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SCOPE OF THE THESIS

The vast majority of the tissues in animals have the capacity to repair damage and constantly do
so during normal wearing and tearing. Most visible are the hairs and pieces of skin we lose every
day. This ability to regenerate comes from resident adult stem cells. These are defined by their
ability to unlimitedly self-renew and to produce all the cell types of the corresponding organ.
The champion of all mammalian adult stem cells is found in the intestine, where stem cells
divide each day to ensure that all cells of the epithelium are renewed every 4 to 7 days. Signals
that control the balance between self-renewal and differentiation into the different cell types
are crucial to prevent tumorigenesis. An emerging tool to study these developmental cues are
organoids, three-dimensional cultures derived from adult stem cells that form miniature versions
of the organ these are derived from. Organoids are amendable to high throughput screens and
genetic engineering, and are therefore particularly useful to fill gaps in the understanding of
homeostasis of multiple tissues. An example of such a gap is the development and functioning
of intestinal enteroendocrine cells (EECs), a cell type that constitutes just 1% of the intestine but
still makes it the largest endocrine organ. These cells control important physiological processes
such as appetite and insulin release, and are attractive therapeutic targets for metabolic diseases.
Their rarity renders in vivo investigations impractical. Another example where organoids can
come to rescue is in species where genetic engineering like in mice is impossible. For example,
the snake venom gland is such a system where any tractable model system is lacking. Snake
venom constitutes a rich resource of potential therapeutics, which only have been partly mined.
One of the most potent diabetes drug has been isolated from the venom of the lizard Gila
monster: exendin-4, a homologue of the EEC hormone GLP-1 that is resistant to degradation.
On the other hand, snakebite still kills over 100.000 people every year globally.

In this thesis, we have employed organoids to answer basic developmental questions on
how the intestine produces the constituent lineages with their diverse functions. We identify
extensive specialization of cell types along the crypt-villus axis that is BMP regulated. We gain
new insights in how EECs are generated, use organoids to study their functioning in-depth
and provide an organoid-based system where the different EEC subtypes can be efficiently
generated and tracked. Venom gland organoids are presented as the first reptilian organoid
culture. These systems will allow studying cells which are inaccessible and hard to study in their
cognate animal source.

The first two chapters present review studies describing literature background on
the main topics of this thesis. Chapter 1 reviews the signaling pathways in controlling intestinal
homeostasis, and how these balance proliferation and differentiation towards the different
lineages. Particular attention is given to an emerging concept at that time: the omnipresent
stem cell potential among intestinal progenitor cells, and how this is exploited during
damage. Chapter 2 focuses on the hormone-producing enteroendocrine cells. Their function,
development and tools to study these rare but important cells are highlighted.

Chapter 3 investigates cell cycle control of intestinal stem cells using organoids. We find

that loss of EGF signaling halts proliferation in intestinal stem cells, without inducing their
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differentiation. Quiescent stem cells are biased towards generation of EECs when these re-enter
the cell cycle, uncovering a link between fate and cell division speed of intestinal stem cells.
Additional loss of Notch and Wnt signals generates a high-purity culture of EECs in organoids.

In Chapters 4 and 5, we report on a BMP-regulated specialization of intestinal cell types
along the crypt-villus axis. EECs switch their hormone profile during their journey from crypt to
villus in a BMP-dependent manner (Chapter 4). A similar functional switch controlled by BMP
signaling occurs in goblet cells and enterocytes (Chapter 5). We find that human enterocytes
express genes related to carbohydrate metabolism in the bottom of the villus, while specializing
to BMP-regulated lipid metabolism and chylomicron synthesis in the tip of the villus. Blocking
the BMP gradient in vivo could reset these zonated functional programs, providing therapeutic
opportunities for multiple metabolic diseases.

In Chapter 6, we build an extensive biobank of human organoids that allows efficient EEC
generation combined with fluorescent tagging of 10 different hormones. Using this biobank, we
provide an in-depth analysis of the transcriptome and secreted products of human EECs. We
find novel intestinal hormones and highlight key differences between mouse EECs and human
EECs.

Chapter 7 closes with the generation of the first reptilian organoid system, derived from
the snake venom gland. We show this system is able to produce snake venom in vitro, and utilize
it to assess cellular heterogeneity of the organ. We find that the snake venom gland contains
different cells producing different combinations of toxins, as well as cells that specialize in
the production of protective factors against their own venom.

Chapter 8 concludes all the previous chapters, and discusses these in a broader context of

current literature. We highlight therapeutic implications and future prospects.
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SUMMARY

The intestinal epithelium is the fastest renewing tissue in mammals and has a large flexibility
to adapt to different types of damage. Lgr5* Crypt Base Columnar (CBC) cells act as stem cells
during homeostasis and are essential during regeneration. Upon perturbation, the activity of
CBCs is dynamically regulated to maintain homeostasis while multiple dedicated progenitor
cell populations can reverse to the stem cell state upon damage, adding another layer of
compensatory mechanisms to facilitate regeneration. Here, we review our current understanding
of how intestinal stem and progenitor cells contribute to homeostasis and regeneration, and
the different signaling pathways that regulate their behavior. Nutritional state and inflammation
have been recently identified as upstream regulators of stem cell activity in the mammalian
intestine, and we further explore how these systemic signals can influence homeostasis

and regeneration.
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REGULATION AND PLASTICITY OF INTESTINAL STEM CELLS DURING HOMEOSTASIS AND REGENERATION

INTRODUCTION

The intestintal epithelium is organized in modules termed crypt-villus units. Villi are surface-
extending protrusions into the intestinal lumen that are covered by differentiated cell types.
Intestinal stem cells (called crypt-base columnar cells, or CBCs) are easily identifiable by their
slender morphology and localization at the crypt base, intermingled with the much larger,
granule-containing and post-mitotic Paneth cell (see Figure 1). CBCs divide each day to
produce rapidly proliferating daughter cells that move up the wall of the crypt onto the flanks of
the villus, sometimes referred to as the intestinal ‘conveyor belt. At the villus tips, mature cells
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Figure 1. The intestinal crypt-villus unit. A-E) Cross section of the murine small intestine. The epithelium
is organized in units of crypt-villi. Stem cells and transit amplifying cells in the crypt proliferate
continuously to renew mature cells in the villi. At the tip of villi (A), mature cells undergo apoptosis and are
shed in the lumen, stained by cleaved caspase-3 (brown, arrows). The brush border on the apical surface
of the enterocytes (B) can be visualized by alkaline phosphatase staining (black, arrow). Paneth cells (C) at
the crypt bottom stained by Lysozyme (brown, arrows). Goblet cell (D) stained by Mucin-2 (brown, arrow)
Enteroendocrine cells (E) stained by Chromogranin-A (brown, arrow). Orange indicates differentiated
cells in villi, light grey indicates transit-amplifying progenitor cells, blue indicates the +4 cell position,
green indicates CBCs, dark grey indicates PCs. TA, transit-amplifying; CBCs, crypt base columnar cells;
PCs, Paneth cells.
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are continuously lost by undergoing apoptosis, 4-5 days after their birth. Only the stem cells
in the crypt retain long-term self-renewing ability. A second population of non-dividing stem
cells has been suggested to exist at the so-called +4 position, 4 cell diameters above the base
of the crypt and directly adjacent to the CBC/Paneth region. Within the intestine, two major
differentiated epithelial lineages are distinguished: 1) the enterocyte or absorptive lineage,
responsible for absorbing nutrients, and 2) the secretory lineage (see Figure 2). The latter
consists of Paneth cells that act as niche cells for stem cells and secrete antimicrobial molecules,
the mucus-secreting Goblet cells, a variety of hormone-producing enteroendocrine cells and
the mechanosensing Tuft cells (Clevers, 2013). The intestinal epithelium is exposed to a hostile
luminal environment, which may explain its high turnover rate of 4-5 days, the highest among
mammalian tissues.

Different extrinsic or intrinsic causes can upset the homeostatic self-renewal, and/or result
in overt damage. Under such circumstances, the epithelium displays an impressive regenerative

response. For instance, a 12 Gy dose of irradiation causes hematopoietic failure, yet still triggers
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Figure 2. Stem cells and differentiated progeny in the intestine. Crypt base columnar cells (green, CBCs)
are intestinal stem cells that generate all major intestinal lineages, including secretory cells and enterocytes
(orange). Paneth cells are the exception of the differentiated lineage, and do not migrate upwards. +4 cells
(blue), marked by Hopx, mTert Bmil and Lrigl or identified as label retaining, have been proposed as
a second stem cell population. The double-headed arrow on the right indicates relative position of the cells
along the crypt-villus axis.
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an effective regenerative response in the intestine, classically involving hyperproliferation of
non-differentiated crypt cells, as well as crypt fission — the process by which one crypt produces
two crypts - to repopulate the epithelium (Withers and Elkind, 1970). This response is illustrative
of the adaptive capacity of the intestine. Flexability in the regenerative response also occurs
upon surgical resection and acute inflammation (Cordero and Sansom, 2012). Regeneration
is generally believed to be facilitated by stem cells, and multiple strategies can be conceived
that could facilitate such a flexible response to injury (see Figure 3). Firstly, separate stem
cell populations may exist in a two-stem cell model that either act during homeostasis or are
activated during damage. The CBC stem cells that fuel intestinal renewal during homeostasis
are rapidly dividing. A separate non-dividing, or quiescent, population of ‘reserve’ stem cells
has been proposed to co-exist, i.e. the intestinal ‘“+4’ stem cell. Such non-dividing reserve stem
cells could be less radiosensitive, and may divide only when the actively dividing stem cells are
challenged (Li and Clevers, 2010). A second scenario could be that the activity of a single stem
cell population is adaptively controlled upon injury. Indeed, inflammation increases the activity
of intestinal stem cells (ISCs) in a cell-autonomous manner (Lindemans et al., 2015). Similarly,
calorie restriction can impinge on stem cell activity, for example by augmenting the function

of Paneth cells which indirectly increases the number of CBCs (Richmond et al., 2015; Yilmaz

Differentiated '
cells ;
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@ - 0° /,%\D ©
Reserve Active
stem cell stem cell

Figure 3. Models of regeneration in the intestine. A variety of possible scenarios exist for intestinal
regeneration. In the first, actively dividing stem cells (green) are responsible for intestinal renewal
during homeostasis, producing committed progenitor cells (yellow), which produce differentiated cells
(orange). A coexisting quiescent, reserve population of stem cells (blue) is activated upon injury, and might
contribute directly to the generation of progeny or active stem cells (red arrows). In the second scenario,
niche and inflammatory signals (red arrows, bottom) can directly enhance stem cell activity to promote
a regenerative response. In the third scenario, committed progenitor cells retain stem cell potential and can
revert to the stem cell state in response to perturbations (red arrow).
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et al., 2012). In a third model committed progenitor cells could regain stem cell potential
by reverting to a stem cell state. Such plasticity could be termed ‘reverse’ stem cell potential
(vs. ‘reserve’ stem cells), and by it’s very nature would exist in a non-stem cell population
(Buczacki et al., 2013; Tetteh et al., 2016; van Es et al., 2012a). The capacity to dedifferentiate
has been identified in a variety of multicellular organisms, pointing to a potentially universal
mechanism for regeneration (Sdnchez Alvarado and Yamanaka, 2014), and has been described
for mammalian endodermal tissues like the lung (Hogan et al., 2014).

In this review, we discuss the range of cellular responses that enable the intestine to adapt
to different perturbations, with a focus on stem and progenitor cell dynamics. We will first
give a general overview of the identification of intestinal stem cells. Next, we will review
the requirement for different signaling pathways to maintain homeostasis, both under normal
physiological conditions as well as in response to injury. We focus on recent advances in
the understanding of how dynamics in stem cell activity occur including how specific stressors

such as inflammation or nutritional deprivation may directly impact on stem cell behavior.

THE QUEST FORTHE INTESTINAL STEM CELLS

Radioactive nucleotide labeling studies have been used to show that intestinal proliferation is
restricted to crypts, and that cells after their generation (with the exception of Paneth cells)
move upward towards the villus tips to eventually self-sacrifice (Clevers, 2013). This conveyer-
belt model of intestinal renewal and cell migration suggests that the cells that drive homeostatic
renewal reside at the crypt bottom. The CBC stem cells were originally identified by Cheng
and Leblond and are located at the crypt base, interspersed between Paneth cells (see Figure
1; Cheng and Leblond, 1974). Functional evidence to definitively identify crypt stem cells,
like in other epithelial tissues, had to await the identification of specific marker genes and
the development of lineage tracing technology, as the golden standard for assessing stem cell
potential (Kretzschmar and Watt, 2012). Leucine-rich repeat containing G-protein coupled
receptor 5 (Lgr5), a target gene of the Wnt signaling pathway, was identified as marker of CBCs
(Barker et al., 2007). With the generation of appropriate Lgr5 knock-in alleles, murine CBCs
were shown to generate all differentiated cell types of the intestine over long time periods (see
Figure 2). Surprisingly at the time, they were observed to be rapidly dividing, with an average
cell cycle time of 21.5 hours (Schepers et al., 2011). Single Lgr5+ cells can be isolated from
mouse intestine and under defined culture conditions can form mini-guts; miniature intestines
with crypt-villus domains that containing all the mature intestinal cell types (Sato et al., 2009).
Therefore, CBCs fulfill the defining criteria of stem cells, namely multipotency and the capacity
to self-renew.

Stem cells are generally believed to be slowly cycling/quiescent in order to protect genome
integrity. The rapid cell division rate of CBCs challenges this belief, building upon the idea
that quiescence might not be a defining hallmark of stem cells (Clevers, 2015). However,
a second stem cell population has been proposed to exist alongside CBCs. Potten and colleagues
identified DNA label-retaining cells at the +4 position, 4 cells above the base of the crypt (see
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Figure 1; Potten et al., 1974). Bmil, Lrigl, Hopx and mTert have been described as markers of
these cells (see Figure 2; Montgomery et al., 2011; Powell et al., 2012; Sangiorgi and Capecchi,
2008; Takeda et al., 2011). +4 cells are insensitive to injury and lineage-tracing experiments
based on these markers show increased stem cell activity upon damage, suggesting that these
cells are reserve stem cells capable of replacing CBCs in the injury setting (Montgomery et al.,
2011). The study of +4 cells became complicated when it was found that these marker genes
were broadly expressed at the transcript level, including in CBCs (Griin et al., 2015; Li et al.,
2014; Muioz et al.,, 2012). Lengner and colleagues subsequently showed that the Bmil-CreER
and Hopx-CreER proteins are more specifically localized than the corresponding mRNA
transcripts, and that these reporters - based on transcriptional profiling — can identify cells
that are largely distinct from those marked by Lgr5+ cells (Li et al., 2014). Moreover, lineage
tracing from Hopx-CreER and subsequent single cell profiling demonstrated that Hopx+ and
Bmil+ cells can generate CBCs during homeostasis (Li et al., 2014), suggesting a bona fide
separate stem cell population (Figure 2). However, using the original experimental conditions,
our lab has shown that lineage tracing from the Bmil locus initiates with equal efficiency along
the entire crypt axis, including in CBCs (Mufioz et al., 2012). It is clear that +4 cells as defined by
each of these markers require more attention to unequivocally demonstrate their homeostatic

stem cell potential, and their relation to CBCs.

SIGNALING PATHWAYS THAT REGULATE INTESTINAL STEM
CELLS

The activity of CBCs is tightly controlled by signaling molecules that derive from the epithelium,
and mesenchymal cells outside the epithelial crypt-villus unit depicted in Figure 1. Mesenchymal
cells are vital components of the intestinal niche, and include fibroblasts, immune cells, enteric
neurons and capillaries. These cells have been shown to secrete a wide variety of growth factors
and cytokines that together with epithelial signals control proliferation and differentiation
of CBCs (Powell et al., 2011) . Perturbations such as irradiation, toxins, chemotherapy,
inflammation and nutritional deprivation can all induce rewiring of signaling pathways to
modulate CBC activity and compensate for cellular loss in order to accommodate regeneration.
In this section, we summarise and discuss the main signaling pathways that are involved in

the regulation of intestinal stem cell activity in homeostasis and upon injury (Table 1).

Wnt

The Wnt pathway is essential for the maintenance of intestinal stem cells. When Wnt ligands
bind to the Frizzled-LRP5/6 receptor complex, the cytoplasmic APC destruction complex is
inhibited, leading to accumulation of the key mediator of Wnt signals: -catenin. p-catenin
translocates to the nucleus and acts as a transcriptional co-factor for T-cell factor (TCF)
transcription factors, inducing transcription of Wnt target genes (Clevers and Nusse, 2012).
Inactivating mutations in Tcf4/Tcf712, one of the downstream transcription factors of the Wnt

pathway, prevent the formation of proliferative crypts in neonatal mice (Korinek et al., 1998). In
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Table 1. Summary of signaling pathways involved in dynamic control of ISC activity

Signaling Role in ISC

pathway dynamics Evidence Reference
Wnt Stem cell TCF4 inactivation causes loss of stem cells in mice (Korinek et al., 1998;
maintenance van Es et al., 2012b)
Overexpression of Dkk1 in mice causes loss of (Kuhnert et al., 2004;
crypts in mice Pinto et al., 2003)
APC inactivation confers stem cells with (Snippert et al.,, 2014;
a competitive advantage in mice Vermeulen et al., 2013)

Regeneration  FAK deletion prevents regenerative proliferation after (Ashton et al., 2010)
intestinal injury in mice

Whnt5a deficient murine crypts show abnormal (Miyoshi et al., 2013)
regenerative response with prolonged proliferation
Rspondinl administration improves regeneration (Kim et al., 2005;
in mice Zhou et al., 2013)
Notch Stem cell Inhibition of Notch through y-secretase causes stem (Milano et al., 2004;
maintenance  cell conversion towards secretory lineages van Es et al., 2010)

Inhibition of  Inactivation of Notch effectors Hes1, Hes3 and Hes5 (Ueo et al., 2012)
secretory fate  in the intestine causes increased secretory formation
in mice: Ueo 2012
EGF/ Stem cell Proliferation is reduced in mouse intestinal crypts (Holmberg et al., 2006)
EphB proliferation  lacking EphB2/3
Loss of Lrigl causes activation of ErbB signaling and (Wong et al., 2012)
expansion of the intestinal crypt in mice.
Regeneration  Doxorubicin treatment induces EGF-ligand/BMP (Seiler et al., 2015)
inhibitor expression in sub-epithelial tissue in mice,
although its relevance remains to be determined
BMP Stem cell BMP inhibition by transgenic noggin overexpression, (Haramis, 2004; He et
differentiation or conditional loss of Bmprla, causes formation of  al., 2004)
ectopic crypts in mice?
Regeneration ~BMP ligand expression is increased in Drosophila (Guo et al., 2013)
gut after injury and limits stem cell expansion,
Doxorubicin treatment induces EGF-ligand/BMP (Seiler et al., 2015)
inhibitor expression in sub-epithelial tissue in mice
although its relevance remains to be determined
Hippo Stem cell Yorki overexpression increases stem cell proliferation (Karpowicz et al., 2010)
proliferation  in Drosophila
Knockdown of YAP/TAZ in mouse crypts surpresses (Imajo et al., 2014)
proliferation
Regeneration ~ YAP deletion interferes with regeneration in (Cai et al., 2010)
DSS-induced colitis in mice, shown by reduced
proliferation and increased mortality.
YAP deletion interferes with regeneration after (Gregorieft et al., 2015)
irradiation in mice indicated by reduced proliferation.
YAP/TAZ deletion impairs organoid formation . (Azzolin et al., 2014;
Gregorieff et al., 2015)
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the adult intestine, ubiquitous deletion of Tcf4 using a Villin-CreERT2 transgenic model caused
rapid loss of Lgr5+ CBCs (van Es et al., 2012b). Similarly, mice with an intestinal overexpression
of the secreted Wnt inhibitor Dickkopf 1 (Dkk1) showed loss of crypts and decreased epithelial
proliferation (Kuhnert et al., 2004; Pinto et al., 2003). CBC-specific activation of the Wnt
pathway by inactivating mutations in APC stabilizes B-catenin and confers stem cells with
a competitive advantage over their wild-type counterparts resulting in the rapid formation of
adenomas (Barker et al., 2009; Snippert et al., 2014; Vermeulen et al., 2013).

Wnt ligands are redundantly expressed in epithelial Paneth cells and in the mesenchyme
surrounding the crypt (Farin et al.,, 2012; Kabiri et al., 2014). Paneth cell-derived Wnt3 is
essential to maintain proper growth of cultured epithelial 3D intestinal organoids, but can
be depleted in vivo without a phenotype. This is because, in the latter, the mesenchyme acts
as alternative source of Wnt, whereas in vitro the mesenchyme was not present (Farin et al,,
2012). Indeed, Wnt3 knockout intestinal organoids can be rescued by co-culturing them with
mesenchyme. Removal of Foxl1-expressing peri-cryptal mesenchymal cells in vivo causes loss of
Wnt activity, and of proliferation, in crypts (Aoki et al., 2016). This recent study work identifies
the mesenchyme as a critical component of the CBC niche, though it remains to be determined
whether Wnt itself or another signal is non-redundant with the Paneth cell niche function.

Activation of the Wnt pathway is restricted to the lower crypt, and forms a signaling
gradient along the crypt axis (Batlle et al., 2002; Muiioz et al., 2012). Different strategies for
Wnt-controlled growth and patterning have been proposed, with both long-distance and local
signaling activity observed (Mikels and Nusse, 2006). In Drosophila larvae, Wnt is expressed
by a narrow stripe of cells in the imaginal discs and forms a long-distance gradient into
the prospective wing. Tethering of the Drosophila Wnt ligand Wingless to the membrane of
the producing cell does not, however, disturb normal wing development (Alexandre et al., 2014).
Surprisingly, in the mammalian intestinal crypt, Paneth cell-produced Wnt3 does not freely
diffuse, but is bound to the neighboring stem cell membranes as visualized by an HA-tagged
Wnt3 allele (Farin et al., 2016). Binding to the membrane occurs directly through Frizzled,
the cognitive Wnt receptor, and transfer of Wnt3 from Paneth cells to neighboring cells depends
on direct cell-to-cell contact. When proliferation is inhibited in intestinal organoids, the Wnt
gradient in the crypts collapses, implying that Wnt spreads through proliferative dilution of
Wnt-binding membranes (Farin et al., 2016). It is tempting to speculate that the coupling
between cell cycle activity and the concentration of a crucial stem cell niche signal is part of
a functional feedback loop. When proliferation is overstimulated, rapid dilution of Wnt might
lead to loss of CBCs or of their transit-amplifying (TA) cells. This protective feedback could
explain why intestinal oncogenesis is virtually always initiated by mutations in the Wnt pathway
(Morin et al., 1997). Indeed, recent work indicates that BRAF mutations cause loss of CBCs,
which could be reversed by activating the Wnt pathway by exogenous Wnt ligands in vitro or
B-catenin mutations in vivo (Riemer et al., 2015). Vice versa, a decrease in CBC proliferation
in the event of injury or other perturbations could lead to a large CBC-bound pool of Wnt that

stimulates proliferation or symmetric stem cell expansion during subsequent regeneration.
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Wnt signaling is a crucial mediator of regeneration (Cordero and Sansom, 2012). Deletion
of the Wnt target gene c-Myc impedes regeneration by causing massive crypt loss following 14
Gy irriadation (Ashton et al., 2010) . Downstream of Wnt/c-Myc, focal adhesion kinase (FAK)
is upregulated following irradiation (Ashton et al., 2010). FAK is essential for maintaining
Whnt-driven proliferation during regeneration, and suppresses apoptosis by activating AKT/
mTOR signaling (Ashton et al,, 2010). Non-canonical Wnt signaling also seems to partly
mediate regenerative responses in the colon (Miyoshi et al., 2013). After mechanical injury, one
of the transcripts enriched in wound beds compared to normal epithelium is Wnt5a, a non-
canonical Wnt ligand. Wnt5a is expressed by stroma surrounding the site of injury, and lack
of Wnt5a causes a failure to develop new crypts at the wounding site. Wnt5a has been shown
to limit the proliferation of crypt cells after injury in a TGF-B dependent manner (Miyoshi et
al., 2013), however it remains unclear whether cell cycle inhibition is a functionally relevant
element of the Wnt5a-mediated regenerative response, or whether Wnt5a has additional effects.

Multiple studies have found that enhancing Wnt signaling can stimulate recovery after
intestinal damage. Administration of the Wnt agonist R-spondinl improves recovery after
chemoradiotherapy in mice (Kim et al., 2005). E3 ligases and Wnt targets RNF43 and ZNRF3
can downregulate Frizzled receptors, thereby effectively inhibiting the Wnt pathway (Hao
et al,, 2012; Koo et al., 2012). R-spondin short circuits this negative feedback by binding to
its receptor Lgr5, and together these associate with and inhibit RNF43/ZNFR3 (Hao et al,,
2012; Koo et al,, 2012). The effect of R-spondinl on regeneration can be further improved by
simultaneous treatment with Slit2(Zhou et al., 2013). Slit2 is expressed by CBCs, along with
its receptor Roundabout 1 (Robol). Knockout of Robol decreases the number of CBCs,
suggesting that a Robo1/Slit2 signaling axis is important for CBC maintenance (Zhou et al.,
2013). Simultaneous administration of R-spondinl and Slit2 expands the number of Lgr5+
cells, and synergistically acts to stimulate intestinal recovery, thereby preventing lethality of
mice treated with chemoradiotherapy. It remains unclear whether Slit2 is a potentiator of Wnt
signaling in a similar manner to R-spondinl1 in this regenerative context. Slit2 is overexpressed
in some intestinal cancers, and has been found to downregulate E-cadherin, thereby possibly
releasing B-catenin and activating Wnt signaling (Zhang et al., 2015). Paradoxically, signaling
through Slit2/Robo2 decreases -catenin in mammary stem cells, limiting stem cell self-renewal
(Harburg et al., 2014). Future studies are clearly required to dissect downstream targets of Slit2
activity in intestinal regeneration. Taken together, current evidence implies a large therapeutic
opportunity for Wnt signal enhancement in promoting gastrointestinal recovery, for example

upon chemotherapy.

Notch

The Notch signaling pathway depends on a cell presenting a Notch ligand to an adjacent Notch-
expressing cell. When the Notch receptor binds its ligand, the Notch intracellular domain
(NCID) is released by proteolysis. NCID subsequently translocates to the nucleus where it
activates target genes through the transcription factor RBP-J. Paneth cells express Notch ligands
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Delta-like 1 and 4 (DI11 and DII4) and present these ligands to adjacent CBCs (Sato et al., 2011).
Notch inhibition causes rapid conversion of all proliferative crypt cells including the intestinal
stem cells (ISCs) into goblet cells (Milano et al., 2004; van Es et al., 2005; van Es et al., 2010).
Notch signaling activates expression of Hes family transcription factors including Hesl, that
repress the helix-loop-helix transcription factor Math1l/Atohl. Similar to Notch inhibition,
induction of Math1/Atohl in turn promotes differentiation towards a secretory fate (Ueo et
al., 2012), whereas loss of Atohl results in an absence of secretory cells (Shroyer et al., 2007).
Therefore, Notch acts as a binary switch through lateral inhibition, promoting CBCs to undergo
Atohl-dependent secretory differentiation when inactivated. Secretory progenitors express
DII1 (van Es et al., 2012a) and suppress a secretory fate in their neighbors, driving the fate of

these cells towards the enterocyte lineage.

EGF

Epidermal growth factor (EGF) is a crucial component of the intestinal organoid culture
(Sato et al., 2009). The EGF receptor (EGFR) is highly expressed in CBCs, while its ligands
are expressed by Paneth cells (Sato et al., 2011). The activity of ErbB signaling is controlled
by the negative regulator Lrigl, a transmembrane protein, which is co-expressed with Lgr5 in
CBCs (Wong et al., 2012). Loss of Lrigl causes enhanced receptor activation and a concomitant
rapid expansion of crypts and stem cell numbers. It is currently unknown at which level Lrigl
affects ErbB signaling. These lines of evidence illustrate the importance of this pathway as an
inductive signal for stem cell proliferation. Although the role of EGFR/ErbB signaling for ISC

proliferation is clearly established, it is not known if it is a prerequisite for CBC identity.

BMP

Bone morphogenic protein (BMP) signaling acts as inducer of differentiation in the crypt.
Mesenchyme surrounding CBCs create a BMP-low environment by secreting BMP inhibitors
(Kosinski et al., 2007), while BMP ligands expressed in villi create a BMP-high environment
that promotes differentiation. Consistent with this, transgenic expression of the BMP inhibitor
Noggin leads to excessive crypt formation (Haramis, 2004). Moreover, the BMP inhibitor
Noggin is an essential ingredient of the organoid culture medium (Sato et al., 2009), as without
it stem cells undergo differentiation Similarly, conditional inactivation of the BMP receptor
Bmprla in mice elevates Wnt signaling activity and causes a rapid expansion of the stem cell
compartment (He et al., 2004)). These phenotypes are reminiscent of patients with juvenile
polyposis who carry inactivating mutations in the BMP pathway (Howe et al,, 2001). In
the Drosophila midgut, BMP is induced upon injury and acts directly on ISCs to limit their
expansion (Guo et al., 2013). In the murine intestine, the BMP inhibitor Chordin-like 2 is
upregulated together with EGF ligand Amphiregulin in sub-epithelial tissues after treatment
with the chemotherapeutic doxorubicin (Seiler et al., 2015). This upregulation occurs in concert
with an increase in ISC proliferation. The requirement of differential BMP or EGF signaling

during regeneration remains to be assessed in future studies.
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Hippo

The Hippo signaling pathway is a key player in the regulation of organ size and has been shown
to act as an interpreter of mechanical cues (Varelas, 2014). Recent studies indicate a role
for Hippo signaling in intestinal homeostasis and regeneration, although its exact function
remains controversial (Li and Clevers, 2013). Upon Hippo pathway activation, a kinase cascade
consisting of MST1/2 and LAT1/2 kinases phosphorylates and inactivates YAP and TAZ
through their cytoplasmic translocation. YAP and TAZ are final effector proteins of the pathway
acting as co-activators of TEAD transcription factors (Pan, 2010).

