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INTRODUCTION

1.1 ADULT STEM CELLS

Stem cells (SCs) are the cells of origin of all the tissues in our body. Embryonic-SCs
(ESCs) conform the embryo and, as it grows, they differentiate towards specific fates,
restricting their potential. This exquisitely calibrated system enables the formation
of the distinct body organs, and relies on a strict hierarchy fueled by ESC division
(Zernicka-Goetz et al., 2009). This hierarchy is essential not only during development
but also for the proper maintenance of adult tissues, as most tissues require cell re-
placement and turnover for their well-functioning.

SCs found in mature organs are called Adult-SCs (ASCs). ASCs are located in spe-
cific niches in the body, maintained in an undifferentiated state yet they are already
committed to certain lineages within their resident organ or tissue, a property called
multipotency. ASCs are at the apex of the hierarchy, as their division ensures both the
maintenance of the stem cell pool and the generation of progenitor cells, their immedi-
ate descendants (Clevers, 2015). Progenitors are characterized by a high proliferation
rate and a more restricted lineage commitment, but do not retain the self-renewal
capacity. As they occupy their correspondent positions in the organs, they become
post-mitotic, fully differentiated cells. ASCs are thus in charge of maintaining tissue
homeostasis whereas differentiated cells ensure its well-functioning (Figure 1.1).
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1.1.1  Properties of adult stem cells

Stem cells must fulfill two properties in order to be considered as such:

* Self-renewal: ability to proliferate and give rise to a cell with identical proper-
ties.



* Multipotency: capacity to specify into more than one differentiation program,
which mainly codifies for specific proteins necessary for cell function, such as
enzyme production in the gastrointestinal tract. In contrast to the ESC, that are
able to give rise to all the embryonic layers (pluripotent), the ASC potential is
restricted to a specific tissue (multipotent).

These two properties do not imply that all ASCs behave identically in terms of pro-
liferation. The first described stem cells in adult body were the hematopoietic stem
cells (HSC), and they were found to be a pool of quiescent, seldom-dividing cells. In
the bone marrow, progenitor cells are the ones with highest proliferative burden (Till
et al., 1964). As this was the first system studied, corroborated preconceived ideas
such as that the stem cells should not replicate often in order to protect the genetic
material prevailed. For years, researchers had long been long trying to find other
cells with similar abilities. Instead, they found ASCs with a complete different be-
havior. For example, intestinal stem cells (ISCs) are highly proliferative, and capable
of renewing the whole intestinal epithelium in 5 days (Leblond and Messier, 1958).
Therefore, each tissue has different needs and thus different organization.

1.1.2  Division modes of adult stem cells

ASCs not only proliferate at different rates, but they may also replicate through dif-
ferent modes in each tissue. Self-renewal can be achieved by two different means
(Figure 1.2):

A Asymmetric division B Symmetric division Figure 1.2: Division modes of
adult stem cells. Asymmetric
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On one hand, upon division each ASC may give rise to an identical ASC and to a
progenitor daughter, in what is called asymmetrical division. This process often re-
quires unequal division of cell contents between daughter cells, as is the case of the
Numb protein in mouse muscular satellite cells. Numb is a Notch-1 inhibitor, the
inheritance of which allows the commitment of the daughter cell to the differenti-
ation path (Conboy and Rando, 2002). Additionally, asymmetric stem cell division
can be guided by microenvironment factors. The division of the ASC oriented in a
specific plane by the mitotic spindle leads to loss of contact of one of the cells with
the stem cell niche, inducing its differentiation. The daughter that remains in closer
contact with the niche is kept in a stem state. This process has been well studied in
Drosophila melanogaster germline cells (Yamashita et al., 2003).

On the other hand, self-renewal can be also achieved at the population level: each
ASC stochastically gives rise to two ASCs or two progenitor cells in a symmetrical
division fashion. By these means, the total number of ASCs remains constant as the



loss of one ASC is compensated by the division of another into two new ASCs. More-
over, symmetric division is a powerful tool to increase stem cell numbers both during
development and in response to tissue injury (Morrison and Kimble, 2006). For exam-
ple, following a brain stroke the mouse subventricular zone neurogenesis is increased
via symmetric cell division (Zhang et al., 2004).

In summary, we have to understand ASCs not as a single population but as particular
groups of cells best adapted to fulfill each tissue self-renewal needs. Importantly, their
behavior is not hardwired, but rather plastic and adaptable.

1.1.3  Plasticity of adult stem cells

Plasticity is defined as the ability of a cell down the hierarchy to revert its differentia-
tion program and give rise to another cell type or even a stem cell. This is a property
of essential importance in the stem cell field (Merrel and Stagner, 2016). Upon certain
conditions, committed progenitor cells can de-differentiate and replenish a damaged
ASC pool, as is the case for the skin (Blanpain and Fuchs, 2014). This ensures tis-
sue integrity and function. In vitro, even terminally differentiated cells have been
reprogrammed into full pluripotency (Jaenisch and Young, 2008). However, the ex-
perimental settings used to study this dramatic change in cell fate are generally far
from being physiological.

Stem cell niche

Stem cell properties do not only depend upon intrinsic factors, but also on environ-
mental cues that are essential to maintain their phenotype. The stem cell niche is the
area where the microenvironment produces these signals, and it is thought to play
an essential role during plasticity since certain cells de-differentiate when receiving
specific niche factors.

Stromal cells Figure 1.3: Stem cell niche com-
—= position. SC niches are consti-
= Blood tuted of various elements (ex-
vessels tracellular matrix, stromal cells,

blood vessels and neurons) that
maintain SC function and in-
tegrate signals from the whole
body:.

Systemic signals

Each ASC type has a particular niche requirement, but some conserved elements can
be found across different niches: an extracellular matrix (ECM) scaffold to provide
structural support, blood vessels that maintain a constant supply of nutrients and sys-
temic signals, stromal cells that provide necessary factors and cell-to-cell interactions



and neural inputs that integrate signals from different organs (Figure 1.3) (Ferraro et
al., 2010). The niche, then, modulates SC function via both short-range signals (cell-
to-cell interactions) and long-range secreted factors (such as WNT proteins secreted
in the intestine (Koch, 2017). A more detailed review of the intestinal stem cell niche
factors will be discussed in sections below.

1.1.4 Examples of human adult stem cells

The abovementioned diversity of ASCs is well represented within the most studied
self-renewing tissues of the body:

Hematopoietic system

Hematopoietic stem cells (HSCs) were first described in the 1950’s thanks to bone
marrow transplantation experiments in irradiated mice. Their discovery opened the
door to studies on stemness. HSCs are conformed by a pool of rare and quiescent
cells (Long Term-HSCs) that seldom divide and have full self-renewal capacity, and
a Short Term-HSC population that sustains hematopoiesis in the adult. These Short
Term-HSC do not retain full self-renewal ability. (Cheshier et al., 1999, Benveniste et
al.,, 2010, Busch et al., 2015) (Figure 1.4A).

Epidermis

The epidermis can be divided in two layers: a basal stratum, consistent of a single-cell
layer of highly proliferative cells and a spinous or suprabasal stratum, with terminally
differentiated cells that express high levels of KRT1 and KRT10 to form the interme-
diate filaments (IF). IF are essential to keep the skin barrier intact. Basal cells conform
the pool of epidermal SC (reviewed in Banplain and Fuchs, 2009). More recent reports
suggest the presence of two different SC pools, located in specific areas within the
skin basal layer. One is a slow-cycling, label-retaining population, and the other is a
highly proliferative population, yet both retain SC properties. Of note, each SC type
preferentially gives rise to a certain differentiated cell type, but upon injury they can
interconvert (Gémez et al., 2013, Sada et al., 2016) (Figure 1.4B).

Hair follicle

The hair follicle is a case of interest due to its cycling activity. In homeostatic setting,
it does not renew at a stable rate but rather goes through expansion and regression
episodes during adult life. The stem cell compartment can be divided in two ele-
ments, the bulge cells, in a quiescent, slow cycling state, and the hair germ cells,
situated at the base of the follicle and more prone to proliferate and differentiate.
Whether the hair germ cells are bonafide stem cells or already committed to differ-
entiation remains unclear to date (Rompolas et al., 2012, Krieger and Simons, 2015)
(Figure 1.4C).

Intestine

The intestinal epithelium is of special interest in stem cell studies, as is the fastest
self-renewing organ of the body. The engine of this turnover is the stem cell pool



residing at the base of the crypts, which proliferates and pushes the progeny out of
the niche. As the cells move upwards, they differentiate and are finally shed into the
lumen (Clevers, 2013)(Figure 1.4D). The maintenance of intestinal homeostasis will
be detailed in section 1.3.
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Figure 1.4: Examples of adult self-renewing tissues. A. The hematopoietic system relies on
rarely dividing HSC (blue), located at the perimeter of the bone marrow. These HSC divide
once every 4-5 months and give rise to amplifying progenitors (green), that proliferate and
differentiate into the all blood cell lineages (brown). B. The epidermis is sustained by basal
cell division (blue), which functions as a stem cell pool. C. Hair follicles contain two different
types of SC: highly proliferative hair germ cells (green) and bulge cells (blue), more quiescent.
D. Intestinal self-renewal is fueled by SC located at the crypt base (blue). Their progeny
transits up towards the top of the villi where they are shed. Based on Fuchs and Chen, 2013.

1.1.5 Identification of adult stem cells

The study of stem cell behavior poses many challenges, as they are not a static popula-
tion per se, but rather adapt and respond to a dynamic environment and are sensitive
to both intrinsic and extracellular signals. Moreover, the genes used to follow specific
SC populations are often just markers, not proved to be linked to SC functions. All
these factors difficult the discrimination between real SC and their progeny. Conse-
quently, a series of functional assays have been developed to facilitate SC studies:

Label-retaining assays

Quiescence has long been proposed as a hallmark of stemness, based on the findings
in the hematopoietic system (section 1.1.4). These assays consist in the incorporation



of a DNA label that is diluted with cell divisions, hence a slow-cycling cell will
maintain the mark for long periods of time (Figure 1.5A). The discovery of label
retaining cells (LRC) in the hair follicle led to the definition of the bulge stem cell pool
(Cotsarelis et al., 1990). This type of assays, however, do not take into consideration
the possibility of having highly proliferative stem cells in homeostasis, as is the case
for the intestine. A detailed discussion of the existence of quiescent and proliferating
stem cells in the crypt can be found in section 1.3.4.

Clonogenic assays

Putative stem cells can be isolated from the tissue and grown in vitro in a culture
system that replicates niche conditions and factors. The colony formation assay mea-
sures the ability of single cells to give rise to colonies, as a surrogate of their unlimited
division capacity (Franken et al., 2006). The progenitor and differentiated cell types,
with limited proliferation capacity, will extinguish with time, whereas the true stem
cells will be able to grow and persist over time (Figure 1.5B). The major drawbacks of
this assay is that the cells are removed from their native microenvironment and that
it does not rule out the possibility of plasticity.

Transplantation assays

Similarly to clonogenic assays but more physiological, cells can be transplanted in
vivo into new recipients to observe if they can regenerate the tissue of origin. This
method was key to discover the HSCs by bone marrow transplantation (Lorenz et al.,
1951), and it has been very useful in a number of other studies, such as to determine
the proportion of stem cells in a given organ by limiting dilution experiments. This
assay consists in transplanting very few number of cells to determine the relative
abundance of SC within a pool (Illa-Bochaca et al., 2010) (Figure 1.5C). Nevertheless,
it also requires the isolation of the cells from their original niche, and furthermore,
not all tissues from the body can be engrafted into secondary hosts. In addition, cells
have to be transplanted to immunosuppressed hosts, and the level of mice immuno-
suppression has been shown to alter the assay outcome (McDermott et al., 2010).

Lineage tracing

Lineage tracing consists in following the progeny of a specific subpopulation in its
native environment. It is considered the golden stem cell assay, as you can visual-
ize how the descendants of a specific cell proliferate by clonal analysis. The tracing
strategies are based on genetic modification of the cells to incorporate an inducible
reporter gene that upon extrinsic cues will mark the cell of interest and all its de-
scendants. The Cre-LoxP system is widely used due to its simplicity: the Cre enzyme
recognizes short DNA sequences named LoxP and induces their recombination, ex-
cising from the genome anything encompassed between them (Sauer and Henderson,
1988) (Figure 1.5D).

Generally, the Cre recombinase is placed under the control of the gene of interest, and
the reporter system (usually a fluorescent protein) is inserted in a safe locus, with its
expression is blocked by a STOP sequence flanked by LoxP sites. When the gene of



interest is expressed, the Cre will remove the transcriptional blockade and the cell
will acquire the fluorescent marking. Moreover, the system can be refined to induce
the tracing at desired time points by using a modified version of the enzyme, the
CreERT2. This enzyme contains a modified fragment of the ligand-binding domain
of the estrogen receptor that sequesters the protein in the cytoplasm and translocates
to the nucleus only upon Tamoxifen addition (Feil et al., 1997).

This assay is a very powerful tool to observe the behavior of cell populations. Never-

theless, it relies on finding genes that are expressed only in the desired population,
and it involves prior genetic manipulation of the cells.
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Figure 1.5: Assays to determine the stemness potential of given a cell population. A. Low
proliferation activity is considered a putative SC feature. By label-retaining assays, slow-
cycling cells are identified due to the maintenance of a dye over time. The dye is rapidly
diluted in actively dividing cells. B. Clonogenic assays determine the ability of different cell
types to grow in vitro. C. Transplantation assays consist on reinjecting of the cells in their
original environments to observe if they can rebuild the tissue. D. Lineage tracing assay is
the only method that allows the analysis of growth dynamics of a given population in its
native environment. It requires the insertion of an inducible recombinase (i.e CreER) under
the control of a marker gene of interest, and a second knock-in containing a reporter protein
with a roadblock. Recombination is induced only in the cells that express the stem cell gene,
but the label is maintained in all descendants, regardless of whether they still express the
stem cell gene or not.



1.2 CANCER STEM CELLS

The discovery of how homeostatic tissues organize, self-renew and cope with dam-
age opened the door for a better understanding of cancer, a disease provoked by
deregulation of these mechanisms. The last decades have seen the development of
the cancer stem cell (CSC) theory. It postulates that, analogous to the organization
of healthy tissue, a pool of stem cell-like cells, termed the CSCs, fuels tumor growth.
This concept would explain long-known effects such as tumor relapse, tumor dor-
mancy and metastasis.

The idea that not all the tumor cells, despite sharing the same mutational background,
displayed similar proliferative behavior was groundbreaking. Up to then, the main
current of thought was focused on elucidating the properties that enabled the tumor
cells to grow. It was known that each tumor is composed of several clones, under-
standing clone as a population of cells with the same mutational background. The
intratumor heterogeneity was thought to be due to differential clonal growth, i.e en-
vironmental and stochastic events that led to the evolution of some of them and the
extinction of others, but the tumorigenic potential of cells with identical phenotype
could not be predicted (Hanahan and Weinberg, 2000).

The discovery of cells with heterogeneous behavior despite sharing the same genetic
alterations was first made in hematopoietic tumors. By separating a CD34+CD38-
population from acute myeloid leukemia (AML), researchers were able to engraft
the disease in immunosuppressed mice (Lapidot et al., 1994). As in normal tissue,
these tumor-initiating cells were giving rise to all the cell types within the tumor,
thus proving that a certain degree of hierarchy was maintained in AML cancers
(Bonnet and Dick, 1997). Soon, similar findings related to other cancer cell types
followed: CD44+CD24- cells were the tumor initiating cells of breast cancer (Al-Hajj
et al., 2003), CD133+ cells corresponded to brain tumor propagating cells (Singh et
al., 2004) and CD44, CD117 markers separated ovarian putative CSC (Zhang et al.,
2008) (Figure 1.6A).

The CSC field, as well as homeostatic stem cell research, arouse in the first place from
a hematopoietic-CSC based point of view, where CSCs were thought to be rare and
quiescent, and little plasticity was ascribed to tumor bulk cells. Slowly, the view has
evolved to a more dynamic concept partly due to techniques such as lineage tracing
(Batlle and Clevers, 2017).

1.2.1 Properties of CSCs

Plasticity

As explained in section 1.1.3, injury in homeostatic tissues has been clearly associated
with a reversion of committed progenitors -and even differentiated cells- to a stem
cell-like phenotype, as is the case for the trachea (Tata et al., 2013) and kidney tubules,
among others (Kusaba et al., 2014). This backs up the idea that plasticity might be
more common in tumors than expected, as it occurs in normal tissues. Indeed, a
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nice work recently demonstrated that isolation and culture of different breast cancer
phenotypes led to a re-equilibrium of the original tumor composition regardless of
the phenotype of origin (Gupta et al., 2011) (Figure 1.6B).

Epithelial to mesenchymal transition

Epithelial to mesenchymal transition (EMT) is the acquisition of a mesenchymal gene
program necessary for migration and invasion (Yang and Weinberg, 2008). The major
mediators of EMT are the transcription factors SNAI1, SLUG, ZEB and TWIST-1, as
well as miRNA and epigenetic and post-translational regulators (Nieto et al., 2016).
EMT has been linked to the CSC phenotype in many reports (Mani et al., 2008, Morel
et al., 2008), but it is important to bear in mind that metastatic outgrowth requires
a reversion to an epithelial state (Celia-Terrassa et al., 2012). Moreover, some reports
suggest there is no need of EMT for tumor cells to migrate and invade (Fischer et al.,
2015, Zheng et al., 2015). Taken together, it is likely that EMT is uncoupled from the
stemness program, and that a plastic phenotype comprising intermediate reversible
mesenchymal states present in the tumor borders allows cell dissemination (Brabletz
et al., 2005) (Figure 1.6C).

Metabolism

Tissues rely on mitochondrial oxidative phosphorylation (OxPhos) for energy obtain-
ment. The major drawback of the process is the generation of reactive oxygen species
(ROS), which can cause stem cell dysfunction, as is the case for HSCs (Suda et al.,
2011). On the contrary, other adult stem cells, such as LGR5+ cells in the intestine,
heavily rely on OxPhos to maintain their proliferative capacity (Rodriguez-Colman
et al., 2017) (Figure 1.6D).

A hallmark of tumor development is an altered metabolism, yet not all the cells in
the tumors have the same metabolic pattern (Hanahan and Weinberg, 2011). It has
been shown that CSC of different tissues rely either on OxPhos or glycolysis for their
growth (Sancho et al., 2016), but they are able to switch between metabolic states in
response to environmental cues, such as nutrient restriction (Flavahan et al., 2013).

Resistance to treatments

Quiescent cancer stem cells are, by definition, resistant to radiation and chemother-
apy (Borst, 2012). Their slow-cycling rates make them a protected target from first line
chemotherapies, which are mostly directed to block proliferation (i.e 5-fluorouracil,
irinotecan and oxaliplatin). In addition, they present an increase in pumps for drug
efflux (ATP binding cassette transporters), higher DNA repair activity and high lev-
els of antiapoptotic proteins (Holohan et al., 2013). It is therefore increasingly evident
that quiescent CSCs are the mediators of disease relapse after successful treatment.
Conversely, in cancers with highly proliferative CSCs, such as intestinal tumors, dif-
ferentiated non-cycling cells colud be the chemotherapy resistant population, replen-
ishing the CSC pool after treatment (Figure 1.6E).
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Figure 1.6: Cancer stem cell features. A. Tumors are heterogeneous entities composed of
differentiated-like cells and stem-like cells, termed CSCs, to which the following features are
attributed. B. Plasticity: CSCs self-renew and give rise to a differentiated progeny which in
turn may have the ability to revert and regain CSC traits. C. CSCs are suspected to harbor
Epithelial to Mesenchymal Transition (EMT) capability, which is required for cell migration.
Upoon new organ colonization, cells must revert to an epithelial phenotype (Mesenchymal
to Epithelial Transition, MET). D. CSCs can either obtain energy via glycolysis, which rapidly
generates ATP to sustain cell growth and maintains a reduced cell state, or by OxPhos, which
produces ATP more efficiently. E. CSCs harbor chemotherapy resistant traits and could be the
mediators of disease relapse.

1.3 THE MAMMALIAN INTESTINE

The intestine is a tubular structure that conforms most of the gastrointestinal tract,
achieving a length of 3 to 6 meters in adult humans. It is essential as most of the
chemical digestion and nutrient and water absorption takes place in it. In addition, it
represents a very interesting model to study ASC identity due to its peculiar organi-
zation, where stem and differentiated cells are located in well defined compartments.

1.3.1 Intestinal structure and function

The intestine is divided in two anatomical parts, small (duodenum, jejunum and
ileum) and large (caecum, colon and rectum) (Figure 1.7A). They share the same
layers, concentrically organized around the lumen: the first layer is a monostratified
epithelium with invaginations called crypts of Lieberkiihn (from here on, referred
as crypts). The second layer, the lamina propia, consists of connective tissue and
stromal cells, enveloped by a submucosa layer where most of the blood vessels are
found. Finally, the outermost layer is made of smooth muscle which controls the
peristaltic movements. This muscular layer is covered by the serosa, a protective sheet
of squamous epithelial cells (Rao and Wang, 2010).

Small intestine

The small intestine functions to finish the chemical digestion of lipids, proteins and
sugars and enhance the mechanical disaggregation of the stomach content, the chyme,
through peristaltic movements. It receives digestive enzymes via the pancreatic main
duct and the bile duct (coming from the liver), which empty their contents in the duo-
denum. When the food breaks down into its essential components (aminoacids, fatty
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acids, glycerol and monosaccharides), they are absorbed across all the epithelium.
The absorptive surface of the small intestine has evolved specifically for this purpose:
the intestinal epithelium is folded in hundreds of invaginations, generating crypt-
villus complexes that are both the structural and functional units of the gut. The
villus are finger-like and protrude into the lumen, increasing the absorptive surface
by 100-fold (Figure 1.7B).

Large intestine

The large intestine is mostly dedicated to completing nutrient absorption, especially
of water, and creating the stool. The caecum is a very short fragment that unites the
ileum with the colon, the major unit of the large intestine and where most of the
absorption takes place. In the rectum the stool is finally compacted for expulsion.
Interestingly, the histology of the colon epithelium is similar to that the small intestine
but without the villus structures, just columnar invaginations covered by a monolayer
of absorptive cells (Figure 1.7B).
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Figure 1.7: Intestinal epithelium organization. A. Representation of the small and large intes-
tine. The small intestine is divided in duodenum, jejunum and ileum and the large intestine is
composed of the colon, in its major part, the ceacum and the rectum. B. Representation of the
crypt-villus units of the small and large intestine and representative images of the structures
in each intestinal segment. Images extracted from Bjerknes and Cheng, 1981d.

1.3.2  Signaling pathways involved in ISC renewal and differentiation

The crypt-villus units represent a structural scaffold for the cell hierarchy in the intes-
tine. At the base of the crypt we find the ISCs, supported by Paneth cells (terminally
differentiated). As the daughter cells of ISCs move up the crypt, cells differentiate
into the secretory and absorptive lineages, and transit to the top of the villus where
they eventually die and are shed into the lumen (Clevers, 2013). The intestinal epithe-
lium, thus, relies on a heavy replacement system mediated by ISC proliferation and
differentiation. In order to maintain homeostasis, the system must be finely tuned.
Four major signaling pathways control this process: WNT, EGF, NOTCH and BMP
(Figure 1.8).
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WNT signaling

WNT is a major player in promoting ISC proliferation, its blockade resulting in
crypt loss and differentiation (Pinto et al., 2003). -catenin is the principal media-
tor of WNT signaling; in basal conditions, the APC complex (named after the Ade-
nomatous Polyposis Syndrome) phosphorylates (3-catenin inducing its ubiquitiniza-
tion and subsequent degradation by proteosome. Upon WNT addition to the media,
Frizzled+LRP5/6 receptor complexes block the APC kinase activity via Disheveled
(DVL) recruitment to the membrane, resulting in (3-catenin accumulation and nu-
clear translocation. In the nucleus, 3-catenin turns the TCF4/LEF transcriptional re-
pressors into activators, inducing a WNT target gene program (Cadigan, 2008) (Fig-
ure 1.9). Some of the most important WNT target genes in the intestine are, for exam-
ple, ASCL2, necessary for ISC specification, and the proliferation driver MYC (San-
som et al., 2007). Moreover, genes specific of the intestinal stem cell pool, such as
EPHB2 and LGRS, are also responsive to WNT signals (Batlle et al., 2002, Barker et
al., 2007). A comprehensive summary of WNT target genes is kindly providen by
the Nusse lab (https://web.stanford.edu/group/nusselab/cgi-bin/wnt/target_
genes). The importance of WNT pathway for intestinal homeostasis becomes evi-
dent during tumorigenesis: mice carrying a single mutated allele of APC develop
adenomas at an early age (Moser et al., 1990).
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Figure 1.9: WNT signaling pathway components. A. In the absence of WNT ligands, the
APC complex mediates 3-catenin degradation. TCF/LEF nuclear transcription factors act as
gene suppressors, inhibiting the expression of WNT target genes. B. WNT activation of LRP6
and its co-receptors Frizzled (FZD) and LGRS recruits the APC complex to the membrane,
and {3 -catenin translocates into the nucleus, activating the expression of WNT target genes
via TCE/LEF. In a negative feedback loop, RNF43 is produced upon TCF/LEF activation and
blocks LRP6 activation.

Epidermal growth factor

EGF is one of the best described mitogens. They exists as pro-proteins that are activat-
ed/secreted upon cleavage, inducing dimerization of their receptors (EGFRs), which
in turn transactivate their kinase domains and transduce pro-survival signals to the
nucleus (Yarden and Shilo, 2007). ISCs express high levels of EGFRs, and the ligand is
provided by Paneth cells (Sato et al., 2011b)(Figure 1.8). The importance of EGF path-
way in ISC homeostasis is highlighted by in vitro studies: EGF addition to the media
is essential to maintain intestine-derived organoids in stem cell conditions (Sato et al,
2009, Jung et al, 2011). Moreover, most colorectal tumors harbor activation mutations
downstream the EGF pathway, either KRAS or BRAF (Vogelstein et al., 1988, Kedrin
and Gala, 2015) that render tumor cells independent of niche signals.

Notch signaling

Notch pathway is well known for controlling cell fate decisions in many organisms.
In the intestine, Notch signaling is active in the stem cell zone and in the transient
amplifying (TA) compartment, where it determines the fate between absorptive and
secretory lineages. Notch downstream effector, HES1, specifies the cells towards an
enterocytic fate, whereas the transcription factor MATH-1 induces secretory differ-
entiation. MATH-1 also increases DLL1/4 NOTCH ligand abundance in secretory-
specified cells, inducing then an absorptive phenotype on the lateral cells (Fre et al.,
2005, Tian et al., 2015) (Figure 1.8).
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BMP pathway

Bone morphogenic proteins (BMP) are part of the TGF-3 superfamily. They act via
dimerization of their receptors (BMPR1 and 2) in a similar fashion as EGF. Active
BMPR phosphorylate SMADI, 5 and 8 that in turn interact with SMAD4. SMAD4
mediates a transcriptional response that suppresses the proliferation and stemness
in the villus (Sancho et al., 2004). They are essential for homeostatic maintenance, as
blockade of the pathway results in the outgrowth of ectopic stem cell niches (Haramis
et al., 2004) (Figure 1.8).

1.3.3 Differentiated intestinal cell types

There are six well-described differentiated epithelial cell subtypes (Figure 1.10)

Absorptive lineage

¢ Enterocytes: enterocytes, also called absorptive cells, conform the most abun-

dant lineage of the intestinal epithelium (80% of total cells). They are highly
polarized, with a typical columnar shape, and a brush border of microvilli that
facilitates nutrient uptake. They require of HES1 signaling and ELF3 activation
of the TGF-f3 pathway to differentiate (Jensen et al., 2000 and Flentjar et al.,
2007).

M cells: microfold (M) cells are a specialized type of cell found in Peyer’s
patches (lymphoid tissue of the intestine) and have the essential function of
translocating antigens from the lumen towards immunitary cells (de Lau et
al., 2012). Their specification requires the SPIB transcription factor, a down-
stream effector of RANK signaling, actively induced by stromal cells of the
Peyer patches (Clevers and Batlle, 2013).

Secretory lineage
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* Goblet cells: goblet cells secrete mucins (such as MUC2) and trefoil proteins,

to ease movement of chyme and stool through the intestine. Accordingly, their
numbers increase from the duodenum (4%) to the colon (16%). Their forma-
tion requires acute NOTCH blockade and SPDEEF transcription factor activation
(Crosnier et al., 2005, Gregorieff et al., 2009).

Enteroendocrine cells: the hormone-producing cells of the intestine occupy up
to 1% of the epithelial surface, and can be subclassified according to the type
of hormones they produce (Schonhoff et al., 2004). The differentiation of this
lineage requires NOTCH inactivation and Neurogenin3 signaling (Jenny et al.,
2002).

Paneth cells: Paneth cells are the only epithelial differentiated subtype that mi-
grates downwards, occupying their position within the stem cell niche. They are
filled with secretory granules containing lysozymes, antimicrobial peptides and
defensins, creating thus an innate immunity defense against the gastrointesti-
nal flora. As mentioned above, they also function as the ISC niche, providing



essential EGF, WNT and NOTCH signals (Sato et al, 2011b). Interestingly, they
are longer-lived than the rest of terminally differentiated cells, with a half-life of
around four weeks (Bjerknes and Cheng, 1981b). They need active WNT signal-
ing to differentiate (Farin et al., 2012). Paneth cells are not present in the colon,
although CD24+ cells with analogous function have been identified (Sato et al.,

2011b, Sasaki et al., 2016).

o Tuft cells: tuft cells are a minority of the intestinal compartment (0.4%). They
have a characteristic brush border and are identified by Doublecortin and CaM
kinase-like-1 expression (DCLK1) (Gerbe et al., 2011). As has been recently de-
scribed (Gerbe et al., 2016), they initate type 2 immunity responses during par-
asitic infections.
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Figure 1.10: Intestinal hierarchy. Intestinal stem cells reside at the base of the crypt, sup-
ported by niche-providing Paneth cells. Cells that leave the crypt enter the transient amplify-
ing region, where progenitor cells specify their fate. The upper part of the villus is composed
of terminally differentiated cells of the secretory (goblet, EEC and tuft cells) and absorptive
lineages (enterocytes and M cells).

1.3.4 Intestinal stem cells

Identification of the intestinal stem cells

Crypt-villus units are self-renewing structures with hierarchical organization. The ex-
treme proliferative activity of the intestinal epithelium has been a matter of intense
research over the last century, with the aim to find the true intestinal stem cell. The
first reports of an actively cycling population residing near the crypt bottom date
from the 1950’s (Leblond and Stevens, 1948). With a very simple mitosis-blocking
experiment with colchicine, they demonstrated that around 3% of the total intesti-
nal epithelium was undergoing mitosis at a given time, but the process was strictly
restricted to the crypts. Moreover, they postulated the model of balanced cell prolif-
eration — cell loss as a conveyor belt that guided the differentiating cells from the
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crypt base to the top of the villi where they were shed to the lumen. Since then, two
currents of thought have developed about the nature of the ISC population able to
maintain such proliferative status:

Crypt base columnar cells

On one hand, Leblond was again the first one to report the presence of small slen-
der cells intermingled in between the Paneth cells that could act as ISC, proposed
after the first lineage tracing experiments with 3H-Thymidine and mutation accumu-
lation (Cheng and Leblond, 1974, Bjerknes and Cheng, 1981c). Due to their shpae,
they named these cells crypt base columnar cells (CBC). The Clevers group pursued
this hypothesis, starting with the notion that WNT signals are essential for intesti-
nal homeostasis (Korinek et al., 1998). By generating an inducible dominant negative
TCF4 construct, they were able to generate a WNT responsive gene program of the
intestine (van de Wetering et al., 2002). Within this signature, they observed that
the Ephrin receptors EPHB2 and EPHB3 were downregulated upon TCF4/ 3-catenin
inhibition, whereas the expression of the ligand ephrin-B1 (EFNB1) was increased.
Indeed, EPHB2 was expressed in a decreasing gradient from the crypt bottom to the
top, inversely correlating with EFNB1 levels (Batlle et al., 2002, Cortina et al., 2007).
Since then EPHB2 has been widely used as a marker of stemness both in normal and
tumor settings (Merlos-Suédrez et al., 2011).

Another top gene in the intestinal WNT signature list was LGR5, a WNT co-receptor
that perfectly matched the CBC expression domain visualized in Lgr5-GFP-CreERT2/
R26R-LacZ transgenic mouse (Barker et al., 2007) (Figure 1.11A). By GFP labelling,
they counted an average of 15 cells per crypt that divided every day, and, taking ad-
vantage of the Cre system, they were able to trace the progeny of Lgr5-derived cells.
In solely 5 days, blue ribbons occupying the whole villus length and containing all
epithelial lineages appeared, validating the notion that CBCs were indeed bonafide
ISCs (Figure 1.11B). Further studies comparing the Lgr5-GFP-High vs the Lgr5-GFP-
Low populations allowed the identification of Olfm4 and Ascl2 as other CBC markers
(van der Flier et al., 2009a, van der Flier et al., 2009b) (Figure 1.11A). Moreover, by
generating a knock-in analogous to that of Lgr5, a later study identified SPARC re-
lated modular calcium binding 2 (Smoc2) as a stem cell gene (Mufioz et al., 2012)
(Figure 1.11A).

+4 reserve stem cell pool

On the other hand, Potten and colleagues found out a group of LRC cells located
at the +4 position, immediately above the Paneth cells, rather than at the crypt base
(Potten et al., 1974, Potten et al., 2002). +4 cells were proposed as the putative ISC, and
many devoted their efforts to finding specific genes to visualize these slow-cycling
cells. mTert, necessary to maintain the telomere length, was signaled as a marker for
this LRC cells (Breault et al., 2008 and Montgomery et al., 2011), as well as Dclk1 (May
et al., 2008), Mushasi-1 (Msil) (Potten et al., 2003 and Kayahara et al., 2003) and Bmil
(Sangiorgi and Capecchi, 2008) (Figure 1.11A). Most of the studies were based on the
localization of these cells within the crypt, all in the +4 position, although DCLK1+
cells were shown to give rise to spheroids in vitro that, when injected in immunodefi-
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cient mice, formed small nodules resembling poorly formed crypts (May et al., 2008).
Moreover, the Capecchi group generated a Bmil-CreER mouse combined with an in-
ducible LacZ reporter. By lineage tracing, they demonstrated that Bmil progeny was
able to colonize the villus, with 10% of them fully LacZ+ one month post-induction
(Sangiorgi and Cappecchi, 2008). Later on, two more genes, Hopx and Lrig1, were also
proposed as specific markers of a quiescent ISC pool able to repopulate the whole
villus (Takeda et al., 2011 and Powell et al., 2012) (Figure 1.11A).

mTert DCLK1 Msi-1 Bmil
¥ TR ; TR
A ¥

;

Figure 1.11: Specific markers for the +4 position and crypt base columnar cells. A.
Schematic representation of the CBCs (red) and +4 cells (magenta) position within the crypt,
and representative stainings of markers for each population respectively in mouse small in-
testines. Images are extracted from Breault et al., 2008 (mTert), May et al., 2008 (Dclk1), Potten
et al.,, 2003 (Msi-1), Sangiorgi et al., 2008 (Bmil), Takeda et al., 2011 (Hopx), Powell et al., 2012
(Lrigl), Barker et al., 2007 (Lgr5), Van der Flier et al., 2009 (Ascl2 and Olfm4) and Mufioz et al.,
2012 (Smoc2). B. Schematic representation of the first Lgr5 lineage tracing system and LacZ
staining in mouse small intestine 1, 5 and 60 days post induction of the tracing. Modified
from Barker et al., 2007.

Posterior studies finally solved the dichotomy of the ISC pool; was the slow-cycling,
quiescent +4 population the real ISC, or were the actively CBC LGR5+ cells the
ones indispensable for intestinal homeostasis? First, several publications reported
that the specific +4 markers mTert, Bmil, Dclk-1, Hopx and Lrig were actually co-
expressed with Lgr5 (Itzkovitz et al., 2011, Mufioz et al., 2012). Moreover, by us-
ing a novel dimerization-based Cre system, the Winton group were able to lineage
trace Histone-2B retaining cells, a widely used marker to distinguish slow-cycling
cells. They demonstrated that LRC cells of the intestinal crypt base were lineage-
restricted daughters ready to differentiate into entoeroendocrine and Paneth cells
(Buczacki et al., 2013). Coincident with these results, the Clevers group separated
mouse LGR5+ proliferating and quiescent cells by using a Ki67-RFP reporter as a
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proliferation marker. They showed that the majority of LGR5-High cells were KI67+,
but the LGR5-Low KI67- pool resembled the H2B-slow cycling secretory precussors.
Of note, the specific +4 genes were equally expressed amongst the four LGR5/KI67
populations, discarding them as bonafide stem cell markers (Basak et al., 2014). More-
over, Griin et al (Griin et al., 2015) showed by single cell profiling that LGR5+ cells
constitute a rather homogeneous population.

Taking all these data together, we envision the working model of the intestinal hier-
archy as follows: the ISCs are the pool of CBCs intermingled in between Paneth cells
in the crypts, and the best marker so far for its identification is LGR5 gene expres-
sion. They are actively proliferating, and, as their daughters move up the crypt-villus
axis, they differentiate into the secretory and absorptive progenitors in the transient
amplifying compartment, that in turn will acquire the terminally differentiated char-
acteristics of the villus cells. Of note, Paneth cells are the only ones able to migrate
downwards upon differentiation, and stay in the crypt providing support to the SC
niche. Additionally, our laboratory has identified a subset of LGR5+ cells with slow
cycling dynamics. These cells, characterized by Mex3A gene expression, retain CBC
features and continuously contribute to ISC population (Barriga et al., 2017).

Characterization of the ISC

Since then, many efforts have been devoted to understanding the properties and di-
vision dynamics of the LGR5+ cells in the intestine.

Single LGRS cells reproduce intestinal heterogeneity

By taking advantage of the organoid technology, which allows the maintenance of
in vitro 3D cultures that recapitulate tissue heterogeneity (reviewed in Lancaster and
Knoblich, 2014), the Clevers group interrogated whether LGR5+ and — cells retained
SC capacities. They isolated LGR5-GFP-High and -Low cells from mice intestines and
plated them in single cell conditions. 6% of the LGR5-High cells were able to grow 3D
organoids that reproduced intestinal crypts, whereas seldom LGR5-Low cells were
able to survive (Sato et al., 2009). Later improvement of the system enhanced the sin-
gle cell survival rate to 60% for the LGR5+ derived cells (Sato et al., 2011b). Moreover,
engraftment of in vitro grown LGR5-GFP cells isolated from the colonic glands was
able to repopulate damaged colonic epithelia giving rise to functional tissue (Yui et
al., 2012).

ISC follow a pattern of neutral drift dynamics

A key question in ISC biology was whether ISCs self-renewed by asymmetric cell
division. Snippert et al (Snippert et al., 2010) elegantly solved this issue. Using a mul-
ticolor lineage tracing cassette and a general intestinal inducible Cre under the con-
trol of the cytochrome P450-promoter-driven Ah-Cre, expressed through the entire
intestine, they showed how crypts drifted towards monoclonality, arising each from
a single original ISC. From initial mosaic labelling of the whole villus, with several
induced clones per crypt, in as short as two weeks homogeneous (same-color) crypts
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appeared. By eight weeks, most of them were monoclonal (Figure 1.12). This data
fits the stochastic division mode, in which all stem cells have the same proliferation
capacity and compete for niche space. Upon division, an ISC can give rise to two cells
that remain in the crypt, or one or both daughters can be pushed out and start dif-
ferentiating, causing the loss of this particular clone. If asymmetric division was the
prevailing mechanism, all the initial colors in the crypt would be maintained through
generations of SCs. Mathematical modeling (Lépez-Garcia et al., 2010) of division
dynamics confirmed that the ISC division rate equaled ISC replacement, postulating
a neutral drift pattern of intestinal renewal.

In support of all this data, posterior studies observed that as a result of competition,
the CBCs at the central part of the crypt were 3 times more likely than border cells to
colonize the crypt (Ritsma et al., 2014).

A —— Ah promoter —{CreERT2——

X

STOP}p nGFP - nYFP

Asymmetric
SC division

Figure 1.12: ISC self-renewal follows a pattern of neutral drift. A. Schematic representation
of the Confetti lineage tracing cassette, which randomly recombines upon Cre activation
allowing the expression of green, yellow, red or blue fluorescent proteins. B. Summary of the
experimental hypothesis. The Ah promoter is expressed in all intestinal cells. Upon tamoxifen
injection, cells will acquire one of the four confetti colors. If the ISCs follow an asymmetric
cell division mode, all the colors present in the crypt at the beginning will be maintained
across time. But if they follow a stochastic symmetric division, one ISC will end up occupying
the whole crypt, and the villi will thus become monoclonal. C. Representative image of the
experimental result, showing how all the crypts drift toward monocloonality 8 weeks after
the induction of the trace. Modified from Snippert et al., 2010.

ISC plasticity

Importantly, many studies report plasticity in the stem cell compartment when home-
ostasis is disrupted. Indeed, in response to specific elimination of LGR5+ cells in
transgenic mouse models, the LRC compartment increased their proliferation rates
to replenish the damaged ISC pool (Buczacki et al., 2013). Plasticity has been shown
to arise from both +4 BMI1+ cells (Tian et al., 2011, Yan et al., 2011), as well as lineage-
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committed progenitors such as DLL1+ secretory precursors (van Es and Sato et al.,
2012) and ALPI+ enterocytic progenitors (Tetteh et al., 2016).

1.4 COLORECTAL CANCER

In 2018, 1.8 million new colorectal cancer cases have been diagnosed worldwide. CRC
is the second leading cause of death by cancer (9.2%) (Bray et al., 2018), and its in-
crease is tightly related to ageing and western world habits (lack of exercise, increased
fat consumption and alcohol abuse) (American Institute for Cancer Research, 2018).

