/ul Promega 0.5
Primers oligo dT 500 ng/ ul Promega 0.2
Random primers 500 ng/ ul Promega 0.2
M-MLV Reverse Transcriptase H(-) Point Mut. 200 u/ ul  Promega 04
Nuclease-free water Sigma 6.45
DNase treated RNA - 11
Total volume 25
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Table 9. Reaction conditions for a reverse transcriptase reaction.

Temperature  Time

55°C 50 min
70°C 15 min
4°C

3. RT-PCR and DNA electrophoresis

Reverse transcriptase polymerase chain reaction (RT-PCR) reaction was prepared
as described in the Table 10 and run on the T100 Thermal Cycler (Bio-Rad) using the
conditions as described in the table 11.

Table 10. Composition of one RT-PCR reaction.

Component Company Volume (pl)
GoTag® Green Master Mix, 2X Promega 5.0
Upstream primer, 10uM Sigma 0.5
Downstream primer, 10uM Sigma 0.5
Nuclease-free water Sigma 3.0
cDNA - 1.0
Total volume 10
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Table 11. Reaction conditions for a RT-PCR reaction.

Step Temperature (°C) Time

Initial denaturation 95 2min  x1
Denaturation 95 30 sec
Annealing 55 30sec [ x35
Elongation 72 30 sec

Final elongation 72 5 min x 1

PCR products were separated on a 1.5% agarose gel. 2.5 pl of ethidium bromide
solution (1% ethidium bromide, Roth) was added to 100 ml of 1.5% agarose. Buffer for the
DNA electrophoresis was a TAE (Tris-acetate-EDTA). The TAE buffer was prepared as 50x
stock solution (2.0 M Tris acetate, 0.05 M EDTA, pH 8.2 - 8.4) and then diluted with distilled
water to working concentration (1x). To determine the size of PCR products, the Quick-
Load® 100 bp DNA Ladder (New England BioLabs) was loaded on the gel. Visualization of
the PCR products was performed with the Gel Doc XR System (BioRad).

4. Real time PCR

Real time PCR was conducted using SYBR Green Master Mix with LightCycler 480
(Roche) according to manufacturer’s instruction. Briefly, 2x QuantiFast SYBR Green PCR
Master Mix (Qiagen) was combined with primers and nuclease free water (as described in
the Table 12), mixed and pipetted in to a 96-well plate (LightCycler 480 Multiwell Plate 96,
white, Roche). Next, 2 ul of cDNA was added into each well and the plate was sealed with
LightCycler 480 Sealing Foil (Roche). Each reaction was prepared in duplicate or triplicate.
Real time PCR was performed using the reaction conditions stated in the Table 13. All
primer sequences were provided in the Table 14. To measure the levels of expressed target
genes firstly the Ct value for a reference gene was subtracted from the Ct value for a target
gene: ACt = Ct target gene — Ct reference gene. Then, relative expression was calculated
using the formula: 2°(—ACt).

39



Table 12. Reaction components for the real time PCR.

Component Company  Volume (ul)
2x QuantiFast SYBR Green PCR Master Mix  Qiagen 5.0
Upstream primer, 10uM Sigma 0.2
Downstream primer, 10uM Sigma 0.2
Nuclease-free water Sigma 2.6
cDNA - 2.0
Total 10

Table 13. Reactions conditions for the real time PCR.

Step Temperature (°C) Time

Activation 95 5 min x 1
Denaturation 95 10 sec

Annealing 55 15 sec x 45

Elongation 60 30 sec




5. Primer sequences

Table 14. Sequences of primers for RT-PCR and real-time PCR.

Gene name Forward primer 5°->3° Reverse primer 5->3°

Alpha-SMA CGCTGTCAGGAACCCTGAGA ATGAGGTAGTCGGTGAGATC
Beta-actin CCCTGAACCCTAAGGCCAACC ACCCCGTCTCCGGAGTCCATC
BMP4 CCAGGGAACCGGGCTTGAGTA TCTGGGATGCTGCTGAGGTTGA
CD44 CACATATTGCTTCAATGCCTCAG CCATCACGGTTGACAATAGTTATG
Chrdl 1 TGCCTTTCACCCGTGCATATT CACCTTATTGTTCACTGGTGGT
Cryptidin-5 GGAAGAGGACCAGGCTGTGTCTAT  AAGATTTCTGCAGGTCCCAAAAAC
CyclinD1 GCTGCGAGCCATGCTTAAG AGAGGCCACGAACATGCA
E-cadherin ATGAGCGTGCCCCAGTATCGTC CAGGCTAGCGGCTTCAGAACCA
FGF2 GCTATGAAGGAAGATGGA TGCCCAGTTCGTTTCAGTG
FGFR1 TTCTGGGCTGTGCTGGTCAC GCGAACCTTGTAGCCTCCAA
FGFR2 AATCTCCCAACCAGAAGCGTA CTCCCCAATAAGCACTGTCCT
Fsti3 CTGCCTCCCCTGCAAAGATTC CGGTACATGACGCGCAAGT
Gapdh GACATCAAGAAGGTGGTGAAGCAG ATACCAGGAAATGAGCTTGACAAA
Gremlin1 ATCATCAACCGCTTCTGTTATGG AGTCGATGGATATGCAACGGC
Gremlin2 GGTAGCTGAAACACGGAAGAA TCTTGCACCAGTCACTCTTGA
Lars GACGCTGGGTTATTTCAAGTTCAA CAGCCAGCTACCAAATAGGTGCTC
Mucin-2 GTCCCGACTTCAACCCAAGTGA TGGTGCAGCCATTGTAGGAAAT
Sox-9 GAGCCGGATCTGAAGAGGGA GCTTGACGTGTGGCTTGTTC

Villin 1 GACGTTTTCACTGCCAATACCA CCCAAGGCCCTAGTGAAGTCTT
Vimentin AACACCCGCACCAAC TCCGGTACTCGTTTGACT

Whnt5a CTCCTTCGCCCAGGTTGTTATAG TGTCTTCGCACCTTCTCCAATG
Wnt 9a GCAGCAAGTTTGTCAAGGAGTTCC  GCAGGAGCCAGACACACCATG
TGF beta 1 GAGCCCGAAGCGGACTACTA TGGTTTTCTCATAGATGGCGTTG
TGF beta 2 CTTCGACGTGACAGACGCT GCAGGGGCAGTGTAAACTTATT
TGF beta 3 ATGACCCACGTCCCCTATCAG GCCAGTCCCTGGATCATGT

TGF betareceptor 1 TCTGCATTGCACTTATGCTGA AAAGGGCGATCTAGTGATGGA
TGF beta receptor2 GACTGTCCACTTGCGACAAC GGCAAACCGTCTCCAGAGTAA
TGF beta receptor 3 GGTGTGAACTGTCACCGATCA GTTTAGGATGTGAACCTCCCTTG
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lll Histology and immunohistochemistry

1. Fixation of 3D cultures for histology and immunohistochemistry

purposes

For the fixation of organoids, the round cover glasses with diameter of 13 mm
(NeoLab) were incubated in 80% ethanol, placed in a 24-well plate and air-dried in cell
culture hood. Organoids were resuspended in Matrigel drop and seeded on the top of cover
glass. After 24h or 48h medium was discarded and cultures were incubated in formalin for
15 min. After fixation, the cover glass with the culture on the top was transferred to a tissue
cassette and dehydrated overnight using a standard protocol. Then, dehydrated tissue was

embedded into a paraffin block.

2. Hematoxylin and eosin staining

2-3 um sections were deparaffinized by incubation in Roti-Histol (Roth) two times for
5 min each. Next, sections were re-hydrated by incubation in: 100% ethanol (two times for
3 min each), 95% ethanol (two times for 3 min each) and 70% ethanol (two times for 3 min
each). After that, slides were incubated in hematoxylin (Merck) for 3 minutes and rinsed
with tap water. This was followed by the incubation in eosin solution (1.7%, in ethanol) for
3 minutes. After rinsing in tap water, the slides were dehydrated by incubation in 96%
ethanol for 25 sec and isopropanol for 25 sec. Slides were incubated in Roti-Histol (Roth)

and mounted using Pertex (Medite GmbH).

3. Periodic acid-Schiff staining

Periodic acid-Schiff (PAS) staining was conducted either manually or
using automated staining machine at the Institut fir Pathologie der Technischen Universitat
Minchen. For the manual PAS staining, 2-3 um sections were deparaffinized by incubation
in Roti-Histol and hydrated (embedding the slides in ethanol solutions with decreasing

percentage of ethanol), as described above for the H&E staining. Then, the slides were
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oxidized in 1% periodic acid solution (Roth), washed in tap water and placed in Schiff’s
reagent (Roth). After the subsequent washing with tap water, the slides were counterstained

with hematoxylin, washed with tap water, dehydrated and mounted.

4. Antibody staining

Immunohistochemical stainings of paraffin embedded 3D cultures were performed as
follows: 2-3 pym sections were deparaffinized by incubation in Roti-Histol (two times for 5
min each). Next, sections were hydrated by incubation in 100% - , 95% - and 70% ethanol.
Antigen unmasking was performed by cooking the slides in 10 mM sodium citrate buffer (pH
6.0) for 20 min. After subsequent cooling to room temperature, the slides were incubated in
PBS followed by incubation with primary antibody (Table 15). After that, slides were blocked
in 5% goat serum (Vector Laboratories) for 30 min at room temperature. Next, the slides
were incubated with primary antibody for 1h at room temperature in a humidity chamber,
followed by washing with PBS. Afterwards, the samples were incubated with a goat anti-
mouse or goat anti-rabbit biotinylated secondary antibody (Vector Laboratories) for 30 min
at room temperature in a humidity chamber. After washing with PBS the sections were
incubated with Vectastain® Elite ABC Reagent (Vector Laboratories), which contains avidin
and horseradish peroxidase, for 30 min. in humidity chamber. Subsequently, the slides were
washed with PBS and 3,3'-diaminobenzidine DAB (Sigma), peroxidase substrate, was
added to each section until brown was color developed. After immersing the slides in PBS,
the sections were counterstained with hematoxylin for 2 minutes, and then washed with
distilled water and dehydrated by incubation in solutions with decreasing percentage of
ethanol (70%-, 96%-, and 100% ethanol). After incubation in Roti-Histol, the slides were
mounted in Pertex. This protocol was utilized for a-SMA-, Ki-67-, E-cadherin- and 3-catenin

stainings. Details about the antibodies were described in the Table 15.
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Table 15. Primary antibodies for immunohistochemical stainings of paraffin embedded three-

dimensional cell cultures.

Antibody Company Dilution
1. Rabbit anti-Ki67 Abcam 1:400

Mouse anti-beta-catenin BD Transduction Lab 1:50
Rabbit anti-alpha-SMA ~ Abcam 1:400
Mouse anti-E-cadherin BD Transduction Lab 1:50

A w N

IV Microarray analysis of the transcriptome

1. Microarray analysis

To analyze the influence of myofibroblasts on the crypt transcriptome Sl organoids
were co-cultured together with SI myofibroblasts using indirect co-coculture system as
described in the section Cell culture 2.1.2. In addition to the SI organoid monoculture and
the Sl organoid-myofibroblast co-culture, the S| adenoma organoids that were derived from
Apc*1838N mouse tumors, were plated. After 24h organoids were harvested for RNA
isolation. RNA isolation was performed using RNeasy mini kit (Qiagen) including DNase
digestion on column (Qiagen), followed by ethanol precipitation (described below).
Generation of cDNA and hybridization to Affymetrix Mouse Gene 2.1 ST Array Plates was
performed by the Kompetenzzentrum Fluoreszente Bioanalytik der Universitat Regensburg.
The raw data were processed by the Kompetenzzentrum Fluoreszente Bioanalytik der
Universitat Regensburg, where the RMA algorithm was used for the calculation of probe set
signals (Irizarry et al. 2003). Then, the data normalization was performed in collaboration
with Dr. Richard Friedman (Herbert Irving Comprehensive Cancer Center, New York).
Afterwards, the data were filtered and lists of differentially genes were further analyzed in
silico with DAVID Bioinformatics/ KEGG pathway (Huang da et al. 2009b, Huang da et al.
2009a) and the PANTHER (Thomas et al. 2006).
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2. Ethanol precipitation of RNA

Eluted RNA was mixed with 3M Sodium Acetate pH 5.5 (Ambion). After that, absolute
ethanol was added to the samples and mixed by vortexing. Then, the samples were
incubated at -20°C for at least 20h. Afterwards, the samples were centrifuged at 13 000 rpm
at 4°C for 30 min. After removal of the supernatant, 70% ethanol was added to the samples.
Samples were centrifuged at 13 000 rpm at 4°C for 10 min and the supernatant was carefully
removed, and the pellet was air-dried. Then, the pellet was dissolved in nuclease-free water.

The centrifugation steps were performed with the Centrifuge Eppendorf 5415R.