During homeostasis, YAP is expressed throughout the intestinal crypt (Cai et al., 2010).
Genetic inhibition of the Hippo pathway increases ISC proliferation in Drosophila (Karpowicz
et al., 2010). Imajo and colleagues report similar proliferative effects after YAP activation in
the murine intestine (Imajo et al., 2014). However, overexpression of YAP-S127A, a phospho-
deficient mutant that readily translocates to the nucleus, decreased proliferation and inhibited
Whnt signaling in vivo (Barry et al., 2013). These paradoxical observations can be reconciled
by postulating separate cytoplasmic and nuclear functions of YAP/TAZ. YAP/TAZ have been
shown to directly bind to Axin and inhibit Wnt signaling in an overexpression system (Azzolin
etal., 2014; Imajo et al., 2014). In this scenario, YAP/TAZ would thus act as part of the p-catenin
destruction complex in HEK cells, and mediate the recruitment of the p-catenin E3 ligase
B-TrCP, targeting it for destruction (Azzolin et al., 2014). Wnt/Lrp6 can displace YAP/TAZ
from the destruction complex, inducing both YAP/TAZ nuclear translocation and p-catenin
stabilization. When Wnt is inactive, YAP/TAZ is both sequestered by the destruction complex
and forms an active part of it by recruiting B-TrCP. In APC knockout mice, crypts become
hyperplastic and produce adenomas due to overactivation of the Wnt pathway. This phenotype
is reversed by the additional double knockout of YAP/TAZ, preventing APC loss-induced
lethality in mice (Azzolin et al., 2014). These observations fit a model in which Hippo and
Whnt act in a concerted manner, with YAP/TAZ forming part of the Wnt response. Strikingly,
the Wnt signature (high ectopic expression of Wnt targets such as Lef]l and CD44) is still present
in the APC/YAP/TAZ mutant compared to APC-only loss (Azzolin et al., 2014). Knockdown
of YAP/TAZ in vivo similarly does not affect the p-catenin/TCF4 gene signature (Imajo et al.,
2014). These observations indicate that YAP/TAZ promote their own transcriptional program,
or control other pathways, complementary to Wnt transcriptional targets. Indeed, YAP has been
shown to activate EGF signaling independent of its interaction with the Wnt pathway, which is
critical for the progression of APC-mutant adenomas (Gregorieff et al., 2015).

The role of Hippo signaling during regeneration has been extensively studied. Upon
induction of colitis using dextran sodium sulfate (DSS), YAP is intitially downregulated (Cai et
al., 2010). After withdrawal of DSS, YAP is dramatically increased during the regenerative phase.
An intestinal knockout of YAP does not cause a phenotype during homeostasis, but interferes
with regeneration in DSS-induced colitis (Cai et al., 2010). A similar dependence on YAP for
regeneration was recently reported by Gregorieff and colleagues (Gregorieff et al., 2015). After
irradiation, YAP nuclear localization increased after 2 days and returned to a predominantly

cytoplasmic localization after 4 days. Knockout of YAP in CBCs caused increased apoptosis
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upon irradiation and a delayed regenerative response. In the absence of YAP, irradiation-
induced recovery promotes a conversion of crypt cells to Paneth cells, which is a Wnt-
dependent phenomenon (Gregorieft et al., 2015). In organoids, which mimick some aspects of
regeneration, YAP deletion has been shown to result in a drastic decrease in crypt formation.
Decreasing Wnt activity reverses the increase in Paneth cells, and restores the number of crypts
in these YAP-deficient organoids (Gregorieff et al., 2015). In contrast, overexpression of YAP
interferes with organoid formation by decreasing Paneth cell numbers and Wnt activity (Barry
et al., 2013). This suggests that YAP acts in a narrow window by keeping Wnt in check during
regeneration, thus preventing CBC exhaustion. High Wnt activity sensitizes CBCs to p53-
induced apoptosis, which could explain increased apoptosis upon irradiation when YAP is lost
(Tao et al., 2015). In further support of this model, R-spondin injection in YAP knockout mice
leads to a much larger increase in intestinal Wnt target gene expression - with a concomitant
increase in CBCs - than observed in wild-type mice (Barry et al., 2013). Besides regulating
Whnt, YAP also apparently controls a transcriptional program required for regeneration. One of
the YAP-dependent upregulated genes during regeneration is Ereg, an EGFR ligand (Gregorieft
et al., 2015). Formation of YAP-deficient organoids is rescued by exogenous Ereg to a similar
extent as inhibition of the Wnt pathway. Hippo signaling thus impacts on both EGF and Wnt
signaling to control regeneration after irradiation.

The intricate - and still somewhat confusing - connection between Hippo and Wnt signaling
could partly account for high nuclear p-catenin in the bottom of the crypt. YAP is nuclear in
regions with active Wnt signaling, and cytoplasmic where Wnt is inactive (Barry et al., 2013).
The 3D architecture of the bottom crypt, which is curved, has unique mechanical properties.
Possibly as a consequence, YAP/TAZ expression at the crypt bottom is nuclear, compared to
upper crypt- and villus regions, where Hippo is active and YAP/TAZ are located in the cytoplasm.
In these areas, YAP/TAZ may actively block Wnt signaling. Interestingly, YAP/TAZ are also Wnt
targets (Konsavage et al., 2012), and can thus impose a negative feedback on Wnt signaling
by inhibiting B-catenin. A comparable negative feedback loop in the Wnt pathway has been
described above, by the E3 ligases RNF43 and ZNRF3 that can downregulate Frizzled receptors
(Hao et al., 2012; Koo et al., 2012). Negative feedback signaling on the Wnt pathway is a crucial
part of the regenerative response and functions to preventing overactivation (Gregorieff
et al., 2015).

NUTRITIONAL STATE AND INFLAMMATION AS
REGENERATIVE CUES

Nutritional state regulates intestinal stem cell activity

Nutritional state and inflammation have been described as upstream regulators of ICSs in
the Drosophila gut (Jiang and Edgar, 2011). In snakes that are fed after a prolonged fasting
period, a large amount of energy is directed to restoring the intestinal mucosa, underscoring
the important link between nutritional status and intestinal homeostasis (Secor et al., 1994).

The role of different stressors such as fasting, prolonged caloric restriction or nutrient availability
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have also recently been investigated in mammalian intestinal regeneration (see Figure 4A).
Prolonged fasting has been shown to cause atrophy in the rat intestine, whereby the length and
number of villi decreased (Dunel-Erb et al., 2001). Within 3 days after re-feeding, the intestinal
mucosa in the rats recovered and villi were restored to normal numbers. Prolonged fasting or
caloric restriction has also been shown to impinge directly on CBC activity and indirectly on
the CBC niche. In mice that are calorie-restricted, villi shorten and contain fewer enterocytes,
and total intestinal mass decreases (Yilmaz et al., 2012). Paradoxically, CBC proliferation and
number increases, while cell cycle activity in the transit amplifying cell compartment decreases.
Calorie restriction lowers mTOR activity in Paneth cells, which boosts both the number of
Paneth cells together with their function as the CBC niche cell, the latter presumably being
dependent on the Paneth cell-secreted paracrine factor cyclic ADP-ribose (Yilmaz et al., 2012).
When Paneth cells from calorie-restricted mice are combined with CBCs from fed mice,
organoids form more efficiently. This suggests that calorie restriction increases CBCs at least
in part non-cell autonomously by hyperactivating the niche. In line with this, calorie-restricted

mice resist irradiation better than their controls (Yilmaz et al., 2012)..
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Figure 4. Regenerative adaptations in the intestinal stem cell compartment. Different regenerative
adaptations exist in the intestinal epithelium. Left panel: Proliferative cells, CBCs (green) and transit-
amplifying cells, are indicated by mitotic spindles. ILC3 cells (blue) secrete IL22 that directly increases
the proliferation of CBCs that express the IL22-receptor (red arrows). Nutritional stimuli can target CBCs
non-cell autonomously. Prolonged caloric restriction (yellow arrows) augments the function of Paneth
cells (grey) by inhibiting mTOR signaling. Paneth cells then secrete cyclic-ADPR (cADPR) that increases
CBC self-renewal. Acute fasting (orange arrows) increases phosho-PTEN (pPTEN) levels in mTERT+ cells
(blue), directly activating their proliferation after re-feeding. B) CBCs are the active stem cells that reside
in the crypt bottom. Stem cell potential however is present along the whole crypt in dedicated Alpi+ cells
(light grey) and cells in the +4 position (blue) that can be called upon to revert to bona fide intestinal stem
cells during injury (black arrow).
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Interestingly, a high-fat diet can increase ISC activity despite a decrease in Paneth cell
number (Beyaz et al., 2016). Mice on a high-fat diet resist irradiation better than control mice,
and crypts derived from these mice initiate organoid cultures more efficiently. The high-fat
diet increases Wnt activity in ISCs dependent on the nuclear receptor PPARdelta. Moreover,
Notch ligand Jagl and Jag2 expression is observed in CBCs in mice on a high-fat diet (Beyaz
et al.,, 2016). It is possible that ISCs resist a decrease in Paneth cells by becoming independent
of the niche, through expressing their own Notch ligands. These data indicate that dietary
composition can promote CBC activity directly, although it is surprising that a high-fat diet
and low calorie intake seem to cause similar phenotypes,. Moreover, it remains to be established
whether increased CBC activity is functionally relevant upon high intake of dietary fats.

Acute fasting has been shown to increase the inactive form of PTEN, pPTEN, in mTert
expressing cells (Richmond et al., 2015). mTert has been reported as marker of reserve stem cells
(Montgomery et al., 2011), although it is present in Lgr5+ cells at the transcript level (Itzkovitz
et al., 2012; Schepers et al., 2011). The number of mTERT-GFP+ cells increases 4-fold upon
fasting, and lineage tracing from mTERT-CreER increases accordingly in re-fed mice compared
to control. This indicates activation of these cells as reserve stem cells, although the number
label crypts originating from mTERT+ cells is still rare (Richmond et al., 2015). Interestingly,
lineage tracing from Lgr5 is decreased after re-feeding suggesting inactivation or loss of these
cells (Richmond et al., 2015), an important difference with increased CBC proliferation and
number during prolonged caloric restriction (Yilmaz et al., 2012). PTEN is a known negative
regulator of AKT-mTOR signaling. When mice are fed after a 48h fasting period, pPTEN
persists in crypt cells with concomitant higher levels of active pAkt and mTOR target phospho-
S6 (Richmond et al., 2015). Future studies will address the relevance of increased pAkt-mTOR

signaling for recovery during re-feeding.

Inflammatory cues regulate intestinal stem cell activity

The regulation of CBC activity described so far occurs through local niche signals derived
from the epithelium and mesenchyme. However, a recent seminal study by Lindemans and
colleagues showed how inflammatory signals can also affect CBC behavior (Lindemans et al.,
2015). This has previously been described in the Drosophila gut, where cytokines are secreted
by enterocytes in the event of injury or infection, and activate Jak/Stat signaling in ISCs to
stimulate their proliferation (Jiang et al.,, 2009). The mammalian intestine contains group 3
innate lymphoid cells (ILC3s), cells from the lymphoid lineage that lack antigen receptors. ILC3s
reside in close proximity to intestinal crypts and are potent producers of Interleukin 22 (IL-22).
IL-22 has previously been shown to be upregulated after injury and to support subsequent
epithelial regeneration (Hanash et al., 2012; Sonnenberg and Artis, 2015; Zenewicz et al., 2007).
Furthermore, IL-22 supports intestinal regeneration in vivo in a graft-versus-host disease
context (Lindemans et al.,, 2015). In intestinal organoids, IL-22 increases the phosphorylation
of signal transducer and activator of transcription (Stat3) in CBCs and promotes proliferation,
while Wnt, Notch and EGF activities remain unchanged (Lindemans et al., 2015) Irradiated
organoids upregulate IL-22 receptor, and show a higher rate of survival when treated with IL-22.
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IL-22-driven intestinal recovery occurs in the absence of Paneth cells, suggesting that it acts by
directly targeting CBCs. Indeed, IL-22-driven intestinal recovery depends on the presence of
CBCs. When Lgr5+ cells are depleted using diphtheria toxin in Lgr5-DTR-EGFP organoids,
IL-22 fails to increase organoid size after irradiation (Lindemans et al., 2015). Pro-inflammatory
signals such as IL-22 can also contribute to carcinogenesis (Kirchberger et al., 2013) and are
effectively counteracted by sequestering proteins like IL-22 binding protein (IL-22BP) (Balzola
etal., 2013).

Another recent study implies that inflammatory signals can affect symmetric division
of intestinal stem cells to prevent excessive expansion during repair (Bu et al., 2016). CBCs
predominantly undergo symmetric cell divisions while competing for niche space; through
neutral competition clones eventually are either lost or take over the crypt in a stochastic fashion
(Snippert et al., 2010). Inflammatory signals can, however, enforce asymmetric cell divisions
in CBCs. In DSS-induced colitis, the number of asymmetric cell divisions of Lgr5-GFP+ cells
increases from 2% to 13% (Bu et al., 2016). Shen and colleagues propose that asymmetric stem
cell divisions are essential to prevent inflammation-induced increase of stem cell numbers (Bu
et al., 2016). Deletion of miR34-a in intestinal organoids reverses this increase in asymmetric
cell division following treatment with TNF-alpha, causing a concomitant, rapid expansion of
stem cell numbers. miR34-a is a microRNA that negatively regulates the Notch receptor and
its negative regulator Numb. By both having a negative and indirect positive effect on Notch,
miR34-a installs robust bimodal rather than graded Notch activity, being high in CBCs and
low in their offspring (Bu et al., 2016). Deletion of Numb disrupts the binary Notch activity,
creating a population of cells with intermediate Notch levels that express both stem cell and
differentiated markers. It has been previously reported that miR-34a is a cell fate determent
that promotes differentiation after stem cell division (Bu et al., 2013). Altering the expression
of miR-34a can shift the balance between self-renewal and differentiation in stem cells (Bu et
al., 2013). It remains to be established how differential miR34-a and Notch activity are able
to switch CBCs from dividing symmetrically to asymmetrically during inflammation. Future
studies may utilize the multi-lineage Cre reporters such as Rosa-Confetti (Snippert et al., 2010)
to assess whether miR34-a controls symmetric cell division in vivo. Upon loss of miR34-a, drift
towards clonality is expected to be delayed if stem cell divisions would preferentially become
asymmetric. In summary, these studies add the immune system as ‘external’ regulator of CBC

activity by acting independent of the local niche.

PROGENITOR CELL PLASTICITY

Lgr5+ cells can be selectively removed in Lgr5DTR-EGFP mice that express the diphtheria
toxin receptor under control of the Lgr5 promoter (Tian et al., 2012). For at least a week,
depletion of CBCs does not disturb homeostasis, which is suggestive of an alternative stem
cell, or alternatively a non-stem cell source that can gain stem cell potential (Tian et al., 2012).
Plasticity among progenitors would provide a large alternative source of stem cell potential (see
Figure 4B).
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Dedifferentiation of committed progenitors

As previously discussed, the +4 cells described by Potten and colleagues have been proposed as
quiescent, reserve stem cells in the intestine(Li and Clevers, 2010). Reserve stem cell capacity
of secretory progenitors has been specifically assessed using a DII1-GFP-IRES-CREERT2
knockin mouse (van Es et al., 2012a). Delta-like 1 (DIl1) is a Notch ligand expressed in
secretory progenitors, and tracing indicates that these cells indeed produce the entire repertoire
of secretory cell types during homeostasis. Destruction of Lgr5 stem cells by irradiation can
induce reversion of the committed secretory state to a stem cell state, whereby intestinal crypts
are fully labeled after DII1 tracing (van Es et al., 2012a).

Winton and colleagues have examined the reserve stem cell capacity of non-dividing cells
more broadly. For this, they developing an inducible histone 2B-YFP (H2B-YFP) knockin
mouse (Buczacki et al., 2013). As expected, the long-lived Paneth cells retain the histone label
for up to 8 weeks. Interestingly, a second population of label-retaining cells expresses markers
of the enteroendocrine lineage, as well as the CBC marker Lgr5 and the proposed quiescent
stem cell markers Bmil and mTert. These LRCs thus have a combined enteroendocrine and
stem cell signature, and reside predominantly at the +4 position. To assess the fate of these
LRCs during homeostasis and injury, an ingenious lineage tracing strategy was used to trace
cells based on their quiescence: Cre-recombinase was expressed as two fragments, one part
produced ubiquitously from the Rosa26 locus and another part inducibly, fused to Histone-2B.
Binding of these two fragments was dependent on a dimerizing agent (Buczacki et al., 2013).
Lineage tracing of the cells that were histone label-retaining for up to 2 weeks showed that these
cells could revert to the stem cell state upon injury. Moreover, H2B-YFP+ cells could form
organoids when isolated and stimulated with the niche signal Wnt3, further indicative of their
capacity to act as stem cells. In support of these findings, quiescent Lgr5-low cells have been
identified as secretory progenitors in a KI67-RFP knockin mouse model (Basak et al., 2014).

Taken together, these studies imply that the non-dividing cells observed by Potten at the +4
location are secretory progenitors that retain ‘facultative’ stem cell potential upon injury, and
may exclude the existence of genuine ‘professional’ quiescent stem cells (Table 2). When CBCs
are lost, progenitor cells fall back in the stem cell niche and revert to stemness, likely through
contact with Paneth cells and the availability of a potent Wnt source. Location in the stem cell
zone itself is indeed linked to stemness, with Lgr5* CBC stem cells located at the border of
the niche displaying a survival disadvantage over other CBCs residing in the bottom of the crypt
(Ritsma et al., 2014).

Secretory progenitors retain stem cell potential though only comprise a small part of
the committed progenitor population. The majority of the intestinal epithelium consists of
absorptive enterocytes, and their crypt progenitors are abundant and highly proliferative. If
these cells could also act as stem cells when returning into the niche, the pool of ‘reserve stem
cell potential’ would be much larger. To analyze if potential stem cells exist among enterocyte
progenitors, Tetteh and colleagues generated a Alpi-IRES-CreERT2 knockin mouse, based

on Alkaline phosphatase (Alpi), which has been widely used as marker for enterocytes and
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Table 2. Intestinal cell types that demonstrate stem cell potential upon injury

Cell type Marker (s) Summary of studies Reference

Secretory DII1 DIl1+ cells produce all secretory cells during ~ (van Es et al., 2012a)

progenitor homeostasis and regain stemness upon damage

Enterocyte Alpi Alpi+ produce enterocytes during homeostasis (Tetteh et al., 2016)

progenitor and regain stemness upon damage

Label H2B-retaining, ~ Non-dividing early stem cell daughters with (Basak et al., 2014;

retaining cells | gr5GFplowKig7ov low Lgr5 expression are secretory progenitors — Buczacki et al.,
that retain stemness 2013)

“Reserve” Bmil, Hopx, Bmil, Hopx, mTERT and Lrigl mark the +4 (Montgomery et

stem cells mTERT, Lrigl cell, which shows stem cell potential upon al., 2011; Powell et
lineage tracing. al,, 2012; Sangiorgi

and Capecchi, 2008;
Takeda et al., 2011)

their progenitors (Tetteh et al., 2016). Clones derived from Alpi-expressing cells indeed
only contained enterocytes, and were entirely lost within days at the top of the villus under
physiological conditions (Tetteh et al., 2016). 15 hours after tracing, the ‘lowest’ Alpi+ cells were
found around the +8 position counted from the crypt base, and did not co-express secretory
markers. Upon ablation of Lgr5+ CBCs, Alpi+ cells contributed extensively to long-term tracing
and produced all differentiated cell types, suggesting that these progenitors can readily regain
stem cell potential, similar to secretory progenitor cells. Strikingly, ablation of CBCs two to
three days after labeling Alpi+ cells still resulted in rare tracing events. The ‘lowest’ Alpi+ cells
at these time points were already exiting the crypts. Apparently these cells still can act as stem
cells, albeit rarely. It is likely that for these cells to return to the stem cell niche, a collapse of

the entire crypt is required.

CONCLUSION

In this Review, we have summarised the role of different signaling pathways during crypt
homeostasis and regeneration, with a particular focus on cellular dynamics within the intestinal
stem cell compartment. An important question remains as to what the upstream regulators are
of these signaling pathways in the injury setting. How is damage sensed and translated into
the production of regenerative signals? A model that directly links injury to regenerative signals
was described in the freshwater polyp Hydra. Here, cells undergoing apoptosis secrete Wnt3
to promote cell division of neighboring cells (Galliot, 2013). In vitro models like organoids
represent simple systems that may help to dissect signals that restore homeostasis after injury
(Huch and Koo, 2015; Clevers, 2016) Organoids can be damaged chemically or mechanically, or
can be irradiated to establish models of regeneration. Co-cultures with mesenchyme or immune
cells would then be valuable for the identification of non-epithelial derived signals that confer

adaptability to damage.
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All progenitor cells in the intestinal crypts display a high level of plasticity upon damage, and
have been shown to dedifferentiate to stem cells in mouse models where CBCs were artificially
removed. The inherent capacity of these cells to switch fates is likely to be related to their
open chromatin structure (Kim et al., 2014). But does intestinal regeneration really depend on
plasticity among progenitor cells? Winton and colleagues have shown how label-retaining cells
can dedifferentiate in response to different kinds of perturbations, for example treatment with
hydroxyurea, doxorubicin or irradiation. This dedifferentiation is a rare event and its efficiency
differs depending on the type of injury (see Figure 4E in Buckzacki et al., 2013). Simultaneous
depletion of CBCs and 6 Gy irradiation, the latter normally well tolerated in mice, causes rapid
crypt loss and disruption of the epithelial architecture (Metcalfe et al., 2014). This suggests
that potential stem cells are radiosensitive and irreversibly affected, impairing their ability to
revert to the stem cell state. Nevertheless, CBCs are also indispensable for irradiation-induced
damage, which is a remarkable observation given their high proliferative activity. It has been
previously found that CBCs indeed are very good at repairing their genome after irradiation,
and do so by the low error prone homologous recombination (Hua et al., 2012). Future work
will focus on teasing out the events in which regeneration is primarily driven by the differential
activity of CBCs, and those in which the reserve stem cell pool of committed progenitor cells is

called into action.
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SUMMARY

The recent intersection of endocrinology with single-cell technologies and novel in vitro
model systems has generated a tremendous amount of new data in the field of enteroendocrine
biology. Here we highlight these recent developments and explore how these findings challenge
historical and more recent concepts of lineages and cell types. In particular, the concept of
hormonal plasticity, the ability of endocrine cells to produce different hormones in the course
of their lifetime, bridges the gap between single-letter nomenclature and observations of multi-
hormonal cells. Due to the continuously renewing nature of the intestine, enteroendocrine cells
travel in the course of their life through different signaling environments that directly influence
their hormonal repertoire and thus cell fate. In this context, we examine how enteroendocrine
cell fate is determined and modulated by signaling molecules such as BMPs or location along
the gastro-intestinal tract. We analyze advantages and disadvantages of novel in vitro tools,
adult stem cell or iPS derived intestinal organoids, that have been crucial for recent findings
on enteroendocrine development and plasticity. Finally, we illuminate the future perspectives
of the field and discuss how understanding enteroendocrine plasticity can lead to new

therapeutic approaches.

ESSENTIAL POINTS

+ Enteroendocrine cells are rare hormone producing cells in the gut that control key

physiological processes related to food intake by secreting more than 20 different peptides
+  Types of secreted hormones change over the lifetime of an individual enteroendocrine cell

« The hormonal repertoire of an individual cell is limited by enteroendocrine lineage

(5 lineages total) and gastrointestinal region-specific epigenetic landscape

«  Hormone expression within these limits is dynamically controlled by the action of changing

morphogen signaling during the migration of cells from crypt to villus.

+ Adult and pluripotent stem cell derived organoids represent emerging model systems to

assess development and function of enteroendocrine cells
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NEW CONCEPTS IN ENTEROENDOCRINE CELL BIOLOGY

INTRODUCTION

The intestinal epithelium is generally associated with nutrient uptake and barrier function.
However, it is also the largest endocrine organ in our body. In an average human, around 100
million intestinal endocrine cells, called enteroendocrine cells (EECs), are shed every day and
regenerated by newly differentiating cells. Despite the impressive number, EECs only constitute
1% of the intestinal epithelium. These rare cells are scattered throughout the epithelium and
produce more than 20 intestinal hormones. Which hormones are produced in an individual
cell and which stimulus causes the release depends on the EEC type. Classically EECs are
distinguished by the main hormone they secrete: Enterochromaftin (EC) cells (Serotonin, 5-HT),
I cells (Cholecystokinin, CCK), K cells (Gastric inhibitory peptide, GIP), L cells (Glucagon-like
peptide 1, GLP-1), X cells (Ghrelin, GHRL), S cells (Secretin, SCT), D cells (Somatostatin, SST),
and N cells (Neurotensin, NTS) were originally described. However, reports of multihormonal
cells, significant regional differences among EECs along the gastrointestinal tract and species
specificity testify to the insufficiency of the single letter system (Diwakarla et al., 2017; Haber
etal., 2017; Habib et al., 2012). Alternative classification systems describing region, species and
detected hormones (e.g. J,, """ 6<GPYY for a mouse jejunal EEC) (Drucker, 2016) have been
suggested, but have not yet found widespread adoption.

Intestinal hormones serve a wide range of functions. Postprandially released hormones
(PYY, 5-HT, CCK, GLP-1, GIP) or hormones released during fasting (GHRL, 5-HT) have direct
influence on glucose homeostasis. GLP-1 and GIP, called incretins, potentiate insulin release
from pancreatic beta cells in the pancreas (Nauck et al., 1993). In contrast, GHRL release has
the opposite effect (Adriaenssens et al., 2016). Intestinal hormones act not only indirectly
via the pancreas on blood glucose levels, but also by controlling the flow of nutrients through
the intestine. CCK, GLP-1 and PYY, for example delay gastric emptying once nutrients have
reached the distal small intestine (Phillips et al., 2015). Finally, gut hormones control metabolic
adaptation by controlling behaviour. GHRL is released in anticipation of a meal, whereas
postprandially released GLP-1, CCK and PYY induce satiety in the central nervous system
(Skibicka and Dickson, 2013; Sun et al., 2019). Although, less established than their metabolic
roles, EECs have also been linked to orchestrating mucosal immunity (Gribble and Reimann,
2017; Worthington et al., 2018). Since EECs express receptors for microbial metabolites, secrete
cytokines upon stimulation and produce hormones that can act directly on immune cells they
are equipped to act as sentinels and coordinators of intestinal immunity. However, the extent of
this role has yet to be mechanistically assessed.

Until recently it has been unclear whether the observed diversity in EECs (more than 20
reported cell types) is a product of an equally high number of independent differentiation
pathways from the common enteroendocrine progenitor stage. However, advances in endocrine
biology, single cell sequencing and organoid technology have partially reconciled the original
classification with the observed functional diversity by introducing the concept of hormonal
plasticity: the ability of a single EEC to go through various mature stages with differing hormonal
repertoire. In this review, we discuss these recent findings and try to synthetize a comprehensive
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picture of the signals and factors that determine and modulate enteroendocrine fate. Finally, we
will highlight the advantages and disadvantages of the enteroendocrine in vitro systems that

made these findings possible and discuss the future perspectives of the field.

ENTEROENDOCRINE CELL FATE DETERMINATION

Until the 60s, the large resemblance of EECs to neurons (e.g. the production of neurotransmitters
and synapse-like projections) led to a general belief that endocrine epithelial cells stem from
neural crest cells migrating into the gut epithelium (Schonhoft et al., 2004). The chromaffin
cells of the adrenal medulla, named after their characteristic stain with chrome salts resembling
intestinal ECs, are similarly known to derive from the neural crest. The first embryonic lineage
tracing techniques refuted this model later. When quail mesoderm was combined with chick
endoderm during embryonic development all resulting EEC cells were of chick origin (Andrew
etal., 1982). Thus, it was definitively shown that all EECs are of endodermal origin.

In an attempt to establish a common precursor to the differentiated cells of the intestinal
epithelium, Cheng and Leblond performed radioactive nucleotide labeling and followed
the trace over time (Cheng and Leblond, 1974). This work identified crypt base columnar (CBC)
cells, slender cells in between Paneth cells (Fig. 1), passing on their label to all differentiated
lineages including EECs (Cheng and Leblond, 1974). Final proof for the stem-cell nature of
CBCs was only provided in 2007, when the G-protein coupled receptor Lgr5 was identified as
a marker of CBCs. Lineage tracing based on Lgr5 expression demonstrated the ability of CBCs
to regenerate the whole intestinal epithelium and themselves throughout lifetime (Barker et al.,
2007). Single Lgr5* CBC cells can be isolated and generate three-dimensional in vitro organoid
cultures (discussed later) containing all intestinal cell types including EECs (Sato et al., 2009).

Mechanisms of EEC specification
The intestinal epithelium displays a rapid turnover of 4-5 days, which is highly atypical for an
endocrine organ. For example, the endocrine pancreas is largely generated during embryonic
development and shows little turnover in adult homeostasis (Puri et al., 2015). Intestinal stem
cells, on the other hand, divide continuously at the bottom of crypts, while their differentiating
offspring moves in a conveyor belt-like motion upwards to the villus tips, where cells are shed
(Fig. 1). Two main branches of differentiated cell types are generated: the absorptive enterocytes
and the secretory cells, including mucus-secreting goblet cells, antimicrobial and niche
compound producing Paneth cells, and a range of different EECs. A binary switch controlled
by Notch signaling maintains a steady balance between secretory and absorptive cells via lateral
inhibition. Cells that do not receive Notch signals when leaving the stem cell zone acquire
a secretory fate. These secretory progenitors will upregulate Notch ligands and induce Notch
activation in all surrounding cells that consequently differentiate to the absorptive fate.

Active Notch signaling stimulates expression of Hairy/enhancer of split 1 (Hes1) (Akazawa et
al., 1995; Lee et al., 2002), a potent repressor for the basic helix-loop-helix (bHLH) transcription
factors Atohl (also known as Mathl) and Neurogenin-3 (Neurog3). Whereas the former is
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Figure 1. Subtypes and functions of enteroendocrine cells. Enteroendocrine cells (EECs) secrete about 20
different products and identified by a single-letter code based on their principle hormone. Sensory input
from the intestinal lumen controls secretion of hormones that regulate metabolism, mucosal immunity and
intestinal motility. EECs derive from stem cells at the crypt bottom, when their daughter cells lose Notch
signals that allows for the expression of the pro-endocrine transcription factor Neurogenin-3 (Neurog3).
Initiation of Neurog3 expression can occur in a wide range of the crypt epithelium, with different exposure
levels of the morphogens WNT and BMP.

important for the production of all secretory cells, the latter is the key regulator for EEC cell
formation. Mice deficient for Neurog3 completely lack all EEC subtypes in the small and large
intestine. Conversely, transgenic overexpression greatly increases the generation of all EEC
lineages (Jenny et al., 2002; Lopez-Diaz et al., 2007). In addition to transcriptional regulation,
NEUROGS3 is also post-transcriptionally regulated by several cyclin-dependent kinases that
phosphorylate NEUROGS3 and cause its proteasomal degradation (Azzarelli et al., 2017; Krentz
etal, 2017). NEUROGS3 on the other hand also promotes cell cycle exit by regulating expression
of the cell cycle inhibitor Cdknla (Miyatsuka et al., 2011). A study by the Winton lab followed
the fate of particularly slow dividing cells in the intestine and found that these turned indeed
into Paneth cells and EECs, but never into Goblet cells (Buczacki et al., 2013). Along the same
line, we have found that cell cycle inhibition of intestinal stem cells predispose these to an EEC
fate (Basak et al., 2017). These findings corroborate the earlier mechanistic studies and indicates
that active proliferation and endocrine fate specification are mutually exclusive.