1.4.1 CRC staging

The stage at which CRC is diagnosed is critical for its treatment, as the 5-year survival
rate is greatly influenced by the stage of the disease. According to the American
Joint Committee on Cancer (AJCC: www.cancerstaging.org), CRCs can be classified
depending on the status of three elements, in what is called TNM staging:

¢ T: tumor invasiveness
¢ N: degree of lymphatic node dissemination
* M: presence of metastatic disease

By looking at these classifiers, four CRC stages have been determined. A higher num-
ber correlates with more aggressive disease and is linked to poorer outcome (Fig-
ure 1.13). A detailed description is found in Table 1.1:
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Figure 1.13: Colorectal cancer staging. CRCs are divided in four stages of development de-
pending on the tumor invasive properties. Stage I and II cancers do not present metastatic
dissemination yet, whereas stage III is characterized for lymphatic node colonization and
stage IV for distant organ metastasis.



Stage T N M  Description

I 1-2 0 0 Small primaries, with mucosa or even muscular invasion

I-A 3 0 0 Tumor invades pericolorectal tissues but no dissemination
to lymph nodes or distant organs is observed

II-B 4a 0 0 Tumor arrives to the visceral peritoneum

I-C 4 0 0 Tumor is adhered to other organs, but as the rest of stage II
grades, lymph nodes and other organs are clean of disease

m-A  1-2 1 0 Primary tumor is non-invasive but there are already
metastasis in regional lymph nodes

n-B  3-4 1 0 Primary tumor is non-invasive but there are already
metastasis in regional lymph nodes

HI-C X 2 0 Same features as stage III-B but the number of invaded
lymph nodes is 7 or more

IV-A/B X x 1—2 Stage IV disease is defined only by the metastasis to distant
organs (A= one metastatic site, B=more than one site)

Table 1.1: Colorectal cancer staging. Classification of colorectal cancer disease according to
tumor invasiveness (T), lymphatic node dissemination (N) and metastatic outgrowth (M)
based on AJCC classification. x=any grade

Diagnosed stage I tumors have a 5-year survival rate of 88%, with surgical resection
as the preferred treatment. Stage II and III tumors can often be cured by a first round
of surgery and adjuvant chemotherapy, but around half of the patients relapse with
a more aggressive metastatic disease (mainly in liver and lungs) that decreases the
5-year survival rate to 55-75% in case of stage II disease and to 25-55% for stage III.
The worst prognosis is for stage IV diagnosed patients, as no effective treatment for
invasive primaries and metastases has yet been developed. The survival rate is lower
than 12% for these tumors, highlighting the need to further study CRC biology for
the development of new therapies (www.cancer.org).

1.4.2  Types of CRC

Cancer is a genetic disease, caused by the accumulation ofso-called driver mutations
that enhance anti-apoptotic and proliferative abilities of tumor cells. These mutations
can appear randomly, causing sporadic CRC, which accounts for 70-80% of total CRC
cases, but they can also be inherited, as is the case for the two best described familiar
colorectal cancer syndromes:

e Familiar Adenomatous Polyposis (FAP): is an autosomal dominant syndrome
caused by inactivating mutations in the tumor suppressor gene APC. Most of
the mutations truncate the APC protein, thus leading to enhanced WNT activity
and deregulation of the proliferative, apoptotic and migratory capacity of the
cells. FAP patients accumulate adenomatous polyps in the colon that inevitably
evolve into carcinomas by the age of 30-40 (Galiatsatos and Foulkes, 2006).
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¢ Hereditary Non Polyposis Colorectal Cancer (HNPCC): is caused by mutations
in any of the mismatch-repair genes, with MLH1 and MSH2 defects accounting
for almost 90% of the cases. DNA repair deficiencies lead to microsatellite in-
stability (MSI), and mutations accumulate in the genome, affecting both tumor
suppressor genes and protoncogenes (Lynch and de la Chapelle, 2003). Actually,
tumor suppressor and tumor driving genes with repetitive DNA tracts accumu-
late higher mutation rates in those patients (Duval and Hamelin, 2002). The
progression from adenoma to carcinoma is faster in HNPCC than in sporadic
or FAP tumors, and patients are usually diagnosed around the age of 45.

CRC progression model

The study of genetic mutations that precede the spontaneous formation of an ad-
vanced colorectal carcinoma has been greatly helped by the knowledge gathered on
familiar syndromes. Already in 1990’s, Vogelstein proposed an evolutionary model
for CRC from benign adenomas to fully blown carcinomas mediated by the accu-
mulation of mutations in key pathways (Fearon and Vogelstein, 1990, Kinzler and
Vogelstein, 1996).

The first hit required for the transition from normal epithelia to adenoma is the al-
teration of the WNT pathway. Mostly mediated by loss of function mutations in the
APC gene, the accumulation of nuclear 3-catenin imposes a crypt-like proliferative
program in the cells (van de Wetering et al., 2002). These aberrant cells display chro-
mosomal instability (CIN) features, and hyper-activate the pro-tumorigenic pathways
via MAPK signaling (KRAS, BRAF and PI3KCA mutations). The addition of TP53
mutations, that further enhances genomic instability, and the blockade of the tumor
suppressor TGF-3 pathway, generally by loss of function mutations in the TGF-BR2
and the SMAD2,3 or 4, leads to the development of invasive carcinomas (Fearon,
2011) (Figure 1.14). Of note, BRAF mutations are strongly associated with a partic-
ular subtype of colon tumors, the sessile serrated adenomas (SSA). They are char-
acterized by a CpG island methylator phenotype (CIMP), which imposes a MLH1
hyper-methylation status on those cells and induces tumorigenesis via MSI mecha-
nisms (Weisenberger et al., 2006, Rad et al., 2013). Importantly, these shared genomic
alteration patterns in CRC have been studied in depth through The Cancer Genome
Atlas Network (TCGA, 2012).
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Figure 1.14: Genetic progression of colorectal cancer. Representation of the main driving
mutations in ISCs that lead to adenoma and carcinoma formation. The table depicts the most
common order in which signaling pathways acquire activating or inhibiting mutations and
the most frequently mutated genes in each pathway. Adapted from E.Batlle Lab.

Modelling CRC progression in mice

Generation of genetic engineered mouse models (GEMMs) have been instrumen-
tal to demonstrate Vogelstein’s and Fearon’s initial theories on the progression of
CRC through the acquisition of driver mutations in specific pathways. The first CRC
GEMM was found randomly during a genetic screening with N-ethyl-N-nitrosurea
(ENU) (Moser et al., 1995). Some mice carried a heterozygous mutation in codon
850 of the Apc gene, leading to a truncated protein. Due to the high rate of polyps
developed in these mice, they were named ApcMi™ (multiple intestinal neoplasia).
Following the generation of ApcM™ mice, many other mice strains carrying heterozy-
gous loss of function mutations in the Apc gene have been generated. In all of them,
polyp formation occurs upon loss of heterozygosis (LOH). Interestingly, different
mutations imply a different polyp burden; Apc™™ mice harbor around 30 polyps,
Apc?718 carry up to 300 intestinal polyps and Apc!®®N only 3-5 (Fodde et al., 1994,
Smits et al., 1997).

Complementary to Apc mutations, GEMM carrying stabilizing mutations in the (3-
catenin protein have also been generated (Harada et al., 1999, Romagnolo et al., 1999).
The major drawback of all these modified animals is that they only generate benign
adenomas that do not progress to advanced disease stages, and even less to metas-
tasis in distant organs. Also, the majority of polyps are found in the small intestine,
not in the colon. Combinatorial mutations have somewhat improved the situation,
for example Cdx2 deficiencies induce the polyp formation in the colon (Aoki et al.,
2003) and Smad4 deletions induce aggressive adenocarcinomas (Takaku et al., 1998).
Other strategies like inducible Apc deletion in Apc!oX/151% Fabp1€r¢ animals facili-
tates colon polyp formation via intrarectal tamoxifen injection (Robanus-Mandaag et
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al., 2010). Some more metastatic lines were also developed by combining mutations,
such as the Apc©KO/CKO KraghS-GI2D with a metastatic penetrance of 20% (Hung et
al., 2010).

These models prove that the sequential acquisition of mutations is key for sporadic
CRC development. In addition to GEMM, colon tumors can also be initiated by in-
flammation induced by an azoxymethane/dextran sodium sulphate regime (AOM/DSS)
(De Robertis et al., 2011).

Modelling CRC progression by organoid culture

Definitive proof of the mutational landscape required for CRC development comes
from the modification of healthy intestinal organoids in vitro. The combination of 3D
matrixes and a refined cocktail of stem-promoting factors has enabled the derivation
primary cultures derived from small of intestine and colon, termed organoids, that
in vitro reproduce the structure of the gut as if they were “miniguts” (Ootani et al.,
2009, Sato et al., 2009, Jung et al., 2009). Sato’s group added, by sequential CRISPR/-
Cas9 modifications, activating mutations in the oncogenes KRAS and PI3KCA and
loss of function deletions in the tumor suppressor genes APC, SMAD4 and TP53
to the intestinal “miniguts”. Each additional mutation conferred increased indepen-
dency from cell culture factors (Table 1.2), and this robustness was translated to in
vivo growth, complying with Vogelstein’s theory of CRC development. The organoids
harboring the five driver mutations, nevertheless, did not present any of other CRC
alterations, such as CIN, copy number variations or epigenetic modifications (Matano
et al., 2015). In contrast, the Clevers group reported that APC and TP53 mutations are
sufficient to induce aneuploidy in human modified organoids (Drost et al., 2015). Ad-
ditionally, combination of CRISPR/Cas9 mutations in human organoids has enabled
the definition of a mutational signature induced by mutations of the MMR pathway,
specifically in the MLH1 and NTHLI genes (Drost et al., 2017). Apart from the engi-
neered intestinal organoids, organoids from tumoral tissue have also been developed
(Sato et al., 2011b, Mérlos-Suérez et al., 2011, Calon et al., 2012), and the creation of
biobanks from patient samples (PDO: patient derived organoids) that faithfully reca-
pitulates the disease upon injection in immunosuppressed animals has supposed a
major revolution in the CSC field (van de Wetering et al., 2015). The lack of metastasis
upon orthotopic injection in these models suggest that the driver mutations solely are
not enough to reproduce the full transition from homeostatic to tumorigenic epithelia
(Matano et al., 2015).
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Table 1.2: Mutation accumulation in WNT, EGE TGEF-3, TP53 and PI3K pathways con-
fers niche-independent cell growth. Cell culture media requirements of modified intestinal
organoids (green: organoids grow, red: organoids are not able to grow). Mutation accumula-
tion in the different pathways allows cell growth independent of niche factors (i.e without
media supplementation) and bypasses antiproliferative drug effects, which reproduces CRC
development in vitro. Organoid genotype: WT (non mutated), A (APC-/-), K (KRASG12D),
S (SMAD4 /"), T (TP537/7), P (PI3KCAF>*K), Media elements effect: WNT3A /Rspondin (en-
hance WNT signaling), EGF (enhances EGF signaling), Noggin (inhibits TGF-$ pathway),
TGF-B (activates TGF-3 pathway), Nutlin-3 (inhibits TP53/MDM2 interaction) and MEK in-
hibitors (block the MAPK pathway).

1.4.3 Colon cancer stem cells

The first reports that CRC initiation required the acquisition of a crypt-like pheno-
type date from 2002 (van de Wetering et al., 2002). They observed that adenoma
cells expressed a genetic program similar to that of crypt stem cells. Indeed, later
studies confirmed that WNT program upregulation was necessary for adenoma de-
velopment, as MYC ablation was able to rescue the pro-tumorigenic effect of APC
loss in mice (Sansom et al., 2007).

Before the establishment of Lgr5 as the golden ISC marker (Barker et al., 2007), some
researchers already reported the presence of Tumor Initiating Cells (TICs) in colon
cancers. By using CD133 (O’Brien et al., 2007, Ricci-Vitani et al., 2007) or CD44
(Dalerba et al., 2007), they were able to separate a population that retained higher
tumorigenic potential upon transplantation into mice. Moreover, CD133+ or CD44+
cells were able to differentiate into multiple lineages responding to environmental
signals (Vermeulen et al., 2008). The effectiveness of these markers to separate CSC
was, nevertheless, challenged by others (Kemper et al., 2010). Definitive proof of the
existence of tumor cell populations with distinct initiation potential came from the
Clevers group: by inducing an Apc deletion specifically in the LGR5+ cells, they gener-
ated stable growing adenomas, whereas the same deletion in the transient amplifying
and villus compartments gave rise to short lived mutated cells (Barker et al., 2009).
Moreover, they showed how despite aberrant WNT activation was present through
all the adenoma, only specific subsets of cells retained Lgr5 expression, suggesting
there was indeed cellular heterogeneity within this benign tumors.

To prove whether this heterogenic population still retained a hierarchical organi-

zation, they next combined the multicolor lineage tracing system induced by Lgrb
(LGR5-CreERT2 R26R-Conffetti) with conditional Apc deletion in mice (Schepers et
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al., 2012). The first tamoxifen pulse induced Apc deletion and Confetti recombination
to one of the four possible colors in Lgr5+ cells at the same time. Adenomas gener-
ated by this system showed glandular-like structures of the same color, evidencing
that all the cells arouse from the same parental CSC (Figure 1.15A). If one month
after adenoma growth a second tamoxifen shot was adminstered, inducing re-tracing
in the Lgr5+ pool, the glands slowly could observe how the glands slowly switched
to another color, proving that mouse adenoma growth was fueled by Lgr5+ cells (Fig-
ure 1.15B).

A LGR5-driven adenoma formation B Induction of retracing in one month grown adenomas
— SRS {CFP -EEER nGFP! nYFP ¢
X
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Figure 1.15: Adenomas maintain the intestinal stem cell hierarchy. A. Induction of adenoma
formation in mice small intestines by Apc deletion in Lgr5+ cells. Cre induction also recom-
bines the R26R-Confetti tracing system. The image depicts monoclonal adenoma glands (de-
limited by dashed lines) 28 days after induction. B. The Confetti cassette can be recombined
a second time, provoking a color switch between yellow-green or red-blue. Image depicts
the colonization of a gland by a new Lgr5-derived clone (blue), proving that Lgr5+ cells fuel
tumor growth. Modified from Schepers et al., 2012.

Further studies of the cancer stem cell paradigm in human tumors has been ham-
pered by the lack of reliable antibodies against LGRS protein. In our group, we over-
came this limitation by using a surrogate marker of stemness, the receptor tyrosine
kinase EPHB2. EPHB2 mediates cell positioning in the intestine through its interac-
tion with the ephrinB1 ligand (EFNB1) (Batlle et al., 2002). In CRC, downregulation
of EPHB2 is required for the loss of tumor cell compartmentalization and progression
to aggressive adenocarcinomas (Batlle et al., 2005, Cortina et al., 2007, Solanas et al.,
2011). We determined that EPHB2 was a reliable marker to isolate normal ISCs (Jung
et al., 2011). By immunohistochemistry, we could also observe a similar pattern be-
tween normal crypts and tumor glands, with differentiated (KRT20+) and stem-like
(EPHB2+) compartments (Figure 1.16 A and B). Moreover, using EPHB2 antibodies
we separated a cell population from human CRCs that retained a stem cell gene
program and displayed higher tumorigenic potential upon reinjection into immunod-
eficient mice (Figure 1.16 C and D) (Merlos-Sudrez et al., 2011).
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Figure 1.16: Colorectal tumor organization mimics that of the normal intestine. A. IHC
stainings against EPHB2 and KRT20 in normal and adenomatous glands in human tissue
sections. Red arrows point at EPHB2-High/KRT20-Neg cells, green arrows point at EPHB2-
Low /KRT20-High cells and yellow arrows point at the intermediate population. B. Represen-
tation of the stem vs differentiated gradient in the homeostatic crypt, which is maintained
during carcinoma progression. C. Relative mRNA expression of stem and differentiated genes
in the EPHB2-High -Med and —Low sorted populations from human tumors. EPHB2-High
cells are enriched in stem cell expression and counter enriched in differentiation markers.
D. Limiting dilution assay indicates the tumor initiation capacity of EPHB2-High, -Med and
—Low sorted cells. In limiting numbers, EPHB2-High are the only cell population that retains
tumor formation potential. Modified from Merlos-Suérez et al, 2011.

Altogether, these data demonstrate that despite having the same mutational back-
ground, there is heterogeneity within CRC tumor cell populations, and that a certain
degree of hierarchy is probably maintained in these tumors. How this difference is
possible remains unclear, although emerging evidence point to the stroma as a con-
troller in the differentiation-stemness balance in tumors (Vermeulen et al., 2010).

1.4.4 Tumor microenvironment and the CSC theory

For many years, the research focus has been divided between epithelial cells and tu-
mor microenvironment. Tumor microenvironment comprises several cell types: per-
icytes, endothelial cells, fibroblasts and immune inflammatory cells, and it greatly
influences tumor development (Hanahan and Weinberg, 2011). First evidences of the
tumor microenvironment’s role in CRC development were found in patients with ul-
cerative cholitis and Crohn’s disease; the inflammatory status of the intestine of these
patients predisposes to tumor growth (Itzkowitz and Yio, 2004). Indeed, the use of
non-steroidal anti-inflammatory drugs protects against CRC development (Chan et
al., 2009). Moreover, mouse models for CRC often require inflammation via dextran
sodium sulphate (DSS) in order to develop adenomas (Tanaka et al., 2006).

It is thus easy to imagine that, similarly to the healthy stem cell niche, which regulates
SC fate and proliferation, there is a cancer stem cell niche dictated by the microenvi-
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ronment that regulates CSC behavior in CRC and other tumors. Considering in vitro
data, there are many reports pointing at the importance of the media factors to de-
termine the CSC phenotype: samples with different mutational background require
different supplementation for their growth (Fujii et al., 2016). It is notorious the exam-
ple of a CRC-derived organoid sensitive to the WNT inhibitor porcupine because it
carries a mutation in the RNF43 negative WNT feedback regulator rather than in APC
(van de Wetering et al., 2015). Alike the in vitro situation, in vivo CSCs also depend on
these factors to grow, and the tumor microenvironment represents their main source.
It has been shown that tumor cells in close proximity to the mesenchyme receive
more WNT signaling and retain a stronger stem-like phenotype (Vermeulen et al.,
2010). Moreover, a similar effect has been observed regarding Notch pathway; block-
ing DLL4 ligand in murine vasculature heavily impairs tumor growth (Hoey et al.,
2009). A certain degree of BMP response is also maintained in tumor cells, as BMP4
is able to induce CSC differentiation (Lombardo et al., 2011).

The tumor microenvironment, though, has additional roles than imposing a CSC
phenotype. It is well described that a stromal gene program expression in CRC is as-
sociated with higher risk of metastasis and poorer prognosis (Calon et al., 2012, Calon
et al., 2015). Moreover, the recent CRC classification based on consensus molecular
subtypes (CMS) not only groups tumors based on their mutational profile and gene
expression, but also takes into account the microenvironment status (Guinney et al.,
2015). Importantly, CMS4 tumors are defined as mesenchymal-like and rich in stroma,
and patients with CMS4 tumors usually correspond to at stage III and IV and there-
fore have the lowest relapse-free survival. In the next section, I will summarize the
most relevant findings related to stroma-tumor interaction and the metastatic process.

1.4.5 Metastasis in CRC

The metastatic process is a rather complex and amazing feat for tumor cells. Epithelial
cells must acquire invasive properties, enter the blood vessels, survive the immune
system surveillance and finally extravasate and grow in a new organ with a “hos-
tile” environment. These barriers render metastasis as a highly inefficient process at
the end, but once they are established, few treatment options exist for CRC patients
(Massagué and Obenauf, 2016).

It is straightforward to hypothesize that metastatic cells must derive from cancer
stem cells, as they require of stemness potential to recreate the tumor in the dis-
tant organs. Research by various groups has focused in elucidating whether CSC
markers for the colon would also label metastatic cells, found at the tumor budding
edges (Zlobec and Lugli, 2010, van Wyk et al., 2015). Indeed, years ago Brabletz and
colleagues already reported increased nuclear (-catenin accumulation at the tumor
border (Brabletz et al., 1998), probably mediated by the tumor microenvironment
(Brabletz et al., 2001). Despite the efforts, few advances have been made in finding
specific markers for colon cancer metastatic cells. The most important contributions
in this sense come from the Stassi group, where they define a CD44v6 population
with both CSC and metastatic properties (Todaro et al., 2014), and from de Sauvage
laboratory, were, by means of LGR5 ablation in knock-in mice, they demonstrated
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that LGR5+ cells are required for colorectal metastasis (Melo et al., 2017).
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Figure 1.17: Tumor microenviron-
ment promotes a pro-metastatic phe-
notype. Schematic representation of
the major players from the TME in
tumor progression and dissemination.
Tumor cells convert stromal cells into
cancer associated fibroblasts via TGF-
3 signaling, which in turn help can-
cer progression by stimulating prolif-
eration and stemness, remodeling the
ECM and inhibiting T-cell response
against the tumor. Myeloid lineages
and macrophages are also recruited to
the tumor, and contribute to its expan-
sion. T-cell cytotoxic effect is blocked
by T-Reg activity and PD-L1 expres-
sion in the tumor and stroma.

Epithelial tumor cells are primed by the surrounding environment to acquire at least a
partial EMT phenotype and migrate, and, in a positive regulation feedback, they also
recruit stromal and immune cells to help with the dissemination process (Tauriello
et al., 2016) (Figure 1.17). Briefly, the main players from the microenvironment in the
acquisition of a metastatic phenotype by epithelial tumor cells are:

e Cancer associated fibroblasts (CAFs): fibroblasts are recruited to the tumor by

epithelial cells, and via mediators such as TGF-$ they undergo a switch to-
wards a tumor-promoting phenotype. They release matrix metalloproteinases
that contribute to ECM remodeling, secrete tumor promoting factors such as IL-
11 (Calon et al., 2015), and promote stemness via WNT ligand secretion (Kalluri,
2016).

Endothelial cells: tumor growth is associated with an increase in blood vessel
formation. Secretion of angiogenic stimuli like VEGFA and IL-33 is characteris-
tic of tumor cells (Goel and Mercurio, 2014, Zhang et al., 2017), which enhances
the creation of an abnormal net of capillaries with defective permeability that
also contributes to ease dissemination (Yonenaga et al., 2005).

Innate immunity: innate immune cells have a dual role in tumor progression.
Both macrophages and neutrophils can act either against the tumor cells or
favoring their growth and dissemination (Braster et al., 2017, Fridlender et
al., 2009). Tumor associated neutrophils are involved in the CCR1-CCL15 re-
cruitment axis in SMAD4 deficient cells: tumor cells secrete CCL15 and attract
CCR1+ myeloid cell lineages (neutrophils and myeloid derived suppressor cells
(MDSCs)) (Itatani et al., 2013, Inamoto et al., 2016, Yamamoto et al., 2017). Ac-
cumulation of myeloid-derived cells has been associated with metastasis out-
growth and poor prognosis in CRC (Wang et al., 2017).

Adaptive immunity: the development of new CRC models in immunocompe-
tent mice has finally proven the idea that T-cells play a major role in antitu-
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mor activity and recurrence prevention (Galon et al., 2006). Work from our
lab has shown that a TGF-f3 rich microenvironment promotes T-cell exclusion,
mediating an immune-evasion that permits metastasis growth (Tauriello et al.,
2018). These findings have opened the door to immunity-based treatments (im-
munotherapy), where the main effort is to activate the intrinsic immune system
of the patient against tumor cells. Indeed combination of TGF-3 inhibitors and
PD-L1 inhibitors induces a strong anti -tumor response, giving new hope to
treat advanced CRC patients (Tauriello et al., 2018).

Models of metastatic colorectal cancer

One of the major drawbacks in the study of colon tumors has been the lack of appro-
priate models. As explained in section 1.4.2, most of the available GEMMs are lim-
ited to benign adenomas and some invasive adenocarcinomas that do not progress
to metastatic disease, hampering the study of therapies for stage IV human CRC. In
the last years, though, the development of new techniques has allowed more accu-
rate reproduction of the disease both in vitro and in vivo. Recently, our lab generated
the first GEMM of metastatic CRC (Tauriello et al., 2018). We crossed mouse strains
bearing engineered alleles for four of the most common genetic alterations found
in human CRC -Apcﬂ/ fl Kras™SLG12D  TGEpR2f/1, Tp53ﬂ/ fl_ and recombined these
mutations in intestinal stem cells by means of the Lgr5-creERT2 driver. Quadruple
mutant mice developed metastatic intestinal tumors that reproduced several key fea-
tures of human poor prognosis microsatellite stable CRCs including a stromal rich
TGF-3 -activated TME and T-cell exclusion. We demonstrated that these models are
bona-fide surrogates of stromal-rich CMS4 human CRCs (Tauriello et al., 2018). For
the first time, they enabled the study the interaction of CRC and the TME in a fully
immunocompetent setting. In addition, these tumors were isolated from mice and
cultured in organoid format, allowing for further genomic modifications.

Orthotopic transplants

The organoid culture system, either PDO or CRISPR/Cas9 engineered, enables the
long-term maintenance and expansion of heterogeneous CRCs that can be implanted
orthotopically in their native environment in immunosuppressed mice. For CRC, the
widest used technique is intracaecum injection of in vitro grown organoids (Céspedes
et al., 2007). Moreover, in our group we also developed a nesting technique, consis-
tent on transplanting small pieces of already grown tumor in the caecum. The most
common metastatic sites for orthotopically injected CRC tumors are livers and lungs
(Fumagalli et al., 2017, Roper et al., 2017).

1.5 GENOME-EDITING TOOLS

As a last chapter of the introduction I cannot fail to mention one of the revolutionary
techniques key to the project success, the CRISPR/Cas9 genome-editing tool. During
the last decades, the possibilities of customizing the genome of adult cells have re-
fined with the establishment of site-specific endonucleases. The system is based in
fusing an unspecific nuclease domain with a DNA-binding specific site. The chimeric
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nuclease will induce a double strand break (DSB) at the desired locus, which will
be repaired either by non-homologous end joining (NHE]), introducing mutations, or
homologous recombination (HR) if the adequate template is provided. HR repair will
introduce any sequence located in between the homology arms, creating a knock-in.
The modification of in vitro cultured organoids by these means has opened the door to
studies previously limited to GEMM, allowing for lineage tracing and clonal analysis
in human tumors. The most used genome editing systems are:

1.5.1 Zinc finger nucleases (ZNF)

Cys2-His2 Zinc fingers are one of the most common DNA binding motifs. Each finger
consists of 30 amino acids in BB« conformation that binds 3-4 base pairs (bp) of
DNA. By synthetic generation of three to six zinc finger proteins, DNA sequences of
9 to 18 bp can be specifically recognized in the genome. The combinatorial approach
supposes an easy method to target any site in the human genome (Liu et al., 1997).

1.5.2  Transcription activation like elements (TALE)

TALE are proteins from the plant invasive bacteria Xanthomonas, each domain com-
prised of 35 amino acids. They recognize single nucleotides within the DNA, thanks
to two hypervariable amino acids that determine their specificity. By linking several
TALE, any sequence in the genome can be targeted, with higher flexibility than the
triplet-based system of the ZFN. TALE domain cloning, nevertheless, is technically
complicated due to repetitive sequences (Boch et al., 2009).

1.5.3 CRISPR/Cas9

The bacterial RNA guided system Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR) type II has supposed the definitive answer for gene editing. Briefly,
bacteria contain foreign DNA segments, termed spacers, in the CRISPR locus. The
transduction of spacers generates a CRISPR RNA (crRNA) that binds to a trans-
activating crRNA (tracrRNA) and together they are able to direct specific DNA cleav-
age by Cas proteins. Recognition of the site requires a protospacer adjacent motif
(PAM) of three nucleotides (NGG) followed by a 20 nucleotide sequence homologous
to the crRNA. This system has been reconverted for use in human cells by intro-
ducing a plasmid encoding for the guide RNA (crRNA-+tractRNA) and the Cas9
nuclease. Thus, simply by designing the guide sequence, any researcher can easily
induce a DSB in a specific genome position (Ran et al., 2013). Another advantage of
the CRISPR/Cas9 system is the easiness of multiplexing, i.e targeting several genes
at the same time just by using several guide RNA together (Cong et al., 2013) (Fig-
ure 1.18).

A great example of the easiness of CRISPR/Cas9 genome editing is the in situ mod-

ification of mouse colon cells by colonoscopy-mediated delivery of lentiviral vectors
containing Cas9 and guide RNA (Roper et al., 2017). Using this system, they were
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able to mutate the Apc and Tp53 genes in vivo, inducing colon tumor formation.

Target Locus

Locus

aa gl e >
Recognition glﬁ)CAsg

———— @i DSBIhy——————

Knock-out Knock-in
e gl s > —— @il I e—)
Non homologous \p" \nyonorMagnm
end joining c = = >
[ B —) Homologous
recombination

e N < s >
Reporter gene

Figure 1.18: CRISPR/Cas9 gene editing system. CRISPR/Cas9 is based on the induction of a
double strand break (DSB) in a specific locus within the genome. Cas9 nuclease is translocated
to the desired genome position by a specific guide RNA (gRNA) of only 25 bp. The DSB can
be either repaired by non-homologous end joining (NHE]J), introducing mutations and thus
creating a knock-out, or by homologous recombination (HR) if a template is provided. HR
allows the insertion of any fragment of interest in between the homology arms for knock-in
generation.
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OBJECTIVES

This thesis work was aimed to study tumor cell composition and the cell hierarchy
that characterize advanced human colorectal cancers. In particular, we have focused
on the following objectives:

1.

To develop genetic tools that enable the study of the behavior of distinct tumor
cell populations within intact tumors.

. To define the potential of LGR5 as a marker for human colon cancer stem cells.

. To analyze the contribution of LGR5+ cells to intestinal cancer growth using

lineage tracing strategies on human-derived CRCs.

. To characterize the heterogeneity of phenotypes and behaviors within the can-

cer stem cell pool.

. To analyze the contribution of differentiated-like cells to colorectal cancer growth.

. To develop 3D imaging systems to visualize and track specific cell populations

within tumors.

. To study the dynamics and the contribution of distinct cell types to tumor

growth.

. To develop mouse orthotopic transplantation models with patient-derived tu-

mors to study the metastatic process.

. To identify the cell of origin of metastasis.
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RESULTS

The main focus of this project is to investigate the tumor cell hierarchy present in
human CRCs. As I detail in the introduction, to a large extent tumor cells and in par-
ticular CSCs have been study through transplantation experiments. We developed a
new methodology to study distinct tumor cell populations in unperturbed tumors by
combining two cutting-edge techniques; CRISPR/Cas9 gene editing tools and patient-
derived organoid cultures (PDOs). The PDO culture system has allowed us to indef-
initely maintain a collection of human samples growing as stem cells in vitro (Sato
et al., 2009, Jung et al., 2011). Upon injection into immunodeficient mice, PDOs were
capable of regenerating full tumor complexity (Merlos-Sudrez et al., 2011, Calon et
al., 2012). Moreover, PDO cultures enabled the possibility of creating specific genomic
modification using CRISPR/Cas9, and in particular, the insertion of reporter genes
and lineage tracing cassettes in selected marker genes.

This thesis reuslts are organized in three chapters. The first chapter represents an ex-
tended version of the results published in Cortina, Turon et al. EMBO Mol Med, 2017,
where we demonstrated the existence of an LGR5+ tumor cell population in human
CRCs that behave as a cancer stem-like cells (full article can be found in the Annex
section). In the second chapter, we compared the behavior and proliferative dynamics
of the LGR5+ population with those of more differentiated-like cells. Finally, I discuss
the findings related to the use of EMP1 as a novel metastatic marker for CRC.
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ysis and 3D reconstruction of serial sections. ES helped in the interpretation and
discussion of the results.
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Chapter 1: Study of LGR5+ cells in human CRCs

3.1 CHARACTERIZATION OF LGR5+ CELLS IN HUMAN CRC ORGANOIDS
3.1.1 CRISPR/Cas9 labelling of LGRS gene

For this study, we selected two CRC patient derived organoids from our collection,
PDO6 and PDOY. Both tumors, like the majority of colorectal carcinomas, harbor a
combination of canonical CRC mutations in the main driver pathways. PDO6 corre-
sponds to a relatively benign grade 2 CRC and carries no mutations in main com-
ponents of TGF- and p53 pathways. PDO7, on the contrary, is a highly aggressive
carcinoma with mutations in four key pathways for CRC development (WNT, KRAS,
TGF-3 and TP53) (Fearon et al., 2011) (Table 3.1.)

PDO Stage WNT KRAS PI3K TP53 TGF-f3
pathway  pathway  pathway /ATM pathway

PDO6 II APC FS (- KRAS WT WT WT
522/+) (A146V/+)

PDO7 v APC KRAS WT ATM SMAD4
STOP(R787*)(G13/+) (V182L (L536R
/ /N1983S)  /L536R)
STOP(K1438%)

Table 3.1: CRC driver mutations in the PDOs used in this study. PDO6 and 7 stage at the
time of diagnosis, as well as summary of cancer driver mutations found in the main signaling
pathways involved in CRC development in those PDOs. FS: frameshift mutation.

We utilize two vectors, px330-guide-Cas9 containing the gRNA guide and a Cas9
protein sequence, as well as an IRFP marker (modified from the original px330 of
Ran et al., 2013), and a donor plasmid containing the reporter construct flanked by
homologous recombination arms (Figure 3.1A). gRNA guide was designed to bind
and recruit Cas9 nuclease to the 3'UTR of the LGR5 gene, with the cutting site right
before the STOP codon. The reporter included an LF2A-EGFP coding sequence, so
that endogenous LGR5 and inserted EGFP would be expressed as a single mRNA
molecule and cleaved at the protein level (Szymczak and Vignali, 2005).

We nucleofected PDO7 with both plasmids at a 3:1 ratio (7+2ung) and FACS (Fluores-
cent Activated Cell Sorting) separated the cells 3 days after (short term sorting) based
on their iRFP positivity (Figure 3.1B). 20 days after the initial sorting, we selected
EGFP+ cells by flow cytometry (long term sorting) and plated them in single cell
format in 3D conditions (Figure 3.1C). We genotyped single cell derived organoids
by PCR, amplifying 3" and 5 ends of the integration site, and also the whole lo-
cus to determine whether clones contained correct homo- or heterozygous insertions
(Figure A.1A). From here onwards, this PCR-based strategy will be referred as inte-
gration PCR: 3’specific, 5'specific and H/H respectively). In addition, we performed
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southern blot analysis of the EGFP sequence to ensure that integration occurred ex-
clusively in the LGRS locus (Figure A.1B). The efficiency (number of clones obtained
with correct integrations) along the process is summarized in Table A.1. We picked
two representative homozygous clones, #1 and #2, for further experiments.

We repeated the procedure for PDO6 (Figure 3.2, and Figure A.2), with a similar
targeting efficiency (Table A.1). We selected a homozygous clone without off-targets
for future experiments (#18).
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8 8388 S tion to derive single cell clones.

FSC-A (x1000) T FSC-A (x1000) Adapted from Cortina, Turon et

al., 2017.

3.1.2 EGFP knock-in reports LGR5 levels

We interrogated whether EGFP reported LGRS in knock-in derived LGR5-EGFP clones.
By flow cytometry we separated EGFP-High, -Low and —Negative cell populations
and isolated RNA from the sorted fractions (Figure 3.3A and B). RT-qPCR analysis
confirmed that LGR5 mRNA expression paralleled EGFP protein levels (Figure 3.3C
and D). Immunofluorescence staining for KRT20 and MUC2 demonstrated that some
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cells in the organoids undergo differentiation, despite they were maintained under
stem cell conditions. LGR5-EGFP+ cells showed a complementary staining pattern to
that of differentiation markers KRT20 and MUC2 (Figure 3.3E).
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Figure 3.3: PDO6 and PDO?7 organoids retain heterogeneity in vitro. A. Flow cytometry
analysis of PDO7 LGR5-EGFP#1 and #2 in vitro grown organoids showing EGFP-High (green)
-Low (blue) and -Negative (grey) cells and B. of PDO6 LGR5-EGFP#18. C and D. EGFP and
LGR) relative mRNA expression level by qrtPCR of the LGR5-High, -Low and -Negative
FACS-isolated populations of each clone respectively (PDO7#1 and #2 and PDO6#18). Data
is represented as meands.d. of three technical replicates. E. Immunofluorescence of in vitro
grown organoids of PDO7 LGR5-EGFP#1 stained for EGFP and the differentiation markers
KRT20 and MUC?2. Scale bars indicate 100 pm. Adapted from Cortina, Turon et al., 2017.

3.1.3 CRISPR/Cas9 genome editing does not introduce random mutations in PDO7 DNA

Before proceeding to perform in vivo experiments, we assessed the introduction of
undesired off-target mutations in modified PDOs by the genome editing procedure.
For that purpose, we compared parental PDO7 vs LGR5-EGFP#1 derived clone by
exome sequencing. This analysis revealed few private mutations present in the clone,
yet none of which occurred in known cancer-driving genes (Table 3.2).

CRC driver mutations de novo missense or de novo mutations with
non-sense mutations predicted high impact
(genes)
All present (APC, KRAS, 64 3 (EIF2AK2, KIAAO0101,
SMAD4, ATM) PPFIBP2)

Table 3.2: PDO7 WT vs LGR5-EGFP#1 exome sequencing summary. Analysis of mutations
introduced in clone 1 after CRISPR/Cas9 targeting. None of the CRC driver mutations were
modified after genome-editing and only three of the 64 newly generated mutations have
predicted impact in protein function (detailed in section 6.8).
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In addition, we monitored the most probable off-target sites of the LGR5 gRNA pre-
dicted by the Zhang laboratory algorithm (http://tools.genome-engineering.org).
We found no mutations in the predicted sites (Table 3.3).

Sequence Mismatches Gene Location Clone 1
TGTCTCTGAATAGTA 4MMs GPR3 Exon2: WT
GGTGAGGG (8:10:13:16) (NMO005281) bp521-543

aal41-167
CACCCCTAATTAATA 4MMs (1:2:3:5) SH2D4B Exon 7: bp WT
TGTGAGAG (NM207372) 3748-3771

3'UTR
TTTTTCTATTCAATA 4MMs (2:4:9:11)  MTIB Exon 3: bp WT
TGTGAAAG (NMO005947) 325-357

3'UTR
TATCTCTAATGAAAT 4MMs PRND Exon 2: bp WT
TGTGAAAG (2:11:14:15) (NM012409) 1118-1140

3'UTR

TATCTATAAATAATT 4MMs (2:6:10:15) USF3
TGTGAAGG (NM001009899)

Exon 7: bp WT
13257- 13280
3'UTR

Table 3.3: Predicted LGR5 CRISPR/Cas9 RNA guide off-target sites. Alternative sequences
recognized by the LGR5-specific gRNA. Number of mismatches between original and alter-
native sequences are indicated, as well as position of those. Gene and exact location of each
sequence is found in the table. None of the predicted hotspots presented mutations in PDO7
LGR5-EGFP#1 (last column).

3.1.4 LGRb5 marks a stem-like population in human CRC xenografts

Once we confirmed that the modified clones were correctly targeted, we injected
them subcutaneously into immunodeficient Beige /SCID mice (150000 cells per flank)
in order to generate patient derived xenografts (PDX). When tumors reached 100-
150 mm?, mice were sacrificed and tumors analyzed both by immunohistochemistry
(IHC) and by disaggregation follopwed by flow cytometry of alive cells. Histology
analysis revealed PDO7 tumors were glandular-like, with LGR5-EGFP+ areas rep-
resenting 50-60% of the whole tumor (Figure 3.4A and B). Co-staining with differ-
entiation markers corroborated the observations in organoids; there was no overlap
between LGR5-EGFP glands and KRT20 or MUC2 expression (Figure 3.4C and D).

In experiments of tumor cell dissociation followed by FACS, we used anti-human
EPCAM antibodies to distinguish tumor cells from mouse cells. EGFP+ cells rep-
resented 3-4% of the total epithelial compartment (Figure 3.5A and B). According
to histological stainings, this 4% of EGFP+ cells corresponded to EGFP-High only,
whereas EGFP- cells were actually EGFP-Low and -Negative, possibly because FACS
was not sensitive enough to detect all grades of EGFP positivity. We sorted the EGFP+
and EGFP- fractions and performed mRNA extraction followed by gene expression
analysis. RT-qPCR revealed a 10-fold enrichment of LGR5 mRNA expression in the
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Figure 3.4: Histology of PDO7 LGR5-EGFP subcutaneous xenografts. A. EGFP immunofluo-
rescence in a paraffin section of LGR5-EGFP#1 xenograft. Magnifications of the glandular like
structures are indicated in white rectangles. Scale bars represent 1 mm for whole xenografts
and 100 pum for the insets. B. Same for in LGR5-EGFP#2 derived tumors. Scale bars represent
1 mm for whole xenografts and 100 um for the insets. C. Dual immunofluorescence staining
showing KRT20 and LGR5-EGFP complementary expression domains in #1 and #2, respec-
tively. Dashed lines delimit expression domains in adjacent glands. Scale bars indicate 100
um. D. MUC2 and LGR5-EGFP dual immunofluorescence staining in paraffin sections of #1
and #2. White arrows point at MUC2+ EGFP- cells. Scale bars indicate 100 um. Adapted from
Cortina, Turon et al., 2017.