V Mass spectrometry analysis

The co-culture experiment was carried out as described in the section Cell culture
2.1.1. The culture medium was without the addition of EGF, Noggin, R-Spondin and growth
supplements B27 and N2 (SCM medium, Table 2), to reduce the complexity of the samples.
For the co-culture murine Sl crypts and murine SI myofibroblasts/ human myofibroblasts
isolated from Barrett’s Esophagus (BE) were used. After 24h conditioned medium from the
monoculture and the co-culture was harvested. The supernatants were centrifuged at 1000
rcf at 4°C for 5 min to remove cell debris, and snap frozen in liquid nitrogen. For the mass
spectrometric protein identification samples were separated by high performance liquid
chromatography mass spectrometry (HPLC) and MS/MS was performed. Mass
spectrometry was carried out in collaboration with Dr. Stefanie Hauck at the Research Unit
Protein Science of the Helmholtz Zentrum Minchen. Protein candidates that were
significantly upregulated in the co-culture were further analyzed in silico with DAVID
Bioinformatics/ KEGG pathway (Huang da et al. 2009b, Huang da et al. 2009a).
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RESULTS

| Organoids as a model to study the cellular microenvironment

1. Method establishment

In order to validate the hypothesis that myofibroblasts create cellular niche for
ISCs, the intestinal stem cell niche was reconstructed in vitro using 3D culture system.
Firstly, both myofibroblasts and crypts were isolated from the murine SI, cultured separately
and expanded. For the crypt culture, previously described "~‘mini-gut™” organoid culture
(Sato et al. 2009, Pastula and Quante 2014) was established. The method is based on the
state-of-the-art 3D intestinal organoid culture technique and preserves intestinal stem cells
in vitro, structurally resembling the gut architecture. The method relies on the isolation and
expansion of intestinal epithelial crypts by culturing them in a matrix with usage of
specialized cell culture serum-free medium containing R-Spondin, EGF and Noggin. As
niche cells, myofibroblasts were added to these 3D cultures, as myofibroblasts are in close
contact with the intestinal crypt in vivo (Powell et al. 1999, Powell et al. 2011) and were also
previously shown to support tumor growth (Orimo et al. 2005, Quante et al. 2011).
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Fig. 3. Characterization of small intestinal (SI) crypts and S| myofibroblasts in vitro. A. Morphology
of Sl crypts (top) and Sl fibroblasts (bottom), an arrowhead indicates a bud. Phase contrast
microscopy, scale bars 100 ym. B. Evaluation of the cell purity by RT-PCR. "'RT-"" (reaction without
addition of reverse transcriptase) served as a negative control.
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Isolated and cultured in vitro Sl crypts and S| myofibroblasts were characterized
by phase contrast microscopy, RT-PCR and immunohistochemistry staining. S| crypts in
culture were characterized by the presence of buds, as indicated by an arrowhead (Fig. 3
A, top), while SI myofibroblasts were spindle-like cells and exhibited typical mesenchymal
cell phenotype (Fig. 3 A, bottom). RT-PCR confirmed the purity of cultured Sl crypts and Sl
myofibroblasts: crypts specifically expressed epithelial cell markers such as E-cadherin
(common epithelial cell marker), villin (marker of intestinal epithelium) and Lgr5 (marker of
ISCs) (Barker et al. 2007) (Fig. 3 B). Whereas, S| myofibroblasts in vitro specifically
expressed mesenchymal cell markers such as a-SMA and vimentin, and were negative for

epithelial cells markers (Fig. 3 B).

Additionally, in order to characterize cultured crypts on protein level, a protocol for
the handling of organoids for further stainings was established. This procedure relied on the
culturing of organoids on a cover glass (Fig. 4 A), followed by short incubation with formalin.
Afterwards, a fixed culture underwent standard procedures of dehydration, embedding in
paraffin, cutting with a microtome and stainings. Histological analysis confirmed the
presence of budding structures and showed that Sl crypts cultured in vitro were composed
of polarized epithelium, and contained lumen as seen by H&E staining (Fig. 4 B). Crypt cells
exhibited membrane localization of E-cadherin that is an adhesion molecule expressed on
epithelial cells. Furthermore, S| organoids contained mucus producing cells, as indicated
by PAS staining (Fig. 4 B), and were positive for doublecortin-like kinase 1 (Dclk1), which
is a marker of tuft cells (Fig. 4 B). Furthermore, Sl organoids expressed proliferation marker
Ki-67, which was localized in nucleus, thus providing evidence that that Sl organoids
contained actively cycling cells (Fig. 4 B). Given that Wnt pathway is a key signaling
pathway for the maintenance of ISCs (Fevr et al. 2007), B-catenin staining (nuclear
localization of B-catenin is an indicator of active Wnt signaling) was performed. In some
crypt cells B-catenin membrane staining could be distinguished, while in other nuclear [3-
catenin staining (as indicated by an arrowhead) (Fig. 4 B). Interestingly, nuclear p-catenin
staining seemed to overlap with nuclear Ki-67 staining (Fig. 4 B), thus suggesting that active

Whnt signaling is associated with proliferation in Sl organoids.

To summarize, S| organoids represent heterogeneous in vitro structures of
epithelial origin. They contain multiple types of epithelial cells that are characteristic to
intestinal epithelium and preserve natural heterogeneity of intestinal epithelium in vivo as
can be seen for example by the fact that an organoid is composed of cells that are at
different differentiation status and mosaics in terms of activation of signaling pathways e.g.

Whnt signaling pathway.
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FIXATION,
MICROTOME & IHC

Fig. 4. Establishment of a procedure for preparation of organoids for immunohistochemistry (IHC)
stainings. A. Scheme of the procedure: a round and sterile cover glass is placed in a 24-well plate.
Organoids are cultured on the cover glass and then the cover glass with attached organoids is used
for the IHC. B. Characterization of small intestinal crypts cultured in vitro by H&E staining, PAS
staining and IHC stainings (E-cadherin, Dclk, Ki-67 and B-catenin staining). An arrowhead indicates

nuclear B-catenin staining. Scale bars, 50 ym.

2. Development of morphology-based classification system of small

intestinal organoids

Based on the observations of S| organoids under the microscope, a morphology-
based classification system of S| organoids was developed. Typical Sl organoids derived
from wt mice had the shape of grapes and were budding (Fig 5 A, left, buds are marked
with the arrowheads), as previously described (Sato et al. 2009, Pastula and Quante 2014).
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Fig. 5. Morphological characterization of murine small intestinal (SI) organoid cultures. A. Non-
spheroids: a budding organoid (left) and a non-budding organoid (right). Organoid buds are marked
with the arrowheads. B & C. Examples of spheroids. Sl organoid cultures might contain both large
and small spheroids. A small spheroid is marked with an arrowhead. D. An example of a non-viable

organoid. Single cells are marked with the arrowheads. Scale bars, 100 ym.

In addition to that, in the Sl organoid culture there were also present non-budding crypts
that were round or oval and did not contain a visible lumen (Fig 5 A, right), such organoids
usually started to bud over the time when the medium was supplied with R-Spondin. Both
types of organoids, budding organoids and non-budding organoids, that contained either
small lumen or no visible lumen, were classified as non-spheroids (Fig. 5). In contrast,
spheroids were defined as organoids containing a large lumen (Fig. 5 B, C). A majority of
spheroids were round, contained thin epithelial monolayer and were not budding. Spheroids
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had different sizes: small (Fig. 5 C, right; marked with an arrowhead), medium or large (Fig.
5 B; Fig. C left). Furthermore, organoids that completely lost integrity of epithelial monolayer
were treated as non-viable (Fig. 5 D); one of the characteristic feature of such organoids
was presence of the large quantity of single dispersed cells (Fig. 5 D, as indicated with the

arrowheads).

3. Myofibroblasts induce spheroids in small intestinal organoid culture

in R-Spondin-independent manner

To investigate stromal-epithelial cross-talk in the intestinal niche ex vivo both SI
crypts and S| myofibroblasts were isolated, expanded and then combined in one culture
system as depicted in Fig. 6. For the co-cultivation culture conditions were adjusted to the
more demanding cell type, which was in this case the crypt culture. The mesenchymal-
epithelial cross-talk was examined e.g. by analysis of organoid phenotype (using the
morphology-based classification system of S| organoids described in section above),
immunohistochemistry stainings, influence of myofibroblasts on the crypt transcriptome and

inhibitor studies.
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Fig. 6. lllustration of an intestinal crypt and scheme of the experimental setup. Intestinal crypts are
surrounded by pericryptal fibroblasts in vivo. Crypt and its niche was reconstructed in vitro by
combining the intestinal fibroblasts together with the intestinal crypts (both isolated from the murine

small intestine) in one culture.

Of note, the addition of the myofibroblasts induced distinct morphological changes

in the crypt culture. While the crypt monoculture was almost exclusively composed of typical
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budding crypts (Fig. 7 A) that resemble the in vivo gut situation, the co-culture contained
significantly increased (p < 0.0001) number of round spheres not displaying any signs of
typical budding (Fig. 7 A, B). Such round-shaped organoids with a large lumen were defined
as spheroids. Since R-Spondin, EGF and Noggin are critical factors to maintain crypts in
vitro, it was tested whether the presence of these growth factors is necessary for the
spheroids. Experiments without addition of exogenous R-Spondin, EGF and Noggin
showed that SI myofibroblasts induce formation of spheroids in the co-culture with Sl crypts
even in the absence of these growth factors (Fig. 7 A).

Monoculture, wt Co-culture, wt
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Fig. 7. Myofibroblasts induce spheroids in small intestinal (Sl) organoid culture in R-Spondin (R-
Spo)-independent manner. A. Morphology of S| organoids co-cultured together with Si
myofibroblasts in medium with- or without EGF, R-Spo and Noggin. B. Quantification of spheroids in
the Sl-myofibroblast-S| organoid co-culture in medium with- or without EGF, R-Spo and Noggin. Bars
represent mean + SEM; one-way ANOVA, Bonferroni’'s multiple comparison test, p < 0.05. C.
Morphology of Sl organoids co-cultured with murine colon myofibroblasts (MF), murine gastric
carcinoma associated fibroblasts (CAFs) and human cardia MF. Scale bars, 100 ym.

In order to investigate whether the ability to induce epithelial spheroids was
restricted only to murine SI myofibroblasts, myofibroblasts from other organs and species

were tested for their potential to induce spheroids. As Fig. 7 C shows, murine colonic
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myofibroblasts, murine gastric CAFs and human cardia myofibroblasts stimulated

appearance of spheroids in the S| organoid culture.

5. Myofibroblasts improve clonal outgrowth in small intestinal

organoid culture

Results from above have shown that myofibroblasts had profound impact on the
phenotype of intestinal epithelium on the crypt level. However, it remained not known if
myofibroblasts influence intestinal epithelium on the level of single cells and whether
myofibroblasts improve clonal outgrowth in Sl organoid culture. To address these questions,

Sl organoids were dissociated into single cells and co-cultured with SI myofibroblasts.
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Fig. 8. Small intestine (SI) myofibroblasts improve clonal outgrowth in Sl organoid culture. A.
Morphology of Sl organoids dissociated into single cells and seeded either as the monoculture or the
co-culture with SI myofibroblasts in the presence of R-Spondin, EGF, Noggin and Y-27632. Scale
bar 100 um. An arrowhead indicates myofibroblasts. B. Organoid outgrowth after 3 days of culture.
Bars represent mean + SEM of three independent experiments; two-tailed t-test, p = 0.0149. C.

Organoid diameter after 3 days of culture (mean + SEM), two-tailed t-test, p < 0.0001.

Dissociated cells were cultured in the presence of R-Spondin, EGF, Noggin and Y-27632
(inhibitor of Rho-associated, coiled-coil containing protein kinase (ROCK)), and formed
organoids after 3 days of culture (Fig. 8 A). In the co-culture SI myofibroblasts can be
identified as indicated by an arrowhead (Fig. 8 A). As Fig. 8 B shows Sl myofibroblasts
significantly improved epithelial outgrowth: in the co-culture 0.31% of dissociated cells

formed organoids, while in the monoculture only 0.08%. Moreover, the average diameter of
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the organoids was significantly increased (p < 0.0001) in the co-culture (75 um), when
compared to the monoculture (49 um) (Fig. 8 C). This data suggest a role of Sl

myofibroblasts as a cellular constituent of the intestinal stem cell niche.

6. Spheroid induction is specifically mediated by the myofibroblast-

derived soluble factors

Experiments from above have shown that SI myofibroblasts contribute to the
phenotype of Sl crypts that could support the hypothesis that myofibroblasts could be a
cellular component of the intestinal stem cell niche, however the precise mechanisms
remain unknown. Since both the co-coculture of whole Sl organoids with SI myofibroblasts
(Fig. 7) and culturing single crypt cells together with SI myofibroblasts (Fig. 8) could enable
direct contact of stromal and epithelial cells, it cannot be rule out that direct cell-cell contact
is necessary for the interaction between these two cell types. To decipher it, an indirect co-
culture system was employed with a transwell system (Kalabis et al. 2012), which allows to
culture two cells types without direct contact. S| organoids were seeded in the bottom using
3D culture system, while myofibroblasts were placed onto the top side of the transwell
membrane using 2D culture system as depicted in Fig. 9 A. Interestingly, in this indirect co-
culture spheroids appeared, similarly to those in direct co-culture (Fig. 9 B, compare with
Fig. 7), which led to the hypothesis that SI myofibroblasts secrete some unknown niche
factors that induce spheroids in the Sl organoid culture. To confirm it, S| organoids were
incubated with myofibroblast conditioned medium (MCM) for 24h. As can be seen in Fig. 9
B spheroids formed in the treated group. Moreover, the average organoid diameter in
cultures treated with MCM was 147 um, in contrast to the untreated cultures, in which the
average organoid diameter was 82 um (Fig. 9 C). Next, we asked the question whether the
unknown soluble factors responsible for the induction of spheroids are specific to
mesenchymal cells. To address this question, Sl organoids were treated with either MCM
or conditioned medium from Sl organoids derived from Apc*/'®3®N tumors (Apc CM). The
experiments revealed that incubation with MCM resulted in significant induction of spheroids
(p < 0.0001), whereas in organoids treated with Apc CM no significant alterations in
spheroid percentage were found (Fig. 9 D). To summarize, the experiments with indirect
co-culture and MCM experiments (but not Apc CM) recapitulated the spheroid phenotype
seen in the direct co-culture (see Fig. 7) indicating that myofibroblasts regulate growth of

crypt cells by secretion of unknown factors.
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Fig. 9. Myofibroblast secretome induces spheroids. A. Scheme of an indirect co-culture system. B.
Morphology of small intestine (Sl) organoids co-cultured with SI myofibroblasts using indirect co-
culture system and morphology of S| organoids incubated with myofibroblast conditioned medium
(MCM). Scale bar 100 ym. C. Diameter of Sl organoids incubated with MCM (mean + SEM); two-
tailed t-test, p < 0.0001. D. Quantification of spheroids in S| organoid culture treated with either MCM
or conditioned medium from the Sl tumor Apc+/1638N organoids. Bars represent mean + SEM of
three independent experiments; one-way ANOVA, Bonferroni’s multiple comparison test, p < 0.0001.

The untreated S| organoid monoculture was used as a control (Ctrl) in all experiments from above.

54



7. Myofibroblasts upregulate CD44 and Sox-9 in small intestinal

organoid culture

To further understand the phenotypic changes induced in the crypts by
myofibroblasts in vitro, the influence of myofibroblast secretome on the gene expression in
crypts was examined. Analysis of the crypt transcriptome by RTqPCR has shown that
treatment with MCM did not seem to have impact on the expression of Lgr5, which is a
marker of intestinal stem cells (Fig. 10, left), thus suggesting that myofibroblasts could affect
another cell population than Lgr5+ stem cells. In contrast, MCM significantly (p = 0.0348)
increased expression of Sox-9, which marks progenitor cells in the intestine and is
expressed in intestinal cancer (Zalzali et al. 2008, Furuyama et al. 2011) (Fig. 10, middle).
Furthermore, incubation of Sl organoids with MCM resulted in significantly (p = 0.0069)
elevated mRNA levels of CD44, which is a known cancer stem cell marker (Yu et al. 2014,
Wielenga et al. 2015) (Fig. 10, right).
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Fig. 10. Myofibroblast secretome upregulates stem cell markers, CD44 and Sox-9. Sl organoids were
treated with myofibroblast conditioned medium (MCM), and the expression of Lgr5, Sox9 (p = 0.0348)
and CD44 (p = 0.0069) was analyzed by RTgPCR (= 3 independent experiments; two-tailed t-test).