Another player recently implicated in the regulation of EEC differentiation is mechanical
force. EEC progenitors in the gut of fruit flies express the mechanosensor Piezo, a membrane-
spanning protein that functions as an ion channel responding to forces(He et al., 2018). Stretch

forces on the intestinal epithelium cause an increase in cytosolic Ca** levels specifically in EEC
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progenitors that stimulates their differentiation(He et al., 2018). In parallel, Hippo signaling
in mammals has been implicated in the regulation of secretory cell differentiation (Gregorieft
et al,, 2015). The Hippo signaling pathway senses mechanical cues, and when active causes
its downstream transcription factor YAP to be translocated from the nucleus. When cellular
density is low, Hippo signaling is turned off and YAP translocates to the nucleus to activate
target gene expression. Overexpression of YAP blocks the development of secretory cells,
including EECs (Petersen et al., 2018).

Although the niche signals driving segregation of EECs from absorptive enterocytes
(Notch), Paneth cells (Wnt) and Goblet cells (cell cycle, EGE, mechanical forces) are elucidated
(Basak et al., 2017; Mori-Akiyama et al., 2007), the downstream factors causing the different
EEC subtypes to be produced are unknown. Transcription factor cascades important for
the specification of the EEC lineages have however been well established.

Recent advances in the field of single cell sequencing have enabled researchers to study fate
determination of EECs on a single cell level. An intestinal cell atlas by Haber et al. described
the diversity of intestinal endocrine cells in the crypt and defined previously unknown
endocrine cell populations (Haber et al., 2017). Building on this first single cell dataset, our
own work reconstructed the complete developmental trajectory of all EEC subtypes on single-
cell level with real-time resolution. To do so, we created a time-resolved Neurog3 reporter
mouse (Neurog3Chrono), which combined high temporal resolution with the ability to
report even the lowest levels of NEUROG3 expression (Gehart et al., 2019). The cell position
within the crypt at the onset of Neurog3 expression is not uniform, but distributed across
a broad band along the crypt (Fig. 1). Thus, it is tempting to speculate that the position along
the signaling gradients within the crypt play an important role in determining the final lineage
of the differentiating cell. By combining the Neurog3Chrono system with single-cell sequencing
and functional studies in organoids we were able to determine the order of transcriptional
events and key regulators at branching points that determine differentiation from the common
enteroendocrine progenitor state to each of the 5 endocrine lineages. Using the real-time
resolution of our system, we could show that many presumably mature EEC types are transition
stages in the life-time of an individual cell that switches its hormonal repertoire as it moves

along the crypt-villus axis.

Hormone plasticity
EECs are usually described as hormone factories with static peptide repertoires, often only
a single hormone. This led to the single letter-coding of the EEC subtypes described above.
With the advent of more sensitive imaging techniques or transcriptomic measurements, a more
complex set of combinations of hormones was identified (Fothergill et al., 2017; Haber et al,,
2017). It remained unknown, however, if the vast combinations of hormones represented
different cell types transition stages.

First evidence for the latter appeared in the 80s. Radioactive thymidine labeling showed

rapid labeling of serotonin-producing cells, while secretin-producing cells were labeled only
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after 2 days and were restricted to the villus (Inokuchi et al., 1984, 1985). This led the authors to
conclude that the differentiation of secretin-producing cells does not happen before these reach
the villus. The Gordon lab in the early 90s more widely characterized crypt-villus heterogeneity
of EEC products and for the first time suggested possible lineage relationships between EECs
making different hormones in these areas. This extensive immunohistochemical work identified
TAC1 and serotonin co-expression in the intestinal crypt, while in the villus tips serotonin
overlapped with secretin (Roth and Gordon, 1990). In the villus bottom, rare Tacl, serotonin
and secretin triple-positive EECs could be found, suggesting a lineage of EECs undergoing
transitions in the produced peptides (Roth and Gordon, 1990). Subsequent work combined
hormone staining with BrdU injections to confirm that TAC1+ cells were rapidly generated from
dividing progenitors, while secretin+ cells did not appear until 2 days later(Aiken and Roth,
1992). Similarly, GLP-1 was recognized as a typical crypt hormone that follows similar temporal
and spatial patterns as TAC1 (Aiken et al., 1994). Functional evidence that individual EECs
can dynamically produce different hormone peptides appeared two decades later: Exploiting
a diphtheria-toxin receptor driven by the preproglucagon promoter (Gcg, precursor for Glp-1),
the Schwartz lab specifically ablated L-cells defined by Gcg expression and followed the loss
and reappearance of different hormones (Grunddal et al., 2016). Within 24 hours, the vast
majority of GLP-1" cells were lost, while also a significant but smaller proportion of NTS and
PYY positive cells disappeared. Interestingly, GLP-1* cells reappeared much quicker than PYY-
and NTS-producing cells (Grunddal et al., 2016), which indicates that the former may give rise
to the latter. The Neurog3Chrono model enabled researchers to follow individual EEC cells over
their lifetime, and showed that L-cells indeed upregulate Pyy and Nts after downregulating Gcg,
3 days after the initiation of Neurog3-expression (Gehart et al., 2019). The model demonstrated
a similar temporal transition for Tacl, serotonin and secretin. Lineage tracing is often used as
a golden standard to confirm relationships between cell types(Kretzschmar and Watt, 2012).
When TAC1" cells were traced in the intestinal epithelium, all EECs that produced Serotonin
and Secretin in the villus were labeled, even though most stained negative for TAC1 (Beumer
et al.,, 2018). This same tracing experiment yielded no labeling of the other EEC lineages,
highlighting the committed nature of EEC subtypes and the inherent limits of plasticity
(Beumer et al., 2018).

Different lines of evidence suggest hormone-switching should involve signals unique to
the crypt or villus such as morphogens or luminal components, rather than a cell-intrinsic trans-
differentiation pathway of the EEC subset. Bjerkness and Cheng described a population of EECs
that does not follow the conveyor belt but stays in the crypt after its generation (Bjerknes and
Cheng, 1981). These cells failed to express villus hormones such as Secretin, and maintained
expression of the crypt-restricted Tacl or Glp-1(Aiken and Roth, 1992; Aiken et al., 1994).
Using the Neurog3Chrono system, we could show that all EECs remained in the crypt during
lineage specification and thus did not move immediately upwards with the conveyor belt.
Once functionally mature, the majority of EECs start to move up the crypt villus-axis, while
others remain in the crypt for longer periods (Gehart et al., 2019). Interestingly, the observed

hormone switching of L- and EC-cells coincided with movement of these populations from
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the crypt to the villus (Fig. 2). This indicates that the differing environments in crypt and villus
could indeed drive hormone switching. Mechanistic insight into this process comes from
organoid experiments: EECs in vitro in murine intestinal organoids always co-expressed Tacl
and Tphl (Tryptophan hydroxylase 1, the rate-limiting enzyme for serotonin production)and
displayed low secretin levels (Basak et al., 2017; Beumer et al., 2018; Griin et al., 2015). Multiple
morphogen gradients exist in the intestinal epithelium along the crypt-villus axis, including
WNT, BMP, EGF and hedgehog signals, that are not naturally established in organoids (Beumer
and Clevers, 2016). By modulating these pathways in organoids, we identified BMP signaling as
the orchestrator of the different patterns of hormone expression in the epithelium (Beumer et
al., 2018). BMP signals are high in the intestinal villus and are normally inhibited in organoid
cultures to promote stem cell expansion. Activation of the pathway drives hormone switches
in individual EECs, such as the repression of Glp-1/Tacl and induction of Secretin (Beumer et
al., 2018). Inhibition of BMP signaling in vivo extends the expression of crypt hormones into
the villus region, while repressing the expression of the typical villus hormones (Beumer et al.,
2018). This makes the BMP signaling pathway an interesting factor in targeted manipulation of
EE cell composition in the intestine for therapeutic purposes.
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Figure 2. Hormone plasticity among enteroendocrine cells. Intestinal stem cells generate absorptive
enterocytes and all secretory cell types, including EECs, Paneth cells and goblet cells. All EECs share
a common, Neurog3-positive, progenitor cell. Enterochromafhin cells (ECs) later derive from a separate,
EC-biased progenitor, while the other hormone-producing cells share a common progenitor. During
the lifetime and migration along the crypt-villus axis, EECs switch their hormone repertoire in response
to BMP exposure. BMP signals repress Tacl in ECs, while inducing Secretin (Sct). Neurotensin-
producing N-cells are a BMP-induced state of the Glp-1 producing L-cells. Glp-1 in turn is repressed by
BMP signaling.
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Heterogeneity along the intestinal tract
The majority of EEC subtypes are not found in constant ratios across the GI tract.
The enterochromaffin cells and D-cells are the exception to this rule. L-cells are abundant in
the distal SI and almost absent in the duodenum, while GIP and K-cells display the reverse
trend (Gunawardene et al., 2011). The underlying mechanisms for these differential hormone
programs are currently unknown. One hint can be derived from organoid cultures, that have
been found to maintain their location-specific function in vitro (Middendorp et al., 2014).
For example, the bile acid transporter Slc10a2 is unique to the ileum, and was accordingly
expressed in organoids. This finding was later extended to EECs in mouse and human intestinal
organoids, that maintained their native hormone ratio during long-term culture (Basak et al,,
2017; Beumer et al., 2018). These observations exclude non-epithelial niche factors or nutrients
as potential regulators of regional differences in hormone expression. This leaves differing DNA
methylation patterns as likely explanation, since they are generally known to be stable. Indeed,
organoid cultures maintained identical DNA methylation patterns compared to the source tissue
(Kraiczy et al., 2019). When methylation patterns were disrupted using DNA methyltransferase
inhibitors in organoids, ectopic expression of multiple markers that are regionally restricted
occurred (Kraiczy et al,, 2019). Although, it has not been shown yet, it is likely that the same
treatment would reset the EE repertoire of organoids derived from different intestinal regions.
In summary, recent experiments revealed unexpected plasticity within the EEC compartment
that is controlled by signaling gradients along the crypt-villus axis. However, this plasticity acts
within strict limits imposed by initial lineage specification and regional identity. This results
in only 5 distinct cell types of EECs that cannot interconvert, but have the capacity to express
a certain cell type-specific set of hormones. Which hormones among this set are expressed
in an individual EEC is determined statically by regionally defined epigenetic landscape and
dynamically by different environmental cues along the crypt-villus axis. Thus, many of the EEC
cell types that have been defined in the past are not distinct states, but individual points in

a continuum of potential.

MODEL SYSTEMS FORTHE STUDY OF EEC BIOLOGY

EECs are exceedingly rare, yet highly heterogenous due to hormonal plasticity and regional
differences. Multiple model systems have been employed to aid the study of EECs, including
hormone reporters to purify populations or follow the effects of genetic or chemical challenges
on subsets of EECs. Mouse models have made invaluable contributions to our understanding
of the EE system. However, mechanistic understanding of EE fate and function necessitates
representative in vitro systems that are accessible for functional testing and easily accessible for

manipulation such as genome editing.

Cell lines

Cell lines are immortalized by alterations circumventing senescence, such as the introduction

of the SV40 antigen, and have been generated from a wide variety of animals. For example,
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the murine GLUTag cell line was generated from a mouse endocrine tumor, and has been
widely used as a model for regulation of GLP-1 secretion (Drucker et al., 1994). The BON cell
line is another commonly used model for EEC functioning, that produces serotonin and is
derived from a metastatic human carcinoid tumor (Evers et al., 1991). Although these models
have been instrumental for early insights in the regulation of EEC function, these cells do not
capture the complex features underpinning EEC development and behavior. Cell lines display
high proliferation rates, which makes them easy to expand, but inherently non-representative
for the anti-proliferative state that is necessary for EEC differentiation in vivo (Solorzano-
Vargas et al., 2019). Moreover, cellular interactions between different cell types of the intestinal
epithelium are completely absent due to homogenous nature of cell lines. These shortcomings

made the development of more complex, but also more representative in vitro systems necessary.

Adult stem cell derived organoids

In the last decade, organoids or “mini-guts” have evolved as alternative to the use of cell lines.
Organoids are three-dimensional (3D) cultures that can be grown from a single adult mouse or

human stem cell (ASC) and expand indefinitely in a gel-matrix (Fig. 3). These cells are grown
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Figure 3. Organoid models for the study of enteroendocrine cells. Adult stem cell (ASC) derived organoids
are established from mature tissue, and reflect the region of origin. Thus, only the constituent cell types
including EECs of that region of the intestinal tract are generated in culture. Differentiation protocols are
generally simple, requiring few growth factor changes and short time windows until maturation. All EEC
subtypes can be generated. Embryonic or induced pluripotent stem cells can readily be derived from any
adult cell type, and do not require invasive surgeries from the gastrointestinal tract. To generate adult
intestine, developmental principles are mimicked that occur during embryonic development. Other cell
types that exist alongside the epithelium, such as mesenchyme and enteric neurons, can simultaneously
be induced or added, allowing for studying the interaction between these cells and EECs. Diseases that
have an embryonic origin can be well studied with this model. The differentiation process from stem cells
to EECs is time-consuming, taking more than 1 month, and the maturation level of these cells remains to
be assessed.
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in defined cocktail of growth factors mimicking the stem cell niche. Mouse small intestinal
organoids contain all different intestinal epithelial cell types at near-normal ratios, and are
therefore excellent models to study interaction among EECs and with other epithelial cell types
(Sato et al., 2009). These organoids can be exposed to different signaling pathway modulators
to enrich EECs. For example, the inhibition of WNT, Notch and EGFR/MEK boosted
the differentiation of EECs in mouse small intestinal organoids from less than 1% to almost 50%
(Basak et al., 2017). These cultures have been valuable to identify developmental regulators of
EECs by modulation of certain niche signals — such as BMP signaling - or by loss-of-function
experiments using CRISPR Cas9-mediated knockout(Beumer et al., 2018; Gehart et al., 2019).
The specific luminal signals that dictate hormone secretion are difficult to distinguish in mice
due to the complexity of the diet and microbiome. Organoids allow for a controlled exposure
to individual metabolic molecules. Such experiments are essential to untangle effects of
different dietary molecules on hormone secretion and to unravel ligand-receptor relationships
(Goldspink et al., 2018; Zietek et al., 2015). Finally, ASC-derived organoids have recently also
been employed to study the complex interaction between the epithelium and enteric nervous
system (ENS) in co-culture experiments (Bellono et al., 2017; Kaelberer et al., 2018a).

Human ASC-derived organoids are more complex to grow than their murine counterparts
and require additional activation of Wnt-signaling and inhibition TGF-beta and p38 MAP
kinase signaling to expand stem cells (Sato et al., 2011). This necessitates separate expansion
and differentiation conditions, since Wnt activation blocks differentiation towards most
intestinal lineages (Sato et al., 2011). Multiple differentiation strategies have been employed to
generate human EECs in these organoids, such as withdrawing growth factors and inhibition of
Notch and MEK signaling (Beumer et al., 2018), or addition of short-chain fatty acids including
butyrate (Petersen et al., 2014). Importantly, the differentiation of the human intestinal
organoids is an end-point process, that exhausts the stem cell pool and causes a limited lifespan
of the resulting cultures of about a week (Sato et al., 2011). To circumvent this limitation,
a recent study performed transcriptomic analyses on human intestinal niche ligands and their
receptors occurring in the stem cell zone, that could potentially allow both stem cell renewal
and differentiation (Fujii et al., 2018). Based on their findings the authors withdrew the p38
inhibitor and added the niche factors IGF-1 and FGF-2 (Fujii et al., 2018). The resulting cultures
expanded indefinitely and contained most differentiated cell types including EECs. As this work
only assessed these conditions for the human ileum, future studies will have to show whether

they are applicable to other parts of the small intestine or colon.

Induced pluripotent stem cell derived organoids

In analogy with ASCs, organoids can be derived from embryonic stem (ES) cells or
their synthetic counterparts, induced pluripotent stem cells (iPS) cells, by mimicking
the developmental principles that shape the mature tissues in a dish (Clevers, 2016). Endoderm
is first specified by treating mouse or human pluripotent stem cells (PSCs) with Activin A,
after which the mid/hindgut fate is induced by supplying FGF4 and WNT3A(Spence et al.,
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2011). (Fig. 3) The resulting spheroid cultures are incubated for one month in the same culture
conditions established for mouse small intestinal organoids derived from ASCs (Sato et al,
2009; Spence et al., 2011). During this period, the organoids mature into a columnar epithelium
that develops villus-like structures, along with all mature cell types including 1% of the cells
being EECs. Subepithelial fibroblasts and smooth muscle cells surround the human intestinal
epithelial organoids and are likely derived from a small fraction of mesodermal cells induced
after Activin A treatment(Spence et al., 2011). A recent study introduced functional ENS by
co-culturing neural crest cells with developing human intestinal organoids, both derived from
PSCs (Workman et al., 2017). Upon transplantation of these structures, functional networks of
smooth muscle layers and neurons developed that were capable of concerted contraction and
relaxation activities(Workman et al., 2017). Although EECs were often found associated with
neuronal fibers, physical connection between the two were, in contrast to primary tissue, never
found (Workman et al., 2017). This could indicate a lack of maturity of one of the two players,
or that these interactions require unknown exogenous factors.

PSC derived intestinal organoids can be forced to differentiate towards EECs with
the transient overexpression of NEUROG3 (Sinagoga et al., 2018; Spence et al., 2011). These
EECs can respond to nutrient stimuli, and produce a wide spectrum of hormones. In contrast
to PSC-derived organoids, ASC derived organoids have a strict regional identity based on
the biopsy location, including the representation of EEC subtypes and hormones of that part
of the gut (Basak et al., 2017; Middendorp et al., 2014). The possibilities to induce regional
specificity in PSC derived cultures is still very limited. The original protocol to generate human
PSC derived organoids generally induced proximal SI hormones, with the notable exception
of CCK that was not produced (Sinagoga et al., 2018). A short pulse of BMP activation in
developing human gut tubes could specify PSC derived cultures towards a more colon-like fate,
that showed production of the typical large intestinal hormone INSL5 in EECs (Munera et al.,
2017). However, the ileal EEC repertoire could not yet be generated through these protocols,
and might potentially be achieved by more subtle manipulation of BMP signaling during
specification of the different parts of the gut.

The PSC derived model is particularly interesting for disorders that have an origin during
embryonic development, and that involve non-epithelial cell types. For example, Hirschsprung’s
disease is characterized by impaired development of the ENS. Rare mutations in the homeobox-
containing transcription factor PHOX2B associated with this disease have been successfully
introduced in PSCs. Neural crest cells with this mutation were then recombined with intestinal
organoids (Workman et al., 2017). This work revealed that developing neural crest cells mutant
for PHOX2B impaired the development of smooth muscles in the PSC derived intestinal
organoids. Similarly, a recent study modeled different mutations in NEUROGS3 that cause a rare
inherited EEC deficiency in humans using PSC derived cultures, and showed how these affect
the stability and DNA binding activity of the transcription factor (Zhang et al., 2019).

The nature of PSC-based models, capturing the entire embryonic development of adult
tissues, makes these exquisitely suitable for the study of disorders that arise in development.

The ability to induce non-epithelial cell types on top allows assessing the emergence and
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functioning of different interactors with the gut epithelium. ASC derived organoids, on
the contrary, are simpler to handle and maturation levels of the constituent cell types have been
benchmarked against native tissue. These comparisons have evidenced that ASC organoid EECs
are virtually identical to tissue (Gehart et al., 2019), making these organoids ideally suited to

study the function and homeostatic turnover of EECs.

CONCLUSIONS & OUTLOOK

New models to study EECs, including intestinal organoids, have greatly increased insights
into the developmental phenomena of these enigmatic cells. The novel concept of hormonal
plasticity demonstrates the surprising adaptability of the intestinal endocrine system. It
reconciles observations of multihormonal cells with lineage tracing data and greatly simplifies
the EE lineage tree: there are only 5 different EEC lineages that produce mature cells with
gradually changing hormonal profiles. These switches are at least partly imposed by variations
in BMP signals during their journey along the crypt-villus axis. Targeting these signals or
the migration process would be a new strategy to shape the enteroendocrine landscape for
therapeutic purposes.

Although the transcriptional effectors that drive the specification of individual EEC
subtypes have been mapped, the signals upstream of these transcription factors remain
elusive. Similarly, it is unknown how the stable differences in EEC subtype ratio arise along
the GI tract. DNA methylation patterns are strong candidates, but their influence remains to be
functionally proven. Indeed, the ability to influence the regional identity of EECs would have
great therapeutic value. Bariatric surgery, that bypasses part of the proximal SI, is believed to
be successful for glucose management due to rapid delivery of nutrients to the distal SI (Hutch
and Sandoval, 2017). GLP-1 is more abundant in the distal SI, and is accordingly increased
after bariatric surgery (Hutch and Sandoval, 2017). Inducing a distal SI hormone signature in
the proximal SI is expected to have a similar therapeutic outcome.

Finally, the rise of new in vitro systems has opened the opportunity to functionally test
decades of knowledge that was generated in the mouse in a human system. Some key differences
are obvious and will clearly lead to significant species differences. Mice and humans have
different diets, and even produce different hormones in EECs (such as motilin). It is therefore
not unlikely that mouse and human EECs generate different hormonal outputs in response to
the same nutrient. Thus, human organoids represent attractive targets for the identification of
secretagogues with therapeutic value. However, the system is not limited to testing biological
molecules and compounds but also compatible with more complex co-culture experiments.
Enteric neurons and the microbiome are just two examples of a wide range of interactors that can
be assessed in vitro for their ability to regulate gut hormones (Bohdérquez et al., 2015; Kaelberer
et al., 2018b; Martin et al., 2018). This wealth of new data and availability of new tools holds
the potential for a renaissance of enteroendocrine biology, which may see our understanding of

a complex differentiation process translated to new therapeutic approaches.

53



54

CHAPTERII

REFERENCES

Adriaenssens, A.E., Svendsen, B., Lam, B.Y.H., Yeo, G.S.H., Holst, J.J., Reimann, F, and Gribble, FEM.
(2016). Transcriptomic profiling of pancreatic alpha, beta and delta cell populations identifies delta cells as
a principal target for ghrelin in mouse islets. Diabetologia.

Aiken, K.D., and Roth, K.A. (1992). Temporal differentiation and migration of substance P, serotonin, and
secretin immunoreactive enteroendocrine cells in the mouse proximal small intestine. Dev. Dyn. 194, 303-310.

Aiken, K.D., Kisslinger, J.A., and Roth, K.A. (1994). Immunohistochemical studies indicate multiple
enteroendocrine cell differentiation pathways in the mouse proximal small intestine. Dev. Dyn. 201, 63-70.

Akazawa, C., Ishibashi, M., Shimizu, C., Nakanishi, S., and Kageyama, R. (1995). A mammalian helix-
loop-helix factor structurally related to the product of Drosophila proneural gene atonal is a positive
transcriptional regulator expressed in the developing nervous system. J. Biol. Chem.

Andrew, A., Kramer, B., and Rawdon, B.B. (1982). The embryonic origin of endocrine cells of
the gastrointestinal tract. Gen. Comp. Endocrinol. 47, 249-265.

Azzarelli, R., Hurley, C., Sznurkowska, M.K., Rulands, S., Hardwick, L., Gamper, I, Ali, E, McCracken,
L., Hindley, C., McDuf, E, et al. (2017). Multi-site Neurogenin3 Phosphorylation Controls Pancreatic
Endocrine Differentiation. Dev. Cell 41, 274-286.¢e5.

Barker, N., van Es, ].H., Kuipers, J., Kujala, P., van den Born, M., Cozijnsen, M., Haegebarth, A., Korving,
J., Begthel, H., Peters, PJ., et al. (2007). Identification of stem cells in small intestine and colon by marker
gene Lgr5. Nature 449, 1003-1007.

Basak, O., Beumer, J., Wiebrands, K., Seno, H., van Oudenaarden, A., and Clevers, H. (2017). Induced
Quiescence of Lgr5+ Stem Cells in Intestinal Organoids Enables Differentiation of Hormone-Producing
Enteroendocrine Cells. Cell Stem Cell 20, 177-190.e4.

Bellono, N.W.,, Bayrer, J.R,, Leitch, D.B., Castro, J., Zhang, C., O'Donnell, T.A., Brierley, S.M., Ingraham,
H.A., and Julius, D. (2017). Enterochromaftin Cells Are Gut Chemosensors that Couple to Sensory Neural
Pathways. Cell 170, 185-198.e16.

Beumer, J., and Clevers, H. (2016). Regulation and plasticity of intestinal stem cells during homeostasis
and regeneration. Development 143, 3639-3649.

Beumer, J., Artegiani, B., Post, Y., Reimann, E, Gribble, F,, Nguyen, T.N., Zeng, H., Van den Born, M., Van
Es, J.H., and Clevers, H. (2018). Enteroendocrine cells switch hormone expression along the crypt-to-villus
BMP signaling gradient. Nat Cell Biol 20.

Bjerknes, M., and Cheng, H. (1981). The stem-cell zone of the small intestinal epithelium. III. Evidence
from columnar, enteroendocrine, and mucous cells in the adult mouse. Am. J. Anat. 160, 77-91.

Bohorquez, D. V., Shahid, R.A., Erdmann, A., Kreger, A.M., Wang, Y., Calakos, N., Wang, E, and Liddle,
R.A. (2015). Neuroepithelial circuit formed by innervation of sensory enteroendocrine cells. J. Clin.
Invest. 125, 782-786.

Buczacki, S.J. a, Zecchini, H.I,, Nicholson, A.M., Russell, R., Vermeulen, L., Kemp, R., and Winton, D.J.
(2013). Intestinal label-retaining cells are secretory precursors expressing Lgr5. Nature 495, 65-69.

Cheng, H., and Leblond, C. (1974). Origin, differentiation and renewal of the four main epithelial cell
types in the mouse small intestine. V. Unitarian theory of the origin of the four epithelial cell types. Am ]
Anat 141, 537-561.

Clevers, H. (2016). Modeling Development and Disease with Organoids. Cell.



NEW CONCEPTS IN ENTEROENDOCRINE CELL BIOLOGY

Diwakarla, S., Fothergill, L.J., Fakhry, J., Callaghan, B., and Furness, J.B. (2017). Heterogeneity of
enterochromaffin cells within the gastrointestinal tract. Neurogastroenterol. Motil.

Drucker, D.J. (2016). Evolving concepts and translational relevance of enteroendocrine cell biology. J. Clin.
Endocrinol. Metab.

Drucker, D.J,, Jin, T, Asa, S.L., Young, T.A., and Brubaker, PL. (1994). Activation of proglucagon gene
transcription by protein kinase-A in a novel mouse enteroendocrine cell line. Mol. Endocrinol. 8, 1646-1655.

Evers, B.M., Townsend, C.M., Upp, J.R., Allen, E., Hurlbut, S.C., Kim, S.W., Rajaraman, S., Singh, P., Reubi,
J.C., and Thompson, J.C. (1991). Establishment and characterization of a human carcinoid in nude mice
and effect of various agents on tumor growth. Gastroenterology.

Fothergill, L.J., Callaghan, B., Hunne, B., Bravo, D.M., and Furness, ].B. (2017). Costorage of enteroendocrine
hormones evaluated at the cell and subcellular levels in male mice. Endocrinology 158, 2113-2123.

Fujii, M., Matano, M., Toshimitsu, K., Takano, A., Mikami, Y., Nishikori, S., Sugimoto, S., and Sato, T.
(2018). Human Intestinal Organoids Maintain Self-Renewal Capacity and Cellular Diversity in Niche-
Inspired Culture Condition. Cell Stem Cell 23, 787-793.¢6.

Gehart, H., van Es, ].H., Hamer, K., Beumer, J., Kretzschmar, K., Dekkers, ].E, Rios, A., and Clevers, H. (2019).
Identification of Enteroendocrine Regulators by Real-Time Single-Cell Differentiation Mapping. Cell.

Goldspink, D.A., Lu, V.B,, Billing, L.J., Larraufie, P., Tolhurst, G., Gribble, EM., and Reimann, F. (2018).
Mechanistic insights into the detection of free fatty and bile acids by ileal glucagon-like peptide-1 secreting
cells. Mol. Metab. 7, 90-101.

Gregorieff, A., Liu, Y., Inanlou, M.R., Khomchuk, Y., and Wrana, J.L. (2015). Yap-dependent reprogramming
of Lgr5+ stem cells drives intestinal regeneration and cancer. Nature 526, 715-718.

Gribble, EM., and Reimann, E (2017). Signalling in the gut endocrine axis. Physiol. Behav.

Griin, D., Lyubimova, A., Kester, L., Wiebrands, K., Basak, O., Sasaki, N., Clevers, H., and van Oudenaarden,
A. (2015). Single-cell messenger RNA sequencing reveals rare intestinal cell types. Nature 525, 251-255.

Grunddal, K. V,, Ratner, C.E, Svendsen, B., Sommer, E, Engelstoft, M.S., Madsen, A.N., Pedersen, J., Nohr,
M.K,, Egerod, K.L., Nawrocki, A.R., et al. (2016). Neurotensin is coexpressed, coreleased, and acts together
with GLP-1 and PYY in enteroendocrine control of metabolism. Endocrinology 157, 176-194.

Gunawardene, A.R., Corfe, B.M., and Staton, C.A. (2011). Classification and functions of enteroendocrine
cells of the lower gastrointestinal tract. Int. J. Exp. Pathol. 92, 219-231.

Haber, A.L., Biton, M., Rogel, N., Herbst, R.H., Shekhar, K., Smillie, C., Burgin, G., Delorey, T.M., Howitt,
MR, Katz, Y,, et al. (2017). A single-cell survey of the small intestinal epithelium. Nature 551, 333-339.

Habib, A.M., Richards, P., Cairns, L.S., Rogers, G.J., Bannon, C.A.M., Parker, H.E., Morley, T.C.E., Yeo,
G.S.H., Reimann, E, and Gribble, EM. (2012). Overlap of endocrine hormone expression in the mouse
intestine revealed by transcriptional profiling and flow cytometry. Endocrinology 153, 3054-3065.

He, L., Si, G., Huang, J., Samuel, A.D.T., and Perrimon, N. (2018). Mechanical regulation of stem-cell
differentiation by the stretch-activated Piezo channel. Nature 555, 103-106.

Hutch, C.R,, and Sandoval, D. (2017). The role of GLP-1 in the metabolic success of bariatric
surgery. Endocrinology.

Inokuchi, H., Azuma, T., Kawai, K., Takeuchi, Y., and Sano, Y. (1984). Serotonin immunohistochemistry
reveals immature EC cells. Histochemistry 80, 517-518.

55



56

CHAPTERII

Inokuchi, H., Fujimoto, S., Hattori, T., and Kawai, K. (1985). Tritiated thymidine radioautographic study
on the origin and renewal of secretin cells in the rat duodenum. Gastroenterology 89, 1014-1020.

Jenny, M., Uhl, C., Roche, C., Duluc, I, Guillermin, V., Guillemot, F, Jensen, J., Kedinger, M., and Gradwohl,
G. (2002). Neurogenin3 is differentially required for endocrine cell fate specification in the intestinal and
gastric epithelium. EMBO J. 21, 6338-6347.

Kaelberer, M.M., Buchanan, K.L., Klein, M.E,, Barth, B.B., Montoya, M.M., Shen, X., and Bohérquez, D. V
(2018a). A gut-brain neural circuit for nutrient sensory transduction. Science (80-. ). 361, eaat5236.