EGFP+ fraction, as well as of other stem cell markers (SMOC2, OLFM4, EPHB2). We
also observed clear counter-enrichment in expression of differentiation marker genes
(KRT20, MUC2, EFNB2) (Figure 3.5C and D). We analyzed global gene expression
of the two populations using microarrays. Subsequently, we performed gene-set en-
richment analysis (GSEA) with signatures of both mouse and human intestinal stem
cells (Munoz et al., 2012, Merlos-Suérez et al., 2011), of the intestinal differentiated
cells program (Merlos-Sudrez et al., 2011), as well as of crypt proliferative progeni-
tors (Merlos-Suérez et al., 2011) (Figure 3.5C). As expected, EGFP+ cells were highly
enriched in the stem cell and proliferation programs and devoid of differentiation
marker gene expression.
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Figure 3.5: LGR5-EGFP+ cells are enriched in stem cell genes and devoid of differentiation
marker gene expression. A and B. Representative FACS analysis of #1 and #2 dissaggregated
subcutaneous-derived xenografts. Only EPCAM+/DAPI- cells are plotted. C and D. Relative
mRNA expression level by qrtPCR of intestinal stem and differentiation genes for the sorted
EGFP+ and EGFP- populations. Data is represented as mean4sd of three technical replicates.
E. GSEA comparing the expression of signatures of mouse LGR5+ cells (mLgr5-SC), human
colon stem cells (hCoSCs), differentiated cells (hCo differentiation) or proliferative crypt cells
in profiled LGR5-EGFP+ vs LGR5-EGFP- cells from PDO7 LGR5-EGFP#1. Adapted from
Cortina, Turon et al., 2017.

In summary, LGR5-EGFP cells represent a tumor subpopulation identified by ex-
pression of stem-like and proliferation genes and counter-enriched in differentiation
markers both at the mRNA and protein level. This pattern is reminiscent to that of
normal intestinal stem cells.

LGRS+ cells exhibit increased tumor initiating potential

We next isolated the EGFP+ and EGFP- cell populations by FACS and plated them
in vitro to assess their clonogenic potential. 15 days after plating, EGFP+ purified
cells had efficiently formed organoids (50%) whereas negative cells were remarkably
less proficient in organoid formation (10-20%) (Figure 3.6A). Of note, grown cultures
expanded from both tumor cell populations displayed equivalent EGFP+ and EGFP-
cells and therefore returned to the original heterogeneity found in vitro (Figure 3.6B).
This finding suggests either the occurrence of plasticity, or a residual degree of con-
tamination with EGFP+ cells in the EGFP- fraction. We also reinjected sorted cells into
secondary immunodeficient hosts to analyze the tumor initiation potential of EGFP+
and EGFP- population. We injected subcutaneously 200 and 1000 cells per flank of
each cell population. In both conditions, we corroborated that the LGR5-EGFP+ pop-
ulation was able to grow tumors with high efficiency whereas LGR5-EGFP- only gen-
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erated tumor in a few flanks (Figure 3.6C). Histological analysis of second passage
tumors confirmed that grown xenografts derived from both EGFP+ and EGFP- cell
fractions recapitulated the morphology and organization of the parental xenografts,
with EGFP+ glands devoid of KRT20 and MUC2 (Figure 3.6D). In addition, EGFP in-
tensity and distribution in tumors reproduced that of the parental tumor (Figure A.3),
demonstrating that LGR5+ cells can give rise to differentiated tumor cell populations.
Similarly to in vitro cultures, these data suggest plasticity of tumor cell phenotypes,
although again we cannot rule out the LGR5-EGFP- fraction was contaminated with
some LGR5+ cells that were undetected by FACS.

PDO6 xenografts had slower growth kinetics than PDO7 and after inoculation in
NSG mice required three to four months to generate large (150 mm?®) tumors. We
could nevertheless analyze PDX derived from LGR5-EGFP#18 PDO6 clone. They pre-
sented a similar glandular structure to that of PDO7, with a range of 60% EGFP+
cells of different intensities (Figure 3.7A).LGR5-EGFP cells did not express either the
differentiation markers KRT20 and MUC2 (Figure 3.7B and C). By flow cytometry,
we observed around 3% of EGFP+ cells that express elevated LGR5 mRNA levels as
well as several other ISC marker genes (Figure 3.7D and E). The EGFP-Low /Negative
counterparts were enriched in differentiation-like genes (Figure 3.7E). EGFP+ cells pu-
rified from xenografts were more proficient in generating colonies than EGFP- cells
(Figure 3.7F), but paralleling the results in PDO7 the organoids that grew from the
negative fraction had recovered EGFP stem cell levels (Figure 3.7G). Due to its lower
tumorigenic potential, we did not manage to assess tumor initiation potential with
PDO6.
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Figure 3.6: Stem cell functional assays of the LGR5 population. A. Representative im-
ages and quantification of organoid formation assays from cells purified of PDO7 LGR5-
EGFP#1 and #2 subcutaneous xenografts (n=4 wells per condition). Data is represented as
meants.d. Scale bars indicate Imm. B. Representative flow cytometry analysis of 15-days
grown organoids from EGFP+ and EGFP- sorted populations. C. Tumor initiation capacity
(TIC) upon injection of 1000 or 200 cells in secondary immunosuppressed hosts. Graph shows
Kaplan-Meier plots (n=9 xenografts). D. Dual immunofluorescence staining for KRT20/EGFP
and MUC2/EGFP on paraffin sections of xenografts generated by EGFP+ and EGFP- sorted
populations respectively. Dashed lines mark stem-like and differentiated-like compartments.
White arrows point to secretory cells intermingled in the LGR5- compartment. Scale bars in-
dicate 100um. Statistics: differences in organoid formation assay were assessed with Student’s t-test
and in TIC by log-rank (Mantel-Cox) test: *P-value < 0.05, **P-value < 0.005, ***P-value < 0.0001.
Adapted from Cortina, Turon et al., 2017.
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Figure 3.7: Characterization of LGR5-EGFP+ cells in PDO6. A. Representative images of
EGFP expression patterns analyzed by immunofluorescence on a section of PDO6-LGR5-
EGFP#18-derived subcutaneous xenograft. White squares indicate position of the insets in
the xenograft. Scale bars indicate Imm for low magnification picture and 100um for insets. B.
Dual immunofluorescence demonstrating KRT20 and LGR5 complementary expression do-
mains. Dashed lines mark expression domains of adjacent glands. Scale bars indicate 100pum.
C. MUC2 and EGFP dual immunofluorescence on paraffin sections of clone #18. White ar-
rows point to LGR5-/MUC2+ cells. Scale bars indicate 100um. D. Flow cytometry profile
of EGFP+ and EGFP- fractions from disaggregated xenografts generated by PDO6-LGR5-
EGFP#18. Only EPCAM+DAPI- cells are analyzed E. Relative mRNA expression level by
qrtPCR of intestinal stem and differentiation genes in EGFP+ vs. EGFP- (EPCAM+) cells
isolated from disaggregated xenografts. Data is represented as mean=+ts.d. of three technical
replicates. F. Representative pictures and quantifications of organoid formation assays gen-
erated by EGFP+ and EGFP- cells isolated from xenografts. Scale bars indicate 1mm. (n=4
wells per condition). Differences were assessed with Student’s t-test: ** p-value<0.01. G. Represen-
tative flow cytometry analysis of 15 days grown organoids from EGFP+ and EGFP- sorted
populations. Adapted from Cortina, Turon et al., 2017.
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3.1.5 LGRS+ cell population fuels tumor growth

Organoid formation assay and tumor initiation potential assays have been extensively
used as surrogates of stemness and are widely used to study the stem cell ability of
tumor cell populations. However, these assays require disaggregation of the original
tissue and therefore imply alterations in cell microenvironment as well as several
other experimental caveats such as the fact that tumor cells remain isolated (Quin-
tana et al., 2008). For a discussion on this topic also read Batlle and Clevers, 2017.

The golden assay to determine the presence of a stem cell-like population in tumors
is clonal analysis through lineage tracing, based on labelling the progeny of a certain
subpopulation and following its expansion over time.

CRISPR/Cas9 design of the lineage tracing strategy

We devised a construct to integrate at the genomic safe harbor AAVS1, within intron
1 of the PPP1IR12C gene. The integration cassette contained mTagBFP2 (BFP) blue
fluorescent protein and a BGH-polyA STOP tract flanked by loxP sites, followed by
a TATOMATO (TOM) reporter. In presence of CreERT2 enzyme, loxP sites would re-
combine, excising the BFP-STOP cassette and enabling TOM expression, which would
be maintained through generations. In a similar fashion as for LGR5-EGFP editing
(described in section 3.1.1), we designed a guide RNA targeting the desired AAVS1
locus and inserted it in the px330-Cas9-iRFP plasmid (Figure 3.8A). The nucleofec-
tion strategy was the same as before, selecting iRFP+ cells at short term and BFP+
cells at long term (Figure 3.8B and C). Clone derivation efficiency is summarized in
Table A.1, and genotyping gels and southern blots are shown in Figure A.4. In this
case, we chose a clone with a heterozygous integration to perform subsequent gene
editing-modification (A AVS1BFPTOM#20)

We next modified the LGR5-EGFP donor plasmid described in section 3.1.1 by switch-
ing the EGFP cassette for a CreERT2 gene. We nucleofected AAVS1BFPTOM#0 celig
with the LGR5-guide and Cre-donor plasmid (Figure 3.8D) and selected iRFP+ cells
two days after (Figure 3.8E). In these experiments, we directly plated sorted cells to
grow single cell derived organoids, as the CreERT2 cassette did not have any flu-
orescence that enabled long-term selection of targeted cells. The efficiency of such
unselected derivation was 16% (Table A.1). We selected clones LGR5-LF2A-CreERT2
(LGR5-Cre) #38 and #48 for further studies (Figure A.5).
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Figure 3.8: Generation of the LGR5 lineage tracing cassette. A. Scheme of the Lox-BFP-STOP-
Lox-TOM AAVS1 knock-in donor and CRISPR/Cas9 gRNA sequences. B. FACS purification
three days post-nucleofection of the PDO7 iRFP+ cells. C. MUC2 and EGFP dual immunoflu-
orescence on paraffin sections of clone #18. White arrows point to LGR5-/MUC2+ cells. Scale
bars indicate 100um. D. Flow cytometry separation of long-term BFP+ cells (20 days post-
nucleofection). E. Short term FACS-sorting of AAVS1BFPTOM#20 1 GRS 1 F2A-CreERT2 cells
for single-cell clone derivation. Adapted from Cortina, Turon et al., 2017.

Lineage tracing strategy marks LGRS+ cells

To test the functionality of the lineage tracing system, we first induced CreERT?2 activ-
ity in vitro by culturing modified PDO7 clones with 4-hydroxytamoxifen (4-OHTam)
1uM. A small portion (0.4%) of BFP+ cells converted to TOM+ in 48h (Figure 3.9A).
This population grew up to 3.6% 10 days post induction (Figure 3.9B and C). The
efficiency of CreERT2 recombination was low (1 in every 50 cells in vitro), yet this
suited well our interest since clonal analysis required tracing induction at single cell
level to follow the progeny of individual cells. Moreover, 10 days post induction we
did not observe any double BFP+TOM+ cell, supporting a complete recombination
of the tracing cassette.

53



>
w

48h induction 10 days induction
Non induced 40HT 1 uM Non induced 40HT 1 uM
10°. 10°.

0.4% 3.6%

mTagBFP2
mTagBFP2

102 10% 10* 10% 102 10 10* 10° 102 10 10* 10° 102 10 10* 10°
TdTomato TdTomato

(@]
Y
(0]
o
o
(@]
—~~
-

40HT 1 uM 10d

Figure 3.9: Functioning of the tracing system in vitro. A. FACS analysis of BFP and TOM
populations in AAVS1BFPTOM#20 [ GR5-Cre#48 in vitro grown organoids 48h after 4-OHT pulse.
B. FACS profiling of the same clone 8 days later, showing the appearance of the BFP-TOM+
targeted population. C. Representative confocal imaging of double knock-in organoids in-
duced with 4-OHTam for 10 days in vitro. Scale bars indicate 50 pm. Adapted from Cortina,
Turon et al., 2017.

We next performed in vivo clonal analysis by injecting subcutaneously in Beige/SCID
mice the dual targeted PDO7 (150000 cells per flank). When tumors reached a min-
imum size of 50 mm?3, we treated mice with two intraperitoneal shots of tamoxifen
(Tam) 250mg/kg, and sacrificed them 96h after the first shot (Figure 3.10A). By FACS
of dissociated xenografts, we observed the appearance of a TOM+ cell population
in treated tumors (Figure 3.10B), which retained LGR5 expression as shown by RT-
qPCR (Figure 3.10C). This experiment demonstrated for the first time that is possible
to perform lineage tracing experiments in human colorectal tumors. Comparing the
frequencies of LGR5-EGFP+ cells in PDXs and the induced numbers of TOM+ cell
population at 96 hours, we estimated that roughly one in 10-20 LGR5+ cells recom-
bined the tracing cassette in these experiments.

LGRS+ cells give rise to long-lasting clones

PDO?7 subcutaneous xenografts in Beige/SCID mice grow at a fast rate. Therefore,
we devised the following tracing strategy to study LGR5 progeny in PDX: after cell
inoculation into mice, we waited until tumors reached a size of 50 mm?> and then
treated the animals with two intraperitoneal shots of 250 mg/kg Tam. Tumors were
resected from the animals at 96 hours, 14 days and 28 days post induction. After one
month, the tumor burden was excessive and animals had to be sacrificed, so pieces of
the xenografts (trochers) were transplanted under the skin of second hosts, allowing
the tumors to grow for one more month (i.e up to 56 days) (Figure 3.11A).
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Figure 3.10: TOM reports LGR5 levels in vivo. A. Scheme of the tamoxifen administration
dosage in PDO7 subcutaneous xenografts of 50 mm?>. B. Flow cytometry profiling of the TOM-
induced population in EPCAM+/DAPI- cells from disaggregated xenografts 96 hours after
Tam induction. Representative examples for both LGR5-Cre#38 and #48 clones. C. Relative
mRNA expression of sorted TOM+ and TOM- populations at short time point (96h) post
induction from the xenografts. Data is represented as meanzs.d. of three technical replicates.
Adapted from Cortina, Turon et al., 2017

We analyzed the results by TOM immunohistochemistry in tumor sections at the in-
dicated time points (Figure 3.11B). At 96h (4d) all TOM+ cells were visualized as sin-
gle cell entities, meaning that each recombined LGRS cell will give rise to a unique
single-cell derived clone, a condition that is essential to reach valid conclusions in
clonal tracing analysis. We quantified vast number of clones in a substantial num-
ber of xenografts (detailed numbers of quantifications can be found in section 6.8.3).
Clones gradually expanded in size with time while the pool of single cell positive
cells decreased. Nonetheless, we noticed that a proportion of TOM+ cells remained
as single cells over long periods suggesting that a proportion of the LGR5+ cancer
stem cell pool is in a quiescent state. (Figure 3.11C). Alternatively, this single cell
clones may simply represent the borders of large clones that are visualized as indi-
vidual entities due to the sectioning plane.

By comparing clonal expansion with growth rate of the epithelial compartment (mea-
sured by Hematoxylin-Eosin (HE) in histological serial sections) (Figure 3.11D) we
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concluded that size of the clones derived from LGR5+ cells scale proportionally to
the whole tumor epithelium. Taking into account that many LGR5+ cells were not
labelled by TOM, this scaling pattern supports the notion that tumor growth is due
to LGR5+ cell growth.
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Figure 3.11: LGR5 progeny expands in vivo in subcutaneous xenografts. A. Schematic rep-
resentation of the LGRS lineage tracing experimental setup in subcutaneous xenografts. B.
Representative IHC using anti-Tomato antibodies on paraffin sections from samples resected
at the four indicated time points after tamoxifen treatment. Arrowheads point to single and
two cell clones. Dashed lines delimit large clones. Scale bars indicate 250um. C. Clone size
frequency per time point according to total cell numbers. Number of clones quantified was
2330 for day 4, 9554 for day 14, 14897 for day 28, and 2476 for day 56. D. Correlation of
number of epithelial cells per xenograft and number of cells per clone over time (day 4: n = 4;
day 14: n = 10; day 28: n = 14 and day 56: n = 24 quantified xenografts, respectively). Adapted
from Cortina, Turon et al., 2017.

A major limitation in the lineage tracing analysis we have performed is that it is a

2D-based study. Extracting growth kinetics data from a 2D visualization (i.e. histolog-
ical section) of clones that expand in 3 dimensions in tumor glands with convoluted
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patterns imposes a bias in the results and subsequent interpretation. For instance, a
small clone visualized in 2D may simply represent a large 3D clone sectioned at the
border. To overcome this problem, we attempted to visualize clones in 3D by serial
section reconstruction (Movie 1). The reconstruction showed both small (1-4 cells)
and large (>4 cells) clones (Figure A.6). This proves that single-cell detected clones
are not a result of analysis bias and that some LGR5+ cells remain in single cell status
for over one month.

However, this methodology proved to be highly inefficient and costly, and it only
permitted reconstruction of small tumor areas. For this reason, we next focused on
imaging whole xenografts. We set up a protocol (described in section 6.9.5) that al-
lows thick section imaging (up to 400pm in width) with a Selective Plane Illumination
Microscopy (SPIM) (Movie 2). This will be a powerful tool for future lineage tracing
experiments in the lab. At the time of submitting the thesis, we had not yet imple-
mented this technology in a time-efficient manner.

Differentiation kinetics are slower in tumors than in healthy epithelia

Interestingly, we quantified the differentiation rate within LGR5+ derived clones, and
observed that differentiation was a progressive process. There were few KRT20+ or
MUC2+ cells two weeks post induction but after this time point, the proportion of
differentiated cells inside clones increased exponentially (Figure 3.12). This finding
implies that the differentiation kinetics was somewhat slower than in homeostatic
intestinal tissue, where a cell will migrate upwards toward the villus, differentiate
and die in 4-5 days (Van der Flier and Clevers, 2009).
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Figure 3.12: LGR5 progeny gives rise to differentiated cells with time.

57



Figure 3.12: LGR5 progeny gives rise to differentiated cells with time. A. . Dual immunoflu-
orescence stainings showing TOM and differentiation markers MUC2 and KRT20 expression
domains at different lineage tracing time points. White arrowheads indicate double-positive
cells. Scale bars indicate 100pum. B. Quantification of the number of MUC2+ and KRT20+ cells
within TOM+ clones at each time point. Data is represented as the 95% confidence intervals
of the measurements. Number of clones assessed was 872 (4 days), 372 (day 14), and 69 (day
28) for KRT20 and 387 (day 4), 611 (day 14), and 130 (day 28) for MUC?2. Statistics: P-value was
calculated using a generalized linear model with binomial response. ***P-value < 0.005, ***P-value <
0.0001. Adapted from Cortina, Turon et al., 2017.

3.2 LABELLING PROLIFERATIVE CELLS IN HUMAN CRCS

As discussed above, lineage tracing experiments suggest that a subpopulation of
LGR5+ cells did not produce progeny over extended periods of time. In addition,
KI67 immunostaining in LGR5-EGFP-derived PDX showed that approximately half
of the LGR5-EGFP+ cells were KI67+ (Figure 3.13). This suggested the presence of a
quiescent LGR5+ cancer stem cell population in human tumors. To investigate this
possibility we engineered PDOs that carry a fluorescent label fused to the prolifer-
ation marker KI67 as well as the LGR5-EGFP reporter that we described in section
3.1.1.
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Figure 3.13: Half of PDO7 LGR5+ cells are KI67+. A. Representative immunofluorescence of
PDO7 LGR5-EGFP#1 stained with KI67 antibody. White arrowheads point to double-positive
cells; yellow arrowheads point to LGR5+/KI67- cells. Scale bars indicate 100pm. B. Quantifi-
cation of KI67+ cells within the LGR5+ and LGR5- compartments (n = 2749 LGR5+ cells, 1798
LGR5- cells assessed). Data is represented as the 95% confidence intervals of the measure-
ments. Statistics: P-value was calculated using Student’s T-test. Ns: non-significant

3.2.1 Labelling endogenous KI67 protein by CRISPR/Cas9

We designed a KI67-mTagRFP2 (RFP) fusion protein CRISPR/Cas9 construct. In brief,
we selected a guide RNA that induced a double strand break before the KI67 stop
codon, and designed a donor plasmid with adequate homology arms and a RFP
coding sequence in frame with KI67 gene (Figure 3.14A). We followed the same nu-
cleofection and sorting strategy as previously (please see section 3.1.1) but using the
already targeted PDO7 LGR5-EGFP #1 and #2 clones. Figure Figure 3.14B and C ex-
emplify FACS selection of LGR5-EGFP#2 KI67-RFP+ cells, and integration PCRs are
shown in Figure A.7. Total clonal derivation efficiency for both LGR5-EGFP clones is
detailed in Table A.1.
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Figure 3.14: PDO7 KI67-RFP
fusion protein knock-in
generation. A. Design of KI67-
TagRFP2 (RFP) donor and
CRISPR/Cas9 gRNA vectors.
RFP fluorescent protein was
inserted as C-terminal fusion
with endogenous KI67 protein.
B. FACS purification at day
3 indicating cells that have
incorporated the guide plasmid
(iRFP+). C. Flow cytometry
sorting of RFP+ cells 20 days
post-nucleofection. ~ Adapted
from Cortina, Turon et al., 2017

Prior to performing any analysis, we confirmed by microscopy the nuclear localiza-
tion of RFP protein in highly intense nucleolar dots, resembling the subcellular lo-
calization of endogenous KI67 protein (Verheijen et al., 1989) (Figure 3.15A). This
pattern was also observed in subcutaneous xenografts derived from the same clone
(Figure 3.15B). We did not perform southern blot and instead used co-localization as
an indication of the absence of expressed off-target integrations. Moreover, RFP-High,
Low and Negative populations reported KI67 mRNA levels in vitro (Figure 3.15C). We
used this particular clone (LGR5-EGFP#2 KI67-RFP#5) for subsequent experiments.
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Figure 3.15: RFP fluorescent marker correlates with KI67 protein. A.Representative confocal
images of PDO7-KI67RFP#5 in in vitro grown organoids, showing nuclear localization of
the RFP reporter. Scale bars indicate 100pm. B. Immunofluorescence on paraffin sections
of PDO7-KI67RFP#5 subcutaneous xenograft. RFP co-localizes with DAPI nuclear staining.
Scale bars indicate 25um. C. Flow cytometry analysis and sorting of 1-week in vitro grown #5
according to RFP levels. KI67 mRNA is expressed mostly in the RFP high fraction as analyzed
by RT-qPCR. Data is represented as meanzs.d. of three technical replicates. Adapted from
Cortina, Turon et al., 2017

K167-RFP fusion protein marks actively cycling cells

To assess whether or not KI67-RFP was a marker for proliferative cells, we injected
subcutaneously the modified PDO7 LGR5-EGFP#2 KI67-RFP#5 in Beige/SCID mice
and prior to sacrifice animals were treated with the thymidine analog ethynyl de-
oxyuridine (EdU). EdU is incorporated into the DNA during replication, and is
widely used to track proliferating cells in biological systems. Nuclear EAU incor-
poration can be easily detected by click-it chemistry (Salic and Mitchison, 2008). We
FACS-sorted RFP-Positive and -Negative cells from disaggregated xenografts (Fig-
ure 3.16A) and we next analyzed the proportion of tumor cells found in each cell
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cycle phase by total DAPI content and nuclear EAU incorporation. Flow cytometry
quantification showed that indeed RFP+ cell population contained many more cells
in the S phase of the cell cycle than the RFP- fraction (Figure 3.16B and C).
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Figure 3.16: KI67-RFP+ cells actively incorporate EdU. A. Flow cytometry separation of RFP+
and RFP- cell populations of PDO7 LGR5-EGFP#2 /KI67-RFP#5 from an EPCAM+/DAPI- dis-
aggregated xenograft. B. Cell cycle analysis of the RFP+ and RFP- cells previously sorted.
X-axis shows DNA content and Y-axis EAU incorporation (detected by Alexa-647). C. Quan-
tification of the frequencies of KI67-RFP+ versus KI67-RFP- cells found in each cell cycle
phase. KI67-RFP-Neg fraction is almost devoid of cells in S and G,/M phase. Adapted from
Cortina, Turon et al., 2017

3.2.2  One third of the LGR5+ cells are in a slow cycling state

In LGR5/KI67 double labelled PDX, around 30% of LGR5-EGFP+ cells were nega-
tive for KI67 (Figure 3.17A). Cell cycle analysis of FACS-purified EGFP+RFP+ and
EGFP+RFP- cells indicated that KI67-Negative cells were mostly arrested in Go/Gq
phase (Figure 3.17B). We also purified the four populations identified by FACS in
tumors (L+K+, L+K-, L-K+, L-K-, where L=LGR5 and K=KI67) and performed gene
expression analysis. RI-qPCR expression profile reinforced the cell cycle results, as
K+ fractions exhibited high levels of genes involved in proliferation, whereas both
L+ populations were clearly stem-like as shown by expression of LGR5 and SMOC2
(Figure 3.17C). Of note, L-K- population had higher expression of differentiated genes
(KRT20, EFNB2, CHGA) than L-K+ cells, suggesting that the formed could correspond
to a mature terminally differentiated population. In contrast, L-K+ cells appeared to
be a proliferating transient amplifying population that express markers of adsorptive
cells such as FABP1 and SI, among others. Interestingly, L+K- cells retained higher ex-
pression of stem cell markers than L+K+ cells, perhaps suggesting that slow cycling
stem cells could have enhanced stemness potential than actively cycling LGR5+ stem
cells.

By gene expression microarray analysis of L+K+ and L+K- populations we obtained
signatures that allowed a more in depth analysis of the expression profile of these two
populations. L+K+ fraction was enriched in many proliferation markers, as UBE2C,
FOXM1, CDC45 and CDK1 (Figure 3.17D). GSEA analysis using signatures of ISCs,
proliferating and differentiated cells confirmed the above observations (Figure 3.17E).
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These results point toward the idea that the LGR5+ stem cells in tumors are in two
different states -quiescency or proliferation-. In order to validate our findings, we
also took advantage of gene expression signatures generated in mouse adenomas
for LGR5 and KI67 populations (Basak et al., 2014) and found that the signatures
obtained perfectly correlated with ours (Figure 3.17F).

Figure 3.17: Dual LGR5 and KI67 knock-in PDO7 enables separation of quiescent and cy-
cling LGR5+ CRC cells. A. Representative FACS profiles from PDO7 LGR5-EGFP /K167-RFP
disaggregated xenografts. Only EPCAM+/DAPI- cells are shown. The four represented pop-
ulations are: L-K- (gray), L-K+ (orange), L+K+ (red) and L+K- (green). K indicates KI67, and
L indicates LGR5. B. Cell cycle analysis LGR5-EGFP+ and KI67-RFP+ or KI67-RFP- sorted
populations. 5363 and 5398 cells were analyzed in each case. C. RT-qPCR mRNA expression
analysis of proliferation, stem, and differentiation marker genes in the cell populations de-
fined by EGFP/RFP levels. Data is represented as mean+s.d. of three technical replicates. D.
Volcano plot representing gene expression profile of L+K+ versus L+K- purified populations
from #5. Green dots indicate genes belonging to the human colon stem cell signature, orange
dots represent genes belonging to the differentiated cell signature, and blue dots depict genes
of the crypt proliferative progenitor signature. Well-described genes involved in proliferation
are indicated. P-values and fold changes were computed by fitting a linear model with the
R package limma. E. GSEA comparing LGR5-EGFP+ cells positive or negative for KI67-RFP
with the signatures used in Fig 3.5. E. GSEA with signatures derived from mouse crypt LGR5-
High/KI67-High or LGR5-High/KI67-Low (Basak et al., 2014). Note that the only signatures
that are differentially expressed between the two populations correspond to proliferative cells
derived either from human crypts or from KI67-RFP mice. Adapted from Cortina, Turon et
al., 2017
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Figure 3.17: Dual LGR5 and KI67 knock-in PDO?7 enables separation
cycling LGR5+ CRC cells.

of quiescent and
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Identification of specific markers for the slow-cycling LGR5+ stem cell pool in human CRCs

By combining two markers (LGR5 and KI67) we demonstrated the existence of a
slow-cycling population with stem cell-like gene expression program in human tu-
mors. This was a surprising finding given that in homeostatic conditions ISCs are
mostly active and seldom found in quiescent status (Buckzacki et al., 2013, Barriga
et al., 2017). It is tempting to speculate that the slow-cycling LGR5+ pool in human
CRCs might be responsible for chemotherapy resistance and even metastatic dor-
mancy (Suzuki et al., 2006, Kreso et al., 2013). However, few studies have described
specific markers for this population (Puig et al., 2018, Buczacki et al., 2018). From
the L+K+ and L+K- gene expression prolifes generated in the previous experiment
(Figure 3.17), we selected a few markers enriched in the L+K- population and vali-
dated their expression in the four populations isolated from subcutaneous xenografts
by RT-qPCR. Indeed some genes we identify several genes, including APCDD1 and
MEX3A, that specifically labelled the quiescent stem cell state in human CRC (Fig-
ure 3.18). This finding gave rise to a new research project pursued by Drs. Carme
Cortina and Felipe Slebe in our laboratory.

10+ B L +/K+ B L+/K- B L-/K+ B L-/K- Figure 3.18: Specific markers of
5 the slow cycling LGR5+ cells.
3 81 RT-gPCR analysis of mRNA
:(' relative expression levels of
Z 6 putative markers of quiescent
€ stem cells in the mRNA pre-
é’ 41 viously generated from L+K+,
3 2 i i L+K-, L-K+ and L-K- popula-
o« _ tions disaggregated from PDO7

04 = LGR5-EGFP KI67-RFP#5 subcu-

APCDD1 DACH1 PGC1a CABLES MEX3A taneous xenografts. Data is rep-
resented as mean#s.d. of three
technical replicates.

In summary, we have successfully edited the genome of CRC PDOs using reporter
and lineage tracing cassettes. This approach enabled the visualization and tracking of
a putative CSC population identified by LGR5 gene expression. LGR5+ cells retained
a stem cell program reminiscent of the LGR5+ crypt base columnar cells in healthy
epithelia, and exhibited enhanced tumor initiation capacities. Lineage tracing from
the LGR5 locus indicated that its progeny fueled tumor growth. Moreover, tracing
experiments also revealed the existence of a quiescent stem cell pool in CRC. We
have identified marker genes of this population that will be analyzed in follow-up
studies.
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Chapter 2: Tracing the differentiated compartment of
CRC

3.3 DEFINING THE DIFFERENTIATED COMPARTMENT OF CRC TUMORS

In the previous chapter we characterized the contribution of LGR5+ cells to tumor
growth. The features of this population fit in well with that of a cancer stem cell popu-
lation (Schepers et al., 2012). To complement this study, we attempted to characterize
differentiated-like populations in tumors. At the moment of starting these experi-
ments the accepted view was that differentiated tumor cells were not tumorigenic
and did not contribute to tumor growth.

3.3.1 KRT20 marks differentiated cells in human tumors

KRT?20 is widely described in the literature as an intestinal pan-differentiation marker
(Moll et al., 1990, Dalerba et al., 2011). Moreover, previous data from the lab showed
an anti-correlation between stem cell marker gene expression and KRT20 protein
expression, both in normal (Figure 3.19A) and tumor tissues (Figure 3.19B)(Mérlos-
Suérez et al., 2011). KRT20 protein exhibited a complementary expression domain to
that of LGR5-EGFP cells, as shown before (Figure 3.4), and KRT20 mRNA was 2.5-
fold downregulated in the LGR5-EGFP+ population (Figure 3.5). For these reasons,
we chose KRT20 as a marker for differentiated tumor cells.

A Normal Intestine B Human Tumor

Figure 3.19: EPHB2 and KRT20 show complementary patterns in healthy intestine and tu-
mor tissue. A. EPHB2 and KRT20 dual immunofluorescence staining in sections from normal
human intestine paraffin blocks. Dashed lines indicate crypts, highly positive for EPHB2 and
devoid of KRT20. Scale bar indicates 250um. B. Same staining sections from patient tumors.
Tumor tissue is composed of glands that resemble healthy crypts, with stem-like (EPHB2)
and differentiated-like (KRT20) areas. Dashed lines separate both compartments. Scale bars
indicate 100pum.

Generation of PDOs carrying KRT20 lineage tracing cassettes

We designed the CRISPR/Cas9 KRT20 targeting vectors by simply modifying the
homology arms from the LGR5-LF2A-CreERT2 donor for the sequences correspond-
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ing to the KRT20 gene. We selected a guide that targeted the 3'UTR of KRT20 (Fig-
ure 3.20A). As described for the LGR5 locus, we nucleofected PDO7 AAVS]BFPTOM#20
clone and directly plated in single cell format iRFP+ cells at day 3 post nucleofection
(Figure 3.20B). Efficiencies of organoid targeting are detailed in Table A.1, and integra-
tion PCRs are shown in Figure A.8A. Selected clones were screened by Southern blot
for putative off-targets, and we finally chose #7 and #10 for further experiments (Fig-
ure A.8B). This gene edition will be referred as KRT20-Cre (KRT20-LF2A-CreERT2).
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Figure 3.20: PDO7 AAVS1BFFTOM#20 KRT20-LF2A-CreERT2 knock-in generation. A. Design
of KRT20-LF2A-CreERT2 donor and CRISPR/Cas9 gRNA vectors. B. Day 3 short term sorting
of the cells that have incorporated the guide plasmid (iRFP+).

Given that we had already validated the lineage tracing strategy in vitro using LGR5
clones (see section 3.1.5), we directly performed in vivo experiments by injecting
KRT20-Cre clones #7 and #10 subcutaneously into Beige/SCID animals.

KRT20-driven CreERT?2 is more efficient than LGR5-driven Cre

We first tested KRT20 lineage tracing with previously established experimental set-
tings (i.e section 3.1.5: 2 intraperitoneal Tam shots of 250 mg/kg), and found in-
creased efficiency of recombination. It was evident that vast areas instead of single
cells were labelled 96h after Tam administration (Figure 3.21). This was probably due
to the fact that KRT20 mRNA expression levels are higher than LGR5 levels (i.e in RT-
qPCR analysis, Ct amplification values of 20 (KRT20) vs 25 (LGR5) in human PDO7
EPCAM+ cells).

96h post-Tam (2*250 mg/kg)

Figure 3.21: Tamoxifen induces KRT20 lineage tracing from a large number of cells.
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Figure 3.21: Tamoxifen induces KRT20 lineage tracing from a large number of cells. TOM
IHC on sections from PDX paraffin blocks derived from KRT20-Cre clones 96h post-tamoxifen
injection (2*250 mg/kg). Scale bars indicate 250pm.

KRT20-driven progeny persists over time and gives rise to large clones in tumors

Because of elevated efficiency of recombination of the KRT20 tracing allele, we low-
ered administered Tam 250-fold compared to LGR5 tracing experiment (1 mg/kg),
and analyzed clone formation. At 72h post-induction, most TOM+ cells in xenografts
were found as single entities (Figure 3.22A), a pattern that was similar to that ob-
tained with LGR) tracing system (section 3.1.5). To confirm we were tracing KRT20+
derived cells, we FACS-sorted TOM+ and TOM- populations from dissociated xenografts
72h post induction and analyzed mRNA expression. In both clones, TOM levels cor-
related with KRT20 mRNA (Figure 3.22B). Of note, we observed that some TOM+
cells did not express KRT20 protein, which suggest that KRT20 mRNA is expressed
as an early event of the differentiation process, before the protein is produced (Fig-
ure 3.22C).

Unexpectedly, one month post induction of KRT20 lineage tracing cassette we could
observe large clones (Figure 3.23A), suggesting that at least part of the KRT20+ cells
were able to proliferate. To gather more data on the proliferative status of KRT20+
cells in human tumors, we co-stained this protein and KI67 proliferation marker in
xenograft sections. Many KRT20+ cells exhibited intense KI67 nuclear staining in
PDO7 PDX (Figure 3.23B). These data implies that KRT20 expressing cells do prolif-
erate and contribute to tumor growth.
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Figure 3.22: 1mg/kg of intraperitoneal Tam induces KRT20 lineage tracing cassette at sin-
gle cell level. A. TOM immunostaining on sections from paraffin blocks from subcutaneous
xenografts derived from KRT20-Cre clones 72h post-tamoxifen injection (Img/kg). Arrow-
heads point at single TOM+ recombined cells. Scale bars indicate 250um. B. Relative mRNA
expression levels of FACS-sorted TOM+ and TOM- populations in subcutaneous xenografts
72h post 1mg/kg Tam injection. Data is represented as mean=s.d. of three technical replicates.
C. Dual immunofluorescence against KRT20 and TOM proteins in paraffin sections of KRT20-
Cre#7 subcutaneous xenografts 72h post-Tam injection. Orange arrowheads point at double
positive cells and red arrowheads point at TOM+KRT20- cells. Many TOM+ are KRT20- cells.

Scale bar indicates 100pm.
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A #7 1 month post indl_,lction _ #10 1 month post induction

Figure 3.23: KRT20 progeny in PDO7-derived xenografts grows over time. A. TOM im-
munostaining on paraffin blocks from subcutaneous xenografts of KRT20-Cre clones 1 month
post-Tam injection (1mg/kg). Dashed lines encircle big clones, arrowheads point at single
TOM+ cells. Scale bars indicate 250um. B. Double immunofluorescence staining for K167 and
KRT20 in subcutaneous xenografts derived from WT PDO?. Scale bars indicate 50pum.

A large proportion of the KRT20+ cell population proliferates in vivo

To further study the features of KRT20+ cells, we next sought to create a triple re-
porter PDO that expressed KRT20-IRFP fusion protein together with LGR5-EGFP and
KI67-RFP. These PDOs enabled tracking and purification of stem-like, differentiated-
like and proliferative cells in vivo in human CRCs.

We nucleofected LGR5-EGFP#2 KI67-RFP#5 with the donor construct (KRT20-IRFP)
and KRT20-targeting guide RNA (Figure 3.24A). We sorted IRFP+ cells (i.e. expressed
from either the donor or guide plasmid) at short term and plated them in single
cell format (Figure 3.24B). Total targeting efficieny was 6.7% (Table A.1). Integration
PCR gels are represented in Figure A.9. We found that triple targeted PDO?7 already
showed in vitro cell heterogeneity, with mutually exclusive KRT20/LGR5 patterns
(Figure 3.24C).

FACS of disaggregated xenografts derived from triple LGR5/KI67/KRT20 modified

PDOs showed taht around one third of KRT20+ cells were KI67+ (Figure 3.24D). Of
note, wirtually all KRT20+ cells in normal intestine or colon from human or mouse
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tissues do not proliferate (Jiao et al., 2008). These results confirm that, in CRCs, KRT20
marks a non-stem (LGR5-) population that retains proliferative capacity and whose
progeny does not completely exhaust with time.
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Figure 3.24: Generation of triple targeted PDOs. A. Design of KRT20-iRFP fusion protein
donor and CRISPR/Cas9 gRNA vectors. B. FACS analysis at day 3 post-nucleofection show-
ing iRFP+ cells in the targeted clone. C. Confocal imaging of a 7-days in vitro grown PDO7
LGR5-EGFP/KI167-RFP /KRT20-iRFP organoid. EGFP and iRFP have complementary expres-
sion patterns, whereas KI67-RFP is equally distributed. Scale bars indicate 50um. D. RFP and
iRFP FACS profiling of the EPCAM-FITC+ cells of a disaggregated xenograft derived from
triple targeted PDO? organoids.

3.3.2  Characterization of EMP1+ cells

The notion that differentiated tumor cells do not contribute to tumor growth was
mostly based on studies that involved dissociation of tumor cells from xenografts and
re-inoculation into secondary recipients (Merlos-Sudrez et al, 2011, Dieter et al., 2011).
The results of the KRT20 lineage tracing experiments described above challenged this
view. To further analyze the contribution of differentiated cells to tumor growth, we
decided to track differentiated cells using another marker gene. The selected marker
fulfilled the following criteria: i) marker gene expression should be enriched in non-
stem cell populations, ii) it should represent a pan-differentiation marker rather than
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specific of a certain subset of cells (i.e MUC?2) iii) it should be amenable for targeting
using CRISPR/Cas9 system.

We leverage data previously generated by the lab on the expression profile of normal
colon stem cells (Jung et al., 2011), as well as transcriptomic profiles of PDOs to iden-
tify genes that comply with the above criteria. This analysis render a single candidate
named Epithelial Membrane Protein 1 (EMP1). EMP1, although poorly described in
literature, is consistently downregulated in intestinal stem cell signatures, and, inter-
estingly, is a gene induced when the WNT signaling pathway is switched off in CRC
cell lines (unpublished data from the Batlle Lab). Moreover, by RT-qPCR analysis,
we detected that EMP1 mRINA expression was 4-fold enriched within LGR5-EGFP-
Negative cells in PDO7 xenografts. Based on these findings, we decided to track the
contribution of EMP1+ cells to growth dynamics.

Generation of lineage tracing allele driven by the EMP1 locus

There are no good available antibodies against EMP1. This implied that the designed
gene editing construct required to insert not only a CreERT?2 for tracing purposes but
also a fluorescent reporter protein to localize EMP1+ cells in tumors. We tested many
combinations of EGFP-CreERT?2 fused constructs, with variants of fluorescent protein
such as NeonGreen (Shaner et al., 2013) together with several policystronic linkers
(IRES, T2A, LF2A). Yet, they all showed a weak fluorescent signal (data not shown).
To overcome this limitation, we nucleofected PDO7 AAVS1BFPTOM#20 with both an
LF2A-CreERT2 and an LF2A-EGFP donor, and subsequently selected clones that had
integrated each cassette in one allele of the EMP1 gene (Figure 3.25A). We grew single
cell clones from day 3 IRFP+ sorted cells (Figure 3.25B), and screened a large number
of clones by integration PCR and southern blot to identify correct integrations (Fig-
ure A.10). Final efficiency of correctly targeted clones was 2.33% (Table A.1). From
here onwards, this gene modification will be named as EMP1-EGFP /Cre. We selected
clones #28, #37 and #42 among the correctly integrated ones for subsequent in vivo
experiments.
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Figure 3.25: Dual labelling strategy for the EMP1 locus. A. Design of LF2A-CreERT2 and
LF2A-EGFP knock-in cassettes and CRISPR/Cas9 gRNA vectors for the EMP1 gene locus. B.
Flow cytometry purification of iRFP+ cells 3 days post-nucleofection.