8. Myofibroblasts seem to promote proliferation and do not promote

differentiation in small intestinal organoids

Besides the markers associated with stem cells, the expression of genes related

to cellular proliferation such as cyclin D1, and differentiation such as cryptidin-5 (a Paneth
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cell marker) (Darmoul et al. 1997) and mucin-2 (a Goblet cell specific marker) (Gum et al.
1999) were studied. RTqQPCR revealed that there was a trend towards elevated mRNA
levels of cyclin D1 in Sl organoids treated with MCM (Fig. 11 A, two-tailed t-test, p = 0.1844,
not significant). In contrast, the expression of neither mucin-2 nor cryptidin-5 was increased
in the crypts upon treatment with MCM (Fig. 11 A). In addition to that, differentiation status
was assessed on protein level by PAS staining, which showed that spheroids in the co-
culture had reduced number of PAS positive cells (Fig. 11 B). To conclude, these data

suggest that myofibroblasts can maintain crypt cells in a proliferative and undifferentiated

state.
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Fig. 11. Small intestine (SI) myofibroblasts do not increase differentiation in S| organoids. A.
Expression of genes associated with proliferation (cyclin D1, two-tailed t-test; ns, not significant) and
differentiation (mucin-2, cryptidin-5) in Sl organoids treated with myofibroblast conditioned medium
(MCM) evaluated by RTqPCR; = 3 independent experiments. B. Quantification of PAS positive cells
in the SI myofibroblast-SI crypt co-culture. Bars represent mean + SEM, two-tailed t-test, p = 0.0032.
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9. Spontaneous formation of poorly differentiated spheroids is a

characteristic feature of organoids derived from Apc*/163N tumors

Considering the fact that biological mechanisms responsible for keeping the proper
balance between proliferation and differentiation might be one of the most fundamental anti-
tumor mechanisms in an organism (Tenen 2003, Schwitalla et al. 2013, Dow et al. 2015),
and given that myofibroblasts seemed to shift balance of intestinal epithelium into more
proliferative and undifferentiated state, we hypothesized that myofibroblasts could play an
important role during tumor initiation. To test this hypothesis wt S| organoids from the co-
culture were compared with Sl organoids derived from S| tumors from Apc*/'%8N mice, which
represent a model of colorectal cancer (Janssen et al. 2006). Excitingly, spheroids induced
by the SI myofibroblasts in the wt Sl organoid culture morphologically resembled the
adenoma organoids that were derived from S| tumors from Apc*/'%®N mice (Fig. 12 A).
Moreover, similarly to crypts treated with MCM, adenoma organoids exhibited reduced
number of PAS positive cells (Fig. 12 B). In addition to that, spheroids from the co-culture
and adenoma organoids contained proliferating cells in the absence of R-Spondin, as
indicated by Ki-67 staining (Fig. 12 C).
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Fig. 12. In the presence of myofibroblasts (MF) or MF conditioned medium wild type small intestine
(SI) organoids form spheroids that are similar to the cultures derived from the Apc*/1638N tumors. A.
Morphology of wild type Sl organoids co-cultured together with SI myofibroblasts and the Apc*/1638N
Sl tumor organoids. Sl organoid monoculture (left) was maintained in medium containing R-Spondin;
for the co-culture experiments (middle) and for the tumor organoids (right) culture conditions in the
absence of R-Spondin were applied. Scale bar 100 ym. B. PAS staining of wild type Sl organoids
cultured in the presence of MF conditioned medium and Apc*/1638N S| organoids. Control organoids
(left) were cultured in the presence of R-Spondin, whereas the experimental groups (middle and
right) in the absence of R-Spondin C. KI-67 staining of wild type Sl organoids co-cultured together
with S| myofibroblasts and Apc*/'638N S| organoids; the organoids were cultured in medium without

R-Spondin. CM, conditioned medium. WT, wild type.

10. Transcriptional profiling

Next, we asked whether the myofibroblasts have an impact on the crypt
transcriptome or induce a tumor initiation transcriptional program in the crypts. In order to
investigate this question, the microarray expression profiling of the S| organoids that were
indirectly co-cultured together with SI myofibroblasts was performed; as a control the Si
organoid monoculture was used (Fig. 13 A). For the co-culture experiment transwell system
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was utilized, in which epithelial cells were separated from stromal cells by a membrane (SI
organoids were seeded in the bottom, while SI myofibroblasts seeded on the insert, as
depicted in the Fig. 9 A). Additionally, the transcriptome of organoids from S| tumors derived
from Apc'®®V* mice was analyzed to address whether phenotypical convergence between
sphere-crypts induced by myofibroblasts and tumor crypts is associated with changes in the
same genes (Fig. 13 A). For the analysis of gene expression data the following criteria were
applied: 2 1.5/ < -1.5 fold change and adjusted p value < 0.05.

10.1. Analysis of genes differentially expressed in the Sl organoids from the

co-culture

Transcriptional profiling revealed that there were 169 genes upregulated and 36
genes downregulated in the co-culture versus the monoculture (Table S1.1 and Table S1.2,
respectively). Analyses with DAVID Bioinformatics/ KEGG pathway (Huang da et al. 2009b,
Huang da et al. 2009a) revealed enrichment of genes involved in cell cycle such as Ccnd1,
Ccnd2, Cdk6, Espl1, Mcm2, Mcm3 and Myc (Fig. 13 B), which confirmed the previous
RTgPCR results (Fig. 11 A) and Ki-67 staining (Fig. 12 C). In contrast, differentiation
markers of the intestinal epithelium such as chromogranin A, which is a marker of
enteroendocrine cells (Wang et al. 2004), mucin-2 (a Goblet cell specific marker) (Gum et
al. 1999), and Paneth cell makers such as: alpha-1 antitrypsin (Molmenti et al. 1993),
defensin, alpha, 22, (Wang et al. 2011), lysozyme, (Wang et al. 2011) and cryptidin-5
(Darmoul et al. 1997), were all not among the upregulated genes (Table S1.1 and Fig. 13
C). Moreover, among the significantly increased genes was Cd44 (Table S1.1), a known
cancer stem cell marker, whereas the expression of Lgr5 was not significantly altered.
Furthermore, analyses of significantly upregulated genes with DAVID Bioinformatics/ KEGG
pathway revealed the gene cluster for the focal adhesion (Egfr, Ccnd1, Lamag3, Tin2, Ccnd2,
Lamab, Lamc2, Capn2, Thbs1, FiIna) (Fig. 13 B and Fig. S1.1) and ECM-receptor interaction
(Lama3, Cd44, Lama5, Lamc2, Thbs1) (Fig. 13 B).
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Fig. 13. Transcriptomic profiling indicates that myofibroblasts induce proliferative response and
metabolic changes in the crypts in vitro. A. Scheme of the microarray experiment and its analysis.
Wild type (wt) small intestinal (SI) organoids were cultured either as the monoculture or in a
combination with S| myofibroblasts, and then harvested for RNA isolation and analysis of
transcriptome. In addition, transcriptome of the adenoma organoids derived from Apc*/1638N mouse
tumors was analyzed. Microarray data were analyzed in the context of Wnt signature, signaling
pathways and functional analysis by computational methods, and gene overlap between the
adenoma organoids and wt organoids from the co-culture. B. Signaling pathway analysis (DAVID/
KEGG) for significantly upregulated genes (fold change = 1.5, adjusted p value < 0.05) in small
intestinal organoids from the co-culture. C. Heatmap (log2 values) of genes related to proliferation
and differentiation indicating that myofibroblasts promote proliferation and do not promote

differentiation in the intestinal crypts in vitro. D. Signaling pathway analysis (DAVID/ KEGG) for
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significantly downregulated genes (fold change < -1.5, adjusted p value < 0.05) in the small intestinal

organoids from the co-culture.

For the significantly downregulated genes in silico analyses revealed that
significant number of the genes was associated with metabolic processes e.g. retinol
metabolism (Ugt2b36, Lrat, Cyp1a1, Adh4, Cyp2c68, Ugt2b5, Adh7, Cyp2c38) (Fig. 13 D
and Fig. S1.2), drug metabolism (Ugt2b36, Adh4, Cyp2c68, Ugt2b5, Adh7, Cyp2¢38) and
linoleic acid metabolism (Cyp2j5, Cyp2j9, Cyp2c68, Cyp2c38) (Fig. 13 D). The functional
analysis with computational tools showed that differentially expressed genes in the co-
culture were associated with purine nucleotide binding, ATP binding, oxioreductases and
ER (Fig. S1.3 and Fig. S1.4).

10.2. Analysis of overlapping gene expression between the adenoma
organoids derived from Apc*/1638N mouse tumors and the wild type

organoids from the co-culture

In order to evaluate whether myofibroblasts are capable to induce tumor-initiation
transcriptional program in the normal intestinal epithelial cells Venn diagrams were
generated from the lists of upregulated genes (fold change = 1.5) in the adenoma organoids
derived from Sl tumors from Apc*/'63N mice (when compared to S| wt organoids) and the
upregulated genes (fold change = 1.5) in wt Sl crypts from the co-culture (when compared
to the Sl wt monoculture). The data revealed that in the transcriptome of the organoids from
the co-culture 123 genes out of 164 upregulated genes (75% of upregulated genes)
overlapped with upregulated genes in the adenoma organoids (Fig. 14 A). Whereas, 31 out
of 36 downregulated genes (86% of downregulated genes) in the transcriptome of the
organoids from co-culture coincided with downregulated genes in the adenoma organoids
(Fig. 14 B). Analyses with DAVID Bioinformatics/ KEGG pathway pointed to the common
pathways for wt organoids from the co-culture and the tumor organoids e.g. p53 pathway,
pathways in cancer, focal adhesion pathway and metabolic changes (Fig. 14, Table S1.3,
Table S1.4). The functional in silico analyses of the overlapping genes revealed enrichment
of genes coding for phospho-proteins and oxioreductases, as well as genes coding for
proteins associated with ER, membrane, DNA replication and cell adhesion (Fig. S1.5 and
Fig. S$1.6).

61



1426 1117

Tumor organoid
Transcriptome
Up

Tumor organoid

Transcriptome
Cell cycle Dn

p53 signaling pathway

Pyrimidine metabolism e
Focal adhesion 4 31 2
ECM-receptor interaction g

Pathways in cancer

Retinol metabolism
Metabolism of xenobiotics
by cytochrome P450
Arachidonic acid
metabolism

Linoleic acid metabolism

Co-culture JAK-STAT signaling pathway | Co-culture Drug metabolism
Transcriptome ‘ Transcriptome ‘
Up \\ Dn ’/
41 5 ’

Fig. 14. Venn diagram for the overlapping genes between the transcriptome of wild type small
intestinal (SI) organoids from the co-culture and the transcriptome of the adenoma organoids derived
from S| tumors from Apc*1838N mice; and signaling pathways identified by DAVID/KEGG. A.
Upregulated (Up) genes (fold change = 1.5). B. Downregulated (Dn) genes (fold change < -1.5).

10.3. Overlap between the transcriptome of the organoids from the co-

culture and the Intestinal Wnt/TCF Signature

Since the Wnt pathway is a key signaling pathway for the maintenance of intestinal
stem cells and alterations to this pathway can initiate intestinal cancer (Reguart et al. 2005),
we hypothesized that the Wnt pathway could be involved in the myofibroblast-crypt
interaction in vitro and be responsible for the induction of spheroids in the co-culture. To
test this hypothesis, the genes that showed increased expression in the co-culture (fold
change = 1.5) were tested for the overlap with the genes from previously published Intestinal
Wnt/TCF Signature (Van der Flier et al. 2007). Venn diagram showed that only 4.13% of
genes upregulated in the co-culture belonged to the Intestinal Wnt/TCF Signature (Fig. 15
A and Table S1.5) that includes genes upregulated in adenoma and carcinoma. In contrast,
30.6% of genes upregulated in the tumor organoids belonged to the Intestinal Wnt/TCF
Signature (Fig. 15 B and Table S1.5). Hierarchical clustering revealed that in the context of
the Intestinal Wnt signature organoids from the co-culture are more closely related to the
control organoids (wt organoid monoculture) than to the tumor organoids (Fig. 15 C). The
latter ones are characterized by the endogenous Wnt signaling due to mutation in Apc locus
(Sansom et al. 2004) (Fig. 15 C).
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Taken together, these data show that the transcriptome of Sl organoids co-cultured
with SI myofibroblasts is radically different from the monoculture. The data indicate that
myofibroblasts alter metabolism and induce proliferative response in intestinal epithelial
cells. It seems that on the molecular levels those effects are mediated by other mechanism
than classical Wnt pathway. In addition, the data revealed common molecular signatures of
wt organoids from the co-culture and the tumor organoids, thus suggesting that Sli
myofibroblasts are on one hand capable of maintaining stem cells, and on the other hand
capable of triggering tumor initiation transcriptional program in the intestinal epithelium.
Additionally, the results from above suggest that metabolic changes can be a very early

step during tumorigenesis that can be regulated by the microenvironment.
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Fig. 15. Analysis of the Intestinal TCF/Wnt Signature in the organoids from the co-culture. A. Venn
diagram for the upregulated genes (fold change = 1.5) that overlapped between the adenoma
organoids derived from tumors from Apc*/1638N mice and the Intestinal TCF/Wnt Signature. B. Venn
diagram for the upregulated genes (fold change = 1.5) that were overlapped between small intestinal
wild type organoids from the co-culture and the Intestinal TCF/Wnt Signature. C. Heatmap (log2

values) of the upregulated genes that overlapped with the Intestinal TCF/Wnt Signature.
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11. Myofibroblasts express Wnts, however spheroid induction

can be mediated by other mechanism than Wnt

Spheroid phenotype of Apc*/'®3N S| organoids could be explained by the fact that
the loss of APC function induces endogenous activation of Wnt signaling (Sansom et al.
2004), however the mechanisms behind the formation of spheroids in the co-culture of wt
S| organoids and S| myofibroblasts are completely unknown. To investigate it, expression
of known niche factors (Gregorieff et al. 2005, Kosinski et al. 2007) was examined in both
cultured crypts and myofibrobalsts by RT-PCR. As it can be seen in Fig. 16 A SlI
myofibroblasts expressed Wnt ligands such as Wntba and Whnt9a, that suggests that
mesenchymal cells provide Wnts to crypt cells. Furthermore, SI myofibroblasts expressed
members of BMP signaling pathway, such as Bmp4, as wells as BMP antagonists
represented by Grem1, Grem2, Chrdl1 and Fst/3 (Fig. 16 A). Moreover, SI-myofibroblasts
expressed Fgf2, while Sl organoids expressed Fgfr1 and Fgfr2 (Fig. 16 A), thus suggesting
that FGF signaling pathway could be involved in the interaction between Sl crypt and Sl

myofibroblasts.