Kaelberer, M.M., Buchanan, K.L., Klein, M.E., Barth, B.B., Montoya, M.M., Shen, X., and Bohérquez, D. V
(2018b). A gut-brain neural circuit for nutrient sensory transduction. Science (80-. ). 361, eaat5236.

Kraiczy, J., Nayak, K.M., Howell, K.J., Ross, A., Forbester, J., Salvestrini, C., Mustata, R., Perkins, S.,
Andersson-Rolf, A., Leenen, E., et al. (2019). DNA methylation defines regional identity of human
intestinal epithelial organoids and undergoes dynamic changes during development. Gut.

Krentz, N.AJ,, van Hoof, D., Li, Z., Watanabe, A., Tang, M., Nian, C., German, M.S., and Lynn, EC.
(2017). Phosphorylation of NEUROG3 Links Endocrine Differentiation to the Cell Cycle in Pancreatic
Progenitors. Dev. Cell 41, 129-142.¢6.

Kretzschmar, K., and Watt, EM. (2012). Lineage tracing. Cell 148, 33-45.

Lee, C.S., Perreault, N., Brestelli, J.E., and Kaestner, K.H. (2002). Neurogenin 3 is essential for the proper
specification of gastric enteroendocrine cells and the maintenance of gastric epithelial cell identity. Genes Dev.

Lépez-Diaz, L., Jain, R.N., Keeley, T.M., VanDussen, K.L., Brunkan, C.S., Gumucio, D.L., and Samuelson,
L.C. (2007). Intestinal Neurogenin 3 directs differentiation of a bipotential secretory progenitor to
endocrine cell rather than goblet cell fate. Dev. Biol.

Martin, C.R., Osadchiy, V., Kalani, A., and Mayer, E.A. (2018). The Brain-Gut-Microbiome Axis. CMGH.

Middendorp, S., Schneeberger, K., Wiegerinck, C.L., Mokry, M., Akkerman, R.D.L., Van Wijngaarden,
S., Clevers, H., and Nieuwenhuis, E.E.S. (2014). Adult stem cells in the small intestine are intrinsically
programmed with their location-specific function. Stem Cells.

Miyatsuka, T., Kosaka, Y., Kim, H., and German, M.S. (2011). Neurogenin3 inhibits proliferation in
endocrine progenitors by inducing Cdknla. Proc. Natl. Acad. Sci. U. S. A.

Mori-Akiyama, Y., van den Born, M., van Es, J.H., Hamilton, S.R., Adams, H.P,, Zhang, J., Clevers, H.,
and de Crombrugghe, B. (2007). SOX9 Is Required for the Differentiation of Paneth Cells in the Intestinal
Epithelium. Gastroenterology 133, 539-546.

Munera, J.O., Sundaram, N., Rankin, S.A., Hill, D., Watson, C., Mahe, M., Vallance, J.E., Shroyer, N.F,
Sinagoga, K.L., Zarzoso-Lacoste, A., et al. (2017). Differentiation of Human Pluripotent Stem Cells into
Colonic Organoids via Transient Activation of BMP Signaling. Cell Stem Cell.

Nauck, M.A., Heimesaat, M.M., Orskov, C., Holst, J.J., Ebert, R., and Creutzfeldt, W. (1993). Preserved
incretin activity of glucagon-like peptide 1 [7-36 amide] but not of synthetic human gastric inhibitory
polypeptide in patients with type- 2 diabetes mellitus. J. Clin. Invest.

Petersen, N., Reimann, E, Bartfeld, S., Farin, H.E, Ringnalda, F.C., Vries, R.G.]., Van Den Brink, S., Clevers,
H., Gribble, EM., and De Koning, E.J.P. (2014). Generation of I cells in mouse and human small intestine
organoids. Diabetes.

Petersen, N., Frimurer, T.M., Pedersen, M.T., Kristoffer, L., Albrechtsen, N.J.W., Holst, ].J., Grapin-botton,
A., Kim, B, and Schwartz, T.W. (2018). Inhibiting RHOA Signaling in Mice Increases Glucose Tolerance
and Numbers of Enteroendocrine and Other Secretory Cells in the Intestine. Gastroenterology.



NEW CONCEPTS IN ENTEROENDOCRINE CELL BIOLOGY

Phillips, L.K., Deane, A.M., Jones, K.L., Rayner, C.K., and Horowitz, M. (2015). Gastric emptying and
glycaemia in health and diabetes mellitus. Nat. Rev. Endocrinol.

Puri, S., Folias, A.E., and Hebrok, M. (2015). Plasticity and dedifferentiation within the pancreas:
Development, homeostasis, and disease. Cell Stem Cell.

Roth, K. a, and Gordon, J.I. (1990). Spatial differentiation of the intestinal epithelium: analysis of
enteroendocrine cells containing immunoreactive serotonin, secretin, and substance P in normal and
transgenic mice. Proc. Natl. Acad. Sci. U. S. A. 87, 6408-6412.

Sato, T., Vries, R.G., Snippert, H.J., van de Wetering, M., Barker, N., Stange, D.E., van Es, ].H., Abo, A.,
Kujala, P., Peters, P.J., et al. (2009). Single Lgr5 stem cells build crypt-villus structures in vitro without
a mesenchymal niche. Nature 459, 262-265.

Sato, T., Stange, D.E., Ferrante, M., Vries, R.G.]., Van Es, ].H., Van Den Brink, S., Van Houdt, W.J., Pronk,
A., Van Gorp, J., Siersema, P.D., et al. (2011). Long-term expansion of epithelial organoids from human
colon, adenoma, adenocarcinoma, and Barrett’s epithelium. Gastroenterology 141, 1762-1772.

Schonhoft, S.E., Giel-Moloney, M., and Leiter, A.B. (2004). Minireview: Development and differentiation of
gut endocrine cells. Endocrinology 145, 2639-2644.

Sinagoga, K.L., McCauley, H.A., Munera, J.O., Reynolds, N.A., Enriquez, J.R., Watson, C., Yang, H.C,,
Helmrath, M.A., and Wells, ].M. (2018). Deriving functional human enteroendocrine cells from pluripotent
stem cells. Development.

Skibicka, K.P., and Dickson, S.L. (2013). Enteroendocrine hormones - Central effects on behavior. Curr.
Opin. Pharmacol.

Solorzano-Vargas, R.S., Bjerknes, M., Wu, S.V,, Wang, J., Stelzner, M., Dunn, J.C.Y.,, Dhawan, S.,
Cheng, H., Georgia, S., and Martin, M.G. (2019). The cellular regulators PTEN and BMI1 help mediate
NEUROGENIN-3"induced cell cycle arrest. J. Biol. Chem. jbc.RA119.008926.

Spence, J.R., Mayhew, C.N., Rankin, S.A., Kuhar, M.E, Vallance, J.E., Tolle, K., Hoskins, E.E., Kalinichenko,
V. V,, Wells, S.I, Zorn, A.M., et al. (2011). Directed differentiation of human pluripotent stem cells into
intestinal tissue in vitro. Nature.

Sun, E.-W.L., Martin, A.M., Young, R.L., and Keating, D.J. (2019). The regulation of peripheral metabolism
by gut-derived hormones. Front. Endocrinol. (Lausanne).

Workman, M.J., Mahe, M.M., Trisno, S., Poling, H.M., Watson, C.L., Sundaram, N., Chang, C.F, Schiesser,
J., Aubert, P, Stanley, E.G., et al. (2017). Engineered human pluripotent-stem-cell-derived intestinal tissues
with a functional enteric nervous system. Nat. Med.

Worthington, J.J., Reimann, F, and Gribble, EM. (2018). Enteroendocrine cells-sensory sentinels of
the intestinal environment and orchestrators of mucosal immunity. Mucosal Immunol.

Zhang, X., McGrath, P.S., Salomone, J., Rahal, M., McCauley, H.A., Schweitzer, J., Kovall, R., Gebelein,
B., and Wells, J.M. (2019). A Comprehensive Structure-Function Study of Neurogenin3 Disease-Causing
Alleles during Human Pancreas and Intestinal Organoid Development. Dev. Cell.

Zietek, T., Rath, E., Haller, D., and Daniel, H. (2015). Intestinal organoids for assessing nutrient transport,
sensing and incretin secretion. Sci. Rep. 5.

57






CHAPTER

INDUCED QUIESCENCE OF LGR5+ STEM
CELLS IN INTESTINAL ORGANOIDS
ENABLES DIFFERENTIATION

OF HORMONE-PRODUCING
ENTEROENDOCRINE CELLS

Published in Cell Stem Cell
doi: 10.1 016/j.stem.2016.11.001




SUMMARY

Lgr5+ adult intestinal stem cells are highly proliferative throughout life. Single Lgr5+ stem
cells can be cultured into three-dimensional organoids containing all intestinal epithelial cell
types at near-normal ratios. Conditions to generate the main cell types (enterocyte, goblet cells,
Paneth cells, and M cells) are well established, but signals to induce the spectrum of hormone-
producing enteroendocrine cells (EECs) have remained elusive. Here, we induce Lgr5+ stem cell
quiescence in vitro by blocking epidermal growth factor receptor (EGFR) or mitogen-associated
protein kinase (MAPK) signaling pathways in organoids and show that their quiescent state
is readily reverted. Quiescent Lgr5+ stem cells acquire a distinct molecular signature biased
toward EEC differentiation. Indeed, combined inhibition of Wnt, Notch, and MAPK pathways
efficiently generates a diversity of EEC hormone-expressing subtypes in vitro. Our observations
uncouple Wnt-dependent stem cell maintenance from EGF-dependent proliferation and

provide an approach for the study of the elusive EECs in a defined environment.
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INTRODUCTION

Lgr5+ stem cells self-renew constantly throughout life at the base of intestinal crypts (Clevers,
2013). Active Notch signaling in rapidly dividing daughters specifies an enterocyte fate.
Alternatively, some daughters upregulate Notch ligands (i.e., DII1 and DII4) immediately
after leaving the crypt base niche, concomitant with an exit from the cell cycle (van Es et al.,
2012). The latter cells represent secretory progenitors that give rise to Paneth, goblet, and
enteroendocrine cells (EECs).

Murine Lgr5+ intestinal stem cells divide on average every 21.5 hr (Schepers et al., 2011).
A reserve stem cell population has been shown to reside above the Paneth cells at the “+4”
position (Montgomery et al., 2011, Mufioz et al., 2012, Potten et al., 1978, Powell et al., 2012,
Sangiorgi and Capecchi, 2008, Schepers et al., 2011, Takeda et al., 2011, Yan et al., 2012). These
cells are generally non-proliferative and can replace lost Lgr5+ stem cells. An elegant lineage-
tracing strategy identified these label-retaining cells as non-cycling secretory progenitors
(Buczacki et al., 2013). Indeed, these secretory progenitors and the +4 cells share several
molecular markers, including Hopx, Bmil, Lrig, and Tert expression (Montgomery et al., 2011,
Muiioz et al., 2012, Powell et al., 2012, Schepers et al.,, 2011, Takeda et al,, 2011, Yan et al.,
2012). Moreover, dissection of Lgr5+ crypt populations with distinct cell-cycle features suggests
that Lgr5™ cells with slow cell-cycle kinetics are secretory precursors (Basak et al., 2014).
The presence and identity of “professional” quiescent intestinal stem cells has remained elusive.

Traditionally known as defensive units against microbial infections, Paneth cells also act as
part of the niche for the juxtaposed Lgr5+ stem cells by secreting Wnt3 and epidermal growth
factor (EGF) and by presenting the Notch ligands DIl1 and D114 (Pellegrinet et al., 2011, Sato et
al., 2011). Mesenchyme surrounding the crypts also contributes to the niche by secreting Wnt2b
as well as several BMP inhibitors (Aoki et al., 2016, Farin et al., 2012).

The murine intestinal organoid culture system (Sato et al., 2009) generates all principle
cell types of the intestinal epithelium, including Lgr5+ stem cells. The system is based on
substitution of in vivo niche components (i.e., the Wnt agonist R-spondin-1, EGFE, and the BMP
inhibitor Noggin). Matrigel mimics the extracellular matrix and provides the structural basis
for self-organization. R-spondin-1 is a critical component that, through interaction with its
Lgr4 and 5 receptors, amplifies the Wnt3 signal emanating from Paneth cells (de Lau et al., 2011).

Organoids can be programmed to produce relatively pure populations of most epithelial
cell types. High-Wnt and high-Notch conditions favoring expansion of Lgr5+ stem cells can
be mimicked by the addition of the GSK3 inhibitor CHIR99021 combined with the histone
deacetylase (HDAC) inhibitor valproic acid (Yin et al, 2014). Enterocytes appear under
conditions of Wnt inhibition and Notch activation (Yin et al., 2014). The addition of Rank
ligand promotes the fate of M cells, which cover Peyer’s patches and transport luminal antigens
via transcytosis (de Lau et al., 2012). Notch inhibition generally induces secretory fates. In
the absence of Wnt, secretory goblet cells are formed (van Es et al., 2005), while in the presence
of Wnt, Paneth cells appear (van Es et al., 2012, Yin et al., 2014).
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EECs are rare, hormone-secreting cells that are also generated from Lgr5+ stem cells
(Barker et al.,, 2007). Hormones expressed by EECs regulate a wide variety of physiological
responses, including gastric emptying, release of pancreatic enzymes, blood glucose levels,
and appetite and mood changes. Most commonly, subtypes are distinguished based on their
secreted hormones and include somatostatin+ (Sst) D-cells, gastric inhibitory poplypeptide+
(Gip) K-cells, secretin+ (Sct) S-cells, cholecystokinin (Cck) I-cells, glucagon-like protein 1+
(GLP-1) L-cells, neurotensin+ (Nts) N-cells, and serotonin-producing enterochromaffin cells
(Gunawardene et al., 2011). However, a single EEC may express multiple hormones at varying
levels, underscoring a high level of heterogeneity (Egerod et al., 2012). In a recent single-cell-
sequencing approach, we demonstrated that organoids faithfully generate the various EEC types
and identified three additional subtypes of EECs: Tacl+/Cck+, Ucn3+, and Alb+/Afp+ (Griin
et al., 2015). G-protein-coupled taste receptors have been identified as regulators of hormone
secretion in these cells (Janssen and Depoortere, 2013). Indeed, EECs can have direct luminal
contact and sense the intestinal content with microvilli. Other EECs, the so-called closed-type
cells, are not exposed to the lumen (Janssen and Depoortere, 2013). Their basal process (of
varying length) may form synaptic contacts with enteric neurons to connect to the nervous
system. While EECs clearly play crucial roles in controlling various aspects of intestinal function
and organismal metabolism, their scarcity has posed a hurdle to their in-depth study. Here, we

explore methods to program organoids toward EEC fates in vitro.

RESULTS

Inhibition of EGFR Signaling Abolishes Proliferation of Lgr5+ Stem Cells and
Induces Their Quiescence

To understand how mouse Lgr5+ stem cells are kept in cycle, we manipulated key signaling
pathways active in the crypt niche. The Lgr5%*FP™ allele (Tian et al., 2011) is never silenced
in Lgr5+ cells (see below) and is well suited for flow-cytometry-based quantification of Lgr5+
cell numbers. Combining flow cytometric analysis of Lgr5°F*°™* organoids with antibody
staining against KI67, a marker of cycling cells in all cell-cycle phases, confirmed that
the overwhelming majority (94.1% * 2.1%) of the Lgr5+ cells cycle in ENR (EGF, Noggin and
R-spondin-1) medium (Figures S1A and S1C). Wnt signaling is reported to induce cell-cycle
progression through cyclin D, and c-Myc expression (Myant and Sansom, 2011). We inhibited
Wnt signaling using two independent methods: (1) withdrawal of R-spondinl from the culture
medium and (2) IWP-2 treatment which inhibits Wnt3 secretion by Paneth cells (Figure
S1A). R-spondin-1 withdrawal caused rapid loss of Lgr5°**P™ expression (Figure S1A). IWP2
treatment (iWnt) poses a slower Wnt inhibition that depends on dilution of ligands through
proliferation (Farin et al., 2016). Lgr55™P™® expression was gradually downregulated while stem
cells differentiated into KI67+ Lgr5— cells upon iWnt treatment (Figures S1A and S1B). Yet,
the remaining Lgr5°¥*P™+ cells maintained KI67 expression (63.5% + 2.8% vs. 94.4% + 2.1%
in control; Figure S1C). Withdrawal of the BMP inhibitor Noggin or addition of the Notch
inhibitor DAPT (iNotch) both induced a rapid decrease in Lgr5"P™+ cell numbers (Figure
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S1A) but did not affect proliferation of the remaining Lgr5“**°™®+ cells (82.3% + 1.4% in Noggin
withdrawal and 45.1% + 10% in iNotch) (Figure S1C). Next, we inhibited EGF receptor (EGFR)
signaling using gefitinib accompanied by withdrawal of EGF from the culture medium (iEGFR).
While Lgr5FP™® expression persisted (Figures S1A and S1D), the Lgr5*P™+ cells eventually
lost KI67 expression (13.1% + 1.0% remaining KI67+ cells) indicative of cell-cycle exit
(Figures S1C and S1D). After 4 days of iEGFR treatment, Lgr5"*P™+ cells comprised 44.4% +
0.8% (vs. 13.6% + 6.5% in control) of the organoids when analyzed by fluorescence-activated
cell sorting (FACS) (Figures S1A and S1D).

We then focused on the early events associated with EGFR inhibition (Figure 1A). Despite
extensive apoptosis of the differentiated compartments of the organoid, buds resembling crypt
structures survived iEGFR treatment for at least a week (Figures 1B and S2B). Fluorescent
microscopy analysis using both Lgr5GirescretR+ (Figure S2A) and Lgr5%*P™+ (Figure S2B)
organoids confirmed that these buds contained Lgr5+ cells. Of note, the Lgr56FirsCreER g]jele
is well suited for lineage tracing and is the strongest GFP-expressing Lgr5 allele, yet it is
stochastically silenced in some cells (Barker et al., 2007). We noticed that GFP levels increased
upon iEGFR treatment (Figures S2A and S2B). The Rosa™"“* Wnt signal reporter allele (Serup
et al,, 2012) revealed that increased Lgr5 reporter expression coincided with high Wnt activity
(Figure S2B). Confocal microscopy revealed that the cellular bridges connecting buds in normal
organoid cultures (ENR) slowly converted into cellular debris in iEGFR cultures (Figure 1B).
Typically, iEGFR cultures contained round, crypt-like bud structures with many Lgr5+ cells
intermingled with Lgr5— cells (Figure 1C). We also noticed that organoids in iEGFR cultures
were considerably smaller than controls (Figures 1C and 1D). Thus, iEGFR treatment results
in smaller organoids mostly consisting of crypt-like buds with high Wnt signal strength and
Lgr5 expression.

Next, we analyzed proliferation of organoids using immunofluorescence and confocal
microscopy. The KI67 protein persisted for the first 24 hr but was lost from 48 hr onward
(Figures 1E and 1F). Using a short pulse of ethynyldeoxyuridine (EdU) as a measure of S
phase cells, we found that iEGFR lead to a rapid halt in DNA replication as early as 24 hr,
which persisted for at least a week (Figures 1E and 1F). Consistent with exit from S phase and
eventually from the cell cycle, labeling the DNA content of iEGFR-treated organoids using
Hoechst DNA staining confirmed that all cells were in G /G, phase (Figure S2C). 4 days after
iEGEFR treatment, reconstitution of EGF signaling induced rapid cell-cycle entry within 24 hr
(KI67+) and progression to the S phase within 48 hr (EdU+) (Figures 1G and S2D). Figure 1H
further illustrates that Lgr5+ cells in iEGFR-treated organoids lacked the cell-cycle marker
KI67 and the M phase marker pH3 and did not incorporate EdU, excluding that rare dividing
cells persisted during iEGFR treatment (Figure 1H). Altogether, our results reveal that iEGFR
treatment abolishes proliferation of organoids and induces generation of quiescent Lgr5+ cells.

Stem Cell Potential Is Maintained in Reactivated Lgr5+ Intestinal Stem Cells

To test whether quiescent Lgr5+ cells maintain stem cell potential, we used Lgr5GFPiresCreER /+

Rosa'“#*Y*micetolineage-trace Lgr5+ cells (Figure S2E). CreER induction using4-OH tamoxifen
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(Tmx) led to rapid recombination of the Rosa"**

allele. Cre reporter that could be visualized by
X-Gal staining (blue precipitate in Figure S2E). Quiescent Lgr5+ cells generated upon 4 days of
iEGFR treatment. Tmx was introduced to the medium during the last day of the treatment and
removed when Egf signaling was reactivated. Labeled and reactivated quiescent Lgr5+ cells gave
rise to organoids entirely labeled with X-Gal, as visualized two passages after Tmx induction. As
control, labeled Dclk]6FPiresCreERR gsalacZ cells (marking tuft cells) did not generate new organoids
consistent with their differentiated nature (the rare blue cells are persisting Tuft cells). Since
only stem cells can generate new organoids in intestinal organoid cultures (Sato et al., 2009),
these findings indicated that quiescent Lgr5+ cells generated by EGFR inhibition retain
their stemness.

To evaluate the cellular composition of iEGFR-treated organoids, we performed
immunofluorescence analysis. Quantification of the number of marker-positive cells per
organoid revealed that absolute numbers of LYZ+ Paneth cells and CHGA+ EECs were not
significantly increased after 4 days in iEGFR (Figure 2A). Mucin-2 (MUC2) immunostaining
revealed that a comparable amount of goblet cells were present following iEGFR treatment
(Figure S2F). Tuft cells (intestinal M-cells) are rare mechanosensory cells involved in response
to parasitic invasion (Howitt et al., 2016). Apical actin bundles that are revealed by acetylated
tubulin and F-actin (Phalloidin) staining distinguishes Tuft cells (Hoéfer and Drenckhahn,
1996). The number of Tuft cells per organoid increased upon iEGFR treatment (Figure 2B). We
corroborated these results using the Dclk1GPireCreER g]lele (Nakanishi et al., 2013), revealing that
iEGFR treatment increased the absolute number of Dclk1+ Tuft cells 3.2-fold (11.3 + 6.6 in ENR
and 35.8 + 8.8 in iEGFR; Figure 2B). GFP-marked cells almost invariably contained acetylated
tubulin bundles confirming the specificity of the Dclk1 allele (Figure 2B). The absence of EEC,
Paneth cell, and Tuft cell markers in Lgr56PireCreERy cells argued against upregulation of Lgr5

in differentiated cells (Figure S2G). Thus, continuous EGFR inhibition drives Lgr5+ cells into

Figure 1. EGFR inhibition induces cell cycle exit in intestinal organoids. (A) Experimental setup for
panels B-H. Organoids were treated with either EGFR inhibitor Gefitinib in the absence of EGF (iEGFR)
or DMSO in standard ENR medium (control) one week after plating in BME. Samples were collected 1
(d1), 2 (d2), 4 (d4) or 7 (d7) days after the treatment. (B) Brightfield images of intestinal organoids after 4
days of iEGFR treatment or culture in control (ENR) medium. Crypts and differentiated units are visible
in ENR, while iEGFR treated organoids mainly contain crypt-like structures that are placed closer to each
other. (C) GFP fluorescence of Lgr5¢*reCretR/+ (green) organoids shows that Lgr5+ cells persist following
iEGFR treatment. (D) Quantification of circumference of organoids after 4 days of iEGFR treatment or
in control cultures. E) Analysis of the cell cycle in intestinal organoids. EAU was administered 1h prior
to the sacrifice. Control (ENR) organoids continuously incorporate EAU (upper panels) and express
KI67 (lower panels), while iEGFR treated organoids exit the cell cycle over time. (F) Quantification of E.
(G) Analysis of the cell cycle of iEGFR treated organoids following reintroduction of EGF in the culture
medium. KI67 expression and EAU incorporation were analysed 1 (d1), 3 (d3) or 5 (d5) days after replating
in ENR. H) Lgr56FPiresCreERi+y cells exit the cell cycle upon 4 days of iEGFR treatment. Phospho-histone H3
(pH3) staining was used to visualize M phase. The graph at the bottom shows the quantification. DAPI is
used to visualize the nuclei. Scale bars, 50 um. Error bars represent SD. All fluorescent images are confocal
sections. B and C are optical sections. E, G and H are 3D reconstructions. See also Figure S1 and S2.
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quiescence and leads to a loss of proliferating cells. However, this treatment provokes no change
in the absolute number of differentiated cells, with the exception of inducing an increase in Tuft
cell numbers.

Next, we asked whether stem cells could survive repeated cycles of cell-cycle exit and
entry (Figure 2C). Upon EGEFR reactivation followed by washout and the addition of EGF,
proliferation was restored to control levels (Figures 2C-2E). Some proliferation was even
restored in the absence of exogenous EGF, likely due to endogenous EGF secreted by Paneth
cells (Figures 2C-2E). These findings indicated that iEGFR-induced quiescence is reversible
and that quiescent stem cells maintain their self-renewal potential.

While the absolute number of LYZ+ Paneth cells was not changed upon EGFR reactivation
compared to the controls, CHGA+ EEC numbers were somewhat increased (Figures 2D and
2F). Similarly, absolute numbers of CHGA+ cells were higher in the absence of exogenous
EGE, even though organoid size was considerably smaller compared to control organoids
(Figures 2D, 2E, and S2H).

To corroborate these findings, we analyzed marker gene expression for key cell types in
reactivated organoids using qPCR (Figure 2G; Table S5). After 1 week of reactivation, expression
of proliferation markers Ki67 and Ccnb2 were restored to control levels. Moreover, lineage
markers for Paneth cells (Lyz), Goblet cells (Gob5), and enterocytes (Alpi) were restored to
near-normal ratios. Expression of the EEC marker Chga was elevated upon reactivation (Figure
2G). Thus, all lineages could be generated from reactivated Lgr5+ cells, suggesting that EEC
generation is enhanced by reduced EGF/EGFR signaling.

MAPK Signaling Downstream of EGFR Controls Intestinal Stem Cell
Proliferation

Mitogen-associated protein kinase (MAPK) signaling is a major downstream target of EGFR
signaling pathway and regulates cell-cycle progression. MAPK kinase (MEK) phosphorylates
MAPK (ERK) to induce its nuclear localization and activation. Phosphatidylinositol
3-kinase (PI3K)/AKT pathway is also downstream of EGFR and is, for instance, implicated
in neuroendocrine tumors (Banck et al., 2013). To quantify changes in ERK phosphorylation

Graph shows quantification. (C) Experimental paradigm used to assess proliferation and differentiation
potential of reactivated quiescent stem cells. Organoids were treated with EGFR inhibitor and subsequently
replated in ENR medium (repeated iEGFR) or medium without EGF (repeated -EGF) to recover in two
consecutive rounds. (D) Proliferation (KI67 expression) is restored after recovery from the second iEGFR
treatment, indicating cell cycle inhibition is reversible. Enteroendocrine cells (CHGA+), but not Paneth
cells (LYZ), were increased after consecutive iEGFR treatment. This was more pronounced after repeated
-EGE. (E-F) Quantification of D. (E) The number of KI67+ cells normalized to the circumference of
the quantified sections. (F) Quantification of the absolute number of CHGA+ and LYZ+ cells per organoid.
(G) Quantitative PCR analysis of lineage markers in reactivated organoids that were cultured for 1 week
in ENR following 4 days of iEGFR treatment. Scale bars, 50 um. Error bars represent SD. All fluorescent
pictures are 3D reconstructions confocal images, except for top panels in D that show optical confocal
sections. See also Figure S2.
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Figure 3. EGFR signalling induced cell cycle exit is mediated by MAPK signalling pathway. (A) Pathscan®
analysis of EGFR inhibited organoids. Akt and ERK pathways are effectively inhibited after 1h of EGFR
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as simultaneous inhibition of EGFR and ErbB-2 using Afatinib yields similar results to Gefitinib induced »
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and AKT pathway activation, we used PathScan array analysis (Figures 3A and S3A).
Phosphorylation of both ERK/2 and AKT at Thr306 and Ser473 was reduced as early as 1 hr
after iEGFR treatment of organoids and remained low 24 hr after treatment (Figure 3A). S6
ribosomal protein phosphorylation, a target of AKT signaling, dropped after 3 hr, while mTOR
and PTEN phosphorylation was reduced only after 24 hr (Figure 3A).

To evaluate the temporal change of ERK phosphorylation upon iEGFR treatment, we
performed immunohistochemistry. iEGFR reduced ERK phosphorylation as early as 1 hr after
treatment, consistent with the PathScan results (Figure S3B). However, we observed a gradual
and partial recovery in phospho-ERK (pERK) levels within 48 hr, despite continuing quiescence
(Figure S3B). Thus, we asked whether MEK/ERK signaling is essential for cell-cycle progression
of intestinal stem cells using small inhibitors for either MEK (PD0325901; Meki) or ERK
(SCH772984; Erki). Both inhibitors induced quiescence of Lgr5+ cells, implying that the ERK
pathway downstream of EGFR is required for proliferation of Lgr5+ cells (Figure 3B). The use
of afatinib, which inhibits both EGFR and ErbB2, yielded similar results (Figure 3B). These
results indicated that inhibition of MAPK signaling could induce a reversible quiescent state in
intestinal organoid stem cells, similar to iEGFR treatment. These data implied that decreased
MAPK/ERK signaling suffices for cell-cycle exit of Lgr5+ cells.

RNA Sequencing Reveals the Molecular Signature of Quiescent Lgr5+ Stem
Cells

To better understand the molecular characteristics of quiescent Lgr5+ cells, we performed bulk
RNA sequencing on FACS-isolated control (DMSO) and quiescent (iEGFR treatment, day 4)
Lgr5+ stem cells. We included both Lgr56FFirescreER/+ (n = 2) and Lgr5%"P™* (n = 2) organoids in
our study to observe potential differences in Lgr5 reporter expression. We also included sorted
Tuft cells (using the Dclk]6FFirsCreER+ g]lele) for comparison. Whole control organoids cultures
were sequenced as a reference population. Hierarchical clustering and principal-component
analysis (PCA) revealed that quiescent Lgr5+ cells were more similar to active Lgr5+ stem cells
than to whole organoids or Tuft cells (Figures 4A and S4A). Differential gene expression analysis
between active and quiescent Lgr5+ cells revealed 533 differentially regulated genes, 290 of
which were enriched in quiescent Lgr5+ cells (false discovery rate [FDR] <0.01 Figures 4B
and S4B; Table S1). Transcriptional targets of the Erk pathway (Etv4 [7.7x, p-adj < 0.001] and
Etv5 [7.7%, p-adj < 0.001]) were downregulated in quiescent Lgr5+ stem cells, confirming
efficient Erk inhibition (Figures 4C and S4B). Similarly, several cell-cycle-associated genes, such
as Cenbl (2.1x, p-adj < 0.005) and Ccnb2 (1.9x%, p-adj < 0.05), were decreased, consistent with
cell-cycle arrest (Figure S4B). Gene Ontology (GO) analysis of the genes downregulated upon

iEGFR treatment confirmed a clear loss of cell-cycle-associated genes (Figure S4C). In line with

EGEFR inhibition. EdU is added to the culture medium 1 hour before the sacrifice. Middle panels show
endogenous GFP expression from the Lgr56eCrER gllele. DAPI is used to visualize the nuclei in lower
panels. Scale bars, 50 um. Error bars represent SD. See also Figure S3.
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our reporter expression, we observed a significant increase in some of the well-known Wnt
target genes, including Rnf43 (2.3x, p-adj < 0.005) and Lgr5 (2x, p-adj < 0.05) (Figure S4B). We
also noticed a strong increase of members of the AP-1 family of transcription factors (Junb, Fos,
and Fosb) in quiescent Lgr5+ cells (Figures 4C and S4B). Early markers for Paneth cells (Lyz1),
enterocytes (Alpil), and goblet cells (Muc2) remained unchanged (Figure 4C). Chga, expressed
by EECs and their precursors, was 7.3-fold higher in quiescent compared to active Lgr5+ stem
cells (Figure 4C). Similarly, while Dclkl (6x, p-adj < 0.05) and some other Tuft cell markers
increased upon iEGFR treatment, their levels were significantly lower in quiescent Lgr5+ cells
than in Tuft cells (Figure 4C). These results confirmed our confocal analysis and highlighted
key molecular changes in Lgr5+ stem cells upon quiescence entry.