EMP1 marks a differentiated-like population in human tumors

Before proceeding to lineage tracing assays, we studied the EMP1-EGFP+ population.
First, we analyzed EMP1-EGFP/Cre clones in vitro: flow cytometry analysis revealed
that EMP1-EGFP+ cells represented only 1% of total population (Figure 3.26A), and
gene expression analysis of EGFP+ and EGFP- fractions confirmed that EGFP+ ex-
pressed elevated EMPI mRNA levels (Figure 3.26B).
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We next generated subcutaneous PDX from these EMPI edited clones in Beige/S-
CID mice. EMP1-EGFP+ cells were visualized within tumor glands, accounting for
approximately 5 to 10% of total tumor epithelium. We noticed that EMP1+ cells ac-
cumulated mostly at tumor borders (Figure 3.27A and B). Upon a closer inspection,
we identified many EMP1+ cells intermingled between tumor stroma rather than in
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epithelial glandular structures (Figure 3.27C and D). Moreover, the brightest EMP1-
EGFP+ cells displayed morphology consistent with cells undergoing migration and
invasion (Figure 3.27C and D). We will further explore this unexpected findings in
the next section. In order to confirm that EMP1 was a marker for a differentiated-like
tumor lineage, we immunostained sections of the PDX with KRT20 antibodies and
found that indeed most EMP1-EGFP+ cells were KRT20+ (Figure 3.27E).

We also disaggregated xenografts and analyzed them by flow cytometry. EMP1-EGFP+
cells represented around 1% of total EPCAM+ population (Figure 3.28A). As dis-
cussed for LGRS targeting experiments (see section 3.1.2) the discrepancy in the rel-
ative abundance of EGFP+ cells detected by FACS versus immunofluorescence on
histology samples might be due to the fact that FACS is not sufficiently sensitive to
detect EGFP-Low cells compared to the amplification methods used for IHC. Nev-
ertheless, we sorted EGFP-High and EGFP-Negative fractions and confirmed that
EMP1+ cells expressed elevated levels of differentiation markers (KRT20, SDCBP2
and CEACAMYS) but low levels of stem cell genes (OLFM4, LGR5 and SMOC2) (Fig-
ure 3.28B). The results were largely consistent between clones (Figure A.11).
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Figure 3.27: EMP1-EGFP expression pattern in PDO7 subcutaneous xenografts. A and B.
Representative EGFP immunofluorescence in sections from paraffin blocks containing whole
EMP1-EGFP subcutaneous xenografts. Scale bar indicates 2.5 mm. C and D. Magnifications
of tumor areas showing i. EGFP+ glandular-like structures (delimited by dashed lines) ii.
Slender EGFP+ cells in the gland borders (blue arrowheads) iii. EGFP+ cells intermingled
in the tumor stroma (white arrowheads) iv. Groups of EGFP+ cells migrating together (yel-
low arrowheads). Scale bars indicate 100pm. E. KRT20 and EGFP dual immunofluorescence
in EMP1-EGFP derived xenografts. Most of EMP1+ cells express KRT20 protein. Scale bars
indicate 100pm
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Figure 3.28: EMP1+ cells are a differentiated-like, non-stem population. A. FACS analy-
sis of EPCAM+ purified cells from disaggregated subcutaneous xenografts generated by in-
jection of PDO7 EMP1-EGFP/Cre#37. B. mRNA expression analysis of differentiated and
stem marker genes in the EGFP-High and -Negative sorted populations from disaggregated
subcutaneous xenografts derived from PDO7 EMP1-EGFP/Cre#37. Data is represented as
meandts.d. of three technical replicates.

EMP1+ cells contribute to tumor growth with similar output than the LGR5+ and KRT20+
cell populations

We next performed lineage tracing experiments in PDX grown in Beige/SCID mice
with two of the PDO7 EMP1-EGFP/Cre clones. First, we analyzed EMP1-EGFP -
Positive and -Negative cells isolated by FACS from disaggregated subcutaneous xeno-
grafts. We confirmed that CreERT2 was specifically expressed within the EGFP+ frac-
tion (Figure A.12). Next, we determined that Tam dosage of 2x250 mg/kg was the
most adequate for in vivo lineage tracing of EMP1 progeny in clonal conditions. In-
deed, 96h after Tam injection, a TOM+ population of around 0.7% of total EPCAM+
cells was labelled in both clones (Figure A.13A and B). FACS of TOM+ vs TOM-
cells followed by RT-qPCR analysis of mRNA expression in EMP1-EGFP /Cre#28 con-
firmed that at early time-points TOM-labelled cells were enriched in EMP1 expression
(Figure A.13C).

Having set the parameters for EMPI lineage tracing experiments, we then tracked
EMP1 progeny over time (up to two months of clonal follow-up) as described pre-
viously for LGR5 in section 3.1.5 (Figure 3.29A). Again, we quantified the size of a
significant number of clones by TOM immunohistochemistry in tumor sections. At
day 4 post-Tam induction, we observed single TOM+ cells that over time gave rise to
clones that increased in size (Figure 3.29B). The clonal expansion kinetics was similar
to that of the LGR5 progeny, with large clones at endpoint, but also a proportion of
TOM+ cells that remained as single or as 2-cell clones during the whole experiment
(Figure 3.29C). Moreover, EMP1+ cell-derived clones expanded proportionally to to-
tal epithelia (Fig 3.32D).
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Figure 3.29: EMP1 progeny expands in vivo in subcutaneous xenografts. A. Scheme of
EMP1 lineage tracing experimental setup. B. Representative IHC using anti-Tomato antibod-
ies on paraffin sections from xenografts at of the four time points after tamoxifen treatment.
Arrowheads point to single and two cell clones. Dashed lines delimit large clones. Scale bars
indicate 250um. C. Clone size frequency per time point according to number of cells. Number
of clones quantified was 4423 for day 4, 20767 for day 14, 17156 for day 28, and 550 for day
56. D. Correlation of number of epithelial cells per xenograft and number of cells per clone
over time (number of xenografts assessed: n=11, n=13, n=13, n=8 in the time points 4,14, 28
and 56 days respectively).

In summary, we have discovered that differentiated-like tumor cells contribute to
tumor growth with a similar kinetics than stem-like LGR5+ cells. This is the first time
that clonal analysis has been performed in human advanced CRCs, and these findings
go against the established notion that CRCs retain a hierarchical organization similar
to the normal intestine (Merlos-Sudrez et al., 2011, Schepers et al., 2012). Parallel to
our work, a recent publication by the Vermeulen Lab suggests that hierarchy is lost
during adenoma to carcinoma transition (Lenos et al., 2018). This new concept is of
outmost interest and will help rationalize the design of targeted therapies against
specific tumor cell subpopulations.
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Chapter 3: EMP1 is a potential marker for metastatic
cells in CRC

3.4 EMPI1 DEFINES A SUBSET OF CRC CELLS WITH INVASIVE CHARACTERIS-
TICS

As discussed above, we initially decided to mark the EMPI gene to lineage trace
differentiated cells in CRC. Yet, visualization of EMP1+ cells in tumors revealed that
this tumor cell population exhibits a phenotype that resemble that of cells undergoing
migration. In particular, EMP1+ cell were visualized as individual entities or groups
of cells with elongated morphology that often localized within tumor stroma (Chris-
tiansen and Rajasekaran, 2006). This third chapter of the thesis focuses on studying
the utility of EMP1 as a novel marker for migratory, possibly metastatic, CRC cells.

3.4.1 Tagging EMP1 with reporter and suicide cassettes using CRISPR/Cas9 technology

To follow EMP1+ cells in vivo, a brighter reporter than the previously used EGFP
was required. We therefore modified the donor plasmid described in section 3.3.2 to
encode for a TOM protein. This knock-in construct is designed so that the cassette
is inserted after the STOP codon and therefore the expression of endogenous EMP1
locus is unperturbed and cytoplasmic TOM labels cells expressing EMP1 gene. In
addition, this cassette contains an inducible suicide gene that enables experiments
of cell ablation (Figure 3.31A). In particular, we inserted an inducible CASPASE9
(iCasp9) in which the APAF-1 binding domain has been substituted by a drug binding
domain, so Caspase9 is only able to dimerize and to start the apoptotic cascade in
the presence of the Chemical Inducer of Dimerization (CID) (Figure 3.30) (Clackson
et al., 1998). Addition of iCasp9 to the construct allows for selective elimination of the
EMP1+ population upon CID incubation . This cell ablation strategy was previously
used to ablate LGR5+ cells in human CRCs using an equivalent strategy to the one
described here (Shimokawa et al., 2017).

A WT Casp9 iCasp9 Figure 3.30: Inducible Cas-
pase9 starts the apoptotic

CI:) CI:) cascade upon CID-mediated
Apaf1 binding site CID binding site dimerization. Scheme of the in-

ducible Caspase 9 system. The
CI:) % APAF-1 binding domain for the
dimerization and activation of

+ @

the protein has been substituted

dapD

proCaspase 9 Active Caspase 9

CI:) cID % by a CID binding domain.

Using the protocol described in previous sections, we nucleofected PDO7 and se-
lected correctly integrated clones (Figure 3.31B). A summary of single cell clone gen-
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eration results (Figure A.14A) is depicted in Table A.1. We picked #1 (homozygous)
and #2 (heterozygous) as representative examples for subsequent experiments. As
shown in Figure 3.31C and D, in vitro cultured knock-in PDO7 organoids express
EMP1-TOM heterogeneously. We also FACS-sorted TOM-High and TOM-Negative
cells from organoids established from both clones and observed that, indeed, TOM
levels correlated with EMP1 mRNA expression (Fig 3.34F). The edited clones will be
named from now on as EMP1-iCT: EMP1-iCaspase9-TOM.
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Figure 3.31: Generation of an inducible suicide cassette under EMP1 gene control. A. De-
sign of the iCasp9-TOM reporter donor plasmid and CRISPR/Cas9 gRNA vector for the
EMP1 locus. B. Short term selection of PDO7 iRFP+ cells 3 days post nucleofection. C. Imag-
ing of alive in vitro PDO7 EMP1-iCasp9TOM#1 and #2 organoids. Scale bars represent 50um.
D. FACS analysis of TOM levels in in vitro grown #1 and #2 organoids. E. Relative mRNA ex-
pression level of sorted TOM+ and TOM- populations in vitro by RT-qPCR. TOM expression
correlates with EMP1 mRNA. Data is represented as mean+s.d. of 3 technical replicates.

3.4.2 EMP1 marks a proliferating differentiated-like population in vivo

Taking advantage of EMP1-iCT modified PDO? clones we characterized in vitro the
expression pattern of EMP1+ cells. RT-qPCR analysis from TOM+ and TOM- purified
cells confirmed that EMP1 gene was co-expressed with pan-differentiation markers
KRT20, SDCPB2 and CEACAMS5 and anti-correlated with stem cell markers LGR5
and SMOC?2 (Figure 3.32A and B). We also confirmed expression of KRT20 protein in
EMP1-TOM-+ cells in organoids (Figure 3.32C and D).
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Figure 3.32: EMP1-TOM knock-in marks a differentiated-like population in vitro. A and B.
mRNA expression level of TOM+ and TOM- populations sorted from 5-days in vitro grown
PDO7 EMP1-iCT#1 and #2, respectively. Data is represented as meands.d. of 3 technical
replicates. C and D. TOM and KRT20 dual immunofluorescence staining in 5-days grown
organoids of PDO7 EMP1-iCT#1 (C) and #2 (D), showing large overlap between both markers.
Scale bars indicate 100pum.

We next sought to study EMP1+ cells in vivo. We injected EMP1-iCT PDO? clones
subcutaneously into Beige/SCID mice. When tumors reached a size of 150 mm?, we
sacrificed the mice and disaggregated the PDX for subsequent flow cytometry anal-
ysis. We collected the 10% TOM-High, -Low and -Negative fractions (Figure 3.33A).
RT-gqPCR analysis essentially confirmed in vitro data. The EMP1-TOM-High popu-
lation was enriched in expression of differentiation markers KRT20 and SDCBP2,
and counter enriched in stem cell genes LGR5 and SMOC2 (Figure 3.33B). Interest-
ingly, EMP1 expression appeared restricted to the enterocytic lineage, as MUC2, a
well-defined marker for secretory cells, was highly enriched in TOM-Negative cells.
Furthermore, global gene expression analysis using microarray followed by GSEA
showed that the intestinal differentiation program was overall enriched in the EMP1-
High population, whereas the human intestinal stem cell signature (Merlos-Suérez
et al., 2011) was largely enriched in EMP1-Negative cells (Figure 3.33C). In addition,
we also compared EMP1-TOM gene expression signature versus LGR5-EGFP+ sig-
nature generated in previous experiments from PDO7 (section 3.1.4). This analysis
confirmed that EMPI1 and LGR5 gene expression programs were expressed in a com-
plementary fashion (Figure 3.33D). Moreover, we found that EMP1+ cells were en-

79



riched in genes of the proliferation program, such as RAD51, BUB1, CDCA2, CDCA5
and CCNF (Figure 3.33E). This finding is in accordance with the results of lineage
tracing experiments suggesting that EMP1+ cell proliferate. We validated further this
observation by immunostaining on PDXs using antibodies against markers of differ-
entiation (KRT20, MUC2) and proliferation (KI67). EMP1+ cells were largely KRT20+,
devoid of MUC2 and many of them presented nuclear KI67 staining (Figure 3.33F).
These results were confirmed using xenografts derived from inoculation of clone #2.
However, flow cytometry analysis revealed that EMP1-iCT#2 was less bright than
EMP1-iCT#1 (Figure A.15A), as we already observed in vitro, and therefore FACS-
sorting did not offer good resolution to separate cell populations according to EMP1-
TOM levels as in clone #1 (Figure A.15B).
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Figure 3.33: Characterization of the EMP1+ population in human xenografts.
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Figure 3.33: Characterization of the EMP1+ population in human xenografts. A. FACS anal-
ysis of EPCAM+DAPI- cells from disaggregated EMP1-iCT#1 PDX. B RT-qPCR reporting
mRNA expression levels of indicated markers in TOM+ vs TOM- sorted populations. Data
is represented as mean+s.d. of three technical replicates. C. GSEA comparing the expression
of signatures of normal differentiated cells (hCo differentiation) and human colon stem cells
(hCoSCs) in profiled EMP1-TOM+ vs EMP1-TOM- cells. D. GSEA comparing the expression
of the previously generated LGR5-EGFP+ signature (in PDO7 CRISPR/Cas9 engineered cells)
with the profiled EMP1-TOM+ vs EMP1-TOM- cells. E. GSEA comparing a proliferative nor-
mal crypt cells signature with profiled EMP-TOM+ vs EMP1-TOM- cells. . TOM/KRT20,
TOM/MUC2 and TOM/KI67 dual immunofluorescence stainings on paraffin sections from
PDO7 EMP1-iCT#1 xenografts. Yellow arrowheads indicate TOM+KRT20+ or KI67+ cells and
white arrowheads indicate TOM-MUC2+ cells. Scale bars indicate 100pum.

We next studied the clonogenic potential of EMP1+ cells. To this end, we FACS-
sorted the 10% -High, -Low and -Negative EMP1-TOM cell fractions and plated
them in organoid forming conditions. EMP1-Negative cells were slightly more effi-
cient than EMP1-Positive cells in growing organoids (Figure 3.34A). Mean growth
efficiency from single cells was around 20% for the EMP1-Negative fraction whereas
the EMP1-High cell subpopulation gave rise to clones with an efficiency of 10%. The
three sorted populations exhibited in vitro plasticity as 15 days after plating they
had recovered similar levels of TOM implying regeneration of EMP1-High, -Low
and —Neg cells (Figure 3.34B). Cells sorted from EMP1-iCT#2 displayed a very sim-
ilar behavior (Figure A.15C and D). Finally, we assessed in vivo tumor forming ca-
pacity of EMP1-High, Low and Negative populations by reinjecting low numbers
(1000 cells) of FACS-sorted cells into Beige/SCID mice. These experiments indicated
a trend towards EMP1-Negative population being more proficient to initiate tumors
than EMP1-Low and -High, yet differences did not reach statistical significance. (Fig-
ure 3.34C). In accordance with the clonogenic analysis, we also observed plasticity of
cell phenotypes since TIC-grown tumors resembled the parental tumor regardless of
whether they were generated by EMP1-High or -Negative cells (Figure 3.34D).

These functional assays fitted the expression profile of the population, being EMP1+ a
differentiated-like population with ability to proliferate (as shown by in vivo lineage
tracing) but less proficient in organoid formation and tumor initiation than EMP1-
Negative population (putatively more stem-like).
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Figure 3.34: EMP1+ population retains growth initiation capacity. A. Organoid formation
efficiency of TOM-High, Low and Negative FACS-purified cells from EMP1-iCT#1 derived
xenograft, and representative images of each condition. 1500 cells were plated per well, and
each experiment assessed the growth of 4 wells per condition. Results are represented as
mean=s.d. of 3 experiments. Scale bars indicate Imm. B Representative FACS profile of the
sorted cells after 15 days of in vitro growth. C. Kaplan Meier curves showing the tumor
initiation capacity of 1000 cells (High, Low or Negative) isolated by flow cytometry upon sec-
ondary host inoculation. D. Representative TOM/KRT20 and TOM/MUC2 dual immunoflu-
orescence of grown tumors from EMP1-High and EMP1-Negative populations. TOM pattern
is similar in both tumor types. Yellow arrowheads point at TOM+KRT20+ areas and white
arrowheads signal MUC2+ cells intermingled between the TOM+ areas. Scale bars indicate
100pm. ***P-value < 0.005.

3.4.3 EMP1 expression overlaps with invasive markers

In order to find out whether EMPI gene labels migratory cells in CRC, we analyzed
its expression domain compared to other well-described invasive markers, LAMC2
and L1ICAM (Huang et al., 2017, Er et al., 2018). Immunostaining of xenografts
showed that all LAMC2+ or LICAM+ cells were found within the EMP1-TOM+ popu-
lation, although there was a large number of EMP1-TOM+ cells negative for these two
markers (Figure 3.36A). RT-qPCR confirmed that LAMC2 and L1CAM genes were up-
regulated in EMPI TOM-high cells. (Figure 3.36B). We tentatively conclude that EMP1
marks a population of differentiated, proliferating and migratory cells in CRCs.
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Figure 3.35: EMP1-High cells express invasive markers in PDO7. A. Dual immunofluo-
rescence on section from paraffin blocks of EMP1-iCT#1 xenografts, showing LAMC2+ and
L1CAM+ cells within the TOM+ glands (yellow arrowheads). Scale bars indicate 250um. B
mRNA expression level by RT-qPCR of TOM-High, Low and Negative FACS-purified frac-
tions. TOM and EMP1 levels correlate with LAMC2 and L1CAM expression. Data is repre-
sented as mean=s.d. of 3 technical replicates.

EMP1 signature is enriched in metastasis promoting signaling pathways

We used the transcriptomic profiles of EMP1-High versus EMP1-Negative CRC cells
to assess by GSEA enrichment in particular Gene Ontology (GO) signatures. Com-
plete list of categories are shown in Table A.2. Among others, the most interesting
pathways significantly enriched in EMP1-High cells were EMT and TGF-f3 signaling,
and, moderately, Hypoxia (Figure 3.36). These pathways are known to play a role in
the migration and metastatic process (Calon et al., 2015, Choi et al., 2017, Aiello et al.,
2018).
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Figure 3.36: Gene-Ontology pathways upregulated in EMP1-TOM-High cells. GSEA of the
epithelial to mesenchymal transition (EMT), TFG-$3 and Hypoxia signatures from Gene On-
tology Pathways against the EMP1-TOM High versus Negative microarray comparison of
PDO7 EMP1-iCT#1. EMT and TGF- signaling gene signatures significantly correlate with
EMP1-High cells, whereas hypoxia genes are equally distributed between TOM-High and
-Neg cells
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EMP1 gene is upregulated in response to TFG-f3 signaling

PDO7 harbors a homozygous mutation in SMAD4 and is therefore not responsive
to this hormone. Therefore, we used PDO6, which is WT for TGF- pathway, for
the following experiment (Table 3.1). We had previously modified PDO6 to incor-
porate CreERT2 and EGFP knock-ins under the control of EMP1, with a single cell
clone-derivation efficiency of 13.95% (Table A.1). We cultured PDO6 EMP1-EGFP#3
for 7 days in complete PDO media (this media contains LY2157299, a TGFR1 small
molecule inhibitor as described in section 6.1.1), in complete media without LY2157299
and in media minus LY2157299 supplemented with TGF-31 (5ng/mL). PDO6 organoids
grew slower in response to TGF-f3 signaling, suggesting that in this PDO it exerts a
cytostatic program, dividing approximately at half of the normal growth rate (data
not shown). Both flow cytometry (Figure 3.37A) and relative mRNA expression anal-
ysis showed a clear increase in EMP1-EGFP levels upon TGF-1 stimulation.

(Figure 3.37B).
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Figure 3.37: EMP1 is responsive to TGF-f3 signaling in vitro in PDO6. A. FACS analysis of
the EGFP positivity in PDO6 EMP1-EGEFP in in vitro cultured organoids with different media
conditions: i. complete PDO media (NT), ii. Media minus the TGF-f3 inhibitor LY2157299 (LY)
and iii. Media minus LY and plus TGF-p1. There is a clear increase in the number of EGFP+
cells in response to TGF-1 addition. B. mRNA expression level of the mentioned conditions.
Both EGFP and EMP1 mRNAs are upregulated in response to 7 days in vitro treatment with
TGF-B1 (5ng/uL). Data is represented as mean=s.d. of 3 technical replicates.

EMP1 gene expression is increased in hypoxia conditions

We also tested whether EMP1 itself was a hypoxia responsive gene, as hypoxia can
act as a trigger of the invasive and metastatic behavior (Rankin and Giaccia, 2016). We
cultured 2 days-grown PDO7 EMP1-TOM organoids in 1% O; for 48 hours and ana-
lyzed mRNA expression of both TOM reporter and EMP1 gene. Indeed, both TOM
as well as EMP1 mRNAs were upregulated 4-fold under a hypoxic environment (Fig-
ure 3.38A). In addition to these in vitro experiments, we observed co-localization of
Carbonic Anhydrase IX (CAIX) —a well-described hypoxia-induced gene (Lou et al.,
2011) - in EMP1-TOM modified PDXs (Figure 3.38B).
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Figure 3.38: PDO7 upregulates EMP1 in response to hypoxia. A. TOM and EMP1 mRNA ex-
pression levels by RT-qPCR after 48h of in vitro culture in hypoxia 1% compared to normoxia
(21% oxygen). Data is represented as mean#s.d. of 3 experiments. B. Representative dual
immunofluorescences of PDO7 EMP1-iCT#1 xenografts showing that CAIX hypoxic marker
correlates with EMP1-TOM population. Yellow arrowheads mark double positive cells. Scale
bars indicate 100pm.

EMP1+ cells display EMT-like features

Finally, we hypothesized that, since the gene signature of EMP1-High cells is en-
riched in extracellular matrix components such as laminins (A3, C1, C2), metallopro-
teinases, extracellular matrix protein 1 and collagen 16A1, EMP1 expression might
be regulated by extracellular matrix elements like collagen. Tumor-modified ECM is
enriched in collagen I, and it has been shown that tumor cells acquire mesenchymal
migratory traits upon contacting a rigid collagen I matrix (Carey et al., 2017, Peng et
al., 2017, Zhang et al., 2018). We cultured our targeted organoids in vitro for five days
with BME, collagen 0.75 mg/ml or 1.5 mg/ml and subsequently assessed EMP1-
TOM levels by flow cytometry. Indeed, TOM levels were upregulated as collagen
concentration increased, with more pronounced effects in the TOM-High population
(Figure 3.39).
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Figure 3.39: EMP1 expression increases in response to collagen.
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Figure 3.39: EMP1 expression increases in response to collagen. A. Flow cytometry analysis
of TOM levels in 5-days in vitro cultured PDO7 EMP1-iCT#1 organoids with BME, collagen
0.75 mg/ml or 1.5 mg/ml. B. of cells in the TOM-High fraction vs exposure to collagen (the
TOM -High fraction is defined as the 10 per cent brightest cells in the control condition,
BME). EMP1-High population represented around 30 per cent of the total cells in collagen
culture 1.5 mg/ml. Data is represented as mean#s.d. of 3 experiments. Statistics: P-value was
calculated using Student t-test. *P-value<0.05.

3.4.4 Innate immunity cells are recruited to the tumor by EMP1+ cells

In addition to the mentioned GO terms detailed above, GSEA revealed a very signifi-
cant enrichment in innate immune-related signatures within the EMP1-High popula-
tion (Figure 3.40A). Moreover, in EMP1-High vs -Negative gene expression profiling
experiments, the top genes defining the EMP1-High population, aside from EMP1
itself, were proteases and chemo-attractants. A list of the 20 most enriched genes
is described in Table A.3. We quantified the expression of a range of neutrophil
attractant chemokines in EMP1-High -Low and -Negative sorted populations from
xenografts by RT-qPCRs (Figure 3.40B). The EMP1-High population expressed not
only the chemokines CXCL1, 7 and 8 (shown by the microarray analysis), but also
CXCL2, 3 and 5 as well as CCL5. From these results we hypothesize that EMP1+ cells
may recruit innate immune cells such as neutrophils and MDSC to the tumor beds, a
process that may help metastatic dissemination as has already been shown for other
tumor types (Hiratsuka et al., 2006, Wculek et al., 2015, Steele et al., 2016).
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Figure 3.40: EMP1-High cells secrete myeloid attractant chemokines.
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Figure 3.40: EMP1-High cells secrete myeloid attractant chemokines. A. GSEA of several
inflammatory signatures in EMP1-TOM High vs Negative gene expression comparison. B.
RT-qPCR analysis of indicated genes in TOM-High, -Low and -Negative fractions purified by
flow cytometry from EMP1-iCT#1 xenografts. The expression of several chemokines is upreg-
ulated in the EMP1-TOM High population. Data is represented as mean=s.d. of 3 technical
replicates.

3.4.5 Establishment of a conditional EMP1+ cell ablation system

Altogether the accumulated data on EMP1+ cells suggested that this gene could mark
a subset of metastatic tumor cells. To functionally dissect the metastatic potential of
EMP1+ cells, we performed experiments of cell ablation in human PDOs. To this
end, we took advantage of the genetically engineered inducible Caspase9 system
integrated under the control of the EMP1 locus.

iCasp9 induces EMP1-High cell death in vitro

We tested the apoptotic potential of iCasp9 inserted under the control of EMP1 locus
in PDO7. In order to facilitate drug diffusion, we cultured PDO7 EMP1-iCT#1 and #2
in 10% BME suspension for six days. We added CID to the media on days 2 and 5
and analyzed the effect on EMP1+ population by flow cytometry (Figure 3.41A). For
homozygous integrated EMP1-iCT#1, FACS data revealed a decrease of 20% on whole
TOM+ population (Figure 3.41B), with greater effect in the TOM-High population
(Figure 3.41C). The effect was less obvious for heterozygous clone EMP1-iCT#2, with
only a decrease of 5% in TOM+ population (Figure 3.41D) and lower affectation of
TOM-High cells (Figure 3.41E). This result confirmed that iCasp9 induced cell death
of EMP1-iCasp9 expressing cells in a dose-dependent manner.

iCasp9 efficiently ablates EMP1-High cells in human xenografts

We then injected subcutaneously PDO7 EMP1-iCT#1 and #2 and, once tumors reached
a size of 100 mm3, we treated the mice for 4 days with CID 0.08mg/kg (Figure 3.42A).
We analyzed the effect of iCasp9 dimerization by flow cytometry in disaggregated
xenografts. PDO7 EMP1-iCT#1 responded well to CID-treatment as the 10-20% high-
est TOM+ cells of total EPCAM+ fraction had disappeared (Figure 3.42B) and total
TOM fluorescent intensity in the tumor was decreased by 3-fold (Figure 3.42C). TOM
immunofluorescence on xenografts faithfully showed TOM-High cells disappearance
(Figure 3.42D). Moreover, mRNA expression analysis of total EPCAM+ population of
non-treated vs CID sorted cells showed a reduction in both TOM and EMP1 levels,
as well as a decrease in differentiation markers and an increase in stemness genes.
Interestingly, chemokine expression was also reduced in CID-treated condition (Fig-
ure 3.42E). This results proved that CID treatment was sufficient to eliminate the
EMP1-TOM brightest population, which we hypothesized corresponded to the cells
undergoing invasion.

As expected, heterozygous EMP1-iCT#2 responded less than clone #1 to the same

treatment regime (Figure A.15A). TOM levels were reduced only by 5-10%, with most
striking effects on the TOM-High subset (Figure A.15B), and total TOM intensity
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Figure 3.41: CID treatment induces apoptosis of EMP1-High cells in PDO?7 in vitro. A.
Experimental setup for the iCasp9 induction in vitro. B. Flow cytometry quantification of
TOM+ cells in non-treated vs CID-treated organoids of PDO7 EMP1-iCT#1. C. Representation
of the total number of cells in the Negative, Low and High EMP1 fractions by FACS, and
percentage of DAPI- cells that each fraction represents. D and E. Same representations for
PDO7 EMP1-iCT#2, which was less responsive to CID-induced death in vitro.

in the tumor was decreased by 2-fold (Figure A.15C). Again, we observed a mild
effect of CID treatment by TOM immunofluorescence on whole xenograft sections
(Figure A.15D). In accordance with these results, RI-qPCR analysis of the whole
EPCAM+ cell population revealed a moderate decrease in TOM and EMP1 levels. The
effect of treatment over differentiation/stemness ratios was neither so pronounced
(Figure A.15E).
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Figure 3.42: EMP1-High fraction is ablated upon acute CID treatment of the PDX. A. Exper-
imental setup of acute CID treatment in subcutaneous xenografts. B. Flow cytometry analysis
of TOM levels in DAPI-EPCAM+ cells from non-treated (NT) and dimerized (CID) disaggre-
gated EMP1-iCT#1 xenografts. C. Mean TOM fluorescent intensity in DAPI-EPCAM+ cells.
Results show mean#s.d. of 3 xenografts per condition. D. TOM immunofluorescence stain-
ing in paraffin sections of NT and CID xenografts. Note the decrease in total TOM+ cells
in the CID condition. Scale bar indicates 100pum. E. RT-qPCR mRNA expression analysis for
the indicated genes in EPCAM+DAPI- sorted cells from NT vs CID group. EMP1 gene, as
well as the invasive markers (LAMC2, LICAM and chemokines) were decreased by treatment.
Statistics: P-value was calculated using Student’s T-test. ** P-value<0.01.

3.4.6 Failure of PDO6 and PDO?7 to generate metastases precluded analysis of the role of
EMP1+ CRC cells in the dissemination of the disease

In sum, by CRISPR/Cas9 knock-in we identified and characterized a subset of CRC
cells with apparent invasive characteristics defined by EMPI gene expression. In addi-
tion, by introducing an inducible suicide cassette under the control of EMP1 marker
gene, we generated a powerful tool to study how the ablation of such EMP1-High
population may affect the invasive potential of PDOs. In order to assess whether
EMP1+ cells were necessary for the metastatic dissemination, we envisioned the fol-
lowing experiment: injection of PDOs that carry cell ablation cassettes in the caecum
of mice followed by chronic CID treatment to eliminate EMP1-High cells in the pri-
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mary CRC. As readout of the metastatic potential of non-treated vs CID-treated tu-
mors we will use the number of liver metastatic nodules. As described below, we
encountered a number of technical limitations that precluded the successful evalu-
ation of metastatic potential of EMP1+ cells. These included the cell-implantation
technique in the caecum, the low dissemination potential of PDOs, and also diffi-
culties in defining the appropriate CID dosage necessary to eliminate EMP1-High
cells without eliminating primary tumors. The following sections described the ap-
proaches we undertook in order to overcome these drawbacks.
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Figure 3.43: PDO?7 generates invasive tumors yet not metastasis upon injection in the cae-
cum of NSG mice. A. Intravital bioluminiscence activity over time in mice injected with
EMP1-iCT#1 and #2 cells in the caecum. Each dotted line represents an animal. B. Ex-vivo bi-
oluminescence activity of livers (top) and lungs (bottom) measured after luciferine injection
and sacrifice (maximum elapsed time between injection and sacrifice: 3 minutes). C. Repre-
sentative image of a primary tumor invading the healthy epithelia. Dashed lines indicate the
border between tumor tissue and mouse intestinal epithelia. Scale bar indicates 100pum.
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To assess metastatic potential of EMP1+ cells, we devise a strategy based on deplet-
ing EMP1+ cell population from primary CRC. We injected cells from EMP1-iCT
clones as small organoids directly in the caecum, between the serosa and the mus-
cular layer (Céspedes et al., 2007). We injected 3 NSG mice of each PDO7 EMP1-iCT
clone at cell density of 250000 cells per animal. PDO7 EMP1-iCT clones were trans-
fected with a lentiviral Luciferase (Luc) expressing vector so that their behavior could
be tracked in vivo. We measured bioluminescence weekly to control primary growth.
Luc activity increased slowly until the end of the experiment, and at endpoint (day
141) all animals presented CRCs (Figure 3.43A). We measured ex-vivo biolumines-
cent activity in livers and lungs, but only one animal out of six presented significant
metastatic spread (Figure 3.43B). Hematoxylin/eosin staining of liver and lungs tis-
sue sections confirmed that there were no metastases present except in one NSG
mouse (not shown).

Despite lack of metastasis, we studied the EMP1 expression pattern in primary tumor
samples. Tumors had a mean size of 70 mm?, and had started to invade the normal
epithelia, disrupting intestinal crypt architectures (Figure 3.43C). TOM+ cells were
present in all tumor areas, yet the brightest ones were found in the invasive fronts
(Figure 3.44A). Moreover, LAMC2 pattern largely overlapped with that of EMP1-
TOM-High, although some migratory EMP1+ cell clusters did not express LAMC2.
Interestingly, tumor buds were highly TOM+ and resembled cells undergoing collec-
tive migration (Figure 3.44B). We also stained for EMP1-TOM+ cells in liver and lung
sections from the only one tumor that generated metastases in this experiment. Both
lung and liver metastatic nodules contained EMP1-TOM+ cells (Figure A.17A and B).

In sum, histological analysis of primary samples corroborated that EMP1 gene was
highly expressed by a subset of migratory-like cells, confirming that it could be used
as a marker for this population. Nevertheless, lack of tumor dissemination in this
system impeded definitive proof that EMP-High cells were the cell of origin of metas-
tasis.
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epithelia

Figure 3.44: EMP1+ cells localized at primary tumor invasive fronts and correlated with
LAMC2+ cells. A. Representative TOM immunofluorescence in a paraffin section of ortho-
topically grown PDO7 EMP1-iCT#1. TOM+ cells accumulate at tumor buds, as observed in
the magnification. Dashed line indicates the separation between primary mass and invasive
front and white line separates tumor and healthy epithelia. Scale bar indicates ITmm and
250pm in the inset. B. Example of TOM/LAMC2 dual immunofluorescence in a primary
tumor, note that all LAMC2+ cells are also TOM+ (yellow arrowheads). Inset shows a magni-
fication of tumor buds invading the muscular layer, not that all cells are highly positive for
TOM and some buds are TOM+LAMC2- (white arrowheads). Dashed line indicates the sepa-
ration between primary mass and invasive front and solid lines indicates the border between
tumor and mouse epithelia. Scale bar indicates 2.5mm for the whole tumor image and 500pum
for the inset.
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Efforts to increase metastatic efficiency in EMP1-iCT

Unfortunately, the lack of consistent tumor cell dissemination in this experimental
setting impeded the analysis of the role EMP1-High cells in the initiation of metasta-
sis. In order to increase the metastatic potential of PDO7 EMP1-iCT clones, we aimed
at establishing organoids from liver and lung metastasis that display increase adapta-
tion to colonize these organs. (Bruns et al., 1999). For this purpose, we injected PDO7
EMP1-iCT#1 in the spleen of NSG mice, a protocol that enable cells to directly enter
the blood stream and colonize the liver and lungs. Two months after injection, cells
had efficiently formed liver metastases (Figure 3.45A). We disaggregated 6 nodules
and seeded them in organoid conditions. Human cells were in vitro selected based on
puromycin resistance included in the Luc-expressing vector (Figure 3.45B).

We then injected met-derived PDO7 EMP1-iCT#1 organoids orthotopically to evalu-
ate whether they were more metastatic. In particular, we injected three NSG mice
with 250000 cells per animal and sacrificed them at day 113 (Figure 3.45C). None of
the animals presented metastasis in livers or lungs. One animal developed carcino-
matosis in the abdominal musculature through primary adherences, which caused
an abnormal increase of bioluminescence (marked by * in Figure 3.45C). The EMP1-
TOM patterns and expression levels of the reporter were similar to those of parental
cells derived tumors (Figure 3.45D).
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Figure 3.45: Met-derived cells do not present higher invasive potential in PDO?7.
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Figure 3.45: Met-derived cells do not present higher invasive potential in PDO?7. A. Biolu-
minescence activity in mice injected via intraspleen with PDO7 EMP1-iCT#1 (500000 cells/an-
imal). Each dotted line represents an animal, and the solid line indicates the mean radiance
of the group. B. Liver nodules after 60 days of growth and schematic summary of the in
vitro metastasis-derivation process and culture establishment. C. Bioluminescence activity of
PDO7 EMP1-iCT#1 Met-derived cells injected intraceacum in NSG mice. * indicates animal
with abdominal carcinomatosis. Solid line represents the mean radiance of the group. D. Rep-
resentative TOM immunostainings of the invasive fronts in primary PDO7 EMP1-iCT#1 Met-
derived primary tumors. Arrowheads point at cells invading the muscle. Scale bars indicate
250pm

As neither parental nor met-derived PDO7 cells were able to efficiently generate
metastases from intracaecum injected cells, we hypothesized that perhaps the choice
of orthotopic injection could be impairing growth and spread of human cells in mice.
In order to overcome this hurdle, instead of injecting cells we inserted whole pieces of
subcutaneous-grown tumors in the caecum of the animals (nesting). We first injected
PDO7 EMP1-iCT#1 met-derived subcutaneously in Beige/Scid mice, and, when tu-
mors reached a size of 100-150 mm?, we collected them and cut the xenografts to
stitch 1 mm3 PDX pieces directly to the caecum of NSG animals. Primary CRCs grew
much faster than when injecting cultured organoids directly (60 days compared to
120 days), yet tumors displayed a similar histology (Figure A.18A). Unfortunately,
this implantation protocol neither did generate metastasis in livers or lungs (Fig-
ure A.18B).

We next tested a recently published protocol of CRC generation from organoids (Fu-
magalli et al., 2017) that is based on injecting cells in combination with a collagen I
matrix. Briefly, we grew organoids for 5 days embedded in BME matrix and one day
before injection we re-plated them in collagen I drops (250000 cells per drop). Drops
were then inserted below the serosa in the caecum. We compared primary tumor
growth and metastasis number in 1.5 and 8 mg/ml collagen drops (Figure 3.46). Only
the 1.5 mg/ml condition presented metastases in one animal, an efficiency similar to
previous experiments, therefore this setting did not enhance metastatic efficiency of
PDO?7.
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Finally, we tested the metastatic capacities of PDO6, another patient-derived organoid
that we had edited with cassettes to track EMP1+ cells (see section 3.4.3). We im-
planted PDO6 tumor pieces in the caecum. Despite primary tumors grew in about
three months mice did not presented liver nor lung tumor nodules (Figure 3.47).

A Primary growth Figure 3.47: Orthotopically implanted
4.0 PDO6 grows efficiently in primary site.
Survival post-surgery of NSG mice with
o 3.51 J PDO6 WT nested pieces. Data is represented
s‘g as meanzs.d. n=5 animals.
S 3.0
(2]
L
2 257
[
o
= 20 .
19—

PDO6

3.5 MOUSE TUMOR ORGANOIDS AS A MODEL SYSTEM

To overcome the limitations of the PDO system to study metastases, we decided
to leverage Mouse Tumor Organoid (MTO) biobank recently generated in the lab
(Tauriello et al., 2018). As explained in the introduction, these MTOs derived from
intestinal tumors arising in GEMMs with compound mutation in the main driver
pathways. Some of these MTOs display a high efficiency of metastasis even upon
transplantation in immunocompetent syngeneic C57BL/6 mice (Tauriello et al., 2018).

Metastatic derived MTOs are enriched in EMP1 signature

We first took advantage of the gene expression profile data of in vitro cultured MTOs
previously generated in the laboratory. In particular we analyzed several quadruple
mutant MTOs (L-AKTP, derived from tumors arising in LGR5+ cells and containing
mutations in APC, KRAS, TP53 and TGF-BR2 genes), and ranked them according
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to their enrichment in human EMPI1-High gene signature that we had previously
obtained from EMP1-Tomato PDO7 xenografts. For this analysis we used genes en-
riched at least 2-fold in EMP1-High vs -Negative cells (Table 3.4). The collection was
generated by culturing organoids derived from both spontaneously generated pri-
mary tumors (parental) and metastatic tumors. Metastatic tumors were derived from
liver nodules that generated after intracaecum or intraspleen injections of parental
organoids in C57BL/6 mice. We found that, overall, metastasis-derived MTOs upreg-
ulated EMP1 signature compared to their parental organoids, supporting the idea
that EMP1 could be indeed a metastatic marker. We selected the parental MTO93 for
further experiments.