Given that exogenous Wnt3 or retroviral transduction of Wnt3A/A organoids with
constructs coding for different Wnt ligands results in appearance of spheroids (Farin et al.
2012) and since S| myofibroblasts expressed Wnt ligands as shown in the Fig. 16 A, one
could hypothesize that Wnts secreted by the myofibroblasts induce spheroids in the Sl
organoids. However, the transcriptional profiling data did not seem to support this
hypothesis (Fig. 15). To solve these discrepancies and at the same time to validate the
microarray data, Wnt inhibition experiments were carried out: SI myofibroblasts were
treated with porcupine inhibitors such as C59 or IWP-2 that were previously shown to block
the secretion of Wnt ligands (Chen et al. 2009, Proffitt et al. 2013). After 5-day treatment
with either C59 or IWP-2, myofibroblasts were used for the co-culture with SI crypts (Fig.
16 B). Interestingly, spheroid formation was not abrogated after blockade of Wnt secretion
in SI myofibroblasts (Fig. 16 C and D) suggesting that spheroid induction can be mediated
by other mechanism than Wnt. To further confirm this, expression of Axin2, Wnt target gene
that belongs to the negative feedback loop of Wnt signaling (Yan et al. 2001, Jho et al.
2002, Lustig et al. 2002), was examined in S| organoids treated with MCM. RTqPCR
revealed that the expression Axin2 was not increased upon treatment with MCM when
compared to untreated organoids (Ctrl), in contrast Sl organoids derived from Apc*/1638N
tumors exhibited elevated levels of Axin2 mRNA (Fig. 16 E).
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Fig. 16. Spheroid induction can be mediated by other mechanism than Wnt. A. RT-PCR for niche
factors (MF, myofibroblasts; RT-, without reverse transcriptase, CAF, carcinoma associated
fibroblasts). B. Experimental schedule for the Wnt inhibition experiment using Wnt secretion
inhibitors: C59 and IWP-2. C. Morphology of small intestinal (SI) organoids in the co-culture with Sl
myofibroblasts that were pre-treated for 5 days with either C59 or IWP-2. Scale bar, 100 ym. D.
Spheroid percentage in the co-culture with SI myofibroblasts that were pre-treated with either C59
or IWP-2. E. Expression of Axin2 (evaluated by RTqPCR) in Sl organoids treated with myofibroblast
conditioned medium (MCM). As PC (positive control) Sl organoids derived from Apc*/1838N tumors

were used.

12. Proteomic profiling

In order to identify the proteins, which affect local stem cell niche and influence the
cross-talking between epithelial cell and mesenchymal cell, proteome profiling was
performed. Sl organoids were cultured together with murine S| myofibroblasts or human BE
myofibroblasts for 24h, and then the supernatant was harvested for analysis by mass

spectrometry. In the co-culture with murine SI myofibroblasts 1286 protein candidates were
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identified, with 51 proteins significantly upregulated (Table 16). Whereas, in the co-culture
with human BE myofibroblasts 901 human protein candidates were identified, with 22
human proteins significantly upregulated (Table 17). Analysis of protein class by PANTHER
revealed that significant number of proteins represented ECM proteins, receptors and
cytoskeletal proteins (Fig. 17). Moreover, also cell adhesion molecules and cell junction

proteins were identified (Fig. 17).

Many identified protein candidates were associated with tumor progression such
as matrix metalloproteinases (MMP): MMP1 and MMP2, and TIMP1 (Table 17) (Emmert-
Buck et al. 1994, Murray et al. 1996, Egeblad and Werb 2002, Seubert et al. 2015). In
addition, among proteins that were significantly increased was biglycan (Table 16), an ECM
protein mainly of mesenchymal origin that was found to be upregulated in colorectal cancer
and its upregulation was correlated with poor tumor differentiation (Gu et al. 2012). Among
other secreted proteins was also orosomucoid 2 (Table 16), that was reported to be elevated
in both tumor tissue and plasma in patients with colorectal cancer (Zhang et al. 2012), and
LRG1 (Table 16), which is upregulated in ovarian cancer (Andersen et al. 2010).

Furthermore, the secretome signature in the co-culture was enriched for molecules
associated with the insulin-like growth factor (IGF) signaling such as: IGFBP7 (Table 16),
IGFBP4 and IGFBP5 (Table. 17). Interestingly, IGF signaling was previously shown to play
an important role in stromal-epithelial cross-talk in the intestine (Chivukula et al. 2014).
Some another identified protein candidate that is related to the intestinal niche is periostin
(Table 16). Periostin is an ECM protein, which is expressed in pericryptal fibroblasts
(Kikuchi et al. 2008). Periostin was reported to be upregulated in cancer (Tischler et al.
2010), and it is an important molecule for cancer stem cell maintenance (Malanchi et al.
2012). The next protein candidate that is an in vivo relevant constituent of the intestinal
stem cell niche is lysozyme (Table 16 & 17). Lysozyme is a Paneth cell marker (Peeters
and Vantrappen 1975) and its upregulation in the co-culture could suggest that

myofibroblasts collaborate with Paneth cells to form the niche for ISCs.

To summarize, proteomic profiling revealed many protein candidates that might be
important for the stromal-epithelial cell communication in the intestinal stem cell niche.
Among those candidates many molecules are associated with tumor progression e.g.
MMPs, biglycan and orosomucoid 2. In addition, some candidates such as thrombospondin,
periostin and lysozyme, represent in vivo relevant niche factors for the intestine, however
their role in stromal-epithelial cross-talk in the intestinal stem cell niche needs to be

elucidated.

Analysis of significantly upregulated protein candidates by computational modeling

in the context of signaling pathways (DAVID Bioinformatics/ KEGG) suggested involvement
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of ECM-receptor interaction pathway (Table S2.1 and Table S2.2; Fig. S2.1) and focal
adhesion pathway (Table S2.1 and Table S2.2; Fig. S1.1), which both were also identified
by transcriptional profiling (Fig. 13 B). In order to select protein candidates for experimental
validation the following factors were taken into account: peptide count and confidence
score. The highest unique peptide count was found for the following proteins: THBS1,
COL1A1, LYZ1, ALDOB, IGFBP5, TGFBI, FABP1 (Fig. S2.2 and Fig. S2.3). Whereas, the
highest confidence score was found for the following proteins: THBS1, C1GBP, VIM,
ACTN4, CALU (Fig. S2.4 and Fig. S2.5). Venn diagram for molecules upregulated in the
co-culture with murine versus human myofibroblasts showed that three proteins overlapped:
THBS1, COL1A1, COL1A2 (Fig. 18).
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Table 16. Significantly upregulated protein candidates (fold change = 1.5, p value < 0.05) in the
supernatant from the murine small intestinal (SI) myofibroblast-murine Sl crypt co-culture when

compared to the crypt monoculture.

Protein Max fold change  Anova (p)
1 Tpm1, tropomyosin 1, alpha 2313 0,00
2 Tpm2, tropomyosin 2, beta 271 0,00
3 Tagln, transgelin 74 0,00
4 Postn, periostin, osteoblast specific factor 51 0,00
5 Col1a1, collagen, type |, alpha 1 38 0,00
6 Dnttip2, deoxynucleotidyltransferase, terminal, interacting protein 2 35 0,00
7  Ctgf, connective tissue growth factor 35 0,03
8 Col1a2, collagen, type |, alpha 2 3,5 0,01
9 Thbs1, thrombospondin 1 2,6 0,00
10 Lyar, Ly1 antibody reactive clone 26 0,01
11 Cald1, caldesmon 1 24 0,01
12 Lrg1, leucine-rich alpha-2-glycoprotein 1 23 0,01
13 Orm1, orosomucoid 1 2,2 0,01
14 Tmed10, transmembrane emp24-like trafficking protein 10 (yeast) 21 0,02
15 S100a6, S100 calcium binding protein A6 (calcyclin) 21 0,00
16 Cops6, COP9 (constitutive photomorphogenic) homolog, subunit 6 (Arabidopsis thaliana) 2,0 0,01
17 Lyz2, lysozyme 2 2,0 0,02
18 Fgl2, fibrinogen-like protein 2 2,0 0,01
19 Msn, moesin 2,0 0,00
20 Orm2, orosomucoid 2 2,0 0,03
21 Rprd1b, regulation of nuclear pre-mRNA domain containing 1B 1.9 0,00
22 Tpt1, tumor protein, translationally-controlled 1 19 0,00
23 Tpm4, tropomyosin 4 1.8 0,00
24 Ppic, peptidylprolyl isomerase C 1,7 0,01
25 0610031J06Rik, RIKEN cDNA 0610031J06 gene 1.7 0,01
26 Apoh, apolipoprotein H 1.7 0,03
27 Psmbb5, proteasome (prosome, macropain) subunit, beta type 5 1,7 0,04
28 Psmd7, proteasome (prosome, macropain) 26S subunit, non-ATPase, 7 17 0,01
29 Bag2, BCL2-associated athanogene 2 1.7 0,02
30 Tpd52I12, tumor protein D52-like 2 1.6 0,01
31 0610009D07Rik, RIKEN cDNA 0610009D07 gene 1,6 0,01
32 GlIrx5, glutaredoxin 5 homolog (S. cerevisiae) 16 0,02
33 TagIn2, transgelin 2 1.6 0,00
34 C1qgbp, complement component 1, q subcomponent binding protein 1.6 0,01
35 Igfbp7, insulin-like growth factor binding protein 7 1,6 0,02
36 Hmox2, heme oxygenase (decycling) 2 16 0,02
37 FbIn2, fibulin 2 1.6 0,00
38 Tial1, Tia1 cytotoxic granule-associated RNA binding protein-like 1 1,6 0,02
39 Bgn, biglycan 16 0,02
40 Gm5884, predicted pseudogene 5884 16 0,01
41 Apoe, apolipoprotein E 1,6 0,01
42 Calu, calumenin 1,6 0,00
43 Farsa, phenylalanyl-tRNA synthetase, alpha subunit 16 0,04
44 SIk, STE20-like kinase 1.5 0,01
45 Ctsl, cathepsin L 1.5 0,03
46 Sdc4, syndecan 4 1,5 0,02
47 Esyt1, extended synaptotagmin-like protein 1 15 0,01
48 Col5a1, collagen, type V, alpha 1 1.5 0,01
49 Myh10, myosin, heavy polypeptide 10, non-muscle 1.5 0,03
50 Snrpg, small nuclear ribonucleoprotein polypeptide G 1,5 0,02
51 Gaa, glucosidase, alpha, acid 1,5 0,03
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Table 17. Significantly upregulated protein candidates (fold change = 1.5, p value < 0.05) in the
supernatant from the human Barrett’'s Esophagus myofibroblast - murine small intestinal crypt co-

culture when compared to the crypt monoculture.

Protein Max fold change  Anova (p)
1 IGFBP4, insulin-like growth factor binding protein 4 Infinity 0,00
2 DCN, decorin 101,2 0,00
3  MMP1, matrix metallopeptidase 1 75,2 0,02
4 B2M, beta-2-microglobulin 41,2 0,02
5 IGFBPS, insulin-like growth factor binding protein 5 248 0,00
6 THBS1, thrombospondin 1 18,3 0,00
7 COL1AZ2, collagen, type |, alpha 2 16,5 0,00
8 VIM, vimentin 10,3 0,00
9 COL6A1, collagen, type VI, alpha 1 8,2 0,00
10 Mmp2, matrix metallopeptidase 2 8,1 0,00
11 TIMP1, TIMP metallopeptidase inhibitor 1 6,6 0,00
12 COL1A1, collagen, type |, alpha 1 59 0,00
13 TGFBI, transforming growth factor, beta-induced 42 0,00
14 Ang4, angiogenin, ribonuclease A family, member 4 2,8 0,01
15 Mttp, microsomal triglyceride transfer protein 21 0,02
16 Lyz1, lysozyme 1 21 0,00
17 Fabp1, fatty acid binding protein 1, liver 21 0,01
18 Aldob, aldolase B, fructose-bisphosphate 1.8 0,02
19 Fip1, FIP1 like 1 (S. cerevisiae) 1.7 0,02
20 Rbp2, retinol binding protein 2, cellular 1.6 0,01
21 Top2b, topoisomerase (DNA) Il beta 1,6 0,03
22 Psma2, proteasome (prosome, macropain) subunit, alpha type 2 1,5 0,01
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Fig. 17. Protein class analysis (PANTHER) of significantly upregulated protein candidates (fold
change = 1.5, p value < 0.05) in the supernatant from the co-culture when compared to the
monoculture. A. Classification of proteins from the murine small intestinal (SI) myofibroblast-murine
Sl crypt co-culture. B. Classification of proteins from the human Barrett’s Esophagus myofibroblast-

murine Sl crypt co-culture.
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Fig. 18. Venn diagram showing the overlap of proteins that were significantly upregulated (fold
change = 1.5, p value < 0.05) in the murine myofibroblast (MF) - murine crypt co-culture and the
human Barrett's Esophagus MF - murine crypt co-culture, and the list of overlapping proteins. S,
small intestine; BE, Barrett’s Esophagus.