The increase in per cell-Chga expression as well as the high CHGA+ cell numbers generated
in the absence of EGF (Figures 3D and 3F) were reminiscent of the label-retaining secretory
precursors (LRCs) described by Winton and colleagues (Buczacki et al., 2013). Indeed, gene set
enrichment analysis (GSEA) revealed that the LRC signature is more similar to quiescent than
to active Lgr5+ stem cells (Figure 4D; see STAR Methods). 12 out of 37 of the LRC genes were
in the core enrichment group and included the EEC-related genes Chga, Chgb, Cldn4, Gip, and
Ghrl2 (Table S2). Next, we analyzed the distribution of the “hallmarks” gene sets provided on
the GSEA dataset (Figures 4D and $4D; Table S3). Analysis revealed an enrichment of “E2F
targets” and “MYC targets V1 and V2” in active stem cells (Figure S4D). X2K transcription
factor target analysis confirmed that 72% of the genes downregulated after iEGFR were targets
of either MYC (62%) or E2F1 (38%) (Figure 4E). In addition, mTORC1-associated genes were
downregulated upon EGFR inhibition (Figure 4D). The analysis also revealed a metabolic
shift upon quiescence entry; genes associated with glycolysis, oxidative phosphorylation, and
cholesterol metabolism were downregulated in quiescent stem cells (Figures 4D and $4D). On
the other hand, quiescent stem cells were enriched in genes associated with tumor necrosis
factor o (TNF-a) signaling via nuclear factor kB (NF-xB), interferon gamma response genes,
and JAK-STAT3 signaling (Figure 4D; Table S3). In brief, GSEA analysis suggested that loss
of proliferation might be driven by decreased of MYC/E2F1 activity. Quiescent stem cells

Figure 4. RNA sequencing identifies key molecular differences between quiescent and active Lgr5+
stem cells. (A) Hierarchical clustering of the whole transcript of sorted Lgr5+ cells using the Lgr5¢fPTv+
(Lgr5P™), Lgr5CtrirecretRis ([ or567) and Tuft cells using the Dclk16FrescreERs (Dclkl) organoids cultured
in control medium (ENR) or upon EGFR inhibition (iEGFR) based on Pearson’s correlation. Control
organoids were added as a reference. Colours indicate Pearson correlation. (B) Volcano plot comparing
active and quiescent Lgr5 signatures. x-axis shows adjusted p value (q value, in -log10) and y axis shows
fold change (in log2). Each dots represents a gene; differentially expressed genes (False discovery rate
< 0.01) are in red. (C) Boxplots displaying normalized expression values of marker genes. (D) Gene set
enrichment analysis (GSEA). Fold change in gene expression in quiescent and active Lgr5+ stem cells are
compared. Green line shows enrichment profile. Black bars show where genes from a given gene set are
located (hit). (E) Expression2kinase (X2K) analysis showing key transcription factors targeting the active
Lgr5+ stem cell signature. Error bars indicate SD. See also Figure S4 and Tables S1-S3.
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downregulate several metabolic pathways and upregulate a signature related to TNF-a and
JAK-STAT3 signaling (Figures 4D and S$4D).

Combined Inhibition of the Wnt, Notch, and EGFR/MAPK Pathways Induces
EEC Fate

We next aimed to establish a protocol for EEC differentiation. Inhibition of Notch signaling
by DAPT treatment (iNotch) lead to a large increase in the number of LYZ+ Paneth cells
(Figure 5A). Inhibition of Wnt secretion using IWP-2 (iWnt) in combination with iNotch
abolished Paneth cell differentiation and induced EECs and goblet cells (Figure 5A). iEGFR
treatment spared both Paneth cells and EECs (Figure 5A). Combined inhibition of WNT/
Notch/EGFR pathways (iWnt/iNotch/iEGFR) resulted in a massive increase in EECs while
inhibiting Paneth cell differentiation (Figure 5A). Similarly, inhibiting Mek together with Wnt
and Notch signaling pathways (iWnt/iNotch/iMek) increased CHGA+ EEC numbers (Figure
5C). qPCR analysis confirmed that goblet cell differentiation induced by iWnt/iNotch treatment
is countered by both iEGFR and iMek treatments (Figure S5A).

We used cleaved caspase-3 staining to evaluate cell death in these organoids. Only rare
apoptotic cells were visible in the “crypt domain” of both standard and iWnt/iNotch/iMek-
treated (24 hr) organoids. Similar to the controls, apoptosis was restricted to the “villus domain”
upon iWnt/iNotch/iMek treatment (Figure S5D). These results implied that EECs are generated
by altered cell-fate choice rather than massive apoptosis of remaining cell types.

We further analyzed the expression of EEC-related genes in differentiated organoids
(Figure S5A). Expression of the pan-EEC marker Chga was 25-fold higher in iWnt/iNotch/
iEGFR-treated organoids and over 100-fold higher in iWnt/iNotch/iMek-treated organoids
(Figure S5A). Concordantly, expression of Sst (55x), Gip (14x), Sct (5%), cholecystokinin (15x),
and glucagon (Gcg/Proglucagon, 4x) mRNA were upregulated upon iWnt/iNotch/iEGFR
treatment, following a similar trend to iWnt/iNotch/iMek treatment (Figure S5A). Nts was
the sole hormone analyzed that was expressed at control levels. Thus, our protocol generated
high numbers of most subtypes of EECs (Egerod et al., 2012).

To visualize hormone production at the protein level, we used immunofluorescence
(Figure 5B). We focused on the iWnt/iNotch/iMek condition, which yielded the highest CHGA+
cell numbers among the conditions tested (Figures 5C and 5D). The different EEC subtypes are
rare in normal intestinal organoid cultures (Figure 5C). iWnt/iNotch/iMek treatment resulted
in a robust increase in the number of CHGA, NTS, SEROTONIN, GIP, SCT, SST, and CCK+
cells (Figures 5C and 5D; Table S5). This implied that EECs induced in our culture system are

functionally mature.

Regional Identity of Intestinal Organoids Determines EEC Heterogeneity
The intestinal tract displays regional differences in EEC subtype representation. We asked
whether the regional origin of organoid cultures affects the EEC subtypes generated. Of note,

a previous study demonstrated that gut organoids retain at least some aspects of their regional
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identity upon long-term culture (Middendorp et al.,, 2014). We established organoids from
four different regions (duodenum to ileum) of the intestinal tract and analyzed EEC-related
gene expression upon iWnt/iNotch/iMek using qPCR. iWnt/iNotch/iMek treatment induced
Chga expression in all cultures when compared to standard culture conditions (Figure 5E).
Nts- and Geg-expressing cells predominantly reside in the distal small intenstine (SI) region,
whereas Gip-expressing cells follow the opposite trend (Drucker and Nauck, 2006, Kitabgi
and Freychet, 1978, Parker et al., 2009). Consistently, Nts and Gcg expression was much
more strongly upregulated in the distal than the proximal organoids (Figure 5E). Conversely,
while all regions upregulated Gip upon iWnt/iNotch/iMek treatment, levels were higher in
organoids of a proximal origin. Organoids from all regions efliciently expressed Sst and Sct
upon differentiation (Figure 5E). We conclude that while our induction protocol is applicable
to organoids from all intestinal regions, the regional source of organoids affects the outcome in
terms of specific EEC subtypes.

As the PI3K/Akt/mTOR pathway is reduced upon iEGFR and may also affect EEC
differentiation, we inhibited mTOR signaling using Azd8055 (iTOR) (Figure S5B). Inhibition
of iTOR on a iWnt/iNotch background did not further increase CHGA+ cell numbers. On
the contrary, iTOR treatment abrogated the increase in CHGA+ cell numbers when combined
with iWnt/iNotch/iEGFR treatment (Figure S5B). qPCR analysis revealed decreases in Chga,
Sst, Gip, Sct, Cck, and Gcg upon iTOR treatment (Figure S5C). Thus, while its levels are
reduced upon iEGFR treatment, iTOR signaling is required for efficient generation of EECs by
our induction protocol.

To better characterize the quiescent stem cell (iMek and iEGFR) and EEC (iWnt/iNotch,
iWnt/iNotch/iEGFR, and iWnt/iNotch/iMek) induction protocols, we performed RNA
sequencing on bulk cultures at 6 hr and 96 hr (Figure 6A). PCA and hierarchical clustering
revealed three distinct groups (Figures 6A and S6A). First, all organoids treated for 6h clustered
together with untreated organoids isolated at 6 hr and 96 hr. iMek- and iEGFR-treated
organoids clustered closely together in PCA space, consistent with the notion that both induce
quiescent Lgr5+ stem cells. iWnt/iNotch, iWnt/iNotch/iEGFR, and iWnt/iNotch/iMek cultures
were distinct at 96 hr (Figures 6A and S6A). Separate samples from the same treatment group
clustered closely together, confirming the reproducibility of the treatments (Figures 6A and
S6A). Expression of the Erk target gene Etv4 is lost at 6 hr in both iMek (7.2-fold; FDR < 0.001)
and iEGFR (4.6-fold; FDR < 0.005), confirming efficient inhibition.

Next, we used our dataset to directly compare the effects of iEGFR and iMek treatments. We
measured the number of differentially expressed genes (FDR < 0.01) to visualize the differences
between samples. At both 6 hr and 96 hr, iEGFR (1,440 and 1,307 differentially expressed
genes at 6 hr and 96 hr, respectively) and iMek (1,147 and 1,631 differentially expressed genes
at 6 hr and 96 hr, respectively) treatments induced massive changes of the transcriptomes of
the organoids (Figure S6B, red dots indicate differentially expressed gene). Transcriptomes
of iMek- and iEGFR-treated cultures were almost identical at both time points (5 and 88
differentially expressed genes at 6 hr and 96 hr, respectively). iWnt/iNotch/iEGFR (3,847
differentially expressed genes) and iWnt/iNotch/iMek (3,166 differentially expressed genes)
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Figure 5. Derivation of a high purity EEC culture. (A) Marker analysis of enteroendocrine cells (CHGA,
green) and Paneth cells (LYZ, red). Organoids were treated for 4 days with Notch inhibitor DAPT (iNotch),
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used as a control. Images show optical sections. (B) Model shows critical signalling pathways manipulated
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INDUCED QUIESCENCE OF LGR5+ STEM CELLS

treatments were drastically different from controls at 96 hr. While organoids subjected to both
treatments clustered together at 96 hr (Figure S6A), 267 genes were differentially expressed
between EEC cultures differentiated with iWnt/iNotch/iEGFR versus iWnt/iNotch/iMek
treatments. Most noticeable genes were goblet cell-related factors, such as Clcal (2.4-fold,
p < 0.001) and Zgl6 (2.5-fold, p < 0.001; Figure 6B). In conclusion, while iEGFR and iMek
treatments can be used interchangeably in the context of quiescent stem cell induction, iMek is
more efficient in countering goblet cell differentiation.

Next, we scrutinized EEC differentiation. At 96 hr, Chga and Chgb expression were highly
elevated in iWnt/iNotch/iEGFR and iWnt/iNotch/iMek treatments (Figure 6B). Similarly, most
EEC genes, including Gip, Sst, Sct, Tacl, Tphl, and Reg4, were increased in both conditions.
We noticed that expression of Cck, Gcg, Ghrl, and Reg3a was upregulated in iWnt/iNotch and
not further enhanced by the addition of iEGFR and iMek (Figure 6B). Nts expression was not
enriched following our EEC differentiation protocols, most likely because duodenum organoids
were used. Even so, NTS was clearly expressed by rare cells (Figures 5D and 6B). In brief, both
iWnt/iNotch/iEGFR and iWnt/iNotch/iMek conditions efficiently induce generation of multiple
EEC subtypes, even though the ratio of the subtypes generated is different.

Single-Cell Sequencing Reveals Heterogeneous EECs in Reactivated Cultures

We previously used single-cell sequencing to reveal EEC subtypes in vivo (Griin et al., 2015).
To elucidate the cellular composition of induced organoids and the extent of heterogeneity in
hormone expression, we performed single-cell RNA sequencing (Figure 7). We sorted live single
cells (without additional markers) from iWnt/iNotch/iEGFR- and iWnt/iNotch/iMek-treated
organoids. Among the 289 cells that passed our filtering, we identified a cluster of 94 cells as
enterocytes enriched in Aldob (4.9x, p-adj < 0.001), Apoal (12.6x, p-adj < 0.001), and Alpi
(5.6x, p-adj < 0.001) (Figures S7A and S7B). These were interpreted as surviving post-mitotic
enterocytes and were excluded from further analysis. Cells derived from both iWnt/iNotch/
iEGFR- and iWnt/iNotch/iMek-treated organoids were distributed similarly in t-distributed
stochastic neighbor embedding (t-SNE) space and were analyzed together (Figure S7C).

Using RaceID2 (Griin et al., 2016), we identified 12 distinct clusters of cells (Figures 7A
and 7B). k-medoids clustering of the Pearson correlation of cellular transcriptomes revealed
a clear separation between clusters as well as possible heterogeneity within clusters (e.g.,

7 and 8, Figure 7A). Differential gene expression analysis revealed signature genes for each

together with Wnt and Notch signalling pathways (iWnt/iNotch/iMek) similarly increases enteroendocrine
cell numbers (CHGA+). Neurotensin (NTS), Serotonin, Gastric inhibitory protein (GIP), Secretin (SCT),
Somatostatin (SST) and cholecystokinin (CCK) positive cell numbers dramatically increase. Representative
3D reconstruction confocal images are shown. (D) Quantification of the number of enteroendocrine cell
markers per organoid upon iWnt/iNotch/iMek treatment. (E) Regional identity of organoids is maintained
in terms of enteroendocrine cell subtypes. Organoids were isolated from proximal-to-distal (#1-#4) small
intestine. Distal organoids have higher levels of Nts and Gcg levels, while Gip is enriched proximally. Scale
bars, 50 um. Error bars indicate SD. See also Figure S5 and Table S5.
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cluster, which we used to classify cell types (Table S4). The most prominent clusters (“3” [53
cells] and “4” [35 cells]) expressed the pan-EEC markers Chga and Chgb (Figures 7C and
S7D). Chga and Reg4 expression formed a gradient, both being higher in cluster 4. Hormonal
production in these Chgb high clusters was best defined by Tacl and Tphl expression, both
markers of enterochromafhin cells (Figures 7B, 7C, and S7D). Tacl encodes for the hormone
substance P, while Tph1 encodes for the rate-limiting enzyme in serotonin synthesis (Egerod et
al., 2012, Griin et al., 2015). Substance P and serotonin may act as neurotransmitters exciting
the connected enteric neurons (Latorre et al., 2016). The other clusters displayed relatively low
levels of Chga and Chgb transcripts but included cells expressing peptide hormones (Figures 7C
and S7D). Cluster 2 (21 cells) was marked by Gip expression (74x) that is expressed by K-cells.
Fabp5 was also highly enriched in this cluster (12.6x), consistent with its role in Gip secretion
(Shibue et al., 2015). Members of cluster 5 (nine cells) expressed very high levels of Sst (182x),
identifying them as D-cells (Figure 7C). Ghrelin (Ghrl) expression was present in more than
one cluster but was highest in cluster 6 (19x, three cells). We also noticed that Isletl (Isl-1;9.7x)
was co-expressed with Ghrl in these cells. Islet1 plays an important role in cell fate specification,
and its loss leads to impaired glucose homeostasis (Terry et al., 2014). Cells in cluster 7
(18 cells) all highly expressed Cck (55.7x).

One of the early inducers of EEC differentiation is neurogenin-3 (Neurog3), which is
followed by Neurodl. Neurog3 (5.2x) expression was highest in cluster 9 (six cells) and in
some cells of cluster 3 that were most similar to cluster 9. Virtually all EEC clusters contained
Neurodl-expressing cells (Figure 7B). Given the temporal expression of these transcription
factors, we propose that cluster 9 represents EEC progenitors, which through Neurodl generate
a panel of EECs. Cluster 1 (18 cells) was enriched in goblet cell- and Paneth cell-related genes,
such as Agr2 (33x), Muc2 (26x), Ttf3 (23x), and Defa24 (28x). Despite the filtering, some
enterocyte-like cells expressing Aldob and Mt1/2 remained (cluster 8, seven cells). Dclkl
and Trpm5 expression identified cluster 10 (15 cells) as Tuft cells (Figures 7B and S7C). In
total, 145/289 cells (50% of all cells) analyzed were EECs or their progenitors, confirming
the efficiency of our induction protocol.

Since multiple hormones can be co-expressed in the same cell, we addressed the heterogeneity
of hormone expression at the single-cell level (Figure 7C). Focusing on EEC-related gene
expression, we identified occasional expression of multiple different hormones in a single cell
(Figure 7B). This was in line with our previous report on EECs from freshly isolated intestinal
epithelium (Griin et al., 2015). A prominent example is cluster 7, where Cck+ cells also expressed
Geg (28.2x), Ghrl (5.3x), or Pyy (11.4x). Consistently, I-cells have been reported to co-express

Figure 6. Characterization of organoids following different induction regimens using RNA sequencing.
(A) Principal component analysis (PCA) of the transcriptomes of samples treated with iMek, iEGFR, iWnt/
iNotch, iWnt/iNotch/iEGFR, iWnt/iNotch/iMek and DMSO treated controls. Samples were analysed after
6 (6h, square) or 96 (96h, circle) hours of treatment. (B) Heat map showing the expression of key genes
related to enteroendocrine (EEC) and goblet cells at 96h. Colour code shows the z-score for each gene
along the whole dataset. See also Figure S6.
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Figure 7. Single cell transcriptome profiling reveals heterogeneity among induced EECs. (A) Heatmap
displaying k-medoids clustering of Pearson’s correlation of the whole transcriptome of individual live organoid
cells from iWnt/iNotch/iEGFR and iWnt/iNotch/iMek experiments after filtering. Numbers indicates
clusters. The colours code for Pearson’s correlation. (B) t-SNE map depicting individual cells and cluster
numbers assigned by RaceID2. (C) Heat map displaying the log2 transformed color-coded transcript counts
of respective genes related to the enteroendocrine lineage. (D) t-SNE map displaying the heterogeneous
expression of Ecn3 and Tacl transcripts by Chga high cells. See also Figure S7and Table S4.
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Cck with other hormones at varying levels (Egerod et al., 2012). Transcriptomes of Sst+ cells
were more homogeneous, co-expressing low levels of Gip and Cck, while one cell co-expressed
Ghrl only. We previously reported partial overlap between Cck+ and Tacl+ cells (Griin et al,,
2015). Consistently, some of the Tacl+ cells in clusters 3 and 4 expressed low levels of Cck
(Figures 6B and 6C). Similar to their in vivo counterparts, EECs induced with our protocol
contained Chga+ Tacl+ Ucn3+, Chga+ Tacl+ Ucn3—, and Chga+ Tacl— Ucn3— cells (Figure 7D).
Thus, EECs generated in our cultures recapitulate EEC heterogeneity seen in the intestinal
epithelium in vivo. Taken together, our single-cell analysis indicated that the protocol induces

EEC fates in ~50% of organoid cells based on marker gene expression.

DISCUSSION

Here, we identify EGF signaling as an indispensible driver of Lgr5+ stem cell proliferation in
organoids. Under conditions where Wnt signaling is untouched but EGF signaling is blocked,
actively dividing Lgr5+ stem cells convert into quiescent Lgr5+ cells that retain expression of
various Wnt target genes. This cellular state can be maintained for up to a week. Yet, the simple
restoration of EGF signaling converts the quiescent cells back into their normal active stem
cell state. In organoids as well as in crypts, Lgr5+ cells are always the direct neighbors of
the Wnt3-secreting Paneth cells (Sato et al., 2011). In this setting, Wnt3 does not diffuse over
distances, but is loaded directly onto the Lgr5+ stem cells (Farin et al., 2016). The quiescent
Lgr5+ stem cells remain juxtaposed to the Paneth cells in iEGFR treated organoids and are thus
exposed to high local Wnt signals. Indeed, three independent Wnt target gene alleles as well as
gene expression analyses confirmed robust Wnt signaling upon EGFR inhibition. In sum, our
results show that maintenance of stem cell fate requires Wnt, but not EGF, whereas stem cell
proliferation depends on the combination of Wnt and EGF. Whether quiescent stem cells are
more competent to remain in the niche when in competition with dividing stem cells remains
an open question.

Previous studies have identified quiescent cells located close to the zone of differentiation
at the +4 position with stem cell potential (Clevers, 2013). We have reported the existence of
DIl1+ secretory precursors at this position (van Es et al., 2012). Using a histone label retention
assay, Doug Winton’s group identified a chromatin-label-retaining population with secretory
differentiation potential. These LRCs share a signature with crypt base columnar cells (CBCs),
including the expression of Lgr5, but express significant levels of some of the secretory lineage
genes, such as Chga (Buczacki et al., 2013). Taken together, these secretory precursors represent
transient states yet can de-differentiate into stem cells when the need arises and can thus be
considered facultative stem cells (Buczacki et al., 2013, van Es et al., 2012). A similar situation
exists for the abundant enterocyte precursors in the crypt (Tetteh et al., 2016).

We noticed a slight bias of quiescent Lgr5+ cells (induced in culture) toward expression
of EEC markers, such as Chga, which made them reminiscent of the in vivo Lgr5+-label-
retaining cells identified by Doug Winton. EGFR signaling has been shown to be essential for

the production of goblet cells (Heuberger et al., 2014). Our current data show that simultaneous
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inhibition of enterocyte, Paneth, and goblet cell fate by inhibiting Notch, Wnt, and EGFR
signaling, respectively, is the key to the generation of EECs.

This culture system may yield answers toward some of the major outstanding questions
about the biology of the enigmatic EECs. It is unclear what signals drive the fate specification of
the different subtypes of EECs. It is not known if the physiological processes that are controlled
by specific EEC subtypes in turn feed back into the formation of the pertinent subtypes of EECs.
Little is known about the triggers that lead to secretion of hormones beyond the identification
of a handful of receptors and their ligands (Janssen and Depoortere, 2013). EEC-derived
hormones have been implied in conditions of major importance such as depression, glucose
insensitivity/diabetes, and obesity (Latorre et al., 2016). A detailed mechanistic understanding of
the biology of EECs can be derived using this culture system and may yield insights with broad t
herapeutic impact.

A detailed description of the materials and methods used in the study is given in
the STAR Methods.

CONTACT FOR REAGENT AND RESOURCE SHARING

Requests for reagents should be directed to Prof. Hans Clevers at h.clevers@hubrecht.eu.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse Strains Used to Initiate Organoid Cultures

Primary organoid cultures used in this study were derived from Lgr5¢PiresCreERi+ (Barker et al.,
2007), Lgr5SFPT™* (Tian et al., 2011), Dclk] GFPiresCreER+ (Nakanishi et al., 2013) and Rosa™ <+
(Gt(ROSA)26Sortmi0-1(Tefet-CEPMen) ‘mjce (Serup et al., 2012). For lineage tracing experiments,
organoids were derived from the Lgr56PiresCreER/+R ggalac/VFP gnd Dlk]GFFiresCreER/+: R ggalac?/* mice.
All mice were bred on a C57BL/6 background. All animal procedures and experiments were
performed in accordance with national animal welfare laws under a project license obtained
from the Dutch Government, and were reviewed by the Animal Ethics Committee of the Royal
Netherlands Academy of Arts and Sciences (KNAW). All rodents are housed in a barrier facility
in conventional cages and are changed without using a change stations. All personnel entering
the barrier must wear protective clothing (including head caps, specials clogs). All animals
are received directly from approved vendors (Charles River) or generated in house. Animals
arriving from other sources must pass the GDL -quarantine for screening or by embryo-
transfer. After screening these SPF mice are housed in micro isolator cages and are transferred to
the Hubrecht laboratory.

METHOD DETAILS
Organoid Culture

The basic culture medium (advanced Dulbecco’s modified Eagle’s medium/F12 supplemented
with penicillin/streptomycin, 10 mM HEPES, Glutamax, B27 [Life Technologies, Carlsbad, CA]
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and 1 mM N-acetylcysteine [Sigma]) was supplemented with 50 ng/ml murine recombinant
epidermal growth factor (EGF; Peprotech, Hamburg, Germany), R-spondinl (conditioned
medium, 5% final volume), and Noggin (conditioned medium, 5% final volume), called “ENR”
medium. Conditioned media were produced using HEK293T cells stably transfected with
HA-mouse Rspol-Fc (gift from Calvin Kuo, Stanford University) or after transient transfection
with mouse Noggin-Fc expression vector. Advanced Dulbecco’s modified Eagle’s medium/F12
supplemented with penicillin/streptomycin, and Glutamax was conditioned for 1 week.

Organoids were derived from the duodenum of the Lgr56PiresCreER+ (Barker et al., 2007),
Lgr5GfPT™* (Tian et al., 2011), Dclkl GFPiresCreER* (Nakanishi et al., 2013) and Rosa™FCFP/+
(Gt(ROSA)26Sor'mi0 (et CEMen) - mjce  (Serup et al., 2012). For experiment displayed
in Figure 5E, organoids were derived from 4 different regions spanning the proximal-
distal axis of the intestine. For lineage tracing experiments, organoids were derived from
the Lgr5GFPireSCreERH;ROSaLacZ/YFP and DclklGFPireSCreERH;ROSaLacZ/+ mice.

Organoids were plated in BME (Trevigen) and treated with the EGFR inhibitor Gefitinib
(5 uM; Santa Cruz Biotechnology), EGFR and ErbB-2 inhibitor Afatinib (10uM, Selleckchem),
MEK inhibitor PD0325901 (5 uM; Sigma Aldrich) or ERK inhibitor SCH772984 (10uM,
Selleckchem) while EGF was withdrawn from the medium. Wnt secretion was inhibited with
IWP-2 (1,5 uM; Stemgent) and Notch with DAPT (10uM, Sigma Aldrich). All treatments were
performed on organoids 5-7 days after passaging. For EGFR reactivation experiments, organoids
were replated in fresh BME and ENR medium to make sure EGFR inhibitor is washed away. For
the repeated EGF withdrawal experiment in Figures 2C-2E, EGF was omitted in the medium
during reactivation. For mTOR inhibition, Azd8055 (Selleckchem) was added to the medium
at 0.1mM concentration. For induction of Cre-ER activity, organoids were treated overnight
with 4-OH tamoxifen (1uM). All control organoids were treated with similar concentrations of
the compound dissolvent, dimethyl sulfoxide (DMSO). During treatments, cells were imaged
using an EVOS microscope (Electron Microscopy Sciences).

For the induction of enteroendocrine differentiation, cells were either cultured in standard
culture conditions (ENR). 5 days after plating in BME, medium was removed and organoids were
washed with PBS before re-embedding in BME. The cocktail for EEC differentiation included:
IWP2 (1,5 uM; Stemgent), DAPT (10 uM, Sigma Aldrich) and MEK inhibitor PD0325901 (1
uM; Sigma Aldrich) or Gefitinib (5 pM; Santa Cruz Biotechnology).

Immunostainings

Whole organoids were collected by gently dissolving the BME in ice-cold PBS, and subsequently
fixed overnight at 4°C in 4% paraformaldehyde (Sigma). Next, organoids were permeabilized
and blocked in PBS containing 0,5% Triton X-100 (Sigma) and 2% normal donkey serum
(Jackson ImunoResearch) for 30 min at room temperature. Organoids were incubated for 2
hr at room temperature in blocking buffer containing primary antibodies. Primary antibodies
used were rabbit anti-Lysozyme (1:500; DAKO), goat anti-Chromogranin A (1:500; Santa
Cruz), mouse anti-Ki67 (1:250; BD PharMingen), rabbit anti-phospho-Histone 3 (pH3 Ser10,
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1:1000; Millipore), mouse anti-Cytokeratin 20 (1:1000; Dako), goat anti-Cholestocystokin
(sc-21617,1:100; Santa Cruz), rabbit anti-Neurotensin (sc-20806,1:100; Santa Cruz), goat anti-
Secretin (sc-26630,1:100; Santa Cruz), goat anti-Somatostatin (sc-7819, 1:100; Santa Cruz),
goat anti-Serotonin (ab66047, 1:1000, Abcam), rabbit anti-Gastric inhibitory polypeptide
(ab22624-50, 1:500, Abcam) and mouse anti-acetylated tubulin (1:100; Santa Cruz). Organoids
were incubated with the corresponding secondary antibodies Alexa488, 568 and 647 conjugated
anti-rabbit, anti-goat and anti-mouse (1:1000; Molecular Probes), in blocking buffer containing
DAPI (1;1000, Invitrogen), or with Alexa 647 conjugated Phalloidin (Thermo Fisher scientific,
1:2000). EAU incorporation was visualized using the Click-iT Assay Kit (Thermo Fisher), after
1 hr pre-incubation with EAU (10uM). LacZ staining was performed as previously described
(Barker et al., 2007). Alexa 647 conjugated Phalloidin (Thermo Fisher scientific, 1:2000) was
added together with the secondary antibodies. Sections were embedded in Vectashield (Vector
Labs) and imaged using a Sp5 and Sp8 confocal microscope (Leica). Image analysis was

performed using Image] software.

FACS Sorting

For FACS analysis of Lgr5 and KI67 expression, Lgr5F*P™* organoids were first dissociated into
single cells through mechanical disruption, after 15 min of Trypsin treatment at 37°C (TrypLE
Express; Life Technologies). Single cells were fixed on ice using 4% paraformaldehyde for 30
min, and washed 3 times in PBS. Cells were permeabilized in PBS containing 0,5% Triton X-100
for 30 min, and were stained with an eFluor-660 conjugated rat anti-KI67 (1:1000; eBioscience)
antibody for 30 min on ice. For cell cycle analysis, cells were stained in lug/ml Hoechst
33342 (ThermoFisher). Subsequently, stained cells were analyzed on a BD FACS Calibur
(BD Biosciences).