MTO Origin Parental Enrichment
score

MTO140 Liver metastasis from intraceacum injection MTO93  0.350368
MTO182 Liver metastasis from intraceacum injection MTO34  0.349502
MTO49  Liver metastasis from intraceacum injection MTO34  0.3339777
MTO163 Liver metastasis from intraceacum injection MTO105 0.328378
MTO48  Liver metastasis from intraceacum injection MTO34  0.323674
MTO138 Liver metastasis from intraceacum injection MTO34  0.320654
MTO129 Liver metastasis from intraceacum injection =~ MTO68  0.299362

MTO94  Liver metastasis from primary tumor MTO93  0.293162
MTO113 Liver metastasis from intraspleen injection MTO34  0.290347

MTO130 Liver metastasis from intraspleen injection MTO68  0.280313

MTO95  Liver metastasis from primary tumor MTO93  0.244984

Table 3.4: Metastasis-derived MTOs are enriched in EMP1 gene signature. List of MTOs
ranked according to the correlation of their gene expression profile with the EMP1-High
signature. The score indicates 0=no enrichment, 1=absolute coincidence. Parental samples
are marked in green, and accumulate the lowest scores.

MTOs express high levels of Emp1 in vitro

We inserted a the iCasp9-TOM ablation cassette in the Emp1 locus using an approach
equivalent to that used for PDOs. Briefly, we swapped the human homology arms of
the iCasp-TOM donor for the corresponding Empl mouse sequences. Next we nucle-
ofected MTO93 with donor plasmid and guide-Cas9-iRFP plasmid. FACS-isolation of
targeted cells and clonal expansion was performed as previously described; this is, a
first round of iRFP+ sorting 3 days post nucleofection and long term sorting based
on TOM positivity to derive single cell clones (Figure A.19). Results are summarized
in Table A.1 and original integration PCR gels can be found in Figure A.20. Of note,
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we did not manage to find any homozygous targeted clone.

We prescreened MTO93 EMP1-iCT derived clones using flow cytometry. This analy-
sis revealed that the clones were largely positive for Emp1-TOM (Figure 3.48A). We
picked two representative clones that exhibited different TOM intensities for subse-
quent analysis. As before, we further confirmed correct integration of donor plas-
mid by analysis of FACS-purified High, Medium and Low TOM expressing cells. RT-
qPCR analysis showed that TOM mRNA levels paralleled Empl mRNA expression
(Figure 3.48B).
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Figure 3.48: MTOs express high EMP1 levels in vitro. A. Flow cytometry analysis of TOM
levels in several MTO93 EMP1-iCT clones 5 days in vitro grown. Clones selected for further
experiments are highlighted in red (#14) and purple (#49) lines. B. Relative mRNA expression
level by RT-qPCR of FACS-sorted TOM-High, -Medium (Med) and -Low populations. TOM
expression correlates with Empl. Data is represented as meants.d. of 3 technical replicates.

3.5.1 EMPI1+ cells retain invasive behavior in MTO-derived tumors

We confirmed that MTO93 generated tumors that reproduced the population het-
erogeneity present in patient-derived xenografts. Specifically, we were interested in
assessing whether Emp1 was also marking a subpopulation of differentiated-like cells
that presented migratory characteristics.

Emp1 marks a differentiated-like population in MTO93-derived xenografts

We first injected subcutaneously MTO93 EMP1-iCT cells in C57BL/6 mice and sac-
rificed the animals when tumors reached 150 mm? size. Histological analysis of
xenografts showed compact glandular structures surrounded by stromal cells, with
60-70% of the epithelial compartment expressing some degree of TOM reporter. Tu-
mor borders contained many TOM bright cells (Figure 3.49A). These tumors, however,
contained fewer KRT20+ than human tumor. Nevertheless KRT20+ areas overlapped
with TOM+ regions (Figure 3.49B).

In accordance with immunofluorescence analysis, flow cytometry of MTO93 disaggre-
gated tumors revealed a broad TOM+ spectrum (Figure 3.50A). Isolation and mRNA
extraction of TOM-High, -Medium and -Low cell populations confirmed there was
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heterogeneity within the TOM population, with enterocytic and pan-differentiation
markers (Krt20, Sdcbp2) mostly expressed by TOM-High cells and stem cell markers
(Lgrb, Smoc2) enriched in the TOM-Neg fraction (Figure 3.50B).
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Figure 3.49: MTO93 forms glandular-like, poorly differentiated tumors. A. Representa-
tive EMP1-TOM staining in sections from a xenograft generated by subcutaneous injection
of MTO93 EMP1-iCT#14 cells. Glandular structure magnifications are indicated with white
squares. Tom brightest cells accumulate at the tumor borders. Scale bars indicate 2.5mm for
the whole tumor and 100um for the insets. B. TOM and KRT20 dual immunofluorescence
staining on sections from a representative MTO93 EMP1-iCT#49 derived tumor. Very few
glands express KRT20 protein, but they correlate with TOM+ cells as indicated in by yellow
arrowheads in the insets. Scale bars indicate 2.5mm for the whole tumor and 100um for the
insets.
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Figure 3.50: Emp1 is expressed by enterocytic-like cells in MTO-derived xenografts. A.
Flow cytometry analysis of TOM levels in EGFP+ cells from disaggregated subcutaneous
xenografts of MTO93 EMP1-iCT#14 and #49. Dashed lines indicate the gates for purification
of TOM-High, -Med and -Low cells. B. RT-qPCR analysis of differentiation and stem cell gene
marker expression in the three sorted fractions for both clones.

EMP1-mouse cells display low organoid formation capacity

We next assessed organoid forming capacity of TOM-High, -Low and —Negative tu-
mor cells isolated by FACS from disaggregated xenografts. The EMP1-Negative frac-
tion retained the highest organoid formation potential, which is in accordance with
the high levels of expression of stem cell genes (Figure 3.51A). We confirmed cell
plasticity in the expanded organoids as all three population generated organoids that
regained similar levels of TOM expression in only 7 days (Figure 3.51B).
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Figure 3.51: Empl expression determines organoid formation capacity in MTO93. A.
Organoid formation capacity of TOM-High, -Med and -Low FACS-purified cells from dis-
aggregated xenografts for both MTO93 EMP1-iCT#14 and #49, and representative images of
each condition. Results are plotted as mean+s.d. of 4 experiments (#14) and 2 experiments
(#49) of n=4 wells (1500 cells/well) per experiment. Scale bars indicate Imm. B. Represen-
tative FACS analysis of TOM levels after 7 days of in vitro growth of each subpopulation
demonstrating reversion to the parental phenotype.

EMP1 does not completely correlate with the expression of invasive markers in mouse tumors

We next used subcutaneous grown tumors to determine the expression of the inva-
sive markers Lamc2 and Llcam in relationship with Emp1 expression. By immunoflu-
orescence we detected abundant LAMC2+ cells yet, unlike what we observed in hu-
mans (see section 3.4.3) not every LAMC2+ cells expressed Empl (Figure 3.52A).
Correspondingly, Lamc2 mRNA was not specifically upregulated in any of the three
EMP1-TOM sorted populations (Figure 3.52B). LICAM protein was expressed at very
low levels in MTO-derived isografts by IF (data not shown) although its mRNA is
marginally enriched in the EMP1-TOM-High cell population (Figure 3.52B).
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Figure 3.52: LAMC2 is broadly expressed in MTO93 xenografts. A. Representative dual
immunofluorescence staining of TOM and LAMC2 in MTO93 EMP1-iCT subcutaneous
xenografts. LAMC2 is expressed in most cells, and it partially overlaps with TOM+ cells. Yel-
low dashed lines indicate double positive areas and white dashed lines delimit LAMC2+TOM-
areas. Scale bars indicate 250um. B. mRNA expression level of LAMC2 and L1CAM genes in
TOM-High, -Med and -Low FACS-purified populations from disaggregated xenografts of

MTO93 EMP1-iCT #14 and #49.
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EMP1-High cells are expressing neutrophil attractant chemokines

We also studied whether EMP1-high cells in MTO93 expressed elevated chemokine
levels similar to their human counterparts. By RT-qPCR we could observe that of the
most enriched chemokines in PDO7, Cxcl7, Cdcl5 and Ccl5 were upregulated in the
EMP1-High populations. CXCL8 does not have a homolog in mouse (Figure 3.53).
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Figure 3.53: EMP1+ cells express neutrophil attractant chemokines in mice. RT-qPCR analy-
sis reports relative expression levels of several chemokines in MTO93 subcutaneous xenograft-
isolated cells according to their EMP1 levels.

Effects of hypoxia on Emp1 expression in MTOs

In order to gain more insight into the putative mechanisms by which Empl gene
program is induced, we grew MTO93 EMP1-iCT#14 cells 3 days in vitro and then kept
them for two additional days in normoxia (21% O,) or hypoxia (1% O;) conditions.
mRNA RT-qPCR of TOM and Emp]1 levels showed that MTO93 moderately increased
TOM levels by 2-fold in response to hypoxia (Figure 3.54).

= Normoxia 21% O, Figure 3.54: Emp1 gene expression responds
31= Hypoxia 1% O, to oxygen availability. TOM and EMPI
mRNA expression levels by RT-qPCR after
48h of in vitro culture in hypoxia compared to
21 normoxia. Data is represented as meanzs.d.
of 2 experiments.

Relative mRNA Level

0!
TOM  Empl
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Collagen co-culture induces Emp1 expression

Finally, we tested whether MTO93 was as responsive to extracellular matrix com-
posed of collagen-I as we showed for PDO7 (see section 3.4.3). We cultured the knock-
in MTO93 clones in vitro for five days with BME, collagen I 0.75 mg/ml or 1.5 mg/ml.
TOM levels were upregulated in the collagen I-cultured cells (Figure 3.55).
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Figure 3.55: MTO93 upregulates Emp1 expression in response to in vitro collagen coculture.
A. Representative flow cytometry plot of TOM levels in in vitro grown MTO93 EMP1-iCT#14
with different 3D matrixes. (BME 100%, collagen 0.75 mg/ml, collagen 1.5 mg/ml). B. Quan-
tification of the % of TOM-High cells in each condition (EMP1-High fraction is established
as the 10% brightest population in BME100% condition). Data represents mean+s.d. of 4
experiments. Statistics: P-value was calculated using Student’s t-test *pvalue<0.05

3.5.2 LGRb5 and EMP1 populations overlap in MTO93

In order to better dissect heterogeneity within the EMP1+ cell population, we in-
serted an EGFP reporter under the control of Lgr5 gene in MTO93 EMP1-iCT clones.
(Figure 3.56A). Following the same strategy described throughout this thesis, we
nucleofected MTO93 EMP1-iCT clones and sorted iRFP+ cells 3 days post nucleo-
fection. 15 days after the short-time sorting we selected EGFP+ cells by FACS and
allowed the individual cells to expand monoclonal organoids (Figure 3.56B and C).
Only MTO93 EMP1-iCT#49 presented correct LGR5-GFP knock-in integration (Fig-
ure A.21). Flow cytometry analysis of in vitro grown MTO93 EMP1-iCT#49 /LGR5-
EGFP pool revealed most cells were EGFP+ (86%) and TOM+ (99.7%) (Figure 3.56D).
Analysis EGFP-High, -Low and -Negative populations confirmed that EGFP reported
Lgr5 levels (Figure 3.56E). Due to time constrains we did not derive single-cell clones
from the pool.
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Figure 3.56: Tagging LGR5 gene in MTO93. A. CRISPR/Cas9 design of LGR5-EGFP knock-in
for murine cells. B. FACS-purification of iRFP+ cells 3 days post nucleofection. Only MTO93
EMP1-iCT#49 nucleofection is shown. C. EGFP+ cells FACS-separation cells at long-term post-
nucleofection. D. Representative flow cytometry analysis of 5-days in vitro grown MTO93
EMP1-iCT#49 LGR5-EGFP pool organoids. Most of the cells (86%) are double positive. E.
Relative mRNA quantification of EGFP-High, -Low and -Negative fractions sorted from in
vitro MTO93 EMP1-iCT#49 LGR5-EGFP organoids. Data represents meanzs.d. of 3 technical
replicates.

Emp]1 expression allows a better discrimination of the CSCs

We injected MTO93 EMP1-ICT#49 LGR5-EGFP pool subcutaneously in C57BL /6 mice
and obtained dual labelled xenografts. These tumors presented a glandular organiza-
tion with clear separation of the LGR5-EGFP and EMP1-TOM glands overall, yet in
some areas we could observe double positive cells (Figure 3.57A). FACS analysis of
grown tumors revealed that all cells expressed some level of TOM, and that 50% of the
EMP1-TOM+ population was also EGFP+ (Figure 3.57B). Despite broad TOM expres-
sion, EGFP-LGR5+ EMP1-TOM-Low cells differentially expressed stem cell markers
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(Lgrb, Smoc2), suggesting they were true CSC. Conversely, Empl gene and differen-
tiation markers Sdcbp2 and Krt20, as well as Cxcl7, were heavily downregulated in
this population. In addition, TOM+ populations, regardless of their EGFP status (+
or -), expressed similar levels of Empl (Figure 3.57C). Therefore, we can concluded
that Emp1 allowed a better discrimination between stem cell-like cells (EGFP+TOM-
) and a fraction of transient amplifying, perhaps more differentiated tumor cells
(EGFP+TOM-+). A particularly interesting observation is that both EGFP+TOM+ and
EGFP-TOM+ cells display upregulation of neutrophil chemoattractants, perhaps sug-
gesting a role for this population in the regulation of innate immunity.

Organoid formation confirmed that the results of this assay are mostly determined
by stem cell gene expression, as the EGFP+TOM- population showed the highest
capacity to grow organoids, followed by EGFP+TOM+ cells. There were no significant
differences between EGFP- TOM+ or TOM- populations (Figure 3.57D).

Figure 3.57: LGR5 and EMP1 gene expression partially overlap in MTO93 xenografts. A.
Representative immunofluorescences against LGR5-EGFP and EMP1-TOM in MTQO93 sub-
cutaneous xenografts. White lines delimit only-TOM or only-EGFP glands and yellow lines
delimit double + areas. Scale bars indicate 250um B. Flow cytometry of EPCAM+DAPI- cells
from disaggregated xenografts. Note that the TOM-low population has been renamed TOM-
for simplicity. Squares indicate the sorting gates. C. Relative mRNA expression analysis of
indicated marker genes in the four FACS-sorted populations. Data represents mean=+ts.d. of
3 technical replicates. D. Organoid formation assay of LGR5+EMP1-, LGR5+EMP1+, LGR5-
EMP1+ and LGR5-EMP1- sorted cells. N=2 experiments, 4 wells per experiment (1500 cell-
s/well). Statistics: P-values were assessed using Student’s T-test. P-values: **<0.01 ****<0.0001
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Figure 3.57: LGR5 and EMP1 gene expression partially overlap in MTO93 xenografts.



3.5.3 Study of EMP1+ cells in MTO-derived CRCs

Our next aim was to specifically eliminate the EMP1-High cells in vivo and observe
the effect on metastasis formation. We first tested MTO93 primary growth in immuno-
suppressed Beige/SCID mice, injecting intracaecum 6 mice per clone. Mice were ran-
domized one week after injection in two groups. CID treatment was performed in
one group three times a week, 0.04mg/ml (Figure 3.58A).

MTO93 EMP1-ICT#14 and #49 gave rise to large primary CRC in about a month,
and tumor disaggregation followed by flow cytometry confirmed the effectiveness
of CID treatment to eliminate the EMP1+ population (Figure 3.58B and C). To as-
sess the effect of EMP1+ cell ablation on the invasive potential of the tumors, we
counted visible liver nodules in both groups (NT vs CID). There was a tendency to
decreased nodule number and size in CID-treated animals but there were no signifi-
cant differences (Figure 3.58D and E). It is plausible to think that these tumors were
too aggressive in nude mice and therefore ablation is was enough to prevent cell
dissemination or that it occurred before CID treatment. Nevertheless, highest Emp1
expression corresponded to migratory like cells at tumor margins (Figure 3.58F). We
also identified isolated clusters of migrating cells that stained very strongly for TOM
(Figure 3.58G). Liver metastases displayed homogenous high levels of EMP1-TOM
expression regardless of nodule size (Figure 3.58H).
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Figure 3.58: CID treatment efficiently eliminated EMP1-High cells in MTO93 primary tu-
mors. A. Experimental setup for chronic CID treatment of orthotopic tumors. B and C. Liver
nodule metastasis number and size per animal in each condition of MTO93 EMP1-iCT#14
and #19 respectively. There is high variability in between groups. D. Percentage of cells in
each TOM fraction analyzed by flow cytometry of EGFP+DAPI-cells from disaggregated pri-
mary tumors. N= 2 tumors in NT group and 4 tumors in CID group. E. Mean fluorescent
intensity of total EGFP+ population in NT vs CID groups. N=2 and 4 tumors for NT and CID
groups respectively. F. Representative TOM IHC on paraffin sections from primary tumors.
Dashed lines delimit tumor center. Scale bar indicates 250um. G. Immunostaining of TOM
cells at tumor buds. Dashed lines delimit tumor center and arrowheads point at bright TOM+
disseminating cells. Scale bar indicates 250um. H. TOM staining of liver nodule metastasis.
Black dashed lines encircle big nodules (2-3 mm), blue dashed lines encircle small nodules
(0-1 mm) and arrowheads point at single TOM+ disseminated cells.
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MTO93 does not grow homogenously in C57BL6 animals

One of the major advantages of working with MTOs is that they can develop tumors
in immunocompetent mice (a system that better reproduces metastatic dissemination
in humans). For this reason, we performed experiments in C57/BL6 mice. We first
grew MTO93 EMP1-ICT#14 and #49 cells as subcutaneous tumors in male C57BL/6
mice. When tumors reached a size of around 100 mm3, we transplanted Tmm? pieces
into the caecum of secondary C57BL/6 recipients, using the nesting technique to
speed up primary growth rates. We used the same settings as the previous experi-
ment, with 6 injected animals per clone.

Primary growth was monitored by Luciferase activity two times a week, and CID
administration did not fully ablate primary tumor growth as bioluminescence of NT
vs CID groups was similar in both clones (Figure 3.59A and B). We ended the exper-
iments at days 76 and 44 respectively due to excessive tumor burden. FACS analysis
of disaggregated tumor samples confirmed the effectiveness of the treatment, as the
10% brightest TOM+ cells had completely disappeared in CID-tumors (Figure 3.59C)
and total TOM intensity was reduced by 2-3 fold (Figure 3.59D). Unfortunately, liver
nodule counting revealed that not every animal developed metastasis (Figure 3.59E
and F), which hindered the analysis of the results as we were unable to discriminate
whether the differences in liver nodule numbers were due to CID treatment or to
biological divergence between animals.

As designing new experimental settings is costly and time-consuming, we first con-
tirmed whether MTO93 was able to produce metastasis consistently in C57BL /6 mice.
For this reason, we injected in parallel 4 C57BL/6 mice and 5 SwissNude mice with
MTO93 EMP1-iCT#14 (250000 cells/animal) and compared growth in both strains. Bi-
oluminescence escalated faster in Swiss Nude animals, where all developed primary
tumors (Figure 3.60A). In C57BL/6 mice we found the same growth variability ob-
tained in the previous experiment suggesting that adaptive immune system blocks
metastasis formation in some animals. We assessed the metastatic burden both by
ex-vivo bioluminescence (Figure 3.60B) and by liver nodule counting after organ fixa-
tion (Figure 3.60C). All Swiss Nude grown tumors generated metastasis 40 days post
injection, whereas only two C57BL/6 mice presented liver metastases.

Therefore, MTO93 would only be suitable to study EMP1+ cell dissemination from

the primary tumor in immunosuppressed animals, as it is the only experimental
setting where it shows consistent primary growth and metastasis development.
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Figure 3.59: MTO93 does not generate metastasis reproducibly in C57BL/6 mice. A and B.
Intravital bioluminiscence activity of orthotopically injected MTO93 EMP1-iCT#14-Luc and
MTO93 EMP1-iCT#49-Luc respectively. CID treatment started at day 7 post-implantation. Dot-
ted lines represent each animal, solid lines represent the mean of the group. No differences
in growth were observed between NT and CID mice. C. Distribution of TOM cells in -High,
-Med and -Low fractions by FACS analysis of disaggregated primary tumors from NT and
CID groups. N=3 tumors NT and 6 tumors CID. P-val ****<0.0001. Differences were assessed
by Student T-test in each fraction. D. Mean TOM fluorescence intensity quantified by flow
cytometry. P-val ***<0.005. N=3 tumors NT and 6 tumors CID. Differences were assessed by
T-student test. E.Liver tumor nodule count after animal sacrifice. Animals were named A,
B, C in each group. Not all mice develop metastasis, and metastatic burden varied between
animals.
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Figure 3.60: MTO93 orthotopic primary tumor growth in Swiss Nude vs C57BL/6. A. Intrav-
ital bioluminescence activity of MTO93 EMP1-iCT#14-Luc intraceacum injected organoids in
Swiss Nude and C57BL/6 animals. B. Ex-vivo absolute bioluminescence in livers and lungs at
experimental endpoint (44 days for Swiss Nude and 70 days for C57BL/6 mice). There is no
significative differences between both strains. C. Number and size of liver nodules counted
after organ fixation.
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3.5.4 Primary resection allows liver metastasis seeding

Detailed analysis on Empl expression from primary and metastatic tumor sites re-
vealed an additional drawback of our experimental design: metastases expressed high
levels of EMP1-TOM (Figure 3.58H). Therefore, results of chronic CID treatment will
simply reflect the elimination of the established metastases rather than or in addition
to the ablation of migratory cells in primary CRCs. To overcome this problem, we
devised a new strategy: organoid injection into the caecum wall followed by resec-
tion of whole caecum when a small primary tumors had been already formed. This
approach aims at eliminating invasive tumor cells before metastases have developed.
Additionally, this experimental setting mimics the situation of a CRC patient under-
going surgery to remove the primary tumor and may represent an excellent model to
study disease relapse.

We first determined the minimum time needed for efficient liver seeding from in-
jected primary cells. We inoculated 500000 MTO93 EMP1-ICT#14 cells in the caecum
of 10 Beige/SCID animals, and resected one group one week post-injection and an-
other two weeks post-injection (Figure 3.61A). At one week post-injection, animals
already presented abdominal carcinomatoses, but primaries could be extirpated. In-
jected cells had already formed small primary nodules (Figure 3.61B). Of the second
group, only one animal survived the surgery, as primary CRC formed attachments to
the peritoneal cavity and could not be easily removed. We let the surviving mice live
up to one month post-injection, assessing bioluminescence twice a week. Bioluminis-
cent activity did not decrease post-resection due to abdominal carcinomatosis, which
we were not able to remove with surgery (Figure 3.61C). At the time of sacrifice mice
had develop a significant number of metastases (Figure 3.61D).
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Figure 3.61: Primary tumors resection one week post-injection.
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Figure 3.61: Primary tumors resection one week post-injection. A. Experimental setup of
the ceacum resection test. B. Representative TOM immunohistochemistry on sections from
MTO93 EMP1-iCT#14 orthotopic resected tumors 1 week after surgery. Dashed line delimit
the tumor. Scale bar indicates 1Imm. C. Intravital bioluminescence activity of the Beige/Scid
mice bearing MTO93 EMP1-iCT#14-Luc primary tumors. The signal does not decrease after
surgery due to abdominal tumor cell dissemination. Solid lines indicate the mean per each
group. D. Liver nodule metastasis size and number per animal at experimental endpoint.

Having determined that the best time point for primary resection in Beige /SCID mice
was one week post-injection, we sought to investigate the effect of acute CID treat-
ment during primary growth. We injected 10 Beige /SCID animals with 150000 cells of
MTQO93 EMP1-ICT#14. Of note, in this case we decreased cell numbers to avoid early
abdominal dissemination. Mice were randomized into NT and CID groups. The later
receiver 4 shots of CID (0.04 mg) at days 2, 3, 4 and 7 post-injection. Resection of
primary tumors was successful, although bioluminescence measurement indicated
that mice were not completely clear of tumor cells (Figure 3.62A). Resected caecums
presented small primaries, and dissemination through the submucosa was already
evident (Figure 3.62B). We followed carcinomatosis and metastasis development for
45 days (Figure 3.62C). Ex-vivo luminescence in livers and lungs was decreased in
CID-treated animals (Figure 3.62D), yet liver nodule counting did not render signif-
icant differences metastasis burdem (Figure 3.62E). We hypothesize the abdominal
carcinomatosis that remained after surgery hampered masked the results as these
abdominal tumors possibly kept seeding tumor cells after CID treatment. Anyway,
before drawing conclusions, we must improve the experimental conditions to avoid
carcinomatosis.
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Figure 3.62: Resection after CID treatment does not reduce metastatic burden. A. Intravital
bioluminescence picture of NT and CID-treated mice the day after primary resection. Color
bar indicates the radiance intensity. B. Representative TOM immunohistochemistry of the
resected caecums. Primary tumors are circled with dashed lines, spreading cells are pointed
at by arrowheads. Note the decreased spreading in CID group. Scale bars indicate 1 mm and
100pum respectively. C. Intravital bioluminescence quantification for the whole experiment
duration. The increase is both due to abdominal and liver tumor growth. D. Quantification
of ex-vivo bioluminescence activity in liver and lungs at endpoint. E. Liver nodule size and
number per animal.
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3.5.5 EMP1+ cells do not have higher metastatic potential when injected via intraspleen

As orthotopic transplantations of MTOs raised important technical limitations, we
switched to a surrogate approach to study metastasis. We assessed whether EMP1+
cells were more capable than the rest to seed the liver upon direct inoculation into the
portal circulation (Metastasis Initiation Experiment, MIC). We first generated MTO93
EMP1-iCT#14 and #49 subcutaneous C57/BL6 tumors and FACS-sorted TOM-High
and TOM-Low populations. We then reinjected these cell populations through the
spleen of C57BL/6 mice (10000 cells per animal) (Figure 3.63).
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Figure 3.63: Metastasis initiation experimental design. Schematic representation of the
metastasis initiation capacity (MIC) experiment). The 15% TOM-highest and —Lowest cells
were FACS-sorted per ach clone and reinjected via intraspleen into C57BL/6 recipients. N=10
animals per condition

Luciferase activity increased sharply since day 7 post injection (Figure 3.64A), indicat-
ing that both the TOM-High and TOM-Low cells had been able to overcome immune
surveillance. Growth rate of both populations was similar, and inspection of the livers
did not reveal differences in the number or size of metastases (Figure 3.64B). Ex-vivo
bioluminescence of liver and lungs corroborated that metastatic seeding was equal in
TOM-High vs TOM-Low groups ( Figure 3.64C and D). TOM-High and -Low derived
tumors presented the same level of TOM staining (Figure 3.64E), indicative of plastic-
ity. Based on this result, we concluded that EMP1+ cells do not have enhanced ability
to colonize the liver by themselves when injected directly into the blood stream.
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Figure 3.64: EMP1-High cells do not colonize the liver more efficiently than the rest of the

tumor.
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Figure 3.64: EMP1-High cells do not colonize the liver more efficiently than the rest of the
tumor.A. Intravital bioluminescence imaging of intraspleen-injected mice with TOM-High
and TOM-Low MTQO93 cells of #14 and #49 respectively. B. Number and size of metastatic
liver nodules at the end of the experiment (30 days). N= 10 animals per condition. C. . Ex-vivo
bioluminescent activity in livers of both groups. N=10 livers per condition. D. Ex-vivo biolu-
minescent activity in lungs of both groups. E. Representative TOM immunohistochemistry
on liver paraffin sections with tumor nodules. Both TOM-High and -Low derived metastasis
present the same level of TOM. Scale bars indicate 250pm
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DISCUSSION

Self-renewal in the intestinal epithelium is a well-orchestrated process which makes
it a suitable model to study stem cell biology. Intestinal stem cells, located at the
bottom of the crypts and marked by LGR5 gene expression, are a highly proliferative
population with the ability to differentiate into all intestinal cell types. The structural
organization of the intestine favours a one-way migration of progenitor cells that
leave the crypt base and transit towards the top of the villi as they undergo differen-
tiation. Polarized stem cell (WNT, EGF, NOTCH) and differentiation (BMP, TGF-f3)
signaling pathways determine cell identity along the crypt-villus axis (Clevers, 2013).
The intestinal stem cell hierarchy is particularly important for colorectal cancer devel-
opment, since it is believed that transient amplifying or differentiated cells harboring
pro-tumorigenic mutations will eventually be shed into the lumen (Huels and San-
som., 2015). On the contrary, acquisition of mutations in the LGR5+ population leads
to aberrant cell expansion and adenoma formation (Barker et al., 2009). As cells in-
crease their mutation burden, benign adenomas develop into advanced malignancies
with the ability to metastasize. The study of early adenomas has shown that their
growth is reminiscent to that of normal epithelia, with a heterogeneous cell composi-
tion that relies on LGR5+ cells to expand (Schepers et al., 2012).

Our aim was to study the cellular heterogeneity of human advanced colorectal can-
cers and to elucidate whether a stem cell hierarchy was maintained in the tumors.
At the time of project design, no one had yet performed lineage tracing analysis on
human advanced CRCs. Some previous reports of lineage tracing in patient samples,
based in CpG methylation patterns (Siegmund et al., 2009) and cytochrome C defi-
cient cells (Humphries et al., 2013) suggested the presence of multiple cancer stem
cells in those tumors, yet lack of models for advanced CRC hampered the study of
cell composition and tumor expansion in colorectal carcinomas.

We aimed at unraveling the contribution of the putative colon cancer stem cell popu-
lation, defined by LGRS expression, to tumor growth, as well as the behavior and pro-
liferation dynamics of differentiated-like populations. With these studies, we aimed
to shed some light on the organization of tumor tissues, a knowledge essential for
the development of new therapies. Finally, we were also interested in identifying the
cells of origin of metastasis in CRCs. In the following section, I will summarize our
findings and relate them to the latest advances in the field.
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Development of new models to study tumor cell heterogeneity
Patient derived organoids reproduce human tumor heterogeneity in mice

One of the major limitations in the study of colorectal tumor cell hierarchy has been
the lack of appropriate models. A large number of human 2D CRC cell lines repre-
senting the different genetic landscapes found in patients are available (Mouradov
et al., 2014), but they do not recapitulate the heterogeneity and organization present
in the original tumor. Genetically engineered mouse models (GEMM) failed to gen-
erate aggressive adenocarcinomas (Tetteh et al., 2016). The last ten years have seen
the establishment of organoid cultures as key to reproduce both healthy and tumor
tissues in vitro (reviewed in Clevers, 2016), and its utility in maintaining colon tumor
patient cells was soon proven by us and many other colleagues (Jung et al., 2011,
Sato et al., 2011, Calon et al., 2015, van de Wetering et al., 2015). More recent studies
using xenografts derived from subcutaneous injection into mice of human organoids,
the patient derived xenografts, have shown that they faithfully reproduce the diver-
sity of human tumors (Linnekamp et al., 2018, Vlachogiannis et al., 2018, Prasetyanti
et al.,, 2019) and are even able to interact with the murine stroma inducing a pro-
tumorigenic response in animals (Chao et al., 2017). Taken together, these studies
corroborate the suitability of PDOs as a model system to decipher tumor cell hetero-
geneity.

In order to obtain relevant and translatable results, we selected two PDOs that har-
bored canonical mutations in the main CRC driver signaling pathways (Table 3.1)
(Morin et al., 1997). We have shown that both organoids generate glandular-like,
moderately differentiated tumors upon subcutaneous injection into immunodeficient
mice. In addition, this histological pattern is maintained upon orthotopic injection
in the caecum of the animals. Indeed, PDO6 and 7 are able to generate primary tu-
mors in immunodeficient mice regardless of the implantation method (orthotopic
transplants are explained in section 6.5.2). However, the metastatic potential of these
models is limited, as only few animals displayed liver or lung metastatic nodules
even many months after injection. Work by others (Roper et al., 2017, O'Rourke et
al., 2017, Fumagalli et al., 2018) shows that some human derived organoids do pro-
duce metastases in immunodeficient mice, so we hypothesize that the dissemination
ability is intrinsic of each patient derived organoid. PDO7 cells, nevertheless, effi-
ciently generated metastatic niches in the liver upon intraspleen injection, indicating
that mutations in key pathways for CRC development provide sufficient niche in-
dependency to tumor cells to grow in foreign environments, in agreement with the
work of the Clevers and Sato laboratories (Drost et al., 2015, Matano et al., 2015).
Moreover, upon orthotopic implantation of quadruple mutant (APCKO, KRAS®!?P,
TP53%0, SMAD4KO) organoids they were able to induce distant metastasis formation
(Fumagalli et al., 2017).

To circumvent the problem of lack of liver and lung metastases generated from ortho-
topic PDO injection, we took advantage of the GEMM-derived organoids generated
in the lab (Tauriello et al., 2018). As previously described, quadruple mutant-derived
organoids (APCKO, KRASC12P | TP53KO, TGFRR2KO) reproduce the CMS4 colorectal
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cancer subtype (Guinney et al., 2015), defined by stromal infiltration and high levels
of TGF-. CMS4 tumors, thus, display metastatic-like traits and are indeed the ones
with worst prognosis (Calon et al., 2015, Isella et al., 2015). These facts validate the use
of MTOs for metastatic studies as surrogates of the human disease in mice. Likewise,
other groups have recently generated metastatic mouse organoids that recapitulate
highly aggressive CRC tumors upon orthotopic injection in immunocompetent ani-
mals (Roper et al., 2017, Melo et al., 2017).

CRISPR/Cas9 genome edited organoids retain parental features

We and others have been the first ones to establish a CRISPR/Cas9-based knock-
in strategy to label specific tumor populations in human and mouse CRC derived
organoids, a technology so far reserved to animal models (Cortina and Turon et al.,
2017, Shimokawa et al., 2017, Melo et al., 2017). Genomic modification is a very pow-
erful tool to simultaneously follow distinct cell states in unperturbed tumors. With
our system, we have been able to target more than one gene at a time, generating
up to tri-color organoids reporting stemness (LGR5-EGFP), proliferation (KI67-RFP)
and differentiation (KRT20-iRFP). A long standing concern of gene editing is the
introduction of undesired mutations in the process; CRISPR/Cas9 system has been
reported to provoke off-target mutagenesis due to unspecific guide RNA binding (Fu
et al., 2013, Pattanayak et al., 2013). By exome sequencing of PDO7 LGR5-EGFP#1, we
found very few de novo mutations compared to its parental organoid (Table 4.1). Con-
cerned that the analysis method (Mutect2 algorithm) was not properly detecting real
de novo mutations, as it has an error rate of 6.4 mutations per Mb, we cross checked
the analysis with a second algorithm, VarScan2. Both are described to have similar
error rates (Kroigard et al., 2016). Indeed, only 17 missense/nonsense mutations co-
incide between methods, of which only one has a predicted high impact, suggesting
that many of the detected changes could actually be false positives (Table 4.1). This
analysis confirms that the organoid technology maintains the cells in a genetic stable
state, as previously shown by others (Weeber et al., 2015), and that CRISPR/Cas9
genome editing can be safely used in organoids. The final mutation number of our
edited PDO is similar to the reported natural evolution of MSS CRC patient derived
cells after prolonged in vitro culture (Fujii et al., 2016), so Cas9 activity does not in-
troduce significant changes in the genomic landscape of the cells.

We must consider, though, that our knock-in generation involves a long-term FACS
selection based on fluorescent marker expression. Marker-based selection of knock-
in integrated cells greatly increases positive clone derivation efficiencies (up to 90%),
as is the case for LGR5-EGFP or KI67-RFP targeting. Yet, it relies in the fact that in
vitro cultured organoids from sorted cells are able to revert to the original phenotype
regardless of the cell of origin. In our system, we have shown plasticity arising both
from stem-like populations (LGR5+) as well as differentiated-like cells (EMP1+) af-
ter 15 days of culture. These findings reinforce the idea that our organoid derivation
strategy is not biasing subsequent results. In addition, this limitation can be over-
come by growing single-cell clones directly after nucleofection without selecting for
fluorescent expression, as we have done for KRT20 and EMP1 knock-ins, although
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Algorithm CRC driver mutations  de novo missense or de novo mutations
non-sense with predicted high
impact (genes)
Mutect?2 All present (APC, 64 3 (EIF2AK?2,
KRAS, SMAD, ATM) KIAA0101, PPFIBP2)
VarScan2 All present (APC, 70 6 (CCRN4L, SEMASA,
KRAS, SMAD, ATM) HOOKS3, PRSS3, GLEI,
PPFIBP2)
Common All present (APC, 17 1 (PPFIBP2)

KRAS, SMAD, ATM)

Table 4.1: Exome sequencing results of parental PDO7 vs PDO7 LGR5-EGFP#1 clone us-
ing two different analysis softwares. Summary of de novo introduced mutations in PDO7
LGR5-EGFP#1 after CRISPR/Cas9 modification. The analysis was done using two Variant
Caller algorithms, Mutect?2 and VarScan2. They have an error rate of 6.4 mutations per Mb,
suggesting most of the mutations are actually false positives (6.4 mutations*30 Mb of human
exome = 192 false positives). Only 17 mutations appear with both analysis methods, and of
the 17 only one has predicted high impact on the protein function.

the efficiency of correctly integrated clones lowers to 1-5%.

The use of monoclonal organoids has advantages and drawbacks. On one side, it re-
stricts the interpretation of the analysis regarding tumor heterogeneity. Intra-tumor
heterogeneity (ITH), the existence of clones with different genetic background within
the same tumor, is key for cancer development, as well as a major cause of tumor
relapse and chemotherapy resistance (reviewed in McGranahan and Swanton, 2017).
However, the use of monoclonal organoids ensures that cells of different phenotypes
(e.g. stem or differentiated tumor cells) within tumors display identical gentoypes
and therefore that differences in their behavior are not due to distinct alterations but
rather to change in gene programs.

Furthermore, recent studies propose that selective sweeps that change the mutational
landscape of the tumor are less frequent than initially thought, due to low fixation
probability of new clones in fast cycling cells with spatial constrains (Sottoriva et al.,
2015, Baker et al., 2017, Ryser et al., 2018). This suggests that our single-cell derived
organoids retain most of the parental tumor composition, and that new intratumor
heterogeneity can arise from subsequent evolution of each clone (Giessler et al., 2017).
Regardless, to ensure the reliability of our results, we have used several independent
genome edited-clones to validate our main observations. In virtually every experi-
ment, we have seen that the different clones behaved equally in terms of proliferation
and aggressiveness, and presented similar heterogeneity of stem and differentiated
compartments.

In summary, we have combined two powerful techniques, organoid culture and
CRISPR/Cas9 technology, to create new tools necessary for the analysis of cell hetero-
geneity in intact tumors. Beyond the applications and results described in this thesis,
this approach opens up the possibility of genetic analysis, something that was before
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reserved to developmental processes.

Definition of stem and differentiated cell compartments in advanced colorectal tu-
mors

Intestinal stem-like cell numbers increase in tumors

Up to date, visualization of LGR5+ cells in human tumors had not been possible
due to lack of suitable tools. We bypassed this roadblock by inserting fluorescent
reporters in the LGRS locus of PDOs. In both PDOs analyzed as well as in MTOs,
LGR5+ cells represent 50-60% of the total cell number. The glandular-like structures
of xenografts are reminiscent of the cell distribution of the healthy epithelia, with
extensive differentiated areas, marked by the pan-differentiation KRT20 marker and
counter enriched in LGR5 expression. The LGR5+ cell proportion suggests an in-
crease in stem cell numbers during tumor progression, a hypothesis validated by in
situ RNA hybridization of LGRS in patient samples (Baker et al., 2015, Martin et al.,
2018). It is plausible to think that, like in the healthy epithelia, not all of the LGR5+
cells are actively functioning as stem cells (Kozar et al., 2013, Ritsma et al., 2014).
In addition, the distribution of stem and differentiated areas indicates the presence
of asymmetric niche factor distribution across the tumor, with some areas retaining
crypt-base features that may induce stemness phenotypes (Lotti et al., 2013). Some
studies have reported that areas of high WNT signaling occupied by stem cell-like
cells are enriched in tumor borders, and the differentiated areas are compressed in
the necrotic tumor center (Cernat et al., 2014). This would cause the tumors to expand
from the edges and compress the cells at the center (Lamprecht et al., 2017). Our find-
ings contradict these observations, as LGR5+ glands are found across the tumor. It
will be very interesting to elucidate the mechanisms that dictate stem cell status in
those tumor areas, although we have not been able to tackle that question yet.

Differentiated cells are scattered across all tumor

Besides tracking LGR5+ cells in human and mouse tumors, we have also genetically
labelled two other genes, KRT20 and EMPI1. KRT20 is a well-described marker for in-
testinal differentiated cells (Chan et al., 2009). In agreement, KRT20 expression pattern
complements that of LGR5, with glandular regions entirely differentiated and devoid
of stem cell markers. EMP1 is activated upon blockade of the WNT signaling path-
way (unpublished observations from Batlle lab) and it is consistently downregulated
in stem cell signatures. In accordance, EMP1+ cells expression profile overlaps with
differentiation genes such as KRT20, CEACAMS5 and SDCBP2, and is counter-enriched
in the stem cell markers LGR5, SMOC2 and OLFM4. Therefore, we have used it as a
differentiation marker to validate the results obtained with KRT20 lineage-tracing al-
leles. Unexpectedly, despite the fact that EMP1 is expressed across the tumor, highly
positive cells are grouped in the xenografts boundaries. This cellular distribution is
also confirmed in orthotopically-grown tumors. Indeed, the CMS4-like MTO93 ex-
presses high levels of this marker, perhaps suggesting that its expression is enriched
in metastatic tumors. We hypothesize that EMP1 is a marker gene of both differenti-
ated and invasive cells. We further detail the utility of EMP1 gene as invasive marker

125



in the next sections, but we will first consider its implications in the tumor hierarchy
as a differentiated-like cell marker. This pattern suggests that perhaps differentiated
cells (or at least WNT-OFF) cells are the ones undergoing migration and perhaps op-
erate as the cell of origin of metastasis. This hypothesis, however, goes against recent
finding on LGR5+ cell as the cells of origin of metastasis (Melo et al., 2017). This
question will need to be addressed by comparing the effects of EMP1+ versus LGR5+
cell ablation in metastatic tumors.