13. In vitro validation of the protein candidates

13.1. Impact of thrombospondin-1 and collagen on the phenotype of small

intestinal organoids

For further validations thrombospondin (THBS) was selected, there were several
reasons for that. Firstly, mMRNA expression of Thbs was increased in both wt S| organoids
from the co-culture and adenoma SI organoids (Table S1.1 and Table S1.5). Secondly,
THBS was among the overlapping proteins in the co-cultures with murine and human
myofibroblasts, and additionally one of the best candidate among upregulated proteins in
terms of peptide count (Fig. S2.2 and Fig. S2.3; marked with an arrow) and high confidence
score (Fig. S2.4 and Fig. S2.5; marked with an arrow). THBS is an ECM protein, which is
involved in cellular adhesion (Tuszynski et al. 1987) and, interestingly, it can be expressed
in both epithelial and stromal cells (Watnick et al. 2015). THBS is a known natural inhibitor
of angiogenesis (lruela-Arispe et al. 1999, Zak et al. 2008) and it can activate TGF-f3
(Crawford et al. 1998) as well as interact with MMPs (Egeblad and Werb 2002). Recently,
THBS has been found to be involved in the regulation of stem cell physiology in lungs (Lee
et al. 2014). Interestingly, THBS is expressed in pericryptal fibroblasts (Gutierrez et al.
2003), nevertheless, the influence of THBS on crypt cells in not known. To investigate it, SI

organoids were treated with different concentrations (100 ng/ml, 500 ng/ml, and 1 ug/ml) of
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human recombinant THBS1, however none of the applied dosage induced spheroids (Fig.
19 A). To test whether THBS1 has impact on the spheroid formation in the co-culture, the
same concentrations of THBS1 were added to the Sl-organoid-SI myofibroblast co-culture,
and nonetheless no significant alterations in spheroid formation were observed (Fig. 19 A).
In summary, THBS1 did not have impact either on the Sl organoid monoculture or in the co-

culture with SI myofibroblasts.

Besides the THBS1, the only other overlapping protein between the co-cultures
with murine/ human myofibroblasts was collagen type 1. To test whether collagen has
impact on S| organoid phenotype experiments with the incorporation of additional collagen
to Matrigel were performed. In the presence of both additional collagen and Sl
myofibroblasts (co-culture) the percentage of spheroids was significantly increased (p <
0.0001, Fig. 19 B) when compared to the control (positive control (PC), crypts without
myofibroblasts cultured in Matrigel), whereas in the crypt monoculture in the presence of
additional collagen the percentage of spheroids was not significantly altered (Fig. 19 C).
Thus, we concluded that: 1) collagen does not induce spheroids; 2) spheroids are induced
by addition of myofibroblasts and this phenomenon occurs both when the co-culture is
performed in Matrigel (see Fig. 7) and in the presence of additional collagen (Fig. 19 B).
Interestingly, although addition of collagen did not induce spheroids (Fig. 19 B), it
significantly reduced crypt budding: (p < 0.05, Fig. 19 C). Interestingly, addition of
myofibroblasts to such conditions further decreased crypt budding (Fig. 19 C).
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Fig. 19. In vitro validation of protein candidates. A. Thrombospondin-1 (Thbs) has no impact on the
phenotype of small intestine (Sl) organoids. The Sl organoid monoculture (left, black bars) or the
organoid-myofibroblast co-culture (right, grey bars) were treated with different concentrations of
human Thbs-1. One-way ANOVA, Bonferroni’'s multiple correction test; ns, not significant. As a
control (Ctrl) served untreated organoids B. Collagen does not induce formation of spheroids in Sl
organoid culture. One-way ANOVA, Bonferroni’s multiple comparison test, p < 0.0001. As a positive
control (PC) served organoids cultured in matrigel. C. Collagen reduces budding of Sl organoids.
One-way ANOVA, Bonferroni’s multiple comparison test, p < 0.05. MF, myofibroblasts; ns, not
significant. All bars represent mean + SEM.

13.2. TGF-B can be involved in mesenchymal-epithelial cross-talk in the

intestinal niche

Transforming growth factor beta induced (TGFBI) was among the protein
candidates identified in the supernatant from the S| organoid-human myofibroblasts co-

culture (Table 17). TGFBI is a secreted ECM protein and its expression is induced after the
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activation of transforming growth factor beta (TGF-B) pathway (Schneider et al. 2002). In
addition to that, some other candidates from the mass spectrometry data such as Ctgf, Lrg1
and decorin (Table 16 & 17), are connected to TGF-B pathway (Yamaguchi et al. 1990,
Abreu et al. 2002, Haydont et al. 2005, Zhong et al. 2015), which all led us to hypothesize
that TGF-B regulates stromal-epithelial cross-talk in the intestinal stem cell niche. In order
to investigate it, firstly expression of TGF-B pathway components was examined in both
stromal and epithelial cells on mRNA level. RT-PCR revealed that S| myofibroblasts
expressed all of the three TGF- isoforms: TGF-1, TGF-f2, and TGF-3 (Fig. 20 A), while
Sl organoids expressed all of the three receptors for TGF-f: TGF- receptor type |, TGF-
receptor type Il and TGF-f receptor type Il (Fig. 20 A).
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Fig. 20. Transforming growth factor beta (TGF-B) contributes to the spheroid phenotype in wild type
small intestinal (Sl) organoids. A. Expression of TGF-§ isoforms and TGF-f receptors in cultured Sl
organoids and Sl myofibroblasts on mRNA level. MF, myofibroblasts; ~"RT-" (without reverse
transcriptase) served as a negative control. B. The Sl-myofibroblast-Sl| organoid co-culture treated
with TGF-f inhibitor, LY2109761. Scale bar, 100 um. C. Treatment with TGF-f inhibitor, LY2109761,
reduces spheroid percentage in SI-myofibroblast - S| organoid co-culture. Mean + SEM; two-tailed t-
test, p = 0.0005. D. Treatment with TGF-$ inhibitor, LY2109761, reduces organoid diameter in the

Sl-myofibroblast - S| organoid co-culture. Mean + SEM, two-tailed t-test, p < 0.0001.
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To investigate the role of TGF-B in stromal-epithelial cross-talk in the intestinal
stem cell niche, the SI-myofibroblasts-SI organoid co-culture was treated for 3 days with
LY2109761, which is a TGF-B receptor type | and type Il dual inhibitor (Melisi et al. 2008).
Interestingly, in the co-culture treated with LY2109761 both the mean percentage of
spheroids (7.3 %) (Fig. 20 C) and the average spheroid diameter (145 pym) (Fig. 20 D) were
reduced, when compared to the DMSO-treated co-culture (in which the mean percentage
of spheroids was 43.2 %, and the average diameter of spheroids was 236 ym) (Fig. 20 C,
D).
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Il Organoids as a potential tool for personalized cancer

medicine

1. Establishment of human organoid culture from Barrett’s Esophagus

and esophageal adenocarcinoma biopsies

Besides the utilization of the organoids as a relevant model to study the cellular
microenvironment, this type of culture has potential applications in the clinic e.g. patient-
derived organoids could improve cancer diagnostics and could be used as a surrogate tool
to predict response to anti-cancer therapeutics. BE is a condition, in which the squamous
epithelium of the distal esophagus is replaced by a columnar epithelium, thus resembling
the mucosa of the intestine and stomach (Spechler and Goyal 1986). BE can be a result of
the gastroesophageal reflux disease. BE is believed to be a precursor of EAC (Wang and
Souza 2011, Quante et al. 2012a). Incidence of EAC has been increasing worldwide (Thrift
and Whiteman 2012). Despite the progress in cancer research, only 14% of EAC patients
survive 5 years (Eloubeidi 2003). This highlights the need to improve diagnostics of EAC
and to develop better therapies as well as to introduce personalized approach of the
management of patients with both BE and EAC; for all of these tasks human-derived
organoids could be utilized as novel tools. Aiming at the establishment of human BE/EAC
organoid cultures, 3-5 mm? biopsies from 18 patients who underwent endoscopy (7 BE
patients, 8 EAC patients, 1 patient with both BE and EAC, 1 patient with chronic
inflammation) (Table 18) were collected for epithelial cell isolation. Organoid cultures were
successfully derived from 4 patients with patients with BE (57.1% of BE patients) and 1
patient with EAC (12.5% of EAC patients) (Table 18). The organoids were round, contained
a large lumen (Fig. 21) and resembled murine S| spheroids from the co-culture studies (see
Fig. 7 A) or murine S| adenoma organoids (Fig. 12 A). The organoids increased the size

over time (Fig. 21 A) and could be maintained for at least two weeks.

H&E staining of a BE organoid culture revealed that morphologically two types of
organoids could be distinguished: 1) organoids, with a thin epithelial layer containing
cuboidal cells, that resembled previously mentioned spheroids (Fig. 21 B, left); and 2)
organoids containing a thick epithelial layer, composed of rectangular cells, that resembled
the columnar epithelium (Fig. 21 B, right). Those observations might point to the cellular
heterogeneity of the BE epithelium, and thus possibly different epithelial cell types provide

insights to the cellular origin of the BE epithelium.
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Table 18. Characterization of patient specimens for human organoid culture and success rate of
organoid growth.

Diagnosis Number Percentage Number of patients from Success rate of

of patients (%) whom organoids were grown organoid growth (%)
BE 7 38.9 4 571
EAC 8 44 .4 1 125
Both BE and EAC 1 56 0 0.0
Chronic inflammation 1 56 0 0.0
Unknown 1 56 0 0.0
Total 18 5

Fig. 21. Establishment of human-derived organoid cultures from Barrett’'s Esophagus (BE) and
esophageal adenocarcinoma (EAC) biopsies. A. Representative phase contrast images of human-
derived BE organoids 13h, 72h and 14 days after the isolation. Scale bars 100 um. B. Representative
H&E staining of human-derived BE organoids. Scale bars 100 um. C. Examples of the cells derived
from EAC biopsies that did not form organoids in vitro: not proliferating keratinocytes (left; scale bar
100 um) and squamous-like epithelial cell monolayer (right; scale bar 50 pum).
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In contrast to BE biopsies, majority of epithelial cells isolated from EAC biopsies
did not form organoids in vitro. In some EAC-derived cultures single, large cells were found,
that possibly represent the squamous epithelium (Fig. 21 C, left), and an epithelial cell

monolayer (Fig. 21 C, right).

DISCUSSION

| Organoids as a model to study the cellular microenvironment

1. 3D reconstruction of the intestinal stem cell niche in vitro

In this study a stromal-epithelial 3D co-culture system has been established that
recapitulates the stromal niche in the intestine. The model relies on the isolation of small
intestinal crypts and small intestinal myofibroblasts and putting these two cell types together
in one culture. The 3D crypt culture method is a physiologically relevant method as can be
seen by the cellular heterogeneity observed within cultured crypts (Fig. 4 B) and
preservation of ISCs as it was previously shown (Sato et al. 2009, Pastula et al. 2016).
Established the 3D co-culture system can be utilized not only to study the cross-talk
between the myofibroblasts and epithelial crypt cells, but has many other potential
applications. Firstly, the method could be used to study the interactions between cancer
cells and stromal cells that are derived not only from the gut, but also from other organs e.g.
from pancreas, since pancreatic cancer is characterized by very strong desmoplastic
reaction (Yen et al. 2002, Neesse et al. 2011); esophagus and stomach. Moreover,
fibroblasts contribute to the pre-metastatic niche, thus enabling tumor cell colonization
(Quail and Joyce 2013), however precise mechanisms are not known and this could be
investigated using the 3D co-culture system that is described above. Furthermore, both
fibroblasts (Silzle et al. 2004, Owens and Simmons 2013) and intestinal epithelium (Cario
and Podolsky 2000, Cario et al. 2000, Abreu 2010) can regulate immune reaction, however
this phenomenon is still largely unknown. Therefore, it would be interesting to examine it
using the described 3D co-culture system. Additionally, fibroblasts are one of the cellular
mediators of fibrosis (Kendall and Feghali-Bostwick 2014) that can arise almost in every
organ (Wynn and Ramalingam 2012), therefore the described 3D system could serve as a

model to study pathogenesis and drug screening for fibrotic diseases.
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Besides, intestinal organoids could be used as a tool to assess toxicity of anti-
cancer therapeutics. Gl complications are the most common side effects of cancer
treatment and contribute to both poor life quality and reduced survival (Andreyev et al.
2012). Integration of organoids to pharmacology studies could contribute to the
development of anti-cancer drugs that are both efficient for the elimination of cancer cells
and have fewer side effects on the Gl tract. In addition, the described 3D method represents
promising potential tool to study pathogenesis of coeliac disease, an autoimmune disease
that involves inflammation and gluten-induced alterations in the small intestinal crypts (Caja
et al. 2011).

In the future further improvements of the described 3D model are needed. Intestinal
stem cell niche in vivo is characterized by a gradient of growth factors (Kosinski et al. 2007),
which results in the activation of crucial signaling pathways only in certain cell types. In
order to implement such gradient for in vitro studies application of multilayer 3D culture

models (Ootani et al. 2009, Kalabis et al. 2012, Pastula et al. 2016) seems to be necessary.

2. Myofibroblasts promote poorly differentiated fetal-like and tumor-

like phenotype in Sl organoid culture

2.1. Myofibroblasts promote tumor-like spheroids

The myofibroblast-crypt co-culture revealed induction of the epithelial spheroids by
the myofibroblast-derived soluble factors. On one hand these spheroids were poorly
differentiated, and thus they might represent the stem cell zone, which is located close to
the crypt bottom and is enriched for signals that prevent differentiation of the ISCs. On the
other hand, since spheroids contained proliferating cells, they could also mimic the
proliferation zone of the intestinal crypt in vivo. Moreover, spheroids in the co-culture seem
to resemble cystic structures that were identified both in mice overexpressing Noggin and
patients with juvenile polyposis (JP) (Haramis et al. 2004). Since patients with JP are at
higher risk for the development of colorectal cancer (Brosens et al. 2007), it could be that
such cystic structures in vivo and spheroids in vitro represent tumor-initiation phenotype.
This view could be supported by the fact that wt spheroids from the co-culture
morphologically resembled the SI adenoma organoids derived from Apc*/18%N mice as it is
shown in this study and the SI adenoma organoids derived from ApcM" mice that were
previously characterized by Farrrall and colleagues (Farrall et al. 2012a). Besides, crypts in

the co-culture exhibited a tumor-like transcriptional program, and similarly to the adenoma

80



organoids, contained decreased number of Goblet cells and had increased expression of
Cd44, which is a marker of cancer stem cells. Altogether this suggests that myofibroblasts
can contribute to very early stages of tumor development. Furthermore, this study provides
the data suggesting that there might be a link between the normal stem cell niche and the

tumor niche.

2.2. Myofibroblasts promote fetal-like spheroids

Since long time it has been known that there are similarities between embryonic
tissues and tumor. Several molecules that are expressed during development are then re-
expressed or overexpressed in cancer. During the development, which is a stage during life
of an organism when the organs are shaping, the tissues are enriched for the
undifferentiated cell types. Whereas cancer is very often associated with poor or abnormal
differentiation, and mechanistically believed to be fueled by poorly differentiated

subpopulation of tumor cells that is known as cancer stem cells.