For RNA-sequencing analysis in Figures 4 and 7, organoids were dissociated and immediately
sorted using a BD FACS Aria (BD Biosciences). For bulk sequencing experiments in Figure 4,
up to 5000 cells were sorted in Trizol in eppendorf tubes. For single cell sequencing experiment,
cells were sorted as single cells into 384-well plates containing ERCC spike-ins (Agilent), RT
primers (Hashimshony et al., 2012) and dNTP (Promega).

RNA Isolation

For RNA-sequencing of sorted cells in bulk, cells were sorted into Trizol (Life Technologies)
and total RNA was isolated according to the manufacturer’s instructions, with the following
alterations. RNA was precipitated overnight at —20°C, with 2ug glycogen (Life Technologies).
No additional RNA isolation step was used for cells sorted into 384-wells. For quantitative PCR
analysis, RNA was isolated from organoids using the RNAeasy kit (QIAGEN) as instructed in
the manufacturers protocol. For bulk sequencing experiment described in Figure 6, organoids
were treated in triplicate for 6 or 96 hr in 48-well plates, collected and washed in PBS. RNA
was isolated using Trizol as described above. 10 ng RNA was used as starting material for

sequencing reactions.
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Quantitative PCR

PCR analysis was performed using the SYBR-Green and Bio-Rad systems as described (Mufoz
etal., 2012). PCR reactions were performed in triplicate with a standard curve for every primer.
Changes in expression were calculated using CFX manager software (Bio-Rad). Primers were

designed using the NCBI primer design tool.

Single-Cell and Bulk Sequencing

RNA samples were prepared using a modified version of the CEL-seq protocol as described
previously (Griin et al., 2015, Hashimshony et al., 2012). RNA pellets were dissolved in primer
mix and incubated for 2 min at 70°C. Cells sorted into 384-well were directly lysed at 65°C
for 5 min. cDNA libraries were sequenced on an Illumina NextSeq500 using 75-bp paired-end

sequencing. Data processing is described below.

PathScan Analysis

Organoids that were Gefitinib treated for 1h, 3h, 6h or 24h were collected in ice cold DMEM in
medium, and lysed according to manufacture instructions (PathScan Akt Signaling Antibody
Array Kit with chemoluminescent, Cell Signaling Technology). Lysates were processed
according to protocol. Readout of chemoluminescent readout was performed on ImageQuant
LAS 4000 (GE Healthcare Life Sciences). Signal intensities were quantified using Image]
software. Quantification was performed by calculating intensity of each antigen signal relative

to independent time point specific control antigens.

QUANTIFICATION AND STATISTICAL DETAILS

Analysis of RNA-Sequencing Data

Paired-end reads were quantified as described before (Griin et al., 2015) with the following
exceptions. Reads that did not align or aligned to multiple locations were discarded. For
analysis of the bulk sequencing, unique molecular identifiers (UMIs) were ignored; instead
read counts for each transcript were determined by the number of reads that uniquely mapped
to that transcript. This count was divided by the total number of reads that mapped to all
transcripts and multiplied by one million to generate the reads-per-million (RPM) count. RPM
was used in preference of RPKM because CEL-seq only allows 3’ end sequencing. Differential
gene expression was evaluated using the DESeq (Anders and Huber, 2010) and Deseq2 (Love
et al.,, 2014) packages in R platform. Cut-offs in Figure 4 used were an adjusted p value < 0,1
and FDR < 0,1 and at least 2-fold difference to the compared population. To prevent samples
with no reads disabling ratiometric analysis, all 0 reads were converted into 0,1 reads prior to
ratio calculation and log2 conversion. Gene ontology analysis was performed using the Revigo
(Supek et al., 2011) and Gorilla (Eden et al., 2009) software.
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Single-Cell Data Analysis

Single-cell sequencing data was analyzed as described previously (Griin et al., 2015). In brief,
288 cells sorted from iNotch/iWnt/iMek and 384 cells sorted from iNotch/iWnt/iEGEFR treated
organoids were sequenced in parallel. Cells with less than 1000 unique reads were discarded
and samples were down-sampled. Genes with maximum expression less than 5 following down-
sampling were discarded. Exclusion of Enterocytes was achieved by discarding samples with

more than 8 transcripts of Apoal.

Gene Set Enrichment Analysis

Gene Set Enrichment Analysis (GSEA) was performed following producers’ instructions
(http://software.broadinstitute.org/gsea/). A ranked list comparing the fold changes between
quiescent and active Lgr5+ stem cells was created and compared to the label retaining cell
gene set (Basak et al., 2014, Buczacki et al., 2013) and the ‘HALLMARKS’ gene set available
on the server (http://software.broadinstitute.org/gsea/). Expression2kinase (X2K) software
was used to identify the transcription factors targeting the active Lgr5+ stem cell signature
(Chen et al., 2012).

DATA AND SOFTWARE AVAILIBILITY
Data Resources

The data generated in this paper has been deposited in the Gene Expression Omnibus (GEO)
under accession number GEO: GSE80636.

The list of differentially expressed genes between quiescent and active Lgr5+ stem cells are
described in Table S1.

Results of the GSEA analysis using the label retaining cell gene set are described in Table S2.
GSEA results for the HALLMARKS’ gene sets are reported in Table S3.

Differentially expressed genes for each cluster described in the single cell analysis are reported
in Table S4.

The qPCR primers used in this study are in Table S5.
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Supplementary figure 1. The role of niche signalling pathways in proliferation of Lgr5+ cells. (A-C)
FACS plots showing the endogenous fluorescence of Lgr5™*P™* organoids in all live cells (A), KI67¢fuores
immunostaining among Lgr59**°™+ cells (B) or among all live cells (C) on the x axis. Since Lgr5+ cells
are lost after R-Spondinl withdrawal, few KI67+ cells are seen in respective B panel. PL3 channel is used
(y axis) to discriminate background. Gates shows positive cells with respect to wild type controls. (D)
Quantification of A-C.
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INDUCED QUIESCENCE OF LGR5+ STEM CELLS

< Supplementary figure 2. EGFR inhibition induces Lgr5+ cell quiescence while maintaining self-renewal &

and multipotency. (A-B) Brightfield (upper) and fluorescent (lower) images in control (ENR) and EGFR ... ___.
inhibited (IEGFR) Lgr56FiresCreERi+ (A “oreen), Lgr5SFFPTR* (B, green) and Rosa™ "+ (B, blue) organoids.
RFP (Red) channel is used to discriminate background. (C) HOECHST analysis of the DNA content of
control or iEGFR treated organoids. Bars on the right show quantification of 3 independent experiments.
(D) Relative number of marker protein positive cells following reintroduction of EGF signalling for 1 (d1),
3 (d3) or 5 (d5) days compared to respective controls (DMSO treated, same days in culture). Fluorescent
images are shown in figure 1G. (E) Lineage tracing iEGFR or control (DMSO) treated Lgr5+ or Dclk1+ cells.
After 4 days of iEGFR treatment in Lgr5™C®Rosa'** or Dclkl"=“* Rosa'** organoids, recombination
was induced with 4OH Tamoxifen (T) for 16 hours and EGF signalling was restored by replating in
ENR. X-Gal staining was performed to follow recombined cells (blue) and assess stem cell potential of
control (upper panel, ENR.T.ENR) or reactivated quiescent stem cells (lower panel, iEGFR.T.ENR). EGFR
reactivated stem cells generate full organoids, indicative of multipotency and cell cycle reactivation. (F)
MUC2 antibody staining (brown) on paraffin sections of iEGFR treated organoids and controls. Sections
are counterstained using haematoxylin (G) After 4 days of iEGFR treatment; Lgr5%"+ stem cells do not
express markers of enteroendocrine cells (CHGA, blue), Paneth cells (LYZ, red) or display characteristics
of Tuft cells (apical actin bundles stained by Phalloidin, blue or acetylated Tubulin bundles, red). (H)
Quantification of the organoid circumference on optical sections of organoids described in figures 2C
and 2D. EGFR inhibitor was removed to reactivate organoids, either in the presence (repeated iEGFR) or
absence (repeated -EGF) of EGE. EVOS (A, B and E) and confocal (F, optical sections) microscope was
used for imaging.
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Supplementary figure 3. Downstream effects on MAPK and Akt components after EGFR inhibition. (A)
Quantification of the Pathscan® analysis of iEGFR treated organoids. Data that is not shown in Figure 3A
is displayed. (B) Histological analysis of ERK phosphorylation following EGFR inhibition. A rapid loss
in pERK is gradually over 24h, but remains low over 48 hours (upper panels). Lower panels show KI67
staining. Scale bars, 50 um. Error bars indicate SD.
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Supplementary figure 4. Molecular features of quiescent and active Lgr5+ stem cells. (A) Principal

component analysis (PCA) indicating transcriptome differences between bulk samples in different culturing

conditions. (B) Heat map showing the relative expression of genes differentially expressed gene between

active and quiescent stem cells. Key genes expressed in stem cells (Nav1l, Rnf43, Lgr5), Tuft cells (Trpm5,

Vavl), those involved in cell cycle progression (Ccnbl, Cenb2, Rpl27) and transcription factors (Junb, Fos,

Fosb, Etv4) are highlighted. Colours show z-score for each row. (C) Plot displaying Gene Ontology (GO)

term enriched in active Lgr5+ stem cells. X-axis shows the relative number of genes related to the GO term,

x-axis shows the statistical significance (p-value) for each term. (D) Gene set enrichment analysis (GSEA).

Fold change in gene expression in quiescent and active Lgr5+ stem cells are compared. Green line shows

enrichment profile. Black bars show where genes from a given gene set are located (hit).
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Supplementary figure 5. Enteroendocrine cells are effectively induced in Wnt, Notch and EGFR inhibited
organoids. (A) qPCR analysis of organoids for enteroendocrine markers after single Wnt inhibition
(iWnt), Notch inhibition (iNotch), EGFR inhibition (iEGFR), MEK inhibition (iMek) or combinations. (B)
Confocal sections of organoids stained for enteroendocrine marker CHGA (Green) after combinations of
Wnt, Notch, mTOR (iTOR) or EGFR inhibition. iTOR completely attenuates the increase in enteroendocrine
cell number observed after iWnt/iNotch/iEGFR treatment. (C) qPCR analysis of enteroendocrine markers
in iWnt/iNotch treated organoids, with or without mTOR inhibition. iTOR treatment reverses the increase
in enteroendocrine cell markers due to iWnt/iNotch treatment. Scale bars, 50 um. (D) Cleaved caspase-3
(red) staining is used to visualize apoptosis in organoids. Most apoptotic figures are shed to the lumen after
1 day of control (ENR) or iWnt/iNotch/iMek treatment. Labelling in the crypts is rare. Images in B and D
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Supplementary figure 6. Characterization of organoids after quiescence or enteroendocrine cell induction
using RNA sequencing. (A) Heat map indicating transcriptome similarities between bulk samples in
different culturing conditions measured by Pearson’s correlation coeflicient. Samples are ordered according
hierarchical clustering. (B-C) Plots display the comparison of the transcriptome of respective populations.
(B) Control, iEGFR and iMek conditions were compared after 6h (upper row) or 96h (lower row) of
treatment. (C) Control, iWnt/iNotch/iEGFR and iWnt/iNotch/iMek conditions are compared after 96h of
treatment. The y-axis shows the fold change in log2, the x-axis shows the mean value of the transcripts. Each
dot represents a gene. Red dots are differentially expressed between the compared populations (FDR < 0.01).
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Supplementary figure 7. Single cell analysis of induced enteroendocrine cells. (A) t-SNE map
representation of transcriptome similarities. Colours and numbers indicate RaceID2 clusters. (B) t-SNE
map showing log2 transformed transcript counts of Apoal, an enterocyte marker. (C) t-SNE map showing
the distribution of cells between two different culturing conditions, as indicated. (D) t-SNE map showing
log, transformed transcript counts of the key EEC genes indicated. Colours in B and D show normalized
expression values.
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CHAPTER IV

SUMMARY

Enteroendocrine cells (EECs) control a wide range of physiological processes linked to
metabolism(Furness et al.,, 2013). We show that EEC hormones are differentially expressed
between crypts (e.g. Glpl) and villi (e.g. Secretin). As demonstrated by single-cell mRNA
sequencing (scRNAseq) using murine Lgr5* cell-derived organoids, BMP4 signals alter
the hormone expression profiles of individual EECs to resemble those found in the villus.
Accordingly, BMP4 induces hormone switching of EECs migrating up the crypt-villus axis
in vivo. Our findings imply that EEC lineages in the small intestine exhibit a more flexible
hormone repertoire than previously proposed. We also describe a protocol to generate human
EECs in organoids and demonstrate a similar regulation of hormone expression by BMP
signalling. These findings establish alternative strategies to target EECs with therapeutically

relevant hormone production through BMP modulation

Joep Beumer', Benedetta Artegiani'?, Yorick Post!, Frank Reimann?,
Fiona Gribble’, Thuc Nghi Nguyen*, Hongkui Zheng*, Maaike Van den Born'?,
Johan H. Van Es'? and Hans Clevers"*

"Hubrecht Institute, Royal Netherlands Academy of Arts and Sciences (KNAW), Uppsalalaan 8, 3584
CT, Utrecht the Netherlands

2Oncode Institute, Utrecht, the Netherlands

3 Metabolic Research Laboratories, Wellcome Trust-MRC Institute of Metabolic Science,

Addenbrooke’s Hospital, Cambridge, UK

* Allen Institute for Brain Science, Seattle, WA, USA

“Corresponding author



ENTEROENDOCRINE CELLS SWITCH HORMONE EXPRESSION

Intestinal enteroendocrine cells (EECs) constitute the largest hormone-producing organ
in mammals and are classified according to their hormone products(Furness et al., 2013).
Enterochromaffin cells (ECs) produce Serotonin, a regulator of intestinal motility, and
Tachykinin 1 (Tacl, Substance P), a peptide involved in muscle contraction and inflammation
(Connor et al.). L-cells produce Glpl, an inducer of insulin release encoded by the Glucagon
(Gceg) gene, and can co-express Pyy (Furness et al, 2013). Other EEC subtypes include
Gastric inhibitory protein (Gip)-producing K-cells, Somatostatin (Sst)-producing D-cells,
Cholestocystokinin (Cck)-producing I-cells, Neurotensin (Nts)-producing N-cells and Secretin
(Sct)-producing S-cells (Furness et al., 2013). Although this classification suggests well-defined,
distinct EEC subtypes, these hormones are often co-expressed suggesting considerable overlap
between lineages (Egerod et al., 2012; Haber et al., 2017). As all cell types of the intestinal
epithelium, the short-lived EECs are constitutively produced by Lgr5+ crypt stem cells (Barker
et al., 2007). Lgr5 stem cells can be cultured to generate epithelial organoids that faithfully
recapitulate gut epithelial biology (Sato et al., 2009). ScCRNAseq has shown that a complete set
of EECs subtypes is produced in these mini-guts, including some that had previously gone
unnoticed in intact gut (Basak et al., 2017; Griin et al., 2015). However, extrinsic factors that
control EEC subtype identity have remained largely unknown.

Previous work has suggested that EECs expressing Tacl and Glp1 are restricted to crypts,
whereas Sct-, Pyy- and Nts-producing EECs are enriched in villi (Grunddal et al., 2016; Roth
and Gordon, 1990). In agreement with these studies, we found that ileal L-cells co-express Glp1
and Pyy in the crypt, but mostly lack Glp1 in the villus (Fig. 1a-c, Fig. S1a). Serotonin-producing
ECs occurred along the length of the crypt-villus axis, but selectively co-expressed Tacl in
the crypt and Sct in the villus (Fig. 1d-e, Fig. Sla). To address if hormone switching occurs
during migration of EECs along the crypt-villus axis, we analyzed intestines from Tacl™“ /
Rosa**™m* mice, an allele which faithfully labels all Tac1*/Serotonin* cells in the crypt (Fig. 1f)
(Harris et al., 2014). In adult intestines, almost all Serotonin* cells were marked by tdTomato
(Fig.1g). Importantly, >55% of Sct* cells on villi were also traced, while being negative for Tacl
(Fig. 1f-g, S1b). The rarity of tdTomato* cells that were negative for Serotonin suggests that
ECs do not lose Serotonin during their lifetime to become single Sct* as previously suggested
(Aiken and Roth, 1992; Roth and Gordon, 1990). Serotonin-negative Sct* cells not traced by
Tacl must thus be part of another EEC lineage. EECs producing other hormones, including
Cck, Gip and Sst, were only rarely derived from Tacl* progenitors (Fig. 1g, S1b). These data
imply lineage relationships between crypt and villus EECs, i.e that Tacl”/Sct" ECs on villi
derive from Tacl* crypt ECs. This, in turn, suggests that local niche signals can induce shifts in
hormone expression.

Multiple signalling gradients exist along the crypt-villus axis, e.g. Wnt levels are high at
the crypt base, while BMP is highest at the villus tips (Beumer and Clevers, 2016; Haramis et
al., 2004). In murine intestinal organoids, EECs are induced through inhibition of the Wnt,
MAPK and Notch signalling pathways, in the presence of the BMP inhibitor Noggin (Basak
et al., 2017). We used this differentiation system as a starting point to modulate selected
signalling pathways(Basak et al., 2017), while monitoring Sct and Gcg as a proxy of the villus-
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Figure 1. Enteroendocrine cells switch hormone expression while migrating from crypt to villus. a and
b, Immunohistochemical analysis reveals Glp1* cells are enriched in the ileal crypt, where they co-express
Pyy. Experiment in (a) was repeated two times independently with similar results. ¢, Quantification of
b. The percentage of Pyy"* cells that co-express Glpl are represented in the lower chart. d, ECs express
Tacl in the crypt and Sct in the villus, while Serotonin is produced in both locations. e, Quantification
of d. The percentage of Serotonin* cells that co-express Tacl or Sct are represented in the lower charts. f,
Intestine of Tacl*“ /Rosa** mice reveals that ECs lose Tacl and gain Sct expression from crypt to villus.
g, Quantification of (f) and Fig S1. The percentages of each hormone that is tdTomato* (upper chart) and of
tdTomato* cells that are hormone positive (lower chart) are shown. The mean values are depicted in graphs
¢, e and g, and error bars present SD for n=4 mice for each experiment. Scale bar is 50 pum.

and crypt-hormone signatures, respectively. Strikingly, we observed that all ECs in this culture
co-expressed Serotonin and Tacl, while Sct was absent (Fig. 2a). This suggests niche signals
acting on EECs are dominant over a default, temporal differentiation process. Manipulation
of the Wnt, TGFb and Hedgehog pathways did either reduce both Gcg and Sct transcripts, or
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had no significant effect on any assessed hormone (Fig. S2a). We replaced Noggin by BMP4
in this EEC differentiation cocktail (EEC BMP"&” medium), generating cells immunoreactive
for Sct, as well as ECs lacking Tacl (Fig. 2a-b). Glp1* cell numbers and total levels of secreted
Glp1 were greatly diminished (Fig. 2a-c, S2b). We next performed bulk RNA-sequencing on
duodenal and ileal organoids stimulated with EEC BMP"¢" or EEC BMP"" media (Fig. 2d),
and validated the expression of selected genes by qPCR (Fig. 2e). EEC markers which are
homogenously distributed on crypts and villi (Chga, Tphl (enzyme catalyzing Serotonin
production), Cck and duodenal Gip) are only mildly affected by BMP activation (Fig. 2d-e).
We did observe an increase in Sct and a minor upregulation of Pyy and Nts (Fig. 2d-e), which
are expressed highest in the villus (Grunddal et al., 2016). Sct is enriched in the proximal part
of the SI(Furness et al., 2013), but we observe that our EEC differentiation protocol generates
Sct* cells equally well in the proximal and distal SI organoids. Trpal, an irritant receptor
enriched in EECs of the intestinal crypt (Camacho et al., 2015), decreased with BMP activation
(Fig. 2d). BMP4-mediated changes in hormone expression could be overridden by the addition
of BMPR1a inhibitor LDN193189, confirming involvement of the BMPR1/2 axis (Fig. S2c-d).

To address whether BMP signalling can switch hormone expression in individual mature
EECs rather than selectively depleting subtypes of EECs, we followed the fate of Geg- or Tacl-
expressing cells using cultures derived from Geg**" and Tacl"=“"* /Rosa26"" mice (Habib et
al., 2012; Harris et al., 2014). Live-cell imaging of Gcg"" organoids demonstrated that BMP
activation induced a decrease in Venus levels, suggesting downregulation of Geg (Fig. S2e-f).
We did not observe BMP-induced apoptosis of Venus* or tdTomato™ cells (Fig. S2g).

Changes in hormone expression in individual EECs might be caused by dynamics in
transcriptional networks, and accompanied by production of other sensory receptors. To
identify dynamics at a single-cell level, we performed scRNAseq of traced Tacl-, Glp1- or Gip-
expressing murine cells (Habib et al., 2012). Gip* K-cells exist both in crypts and villi and were
isolated from organoids derived from a Gip®* /Rosa26"*** mouse(Svendsen et al., 2016). Guided
by their regional in vivo abundance, we isolated organoids from the proximal SI of the Gip-,
from the distal SI of Geg- and from the whole SI of Tacl reporter mice. Organoids were treated
with a MEK inhibitor to limit new EEC generation and either exposed to Noggin (control) or
BMP4 for 24 or 96 hours (Fig. 3a). Next, EECs derived from the reporters/treatments were
sorted for the reporter fluorescence and scRNAseq was performed using SORTseq (Muraro
et al., 2016), an automated version of CELseq2 (Fig. 3a, S3a) (Hashimshony et al., 2016).
K-medoids clustering by RaceID2 algorithm (Griin et al., 2016) showed that Tacl-, Geg- and
Gip-traced cells, classically defined as ECs, L- and K- cells, respectively, clustered accordingly
to their cell-type and mostly independently of the treatment in a t-SNE space (Fig. 3b-c). We
identified Alpi* enterocytes and Muc2* Goblet cells derived from the Gcg"™ reporter that
displayed the lowest Venus fluorescence intensity (Fig. S3b). We also detected a cluster of
unknown identity with expression of the vomeronasal receptor Vmn2r55, which was identified
previously (Griin et al., 2015). BMP-stimulated ECs displayed lower Sct expression compared
to L- and K-cells (Fig. 3c-e). Within ECs, expression of Tph1 remained unchanged during BMP

treatment, while Tacl decreased (Fig. 3c-e). Cells clustering as classical L-cells reduced their
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Figure 2. Activation of BMP signalling induces Villus-like hormone signature in mouse EECs. a,
Organoids are differentiated for 4 days to EECs in the absence (EEC BMPlow) or presence of BMP4
(EEC BMPhigh). ENR is used as a control. Activation of BMP signalling induces expression of Sct, while
repressing Tacl and Glpl. Images are presented as maximum projections, and are representative of 2
independent experiments. b, Quantification of a. The number of positive cells for each hormone were
quantified and are displayed per mm of organoid epithelium. The percentage of Serotonin* cells that co-
express Tacl are presented. Sample size represents 2 biologically independent experiments, in which at
least 3 organoids were quantified per replicate and staining. Mean values per treatment are shown and
error bars depict SD and were derived from n=12 organoids for Sct, n=6 organoids for other hormones
in BMP low and high conditions. P-values were calculated from these same n-numbers using a two-sided
t-test. ¢, Overlay of brightfield and Venus image of organoids derived from Gcg"™* mice after a 4 day
treatment with a BMPlow or BMPhigh EEC differentiation cocktail. BMP activation represses expression
of Geg, without inducing morphological alterations. Experiment was repeated independently 10 times. d,
Volcano plots showing results from RNA sequencing of organoids stimulated for 4 days with BMP low or
high EEC differentiation cocktails, from proximal (left) and distal (right) SI organoids. Gene expression
fold change (log2) of BMP"&" versus BMP"" is shown on the x-axis and significance on the y-axis. Each
grey dot represents a gene, and dots representing relevant genes are highlighted in different colors,
according to their function. Sample size represents 2 biologically independent experiments, and p-adjusted
values were calculated with a Wald test using the DESeq2 package. e, qPCR analysis of selected hormones
from d. Expression levels are shown relative to control organoids in ENR medium. Experiment was
performed in n=2 biologically independent experiments, and the mean expression is depicted. Scale bar is
50 pm.
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Figure 3. Single cell RNA sequencing reveals BMP regulated plasticity among different EEC subtypes.
a, Experimental paradigm. Different EEC reporter organoids were treated with a MEK inhibitor, while

receiving Noggin or BMP4. After 4 days, organoids were dissociated and traced EECs sorted and processed

for single cell RNA sequencing. b and ¢, t-SNE map of single cell RNA sequenced EECs using the RaceID2

algorithm. Different colors, as indicated in the legend, highlight cells isolated from different reporter

organoids (b) and treatments (c). d, Expression levels of selected hormones and receptors in the tSNE space

of (b-c). e, Expression of individual hormones within different EEC reporter sorted cells are presented in
violin plots, with different colors for the different treatments (as indicated in the legend). Violin plots depict
median values (white dot), 50% of the values (within thick black line) and 95% of the values (within thin
black line). The n number of cells per treatment and reporter is depicted. Different dynamics of hormone

expression were observed over the course of BMP treatment in subtypes of EECs.
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Gceg (Glpl) expression, while activating Nts and Pyy transcription following BMP treatment
(Fig. 3d and S3c). Some Gcg"-sorted cells from ileal organoids expressed Gip, combined
with low levels of Geg (Fig. 3b-d). These cells clustered together with K-cells and could not be
induced to express Nts, indicating that these cells represent K-cells and not L-cells. (Fig. 3d).
L-cells and to a lesser extent K-cells express Cck independent of treatment (Fig. 3d). Within
Gip-traced K-cells, we observed a separate population of Sst-producing cells. BMP activation
had no effect on Sst expression and caused a mild reduction in Gip expression in these clusters,
while activating Sct expression only in Gip* but not in Sst* cells (Fig. 3d-e, S3¢). Pyy expression
could be induced in both Gip* and in Sst* cells, but to a lesser extent than in L-cells (Fig. S3c).
We did observe low Cck, Gecg and no Nts expression in K-cells, indicating that these represent
a separate lineage from ileal L-cells (Fig. 3d-e).

We identified uniquely expressed genes in the various clusters that corresponded to
known expression or function along the crypt-to-villus axis in vivo. The irritant receptor
Trpal (proposed to be involved in serotonin release) is enriched in the crypt (Camacho et
al., 2015; Nozawa et al., 2009). Concordantly, it decreased during BMP treatment within ECs
(Fig. 3d-e). We found the orphan receptor Asic5 to be expressed by Sst* cells (Fig. S3d). This
same population also expressed the islet amyloid polypeptide (Iapp) Amylin (Fig. S3d),
a peptide previously found in pancreatic p-cells with a wide range of metabolic effects (Zhang
et al,, 2016). The LIM homeobox factor Lmxla occurs in ECs, as suggested recently (Gross et
al., 2016). The homeobox protein Hhex - not previously observed in the gut - was expressed by
Sst-producing cells (Fig. S3d). Interestingly, Hhex has been described as an essential factor for
Sst-producing § cells in the pancreas(Zhang et al., 2014). The T-box transcription factor Tbx3
was produced in BMP-activated EECs (Fig. S3d), and enriched in the villus(Kaaij et al., 2013).
Finally, we found specific activation of classical BMP target genes in BMP-treated cells, such as
Id1, Id2 and 1d3, confirming pathway activation (Fig. S3d) (Hollnagel et al., 1999).

Transcript dynamics might not be fully predictive for changes at the peptide hormone
level. Therefore, we repeated the same experimental strategy as for scRNAseq and assessed co-
expression of relevant peptide hormones in the TacI"™“* /Rosa26"™"- and Gcg""“- reporter
organoids. Over the course of 4 days, BMP-inhibited tdTomato* cells remained immunoreactive
for Tacl and Serotonin, while only rarely expressing Sct (Fig S4a). Strikingly, BMP-activated
tdTomato* cells lost Tacl immunoreactivity, maintained Serotonin and gained Sct positivity
(Fig S4a). Glp1 positivity was strongly correlated with Venus expression in Gcg"*" organoids
in BMP-untreated conditions, while this correlation is lost in BMP-treated samples (Fig. S4a).
Conversely, Venus positivity was increasingly predictive for Sct expression after BMP treatment
(Fig. S4a). Pyy peptide positivity remained unchanged irrespective of BMP treatment (Fig S4a),
in line with the constant peptide levels between crypt and villus in vivo (Grunddal et al., 2016).

We performed live-cell imaging of the Tacl™“* /Rosa26"""*- and Gcg"™“- reporter
organoids in BMP-untreated and -treated conditions. tdTomato* cells that existed at
the beginning of the BMP treatment continued to persist over the course of 60 hours, while
losing Tacl and gaining Sct expression (Fig. S4b). Untreated cells retained Tacl positivity (Fig.

§4b). In Geg"™«- reporter organoids, we observed a similar increase in Sct peptides (Fig. S4b).
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Figure 4. Manipulation of BMP gradient alters hormone expression in mice. a, Mice were treated for
80 hours with BMPrla inhibitor LDN193819. Immunohistochemical analysis of the intestine shows
a repression of Sct and induction of Glp1 and Tacl expression upon BMP inhibition. Glp1* and Tacl*
expressing cells are mostly restricted to the crypt in control mice, but expand into the upper villus
region upon BMP inhibition. Representative image is shown from 2 separate stainings of 4 independent
intestines. b, Quantification of a. Number of Chga*and Sct* positive cells per treatment. ¢, Quantification
of a. Number of Tacl* or Glp1*cells are displayed for each segment of the crypt-villus axis in the different »
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treatments. Cells positive for Tacl and Glpl increase in the higher villus segments upon LDN193189
treatment. Tacl* cells are counted and displayed in 10mm of the proximal small intestine. Glpl* cells
are counted and displayed in 30mm of the distal small intestine. Results presented are derived from n=4
mice per treatment, and statistics were calculated using a two-sided t-test. Mean values per staining and
treatment are shown, and error bars present SD. Scale bar is 50 um.

Collectively, these data indicate that individual EECs can rewire their peptide hormone profile
upon activation of BMP signalling.

The number of tdTomato* and Venus* EECs increased significantly over 4 days when BMP
signalling was inhibited versus activated (Fig. S4a). We found that the first transcription factor
expressed by and defining the EEC lineage, Neurogenin 3 (Jenny et al., 2002), was inhibited by
BMP activation (Fig. S4c). To circumvent a bias that occurs at the bulk population level due
to this inhibition of EEC specification, we first generated a large pool of ileal EECs using our
differentiation protocol for 3 days. Next, we switched to BMP-high conditions for 24 hours (Fig.
S4d). Increases in Sct, Pyy and Nts expression were more pronounced compared to a continuous
BMP inhibition (Fig. 2 and Fig. S4c). These data imply that initial EEC specification requires
BMP-low conditions, as exist at the bottom of the crypt.