Identification of determinants of tumor initiating potential
Tumor initiation depends on stem cell program expression

It has been long hypothesized that tumor growth could only be initiated and sus-
tained by cancer stem cells (Barker et al., 2009). Indeed, CRC-SC separated by CD44,
CD133 or EPHB2 markers (O’Brien et al., 2007, Dalerba et al., 2007, Ricci-Vitani et al,
2007., Merlos-Sudrez et al., 2011) were more proficient in tumor initiation upon injec-
tion into secondary mice hosts than their negative counterparts. In line with these
preliminary experiments, our purified LGR5-EGFP cells showed higher organoid
formation capacity in vitro and tumor initiation potential in vivo. Moreover, by us-
ing EMP1 as a surrogate of differentiation we have confirmed that non-LGR5 cells
have less organoid formation capacity and retain only a limited tumor initiation
potential. Organoid formation assay using LGR5-EGFP/EMP1-TOM double-labelled
MTO93 confirmed that LGR5+ cells were the only ones retaining clonogenic poten-
tial, and that the subset of LGR5+EMP1+ cells had the characteristics of a transient-
amplifying-like population. Our findings correlated with work done by colleagues
using CRISPR/Cas9 engineered mouse tumor organoids (Melo et al., 2017).

Plasticity between CSC and differentiated cell compartments

An important question in the CSC field is whether plasticity arises from non-stem
cells. In homeostatic setting, it has already been proven that hierarchies are not as
strict as initially thought, as damage in hair, skin, kidney or liver, for example, is
rescued by de-differentiation of progenitors and post-mitotic cells to their respective
SC lineages (Ito et al., 2005, Kusaba et al., 2014, Tarlow et al., 2014, Hoeck et al., 2017).
Likewise, in the normal intestine differentiated-like populations are able to replenish
the LGR5+ pool upon homeostasis perturbation (Tian et al., 2011, Takeda et al., 2011,
Powell et al., 2012, van Es et al., 2012, Tetteh et al., 2016), so it is expected that tu-
mor cells also present a certain degree of plasticity. Our experiments corroborate this
theory, as tumors arising from LGR5- or EMP1+ populations perfectly recapitulate
the parental heterogeneous cell composition. In line with these findings, plasticity of
CRC tumors at all development stages has also been recently observed using ASCL2
as stem cell reporter (Oost et al., 2018).

A fundamental issue, though, is whether cells must revert to a stem-cell state be-
fore giving rise to new tumors. In the healthy intestine, indeed, abolition of both
LGR5+ and +4 cells impedes intestinal regeneration (Metcalfe et al., 2014), indicating
a requirement for the cells to transition through stem-like states during plasticity-
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mediated tissue regeneration. To formally address this issue, we will need to specif-
ically eliminate the LGR5+ population in our tumors and observe whether they are
still able to grow. While we were working on this aspect, two studies published in
Nature tackle this issue. In Shimokawa et al., 2017 paper, they ablated LGR5+ cells
by inducible Caspase9 in human-CRC patient derived xenografts. In this setting,
KRT20 progeny increased proliferation and acquires CSC phenotype. Importantly,
they proved that plasticity of differentiated cells depended on reversion to an LGR5+
cell status, as continuous LGR5+ cell ablation impeded tumor regeneration. On the
contrary, Melo et al., 2017 proposed that primary tumor growth was maintained by
LGR5- cells without need of reversion, as continuous LGR5+ cell elimination did not
cause tumor shrinkage. Interestingly, they suggested this effect might be mediated by
the microenvironment, as metastatic nodules did depend upon LGR5-driven growth.
Therefore, these data are contradictory but may suggest that the degree of plasticity
of LGR5- cells depends on the tumor type or model system analyzed.

Intestinal stem cell hierarchy is lost during malignant transformation
Tumor initation capacity does not reflect cell behavior in intact tumors

The xenograft transplantation assays were long considered as the gold standard to
assess cancer stem cell potential as they proved the ability of a single cell to recreate
the whole original disease in a host. The field of CSCs has been largely biased by
the use of this experimental approach. More recently, the improvement of genetic la-
belling techniques has allowed the visualization of cells in their native environment,
a factor essential in solid tumors as their fate depends on specific niche factors and
cell-to-cell interactions (Morrison and Spradling, 2008). Indeed, many studies show
how cells with multipotent capacity in transplantation assays actually have a more
limited ability to differentiate when analyzed in intact tissues (reviewed in Batlle and
Clevers, 2017). Results using the lineage tracing techniques have also challenged the
Hematopoietic-SC model, providing evidence that a transient progenitor population
maintains hematopoiesis in the adult mice (Busch et al., 2015). Therefore, it is be-
coming increasingly evident discordancies in the assessment of stem cell potential by
lineage tracing or by transplantation approaches. The results obtained in this thesis
are another example of such discrepancy.

Differentiated and stem-like derived clones persist over time in tumors

Our initial hypothesis was that advanced CRC tumors displayed a cell hierarchy
reminiscent to that of the normal intestine, based on previous findings in mouse
adenomas (Schepers et al., 2012). To prove this, we labelled the progeny of LGR5+,
KRT20+ and EMP1+ cells respectively with an inducible CreERT2 system. Due to low
levels of transgene expression in LGR5 and EMP1 knock-ins, we estimate we only la-
belled around 5-10% of each subpopulation. KRT20 gene, on the contrary, is highly
expressed in differentiated-like tumor cells, rendering a much more efficient recombi-
nation. By Tam dosage tritation, we managed to perform lineage tracing at the clonal
level (tracking single cells) of the LGR5, KRT20 and EMP1 lineages. A major concern
of this type of experiments is also the leakiness of the Cre enzyme (He et al., 2017),
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but we never found TOM clones in untreated animals (data not shown).

If our hypothesis that intestinal tumors rely on a stem cell hierarchy to expand over
long periods of time was true, clones derived from LGR5+ cells would expand expo-
nentially and colonize the whole tumor, as in the healthy intestine (Barker et al., 2007).
On the other hand, clones derived from differentiated cells, marked by KRT20 or
EMP1 expression, would eventually disappear. By following the progeny of LGR5+,
KRT20+ or EMP1+ cells in patient derived xenografts for as long as two months,
we have observed that the three cell lineages contribute similarly to tumor growth.
The clones derived from the three populations persisted and expanded for the whole
length of the experiment. The system is limited due to the fast PDX growth rate, yet
two months clone expansion is sufficient to prove that differentiated cell lineages do
not disappear with time. An important consideration to interpret these data is that
the KRT20 gene might be early transcribed in differentiating cells, days before it is
translated. This supported by the finding that some TOM+ cells 72h post-induction
of KRT20 lineage tracing did not express yet KRT20 protein. Therefore, the KRT20
allele lineage tracing may label early progenitors rather that fully differentiated cells.
Similar caveats could be raised by the use of EMP1 gene.

Nevertheless, our findings are further supported by the work of Vermeulen and col-
leagues (Lenos et al., 2018). They chose a marker-free lineage tracing approach, la-
belling random single cells in the PDX, and clones arising from these cells proliferate
independently of their origin. They also report that tumors grow preferentially in the
outer regions, something we have not observed. This could be explained because they
analyze xenografts of up to 1000 mm?, whereas our tumors harbor a maximum size
of 300 mm?. The center of such big tumors becomes highly necrotic, and is therefore
expected that cell proliferation can only happen in the border. On the contrary, by us-
ing a similar LGR5 and KRT20 lineage tracing system, Shimokawa et al., 2017 report
that LGR5-derived clones grow over time whereas KRT20 progeny is lost with time,
with the exception of a few of clones. These controversial results can be explained in
one hand by the fact that we use different PDOs for the study, and in the other hand
because accurate 3D analysis of clonal proliferation in our xenografts is required to
confirm if LGR5+ cells really have an advantage over the rest of the tumor to prolifer-
ate. Of note, we have resolved the technical limitations (xenograft clearing, antibody
penetration and microscope resolution) for 3D imaging during project development,
so future studies will be able to answer these questions.

Differentiation kinetics in tumors

Apart from assessing the proliferation dynamics of CSC-derived cells, we have quanti-
fied their differentiation potential. Interestingly, KRT20+ and MUC2+ cells within the
LGR5-derived clones appear in substantial numbers only one month after tracing, in
contrast with the normal epithelium where cells differentiate and die in a range of 5-7
days (Potten and Loeffle, 1987). The slow differentiation rate might be due to tissue
organization; in normal intestine, stem cell signals (WNT, EGF, NOTCH) accumulate
at the crypt bottom and are counteracted by a differentiation-inducer BMP/TGF-f3
gradient higher up in the villi (Clevers, 2013). In tumors, stem cell promoting signals
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are probably less constrained since tissue architecture is disrupted (Vermeulen et al.,
2010). This fact is supported by the increased number of LGR5+ stem cells found in
PDO6 and 7 tumors (50-60%) (Cortina and Turon et al., 2017). Indeed, by single-cell
profiling, Li et al., 2017 report that 93% of the cells in CRC tumors retain stem or
transient amplifying expression programs, whereas only 10% of the total intestinal
cells are LGR5+ in homeostatic conditions (Barker et al., 2007).

Quiescent cancer stem cells

Lineage tracing revealed that almost half of the LGR5-derived clones remained in sin-
gle to two-cell status weeks after induction of the tracing. 3D reconstructions proved
that many LGR5+ cells remained in single cell status, and that this result was not
a bias of the 2D analysis. This finding suggests the presence of a putative quiescent
LGR5+ cell population, which is somewhat surprising, as about 90% of the LGR5+
cells in healthy intestine are proliferating (Barker et al., 2007, Schepers et al., 2012,
Basak et al., 2014). Cell cycle status has been assessed by KI67 protein levels, as it
is a protein strictly associated with cell cycle progression through G;/M/G, phases
(Scholzen and Gerdes, 2000, Miller et al., 2018). and lost during quiescence. Double
labelling of LGR5 and KI67 in PDO7 enabled cell cycle analysis of LGR5+KI67+ vs
LGR5+KI67- populations, corroborating that a large proportion of LGR5+KI67- cells
are arrested in G1/Gq cell cycle phase. Moreover, these cells display an overall down-
regulation of the proliferation program of crypt progenitors (Jung et al., 2011). In
contrast, LGR5-KI67+ population shows traits of absorptive differentiation (FABP1
and SI expression) and LGR5-KI67- cells appear terminally differentiated (KRT20+),
reminiscent of the homeostatic differentiation pathway (Dalerba et al., 2011). More-
over, the LGR5+KI67- gene signature overlaps with the mouse intestinal LGR5+KI67-
transcriptomic profile defined in Basak et al., 2014.

Quiescent stem cells have been identified in normal intestine, although their identity
remains controversial (Buckzaki et al., 2013, Srinivasan et al., 2016, Richmond et al.,
2018). In addition, our group defined a subset of slow cycling LGR5+ cells marked by
the expression of Mex3A in healthy mouse epithelium (Barriga et al., 2017). RT-qPCR
mRNA analysis showed that LGR5+KI67- tumor cells are highly expressing MEX3A
among other markers (Figure 3.18), indicative that perhaps the LGR5+KI67- subset
of tumor cells are reminiscent of a quiescent CSC population. The presence of slow
cycling LGR5+ cells that mediate tumor regrowth has also been discovered in other
tumors (Sanchez-Dénes et al., 2018), underscoring the importance of better charac-
terizing this subpopulation. The LGR5-EGFP/KI67-RFP double knock-in in PDOs
provides a valuable tool to deepen in the study of quiescent cancer stem cells.

In summary, we hypothesize that cellular hierarchy is lost during the transition from
early lesions to advanced colorectal carcinomas, and that phenotypic heterogeneity
in tumor cell composition is most likely dictated by the microenvironment or other
extrinsic signals, in agreement with the work of others (Prasetyanti et al., 2013, Lenos
et al., 2018). Our findings complete earlier studies based on mice adenomas that re-
port the presence of CSC in colorectal tumors (Schepers et al., 2012, Kozar et al., 2013,
Nakanishi et al., 2013). Adenomas still retain some degree of tissue organization, with
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crypt-niche defined areas, and their dependency on stem cell hierarchy decreases as
the tumors evolve. Indeed, a similar evolution and loss of hierarchy has been shown
for squamous cell carcinomas (Driessens et al., 2012).

Moreover, we propose that the stem cell program is required for tumor initiation in
transplantation experiments (Barker et al., 2009, Schwitalla et al., 2013), but does not
determine an advantage for growth in intact tumors, as different subpopulations fuel
tumor expansion in CRCs. We cannot rule out, nevertheless, that some CRC tumors
do retain a hardwired hierarchical organization, as robserved by Shimokawa et al.,
2017. In addition, we report the presence of a quiescent cancer stem cell population.
Finally, we also report plasticity between tumor subpopulations, coincident with in-
creasing evidence provided by others (Shimokawa et al., 2017, Melo et al., 2017).

Proliferation in CRC tumors depends on protein synthesis capacity

I would like to conclude this part of the discussion by linking our findings to the work
of the lab by Morral and Stanisavljevic et al, 2019 (Nature, under revision). They ob-
served that tumor cells in contact with the stroma retain most of the ribosomal RNA
(rRNA) expression, and are thus actively producing proteins, whereas tumor cells
further away from the stromal niche shut down protein synthesis. Interestingly, this
phenomenon is independent of LGR5 marker expression, and puts forward a model
where cell proliferation is dependent on biosynthetic capacity rather than stemness
potential. The data perfectly correlates with our findings that tumor subpopulations
fuel tumor growth regardless of their stem or differentiation status. Moreover, they
define a terminally differentiated population that has lost all protein synthesis ca-
pacity. This represents a bias in all lineage tracing experiments, as this subset of
differentiated cells will never be able to express the marker necessary for their trac-
ing since they no longer synthesize protein. It also explains why the mRNA of the
pan-differentiation marker KRT20 is expressed in early differentiating cells, as the
protein has to be produced while synthesis machinery is still switched on. KRT20
protein long half-life ensures it is retained in the cell during terminal differentiation
(Morral and Stanisavljevic, under revision).

EMP1+ cells as the cell of origin of metastasis

In chapters I and II of the results section of this thesis we focused on studying the rele-
vance of the stem cell hierarchy in advanced CRC tumors. As we have discussed, over-
all tumor organization is reminiscent of that of the homeostatic crypt, including the
presence of stem-like and differentiated-like cells organized in defined compartments.
However, the expression of one or another genetic program does not determine the
potential of cells to proliferate and persist for long time in the tumors. Following the
same rationale, metastatic cells might not necessarily express a CSC gene program,
a concept that is widespread yet lacks robust experimental proofs (Oskarsson et al.,
2014). In chapter III, we have tried to characterize the cell of origin of metastasis us-
ing EMP1 as a marker gene for this population. We focused our efforts on the study
of the metastatic process in CRC because metastases are the main cause of death in
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these patients (Misiakos et al., 2011, Rithimaki et al., 2016).

The metastatic capacity of a cell is determined by several factors. First, the acquisi-
tion of mutations in key pathways (WNT, EGF/MAPK, TP53 and TGF-f3) endorses
CRC cells with niche-independent growth. However, metastasis is a stringent process
and not all CRC cells are able to survive in distant organs despite harboring such
mutations. It has been proposed that only a subset of long-term self-renewing cells
retained the ability to form metastasis (Dieter et al., 2011). Importantly, several stud-
ies prove that primary and metastatic disease fundamentally share the same somatic
mutations (Jones et al., 2008, Baldus et al., 2010, Brannon et al., 2014). This result
indicates that metastatic capacity cannot depend on the mutational status solely, but
rather must be dictated by microenvironmental cues that predispose or endow cells at
the periphery of the tumors with the capacity to migrate and form metastasis. Many
studies show how the interplay between tumor microenvironment (TME) and cancer
epithelial cells is key for the acquisition of metastatic traits (reviewed in Tauriello et
al., 2016).

In spite of the intensive research in the field, it is not clear which cells acquire the
ability to migrate, since most experiments to test metastatic capacities have been
performed by isolating tumor cells and transplanting them into recipient hosts. The
ability to identify these cells from the tumor bulk would provide means for the de-
velopment of targeted therapies against metastasis. For instance, Mangues and col-
leagues were able to reduce tumor cell intravasation by specifically targeting CXCR4+
cells, a marker for migratory cells (Céspedes et al., 2018). Based on these ideas, we
aimed to define a robust marker for the cells that acquire invasive properties in CRC.

EMP1 is highly expressed at the tumor borders

By addition of a TOM fluorescent reporter under EMP1 control, we visualized EMP1+
cells evenly distributed across tumor glands. The observation, nonetheless, that the
EMP1-High cells accumulated in tumor buds, both at the invasive borders and inter-
mingled in stromal areas of subcutaneous xenografts and orthotopic tumors, prompted
us to further investigate the migratory capacities of these cells. Tumor buds at the in-
vasion fronts (i.e. the spreading of single or small groups of cells at the tumor edges)
are associated with metastatic disease in CRC (Prall et al., 2005, Zlobec et al., 2014,
van Wyk et al., 2015). CRC metastases, mostly localized at the liver, display a similar
organization to the primary tumor (Merlos-Sudrez et al., 2011). In consonance, we
have also observed a similar distribution of EMP1-TOM+ cells in the primary and
metastatic nodules

Of note, the expression of EMP1 is very broad in CRC, with TOM labelling around
60% of tumor cells in PDOY cells and most cells in MTO93 derived xenografts (>90%).
This effect is likely enhanced due to the long half-life of TA-TOMATO protein (Muzum-
dar et al., 2007) (i.e. it might be that descendants of EMP1 retain certain TOM level
although they do not longer express EMP1). The lack of good antibodies against
EMP1 protein hampers the assessment of the endogenous expression of EMP1 in tu-
mor samples. Nevertheless, cells at CRC invasion fronts express elevated levels of
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this gene. Based on this observation, we established a threshold for EMPI expres-
sion of 10-15% highest TOM+ cells to define a subpopulation with putative invasive
and migratory abilities. Indeed, these TOM-Bright cells express elevated LAMC2 and
L1CAM levels, two markers of migratory cells. LAMC2 encodes for the y2 subunit of
Laminin5, an epithelium attachment molecule widely associated with tumor budding
and invasive properties (Lenander et al., 2001, Shinto et al., 2005, Huang et al., 2017,
Galatenko et al., 2018). LICAM is a neuronal cell adhesion molecule that facilitates
motility and blood vessel entry (Gavert et al., 2005, Valiente et al., 2014, Er et al., 2018).
Recent work by the Massagué lab suggests a role for LICAM in metastasis initiation
in multiple tumor types (Er et al., 2018). It is worth pointing out that co-staining of
those markers with EMP1-TOM in PDX tumors revealed that some EMP1-High buds
were lacking both markers. We speculate that EMP1 is a broader maker of cell migra-
tion than LAMC2 and LICAM

Invasive capacity and stemness might be uncoupled

The fact that we propose a differentiated-like population as the cell of origin of metas-
tasis contradicts the general belief that metastatic cells are part of the CSC pool
(Brabletz et al., 2012, Baker et al., 2015, Dame et al., 2018). In support of this hy-
pothesis, direct liver seeding via intraspleen-injection showed that EMP1-High cells
formed metastatic nodules with the same efficiency as the rest of tumor populations,
despite being poorly tumorigenic in organoid formation and tumor initiation assays.
This implies tumor initiation and metastatic growth do not depend upon the same
mechanisms, and that distant organ colonization may not require of a CSC pheno-
type. Actually, during the development of the project a publication by De Sauvage
laboratory proposed LGR5+ cells are indispensable for the metastatic process (Melo
et al., 2017). Using quadruple mutant MTOs harboring an LGR5-GFP-DTR (diphthe-
ria toxin receptor) knock-in, they prove that selective LGR5+ cell ablation impedes
liver metastasis growth. Interestingly, though, they also report that diphtheria toxin
treatment does not affect tumor invasiveness, as budding can still be observed in the
primary sites.

We hypothesize that the EMP1-High cells are a differentiated-like population en-
dorsed with the capacity to invade the adjacent tissues and putatively extravasate and
colonize distant organs. Once micro-metastases are established, these cells are able
to revert their phenotype and recapitulate the original tumor composition (Merlos-
Sudrez et al., 2011) regardless of the cell of origin, as we have observed in metastases-
initiation experiments (section 3.5). Moreover, these data fit in well with the pheno-
typic plasticity of CRC cells during organoid formation and tumor initiation assays.
It would be highly relevant to understand if the EMP1-High cells immediately revert
to LGR5+ upon arriving to the metastatic site or whether the metastases are able
to grow independently of CSC marker expression. The experiments by Melo and
colleagues on LGR5+ cell ablation points to a need of stem cell reversion for micro
metastasis outgrow. This does not exclude our thesis that the cells that detach from
the primary tumor and initiate the metastatic cascade are actually non-CSC like. Fur-
thermore, other have reported low levels of stem cell markers in the invasive borders:
earlier studies already showed than less than 5% of the tumor buds expressed CD44
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or CD133 (Hostettler et al., 2010) and LGR5 was present in around 15% of them only
(Kleist et al., 2011)

Thanks to the EMP1-TOM reporter, we have accumulated a number of further evi-
dence to support the idea that EMP1-High cells are part of the metastatic CRC popu-
lation.

EMP1 gene signature correlates with invasive hallmarks

Metastasis-derived MTOs are enriched in EMP1-High gene signature expression com-
pared to their parental organoids. Our studies also revealed that the gene expression
of EMP1-High vs Negative is enriched in genes express in the tumor buds whereas
the reverse comparison is enriched in genes present in the tumor bulk (De Smedt
et al., 2017). i.e. The Bud gene signature is highly upregulated in the EMP1-High
fraction whereas the Bulk signature is expressed by the EMP1-Neg cells (Fig 4.3).
Moreover, EMP1-High cells upregulate genes involved in EMT. EMT has long been
associated to tumor invasion, as cells need to gain certain mesenchymal traits to mi-
grate (Nieto et al., 2016). We propose that EMP1-High cells display a partial EMT that
favors cell migration, either as single cells or in collective migratory fashion, which is
proposed to improve organ colonization (Aceto et al., 2014, Cheung et al., 2016, Gk-
ountela et al., 2019). Stroma surrounding the tumor facilitates migration by creating
collagen I fibers that serve as migratory paths for the invading cells (Provenzano et
al., 2006, Conklin et al., 2011). Indeed, in vitro grown organoids express higher levels
of EMP1-TOM when cultured with collagen I, indicating that EMP1 is upregulated
during the invasion process by changes in the extracellular matrix or its stiffness.
We also found that among the most highly expressed genes in the EMP1-High cells
metalloproteinases (MMP7) and proteases (KLK10, CTSE), which are involved in ma-
trix remodeling and metastasis progression (Adachi et al., 1999, Zlobec et al., 2010,
Kobayashi et al., 2015, Bufu et al., 2018)

ES BUD signature ES BULK signature Figure 4.1: EMP1-High cell sig-
030/ ™ FDR:0.000  -0.0{== FDR 0000 ] nature is enriched in tumor
0.20{ PESHESSE g2 \\ NES: -3.139|r' bud gene expression. Gene set
0.10 \—\ 0.4 '“»_d_\_\ / enrichment analysis of EMP1-
O.OO,ENIP1 = EM;;‘*’*\‘-“\‘ Py EM;;\,{ High vs Negative gene expres-
A -Neg ' -Hi -Neg  sion array of PDO7 in specific
Owu'!ll:lﬂwlzo y“ I.1I0lw|20 gene signatures for the tumor
Rank list (x1000) Rank list (x1000) buds (BUD) and tumor center

(BULK). EMP1-High cells corre-
late with budding gene expres-
sion. The gene signatures were
defined in De Smedt et al., 2017.

In addition, we have observed that EMPI expression responds to low oxygen con-
centrations. It is well described that hypoxic tumor microenvironments favor cell
dissemination via HIF1x mediated effects (reviewed in Rankin and Giaccia, 2016). In
addition, EMP1 level also increased in response to TGF-f3 activation in PDO6. TGF-f3
is largely produced by CAFs and its levels are high at invasion fronts. These results

133



suggest a putative mechanism for EMPI gene program activation in the tumor edge:
cells at the tumor border are in close contact with stromal cells and extracellular
matrix components that induce an EMT-like phenotype. A hypoxic environment re-
inforces this phenotype, and TGF-f3 responsive tumors respond to signals secreted
by fibroblasts to enhance their migratory properties.

Linking EMP1-High cells to the recruitment of pro-metastatic myeloid cells

A relevant finding is the identification of a chemokine expression program specific of
EMP1-High cells. In PDO7, EMP1-High cells express cytokines involved in myeloid
cell recruitment; CXCL1, CXCL7, CXCL8 and CCL5. MTO93 partially reproduced this
effect by expression of Cxcl7 and Ccl5 chemokines. Myeloid lineages, comprising neu-
trophils and myeloid derived suppressor cells (MDSCs) play important roles during
the metastatic dissemination in multiple tumor types through matrix remodeling,
adaptive immunity suppression, EMT promotion and pre-metastatic niche formation
(reviewed in Leach et al., 2017). We are not the first ones to report an enrichment in
chemokine secretion at the CRC tumor invasive fronts (Kobayashi et al., 2015). This
finding proposes a novel metastatic mechanism of EMP1+ CRC tumor cells, and pu-
tative blockade of CXCR1/2 receptors might greatly improve treatment options, as
shown for breast cancer (Acharyya et al., 2012, Wculek et al., 2015).

EMP1 protein itself might play a role in colonization

So far, we have focused in using EMP1 as a marker for a cell population, without
analyzing its function. EMPI gene encodes for a cell adhesion glycoprotein of the
PMP22 family, and its functions are poorly described (Taylor et al., 1995). Its role in
cancer and metastasis is controversial: some reports associate EMP1 expression with
chemotherapy resistance and poorer survival in leukemia and lung cancers (Jain et
al., 2005, Aries et al., 2014), whereas others suggest a role for EMPI in suppressing
proliferation and invasion in breast and CRC tumors (Sun et al., 2014a, b and c).

A very recent publication, though, demonstrates that EMPI expression is upregu-
lated in prostate cancer cells upon stroma-tumor cell interaction, coincident with
the increased EMPI levels we observe at CRC invasive fronts. Moreover, they report
that EMPI-overexpressing tumor cells display higher mobility in vitro and metasta-
sis formation capacity (Ahmat Amin et al., 2018). These studies propose that EMP1
mediates this pro-metastatic effect via Racl activation. Racl is a small GTPase in-
volved in cell adhesion and migration processes in a variety of systems (reviewed in
Raftopoulou and Hall, 2004). These findings suggest a mechanism by which EMP1
protein would be implicated in enhancing cell migration in the tumor leading edge.
To validate this hypothesis we are currently developing EMPI knockouts in our PDO
and MTO collection

Ablation of EMPI1-High cells is essential to prove their role in metastasis

Taking all the results together, we propose EMP1 as a broad marker comprising both
differentiated non-invasive and invasive cells, being EMP1-High the ones located at

134



invasion fronts. To demonstrate the role of EMP1-High cells in metastasis we engi-
neered PDO7 and MTO93 to carry an EMP1-inducibleCaspase9-TOM knock-in, and
proved the efficiency of iCasp9 in eliminating the 10% Highest EMP1-population in
all organoids, both in vitro and in vivo. The 10% highest fraction is the one we have
described as invasive-like and neutrophil attractant, since the EMP1-Med and -Low
are devoid of such metastatic-like expression programs.

Despite our efforts, we have not been able to obtain a consistent experimental setting
to study metastasis from primary orthotopic tumors using with our organoid models.
This limitation hampered the functional analysis of EMP1-High cell in metastasis. We
continue to work on these experiments and hope to set up a suitable system in the
near future.

One of the more promising approaches is the development of models for CRC metas-
tasis that recreate extirpation of the primary CRC and subsequent disease-relapse
similar to the process observed in patients. This new model of CRC relapse may en-
ables the observation of metastasis development independently of primary growth,
extending animal survival rates as well and allowing longer development of metas-
tases observation. We believe this strategy will be of great help not only to our project,
but also for future studies on treatments in the adjuvant setting.

In addition to these experiments, our interests are also focused in isolating tumor-
circulating cells disseminated from primary transplanted tumors. This would pro-
vide valuable data about the nature of those cells, as few studies have been able to
characterize them. In Grillet et al., 2017, they suggest CTCs from CRC patients harbor
CSC features, although they did not take into account plasticity of the cells once they
are seeded in culture in stem cell promoting media. Our aim is to identify whether
the disseminated cells are EMP1+ or, on the contrary, harbor a stem-like phenotype.
A plausible hypothesis, taking into account the work of Melo et al., 2017, would
be that EMP1+ cells are the ones migrating from the primary tumor but, once they
are in CTC status or upon reaching the metastatic site, they revert to a stem-like state.

Working model and therapeutic implications

Our findings (Figure 4.2) have implications for the development of future therapies.
The actual standard of care for patients is based on 5-fluorouracil chemotherapy com-
bined with oxaliplatin or irinotecan, which eliminates the bulk of proliferative tumor
but moits quiescent or slow-cycling cells. Development of targeted therapies against
key pathways, such as EGF, renders good initial responses but are soon overcome
by acquired resistances (Hata et al, 2016., Russo et al., 2018). Many efforts have been
focused during the last years in eliminating the CSC, either by LGR5-specific anti-
bodies (Junttila et al., 2015) or by inhibition of CSC specific proteins, such as BMI1
(Kreso et al., 2014). These treatments, nevertheless, have considerable side-effects as
normal ISC also rely on such markers. Moreover, loss of stem cell hierarchy and high
levels of plasticity in advanced CRCs limit the utility of such drugs. New focus on
targeting the tumor microenvironment to elicit an anti-tumoral response in stromal
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and immune cells holds more promise of success, especially in blocking metastatic
spread (Tauriello et al., 2018).

B & Figure 4.2: Working model. A.
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S o ’ a mixture of differentiated-like
;".’l é P ' (green) and stem-like (red) cells.
5 A5 B. All tumor subpopulations
contribute to tumor expansion,
as we have seen by LGR5, KRT20
and EMP1 lineage tracing. C. In
response to metastasis inducing
c MDSC/Neutrophils factors, some cells at the bor-
Me;'inducmg S~ & der of the tumor acquire mi-
actors
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CONCLUSIONS

The main conclusions from this thesis are:

1.

10.
11.

The combination of CRISPR/Cas9 gene editing and patient-derived organoid
cultures enables the study of tumor cell populations by lineage tracing and cell
ablation experiments in human CRCs within an intact environment.

. Advanced human colorectal tumors retain cellular heterogeneity, with stem-

like and differentiated-like compartments reminiscent of the healthy intestinal
epithelium.

. Expression of the LGR5 gene defines a subpopulation of cells in human CRCs

that retains the expression of a stem cell program and that displays elevated
tumorigenic potential according to tumor initiation assays.

. LGR5+ CRC cells generate tumor cells that undergo progressive differentiation

with a slow kinetics.

. Around 50% of the LGR5+ cancer stem cell pool is composed by cells that are

not actively cycling. These cells remain quiescent for long periods of time. CRCs
contain a differentiated-like population marked by KRT20 expression, which
include both absorptive-like and secretory-like cells.

. Differentiated tumor cells exhibit less tumorigenic potential than LGR5+ cells

as shown by tumor initiation assays.

. Approximately one third of the differentiated-like cells in human tumors are in

a proliferative state.

. Tumor expansion is achieved thanks to the proliferation of both cancer stem

cells and differentiated-like pools of cells.

. There is extensive phenotypic plasticity. Stem cell-like cell generate differenti-

ated tumor cells but also differentiated tumor cells produce stem cell-like cells
in vitro and in vivo. This results support the existence of shallow non-hardwired
hierarchy in human CRCs.

EMP1 labels invasive cells in human and mouse CRCs.

EMP1+ CRC cells express markers of differentiation, are comprised within
the LGR5 low/negative tumor cell population and express elevated levels of
chemoattractants for myeloid cells.
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MATERIALS AND METHODS

The methods described herein are an adaptation from Cortina, Turon et al., 2017.

6.1 ORGANOID CULTURES
6.1.1 Patient Derived Organoids

Tumor sample used to expand PDO6 was obtained from an individual treated at Hos-
pital de la Santa Creu i Sant Pau, under informed consent and approval of the Tumor
Bank Committees according to Spanish ethical regulations. The study followed the
guidelines of the Declaration of Helsinki, and patient identity for pathological spec-
imens remained anonymous in the context of this study. Tumor cells were grown
as organoids embedded in BME2 (Basement Membrane Extract 2, AMSbio) using a
modification of the media described by the Clevers lab (van de Wetering et al., 2015)
(Advanced DMEM/F12, 10 mM HEPES, 1x Glutamax; 1x B-27 without retinoic acid,
20 ng/ml bFGF (basic fibroblast growth factor); 50 ng/ml EGF (epidermal growth
factor), 1 uM LY2157299 and 10 pM Y27632, recombinant R-SPONDIN1 (1 pg/ml)
and recombinant Noggin (100 ng/ml). PDO7, a kind gift of G. Stassi (University of
Palermo), was obtained from the dissociation of whole CRCs in suspension as de-
scribed elsewhere (Lombardo, Scopelliti et al., 2011). Upon arrival to our laboratory,
they were cultured with the medium described above. PDOs were passaged once a
week by Trypsin-EDTA disaggregation 20 min at 37°C, and fragmented organoids
were seeded again in BME2 drops. All cells were tested weekly for mycoplasma con-
tamination with negative results.

For in vitro lineage tracing studies, 5-days grown organoids embedded in 100% BME2
were treated for 24h with 4-hydroxytamoxifen (4-OHT, Sigma H6278). For in vitro
EMP1+ cell ablation, CRISPR/Cas9 modified organoids were grown in 10% BME2
suspension, and treated at days 2 and 5 with CID 100nM (AP20187, ApexBio).

Collagen cultures

For collagen cultures, cells were resuspended in Collagen I 1.5 mg/ml or 8 mg/ml
(Corning, 45354249) and seeded in 25ul drops. After one hour of incubation at 37°C,
PDO media was added to the plates.

6.1.2  Mouse Tumor Organoids

MTO93 was derived by Dr. Tauriello as described in Tauriello et al., 2018. The organoids
were maintained in MTO culture medium (Advanced DMEM/F12, 10 mM HEPES,
1X Glutamax; 1X B-27 without retinoic acid, 50 ng/ml EGF (epidermal growth factor),
1 pM LY2157299 and recombinant Noggin (100 ng/ml). MTOs were passaged once
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a week by Trypsin-EDTA disaggregation 20 min at 37°C, and fragmented organoids
were seeded again in BME2 drops. All cells were tested weekly for mycoplasma con-
tamination with negative results. In vitro EMP1+ cell ablation of targeted MTOs was
done with same settings as PDOs.

Collagen cultures

For collagen cultures, cells were resuspended in Collagen I 1.5 mg/ml or 8 mg/ml
(Corning, 45354249) and seeded in 25ul drops. After one hour of incubation at 37°C,
MTO media was added to the plates.

6.2 CRISPR/CAS9 KNOCK-IN DESIGN
6.2.1 Donor plasmid construction

750 bp (LGRS, KI67, AAVS1, KRT20 and EMPI constructs) of 5 homology arm (HA)
and 3" HA were amplified from PDO7 gDNA and MTO93 gDNA respectively or
synthetized by gene synthesis (Thermo Fisher) and cloned in pShuttle or pDONR
vectors. LF2A-EGFP-BGHpA, linker-tagRFP2, LF2A-CreERT2-BGHpA, Lox-tagBFP2-
3xpA-Lox-tdTomato-BGHpA, linker-IRFP insertion cassettes were generated by gene
synthesis (Thermo Fisher) and cloned in the 5’HA-3"HA previously engineered pShut-
tle or pPDONR vectors. Inducible Caspase9-TdTOMATO insertion cassette was kindly
provided by Dr. Sato (Shimokawa et al., 2017).

6.2.2 Guide RNA design

Guide RNAs were designed using the http://crispr.mit.edu web tool. To select

for the most suitable sgRNAs, we applied the following criteria: i. localization of

the sgRNA as near as possible to the desired site of insertion to maximize homol-
ogous recombination efficiency, ii. Cas9-mediated double strand break downstream

of STOP codon to prevent NHE]J-induced indels in the OREF, iii. guides selected to

anneal at the intersection between the 5" homology arm and 3" homology arm so

that the donor plasmid is protected from Cas9 cut, iv. minimum off-target score ac-
cording to http://crispr.mit.edu and maximum Doench activity score (Doench et

al., 2014). sgRNAs used to modify PDOs were as follows: LGRS (TGTCTCTAAT-
TAATATGTGA), K167 (TTTGACAGAAAAATCGAACT), AAVS1 (GTCCCTAGTGGC-
CCCACTGT), KRT20 (ATATCTAAATAGCTACCAGA), EMP1 (TCCTGAGAAAGAAA
TAAGGC). gRNA used to modify MTOs were as follows: LGR5 (GTCTCTAGTGAC-
TATGAGAG), EMP1 (GAAATAAGCCGAATACGCTCA).

6.2.3 px330-iRFP Cas9 plasmid construction
Px330 Cas9 plasmid from Feng Zhang’s laboratory was obtained from Addgene (ref.

42230) and was modified by the introduction of a SV40promoter-iRFP expression
cassette downstream of Cas9 by Fsel - EcoRI. In addition the Bbsl site of iRFP was

144



silenced by site-directed mutagenesis. gRNAs were cloned in px330-iRFP as described
in http://www.genome-engineering.org/crispr

6.2.4 CRISPR/Cas9 knock-in generation in PDOs and MTOs

Nucleofection

For PDO and MTO nucleofection, 2 million of single-cell trypsinized PDO cells were
nucleofected with 7 ug of donor plasmid and 2 ug of px330-iRFP Cas9 correspond-
ing plasmids using Lonza nucleofector kit V (VVCA-1003) and program A-32 in an
Amaxa-II nucleofector following manufacturer protocol. For PDO nucleofection with
two donors simultaneously (LF2A-EGFP/LF2A-CreERT2), we nucleofected 2 millon
cells with 6 ug of the Cre donor, 2 pg of the EGFP donor and 1.5 ug of the guide
plasmid.

FACS strategy and generation of single-cell derived organoids

Nucleofected cells were embedded in BME2 drops and cultured for 2-3 days in PDO
or MTO medium. We then isolated cells that were iRFP+ (i.e. had incorporated the tar-
geting vector) by FACS (Red B channel) and cultured them in 3D for about 18-20 days.
For the AAVSI lineage tracing cassette, iRFP+/tagBFP2+ double positive cells were
sorted. The LGR5-LF2A-CreERT2, KRT20-LF2A-CreERT, KRT20-IRFP, EMP1-LF2A-
EGFP/CreERT2 and EMP1-iCasp9-TOM (PDO?7) knock-ins were directly plated in
single cell format after iRFP+ purification. For the rest of the integrations we let
the cells 18-20 days in culture, and we then observed the emergence of a cell pop-
ulation that expressed the marker gene of interest suggesting that some cells had
integrated reporter vector. We selected the cell population positive for expression
of EGFP (LGR5-LF2A-EGFP, BlueB channel), mtagRFP2 (KI67-RFP, GreenD channel)
mtagBFP2 (AAVS1-BFP-TOM, VioF channel) and TATOMATO (EMP1-iCasp9-TOM,
GreenD channel, only MTOs) respectively, which were at the same time negative for
iRFP. Cells were seeded in a 96-well format to derive single-cell clones. Wells with
more than one cell per drop were discarded.

Specific genotyping PCRs

Single-cell derived clones were lysed in buffer consisting of 10 mM Tris, 1 mM EDTA,
1% Tween 20 and 0.4 mg/ml proteinase K for 1h at 55°C. The lysate was directly used
in the specific integration PCR. For the 5 specific integration PCR a forward primer
upstream of the 5" homology arm and a reverse primer at the beginning of the in-
serted cassette were used. Similarly, for the 3" specific integration PCR a forward
primer at the end of the inserted cassette and a reverse primer downstream of the
3" homology arm were used. The PCR conditions were as follows: DNA Polymerase
(BioTools 10012-4103) 95°C 2min x38 (95°C 30s — 55°C 30s — 72°C 1:30min) 72°C 5min
- hold 16°C. Used primer sequences are shown in Table 6.1.