Surprisingly, in this study adult SI crypts from the co-culture morphologically
resembled not only the SI adenoma organoids derived from Apc*'8®N tumors, but also
poorly differentiated spheroids derived from murine fetal intestine described by Mustata and
colleagues (Mustata et al. 2013). Interestingly, those fetal spheroids are immortal. In
contrast, spheroids from the co-culture were transiently induced - without R-Spondin,
Noggin and EGF they could be maintained in vitro only for few days; whereas in the
presence of R-Spondin, Noggin and EGF such spheroids from the co-culture converted into
normal budding organoids (not shown). From the morphological point of view spheroids
from the co-culture resemble the best the Sl cultures derived from a 16-day embryo that
were shown to contain about 55-60% spheroids (Mustata et al. 2013). Besides morphology,
crypts from the co-culture exhibited similarity to the fetal spheroids on the transcriptomic
level as can be seen by low expression of Lgr5, Axin2 and Muc2, and increased expression
of Cd44 and Ctgf (Mustata et al. 2013). Altogether, this suggests that myofibroblasts are
able to convert adult SI organoids into primitive fetal-like spheroids. By inducing a fetal-like
phenotype in the intestinal crypts, myofibroblasts could provide some signals that are crucial
during the development and that are one hand important for stem cell maintenance in
adulthood, but on the other hand might be promoting tumor growth depending on the tissue
context. Thus, one could speculate that normal adult myofibroblasts have abilities to
promote tumor initiation in the epithelial cells, however the precise molecular mechanism

needs to be elucidated.
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3. Which mechanisms regulate stromal-epithelial cross-talk in the

intestinal stem cell niche in vitro?

Interactions in the niche might be either cell-contact-dependent or cell-contact-
independent (Yamashita et al. 2005, Ottone et al. 2014). For example Knuchel and
colleagues showed that the communication between fibroblasts and colorectal cancer cells,
which resulted in the migration and invasion of cancer cells, is mediated by cell-contact-
dependent mechanism involving integrins (Knuchel et al. 2015). In this work induction of
spheroids by myofibroblasts did not require direct contact of myofibroblasts with crypts,
which suggests that the heterotypic interactions in this system are mediated by a paracrine

signaling.

3.1. Regulation of crypt growth by the stromal cells in vitro might be
mediated by other mechanism than canonical Wnt

Whnt pathway is a signaling pathway that is essential for the ISCs (Fevr et al. 2007)
and can be induced via a paracrine mechanism. Recent study of Sato and colleagues
suggested that Wnts in the intestinal stem cell niche can be provided by Paneth cells (Sato
et al. 2011), however small intestinal crypts cultured in vitro cannot be maintained without
the addition of external R-Spondin that potentiates Wnt signaling (Ruffner et al. 2012), which
led us to speculate that Paneth cells might provide very low levels Wnts and that crypts
require some more niche factors that are produced by another niche cell such as a
pericryptal myofibroblast. Endogenous activation of Wnt by inactivation of APC is enough
to induce intestinal spheroids in vitro as it can be seen in this study and as it was shown by
the others (Farrall et al. 2012a). Additionally, retroviral transduction of Wnt3A/A organoids
with constructs encoding for Wnt ligands results in appearance of spheroids (Farin et al.
2012). Therefore, we hypothesized that SI myofibroblasts produce Wnts and thus induce
spheroids in the Sl culture. However, blockade of Wnt secretion in SI myofibroblasts did not
the abrogate spheroid formation (Fig. 16). These results are consistent with the study of
Roman and colleagues, in which ablation of porcupine in subepithelial myofibroblasts did
not have significant impact on the crypt phenotype in vivo (San Roman et al. 2014). It cannot
be ruled out that in this study myofibroblasts induce spheroids by a mechanism that involves
non-canonical Wnt signaling e.g. by induction of calcium pathway that is one of the signal
transduction pathway of the alternative Wnt signaling (Kuhl et al. 2000, Eisenmann 2005).

This could be supported by the fact that molecules associated with calcium signaling were
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found among upregulated genes in Sl organoids from the co-culture (Table S1.1), as well
as among upregulated protein candidates in the supernatant from the co-culture (Fig. 17
A).

3.2. Collagen modulates the phenotype of Sl crypts

ECM is a crucial component of the stem cell niche (Scadden 2006, Morrison and
Spradling 2008, Voog and Jones 2010). ECM controls cell shape that is influencing stem
cell differentiation (Guilak et al. 2009). Besides its role as a stem cell niche, ECM is known
to play crucial role in the tumor niche (Lu et al. 2012), where biomechanical properties of
ECM are altered and the mechanisms regulating ECM dynamics are disrupted. Mass
spectrometry analysis revealed that many ECM proteins were upregulated in the
supernatant from crypt-myofibroblast co-culture. This study points to the role of collagen
type | as a regulator of crypt phenotype, and collagen type | is likely provided to the crypts
by the myofibroblasts. Culture of crypts in a matrix with increased percentage of collagen
reduced budding of the crypts, which could be explained by the fact that collagen increases
the stiffness (Kass et al. 2007), and is consistent with the study of Jabaji and colleagues
(Jabaiji et al. 2014). Interestingly, addition of myofibroblasts to such culture further reduced
the number of buds (Fig. 19 C), which for example could be explained by the fact that
myofibroblasts are known to produce collagen type | (lvarsson et al. 1998). Although
collagen type | seems to promote round shape of crypts, alone it is not enough to induce

spheroids that are containing a large lumen.

3.3. Thrombospondin is not involved in myofibroblast-crypt interactions in
3D culture system

Despite the fact that THBS is expressed in the intestinal stem cell niche in vivo as
it was shown by other authors (Gutierrez et al. 2003), and it was upregulated in the
supernatant from the co-culture, no effect of this molecule on the Sl crypts in vitro either in
the monoculture or in the co-culture was found. Since THBS can be expressed not only by
the fibroblasts, but also by the epithelial cells (Watnick et al. 2015), it is possible that in the
stromal-epithelial cross-talk in the intestinal stem cell niche THBS has an impact on the
fibroblasts. Given that THBS is known to induce proliferation of fibroblasts (Phan et al.
1989), it could be that in the crypt-myofibroblast co-culture THBS is secreted from the
epithelial cells and induces proliferation of the fibroblasts, however this remains to be
investigated in the future.
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3.4. TGF-B is a potential mediator of stromal-epithelial interactions in the
reconstructed 3D niche

Although the role of TGF- in tumor progression has been extensively studied, the
regulation of stem cells by TGF-f3 remains largely unknown. In an elegant study by Oshimori
and Fuchs it was shown that TGF-f3 counteracts differentiation signals in hair follicles (HF),
and is therefore needed for the HF stem cell activation (Oshimori and Fuchs 2012). This,
and upregulation of TGFBI in the supernatant from the myofibroblast-crypt co-culture led us
to hypothesize that TGF-f could be an important factor for the activation of ISCs.

RT-PCR revealed expression of TGF-1 in both Sl crypts and S| myofibroblasts in
vitro that may suggest that TGF-§ acts through both autocrine and paracrine mechanisms.
Blockade of the responsiveness to TGF-f3 in the in vitro reconstructed intestinal stem cell
niche by small molecule inhibitor (LY2109761) resulted in decreased spheroid percentage
and spheroid diameter, thus TGF- can be an important regulator of the stem cells in the
intestine. Interestingly, in the gut TGF-31 gradient is present, with the lower expression of
TGF-B in the crypts and higher in villus compartment (Pelton et al. 1991). Therefore, further
studies should address the impact of TGF-B on different epithelial cell types in the intestine
such as ISCs and differentiated cell types.

Additionally, another important factor to consider is that the inactivation of the TGF-
B receptor type l/ll in in vitro reconstructed intestinal stem cell niche involves the inhibition
of those receptors in both epithelial and stromal cells. Therefore, it is not known whether
the observed effect on spheroids is a result of the inhibition of the TGF-3 receptor type I/lI
in the crypts or in myofibroblasts. We hypothesize that myofibroblasts secrete TGF-B that
binds to the TGF-3 receptor type I/ll on the crypts and thus activate TGF-f signaling in the
crypts. Nevertheless, after taking into account the fact that TGF-f signaling in fibroblasts
has impact on the adjacent epithelium in prostate and forestomach (Bhowmick et al. 2004),
it cannot be excluded that the observed effect on spheroids comes from the inhibition of
TGF-B signaling in myofibroblasts. In the future co-culture experiments with myofibroblasts
isolated from the mice with conditional loss of TGF- receptor type Il in cells expressing a-
SMA could decipher it.

Besides TGFBI, some other molecules were found in the data from mass
spectrometry to be associated with TGF-B pathway that might highlight the importance of
this pathway in epithelial-mesenchymal cross-talk in the intestinal stem cell niche. It is worth
to add that Ctgf (that was found to be upregulated in the supernatant from the co-culture)
can inhibit BMP (and thus acts as anti-differentiation factor), and enhance TGF-f3 signal by
direct binding to TGF-B1 through its cysteine-rich domain (Abreu et al. 2002). Therefore, in

the future it would be also interesting to examine the impact of simultaneous treatment of
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S| organoids with Ctgf and TGF-B1, and perform western blotting to evaluate the levels of

the members of the Smad family.

4. Conclusions

In conclusion, this study shows that exposure to stromal cells changes gene
expression profile, cellular proliferation and differentiation, promotes self-renewal, and
possibly alters metabolism in the intestinal epithelium. Moreover, phenotypic alterations
induced in the intestinal epithelium by stromal cells were reminiscent of fetal and tumor
phenotype, thus, on one hand myofibroblasts seem to support normal stem cells, but on the
other hand myofibroblasts seem to exhibit tumorigenic abilities, which might suggest that
under certain conditions (e.g. tumor-permissive environment or accumulation of somatic
mutations in epithelium) myofibroblasts can increase the probability for malignant
transformation. These findings point to the epithelial plasticity and emphasize the
importance of stromal cells in the regulation of epithelial cell biology, thus highlighting the
necessity to include stromal component in cellular models of tumor biology and drug
discovery. Furthermore, better understanding of the similarities and differences between
the normal stem cell niche and the tumor niche has implications to specifically target in the

future the tumor niche in patients with cancer.
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Il Organoids as a potential tool for personalized cancer

medicine

1. Establishment of human organoid culture from Barrett’s Esophagus

and esophageal adenocarcinoma biopsies

Recently, organoid cultures have played an important role not only in basic
research, but also human organoids have been generated that could be used for
translational research and as potential tools in the clinic. Here, the establishment of human
organoids from BE and EAC biopsies was an aim. Preliminary results showed that for the
BE biopsies success rate of organoid culture was 57.1 %, that is much higher than for tumor
PDXs - success rate for the establishment of a xenograft is variable (depends on tumor
type) and was reported to be in a range <20%-47% (Morton and Houghton 2007). Besides,
human organoids seem to be superior to PDXs in context of the time needed for the
establishment, which for PDXs is 1-4 months (Morton and Houghton 2007), whereas for
human organoids only 1-2 weeks, as can be seen in Fig. 21 A, similarly to murine organoids
(Pastula and Quante 2014). Another limitation of PDXs is that they do not fully reflect tumor
cell-microenvironment interactions, because in these models adaptive immune system is
not fully functional. In addition, in PDX models human cancer cells interact with mouse
stroma e.g. mouse fibroblasts. In contrast, for the organoid cultures both stromal cells and
epithelial cells from the same species can be combined in one culture system as can be

seen in Fig. 7 A.

Preliminary data revealed that the success rate for the establishment of BE
organoids was higher than for the EAC organoids. There can be many factors that contribute
to these differences. One aspect, which should be mentioned is the heterogeneity among
the biopsies in terms of the stiffness, which was observed to be higher for EAC biopsies
(unpublished observation), as well as intensity of color that might indicate variable amount
of red blood cells (RBC) among the biopsies (unpublished observation). Here, we would
like to speculate that factors that contribute to the differences between BE and EAC biopsies
can be divided into cellular and non-cellular factors. The first ones would rely on the cellular
composition of the biopsy in either quantitative way (total number of epithelial cells in one
biopsy) or qualitative (differences between the types of stromal cells), or both. To the non-
cellular factors tissue scaffolding could be included — composition of the extracellular matrix

and its alterations are known to contribute to the tissue stiffness (Paszek et al. 2005) and
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regulate access of certain growth factors (Bosman and Stamenkovic 2003). Taking into
account these speculations it seems to be reasonable to conclude that further optimization
of the protocol for isolation and culturing of EAC organoids from human biopsy is needed.
On one hand, it is possible that the digestion of the EAC tissue during the isolation
procedure requires either more time or different composition of the digestion buffer,
especially given that the stiffness of EAC biopsies seem to increased when compared to
BE biopsies. On the other hand, it could be that EAC-derived cultures require some
additional growth factors or inhibitors of cellular differentiation for the cultivation. It could be
that EAC cells are dependent in vivo on paracrine signals provided by immune cells that
are present at tumor site and maintain chronic inflammation. Therefore, screening of growth
factors to find optimal culture conditions might be necessary. Interestingly, cardia murine
organoids derived from tumor lesions from a mouse model of Barrett-like metaplasia and
EAC (Quante et al. 2012b) can be maintained in vitro only short-term (unpublished
observation). Since usually murine-derived cultures are much easier to establish than
human-derived cultures, it seems that culturing cardia tumor cells is not fully optimized and
in the future those missing signals should be discovered. Last, but not least increasing the
number of biopsies for epithelial cell isolation from one to three biopsies might result in

improved success rate of human-derived organoid cultures.

After the optimizations aimed at improvement of the success rate of EAC-derived
organoids, in future BE and EAC organoids should be tested for their cellular purity e.g. by
RT-PCR or stainings for epithelial and mesenchymal markers, similarly to the approach
used for the intestinal murine organoids as can be seen in Fig. 3 B and Fig. 4. Moreover,
next generation sequencing of BE and EAC organoids (Fig. 22) is planned to be performed
to identify new driver mutations in EAC. Discovery of new mutations in EAC can contribute

to better understanding of disease and development of new targets for targeted therapy.