To investigate whether villus-produced BMP controls hormone expression in vivo, we
analyzed intestines from mice that ectopically express BMP inhibitor Noggin in the intestinal
epithelium (Villin™¢¢") (Haramis et al., 2004). As expected, we observed an increased
expression of Tacl and Glpl in the villi of these mice, while Sct was reduced (Fig S5a-d). We
next tested the feasibility of influencing hormone expression by targeting the BMP gradient
with the BMPR1a inhibitor LDN193189 (Whissell et al., 2014). An 80-hour oral treatment
caused a reduction in Sct* cell numbers. Overall histology of the intestine was unaffected, and
the number of Chga* EECs did not change significantly (Fig. 4a-b), consistent with a previous
study (Qi et al., 2017). We quantified the numbers of Tacl* and Glpl1* cells along different
segments of the crypt-villus axis, assuming that BMP inhibition would not increase these in
the BMP-low crypt. BMP inhibition did not cause significant changes in the lowest crypt-villus
segment in the number of Tacl* or Glpl* EECs (Fig. 4a, 4c). However, the increase in cells
immunoreactive for Tacl or Glp1 was very pronounced higher up in the villus (Fig. 4a, 4c).

Finally, we pursued the establishment of a differentiation platform for induction of EECs in
human intestinal organoids (Sato et al., 2011). Best results were obtained with dual inhibition
of Notch and MEK signalling (Fig. 5a-b). This allowed us to generate all subtypes of EECs in
organoids either derived from human duodenal or ileal tissue. ENR differentiated organoids did
not contain EECs but mostly enterocytes, as evidenced by their extensive brush border (Fig. 5a).
In our EEC differentiation protocol, BMP activation induced similar trended alterations in EEC
hormone repertoires as it did in murine organoids (Fig. 5c). NTS and SCT transcripts increased
upon BMP stimulation, whereas GCG transcripts were reduced (Fig. 5¢). BMP activation had
a neutral effect on total CHGA expression, and in contrast to the mouse, PYY was not increased
upon BMP stimulation (Fig. 5c). Although cells positive for GLP1 and NTS peptides were
observed in control conditions, we only observed NTS single positive cells in BMP-treated
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Figure 5. Human EEC differentiation protocol implies conserved BMP-controlled hormone expression.
a, Human small intestinal organoids were induced to differentiate either for 5 days by withdrawing Wnt
signals (ENR) or to EECs through additional MEK and Notch inhibition. Immunofluorescence indicates
the presence of different subtypes of EECs in human organoids. White arrows indicate NTS* cells, red
arrows GLP1* cells. Experiment has been repeated four times independently with similar results. b,
Brightfield images of human intestinal organoids in expansion medium or after a 5 day differentiation
towards EECs. Experiment was repeated independently four times. ¢, The 5-day differentiation protocol of
EECs (‘humanEEC’) was performed in the presence and absence of BMP4. Expression levels of hormones
were determined by qPCR and are shown relative to duodenal ENR control. Gcg expression is shown »
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relative to ileal ENR control, as it was not detected in duodenal organoids. Sample size represents n=2
biologically independent experiments, and the mean expression values are shown. d, Human EECs were
produced in the absence (BMPlow) or presence (BMPhigh) of BMP4. NTS overlaps with GLP1 in BMP
low conditions, while only NTS single positive cells are observed in BMPhigh conditions. Experiment was
repeated independently four times. Scale bar is 50 um. e, Model of EEC differentiation. K-cells are enriched
in the proximal and L-cells in the distal part of the SI respectively, whereas ECs and D-cells are uniformly
distributed. A crypt-to-villus BMP signalling gradient drives alterations in hormone repertoires in these
EEC lineages.

conditions (Fig. 5d). This implies that BMP-control of the expressed EEC hormone repertoire
is a generalizable phenomenon. In line with our observations in the murine organoid system
(Basak et al., 2017), we found that human intestinal organoids maintained their regional
identity in terms of representation of EEC subtypes. GCG, NTS and PYY were highly enriched
in distal gut organoids, whereas CCK displayed a higher bias towards the duodenum (Fig. 5c¢).
Taken together, these data provide two main insights into EEC biology. First, the observations
support that BMP controls hormone expression of EECs. EECs that are born in crypts from Lgr5
stem cells encounter increasing levels of BMP signalling when migrating towards the villus tips
(Clevers, 2013), and can change their hormone profile during this journey. Second, this insight
in combination with the scRNAseq data proposes a simplification of EEC taxonomy (Fig. 5e).
Previous high-resolution imaging and scRNAseq data suggested that almost every combination
of EEC hormones can occur in individual EECs (Fothergill et al., 2017). Our current data
indicate that there might be fewer unrelated differentiation pathways of EECs (‘lineages’) than
previously anticipated and that some of the marker-hormones are not hard-wired. This implies
that EECs uniquely dedicated to the production of Sct or Nts (the so called S- or N-cells) or
Pyy do not exist, and that most EECs initiate expression of Sct when entering the BMP-high
villus domain. Indeed, we observe that all BMP-activated EECs, except D-cells, upregulate Sct
to different degrees, while L-cells (but not Sst- or Serotonin-producing cells) increase Pyy and
Nts. Gip-expressing cells can be induced to express lower levels of Pyy, but not Nts. Importantly,
we find that Chga is a marker of Serotonin-positive cells but not of other EECs, and using it
as a generic marker would not allow for identifying EEC regulators such as the BMP pathway.
Pulse-chase labeling using BrdU has indicated that EECs do not necessarily follow
the conveyor-belt migration pattern in which cells follow a constant flow from the bottom of
the crypt to the tip of the villus (Aiken and Roth, 1992; Aiken et al., 1994). EECs can physically
interact with enteric neurons through synapses, which potentially could alter cellular migration
(Bellono et al., 2017; Bohorquez et al., 2015). Subpopulations of EECs can be retained in
the crypt for 2 weeks while maintaining expression of Tacl or Glpl. Cells that migrate onto
the villus are destined to lose Tacl or Glp1 (Aiken and Roth, 1992; Aiken et al., 1994; Roth and
Gordon, 1990). This ultimately suggests that controlling EEC migration along the crypt-villus

axis and the Wnt/BMP gradients would be a way to influence hormone expression patterns.
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METHODS
Mouse strains and experiments
Primary organoid cultures used in this culture were derived from Geg'™s, Tacl™ce /
Rosa26'mteand Gip'Cre /Rosa26' " mice(Habib et al., 2012; Harris et al., 2014), and established
as described before(Sato et al., 2009). All mice were bred on a C57BL/6 background. All animal
procedures and experiments were performed in accordance with national animal welfare laws
and were reviewed by the Animal Ethics Committee of the Royal Netherlands Academy of
Arts and Sciences (KNAW). All mouse experiments were conducted under a project license
granted by the Central Committee Animal Experimentation (CCD) of the Dutch government
and approved by the Hubrecht Institute Animal Welfare Body (IvD), with project license
number AVD8010020151. All rodents are housed in a barrier facility in conventional cages
and are changed without using a change stations. All personnel entering the barrier must wear
protective clothing (including head caps, specials clogs). All animals are received directly from
approved vendors (Charles River) or generated in house. Animals arriving from other sources
must pass the GDL —quarantine for screening or by embryo-transfer. After screening these SPF
mice are housed in micro isolator cages and are transferred to the Hubrecht laboratory.

For the BMPR inhibition experiment, LDN193189 (Selleckchem) was dissolved in citric
buffer (pH3-3.1) at 2mg ml. 12 week old mice (n=4) were given two oral doses of LDN193189
at 17.5 mg per kg bodyweight per day. Citric buffer was given to control mice. The total

treatment was maintained for 80 hours.

Murine and human intestinal organoid culture
The basic culture medium (advanced Dulbecco’s modified Eagle’s medium/F12 supplemented
with penicillin/streptomycin, 10 mM HEPES, Glutamax, B27 [Life Technologies, Carlsbad, CA]
and 1 mM N-acetylcysteine [Sigma]) was supplemented with 50 ng/ml murine recombinant
epidermal growth factor (EGF; Peprotech, Hamburg, Germany), R-spondinl (conditioned
medium, 5% final volume), and Noggin (conditioned medium, 5% final volume), called “ENR”
medium. Conditioned media were produced using HEK293T cells stably transfected with
HA-mouse Rspol-Fc (gift from Calvin Kuo, Stanford University) or after transient transfection
with mouse Noggin-Fc expression vector. Advanced Dulbecco’s modified Eagle’s medium/F12
supplemented with penicillin/streptomycin, and Glutamax was conditioned for 1 week.
Human duodenal and ileal tissues were obtained from the UMC Utrecht with informed
consent of each patient. The study was approved by the UMC Utrecht (Utrecht, The Netherlands)
ethical committee and was in accordance with the Declaration of Helsinki and according to
Dutch law. This study is compliant with all relevant ethical regulations regarding research
involving human participants. Patients were diagnosed with a small or large intestinal cancer
and from the resected intestinal segments, a sample was taken from normal mucosa for
this study. Human small intestinal cells were isolated, processed and cultured as described

previously(Sato et al., 2011).
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Organoids were plated in BME (Trevigen). MEK signaling was inhibited using PD0325901
(1 uM for murine, 100nM for human organoids; Sigma Aldrich). Wnt secretion was inhibited
with IWP-2 (5 uM; Stemgent) and Notch with DAPT (10uM, Sigma Aldrich). BMP signaling
was activated by treating with human recombinant BMP4 (20ng/ml, Peprotech) and withdrawal
of Noggin from the culture medium. Hedgehog signaling was inhibited with Vismodegib
(10uM, Selleckchem). TGF beta signaling was activated using recombinant mouse TGF beta-1
(3ng ml!, R&DSystems, MAB7666TGF beta-1. TGF beta typel receptor signaling was inhibited
using A83 (500nM, Tocris). All control organoids were treated with similar concentrations of
the compound dissolvent, dimethyl sulfoxide (DMSO) or 0.1%BSA in PBS0. During treatments,
cells were imaged using an EVOS microscope (Electron Microscopy Sciences).

For the induction of enteroendocrine differentiation in murine organoids, cells were
cultured in standard culture conditions (ENR). 4-7 days after plating in BME, medium was
removed and organoids were treated with different regimes. The cocktail for mouse EEC
differentiation included: IWP2 (5 uM; Stemgent), DAPT (10 puM, Sigma Aldrich) and MEK
inhibitor PD0325901 (1 uM; Sigma Aldrich), while BMP4 (20ng/ml, Peprotech) was added for
activation of BMP signaling. In human organoids, differentiation was achieved by withdrawing
p38 MAPK inhibitor SB202190, TGFbeta inhibitor A83, Nicotinamide and Wnt conditioned
medium from the culture medium as described previously(Sato et al., 2011). Differentiation
into EECs was performed by on top treating with DAPT (10 uM, Sigma Aldrich) and MEK
inhibitor PD0325901 (500nM; Sigma Aldrich), BMP4 (20ng/ml, Peprotech) was added for
activation of BMP signaling. A step-by-step protocol for human EEC differentiation can be
found at Nature Protocol Exchange **.

Immunostainings

Whole organoids were collected by gently dissolving the BME in ice-cold medium, and
subsequently fixed at RT in 4% formalin (Sigma) for at least 6 hours. Next, organoids were
permeabilized and blocked in PBS containing 0,5% Triton X-100 (Sigma) and 2% normal donkey
serum (Jackson ImunoResearch) for 30 min at room temperature. Organoids were incubated for
2 hr at room temperature in blocking buffer containing primary antibodies. Primary antibodies
used were goat anti-Chromogranin A (1:500; Santa Cruz), goat anti-Cholestocystokin (sc-
21617,1:100; Santa Cruz), rabbit anti-Neurotensin (sc-20806,1:100; Santa Cruz), goat anti-
Secretin (sc-26630,1:100; Santa Cruz), goat anti-Somatostatin (sc-7819, 1:100; Santa Cruz), goat
anti-Serotonin (ab66047, 1:1000, Abcam), rabbit anti-Gastric inhibitory polypeptide (ab22624-
50, 1:500;Abcam), goat anti-GLP1 (sc-7782, 1:100; Santa Cruz), rabbit anti-GLP1 (ab22625,
1:200; Abcam), rabbit anti-Peptide YY (ab22663, 1:500; Abcam) and guinea pig anti-Substance
P (1:200, ab10353; Abcam). Organoids were incubated with the corresponding secondary
antibodies Alexa488, 568 and 647 conjugated anti-rabbit and anti-goat (1:1000; Molecular
Probes) in blocking buffer containing DAPI (1;1000, Invitrogen). Sections were embedded in
Vectashield (Vector Labs) and imaged using a Sp8 confocal microscope (Leica). Image analysis

was performed using Image] software.
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For immunohistochemistry of organoids within the BME (Figure S4), medium was removed
from the wells and replaced with 4% formalin for 1 hour. Next, organoids were washed with
PBS, permeabilized and blocked in PBS containing 0,5% Triton X-100 (Sigma) and 2% normal
donkey serum (Jackson ImunoResearch) for 30 min at room temperature. The wells were
incubated for 2 hr at room temperature in blocking buffer containing primary antibodies. After
washing, secondary antibodies were added for 1 hr at room temperature in blocking buffer.
Organoids were subsequently imaged within the plate using a Sp8 confocal microscope (Leica).

For immunohistochemistry of mouse intestinal tissue, intestines were first flushed with 4%
formaldehyde. Next, intestines were fixed for 6 hours at RT in 4% formalin. The tissue was
either embedded in paraffin or Tissue-Tek O.C.T. for cryosectioning, and stained as described
previously(Farin et al., 2016; Sato et al., 2009).

Quantification of number/location of EECs on intestinal section images were performed in
Image] software, as well as the intensity of Venus levels in the live cell imaging experiment in
Figure S2e-f. Analysis of Glpl* cell numbers and/or position in Figure la-c, Figure 4a-c and
Figure S5 were performed in the ileum, and all other hormones were counted along the whole
SI tract.

All quantifications were performed on the raw, unprocessed images.

RNA isolation and quantitative PCR

For qPCR analysis and bulk RNA sequencing, RNA was isolated from organoids using
the RNAeasy kit (QIAGEN) as instructed in the manufacturer’s protocol. PCR analysis
was performed using the SYBR-Green and Bio-Rad systems as described(Mufoz et al,
2012). PCR reactions were performed in duplicate with a standard curve for every primer.
Changes in expression were calculated using CFX manager software (Bio-Rad). Primers were
designed using the NCBI primer design tool. Primers used in this study are presented in

Supplementary Table 1.

Glp1 and Secretin secreted peptide

The supernatant from organoids was collected after 2-hour stimulation with Forskolin. GLP-1
concentration in the supernatant was measured with a GLP-1 EIA Kit (Rab0201, Sigma, detects
both full length and N-terminal cleaved GLP-1) using the manufacturer’s protocol. Secretin
concentration was measured with a Secretin EIA kit (EK-067-04, Phoenix Pharmaceuticals)

using the manufacturer’s protocol.

Bulk and single cell RNA sequencing

For bulk RNA sequencing analysis, organoids stimulated with EEC BMPhigh or EEC BMPlow
media for 4 days were collected and dissociated in RTL buffer (RNeasy Mini kit, Quiagen).
Total RNA was isolated accordingly to manufacturer’s instruction (RNeasy Mini kit, Quiagen).
Sequencing libraries were prepared based on a modified CELseq2 method(Hashimshony
et al., 2016). Briefly, 1 ng of RNA was reverse transcribed using the Ambion kit and in vitro
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transcription was performed using 1 ng of cDNA as template. The aRNA was then used to
prepare sequencing libraries. Samples were sequenced with sequenced paired-end at 75 bp
read-length the on Illumina NextSeq.

For single cell RNA sequencing, organoids were first dissociated into single cells through
mechanical disruption, after 15 min of Trypsin treatment at 37°C (TrypLE Express; Life
Technologies). Next, cells were immediately sorted using a BD FACS Aria (BD Biosciences).
For single cell sequencing experiment, cells were sorted as single cells into 384-well plates
containing ERCC spike-ins (Agilent), RT primers and dNTP (Promega) as described before.
Plates were prepared using Mosquito® HTS (TTPlabtech). Single cell RNA-sequencing libraries
were prepared following the SORT-seq protocol (Muraro et al., 2016), which is based on
CEL-seq2 method(Hashimshony et al., 2016). Briefly, cells were first lysed 5 min at 65°C, and
RT and second strand mixes were dispensed by the Nanodrop II liquid handling platform (GC
biotech). Single cell double stranded cDNAs were pooled together and in vitro transcribed for
linear amplification. Illumina sequencing libraries were prepared using the TruSeq small RNA

primers (Illumina) and sequenced paired-end at 75 bp read length the Illumina NextSeq.

RNA-sequencing data analysis

Paired-end reads from Illumina sequencing were aligned to the mouse transcriptome genome
by BWA(Li and Durbin, 2009). For RNA-seq bulk data, normalization and differential gene
expression analyses were performed using the DESeq2 package(Love et al., 2014) and
visualized as volcano plots. For single cell RNA-seq data, read counts were first corrected for
UMI barcode by removing duplicate reads that had identical combinations of library, cell-
specific, and molecular barcodes and were mapped to the same gene. For each cell barcode
the number of UMIs for every transcript was counted, and transcript counts were then adjusted
to the expected number of molecules based on counts, 256 possible UMI’s and poissonian
counting statistics(Griin et al., 2014). Samples were then normalized by downsampling to
a minimum number of 3000 transcripts/cell. Cells with fewer transcripts were excluded from
the analyses. RacelD2 was used to cluster cells based on k-medoid method (Griin et al., 2016).
All data analyses, quantification and data visualization were run on Rstudio. In total, we
sequenced 2880 cells and, after applying a filtering criteria of 3000 expressed transcripts/cell,

820 cells were retained for further analysis.

Statistics and Reproducibility
Two sided t-tests were performed for all statistical analyses. Precise p-values are mentioned
in the corresponding figures, and significance level was set at p < 0.05. In each figure legend,
the number of biology replicates is mentioned for the corresponding experiment (n=x). For
figures where representative images are shown, the number the experiment has been repeated
is mentioned in the legend.

For immunohistochemistry, we counted the following number of cells, of organoids or

length of intestine; at least 50 cells per hormone and replicate intestine (Fig. 1b-e, n=4 mice),
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at least 150 tdTomato* cells per co-staining and replicate intestine (Fig. 1f-g, n=4 mice), at least
3 organoids per hormone and replicate (Fig. 2a-b, n=2 biologically independent experiments), I

10 organoids per hormone and replicate (Fig. S4a, n=2 biologically independent experiments),

10mm of the proximal small intestine for Tacl (Fig. 4b-c, n=4 mice per treatment), 30mm of Il

the distal small intestine for Glp1 (Fig. 4b-c, n=4 mice per treatment). mice per genotype) and

at least 50 cells per hormone and replicate intestine (Fig. S5b, n=2 mice per genotype),

Data availability
Bulk and single-cell RNA-seq data that support the findings of this study have been deposited
in the Gene Expression Omnibus (GEO) under accession code GSE114988.

Source data for Fig. 1c, le, 1g, 2b, 2e, 4a, 5b, 5¢, 6b and Supplementary Fig. 1a, 2a, 2b, 2d,
3b, 4b, 4c, 5a, 5b and 6 have been provided as Supplementary Table 2. All other data supporting Vi

the findings of this study are available from the corresponding author on reasonable request.
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Supplementary Figure 1. Crypt-to-villus heterogeneity and lineage relationship of enteroendocrine
cells. a, RNA was isolated from crypts and villi of the proximal and distal SI. qPCR analysis was performed
on selected hormones. Tacl and Gceg transcripts are enriched in the crypts of mice, while Pyy and Sct are
increased in the villus. Alpi, a marker of enterocytes, confirmed enrichment of villus fractions. Sample size
represents n=2 mice, and the mean values are shown. b, Intestine of Tacl“* /Rosa*"* mice reveals that
Tacl* expressing cells give rise to Serotonin (Ser) expressing cells and are thus part of the Enterochromaftin
lineage. Gip, Sst and Cck expressing EECs are rarely derived from Tacl, while the vast majority of Serotonin
producing ECs are derived from Tacl. Quantification in Figure 1g (n=4 mice). Scale bar is 50 pm.
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Supplementary Figure 2. Signaling through the BMP4-BMPR1a/BMPR2 axis induces hormone
switching in EECs without causing apoptosis. a, Organoids were differentiated into enteroendocrine cells
(EECs) for 4 days by the inhibition of Wnt, Notch and MEK signaling. On the background of the EEC
differentiation cocktail, we inhibited Hedgehog (Vismodegib), activated BMP (Noggin withdrawal),
inhibited Wnt (Rspo withdrawal), inhibited TGFbeta (A83) or activated TGFbeta (TGFp1) signaling. gPCR
analysis of selected hormones shows that activation of BMP signaling selectively induces Sct but represses
Gecg expression, while having a neutral effect on Chga. Results are shown relative to control organoids in
ENR medium. Sample size represents n=2 biologically independent experiments, and the mean values
are shown. b, Secreted Glpl and Sct peptides after stimulation with forskolin were measured by ELISA
in EEC differentiation medium with or without BMP4. Secreted Glp1 was diminished in the background
of BMP activation, while Sct increased. Experiment was performed in in proximal and distal organoids.
Sample size represents n=2 biologically independent experiments, and the mean values are shown. c,
Addition of BMPRI1a inhibitor LDN193189 to a 4-day EEC differentiation protocol containing BMP4
reverses the increase in Sct production, as shown by immunostaining. Image is presented as a maximum
projection. Experiment was performed three times independently with similar results. Scale bar is 50 um.
d, qPCR analysis of selected hormones of the same experiment as in c. BMPRI1a inhibition reverses all
changes induced by BMP4 addition to the standard EEC differentiation cocktail (EEC BMPlow). Sample
size represents n=1 biologically independent experiment, and the average value of a technical duplicate
is shown. e, Organoids derived from Gcg"™ mice were imaged for 3 days in the presence and absence of
BMP4. Individual L-cells shut down Gceg transcription when stimulated with BMP4, while control cells
maintain Geg positivity throughout the imaging timewindow. Imaging started 6 hours after addition of
BMP4. f, Quantification of e. The number of Venus* cells imaged and measured is depicted. The mean
intensity of all cells at each timepoint is shown, and error bars present SD. SD was derived from n=16 cells
in -BMP4 treatment and n=28 cells in +BMP4 treatment. g, Organoids from Gcg'™*and Tacl"=¢ /Rosa*!*
mice were differentiated to EECs in the absence or presence of BMP, and co-stained for cleaved caspase-3
to assess apoptosis. Experiment has been repeated two times with similar results. Scale bar is 50 pm.
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Supplementary Figure 3. Single cell transcriptome analyses of EEC subtypes after BMP activation. a,
FACS plots display the gating strategy used to sort live, single cell (DAPI-negative, right plots) subtypes
of EECs from reporter organoids (left plots) in different BMP activation contexts. b, Venus intensity
levels of Goblet cells (Muc2*), Enterocytes (Alpi*) and Geg-high cells. Mean intensity is shown for each
group, together with the number of cells in each group (n=82 Gcg-high cells, n=13 Goblet cells and n=23
enterocytes). ¢, Cells with a Venus intensity of more than 2.5 * 10*, predictive for Gcg expression (Fig.
S4a, S4b), were selected from the dataset. Transcripts for Geg, Sct and Pyy are plotted (upper plots). High
Venus positivity is predictive for Geg expression in BMPlow conditions, but not after BMP treatment.
Cells with at least 100 Sst (middle plots) or Gip (lower plots) were selected from the dataset. Gip* and Sst*
cells upregulate Pyy expression upon BMP treatment, while only cells producing Gip can co-express Sct.
d, Expression levels of selected markers in the t-SNE space. Different transcription factors, receptors and
secreted peptides were uniquely expressed by subtypes of EECs. BMP target genes associate with BMP4
treated samples.
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Supplementary Figure 4. BMP signaling induces switches in peptide profile of individual EECs and
blocks initial EEC specification. a, Tacl1"*“ /Rosa** and Gcg"™* - reporter organoids were treated with
a MEK inhibitor, while receiving Noggin (-BMP) or BMP4 (+BMP). The numbers of each marker positive
cells are presented (in 10 organoids), and the co-localization of these hormones with tdTomato or Venus
was quantified. Sample size represents n=2 biologically independent experiments, and the mean values are
shown. BMP activation dampens the generation of new EECs and induces switches in the peptide profile of
individual EECs. b, Individual EECs in Tac1«* /Rosa*"*and Gcg"*™* - reporter organoids were followed
using live cell imaging in the absence and presence of BMP signals. After 60 hours, organoids were fixed
inside the BME and stained for different hormones, as indicated. The experiment was performed two
times independently with similar results. ¢, Mouse intestinal organoids were EEC differentiated for 4 days
in BMP low or high conditions. qPCR analysis reveals Neurog3 is downregulated after BMP treatment
(data is shown relative to BMP untreated sample). Sample size represents n=2 biologically independent
experiments, and the mean expression values are shown. d, Mouse intestinal organoids were EEC
differentiated for 4 days in BMP low conditions, or for 3 days in BMP low and 24 hours in BMP high
conditions. qPCR analysis of selected hormones (data is shown relative to day 3 EEC differentiation). Initial
EEC generation in BMP low conditions and subsequent induction of BMP signaling for 24 hours is most
efficient in generating Villus-enriched hormones. Sample size represents n=2 biologically independent
experiments, and the mean expression values are shown.
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Supplementary Figure 5. A transgenic mouse model with a disrupted BMP gradient displays altered
hormone expression. a, Immunostaining of intestines from Villin™¢" mice. Tacl* cells were scattered
along the whole crypt-villus axis, while Sct* cell numbers greatly reduced. Experiment has been repeated
twice with a sample size of 2 mice per genotype. b, Quantification of a. Sample size represents n=2 mice
per genotype. Mean values are depicted. ¢, Villin™s" mice show an increased number of Glp1* L-cells in
the villus. d, Quantification of c. Sample size represents n=2 mice per genotype. Mean values are depicted.
Scale bar is 50 um.
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SUMMARY

The intestinal crypt is classically regarded as the site of proliferation containing few mature
cells, while the villus is the functional unit where cells reach their most mature state.
The hormone-producing enteroendocrine cells are an exception to this rule and undergo
a BMP-regulated specialization that involves hormone switches from crypt to villus. Using
human intestinal organoids, we show that expression of nutrient uptake related and ribosomal
genes in enterocytes are BMP regulated. Exploiting MUC2-reporter organoids, we demonstrate
a previously unrecognized heterogeneity of goblet cells along the crypt-villus axis. Lipid
uptake, chylomicron production and antimicrobial compound production change accordingly
in organoids. Inhibition of BMP signaling in mice blocks some zonated expression programs.
These findings extend BMP regulated specialization in the human intestine to goblet cells

and enterocytes.
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INTRODUCTION

The small intestinal epithelium is the fastest dividing tissue in humans, with an estimated
turnover of about 1 week in humans. Lgr5* crypt stem cells reside at the bottom of the crypts
and fuel this renewal by dividing symmetrically every 24 hours (Barker et al., 2007; Beumer
and Clevers, 2016). Paneth cells are derived from these same Lgr5* cells and define the stem cell
zone in the crypt bottom by providing essential niche factors, including Notch, Wnt and EGF
signals. Enterocyte progenitors undergo multiple transit-amplifying cell divisions in the crypt
before maturing in the villus. Progenitors of less numerous secretory cells tend to be non-
dividing. The exodus of stem cell progeny from the crypt bottom is generally believed to be
occurring in a continuous flow, hence also known as the ‘conveyor belt’ (Clevers, 2013).

The textbook view of the intestinal epithelium describes the crypt as the site of proliferation
of progenitor cells that progressively differentiate and achieve their most mature state when
these reach the villus. However, recent insights into differentiation trajectories of the lineages
suggest a more nuanced image of context-dependent functionality, where cells are already
functional in the crypt or villus bottom and can perform a different task in the villus tip. For
example, enteroendocrine cells produce hormones in the crypt - the most mature hallmark
of these cells - and can make different hormones in the villus (Beumer et al., 2018). This
specialization is regulated by BMP signaling, a morphogen gradient increasing in strength
from crypt to villus, and installed by BMP4-producing mesenchymal cells (Auclair et al., 2007;
Haramis et al., 2004). A similar paradigm has been recently recognized for enterocytes, which
preferentially absorb amino acids and carbohydrates in the villus bottom. Villus tip enterocytes
on the contrary express genes involved in chylomicron synthesis and seemingly specialize in
lipid uptake and processing (Moor et al., 2018). Here we describe the BMP signaling regulated
programs in the different intestinal lineages in humans using intestinal organoids. We uncover
heterogeneity of goblet cells along the crypt-villus axis and show that the specialization of
goblet cells and enterocytes is regulated by BMP signaling.

METHODS
Cell culture of human intestinal organoids
Tissues from the human ileum were obtained from the UMC Utrecht with informed consent
of each patient. The patients were diagnosed with small intestinal or colon adenocarcinoma
that was resected. A sample from non-transformed, normal mucosa was taken for this study.
The study was approved by the UMC Utrecht (Utrecht, The Netherlands) ethical committee and
was in accordance with the Declaration of Helsinki and according to Dutch law. This study is
compliant with all relevant ethical regulations regarding research involving human participants.
Human small intestinal cells were isolated, processed and cultured as described previously
(Beumer et al., 2018; Sato et al., 2011)

Organoids were differentiated as described before (Sato et al., 2011). BMP activation was
achieved by withdrawing Noggin from ‘ENR’ and addition of BMP-2 (Peprotech, 50ng/ml ) and
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BMP-4 (Peprotech, 50ng/ml). Notch signaling was inhibited by treatment with the Gamma-
secretase inhibitor DAPT (Sigma, 10pM).

Immunostaining

Organoids and tissue were stained as described before (Beumer et al., 2018). Organoids were
incubated with the corresponding secondary antibodies Alexa488-, 568- and 647-conjugated
anti-rabbit and anti-goat (1:1,000; Molecular Probes) in blocking buffer containing
4,6-diamidino-2-phenylindole (DAPI; 1;1,000, Invitrogen). Sections were embedded in
Vectashield (Vector Labs) and imaged using a Sp8 confocal microscope (Leica). Image analysis
was performed using Image] software.

IHC images in Figure S1 and S2 are obtained from the human proteinatlas (Uhlen et al., 2015).

IHC in Fig. 2E was performed on the intestines of a previously performed BMP-inhibitor
mouse experiment (Beumer et al., 2018).

Single cell sorting and RNA sequencing from organoids

After treatment for 5 days, organoids were dissociated through a 10-minute incubation with
TrypLE (TrypLE Express; Life Technologies) supported by repeated mechanical disruption
through pipetting with a narrow glass pipette until a single cell suspension was reached. Cells
were sorted using a BD FACS Aria (BD Biosciences) based on fluorescence levels of DAPI for
viability, Neon for goblet cells and forward and side scatter to ensure single cell collection.
For single cell RNA sequencing, individual cells were collected in 384-well plates with ERCC
spike-ins (Agilent), reverse transcription primers and dNTPs (both Promega). The Sort-seq
method (Muraro et al., 2016) was applied for single cell sequencing. Sequencing libraries were
generated with TruSeq small RNA primers (Illumina) and sequenced paired-end at 60 and
26 bp read length, respectively, on the Illumina NextSeq.