Southern blot

Clones that were correctly targeted, based on 5" and 3’ specific integration PCRs, were
further checked for off-target cassette insertions by southern blot. Genomic DNA
was extracted using the GenElute Mammalian Genomic DNA Miniprep Kit (Sigma
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Locus-insertion PCR Primer

5'specific F: GTTTTTTGTCCATTTTTGCTTCAG
LGR5-1LF2A-EGFP R: ACCACCCCGGTGAACAGC
F'specific F: TCGGCATGGACGAGCTGTACAAG
R: AGTGGAATTCCCTTCTGAGCTTTG
y o EGTTTTTTGTCCATTTTTGCTTCAG
5’specific
LGR5-LF2A-CreERT2 R: CGAACATCTTCAGGTTCTGCGGG
3'specific F: TTCCTTGCAAAAGTATTACATCAC
R: AGTGGAATTCCCTTCTGAGCTTTG
y ... FCCGTCGAGTCTTACAATAAAACG
5’specific
KI67-tagRFP2 R: TCAATTAAGTTTGTGCCCCAG
F'specific F: ATGGTGTCTAAGGGCGAAGAG
R: TACAGAGTACTGGTGTCACTTCCTG
, ... FGGACCACTTTGAGCTCTACTGG
5’specific
AAVS1-BEPTOM R: GGGCCATTTACCGTAAGTTATGTA
F'specific F: GCATTGTCTGAGTAGGTGTCATTC
R: ATGAGATGGTGGACGAGGAAGG
5'specific F: GCACCCTGGAAGAGAGAGGTAAG
KRT20-LE2A-CreERT?2 R: CGAACATCTTCAGGTTCTGCGGG
3'specific F: TTCCTTGCAAAAGTATTACATCAC
R: CCGTAGAGACAGGAAGTAGATTAG
5'specific F: GCACCCTGGAAGAGAGAGGTAAG
KRT20-iRFP R: CTCCGAGTCGAACACATCGGCCGC
F'specific F: CATCACCGAACGCCGTACTACG
R: CCGTAGAGACAGGAAGTAGATTAG
5'specific F: CTTCTGTGTCATTGCCCTCCTGG
EMP1-LE2A-EGFP R: CTTGAAGAAGATGGTGCGCTCCTGG
3'specific F: CAGCAGAACACCCCCATCGGCGACG
R: GAGGAAGAGTAATAGGATTGTGC
v o FECTTCTGTGTCATTGCCCTCCTGG
5’specific
EMPI1-LF2A-CreERT2 R: AAGCATGTTTAGCTGGCCCAAATGT
F'specific F: CAAGAACGTGGTGCCCCTCTATGAC
R: GAGGAAGAGTAATAGGATTGTGC
v o F:CTTCTGTGTCATTGCCCTCCTGG
5’specific
EMP1-iCasp9-TOM (PDO) R: AAGACGGCAATATGGTGGAAAAT
F'specific F: GCATTGTCTGAGTAGGTGTCATT
R: GAGGAAGAGTAATAGGATTGTGC
y ... ~FCTAATGCTCCTGGTTCTGTCTTG
Yspecitic AAGACGGCAATATGGTGGAAAAT
EMP1-iCasp9-TOM (MTO) K
, ... —FGCATTGTCTGAGTAGGTGTCATT
3’specific

R: AGTGTGATGAAAGCTGTTGAGAG

Table 6.1: Primers used for the specific integration PCRs. Primer sequences for assessing
the correct integration of each knock-in. The PCRs are designed to amplify a fragment that
includes the homology arms (before and after them respectively) and part of the knock-in.
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Locus-insertion Primer R.E

LGR5-LF2A-EGFP F: CCACCATGGTGAGCAAGGGCGAGG HindIII

R: TTACTTGTACAGCTCGTCCATGCC

LGR5-LF2A-CreERT2 F: ATGGACATGTTCAGGGATCGCCAGG Pyull

R: GATTACGTATATCCTGGCAGCGATC

AAVSI1-BFPTOM F: GGGCATGGCACCGGCAGCACC Pyull

R: CCTACTTGTACAGCTCGTCCATGCC

KRT20-LF2A-CreERT?2 F: ATGGACATGTTCAGGGATCGCCAGG Mfel

R: GATTACGTATATCCTGGCAGCGATCC

EMPI1-LF2A-EGEP F: CCACCATGGTGAGCAAGGGCGAGG Ndel

R: TTACTTGTACAGCTCGTCCATGCCC

EMPI1-LE2A-CreERT2 F: ATGGACATGTTCAGGGATCGCCAGG Ndel

R: GATTACGTATATCCTGGCAGCGATC

Table 6.2: Southern blot probes. Primers used for southern blot probe generation and re-
striction enzymes used to digest each construct. R.E, restriction enzyme

G1IN70-1KT). 10 pg of genomic DNA were digested overnight with the appropriate
restriction enzyme (Table 6.2) and separated on a 0.8% agarose gel. DNA fragments
were transferred by capillarity to a Hybond-N+ membrane (GE Healthcare RPN303B)
overnight. Probes were generated by PCR (protocol as described in the previous sec-
tion, primers in Table 6.2) and radioactively labelled with «-[32P]dCTP using the
MegaPrime labelling kit (GE Healthcare RPN1604). Hybridization with the probe was
carried out overnight at 60°C. Probes were detected using a Phosphoimager plate.

6.3 LENTIVIRAL INFECTIONS

Lentivirus containing Luciferase-Puromycin or EGFP-Luciferase constructs were gen-

erated in HEK293T cells transfected with packaging vectors. Virus producers HEK293T
cells were cultured in DMEM 10% FBS medium and media was collected at days 1,2

and 3 post infection. Virus were extracted from the supernatant using the LentiX-

Concentrator reagent (Clontech PT4421-2). For PDO and MTO infection, organoids

were seeded in BME2 layers and treated with three rounds of infection (viral load 5X)

in presence of polybrene (8pg/ml). Selection was based on Puromycin resistance or

EGFP fluorescence by FACS.

6.4 MOUSE STUDIES

6.4.1 Subcutaneous xenografts

Beige/Scid (CB17-PrkdcscidLystbg/]) female mice were purchased at PRRB Animal
Facility, and C57BL/6 (C57BL/6]rj) male mice were purchased at Janvier Labs. They

were used at 6 weeks of age at the beginning of the experiments, which took place
during a maximum of 21 weeks until the animals showed signs of distress. Animals
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were kept in Barcelona Science Park Animal Facility (SEA-PCB). All mouse experi-
ments were approved by the Animal Care and Use Committee of Barcelona Science
Park (CEEA-PCB) and the Catalan government. 150000 cells (PDO7, MTO93) or 2
million cells (PDO6) in a format of 3 to 5-days grown organoids (MTOs) or 5 to 7-
days (PDOs) were injected subcutaneously into C57BL/6 male mice and Beige/Scid
female mice respectively in 50% BME2-HBSS with a maximum of 4 xenografts per
animal. Tumor volume was measured with manual calipers and using the formula
(length x width x height)/2. Mice were sacrificed when tumors reached a maximum
of 300 mm?, the animal displayed ulceration in one of the xenografts or showed symp-
toms of distress. Xenografts were resected and disaggregated as previously described
in Merlos-Suédrez et al., 2011. Human epithelial cells from disaggregated xenografts
were stained with hREPCAM-PeCy7 1/150 (eBioScience 25-9326-42) or hREPCAM-APC-
Vio770 1/100 (Miltenyl Biotec 130-101-161). Mouse epithelial cells from disaggre-
gated xenografts were stained with mEPCAM-APCCy7 1/150 (BioLegend 118217).
Immune and endothelial cells were discarded using anti-mCD16CD32 blocking anti-
body 1/200 (Tonbo Biosciences 70-0161-U500) and anti mCD31-BV421 1:200 (rat, BD
biosciences, 562939cloneMEC13.3) / anti-mCD45RB-BV421 1:200 (rat, BD biosciences,
562849clonel6A). DAPI 1ug/ml was added to distinguish alive/dead cells. The cell
suspension was analyzed with a BD Aria Fusion FACS or Aria FACS according to
the following criteria: i. debris was discarded by FSC-A/ SSC-A gating ii. Aggregates
by FSC-A/FSC-W gating iii. Alive cells by DAPI negative signal (VioF ultraviolet or
violet channel 360 V) iv. Human EPCAM positive cells were selected by Green A (414
V) or Red A channels (500 V) and mouse tumor cells were selected based on mouse
EPCAM positivity (Red A channel 500V) or constitutive EGFP expression (Blue B
channel, 450V). Cells that were positive for the criteria mentioned above were ana-
lyzed for EGFP (Blue B channel, 500 V), TdTomato, tagRFP2 (Green D channel, 500
V) or iRFP (Red B channel, 600V).

Mice bearing 50 mm? xenografts were treated with two consecutive doses of intraperi-
toneal tamoxifen 250 mg/kg (Sigma, T5648) for LGR5, KRT20 and EMP1 lineage trac-
ing assays and with one dose at 1 mg/kg for KRT20 specific lineage tracing.

For acute cell ablation experiments, mice bearing 100-150 mm? subcutaneous tumors
were treated four consecutive days with CID 0.08 mg/kg (for PDOs) or 0.04 mg/kg
(for MTOs) (AP20187, ApexBio).

Tumor initiation assays

Viable (DAPI-) human EPCAM+ single cells from disaggregated xenografts were
sorted according to their EGFP positivity and subsequently transplanted into new
recipient mice at limiting dilutions. We injected 200 or 1000 cells per flank in 100 ul
of BME2-HBSS 50% - 50% (n=12). Tumor volume was measured twice a week. When a
xenograft reached 300 mm?, it was resected from the animal. The experiment finished
when all xenografts were grown or when the animals were 21 weeks old. Differences
were assessed with Log-Rank (Mantel Cox) test.

Organoid formation assays

Human EPCAM + alive single cells from disaggregated xenografts or EGFP+ alive
single cells from MTO xenografts were isolated by FACS according to their LGR5-
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EGFP or EMP1-TOM positivity as described before and seeded in vitro in 25 ul BME2
drops containing 1000 cells/drop (n=4) per condition for LGR5-EGFP experiments
and 1500 cells/drop per condition in EMP1-TOM experiments. Then, plates were
scanned with a ScanR inverted microscope at day 1 post-seeding to quantify the exact
number of cells seeded per drop and at experimental endpoints (day 14 post-seeding
for the PDOs and day 7 post-seeding for the MTOs). Full drops were scanned taking
overlapping pictures at 4x magnification and at 8 different z-stacks with a separation
of 200 pm among them. Z-stacks of each field of view were projected in a single
image and the full drop was digitally reconstructed by stitching the different image
projections using an Image ] custom-made macro developed for this purpose. Total
number and mean size of cells (i.e. any object with a diameter larger than 5 um) or
organoids (diameter larger than 400 um) were counted. Differences were assessed
with Student’s t-test.

DAPI content analysis

A minimum of 50000 cells for each population of interest were sorted with a BD
Aria Fusion FACS as described and fixed with EdU-cell cycle kit fixative for 15 min
(Life Technologies, C10424). DAPI (1ug/ml) was incubated for 1 hour and cells were
subsequently analyzed with a BD Aria FACS gated from EPCAM-positive. Cell cycle
stages were determined using WinCycle v4.0.

Cell cycle analysis

Mice bearing subcutaneous xenografts were injected with EAU 80 mg/kg 3 h be-
fore their sacrifice. Xenografts were resected, disaggregated and stained with human-
EPCAM-FITC (Ab112067, dilution 1/75) and DAPI at 1ug/ml as described above.
100000 DAPI negative cells were sorted, fixed with EdU-cell cycle kit fixative for 15
min and subsequently stained with click-iT Alexa-647 reagent and DAPI following
manufacturer’s protocol (Life Technologies, C10424). Cells were subsequently sorted
in a FACS Aria according to their Edu-Alexa647 signal (red A channel 500 V) and
their DNA content (vioF channel 340 V) gated from EPCAM-positive cells which
were tagRFP2-Positive or tagRFP2-Negative.

6.4.2 Orthotopic transplantations

NSG (NOD.Cg-Prkdscid I12rgtm1wjl/SZ]) and SwissNude (Crl:NU(Ico)-Foxlnu) fe-
male mice were purchased at Charles River for PDO6 and PDO7 orthotopic trans-
plantations, and C57BL/6 male mice were purchased for MTO93 primary tumor in-
jections. According to Animal Care Standards, all mice received analgesia (Buprenor-
phine 3 ug) post-injection. In all cases, primary tumor growth was assessed by abdom-
inal palpation and by luciferase activity. Intravital bioluminescence was measured
twice a week with an IVIS-Spectrum (Perkin Elmer) imager. Luciferase activity was
analyzed 1 minute after retro orbital injection of 50 ul D-Luciferin at 15 mg/ml (Re-
sem BV). Values were normalized per mouse on day 0, and plotted using GraphPad

(v7). Liver nodule metastasis was scored macroscopically and results were analyzed
with GraphPad (v7).
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For long term cell ablation experiments in primary tumors, mice were treated since
day 7 after surgery with three shots a week of CID 0.04 mg/kg (AP20187, ApexBio).

Intracaecum cell injection

500000 cells (PDO7, MTO93) in a format of 3 to 5-days grown organoids (MTOs) or
5 to 7-days (PDOs) were injected intracaecum in between the serosa and muscular
layer in 30% BME2-HBSS (15 ul) using a 30G needle, modified from (Céspedes et al.,
2007).

Nesting technique

100-150 mm? subcutaneous xenografts were fractionated in 1 mm? pieces for caecum
implantation. Tumor pieces were stitched to tip of the caecum, which was then folded
over them to prevent carcinomatosis (Tauriello et al., 2018).

Collagen drop transplantation

3 to 5 days grown PDO7 organoids were recovered and seeded in collagen I drops (1.5
or 8 mg/ml), with the equivalent of 250000 cells per drop. After overnight growth
in collagen I, the drops were transplanted into the caecum of mice following the
protocol described in Fumagalli et al., 2017.

Primary tumor resection

MTO93 3-days grown organoids were recovered from cell culture and the equivalent
to 500000 or 150000 cells were injected intracaecum (as explained above). One or two
weeks post injection the whole caecum was surgically resected to eliminate primary
tumor growth.

6.4.3 Intraspleen injections

NSG (NOD.Cg-Prkdscid II2rgtm1wjl/SZ]) female mice were purchased at Charles
River for PDO? intraspleen transplantations. According to Animal Care Standards,
all mice received analgesia (Buprenorphine 3 ug) post-injection. In vitro grown PDO7
EMP1-iCT cells were resuspended in HBSS for injection, using 500000 cells in 70ul
HBSS per mouse. Intrasplenic injections were performed with a 30G needle as previ-
ously described (Warren et al., 1995).

Metastasis initiation experiment

MTO93 cells were FACS-sorted as described before and resuspended in HBSS for
injection, using 10000 cells in 70ul per mouse. Intrasplenic injections were performed
with a 30G needle as previously described (Warren et al., 1995).

6.5 QUANTITATIVE REAL-TIME PCR

1000 cells from either EPCAM-stained disaggregated xenografts or from in vitro cul-
tured PDOs or MTOs fulfilling the fluorescence criteria stated for each experiment
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were sorted directly in 45 ul of picoprofile lysis buffer. RNA and cDNA was extracted

and amplified as previously described in Gonzélez-Roca et al., 2010. Concentration

of the obtained cDNA was measured with a Nanodrop. 5 ng of cDNA were used per

each qrtPCR well. RT-qPCRs were performed with TagMan assays and TagMan Uni-

versal PCR Master Mix (Applied Biosystems 4369016) or SYBR-Green PCR Master

Mix (Applied Biosystems 4309155) in triplicates following manufacturer’s instruc-

tions. For human mRNAs, the following TagMan assays (ThermoFischer) were used:

APCDD1 (Hs00537787m1), AURKB (Hs00177782m1), CABLES (Hs01106667m1), CDKN1A
(Hs00355782m1), CDKN1C (Hs00175938m1), CEACAMS (Hs00944025m1), CHGA (Hs00900370m1)
CreERT2 (custom), CXCL1 (Hs00236937m1), CXCL2 (Hs00601975m1), CXCL7 (Hs00234077m1),
CXCL8 (Hs00174103m1), DACH1 (Hs00362088m1), EFNB2 (Hs00187950m1), EGFP
(Mr04097229mr), EMP1 (Hs00608055m1), EPHB2 (Hs00362096m1), FOXM1 (Hs00153543m1),
KRT17 (Hs00356958m1), KRT20 (Hs00300643m1), LAMC2 (Hs01043711m1), LICAM
(Hs01109748m1), LGR5 (Hs00173664m1), MKI67 (Hs01032443m1), MUC2 (Hs03005094m1),

MYB (Hs00193527m1), MYC (Hs00905030m1), OLFM4 (Hs00197437m1), PGClx (Hs01016719m1),
SDCBP2 (Hs00210404m1), SMOC2 (Hs0159663m1), TdTomato (custom), UBE2C (Hs00964100g1).
All qrtPCRs were normalized to B2M (Hs99999907m1) and PPIA (Hs99999904m1) ex-

pression.

For mouse mRNa, the following TagMan assays (ThermoFischer) were used:

CCL5 (Mm01302427m1), CXCL1 (Mm004207460m1), CXCL7 (Mm00470163m1) EMP1
(MmO00515678m1), KRT20 (Mm01306857m1), LAMC2 (Mm00500494m1), LICAM (Mm00493049m1),
LGR5 (Mm0043889m1), MKI67 (Mm01278671m1), MUC2 (Mm01276696m1), SDCBP2
(Mm01245859m1), SMOC2 (Mm00491553m1). All qrtPCRs were normalized to ACTB
(MmO00725412s1) and PPIA (Mm002342430g1) expression.

And the following primers for SYBR Green detection were used:

hCCL5 (F: 5GACACCACACCCTGCTGCT3’ /R: 5TACTCCTTGATGTGGGCACG3’

), hCXCL3 (F: 5’CGCCCAAACCGAAGTCATAG3' /R: 5’GCTCCCCTTGTTCAGTATCTZ'),
hCXCL5 (F: 5’AGCTGCGTTGCGTTTGTTT3'/R: 5 TGGCGAACACTTGCAGATTY),
mCXCL5(F: 5GTTCCATCTCGCCATTCATG3’ /R: 5’GCGGCTATGACTGAGGAAGG3’

), hFABP1 (F: 5’ AAGACAGTGGTTCAGTTGGAAG3’ / R: ’TGAGTTCGGTCACA-
GACTTGAT3’) hSI (F: 5TCCAGCTACTACTCGTGTGAC3 /

R: 5CCCTCTGTTGGGAATTGTTCTG3").

6.6 MICROARRAY ANALYSIS

Affymetrix array data were normalized using RMA background correction and sum-
marization (Irizarry et al., 2003) as implemented in the "affyPLM" package (Bolstad,
2004) from R. Annotations for the Human PrimeView array version na32 were down-
loaded from Affymetrix (https://www.affymetrix.com/analysis/index.affx). Tech-
nical metrics were computed for each sample as described in (Eklund and Szallasi,
2008). All samples passed quality controls. A linear model was fitted to find differ-
entially expressed genes between conditions of interest with technical metrics (pm
iqr, pm median, RNA degradation) and biological replicates as covariates. The "Im-
Fit" function from the "limma" package (Ritchie et al., 2015) was used for fitting the
model. Microarray data for PDO7-LGR5-EGFP High vs. Negative cells is available
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at GSE92960. Microarray data for PDO7-LGR5-EGFP /KI67-tagRFP2 is available at
GSE92961. Microarray data for PDO7-EMP1 High vs Negative is not available online.
Gene set enrichment analysis (GSEA) as implemented in (Subramanian, 2005) was
performed on ranked lists with all genes in the array. For each gene the fold change
of the most variable probe was used as representative. We also ran GSEA on previ-
ously published gene sets (Merlos-Suarez et al., 2011, Mufioz et al., 2012).

We also downloaded the expression matrix from GEO accession GSE52813 (Basak
et al., 2014) and performed differential expression analysis between groups “Lgr5-
HiKi67-Hi” and “Lgr5-HiKi67-Low”. We defined signatures by filtering genes with a
p-value lower than 0.05 and fold change larger (smaller) than 1.5 (-1.5).

6.7 WHOLE EXOME SEQUENCING

The library preparation for capturing of selected DNA regions (Agilent Human All
Exon 50Mb v5, Agilent) was performed according to Agilent’s SureSelect protocol
v1.8 for lllumina paired-end sequencing. In brief, 3.0 ug of genomic DNA was sheared
on a Covaris E210 instrument (Covaris). The fragment size (150-300 bp) and the quan-
tity were confirmed with an Agilent 2100 Bioanalyzer 7500 chip. Agilent paired-end
adaptors were ligated to fragmented DNA followed by PCR amplification (6 cycles)
with SureSelect Primer and SureSelect Pre-capture Reverse PCR primers and hy-
bridized for 24 h at 65 °C. The hybridization eluate was PCR amplified (16 cycles)
in order to add the index tags using SureSelectXT Indexes for Illumina. The final
library quality, control of the size and the concentration were determined on an Agi-
lent 2100 Bioanalyzer 7500 chip.

Each library was sequenced on an Illumina HiSeq 2000 instrument in a fraction of
a sequencing lane, HiSeq PE Cluster Kit v3, following the manufacturer’s protocol,
with a paired end run of 2x101 bp, with coverage of at least 96% of the target region
covered by at least 10 sequencing reads (C10 >96%). Image analysis, base calling and
quality scoring of the run were processed using the manufacturer’s software Real
Time Analysis (RTA 1.13.48, HCS 1.5.15.1) and followed by generation of FASTQ se-
quence files by CASAVA. Samples were aligned to the human genome version hg19
with bwa (Li and Durbin, 2009) using the mem algorithm. Somatic mutations were
detected using Mutect2 with default parameters (McKenna et al., 2010) and compared
to those obtained by VarScan2 (Koboldt et al., 2012). To predict the effects of single
nucleotide changes, we used the SnpEff program (Cingolani et al., 2012). Sequences
have been deposited at ENA (PRJEB18738). The control sample was previously sub-
mitted to ENA with accession number PRJEB7932 (Organoid P8) (Calon et al., 2015).

6.8 IMMUNOSTAINING AND QUANTIFICATIONS
6.8.1 Immunostaining and confocal imaging of in vitro cultured PDOs

For LGR5-EGFP PDO7 modified organoids, cells were seeded and grown for 2 weeks
without trypsinization and then harvested using Matrisperse Cell Recovery Solu-
tion (Corning, 354253). Full organoids were seeded at 100000 cells per well in mi-
croscopy chamber slides in thin layers of BME (20 ul per chamber). For alive imaging,
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organoids were 30 min incubated at 37 °C with Hoechst 33342 1:1000 (Molecular
Probes, R37605) or RedDot1 1:200 (Biotium, 40060). For immunocytostainings, sam-
ples were fixed with 4% paraformaldehyde for 15 min and blocked with 20 mM
glycine for 20 min. Permeabilization was achieved with 0.5% Triton X-100 for 30 min
at room temperature, then a second blocking step with 1% BSA for 1 h at room tem-
perature was performed.

For EMP1-TOM PDO7 modified organoids, cells were seeded and grown for 7 days
without trypsinization and fixed o/n in formalin 37%. The fixative was washed for 2h
in PBS and then the drops were transplanted to a histology microcassette for paraffin
embedding. 4 um sections were stained according to standard procedures. Antigen
retrieval was carried out with boiling Tris-EDTA buffer for 20 min, then samples were
blocked with Peroxidase-Blocking Solution (Dako: 5202386) for 10 min at room tem-
perature.

Primary antibodies were incubated overnight at 4 °C and after that, secondary anti-
body was added for 1 h at room temperature in the dark. DAPI (1:5000) was added
after secondary antibody staining for 15 min at room temperature. Washes were per-
formed in between each step with PBS. Primary antibodies against KRT20 (mouse,
Dako, M7018), MUC2 (mouse, AbCam, Ab118964) GFP (goat, Abcam, ab6673) and
TOM (goat, Sicgen, Ab8181-200) were used at 1:100 dilution. Secondary antibodies
donkey anti-goat and anti-mouse conjugated to Alexa-488 (DaM,DxG) and Alexa-
647 (DaM, DaR, DxG) (Life Technologies, A21202, A11055, A31571, A31573, A21447
respectively) were used at 1:200 dilution. Images were taken with LEICA SP5 confocal
microscope.

6.8.2 Immunostaining on paraffin sections

Whole xenografts or primary tumors were cut in halves and fixed in formalin o/n.
The fixative was removed and tissue was washed for 2 h in PBS before paraffin em-
bedding. Immunostainings were performed on 4 um tissue sections according to
standard procedures. Briefly, for immunohistochemistry (IHC) antigen retrieval was
carried out with boiling Tris-EDTA bulffer for 20 min, then samples were blocked with
Peroxidase-Blocking Solution (Dako: 5202386) for 10 min at room temperature and
incubated with primary antibody.

For the lineage tracing quantifications, primary antibody against TdTomato (rabbit,
Rockland, 600-401-379) was used at 1:200 (overnight incubation). Bridging was per-
formed with a Goat anti-Rabbit antibody 1:200 (Jackson Immunologic, 111-005-003)
for 1 h at room temperature. Secondary antibody Anti-goat-HRP (Immunoresearch,
DPVG55HRP) 1:200 was added for 30 min at room temperature. Slides were de-
veloped using DAB (Dako, K346811) and counterstained with hematoxylin prior to
mounting with DPX (Panreac, 255254.1608). Washes were performed in between steps
with wash buffer (Dako, K800721). Serial sections were used for hematoxylin-eosin
staining according to standard procedures.

For EMP1-TOM detection via immunohistochemistry, a similar procedure but using
anti-TATOMATO (Sicgen Ab8181-200) without bridge was performed (1:100 for PDO
samples, 1:200 for MTO samples). Secondary antibodies and developing reagents
were the same.

For immunofluorescence the applied protocol was the same as for IHC with the fol-
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lowing primary antibodies: TdTomato or RFP (rabbit, Rockland, 600-401-379 or goat,
Sicgen Ab8181-200) 1:200, KRT20 (mouse, Dako, M7018), KI67 (mouse, Novocastra,
6004992), LAMC2(rabbit, Sigma, HPA024638), LICAM (rabbit, Sigma, HPA005830)
MUC2 (mouse, AbCam, Ab118964) and secondary antibodies: donkey anti-goat con-
jugated to Alexa-488 (Life Technologies A21447) and donkey anti-mouse conjugated
to Alexa-568 (Life Technologies A10037). Bridging for rabbit-TdTomato antibody was
performed with Goat anti-Rabbit antibody 1:200 (Jackson Immunologic, 111-005-003)
for 1 h at room temperature. DAPI was added at 1:2500 after secondary antibody in-
cubation and slides were mounted with Fluorescent mounting media (Dako 53023).

6.8.3  Quantification of lineage tracing clone number and area

All images for lineage tracing quantification were acquired using a NanoZoomer-2.0
HT C9600series scanner (Hamamatsu, Photonics, France) with the 20X objective and
coupled to a mercury lamp unit L11600-05 and using NDP.scan2.5 software U10074-
03 (Hamamatsu, Photonics, France). All brightfield images were visualized with a
gamma correction set at 1.8 with the NDP.view 2U123888-01 software (Hamamatsu).
The total epithelial area was estimated from hematoxylin-eosin stained sections of the
xenografts by manually training a machine learning pixel classifier (Trainable Weka
Segmentation, Fiji Image] distribution (Witten et al., 1999). Local colorimetric, textu-
ral and structural features were included in the feature set used by the classifier. To
reduce the level of details and speed up the operation the images were downscaled
by a factor 8 prior to classification.

TdTomato IHC scans were downsampled by a factor 4 and analyzed by manually
training a machine learning pixel classifier (Ilastik software (Sommer et al., 2011).
This time, only intensity based local features were included and the clones were iden-
tified as TdTomato+ 2D connected particles in the resulting classification masks.
Clones at 4 days were counted manually rather than with Ilastik as the relatively weak
levels of staining imposed severe limitations to image analysis. We also noticed that
secondary tumors generated after passaging using a trocher displayed non-labeled
cells intermingled within clones. This issue complicated clones identification as they
often appeared fragmented, which biased their consecutive count and area estima-
tion. To limit this problem we applied a post-processing step aiming at clustering
neighbor 2D connected particles in the classification masks. It was implemented as a
custom Image] macro (ADM, IRB Barcelona) leveraging morphological closing by a
disk of user defined size (set to 8 pixels for all conditions). In order to estimate levels
of background noise in area quantification only clones from day 4 were used. The
logarithms of the areas were clustered using the Mclust function from the "mclust"
package (Fraley et al., 2012) in the R statistical environment (R Development., 2008),
finding 2 clusters through the Bayesian Information Criterium. The cluster with lower
mean was considered to be background. Clones with area lower than the 25 percentile
of the remaining cells were filtered out from the dataset. Since most clones from day
4 consist of a single cell, the median of these areas was used as cell size for each
experiment. Clone sizes were defined as consisting of 1 cell, 2, 3 or 4, 5 to 10, 11 to
100 and more than 100 cells. The results of the analysis are summarized in Table 6.3.
KI67+ on LGR5-EGFP tumors was performed on a total number of: n=2749 Lgr5+
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Time (days) Number of Number of clones Number of clones

tumors assessed for assessed for
KRT20+ MUC2+
14 3 872 387
28 8 372 611
56 8 69 130

Table 6.3: Quantification of TOM+KRT20+ or MUC2+ cells in LGRS5 lineage tracing. Num-
ber of tumors and Tdtomato+ clones assessed by their KRT20+ / MUC2+ status in each
timepoint.

cells, 1798 Lgr5- cells.

Means and confidence intervals for the fraction of cells containing the differentiation
markers were computed with a generalized linear model with mixed effects and
binomial family. The technical variables xenograft and clone were taken as random
effects and the function glmer from the R package "Ime4" (Bates et al, 2015) was used
to fit the model, compute p-values and estimate fixed effects. The confint function
was used to compute confidence intervals for these estimates.

6.8.4 Quantification of LGR5-EGFP+ cells within the xenografts

EGFP immunofluorescence intensity was quantified on Nanozoomer scanned slides
using the Histogram function of the Fiji software (21). Background noise was set using
the mean of several hand-picked background areas within each quantified xeno. Total
quantified numbers were: PDO7#1: 4 xenos, PDO7#1 EGFP+ TIC derived: 4 xenos,
PDO7#1 EGFP- TIC derived: 3 xenos.

6.8.5 Visualization of 1 month grown LGR5-derived clones

Serial sectioning and 3D reconstruction

26 paraffin embedded serial sections (3 pm thick) of 1 month induced PDO7#1 LGR5-
CreERT2 subcutaneous xenograft were stained for Tdtomato as described above and
scanned using NanoZoomer 2.0HT (Hamamatsu) digital scanner at 20X magnifica-
tion. Regions of interest were cropped at 5x magnification and transformed to .tiff
images with the NDPtoolkit software (Hamamatsu). Therefore images were aligned
using the Register Virtual Stack Slices plugging of Fiji software (Schindelin et al.,
2012). Then hyperstack images were cropped, converted to 8-bit grayscale and in-
verted. A manually trained machine learning pixel classifier (Ilastik software, (Som-
mer et al., 2011) was used to create a 3D binary mask and the clones were identified
as 3D connected particles. This mask was post processed to discard spurious parti-
cles by considering that a valid clone must span at least 2 consecutive sections and a
minimum volume of 400 um3. The filtered binary mask was overlaid over a volume
rendering of the original stack to visualize the clones in context (Imaris 3D software).
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Thick sections and SPIM microscopy

A PDO7 LGR5-Cre#1 derived xenograft 1 month induced was fixed in PFA 4% for two
hours and embedded in 4% low melting point agarose after PBS washes. Embedded
tissue was cut in 200 um sections with a vibratom. Sections were then incubated for 5
days with antibody against TdATOMATO 1:200 (rabbit, Rockland, 600-401-379) and 5
more days with a Goat anti-Rabbit bridge 1:200 (Jackson Immunologic, 111-005-003).
Secondary antibody DaG 647 1:200 (Life Technologies, A21447) was finally incubated
for 5 days and DAPI 1:500 was added for 5h. 24h PBS washes were performed in
between steps. After staining, samples were cleared for 2 days in RapiClear solution
(RC147001) and imaged using an Elyra PS1-LSM880 SPIM microscope. Movies were
created using IMARIS software v9.
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APPENDIX

Al SUPPLEMENTARY TABLES

Knock-in PDO iRFP+ Reporter+ Total On- Clones
cells (day cells (day nucleo- target without
3) 20) fection clones off-
effi- targets
ciency
LGREEGFP PDO6 62.3% 10.3% 6.02% 76.3% 39%
(42/55) (5/13)
PDO7 46.1% 8.8% 4.56% 85.3% 84.6%
(35/41) (11/13)
AAVS1BFPTOM ppO7 27.1% 22.2% 6.02% 47.83% 20%
(11/23) (2/10)
LGR5CTeERT2 pDQO7 36.4% — 36.4% 16.67% 50%
AAVS1#20 (10/60) (4/8)
KI67RFP PDO7 9% 0.4% 3.6% 76.66% 100%
LGR5#1 (23/30) (17/17)
PDO7 12.9% 0.5% 6.45% 69.44%
LGR5#2 (25/36)
KRT20CreERT2 ppDO7 12.8% — 12.8% 16.67% 75%
AAVS1#20 (13/78) 6/8)
KRT20RFP PDO7 6.7% — 6.7% 3.2% —
LGR5/KI67 (1/31)
EMPEGFP/Cre PDO7 26.9% — 26.9% 13.95% EGFP
AAVS1#20 (6/43) 50%
(6/6)
Cre
16.67%
(1/6)
EMP1EGFP/Cre ppOg 9.5% — 9.5% 13.97%
(4/29)
EMP1€TOM  ppDO7 14% — 14% 14.8% —
(4/27)
EMP1i€TOM  MTO93 15.4% 7.3 1.12% 73.5% —
(36/49)

Table A.1: CRISPR/Cas9 knock-in efficiencies in PDO6, PDO7 and MTQO93. Percentage
of cells sorted at short term (iRFP+) and long term (Fluorescent reporter+, EGFP or TOM
respectively) post nucleofection. Single cell clone derivation efficiency for the different mod-
ifications was assessed by integration PCR and Southern Blot. — indicates that long term
sorting of Southern blot were not performed for that particular knock-in generation.
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Hallmark Size ES NES FDR g-value

Interferon gamma response 192 0.650585 2.719787 0
Interferon alpha response 89  0.696786 2.612567 0
TNFA signaling via NFKB 192 0.615489 2.556763 0

E2F targets 191 0.606391  2.531585 0
Apoptosis 157 0.564595 2.318576 0

P53 pathway 192 0.528742  2.223051 0
G2M checkpoint 193 050642  2.125659 0
Complement 190 0.50174  2.080819 0
Epithelial mesenchymal transition 194  0.487056 2.039825 0
Mitotic spindle 198 0475098 2.014934 0
Estrogen response late 194 0.469901  1.986545 0

UV response up 153 0.472744 1.943232  2.33E—04
KRas signaling up 193 0.458492 1.919834  3.16E—04
Estrogen response early 195 0.455094 1.910546  2.94E —04
Coagulation 134 0.458058 1.844924  6.09E —04
Inflammatory response 198 0.429894 1.80745  8.030E — 04
TGF-beta signaling 52 0.502367 1.73278 0.002379
IL6 JAK/STAT3 signaling 86  0.465063 1.723764 0.002398
Reactive oxygen species pathway 45 0.524041  1.714168 0.002437
Unfolded protein response 107 0.440978 1.690779 0.003222
Allograft rejection 196 0.382302 1.581632 0.010346
IL2 STATS signaling 195 0.366784 1.531935 0.016177
Protein secretion 94 0.403728 1.526831 0.016705
DNA repair 137 0.373303 1.508522 0.018971
Hypoxia 195 0.337511  1.416315 0.04329
UV response dn 139 0.353102 1.415583 0.041773
Angiogenesis 35 0.45246  1.413359 0.045205
Heme metabolism 187 0.333701 1.398766 0.044239
Apical surface 44 0418618 1.937356 0.044239
MTORCT signaling 191 0.334717  1.391453 0.045076

Table A.2: Gene Ontology hallmarks enriched in PDO7 EMP1-High cells. Detailed descrip-
tion of the gene size (SIZE), enrichment score (ES), normalized enrichment score (NES) and
false discovery rate g-value (FDR g-val) for the GSEAs comparing EMP1-High vs —Negative
gene expression microarrays against broad GO hallmarks.
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Gene Symbol Fold Enrichment

KRT6A 13.807
GABBR1 12.554
EMPI1 12.133
ANXA 12.128
xew
PI3 11.824
BIRC3 9.711
CASP9 8.633
IF144 8.624
TMA4FS20 8.463

CAV2 7.974
IF127 7.951
RARRES3 7.168
TNNC1 7.162

Table A.3: Marker genes of the EMP1-High population. Fold upregulation of the top 20
enriched genes in EMP1-High profiled cells compared to EMP1-Negative from PDO?7. In
green, proteases and chemoattractants.
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A.2 SUPPLEMENTARY FIGURES
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Figure A.1: LGR5-EGFP clone screening strategy in PDO7. A. Integration PCRs amplifying
the 5" and 3’ ends of the LGR5-EGFP knock-in (5" correct band: 1039 bp / 3’ correct band:
1330 bp) as well as whole locus amplification for homozygous or heterozygous integration
(wt band: 1598 bp / mutant band: 2791 bp) in PDO7 LGR5-EGFP clones. B. Southern Blot
against correctly targeted clones to find random EGFP integrations (on-target band: 8.5 kB).
Adapted from Cortina, Turon et al., 2017
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Figure A.2: PDO6 LGR5-EGFP clone screening. A. 5 and 3’ integration PCRs (5" correct
band: 1039 bp / 3’ correct band: 1330 bp) as well as whole locus amplification (wt band: 1598
bp / mutant band: 2791 bp) of LGR5-EGFP knock-in PDO6 clones. B. Southern Blot against
correctly targeted clones to find random EGFP integrations (on-target band: 8.5 kB).
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Figure A.3: Tumor initiation-derived xenografts reproduce the parental LGR5-EGFP pat-
tern. A. Distribution of EGFP staining intensity in PDO7#1 and in xenografts derived from
EGFP+ and EGFP- cells. Gray line indicates background fluorescence levels. B. Representa-
tive example of EGFP immunofluorescence on whole tumors formed by PDO7#1 or by EGFP+
and EGFP- cells in TIC experiments. The intensity of the signal is indicated by the Fire lookup
table. Scale bars indicate 1mm. Adapted from Cortina, Turon et al., 2017
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Figure A.4: PDO7 AAVS1-BFPTOM clone screening. A. 5 and 3’ integration PCRs (5’ correct
band: 1202 bp / 3’ correct band: 1084 bp)of AAVS1-BFPTOM PDO7 clones B. Whole locus
amplification (wt band: 1720 bp / mutant band: not amplified)of the integrated clones. C.
Southern Blot against correctly targeted clones to detect off-target integrations (on-target
band: 8 kB).
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Figure A.5: PDO7 AAVS1-BFPTOM#20 LGR5-CreERT2 clone screening. A. 5" and 3’ inte-
gration PCRs (5" correct band: 1039 bp / 3’ correct band: 1330 bp) as well as whole locus
amplification (wt band: 1598 bp / mutant band: 2791 bp5” and 3’ integration PCRs (5" correct
band: 1300 bp / 3’ correct band: 1155 bp) of LGR5-CreERT2 PDO? clones. B. Southern Blot
against correctly targeted clones to detect off-target integrations (on-target band: 3.6 kB). NN:
non-nucleofected control
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Figure A.6: 3D reconstruction of 1-month grown LGR5 clones. A.Z-projection of clones in
26 serial sections of subcutaneous PDO7 LGR5-Cre#1 xenografts 1 month after tamoxifen
injection. Color scale denotes the number of sections occupied by a given clone. Scale bar is
200um. B. Example of two slides stained for Tomato used for 3D reconstruction. Scale bars are
200um. C. Projection of the 3D reconstructed clones. Scale bar indicates 200um. D. Projection
of the 3D reconstructed clones that do not contact borders and therefore are fully embedded
within the Z plan analyzed. Scale bar indicates 200pm. Adapted from Cortina, Turon et al.,
2017

192



1234567 8910111213141516171819 2021222324 252627 282930 313233343536
E -

5’ integration

3’ integration

Figure A.7: LGR5-EGFP#2/KI67-RFP clone screening. 5" and 3’ integration PCRs (5" correct
band: 1633 bp / 3’ correct band: 1612 bp) and WT band detection (1769 bp) of PDO7 LGR5-
EGFP#2 KI67-RFP clones.
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Figure A.8: PDO7 AAVS1-BFPTOM#20 KRT20-CreERT2 clone screening. A. 5" and 3’ inte-
gration PCRs (5’ correct band: 1606 bp / 3’ correct band: 1328 bp) and WT band detection
(4494 bp) of PDO7 KRT20-CreERT?2 clones. B. Southern blot of the correctly integrated clones.
On-target band: 6.8 kB.
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Figure A.9: PDO7 KRT20-iRFP clone screening. A. 5" and 3’ integration PCRs and WT band
detection (2055 bp) of PDO7 KRT20-iRFP clones.
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Figure A.10: PDO7 AAVS1-BFPTOM#20 EMP1-EGFP/CreERT2 clone screening. A. 5 and 3’
integration PCRs for EGFP (5" correct band: 1204 bp / 3’ correct band: 1263 bp) and CreERT2
(5" correct band: 1393 bp / 3’ correct band: 1267 bp) of PDO7 EMP1-GFP/Cre clones. B.
Southern blot of the correctly integrated clones for both the EGFP and the CreERT2 knock-
ins. On-target band: 5900 kB for EGFP insertion and 7200 Kb for CREERT?2 insertion
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Figure A.11: EMP1 is a differentiated-like non-stem population. A and B. FACS analysis
of the EPCAM+ purified cells from disaggregated subcutaneous xenografts of PDO7 EMP1-
EGFP/Cre #28 and #42 respectively. C and D. mRNA expression analysis by qrtPCR of dif-
ferentiated and stem genes in the EGFP-High and -Negative sorted populations from disag-
gregated subcutaneous xenografts of PDO7 EMP1-EGFP/Cre #28 and #42 respectively. Data
represents mean=s.d. of 3 technical replicates.
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EGFP+ EGFP- BN EGFP+ W EGFP- and CreERT2 mRNA levels
are specifically enriched in
the EGFP+ fraction of the
tumors, confirming the correct
CRISPR/Cas9 knock-in. Data
is represented as meanz+ts.d. of
three technical replicates.
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Figure A.13: Tamoxifen induction generates a TOM+ EMPI1+ population in PDO7
xenografts. A. Schematic representation of the EMP1 lineage tracing experimental design.
B. FACS analysis of disaggregated PDO7 EMP1-EGFP/Cre subcutaneous xenografts induced
for 96h with intraperitoneal Tam. Only EPCAM+DAPI- cells are plotted. C. Relative mRNA
expression levels of the indicated genes by RT-qPCR in TOM+ and TOM- sorted populations
96h post-induction. Data is represented as meants.d. of three technical replicates.
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Figure A.14: PDO7 EMP1-iCaspase9-TOM clone screening. 5 and 3’ integration PCRs for
iCaspase9-TOM knock-in (5’ correct band: 1235 bp / 3" correct band: 996 bp) and WT band
detection (1927 bp) of PDO7 EMP1-iCasp-TOM clones.
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Figure A.15: PDO7 EMP1-iCT#2 xenograft characterization. A. FACS analysis of EPCAM+
cells from disaggregated EMP1-iCT#2 PDX. B. qrtPCR reporting mRNA expression levels of
TOM+ vs TOM- sorted populations. Data is represented as means.d. of 3 technical replicates.
C. Organoid formation efficiency of TOM-High, -Low and -Negative FACS-purified cells from
EMP1-iCT#2 derived xenograft, and representative images of each condition. 1500 cells were
plated per well, and each experiment assessed the growth of 4 wells per condition. Results
are represented as mean+sd of 3 experiments. Scale bars indicate 1mm. D. Representative
FACS profile of the sorted cells 15 days after in vitro growth.
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Figure A.16: PDO7 EMP1-iCT#2 xenografts respond mildly to acute CID treatment. A. Ex-
perimental setup of the acute CID treatment in subcutaneous xenografts. B. Flow cytom-
etry representation of the TOM levels in DAPI-EPCAM+ cells from non-treated (NT) and
dimerized (CID) disaggregated EMP1-iCT#2 xenografts. C. Mean TOM fluorescent intensity
in DAPI-EPCAM+ cells. Results show means.d. of 2 xenografts per condition. D. Represen-
tative immunofluorescence against TOM in paraffin sections of NT and CID xenografts. Scale
bar indicates 100um. E. Relative mRNA expression by qrtPCR of EPCAM+DAPI- sorted cells
from NT vs CID group. EMP1, as well as the invasive markers (LAMC2, LICAM, chemokines)
are reduced with treatment. Data is represented as mean=s.d. of three technical replicates.
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Figure A.17: PDO7 metastatic
nodules express EMP1. A.
TOM IHC in liver metastatic
nodules derived from PDO7
EMP1-iCT#2 primary tumors.
Few cells retain EMP1 expres-
sion. Dashed lines encircle the
nodules. Scale bar indicates
500um. B. TOM immunostain-
ing of lung micrometastasis,
highly positive for EMPI.
Dashed lines encircle the
nodules. Scale bar indicates
100um.
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Figure A.18: Nesting technique allows faster primary growth but does not increase
metastatic potential. A. Representative H/E IHC of primary tumors derived from nested
pieces 60 days after surgery. The glandular structure resembles that of subcutaneous
xenografts and of orthotopic primaries grown from in vitro injected cells. Dashed lines de-
limit the tumor mass. Scale bars indicate 1mm. B. Ex-vivo bioluminescent activity in livers
and lungs of animals injected via nesting with PDO7 tumor pieces. Virtually no signal is

detected in any of the samples.
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Figure A.19: EMP1-iCT CRISPR/Cas9 modification of mouse tumor organoids. A. Flow cy-
tometry purification of iRFP+ cells 3 days after MTO93 nucleofection with EMP1-iCT+guide
plasmids. B. Long-term FACS-sorting (day 20) of Emp1-TOM+ cells for single cell seeding.
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Figure A.20: MTO93 EMP1-iCT single cell clone PCR screening. 5" and 3’ integration PCRs
for EMP1-iCasp9-TOM modification (5" correct band: 1338 bp / 3’ correct band: 1123 bp) and
WT band detection (2159 bp) in MTO93 EMP1-iCT clones.
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Figure A.21: MTO93 EMP1-iCT clones LGR5-EGFP pool knock-in PCR assessment. 5" and
3" integration PCRs for LGR5-ires-EGFP modification (5 correct band: 1332 bp / 3’ correct

band: 1048 bp). Correctly integrated clone #49 is indicated with arrows.
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ABSTRACT

The analysis of stem cell hierarchies in human cancers has been hampered by the im-
possibility of identifying or tracking tumor cell populations in an intact environment.
To overcome this limitation, we devised a strategy based on editing the genomes
of patientderived tumor organoids using CRISPR/Cas9 technology to integrate re-
porter cassettes at desired marker genes. As proof of concept, we engineered hu-
man colorectal cancer (CRC) organoids that carry EGFP and lineage-tracing cassettes
knocked in the LGR5 locus. Analysis of LGR5-EGFP+ cells isolated from organoid-
derived xenografts demonstrated that these cells express a gene program similar to
that of normal intestinal stem cells and that they propagate the disease to recipi-
ent mice very efficiently. Lineage-tracing experiments showed that LGR5+ CRC cells
self-renew and generate progeny over long time periods that undergo differentiation
toward mucosecreting- and absorptive-like phenotypes. These genetic experiments
confirm that human CRCs adopt a hierarchical organization reminiscent of that of
the normal colonic epithelium. The strategy described herein may have broad appli-
cations to study cell heterogeneity in human tumors.