After characterization and standardization, BE/EAC human-derived organoids
could be used in the clinic. There are many potential clinical applications of this type of
culture (Fig. 22). Firstly, BE/EAC organoids can be used for genetic testing or whole
genome sequencing to enable early diagnosis of cancer and define the patients” subsets.
Secondly, patient’s own organoids can be applied to predict response to drugs and thus
organoids may enable the selection of the best possible treatment to a particular patient
and spare the patient from unnecessary drug toxicity. Thirdly, organoids from BE/EAC
biopsies could be used to define markers for the progression of BE to EAC. Finally, the
established protocols for BE/EAC-organoids can create basis for the generation of the first
BE/EAC-organoid BioBank that could become a platform for sharing the material for the

scientists from different institutions. To summarize, organoids are promising cellular models
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for basic as well as translational research and possibly future tools in oncology. In the future,
human-derived organoids can be used as diagnostic and predictive factors, and thus
become a part of a daily clinical practice, representing at the same time an important tool

for personalized cancer medicine or even P4 medicine.

|
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Fig. 22. Proposed scheme of the application of human-derived organoids in personalized cancer

medicine. Biopsy is taken from Barrett’s Esophagus/ esophageal adenocarcinoma (BE/ EAC) patient
and epithelial cells are immediately isolated, and cultured in the form of organoids for 5-7 days. Then
organoids are harvested for the isolation of genomic DNA and the next generation sequencing (NGS)
is performed. Based on the results from the NGS, diagnosis is made and proper targeted therapy is

adjusted to the patient.

88



Summary

Stem cells are present in many organs of an adult organism where they are
responsible for the maintenance of tissues and regeneration during injury. Adult stem cells
exist within highly specialized microenvironments that are known as the stem cell niches.
One of the tissues with the highest cell turnover is the intestinal epithelium. Epithelial cell
replacement in the intestine is driven by the intestinal stem cells (ISC) that are localized to
the crypt bottom. Although the biology of ISC has been extensively investigated, there is
little known about the regulation of ISC by their niche. Recently, Paneth cells have been
shown to contribute to the epithelial niche in the intestine, however further studies with the
ablation of Paneth cells in vivo have demonstrated that in the absence of Paneth cells crypt
architecture remains unchanged, thus suggesting the existence of other niche cells such as
pericryptal myofibroblasts. In order to investigate the role of myofibroblasts as a stem cell
niche, and to address whether myofibroblasts can contribute to tumor initiation, firstly we
aimed to establish several three-dimensional (3D) tools to co-culture murine small intestinal
(S1) crypts together with murine SI myofibroblasts. Then, the interactions between Sl crypts
and S| myofibroblasts were studied by clonogenicity assay, morphological analyses of
crypts cultured in organoid culture system in the presence of S| myofibroblasts, gene
expression analysis, immunohistochemistry and Periodic acid—Schiff (PAS) stainings,

inhibitor experiments, and mass spectrometry-based proteomic profiling.

Clonogenicity assay revealed that organoid formation efficiency was increased by 3-
fold in the presence of myofibroblasts, suggesting that SI myofibroblasts enhance self-
renewal, which could be further supported by the fact that SI myofibroblasts expressed
inhibitors of bone morphogenetic proteins (BMPs) such Grem1, Grem2 and Fstl3. In
addition to that, the direct co-culture of Sl crypts with the myofibroblasts demonstrated that
in combination with myofibroblasts about 50% of crypts formed round spheroids, which had
a thin epithelial cell layer and a large lumen, and exhibited loss of polarity (described as
spheroids). In contrast, in the crypt monoculture only about 5% of crypts exhibited a
spheroid phenotype. This phenomenon was observed in culture conditions with and without
R-Spondin, EGF and Noggin. Furthermore, induction of spheroids was recapitulated when
either the indirect co-culture or crypt treatment with myofibroblast conditioned media was
performed, thus suggesting that myofibroblast-derived soluble factors trigger the spheroid
formation. Interestingly, spheroids were induced in crypt culture not only by the murine SI
myofibroblasts, but also by murine colon myofibroblasts, human cardia myofibroblasts or

murine gastric carcinoma associated myofibroblasts.

Excitingly, spheroids from the co-culture shared many features with the organoids

derived from S| Apc*/'638N tumors such as round shape, reduced number of PAS+ cells,
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downregulation of genes associated with cellular metabolism, and upregulation of genes
associated with cell cycle in the absence of R-Spondin, EGF and Noggin. Besides that,
gene expression profiling by microarray revealed that 75% of upregulated genes and 86%
of downregulated genes in the transcriptome of the organoids from the co-culture
overlapped with the differentially expressed genes in the tumor organoids. However,
although in the tumor organoids almost one third of the upregulated genes represented the
Intestinal Wnt/TCF Signature, in striking contrast in the co-culture only 4% of the
upregulated genes overlapped with the Intestinal Wnt/TCF Signature. Co-culture studies, in
which Wnt secretion was blocked in the myofibroblasts by treatment with either IWP-2 or
C59 demonstrated that spheroid formation could be mediated by mechanisms other than
canonical Wnt signaling. Proteomic analysis of the conditioned medium from the co-culture
pointed to the potential role of TGF-B signaling. The blockade of TGF-B receptors by
LY2109761 resulted in a reduced number of spheroids, from 43% to 7%, and a decrease

of spheroid diameter from 236 um to 145 ym.

To summarize, the data from above demonstrate that the intestinal epithelium is
characterized by enormous plasticity and is vulnerable to influences from the
microenvironment. This study shows that besides acting as a cellular component of stem
cell niche, the myofibroblasts are capable of inducing tumor-initiation program in the
intestinal epithelium independently of direct cell contact and canonical Wnt signaling. This
study thus extends current knowledge on the role of myofibroblasts in tumor development.
Moreover, the 3D epithelium-stroma co-culture system described here lays the foundation

for cancer drug testing studies.

In the second part of the project, which had translational character, human-derived
organoid cultures from Barrett’s Esophagus (BE) (n = 4) and esophageal adenocarcinoma
biopsies (n = 1) were established. In the future these cultures might be used in the clinics a
as a tool for personalized, preventive, predictive and participatory (P4) medicine. In addition,

established protocol provides basis for initiating the first BE/EAC organoid BioBank.
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Appendix 1, Transcriptomics

Table S1.1. Significantly upregulated genes (fold change = 1.5, adjusted p value < 0.05) in small

intestinal organoids from the co-culture (when compared to the monoculture).

Symbol Description Fold change (logFC) Adjusted P Value
Serpinb9b serine (or cysteine) peptidase inhibitor, clade B, member 9b 35 0,021
Krt4 keratin 4 35 0,000
Nid1 nidogen 1 34 0,002
Ly6g lymphocyte antigen 6 complex, locus G 33 0,002
Ccnd1 cyclin D1 33 0,000
Dpcr1 diffuse panbronchiolitis critical region 1 (human) 3,2 0,000
Isx intestine specific homeobox 32 0,001
P2rx2 purinergic receptor P2X, ligand-gated ion channel, 2 32 0,000
Dynap dynactin associated protein 32 0,005
Krt80 keratin 80 32 0,000
Gjb4 gap junction protein, beta 4 31 0,000
Nid1 nidogen 1 31 0,000
Psca prostate stem cell antigen 3,0 0,000
Slc25a48 solute carrier family 25, member 48 3,0 0,000
S100a7a S$100 calcium binding protein A7A 3,0 0,009
Ly6a lymphocyte antigen 6 complex, locus A 3,0 0,049
Mal myelin and lymphocyte protein, T cell differentiation protein 29 0,000
Msin mesothelin 29 0,001
Ano1 anoctamin 1, calcium activated chloride channel 29 0,011
Mtap methylthioadenosine phosphorylase 28 0,000
Cgnl1 cingulin-like 1 28 0,000
Cep55 centrosomal protein 55 2,7 0,015
Anxa8 annexin A8 2,7 0,001
Pbp2 phosphatidylethanolamine binding protein 2 2,7 0,001
Ajuba ajuba LIM protein 2,7 0,002
Samd5 sterile alpha motif domain containing 5 26 0,000
Clca4 chloride channel calcium activated 4 2,6 0,003
Clic3 chloride intracellular channel 3 2,6 0,000
Clca6 chloride channel calcium activated 6 2,6 0,004
Ehd2 EH-domain containing 2 2,5 0,000
Gent1 glucosaminyl (N-acetyl) transferase 1, core 2 25 0,000
Adam8 a disintegrin and metallopeptidase domain 8 2,5 0,004
Plat plasminogen activator, tissue 25 0,001
Gm14137 predicted gene 14137 25 0,006
Anin anillin, actin binding protein 25 0,035
Flna filamin, alpha 25 0,000
2010109/03Rik RIKEN cDNA 2010109103 gene 24 0,002
Rbpms RNA binding protein gene with multiple splicing 24 0,008
Cend2 cyclin D2 24 0,000
Mcm3 minichromosome maintenance deficient 3 (S. cerevisiae) 24 0,017
Anxa3 annexin A3 24 0,002
Prkcdbp protein kinase C, delta binding protein 24 0,023
Fabp5 fatty acid binding protein 5, epidermal 24 0,001
Tead4 TEA domain family member 4 24 0,000
Mir1945 microRNA 1945 23 0,006
Phldb2 pleckstrin homology-like domain, family B, member 2 23 0,000
Vgli3 vestigial like 3 (Drosophila) 23 0,000
Mybl2 myeloblastosis oncogene-like 2 23 0,006
Mcc mutated in colorectal cancers 23 0,008
Nes1 neuronal calcium sensor 1 2,2 0,003
1133 interleukin 33 2,2 0,001
Epn3 epsin 3 2,2 0,000
Ptpn14 protein tyrosine phosphatase, non-receptor type 14 2,2 0,000
Amotl1 angiomotin-like 1 2,2 0,001
Fcho1 FCH domain only 1 2.2 0,002
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Symbol Description Fold change (logFC) Adjusted P Value

Fgd3 FYVE, RhoGEF and PH domain containing 3 2,2 0,000
Cdk6é cyclin-dependent kinase 6 2,2 0,001
Rrm2 ribonucleotide reductase M2 2,2 0,027
Tromé transient receptor potential cation channel, subfamily M, member 6 2,2 0,013
Capn2 calpain 2 2,2 0,000
Arhgap29 Rho GTPase activating protein 29 21 0,001
Rpp25 ribonuclease P/IMRP 25 subunit 21 0,002
Ska2 spindle and kinetochore associated complex subunit 2 21 0,001
Map6 microtubule-associated protein 6 21 0,013
Atpiia ATPase, class VI, type 11A 21 0,003
Rbms1 RNA binding motif, single stranded interacting protein 1 21 0,000
A630038E17Rik RIKEN cDNA A630038E17 gene 2,0 0,007
Gm19765 predicted gene, 19765 2,0 0,010
Lama3 laminin, alpha 3 2,0 0,001
Sh3pxd2b SH3 and PX domains 2B 2,0 0,000
Mcm2 minichromosome maintenance deficient 2 mitotin (S. cerevisiae) 2,0 0,024
Elk3 ELK3, member of ETS oncogene family 2,0 0,002
Nrda1 nuclear receptor subfamily 4, group A, member 1 2,0 0,001
Slc10a2 solute carrier family 10, member 2 2,0 0,008
Tep1111 t-complex 11 like 1 2,0 0,001
Zfp185 zinc finger protein 185 2,0 0,000
Lamc2 laminin, gamma 2 2,0 0,013
Wwe2 WW, C2 and coiled-coil domain containing 2 2,0 0,002
Anxa1l annexin A1 2,0 0,000
Ppat phosphoribosyl pyrophosphate amidotransferase 1,9 0,003
Plaur plasminogen activator, urokinase receptor 1,9 0,001
Clef1 cardiotrophin-like cytokine factor 1 1.9 0,001
Tubb5 tubulin, beta 5 class | 1.9 0,000
Syt16 synaptotagmin XVI 1,9 0,001
Espl1 extra spindle poles-like 1 (S. cerevisiae) 1.9 0,025
Dusp9 dual specificity phosphatase 9 1.9 0,029
Serpinb5 serine (or cysteine) peptidase inhibitor, clade B, member 5 19 0,001
Gprcba G protein-coupled receptor, family C, group 5, member A 19 0,004
F3 coagulation factor IlI 1.9 0,043
Bmp8b bone morphogenetic protein 8b 1.9 0,002
Gml GPI anchored molecule like protein 1.9 0,008
Slc35¢4 solute carrier family 35, member E4 1.9 0,000
Arhgap40 Rho GTPase activating protein 40 1.9 0,009
Mapk11 mitogen-activated protein kinase 11 1,9 0,004
Sh3bp4 SH3-domain binding protein 4 1.9 0,011
Tmem40 transmembrane protein 40 1.8 0,008
Agpat4 1-acylglycerol-3-phosphate O-acyltransferase 4 (lysophosphatidic acid acyltransferase, delta) 1.8 0,002
Emp2 epithelial membrane protein 2 1.8 0,000
Tinagl1 tubulointerstitial nephritis antigen-like 1 1.8 0,011
Cd276 CD276 antigen 1,8 0,006
Far1 fatty acyl CoA reductase 1 1,8 0,000
Cwh43 cell wall biogenesis 43 C-terminal homolog (S. cerevisiae) 1.8 0,003
Omp olfactory marker protein 1,8 0,004
Tspan6 tetraspanin 6 1.8 0,001
17re interleukin 17 receptor E 1.8 0,000
Pmepa1 prostate transmembrane protein, androgen induced 1 1.8 0,008
Myc myelocytomatosis oncogene 1.8 0,006
Dctd dCMP deaminase 1.8 0,006
Thbs1 thrombospondin 1 1.8 0,037
Camk1 calcium/calmodulin-dependent protein kinase | 1.8 0,000
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Symbol Description Fold change (logFC) Adjusted P Value