203



Published online: May 2, 2017

A

SOURCE
DATA

Report

v oo

TRANSPARENT OPEN
PROCESS ACCESS

EMBO

Molecular Medicine

A genome editing approach to study cancer
stem cells in human tumors

Carme Cortina®f, Gemma Turon®, Diana Stork®, Xavier Hernando-Momblona?, Marta Sevillano?,
Monica Aguilera®, Sébastien Tosi', Anna Merlos-Sudrez*, Camille Stephan-Otto Attolini®,

Elena Sancho® & Eduard Batlle™*"

Abstract

The analysis of stem cell hierarchies in human cancers has been
hampered by the impossibility of identifying or tracking tumor cell
populations in an intact environment. To overcome this limitation,
we devised a strategy based on editing the genomes of patient-
derived tumor organoids using CRISPR/Cas9 technology to inte-
grate reporter cassettes at desired marker genes. As proof of
concept, we engineered human colorectal cancer (CRC) organoids
that carry EGFP and lineage-tracing cassettes knocked in the LGRS
locus. Analysis of LGR5-EGFP* cells isolated from organoid-derived
xenografts demonstrated that these cells express a gene program
similar to that of normal intestinal stem cells and that they propa-
gate the disease to recipient mice very efficiently. Lineage-tracing
experiments showed that LGR5* CRC cells self-renew and generate
progeny over long time periods that undergo differentiation
toward mucosecreting- and absorptive-like phenotypes. These
genetic experiments confirm that human CRCs adopt a hierarchical
organization reminiscent of that of the normal colonic epithelium.
The strategy described herein may have broad applications to
study cell heterogeneity in human tumors.
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Introduction

Most cancers are amalgams of phenotypically distinct tumor cell
populations, which display marked differences in their behaviors
and fates. In colorectal cancer (CRC), a subpopulation of cells with
elevated tumorigenic potential expresses a gene program similar to
that of intestinal stem cells (ISCs). These ISC-like tumor cells give
rise to differentiated-like progeny, which is poorly tumorigenic
(Dalerba et al, 2007, 2011; O’Brien et al, 2007; Ricci-Vitiani et al,

2007; Vermeulen et al, 2008, 2010; Merlos-Suarez et al, 2011).
These findings have led to the notion that CRCs retain a hierarchical
organization reminiscent of that of the normal intestinal mucosa,
with only cancer stem cells being capable of self-renewal and of
sustaining long-term tumor growth (Zeuner et al, 2014). To a large
extent, this model has emerged from experiments of tumor cell
transplantation. Typically, putative stem and non-stem cell popula-
tions are isolated from patient samples using combinations of
surface markers, and then, each cell population is inoculated into
immunodeficient mice. The capacity to generate xenografts and to
reproduce some of the traits of the tumor of origin are used as read-
outs of stemness. These assays, however, only provide a snapshot
of the state of the cells in the moment they were isolated. It is also
unclear to what extent experimental manipulations influence the
tumor-initiating capacity of purified cells (Clevers, 2011). Further-
more, the requirement of antibodies against surface markers to
isolate tumor cells from patient samples imposes limitations to
explore the diversity of cell phenotypes within cancers. Alterna-
tively, the existence of tumor stem cells has been confirmed in
mouse adenomas through genetic fate-mapping experiments
(Schepers et al, 2012; Kozar et al, 2013). Yet, these lesions are
benign and contain few mutations compared to human CRCs. To
overcome these restrictions, we combined CRC patient-derived orga-
noids (PDOs) with CRISPR/Cas9 technology to label defined tumor
cell populations and perform fate-mapping experiments in vitro and
in vivo.

Results
Generation of LGR5-EGFP knock-in human CRC organoids

The expression of the Leucine-rich repeat-containing G-protein-
coupled receptor 5 (LGRS) marks adult ISCs in mice and humans
(Barker et al, 2007; Jung et al, 2011). Knock-in mice engineered to
carry EGFP and CreERT2 cassettes integrated into the LGRS locus
have been instrumental to visualize and track ISCs in the healthy
mucosa and in tumors (Barker et al, 2007, 2009; Schepers et al,
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2012). In contrast, the analysis of LGRS cell populations in human
cancers has been hampered by the lack of good commercial anti-
bodies that recognize this protein at the cell surface. We thus
designed a strategy based on CRISPR/Cas9-mediated homologous
recombination to mark LGR5" cells in human CRCs. We made use
of CRC PDOs, which are good surrogates of the disease in vitro and
in vivo (Calon et al, 2015; van de Wetering et al, 2015). For these
experiments, we initially selected a PDO derived from a stage IV
CRC that displayed a prototypical combination of genetic alterations
in major driver pathways including activation of the WNT pathway
by APC loss of function, activation of EGFR signaling by KRAS
G13D mutations, and loss of TGF-beta-mediated tumor suppression
by inactivating mutations in SMAD4 (PDO#7 in Appendix Table S1).
The targeting strategy is summarized in Fig 1A and detailed in the
Materials and Methods section. In brief, we designed Cas9 guide
RNAs complementary to sequences overlapping the stop codon of
the LGRS locus and generated a donor vector that contained LGRS
homology arms flanking an EGFP reporter cassette positioned
immediately upstream of the stop codon. We added a LF2A self-
cleavage peptide (de Felipe et al, 2010) fused to EGFP so that
LGRS-EGFP locus was expressed as a single mRNA, whereas the
resulting polypeptide was cleaved in the two encoded proteins,
LGRS and EGFP (Fig 1A). Next, we nucleofected organoid cells
with the donor vector together with a guide-RNA-Cas9 encoding
plasmid in a 3:1 proportion, and 48 h after, we sorted cells that had
incorporated the Cas9 vector (IRFP* cells). About 1 in 11 IRFP*
cells expressed EGFP after 20 days in culture (Fig 1B). Subse-
quently, we generated single cell-derived organoid cultures and
assessed integration of the EGFP reporter cassette by PCR (exam-
ples in Appendix Fig S1IA and B) and Southern blot (examples in
Appendix Fig S1C and D). These analyses showed that 41.7% of
the clones had correctly integrated the EGFP reporter in the LGRS
locus (Appendix Table S2). Equivalent LGR5-EGFP knock-in experi-
ments in a PDO grown from a different patient sample (PDO#6)
(Fig EV1A) rendered a frequency of correct integrations of 84.6%
(Appendix Table S2). In these single cell-derived knock-in PDO
cultures, every organoid was composed by an admixture of cells
expressing distinct EGFP levels (Figs 1C and D, and EV1B and C).
LGRS-EGFP-hi cells isolated by FACS expressed highest LGRS
mRNA levels confirming that EGFP reported endogenous LGRS
expression (Figs 1E and EV1D). Staining with KRT20 or MUC2 anti-
bodies revealed complementary expression patterns of these dif-
ferentiation markers with EGFP implying that LGRS CRC cells
generated differentiated progeny in vitro (Fig 1C).

Figure 1. LGR5-EGFP and KI67-TagRFP2 knock-in PDOs.

Flow cytometry profiles at day 20 post-nucleofection.

moOo o>

show mean = s.d. of three measurements.

Images of PDO#7-KI67-TagRFP2#1 organoids. Scale bars indicate 100 pm.

— - Tom

content and y-axis EdU incorporation.
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To demonstrate the broad applicability of this approach, we also
engineered PDO#7 expressing TagRFP2 fused to endogenous KI67
protein (Fig 1F). The KI67 antigen is a nuclear protein which is
expressed in all active phases of the cell cycle (G1, S, G2, and mito-
sis), but is absent in resting cells (G0) (Scholzen & Gerdes, 2000). In
a previous study, knock-in mice expressing a KI67-RFP fusion
protein were used to isolate cycling (KI67-RFP*) and non-cycling
differentiated cells (KI67-RFP~) from the intestinal epithelium
(Basak et al, 2014). Targeting efficiency for this knock-in construct
in human CRC organoids was similar to that observed for LGRS-
EGFP knock-in organoids (Appendix Table S2). KI67-TagRFP2 was
visualized in the nucleus of organoid cells (Fig 1G) and of xeno-
grafts derived from these organoids (Fig 1H). Cell cycle profiling of
epithelial cells isolated using FACS from dissociated xenografts
(Fig 11) demonstrated that TagRFP2" cells were distributed in all
cell cycle phases, whereas the TagRFP2™ population was largely
enriched in cells at the G1/GO phase (Fig 1J and K).

Characterization of human LGR5* CRC cells in vivo

To study LGRS cells in vivo, we initially used an LGRS-EGFP
expressing organoid (clone #1) that by exome sequencing revealed
few acquired mutations compared to the parental population, none
of which affected known cancer driver genes (Appendix Table S3).
Clone #1 neither contained mutations in the top off-target sequences
predicted through bioinformatics for the CRISPR guide sequence
(Appendix Table S4). The LGR5-EGFP knock-in PDO was inoculated
into immunodeficient mice of the NOD/SCID strain. Xenografts
displayed a glandular organization and prominent stromal recruit-
ment. LGR5-EGFP expression labeled a substantial proportion of the
epithelial component of the tumor yet cells showed a wide range of
EGFP levels (Figs 2A and EV2). In contrast, the EGFP™ compartment
overlapped largely with the expression domain of the pan differenti-
ation marker KRT20" (Fig 2B). We also observed LGRS /MUC2"
cells with goblet-like morphology intermingled between LGR5 ™ and
LGRS~ compartments throughout the tumor (Fig 2C). These tumor
cell populations displayed equivalent distributions in xenografts
produced by a different single cell-derived clone from PDO#7
(Fig EV3A-C) or by PDO#6 (Fig EVIE-G). Overall, this cellular
organization is reminiscent of that of the normal intestinal epithe-
lium as previously proposed by several laboratories (Dalerba et al,
2011; Merlos-Suarez et al, 2011).

In flow cytometry analysis, LGRS-EGFP-high cells represented
about 3-4% of the epithelial component (EPCAM™) of dissociated

Design of LGR5-EGFP donor and CRISPR/Cas9 sgRNA vectors. Blue circle represents the CRISPR/Cas9 protein complex and the yellow box underneath the guide RNA.

Immunofluorescence for DAPI, EGFP, and KRT20 or MUC2 in in vitro cultured PDO#7-LGR5-EGFP#1. Scale bars indicate 100 pum.
FACS profiles showing EGFP-high (green), -low (blue), and -negative (gray) cells in PDO#7-LGR5-EGFP#1 and #2 organoids.
Relative mRNA expression level by real-time gPCR in cells expressing distinct levels of EGFP isolated from PDO#7-LGR5-EGFP#1 and #2 knock-in organoids. Values

Design of KI67-TagRFP2 donor and CRISPR/Cas9 sgRNA vectors. Blue circle represents the CRISPR/Cas9 protein complex and the yellow box underneath the guide RNA.
PDO#7-KI67-TagRFP2#1 xenograft. TagRFP2 co-localizes with DAPI nuclear staining. Scale bars indicate 25 pm.

Flow cytometry analysis of EPCAM*/DAPI™ cell population of PDO#7-LGR5-EGFP/KI67-TagRFP2#1 from disaggregated xenografts.
Cell cycle analysis of KI67-TagRFP2-positive and KI67-TagRFP2-negative cells from PDO#7-LGR5-EGFP/KI67-TagRFP2#1 disaggregated xenografts. X-axis shows DNA

K Quantification of the frequencies of KI67* versus K67~ cells found in each cell cycle phase.
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xenografts (Fig 2D). We isolated EGFP-high and EGFP-low/negative
cells by FACS (for simplicity we termed them EGFP* and EGFP™~) and
analyzed their global gene expression profiles. LGRS-EGFP™ cells
expressed over 10-fold higher levels of ISC marker genes LGRS and
SMOC2 than EGFP™ cells (Fig 2E). LGRS-EGFP™ cells expressed genes
that characterize differentiated cells of the intestinal epithelium such

EMBO Molecular Medicine

as EFNB2, KRT20 or MUC2 (Fig 2E). We validated these results using
a second LGRS5-EGFP knock-in clone derived from PDO#7 (Fig EV3D
and E). Microarray profiling followed by gene set enrichment analysis
(GSEA) confirmed that mouse and human intestinal stem cell gene
expression signatures were upregulated in LGRS-EGFP", whereas
the differentiation program of colon epithelium was enriched in
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Figure 2. Characterization of human LGR5* CRC cells in vivo.
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A Representative images of EGFP by immunofluorescence on a section of PDO#7-LGRS-EGFP#1-derived subcutaneous xenograft. White squares indicate the position of
the insets. Scale bars indicate 1 mm for the whole xenograft and 100 um for the insets.
B Dual immunofluorescence on paraffin sections for KRT20 and LGRS-EGFP showing complementary expression domains. Dashed line delimits expression domain in

adjacent glands. Scale bar indicates 100 pm.

C Dual immunofluorescence on paraffin sections of clone #1 for MUC2 and LGR5-EGFP. White arrows point to LGR5-EGFP~/MUC2" cells. Scale bar indicates 100 pm.
D Representative FACS profiles of EGFP* and EGFP~ in EPCAM*/DAPI™ subpopulation from disaggregated xenografts.
E Relative mRNA expression level of intestinal stem and differentiation genes for the sorted EGFP* and EGFP~ populations. Values show mean + standard deviation

(s.d)) of three measurements.

F  GSEA comparing the expression of signatures of mouse LGR5" cells (MmLgr5-SC), human colon stem cells (hCoSCs), differentiated cells (hCo differentiation), or
proliferative crypt cells (Jung et al, 2011) in profiled LGR5-EGFP* versus LGRS-EGFP™ cells.
G Representative images and quantification of organoid formation assays from cells purified from PDO#7-LGRS-EGFP#1-derived subcutaneous xenograft (n = 4 wells

per condition). Data is represented as mean = s.d. Scale bars indicate 1 mm.

H Representative flow cytometry analysis of 15-day grown organoids from the EGFP* and EGFP™ sorted populations.
I In vivo tumor initiation capacity of 1,000 and 200 sorted cells from PDO#7-LGR5-EGFP#1-derived subcutaneous xenografts. Graphs show Kaplan-Meier plots

(n = 9 xenografts).

) Distribution of the EGFP staining intensity in PDO7#1 and in xenografts derived from EGFP* and EGFP™ cells. Gray line indicates background fluorescence levels.
K Dual immunofluorescence for KRT20/EGFP and MUC2/EGFP on paraffin sections of xenografts generated by EGFP* and EGFP™~ sorted populations respectively. Dashed
lines mark stem-like and differentiated-like compartments. White arrows point to secretory cells intermingled in the LGRS~ compartment. Scale bars indicate

100 pm.

Data information: Differences in organoid formation assay were assessed with Student’s t-test and in tumor initiation assay by log-rank (Mantel-Cox) test:
*P-value < 0.05, ***P-value < 0.005, ****P-value < 0.0001. The exact P-values are specified in Appendix Table S5.

LGRS-EGFP™ CRC cells (Fig 2F). We next assessed the clonogenic
potential of LGRS-EGFP CRC cells. LGR5-EGFP™* cells purified from
xenografts displayed several fold higher organoid forming capacity
than LGRS-EGFP™ cells (Figs 2G and EV3F). Organoids generated by
LGRS-EGFP ™" cells contained both EGFP™ and EGFP~ tumor cells in a
proportion similar to that of the PDO of origin (Figs 2H and EV3G).
We obtained similar results using LGRS-EGFP knock-in cells generated
from PDO#6 (Fig EV1H-K).

Finally, to assess the capacity of these tumor cell populations to
propagate the disease to mice, we inoculated 200 or 1,000 LGRS-
EGFP™ or LGR5-EGFP~ epithelial tumor cells isolated from xeno-
grafts into secondary hosts. These experiments showed that the
EGFP" cell population was largely enriched in tumor-initiating cells
compared to their differentiated EGFP~ counterparts (Figs 21 and
EV3H). Tumors generated by LGRS-EGFP* cells were populated
with stem-like (EGFP*/KRT207) and differentiated-like (EGFP~/
KRT20™) tumor cells in similar proportions than the primary xeno-
grafts from which they were purified (Fig 2K) thus implying that
LGRS-expressing CRC cells undergo self-renewal and differentiation
during tumor expansion. Of note, xenografts generated by LGRS-
EGFP~ cell population were also formed by EGFP* and EGFP™ cells
with equivalent intensities and proportions to those observed in
xenografts derived from LGRS-EGFP ™ cells (Fig 2J). The expression
pattern of the differentiation markers KRT20 and MUC2 was also
similar in xenografts arising from the two cell populations (Fig 2K).

Lineage tracing of human LGR5* CRC cells

As discussed in the introduction, currently it is not possible to
perform cell fate-mapping experiments in human cancers similar to
those performed in mouse models. To overcome this limitation, we
used CRISPR/Cas9 to engineer PDOs containing a lineage-tracing
system. We first introduced a Cre recombinase-inducible reporter
into the neutral AAVS1 locus (Fig 3A). This reporter consisted of a
constitutive Ubiquitin C (UBC) promoter driving the expression of
blue fluorescent protein mTagBFP2. This cassette was flanked by
LoxP sites so that expression of a downstream tdTomato (TOM)
reporter remains blocked until the mTagBFP2 cassette is excised by

© 2017 The Authors

Cre recombinase activity. Following the approach described for
LGRS-EGFP targeting, we selected long-term mTagBFP2-expressing
cells after nucleofection and expanded single cell-derived organoids.
Subsequently, we generated a second genomic edition consisting in
an LF2A-CreERT2 cassette recombined upstream of the LGRS stop
codon (Fig 3B). The frequencies of correct integrations for these
cassettes were 47.8 and 1.78%, respectively (Appendix Table S2).
We further confirmed correct integrations of these constructs by
PCR as well as by Sanger sequencing of genomic DNA. To test their
functionality, we induced PDOs with 4-hydroxytamoxifen (4-OHT)
in vitro, which demonstrated conversion of mTagBFP2™ cells into
TOM™ cells (Figs 3C and D, and EV4A). We also tested the utility of
these constructs in vivo by inoculating double-edited PDOs in mice.
Analysis of xenografts 96 h after induction with tamoxifen revealed
the appearance of a TOM* side population, which retained expres-
sion of LGRS mRNA (Fig EV4B and C) supporting tracing from the
LGR5™ cell population. In contrast, we did not observe TOM ™ cells
in xenografts growing in untreated mice. Based on a frequency of
about 2-4% LGRS-EGFP-hi cells in xenografts (Figs 2D and EV3D),
and on the number of TOM" cells arising 96 h post-tamoxifen
administration (Fig EV4B), we roughly estimated that recombina-
tion occurred in 1 in every 10-20 LGRS-EGFP " cells.

Next, we mapped the fate of LGR5™ CRC cells over an extended
period of time. The experimental setup is described in Fig 3E. In
brief, a cohort of mice bearing edited PDO-derived xenografts were
given tamoxifen once tumors were palpable. Mice were sacrificed
and tumors analyzed at the indicated time points over 28 days.
After this period, tumor pieces were transplanted into secondary
recipient mice and xenografts were analyzed for further 4 weeks.
We already observed the emergence of TOM* individual cells scat-
tered throughout the tumor glands 96 h after tamoxifen induction
(Fig 3F). About 75% of these marks corresponded to isolated cells
and the rest to two cell clones (Fig 3G) implying that these experi-
mental conditions enable tracing from individual tumor cells. Quan-
tification of clone size revealed heterogeneity in the growth
dynamics of LGRS " CRC cells. Whereas some clones expanded stea-
dily over time, a substantial proportion of LGR5 " divided slowly or
even remained as individual entities over extended periods (56 days

EMBO Molecular Medicine 5
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Figure 3. Lineage tracing of LGR5* CRCs in human colorectal xenografts.
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A Design of the donor vector containing lineage-tracing cassette and AAVS1 homology arms.

B Design of LGR5-CreERT2 donor and CRISPR/Cas9 sgRNA vectors.

C Flow cytometry analysis of double knock-in PDO#7 carrying AAVS1-LSL-TOM and LGR5-CreERT2 cassettes. Organoids were treated in vitro with 1 uM
4-hydroxytamoxifen (4-OHT). About 3.6% of the cells recombined the stop cassette (i.e., expressed low levels of mTagBFP2) and gained expression of TOM.
D Confocal imaging of double knock-in organoids 10 days after in vitro 1 uM 4-OHT addition. Scale bars indicate 50 pm. Note that recombined organoids switch

mTagBFP2 to TOM expression.
E Experimental setup used for lineage-tracing experiments.

F  Representative immunohistochemistry using anti-Tomato antibodies on paraffin sections of the four time points after tamoxifen treatment. Arrowheads point to
single and two cell clones. Dashed lines delimit large clones. Scale bars indicate 250 pum.
G Clone size frequency per time point according to number of cells. Number of clones quantified was 878 for day 4, 2,424 for day 14, 6,940 for day 28, and 6,940 for

day 56.

H Correlation of number of epithelial cells per xenograft and number of cells per clone over time (n = 4 xenografts for 4 days time point, n = 5 xenografts for 14 days
time point, n = 8 xenografts for 28 days time point, n = 8 xenografts for 56 days time point).

| Expression domains of TOM and differentiation markers MUC2 and KRT20. White arrowheads indicate double-positive cells. Scale bars indicate 100 pm.

) Quantification of the number of MUC2" and KRT20" cells within TOM* clones at each time point. Data is represented as the 95% confidence intervals of the
measurements. Number of clones assessed was 872 (4 days), 372 (day 14), and 69 (day 28) for KRT20 and 387 (day 4), 611 (day 14), and 130 (day 28) for MUC2. The
P-value was calculated using a generalized linear model with binomial response. ***P-value < 0.005, ****P-value < 0.0001. The exact P-values are specified in

Appendix Table S5.

in these experiments) (Fig 3F and G). 3D reconstruction from multi-
ple serial tissue sections confirmed the existence of many isolated
1-4 cell clones at day 28 after tamoxifen induction (Fig EVSA-D and
Movie EV1). Quantification of clone number over time showed that
the number of cells generated by LGRS ™ cells was directly propor-
tional to the expansion kinetics of the tumor epithelial compartment
(Fig 3H). The scaling pattern of the LGR5" cell output is compatible
with the hypothesis that tumor growth is largely the result of
LGRS ™ cell activity. Of note, we observed few MUC2* and KRT20™"
cells in clones during the first 2 weeks of tracing, whereas the
frequency of differentiated cells increased after this period (Fig 3I
and J). Therefore, in CRC, the progeny of LGR5"* cells remains
undifferentiated during extended periods of time.

Marking of quiescent LGR5* CRC cells

The observation that a proportion of LGRS cell in lineage-tracing
experiments produced few progeny may reflect a quiescent state.
Indeed, we found that about half of LGRS " cells stained negative for
KI67 (Fig 4A and B). To further characterize this cell population, we
generated LGRS-EGFP PDOs that expressed TagRFP2 fused to
endogenous KI67 protein following the approach described in Fig 1.
Analysis of xenografts derived from LGRS-EGFP/KI67-TagRFP2

PDOs confirmed that a large proportion of LGRS-EGFP™* cells did
not express KI67-TagRFP2 (Fig 4C). In independent xenografts and
clones, the fraction of LGRS-EGFP * /KI67-TagRFP2 ™ ranged from 20
to 50%. LGRS-EGFP * /K167-TagRFP2 "~ cells purified from xenografts
displayed cell cycle profiles that indicated arrest in G1/G0O phase
(Fig 4D). Using FACS, we purified KI67-TagRFP2* (K") and KI67-
TagRFP2~ (K7) cells within the LGR5-EGFP" (L") and LGR5-EGFP~
(L7) gates and compared their gene expression profiles. The L™ /K™
cell population showed downregulation of proliferation genes,
upregulation of the cell cycle inhibitor CDKN1A, and expression of
markers of terminal differentiation KRT20 implying that they repre-
sent mature differentiated CRC cells (Fig 4E). L™/K™ cells displayed
low levels of ISC marker genes and upregulated genes characteristic
of early absorptive differentiation such as FABP1 and SI (Fig 4E). By
analogy with the normal intestinal epithelium, we hypothesize that
this cell population resembles proliferative progenitors undergoing
differentiation toward an enterocyte-like phenotype. Our analysis
also showed that the L™ /K~ cell population was characterized by
downregulation of key genes involved in proliferation and cell cycle
progression such as KI67, AURKB, FOXM1, and UBE2C (Fig 4E and
F) but retained elevated levels of ISC marker genes including LGR5
and SMOC2 (Fig 4E-G). GSEA further demonstrated an overall
downregulation of the proliferative genes in L* /K™ cells (Fig 4G). A

Figure 4. Dual LGR5 and KI67 knock-in PDOs enable separation of quiescent and cycling LGR5* CRC cells.

A Representative immunofluorescence image of PDO#7-LGR5-EGFP#1 stained with KI67 antibody. White arrowheads point to double-positive cells; yellow arrowheads

point to LGR5*/KI67 cells. Scale bars indicate 100 pm.

B Quantification of KI67* cells within the LGRS" and LGRS~ compartments (n = 2,749 LGR5" cells, 1,798 LGRS cells assessed). Data is represented as the 95%

confidence intervals of the measurements.

C Representative FACS profiles from PDO#7-LGR5-EGFP/KI67-TagRFP2 disaggregated xenografts. Only EPCAM*/DAPI™ cells are shown. The four represented populations
are: LGR5-EGFP~, KI67-RFP~ (gray), LGR5-EGFP~, KI67-RFP* (orange), LGR5-EGFP*, KI67-RFP* (red) and LGR5-EGFP*, KI67-RFP~ (green).

D Cell cycle analysis LGRS-EGFP* and KI67-RFP-positive or KI67-RFP-negative sorted populations. 5,363 and 5,398 cells were analyzed in each case.

E RT-gPCR analysis of proliferation, stem, and differentiation marker genes in the cell populations defined by EGFP/TagRFP levels. K indicates KI67, and L indicates

LGRS. Values show mean + standard deviation (s.d.) of three measurements.

F Volcano plot representing gene expression profile of L'K* versus L*K™ purified populations from LGRS-EGFP/KI67-TagRFP2 PDO#7 clone #1. Green dots indicate genes
belonging to the human colon stem cell signature, orange dots represent genes belonging to the differentiated cell signature, and blue dots depict genes of the crypt
proliferative progenitor signature. Well described genes involved in proliferation are indicated. P-values and fold changes computed by fitting a linear model with the

R package limma.

G GSEA comparing LGRS-EGFP* cells positive or negative for KI67-RFP for the signatures used in Fig 2 as well as for signatures derived from mouse crypt LGRS-high/
KI67-high or LGR5-high/KI67-low (Basak et al, 2014). Note that the only signatures that are differentially expressed between the two populations correspond to
proliferative cells derived from either human crypts of from KI67-RFP mice. In contrast, the signature of mouse LGRS-EGFP*/KI67-RFP™ is significantly enriched in

LGR5-EGFP*/KI67-RFP~ tumor cells.

© 2017 The Authors
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previous work used KI67-RFP knock-in mice to show that a small
subset of LGRS™ cells in the healthy mucosa downregulate the
expression of KI67 (Basak et al, 2014). We used transcriptomic data-
sets from these mice to identify genes up- and downregulated in
normal LGR5"/KI67" and LGRS /KI67~ crypt cells (Basak et al,
2014). Our analyses showed striking enrichment of these gene sets
in L"/K" versus L /K~ CRC cells (Fig 4G). In contrast, the oncoge-
nes MYC and MYB, the expression of which is driven by the WNT
pathway in CRC (van de Wetering et al, 2002), remained elevated in
quiescent and proliferating LGRS " tumor cell populations (Fig 4E).

Discussion

The combination of organoid and CRISPR/Cas9 technology described
herein opens up the study of human tumors through genetic
approaches that had only been feasible in animal models. This
advance is particularly well suited to analyze phenotypic diversity of
cell populations within cancers as it enables labeling and tracing of
distinct tumor cells through specific marker genes, which are not
necessarily expressed at the cell surface. In contrast, its utility to study
genomic heterogeneity is limited, as the current method requires
cloning of individual tumor cells to guarantee the accuracy of the
genomic insertions. Therefore, tumors generated from edited orga-
noids reflect the behavior of a single stem cell lineage in a genetically
homogenous mutational background. To ensure that edited organoids
are good surrogates of the parental population, we selected those
displaying mutational profiles that overlapped with that of the orga-
noid of origin. Still, although unlikely, we cannot rule out that the few
private mutations identified in these monoclonal organoids or other
epi-genetic alterations may confer differential properties. Despite
these caveats, the possibility of performing cell fate-mapping experi-
ments in human cancers represents a substantial advance. For the
first time, this approach enables the analysis of cell lineage relation-
ships in intact tumors and will help address how distinct cell popula-
tions contribute to growth, dissemination and resistance to therapy.
Colorectal cancer stem cells had been previously isolated from
patient samples using distinct surface markers including CD44,
CD133, or EPHB2, which enrich in populations of tumor-initiating
cells (O’Brien et al, 2007; Dalerba et al, 2007; Ricci-Vitiani et al,
2007; Merlos-Suarez et al, 2011). In normal colonic mucosa, these
markers are expressed broadly throughout the stem and transient
amplifying compartments (Zeilstra et al, 2008; Snippert et al, 2009;
Jung et al, 2011). In contrast, the expression domain of LGRS is
restricted to ISCs (Barker et al, 2007) yet the analysis of LGRS-
expressing cells in human CRCs had not been possible due to the
lack of good reagents. Our work shows that human LGR5" CRC cells
express the gene program of normal ISCs, are clonogenic ex vivo,
and display robust tumor-initiating capacity in xenograft assays. We
also performed for first time experiments of lineage tracing in
human CRC, which demonstrate that LGR5™ tumor cells produce
progeny over long periods of time, which undergo differentiation to
distinct lineages. Hence, our work reinforces the notion that despite
the accumulation of multiple genetic alterations, human CRCs are
governed by a cell hierarchy reminiscent of that present in the
normal intestinal epithelium. Our observations revealed two other
interesting aspects. First, the kinetics of differentiation of tumor cells
in CRC appears to be a relatively slow process compared to the
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normal epithelium, where the progeny of LGRS ISCs undergoes dif-
ferentiation 2-3 days after they leave the crypt base (Clevers, 2013).
In contrast, clones produced by LGRS CRC cells were largely
devoid of differentiated cells, which only started to accumulate after
2 weeks approximately. This delayed differentiation fits in well with
the observation that LGRS™ and KRT20" tumor cells reside in
complementary compartments rather than intermingled in the same
area and may suggest that distinct tumor niches facilitate stem or
differentiation states. Second, whereas the vast majority of normal
ISCs remain in a proliferative state (Schepers et al, 2012; Basak
et al, 2014), a substantial proportion of LGRS CRC cells contribute
with few progeny according to the lineage-tracing data. This subset
of inactive LGR5™ cells likely represent LGR5* /K167 cells identi-
fied in double-reporter knock-in PDOs. These data further support
previous clonal analysis of CRC using lentiviral marking of patient
samples, which revealed the existence of dormant cells that can be
reactivated upon passaging or chemotherapeutic treatment (Dieter
et al, 2011; Kreso et al, 2013). Finally, the finding that the progeny
of LGR5™ tumor cells scales with the total number of epithelial cells
fits in well with the hypothesis that CRC growth is the result of the
activity of multiple LGR5 " tumor stem cells. Nevertheless, our data
does not rule out that LGRS~ cells could contribute equally to tumor
growth. In the normal intestinal epithelium, differentiated cells can
opportunistically replace LGRS + ISCs through plasticity (van Es
et al, 2012; Tetteh et al, 2016), implying that the ISC phenotype is
not hardwired but rather is induced by the niche. Thus, it is likely
that LGRS and LGRS~ tumor phenotypes are also plastic. Our
observation that the xenografts generated by LGRS~ cells display
cellular patterns equivalent to those produced by LGR5* cells may
indicate interconversion of the two cell populations in these
transplantation assays, yet confounding effects such as suboptimal
isolation of the LGR5-EGFP~ population could as well explain our
results. Proper assessment of cell plasticity will require mapping the
fate of LGRS ™ cells in intact tumors through genetic strategies equiv-
alent to those described herein.

Materials and Methods

Organoid cultures

PDO#6 and PDO#7 have been previously described (Calon et al,
2015). In brief, the tumor sample used to expand PDO#6 was obtained
from an individual treated at Hospital de la Santa Creu i Sant Pau,
under informed consent and approval of the Tumor Bank Committees
according to Spanish ethical regulations. The study followed the
guidelines of the Declaration of Helsinki, and patient identity for
pathological specimens remained anonymous in the context of this
study. Tumor cells were grown as organoids embedded in BME2
(basement membrane extract 2, AMSbio) using a modification of the
media described by the Clevers laboratory (van de Wetering et al,
2015) (Advanced DMEM/F12, 10 mM HEPES, 1x Glutamax; 1x B-27
without retinoic acid, 20 ng/ml bFGF (basic fibroblast growth factor);
50 ng/ml EGF (epidermal growth factor), 1 pM LY2157299, 10 uM
Y27632, and recombinant Noggin (100 ng/ml). PDO#7, a kind gift
from G. Stassi (University of Palermo), was obtained from the dissoci-
ation of whole CRCs in suspension as described elsewhere (Lombardo
et al, 2011). Upon arrival to our laboratory, they were cultured with
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the medium described above. All cells were tested weekly for myco-
plasma contamination with negative results.

Xenograft assays

All experiments with mouse models were approved by the Animal
Care and Use Committee of Barcelona Science Park (CEEA-PCB) and
the Catalan government. We inoculated 150,000 cells (PDO#7) or
2 million cells (PDO#6) in a format of 5- to 7-day grown organoids
subcutaneously into NOD/SCID female mice in 50% BME2-HBSS.
Generally, a maximum of 4 xenografts were generated per animal.
Tumor volume was measured with manual calipers. For tumor initi-
ation assays, viable single human cells (EPCAM-positive; DAPI-
negative) from disaggregated xenografts were sorted according to
their EGFP levels and subsequently transplanted into recipient mice
in 100 pl of BME2:HBSS (1:1).

Lineage tracing and clonal analysis

Cohorts of NOD/SCID mice were inoculated with organoids as
described above. When tumors were palpable, mice were given two
consecutive doses of tamoxifen (250 mg/kg) to maximize recombi-
nation. Mice were sacrificed at indicated time points and tumors
were processed for histological analysis. Clone sizes over time were
determined in histological sections and scored by manual counting
or image analysis software. We averaged measures from distinct
sections and xenografts at each time point. Size of clones present at
4-day post-tamoxifen induction was assessed manually. For subse-
quent time points, we analyzed images using Interactive Learning
and Segmentation Toolkit, Ilastik software (www.ilastik.org). We
set the algorithm parameters so that adjacent clones or cells that
were not in contact computed as independent clones. A full descrip-
tion of the methodology used for clonal analysis is included in the
Appendix Supplementary Methods.

Transcriptomic profiling

RNA from selected tumor cell populations isolated from xenografts
by FACS (1,000-5,000 cells per sample) was amplified using pico-
profiling (Gonzalez-Roca et al, 2010) and subsequently hybridized
on Primeview arrays (Affymetrix). Gene expression was analyzed
using standard methodology as described in the Appendix Supple-
mentary Methods. Data have been deposited at Gene Expression
Omnibus (GSE92960 and GSE92961).

A detailed description of the methods is included in the
Appendix Supplementary Methods.

Expanded View for this article is available online.
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Problem

The study of stem cell hierarchies and of other sources of cellular
diversity in human cancers has been largely based on experiments of
tumor cell isolation from dissociated patient samples. These experi-
ments impose a number of limitations; first, the requirement of anti-
bodies against specific membrane proteins to label particular cell
populations limits the repertoire of cell phenotypes that can be
analyzed. Second, the necessity to dissociate the sample impedes the
examination of tumor cell populations in an intact environment (i.e.,
in a growing tumor).

Results

We combine two novel methodologies—patient-derived tumor orga-
noids (PDOs) and genome editing tools—and apply them to study the
cellular heterogeneity of CRC without the limitations described above.
To illustrate the utility of this approach, we studied LGRS cells in
human CRC, the analysis of which has been hampered by lack of good
commercial reagents to recognize this protein. Using CRISPR-mediated
targeting, we engineered PDOs carrying an EGFP reporter cassette
recombined at LGRS locus. We discovered that the LGRS™ tumor cell
population expresses a gene program similar to that of normal ISCs.
In xenograft experiments, human LGRS tumor cells propagated the
disease to recipient mice with high efficiency implying that this cell
population is largely enriched in tumor-initiating cells. Furthermore,
we generated PDOs bearing a lineage-tracing cassette and subse-
quently mapped the fate of LGRS* cells in intact tumors. We found
that LGRS" cells display long-term self-renewal and multilineage dif-
ferentiation capacity. Finally, by generating dual LGRS-EGFP/Ki67-RFP
knock-in PDOs, we characterized a population of quiescent stem cell-
like cells in human CRCs.

Impact

The approach described herein has broad applicability to analyze the
phenotypic diversity of human tumors. In essence, it brings the power
of mouse genetic tools to study human cancer. Among many other
possibilities, it enables lineage-tracing experiments that can help to
elucidate the behavior of distinct tumor cell populations during
growth, dissemination, and resistance to therapy.
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