Lynx1 Ly6/neurotoxin 1 1.8 0,001
Suox sulfite oxidase 1.8 0,013
Lama5 laminin, alpha 5 1.8 0,015
Myo1c myosin IC 1.8 0,001
Abcc4 ATP-binding cassette, sub-family C (CFTR/MRP), member 4 1,8 0,007
Chst11 carbohydrate sulfotransferase 11 1.8 0,000
Myo5a myosin VA 1,8 0,024
Edn1 endothelin 1 1.8 0,023
Hk2 hexokinase 2 1.8 0,001
Rrm1 ribonucleotide reductase M1 1,7 0,000
Glipr2 GLI pathogenesis-related 2 1,7 0,004
Reg4 regenerating islet-derived family, member 4 1,7 0,001
Tin2 talin 2 1.7 0,001
Prrg4 proline rich Gla (G-carboxyglutamic acid) 4 (transmembrane) 1.7 0,004
Cyré61 cysteine rich protein 61 1.7 0,002
Gmb5622 predicted gene 5622 1.7 0,027
Rmp1b ribosomal RNA processing 1 homolog B (S. cerevisiae) 1.7 0,002
Tubb5 tubulin, beta 5 class | 1.7 0,001
Adamts15 a disintegrin-like and metallopeptidase (reprolysin type) with thrombospondin type 1 motif, 15 1.7 0,008
Cd44 CD44 antigen 17 0,001
Trex2 three prime repair exonuclease 2 1.7 0,012
Slc17a9 solute carrier family 17, member 9 1.7 0,016
Plac9a placenta specific 9a 1,7 0,003
Plac9a placenta specific 9a 1.7 0,003
Dok2 docking protein 2 1,7 0,008
Ecscr endothelial cell surface expressed chemotaxis and apoptosis regulator 1,7 0,031
Fabp5 fatty acid binding protein 5, epidermal 1,7 0,000
Ctgf connective tissue growth factor 1,7 0,038
Crip2 cysteine rich protein 2 1,6 0,009
Ctps cytidine 5'-triphosphate synthase 1.6 0,000
Nm interleukin 1 receptor antagonist 1,6 0,016
Slc7a6 solute carrier family 7 (cationic amino acid transporter, y+ system), member 6 1.6 0,001
Nap1I1 nucleosome assembly protein 1-like 1 1.6 0,000
Sic9a4 solute carrier family 9 (sodium/hydrogen exchanger), member 4 1,6 0,007
Chaf1b chromatin assembly factor 1, subunit B (p60) 1,6 0,013
Arhgap19 Rho GTPase activating protein 19 1.6 0,042
ldr1 immunoglobulin-like domain containing receptor 1 1.6 0,034
Plk4 polo-like kinase 4 1.6 0,047
Egfr epidermal growth factor receptor 1.6 0,004
Hspatb heat shock protein 1B 1.6 0,002
Mboat1 membrane bound O-acyltransferase domain containing 1 1.6 0,007
Al506816 expressed sequence AlI506816 1,6 0,009
S100a3 S$100 calcium binding protein A3 1,6 0,002
Peart platelet endothelial aggregation receptor 1 1,6 0,000
E130012A19Rik RIKEN cDNA E130012A19 gene 16 0,005
Capn13 calpain 13 1,6 0,002
Tubatb tubulin, alpha 1B 1,6 0,015
Gjb3 gap junction protein, beta 3 1,6 0,021
Umps uridine monophosphate synthetase 1,6 0,001
Jdp2 Jun dimerization protein 2 1,6 0,037
Agps alkylglycerone phosphate synthase 1,6 0,000
Grasp GRP1 (general receptor for phosphoinositides 1)-associated scaffold protein 1,6 0,004
Ctnnal1 catenin (cadherin associated protein), alpha-like 1 1.5 0,008
Srgap2 SLIT-ROBO Rho GTPase activating protein 2 1.5 0,001
Gem GTP binding protein (gene overexpressed in skeletal muscle) 1.5 0,001
Ahnak AHNAK nucleoprotein (desmoyokin) 1,5 0,047
Fam129a family with sequence similarity 129, member A 1.5 0,016
Bok BCL2-related ovarian killer protein 1.5 0,049
Timp2 tissue inhibitor of metalloproteinase 2 15 0,001
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Table S1.2.
Significantly downregulated genes (fold change < -1.5, adjusted p value < 0.05) in small intestinal

organoids from the co-culture (when compared to the monoculture).

Symbol Description Fold change (logFC) Adjusted P Value
Cyp1at cytochrome P450, family 1, subfamily a, polypeptide 1 -2,6 0,001
Ugt2b36 UDP glucuronosyltransferase 2 family, polypeptide B36 -2,3 0,016
Cyp2d13 cytochrome P450, family 2, subfamily d, polypeptide 13 -2,2 0,001
Cyp2c38 cytochrome P450, family 2, subfamily ¢, polypeptide 38 =21 0,005
Ces1d carboxylesterase 1D -2,0 0,017
Cyp2j5 cytochrome P450, family 2, subfamily j, polypeptide 5 -2,0 0,027
Sicsa11 solute carrier family 5 (sodium/glucose cotransporter), member 11 -2,0 0,009
Adh4 alcohol dehydrogenase 4 (class Il), pi polypeptide -1,9 0,021
Sic9a3 solute carrier family 9 (sodium/hydrogen exchanger), member 3 -1,9 0,007
Ugt2bs UDP glucuronosyltransferase 2 family, polypeptide B5 -1,9 0,027
Ccl25 chemokine (C-C motif) ligand 25 -1,9 0,002
Gpr155 G protein-coupled receptor 155 -1,9 0,006
Cyp2j9 cytochrome P450, family 2, subfamily j, polypeptide 9 -1,8 0,000
Dnase1 deoxyribonuclease | -1,8 0,002
Papin papilin, proteoglycan-like sulfated glycoprotein -1,8 0,005
Ces3a carboxylesterase 3A -1,8 0,001
Kit kit oncogene -1.8 0,001
Adh7 alcohol dehydrogenase 7 (class IV), mu or sigma polypeptide -1,8 0,024
Cestc carboxylesterase 1C -1,7 0,036
Ppargcia peroxisome proliferative activated receptor, gamma, coactivator 1 alpha -1,7 0,005
Ltcds leukotriene C4 synthase -1,6 0,011
Lrat lecithin-retinol acyltransferase (phosphatidylcholine-retinol-O-acyltransferase) -1,6 0,008
Sic27a2 solute carrier family 27 (fatty acid transporter), member 2 -1,6 0,023
Hmgces2 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 2 -1,6 0,006
Ces1b carboxylesterase 1B -1,6 0,013
0610008F07Rik  RIKEN cDNA 0610008F07 gene -1,6 0,002
Sord sorbitol dehydrogenase -1,6 0,023
Slc28at solute carrier family 28 (sodium-coupled nucleoside transporter), member 1 -1,6 0,025
Tert telomerase reverse transcriptase -1,6 0,002
Slc4ad solute carrier family 4, sodium bicarbonate cotransporter, member 5 -1,6 0,016
Dio1 deiodinase, iodothyronine, type | -1,6 0,036
Cyp2c68 cytochrome P450, family 2, subfamily ¢, polypeptide 68 -1,5 0,014
Kihi24 kelch-like 24 -1,5 0,034
D630039A03Rik RIKEN cDNA D630039A03 gene -1,5 0,040
Mfsd7¢c major facilitator superfamily domain containing 7C -1,5 0,010
Scarb1 scavenger receptor class B, member 1 -1,5 0,039
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Fig. $1.1. Focal adhesion pathway (KEGG).
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Fig. $1.3. Functional in silico analysis (DAVID/ KEGG) of significantly upregulated genes (fold
change = 1.5, adjusted p value < 0.05) in small intestinal organoids from the co-culture (when

compared to the monoculture).
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Fig. $1.4. Functional in silico analysis (DAVID/ KEGG) of significantly downregulated genes (fold
change < -1.5, adjusted p value < 0.05) in small intestinal organoids from the co-culture (when

compared to the monoculture).
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Fig. $1.5. Functional in silico analysis (DAVID/ KEGG) of upregulated genes (fold change = 1.5) that
overlapped between the adenoma organoids derived from tumors from Apc*/1638N mice and small
intestinal wild type organoids from the co-culture.
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Fig. $1.6. Functional in silico analysis (DAVID/ KEGG) of downregulated genes (fold change < -1.5)
that overlapped between the adenoma organoids derived from tumors from Apc*/1638N mice and small

intestinal wild type organoids from the co-culture.
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Table $1.3. Signaling pathway analysis (DAVID/ KEGG) of upregulated genes (fold change = 1.5)
that overlapped between the adenoma organoids derived from tumors from Apc*/1638N mice and small
intestinal wild type organoids from the co-culture.

Pathway Genes

p53 signaling pathway CCND1, CCND2, SERPINBS, RRM2, CDK6, THBS1
Cell cycle CCND1, CCND2, CDK6, ESPL1, MCM2, MCM3, MYC
Pyrimidine metabolism DCTD, UMPS, CTPS, RRM2, RRM1

Focal adhesion CCND1, CCND2, LAMAS, LAMC2, THBS1, FLNA
ECM-receptor interaction CD44, LAMAS, LAMC2, THBS1

Pathways in cancer CCND1, THBS1, MYC, CDK6, LAMAS, LAMC2

Jak-STAT signaling pathway CCND1, CLCF1, CCND2, MYC

Table S$1.4. Signaling pathway analysis (DAVID/ KEGG) of downregulated genes (fold change < -
1.5) that overlapped between the adenoma organoids derived from tumors from Apc*/138Nmice and
small intestinal wild type organoids from the co-culture.

Pathway Genes

Retinol metabolism LRAT, CYP1A1, ADH4, CYP2C68, UGT2B5, CYP2C38
Metabolism of xenobiotics by cytochrome P450CYP1A1, ADH4, CYP2C68, UGT2B5, CYP2C38
Arachidonic acid metabolism CYP2J5, CYP2J9, CYP2C68, LTC4S, CYP2C38
Linoleic acid metabolism CYP2J5, CYP2J9, CYP2C68, CYP2C38

'Drug metabolism ADH4, CYP2C68, UGT2B5, CYP2C38
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Table S1.5. List of upregulated genes (fold change = 1.5) that overlapped between the adenoma
organoids derived from tumors from Apc*/138Nmice and small intestinal wild type organoids from the

co-culture; and lists of genes that overlapped with the Intestinal TCF/Wnt Signature.

Overlapping genes

Upregulated genes in the co-culture |Abcc4, Adam8, Agps, Ai506816, Ajuba, Anin, Ano1, Anxa1, Anxa3, Anxa8,

vs upregulated genes in adenoma  |Arhgap19, Arhgap29, Arhgap40, Atp11A, Bok, Camk1, Ccnd1, Ccnd2, Cd276,
organoids Cd44, Cdk6, Cep55, Cgnl1, Chaf1B, Chst11, Cicf1, Clic3, Crip2, Ctgf, Ctps,
Cwh43, Cyr61, Dctd, Dok2, Dusp9, E130012A19Rik, Ecscr, Edn1, Ehd2, EIK3,
Emp2, Epn3, Espl1, F3, Fabp5, Fam129A, Far1, Fgd3, FIna, Gent1, Gjb3, Gjb4,
Glipr2, Gprc5A, Grasp, 117Re, 133, Jdp2, Krt4, Krt80, Lama5, Lamc2, Ly6A,
Lynx1, Mal, Map6, Mapk11, Mcc, Mcm2, Mcm3, Mir1945, Msin, Mtap, Mybl2,
Myc, Myo1C, Myo5A, Nap1L1, Ncs1, Nr4A1, Omp, Pbp2, Phidb2, Plaur, Plk4,
Pmepa1, Ppat, Prkcdbp, Prrg4, Psca, Ptpn14, Rbms1, Rbpms, Rpp25, Rrm1,
Rrm2, Rrp1B, S100A7A, Samd>5, Serpinb5, Serpinb9B, Sh3Bp4, Sh3Pxd2B,
Ska2, SIc25A48, SIc35E4, SIc7A6, SIc9A4, Srgap2, Syt16, Tcp11L1, Tead4,
Thbs1, Timp2, Tinagl1, Tmem40, Tspan6, Tuba1B, Tubb5, Umps, VglI3,
Wwc2, Zfp185

Downregulated genes in the co- Adh4, Ccl25, Ces1B, Ces1C, Ces1D, Ces3A, Cyp1A1, Cyp2C38, Cyp2C68,
culture vs downregulated genes in |Cyp2D13, Cyp2J5, Cyp2J9, D630039A03Rik, Dio1, Gpr155, Hmgcs2, Kit, Lrat,
adenoma organoids Ltc4S, Mfsd7C, Paplin, Ppargc1A, Scarb1, Slc27A2, SIc28A1, SIc4A5, SIc5A11,

SIc9A3, Sord, Tert, Ugt2B5

Upregulated genes in adenoma Aurkb, Bysl, Cad, Cd44, Cdca7, Cdk4, Cdkn3, Cdt1, Crtap, Ctps, Ddx20,
organoids vs intestinal Wnt/TCF Ddx21, Dkc1, Enc1, Foxg1, Gemin5, Heatr1, Mettl1, Mybbp1A, Myc, Nle1,
signature Noc3L, Phida1, Polr1B, Ppan, Ppil1, SIc29A2, SIc39A10, SIc7A5, Sox4, Sox9,
Srm, Tead4, Wdr12, Wdr3, Wdr74, Wdr77

Upregulated genes in the co-culture |Cd44, Ctps, Myc, Tead4, Trex2
vs intestinal Wnt/TCF signature
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Appendix 2, Proteomics

Table S2.1. Signaling pathway analysis (DAVID/ KEGG) of significantly upregulated protein

candidates in supernatant from the murine small intestinal (SI) myofibroblasts-murine Sl crypts co-

culture.

Pathway Genes

ECM-receptor interaction COL1A2, COL1A1, THBS1, SDC4, COL5A1
Focal adhesion COL1A2, COL1A1, THBS1, FLNC, COL5A1

Table S2.2. Signaling pathway analysis (DAVID/ KEGG) of significantly upregulated protein

candidates in supernatant from the human Barrett’s Esophagus myofibroblasts-murine Sl crypts co-

culture.

Pathway Genes

ECM-receptor interaction COL1A2, COL6A1, COL1A1, THBS1
Focal adhesion COL1A2, COL6A1, COL1A1, THBS1
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Fig. S$2.2. Unique peptide count of upregulated protein candidates (fold change = 1.5, p value < 0.05)
in the supernatant from the murine small intestinal (SI) myofibroblasts-murine SI crypts co-culture
when compared to the monoculture. The arrow marks thrombospondin 1 that was selected for the in

vitro validation.
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Fig. S2.3. Unique peptide count of significantly upregulated protein candidates (fold change = 1.5, p
value < 0.05) in the supernatant from the human Barrett’s Esophagus myofibroblasts-murine SI
crypts co-culture when compared to the monoculture. The arrow marks thrombospondin 1 that was

selected for the in vitro validation.
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Fig. S2.4. Confidence score of upregulated protein candidates (fold change = 1.5, p value < 0.05) in
the supernatant from the murine small intestinal (SI) myofibroblasts-murine Sl crypts co-culture when
compared to the monoculture. The arrow marks thrombospondin 1 that was selected for the in vitro

validation.
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Fig. S$2.5. Confidence score of significantly upregulated protein candidates (fold change = 1.5, p
value < 0.05) in the supernatant from the human Barrett’'s Esophagus myofibroblasts-murine Sl
crypts co-culture when compared to the monoculture. The arrow marks thrombospondin 1 that was

selected for the in vitro validation.
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