For bulk RNA sequencing, two independent samples of organoids were differentiated for 5
days and collected in Eppendorf tubes containing 350 ul RLT buffer (RNeasy kit, QTAGEN). RNA
was extracted using the RNeasy mini kit (QIAGEN) following the manufacturer’s instructions.
Sequencing libraries were generated using a modified CELseq2 protocol (Hashimshony
et al., 2016). 75 bp paired-end sequencing of libraries was performed on an Illumina

NextSeq platform.

Single cell RNA sequencing analysis from organoids
Reads were mapped to the human GRCh37 genome assembly. Sort-seq read counts were
filtered to exclude reads with identical library-, cell- and molecule barcodes. UMI counts were
adjusted using Poisson counting statistics (Muraro et al., 2016). Cells with fewer than 1,000 or
3,000 unique transcripts were excluded from further analysis for the enterocyte and goblet cell
datasets, respectively.

Subsequently, RaceID3 was used for k-medoids based clustering of cells and differential

gene expression analysis between clusters using the standard settings described at https://
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github.com/dgrun/RaceID3_StemID2_package. For pseudotemporal ordering of cells, those
falling into clusters 1, 2 and 4 in the RacelD analysis were selected and grouped by media
condition. The cells were aligned on a pseudotemporal trajectory using Monocle (version 2.6.4)

based on differentially expressed genes between media conditions.

Bulk RNA sequencing analysis
Reads were mapped to the human GRCh37 genome assembly. The counted reads were filtered
to exclude reads with identical library- and molecule barcodes. Differential gene expression

analysis was performed using the DESeq2 package (Love et al., 2014).

RESULTS

Determination of a broad BMP signature in the human small intestinal
epithelium using organoids

Human intestinal organoids can generate all different intestinal lineages when the factors for
stem cell expansion are removed from the culture medium (Sato et al., 2011). A recent single
cell RNA sequencing study recognized that enterocytes in organoids however fail to express
many markers found in the intestinal villus tip, including apolipoproteins (Fujii et al., 2018).
Based on our previous finding that enteroendocrine cells can adjust their hormone profile
by interpreting the BMP levels, we reasoned a similar paradigm might apply to the other
intestinal lineages. We therefore differentiated human small intestinal organoids using standard
differentiation conditions (Sato et al., 2011), or by additional supplementation with the BMP
agonists BMP2 and BMP4 combined with withdrawal of the BMP inhibitor noggin. We did not
observe morphological differences between the two conditions, both containing enterocytes
evidenced by their brush border (Fig. 1A). Bulk RNA sequencing reveals 912 differentially
expressed genes between BMP active and inactive cells (p-adjusted p<0.05, Supplementary
table 1). The BMP pathway was effectively activated indicated by the target genes ID1, ID2 and
ID3, while generic enterocyte markers such as FABPI or VILI remained largely unchanged
(Fig. 1B, C). We found a broad BMP-induced downregulation of genes involved in translation,
including ribosomal genes and the elongation factor EEF1A1 (Fig. 1C). Genes involved in lipid
handling and chylomicron biogenesis were among the strongest BMP target genes, including
a more than 20-fold upregulation of the apolipoprotein APOA1 (Fig. 1C). Most transporters
involved in peptide, amino acid and carbohydrate uptake were readily expressed in the absence
of BMP signals and were not BMP responsive. Notable exceptions were the amino acid
transporter SLC7A9 that is activated upon BMP signaling and is villus enriched (Moor et al,,
2018), and the amino acid transporter SLC1A5 that is reduced with BMP signals. Other strong
BMP target genes included PMP22, a villus enriched transcript that is known to be produced
by Schwann cells as a myelin component. Patients lacking PMP22 display nerves that are
particularly sensitive to force (Li et al., 2013), and potentially this protein plays a similar role in
the villus that is known to undergo stretch stress. DFNAS5, a protein involved in apoptosis, and

the semaphorin SEMA3G, recently implicated in the guidance of lymph vessels, were strongly
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Figure 1. Broad BMP signature in human intestinal organoids. Brightfield and F-actin (Phalloidin)
images of 5 day BMP-untreated and —treated organoids. Both cultures consist of differentiated organoids
that contain enterocytes based on their extensive brush border. Bulk RNA sequencing was performed on -
BMP and +BMP differentiated organoids. Heatmaps depict the 50 genes most significantly enriched genes
in the two populations. The experiment was performed in n=2. Transcript levels of selected genes from
the bulk RNA sequencing are shown. BMP activation causes a general repression of genes involved in
translation, while promoting apolipoprotein expression.

activated by BMP signaling (Liu et al., 2016; Rogers and Alnemri, 2019). Peptidases known to
play a role in final digestion of proteins, and multiple metalloproteases, were increased with
BMP signals. Carbonic anhydrases (CA) are a large family of enzymes that are involved in
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maintaining base-acid balance (Kiveld et al., 2005). CA1 and CA2 were BMP activated, while
CAO9 followed the reverse pattern. These enzymes are accordingly produced in the crypt-villus
axis of humans (Fig. S1B). The BMP inhibitor Gremlin 1 and agonist BMP8a were both strong
BMP2/4 target genes, and potentially act in a feedback loop regulating the BMP response.
Moreover, the zebrafish homologue of BMP8a, zbmp8a, was found to be induced by fasting
and regulate genes related to lipid metabolism (Zhong et al., 2018). Finally, we identified
a broad upregulation of MHC class 2 genes, previously reported in enterocytes and of which

the function in the intestine remains elusive (Fig. S1A).

Transition from bottom-villus to tip-villus enterocytes is controlled by BMP
signaling

Our bulk transcriptomic data indicate that BMP activation stimulates the expression of villus tip
enterocyte markers and thereby facilitate specialization along the crypt-villus axis. To establish
whether these differences occur through specialization of individual enterocytes, or a global
enhanced differentiation by BMP, we performed single cell RNA sequencing using SORT-seq
(Fig. 2A) (Muraro et al., 2016). The transcriptome data was analyzed using RaceIlD3, a method
that clusters cells based on k-medoids (Herman et al., 2018). We compared cells in a standard
differentiation protocol that generates mostly enterocytes, in the presence and absence of BMP
signals, and a stem cell culture in expansion medium. The expansion medium contained
almost exclusively stem cells (cluster 1 and 6), while the differentiation condition induced rare
goblet cells (cluster 3) as well as a large number of BMP-negative (cluster 4) and BMP-positive
(cluster 2) enterocytes (Fig. 2A, B). These groups of enterocytes appeared equally mature
based on the generic marker FABPI (Fig. 2B). However, the expression of apolipoproteins was
exclusive to BMP-activated enterocytes, whereas genes involved in transcription, carbohydrate
degradation (Sucrose isomaltase: SI) and the polymeric immunoglobulin receptor (PIGR)
were enriched in BMP-inactive enterocytes (Fig. 2C). Enrichment of SI in the bottom villus
over the crypt and top villus has previously been recognized in humans (Traber et al., 1992).
PIGR has recently been identified as one of the most commonly silenced gene in ulcerative
colitis (Kakiuchi et al., 2019; Nanki et al., 2019). Unbiased pseudotime clustering revealed
a progression of stem cells through BMP-negative enterocytes towards BMP-active enterocytes
(Fig. 2D). Apoliproteins enriched towards the end of the pseudotime, while SI was produced
in younger enterocytes that had not seen BMP signals (Fig. 2E). Immunofluorescent staining
confirmed the reduced pIGR content in BMP-activated orgnaoids. These findings suggest that
human enterocytes can transdifferentiate by interpreting BMP-levels (Fig. 2F).

Single cell RNA sequencing of BMP active and inactive goblet cells

To study if BMP signaling could regulate a similar specialization in human goblet cells, we
exploited our previously generated MUC2-NEON reporter organoids (using a NHEJ-mediated
knock-in technique, see Artegiani et al., 2020) and performed single cell RNA. We identified
a clear cluster of goblet cells that exhibited high expression of the known markers MUC2, AGR2
and FCGBP (Fig. 2B-D). BMP treatment divided the goblet cells in two groups (Fig. 2B, S2A).
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Figure 2. BMP regulated genes in human enterocytes. Single cell RNA sequencing was performed on 5

day differentiated organoids in the presence and absence of BMP, or in organoids in expansion medium.
t-SNE is shown map displaying this stem cell and enterocyte-biased atlas. Different colors represent the 7
separate clusters, and BMP treated cells are highlighted. t-SNE maps displaying the expression levels of
the generic enterocyte marker FABPI and goblet cell marker MUC2. Bars display color-coded unique
transcript expression (logarithmic scale). Violin plots displaying the expression levels of selected genes
within the stem cell cluster, BMP-inactive (cluster 4) or BMP-active enterocyte cluster (cluster 2). Unbiased
pseudotime ordering of the stem cell and enterocyte clusters. Stem cells are ordered at the beginning
of the pseudotime, that transit through BMP-inactive enterocytes to BMP-active enterocytes. Gene
expression levels of selected genes on the pseudotime. Immunofluorescent staining of the polymeric
immunoglobulin receptor (pIGR) in differentiated organoids without and with BMP. F-actin was stained
using Phalloidin.

BMP-minus goblet cells exhibited unique expression of the well-known goblet markers SPINK4,
a serine peptidase inhibitor, and ITLN1 that act as a receptor for microbial carbohydrates
(Fig. 2C,D). BMP-active goblet cells were defined by high ZG16 levels, a lectin-like protein that
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Figure 3. BMP regulated genes in human goblet cells. Confocal image of MUC2-NEON organoid,
showing specific labeling of goblet cells. Single cell RNA sequencing was performed on NEON-sorted cells
to enrich for goblet cells. t-SNE maps displaying the goblet cell-biased atlas. Different colors represent
the 7 separate clusters, and BMP treated cells are highlighted. Fluorescent NEON-levels are plotted on
the t-SNE map, showing highest level in the goblet cell clusters. t-SNE maps displaying the expression
levels of the generic goblet cell marker MUC2 and selected goblet cell markers. Bars display color-coded
unique transcript expression (logarithmic scale). Violin plots displaying the expression levels of selected
genes within BMP-inactive or BMP-active goblet cells. Immunohistochemical stainings of control or
LDN193189-treated mice. BMP-inhibition does not affect the total number of goblet cells as evidenced by

generic marker Muc2, but reduces the villus expression levels of Zg16. Scale bar is 100um.

protects against Gram-positive bacteria by inducing their aggregation (Fig. 2C,D). The trefoil
factor TFF1 was also activated by BMP in goblet cells (Fig. S2B). Consistent with the responses
to BMP signals, we confirmed the divergent expression of these markers along the human
crypt/villus axis (Fig. S2C). These data indicate that goblet cells produce different sets of
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antimicrobial proteins in the crypt and villus in response to BMP signals. To evidence that BMP
signaling controls zonated expression profiles in vivo, we analyzed the intestines of 80-hour
BMP inhibited mice (Beumer et al., 2018). In BMP-inhibited mice, we observed a reduction
in immunoreactivity of Zg16 in goblet cells, while the generic marker Muc2 was not affected
(Fig. 2E). This demonstrates that goblet cell zonation in vivo is regulated by a BMP gradient,

similar to hormone-producing EECs.

DISCUSSION

Functional heterogeneity along the crypt-villus axis is an emerging concept. We have shown
before that EECs specialize along the crypt-villus axis by interpreting BMP signals (Beumer et
al., 2018). This heterogeneity was later extended to enterocytes, that show different functional
programs along this axis (Moor et al., 2018). Organoids uniquely allow to study the effect of
a single signaling component on individual cell types. In this study, we evidence that the villus-
axis enterocyte heterogeneity in humans is regulated by BMP signals. Using goblet cell reporter
organoids, we add goblet cells as a third cell type that displays dynamic functions during
its lifetime.

Understanding the maturation level of the constituent cell types in organoids is important,
as these cultures are widely used for functional studies. A recent single cell sequencing study in
human organoids noted a lack of many enterocyte markers compared to tissue, and attributed
this to potential presence of Wnt signals (Fujii et al., 2018). The presence of mature cell types
is often based on expression of generic markers, such as FABPI, for detection of human
enterocytes. While these appear both in the absence and presence of BMP signals, we now
indicate functional subspecification of enterocytes which will be missed by only considering
broad marker genes. Functional studies on lipid processing or chylomicron synthesis therefore
would necessitate activation of BMP signaling.

Our work has therapeutic implications for multiple diseases, such as non-alcoholic
steatohepatitis (NASH) or obesity. Inhibition of BMP signaling would reduce the ability for lipid
uptake and chylomicron synthesis. Humans carrying mutations in APOB are largely resistant to
atherosclerosis (Whitfield et al., 2004). Similarly, a heterozygous R19X null mutation in APOC3
found in Pennsylvania Amish populations, is associated with cardio-protective lipid profiles.
Other rare APOC3 mutations have been shown to confer almost a complete cardioprotection
(Crosby et al., 2014; Jorgensen et al., 2014; Tachmazidou et al., 2013). These cardioprotective
carrierships, in which half of functional APOB or APOCS3 is still produced, highlight that there
could wide therapeutic window for diminishing expression of these genes in the intestine.
APOCS3 inhibition through RNA interference has shown favorable results in clinical trials
for lowering blood triglycerides, although it is unknown whether this is effect is a result of
reduced liver- or intestine-derived APOC3, or a combination (Gaudet et al., 2015). Multiple
mouse models have shown that intestinal loss of several BMP regulated genes, such as Apob,
Mttp or CD36, leads to diminished lipid uptake, and lower serum levels of cholesterol (Farese
et al., 1995; Geloen et al., 2012; Igbal et al., 2013; Raabe et al., 1998). BMP inhibitors reduce
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the development of atherosclerosis in mouse models and lower serum cholesterol, although
this was reported as an intestine-independent mechanism (Derwall et al., 2012). These findings I

emphasize the potential of intestine-specific BMP inhibition for a wide range of diseases related

to lipid uptake. Il
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Supplementary figure 1. Different classes of BMP regulated genes. Transcript levels of selected genes from
the bulk RNA sequencing are shown (Figure 1). Carbonic anhydrases 2 (CA2) and 9 (CA9) display strong
opposing expression gradients along the crypt-villus axis. Images were taken from the human protein atlas
(Uhlen et al., 2015).
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atlas (Uhlen et al., 2015).
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SUMMARY

Enteroendocrine cells (EECs) sense intestinal content and release hormones to regulate

gastrointestinal activity, systemic metabolism and food intake. Little is known about

the molecular make-up of human EEC subtypes and the regulated secretion of individual

hormones. Here we describe an organoid-based platform for functional studies of human
EECs. EEC formation is induced in vitro by transient expression of NEUROG3. A set of gut

organoids was engineered in which the major hormones are fluorescently tagged. A single-cell

mRNA atlas was generated for the different EEC subtypes, and their secreted products were

recorded by mass-spectrometry. We note key differences to murine EECs, including hormones,

Joep Beumer?', Jens Puschhof*!, Julia Bauzd-Martinez**'*, Adriana Martinez-
Silgado"?, Rasa Elmentaite®, Kylie R. James®, Alexander Ross®’, Delilah Hendriks"?,
Benedetta Artegiani'?, Georg Busslinger'?, Bas Ponsioen®, Amanda Andersson-Rolf'?, Kai
Kretzschmar"?, Maarten H. Geurts'?, Yotam E. Bar-Ephraim'?, Cayetano Pleguezuelos
Manzano'?, Yorick Post"?, Franka van der Linden’, Carmen Lopez Iglesias'®, Willine

J. van de Wetering™'?, Reinier van der Linden'? Peter J. Peters', Albert .J.R. Heck®*,
Joachim Goedhart’, Hugo Snippert®, Matthias Zilbauer’, Sarah A. Teichmann®'"'2, Wei
Wu***, Hans Clevers!>!>15*

'Hubrecht Institute, Royal Netherlands Academy of Arts and Sciences (KNAW) and UMC Utrecht,
3584 CT Utrecht, The Netherlands.

>Oncode Institute, Hubrecht Institute, 3584 CT Utrecht, The Netherlands.

* Biomolecular Mass Spectrometry and Proteomics, Bijvoet Center for Biomolecular Research and
Utrecht Institute for Pharmaceutical Sciences, Utrecht University, Padualaan 8, 3584 CH Utrecht, The
Netherlands.

4Netherlands Proteomics Centre, Padualaan 8, 3584 CH Utrecht, The Netherlands.

* Wellcome Sanger Institute, Wellcome Genome Campus, Hinxton, United Kingdom, CB10 1SA.
¢Department of Surgery, University of Cambridge, Cambridge CB2 0QQ, UK

" Department of Paediatrics, University of Cambridge, Cambridge CB2 0QQ, UK

# Oncode Institute, Center for Molecular Medicine, University Medical Centre Utrecht, Utrecht,

The Netherlands.

 Swammerdam Institute for Life Sciences, Section of Molecular Cytology, van Leeuwenhoek Centre
for Advanced Microscopy, University of Amsterdam, Amsterdam, the Netherlands.

1 The Maastricht Multimodal Molecular Imaging institute, Maastricht University, 6229 ER Maastricht,
The Netherlands.

"' Theory of Condensed Matter, Cavendish Laboratory, Department of Physics, University of
Cambridge, Cambridge, United Kingdom, CB3 0HE

2European Molecular Biology Laboratory, European Bioinformatics Institute (EMBL-EBI), Wellcome
Genome Campus, Hinxton, United Kingdom, CB10 1SA

3 The Princess Maxima Center for Pediatric Oncology, 3584 CS Utrecht, The Netherlands.

!4 Co-first author

'*Lead Contact

* Co-correspondence: w.wul@uu.nl

* Correspondence: h.clevers@hubrecht.eu



HIGH RESOLUTION MRNA AND SECRETOME ATLAS OF HUMAN ENTEROENDOCRINE CELLS

sensory receptors and transcription factors. Notably, several novel hormone-like molecules
were identified. Inter-EEC communication is exemplified by secretin-induced GLP-1 secretion. I

Indeed, individual EEC subtypes carry receptors for various EEC hormones. This study provides

a rich resource to study human EEC development and function. Il
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INTRODUCTION

The principal function of the intestine is to digest food and absorb nutrients. A less studied
aspect of intestinal function is its role as the largest hormone-producing organ, an activity
performed by the enteroendocrine cells (EECs) (Gribble and Reimann, 2017). EECs are rare
secretory cells, comprising <1% of the epithelial cells. Apical EEC receptors are believed to
sense chemicals in the intestinal lumen derived from food and microbiota. These receptors
are predominantly GPCRs and include olfactory receptors (Furness et al., 2013). Hormones
secreted by EECs can signal to the local enteric nervous system as well as to distant organs
including the pancreas and the brain, thus controlling key physiological processes related
to food intake, insulin release, secretion of digestive enzymes and bowel movement. Enteric
hormones have also been proposed to orchestrate mucosal immunity (Worthington et al,,
2018). EECs are emerging therapeutic targets for the management of metabolic diseases (i.e.
obesity and diabetes), illustrated by recently introduced type 2 diabetes drugs that stabilize
the hormone Glucagon-like peptide 1 (GLP-1) or activate its receptor, leading to release of
insulin from pancreatic b-cells (Sharma et al., 2018).

EECs produce some 20 different hormones. GLP-1 and Glucose-dependent insulinotropic
peptide (GIP) are the so-called incretin hormones that stimulate insulin secretion.
The Enterochromaffin (EC) cells of the gut produce 90% of body serotonin and regulate
bowel movement (Worthington et al., 2018). Motilin (MLN) is a human EEC hormone that
is a pseudogene in the mouse genome, which controls gut contractions in the inter-digestive
state (Worthington et al., 2018). Cholecystokinin (CCK) regulates bile and pancreatic enzyme
secretion. Multiple hormones control appetite, including the appetite-inducing (or orexigenic)
Ghrelin (GHRL) and the appetite-reducing (anorexigenic) Peptide YY (PYY). Gastrin (GAST),
while rare in the mouse intestine, is produced in the human duodenum and responds to luminal
acid by regulating proton secretion of stomach parietal cells. Somatostatin (SST) is a peptide
which inhibits secretion of most other intestinal hormones (Worthington et al., 2018).

Homeostatic renewal of the intestine is driven by Lgr5+ stem cells located at the bottom of
the crypts of Lieberkuehn (Barker et al., 2007). Lgr5+ cells generate all differentiated intestinal
cell types: the abundant absorptive enterocytes and the various secretory cell types. The murine
EEC lineage consists of multiple subtypes, historically defined by their principle hormone
product: L-cells (Glp-1, Pyy), I-cells (Cck), K-cells (Gastric inhibitory protein, Gip), N-cells
(Neurotensin, Nts), S-cells (Secretin, Sct), enterochromaffin or EC-cells (Serotonin/5-HT),
X-cells (Ghrl), G-cells (Gast) and D-cells (Sst) (Engelstoft et al., 2013a) (Gehart et al., 2019).
While this nomenclature suggests that EEC phenotypes are hard-wired, we have recently found
that the crypt-villus BMP-signaling gradient induces hormone switching in individual murine
EEC lineages (Beumer et al., 2018). Of note also, the abundance of individual EEC subtypes
greatly differs in a region-specific fashion along the proximal-distal gastrointestinal axis.
Studies on EECs have largely focused on murine models, exploiting a variety of reporter mice
for subsets of EECs to monitor their responses to nutritional or genetic challenges (Goldspink

etal., 2018) . We have recently described the developmental hierarchy of murine subtypes EECs
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using a mouse model in which endogenous Neurogenin-3 expression, the main determinant
of EEC fate, was coupled to the production of two separate fluorescent proteins with different
half-lives (Gehart et al., 2019). Single cell RNA sequencing of sorted EEC progenitors allowed
for construction of a time-resolved development roadmap of the mouse EEC lineage.

The human diet and microbiome and that of rodents differ greatly (Nguyen et al., 2015).
It is likely that the repertoire of sensory receptors and the secretory hormone responses differ
significantly between these species. The study of human EECs is challenging due to the paucity
of these cells and the lack of physiologically relevant in vitro models, leaving many questions
surrounding basic human EEC biology unanswered. Few human EEC immortalized cell lines
exist, and these are known to differ substantially from their wildtype counterparts (Goldspink
et al., 2018). There is currently no atlas of human EEC subtypes. Although some inducers of
hormone secretion have been described in mice, there has been no experimental model to
systematically assess such secretagogues for human EECs. Here, we describe an organoid-based

platform to provide a detailed molecular and functional description of human EECs.

RESULTS

Production of region-specific human EECs

Previous attempts to create human EECs in vitro have relied on growth-factor based
differentiation (Beumer et al., 2018) or overexpression of NEUROG3, the key transcription
factor to instruct EEC fate (McCracken et al., 2014; Sinagoga et al., 2018). Both iPSC- (Zhang
et al.,, 2019) and adult stem cell (ASC)-based (Chang-Graham et al., 2019) approaches have
proven useful to understand aspects of human EEC biology, such as modeling of inherited
NEUROG3 mutations and viral infection-mediated serotonin release (Chang-Graham et al,,
2019). However, imperfect differentiation and regional restriction of the donor material have
limited these studies to a subset of human EECs.

To generate the full spectrum of human EECs, we established organoids from healthy adult
proximal small intestine (duodenum), distal small intestine (ileum) and the ascending colon
(Sato et al., 2011). These organoids were transduced with a doxycycline-inducible NEUROG3
construct (Fig. 1A). dTomato was inserted 3’ to the NEUROG3 reading frame, separated by
a self-cleavable P2A sequence to avoid creating a fusion protein. A 48-hour-pulsed expression
of NEUROG3 in the basic medium ‘ENR’ promoted the expression of the broad EEC marker
Chromogranin A (CHGA) (Fig. 1B). Proximal SI hormones such as GAST, CCK and MLN were
enriched in duodenal organoids, whereas NTS, PYY and GCG were predominantly observed
in distal SI organoids. Of note, GCG encodes the preproglucagon prehormone, a protein
precursor to a set of hormones including GLP-1 (see below). SST was comparably expressed in
proximal and distal organoids, consistent with its profile in the mouse gut. A recent single cell
RNA sequencing study of inflammatory bowel disease patients and healthy controls generated
the profile of 83 colonic EECs, suggesting that the human colon produces a small repertoire
of hormones: serotonin-producing ECs and L-cells positive for GCG and PYY (Parikh et al,,
2019). Consistently, induced colon organoids only contained serotonin-producing ECs and
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GCG-expressing EECs. To establish the optimal window of differentiation towards EECs, we
monitored hormone expression over time. We found that hormone expression peaked 5 days
after initiation of NEUROG3 expression (Fig. S1A). Therefore, we applied a 5 day-differentiation
protocol in ENR throughout the remainder of this study. Under these conditions, EECs in
organoids displayed a normal morphology as visualized by transmission electron microscopy.
Note the typical basal concentration of hormone vesicles (Fig. 1C).

We tested hormone co-expression by immunofluorescent staining (Fig. S1B). We observed
mutually exclusive expression for MLN and GAST, for GHRL and CHGA and for Serotonin
and GLP-1, while a subset of GIP-positive cells co-expressed CCK. This closely resembled
the co-expression patterns in mice (with the exception of MLN, a pseudogene in mice) (Haber
et al.,, 2017) (Fig. S1B). Virtually all EECs, as identified by the broad marker CHGA, were
derived from NEUROG3-overexpressing cells as indicated by dTomato-positivity (Fig. S1B).
A definitive hallmark of a mature EEC is its ability to secrete hormones. Indeed, exposure of
organoids to Forskolin, a stimulator of adenylate cyclase increasing cAMP levels and thus of
general hormone secretion, greatly enhanced GLP-1 levels in the culture supernatant (Fig. 1D).

The ability to enrich for specific EEC subsets in organoids would enhance the applicability
of the system. We have previously reported that BMP signaling acts on mature murine EECs in
villi, but not in crypts (Beumer et al., 2018). BMP thus controls a switch in hormone repertoire of
EECs during their journey from the crypt base to the villus tip. Consistent with our observations
in murine EECs, we found that activation of BMP signaling enhances the expression of NTS,
while reducing GLP-1 (Fig. S2A,B). These data indicated that human EECs generated in vitro
are responsive to BMP. These observations were refined later in this study (see below).

Since the initial expression of NEUROG3 occurs at random positions along the crypt axis
in mice (Gehart et al.,, 2019), we hypothesized that exposure to other crypt differentiation
signals (i.e. Notch, Wnt) prior to this expression pulse could potentially influence their
eventual fate. We therefore modulated these signals prior to inducing NEUROG3 expression,
mimicking the different initiation sites along the intestinal crypt axis (Fig. S2C). As a control,
we modulated the same signals after NEUROG3 induction (Fig. S2D). Inhibition of Notch
before or after expression of NEUROGS3 did not affect EEC differentiation (Fig. S2E). Inhibition
of Wnt signaling before (but not after) the NEUROGS3 pulse stimulated expression of MLN at
the expense of GCG, while having no effect on SST expression (Fig. S2E). Immunofluorescence
revealed an increase in the number of MLN-producing cells rather than in the ‘per cell’-
expression levels (Fig. S2F), resulting in a strong shift in the ratio between L-cells and M-cells
(Fig. S2G).

Generation of a hormone reporter biobank EEC-TAG

Mouse models in which hormone expression is coupled to a fluorescent readout have been
generated for several murine EEC hormones: Chga, Geg, Gip, Cck, Ghrl and Pyy (Engelstoft
et al., 2013b, 2015; Gong et al., 2003; Parker et al., 2009; Reimann et al., 2008; Sommer and

Mostoslavsky, 2014). These transgenic mouse models have been instrumental to study
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Figure 1. Production of region-specific human enteroendocrine cells in intestinal organoids. Schematic
representation of the generation of region-specific enteroendocrine cells (EECs). Organoids are established
from different regions of the intestinal tract of different patients, after which doxycycline (dox) - induced
overexpression of Neurogenin-3 (NEUROG3) can drive the production of EECs. qPCR analysis showing
expression of hormones, control or differentiation condition after a pulse of dox. Expression levels are
normalized to GADPH. The experiment was performed in # =2 independent experiments, and the mean
expression and SEM are depicted. Transmission electron microscopy (TEM) of EECs in organoids
showing polarized localization of hormone vesicles. Scale bar is 5 um (left image) and 2 um (right image).
Concentration of supernatant GLP-1 determined by ELISA, in the absence (control) and presence of
forskolin (FSK). The brown shaded area presents the detection threshold of GLP-1 (1 pg/ml). Forskolin
induces secretion of GLP-1, confirming functionality of EECs. The experiment was performed in n=3
independent experiments, and the mean concentration and SEM are depicted.

specific EEC subsets. CRISPR/Cas9 allows the targeting of endogenous loci. Subsequent
repair through homology-directed-repair (HDR) or Non-homologous-end-joining (NHE])
in turn allows for the introduction of exogenous genetic material (Bukhari and Miiller, 2019;
He et al., 2016; Schmid-Burgk et al., 2016). Enterochromaffin cells (ECs) are characterized by
the production of the neurotransmitter serotonin. To mark ECs, we chose to label Tryptophan
hydroxylase 1 (TPH1), the rate-limiting enzyme involved in the synthesis of serotonin. Using
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HDR, we tagged TPH1 with fluorescent mClover separated by a self-cleaving P2A site, and
selected targeted organoids using Blasticidin. Our lab has recently optimized a strategy for
site-specific introduction of DNA into organoids using NHE], a technique termed CRISPR-
HOT (Homology-independent Organoid Transgenesis) (manuscript under revision). We
fluorescently labeled a series of secreted hormones as fusion proteins using this method
(Fig. 2A). Cells were transfected 1) with a gRNA targeting the hormone locus near its stop
codon, 2) a vector encoding mNeon or tdTomato and 3) a vector encoding Cas9, a constitutively
produced mCherry fluorescent molecule and a gRNA linearizing the vector encoding
the fluorescent molecule. Five days later, transfected cells were sorted for mCherry and plated
as single cells. After two weeks, NEUROG3 was induced in the resulting clonal organoids to
visualize expression of the fluorescent fusion hormones. Typically, the first fluorescent organoids
appeared 2-3 days later and were then clonally expanded.

Applying these approaches to 10 different hormone loci, we generated a small biobank
of hormone reporter organoids termed EEC-TAG, consisting of duodenal, ileal and colon
organoids in which the major human hormones are marked (Fig. 2A). The organoid lines
showed complete overlap between fluorescent reporters and the corresponding hormone
product (Fig. 2B). The fluorescently tagged hormones localized to cytoplasmic vesicles.

Calcium signaling is one of the mediators of hormone secretion (Goldspink et al., 2018). To
measure Ca2+ responses, we stably introduced a Turquoise Ca2+ sensor (Tq-Ca-FLITS) into
NEUROQG3¢Temate TPH]1™C¥r reporter organoids using lentiviral transduction. The resulting
genotype of the organoids is NEUROG3¢Temate TPHmClover CaFLITS™raeuse, We chose to stimulate
the olfactory receptor OR51E2, of which the mouse homologue (OIfr78) is reported to be
expressed in in mouse EECs (Fleischer et al., 2015; Jovancevic et al., 2017). After overexpression
of OR51E2, HEK cells elicit a calcium response when stimulated with the selective agonist
beta-ionone (Pietraszewska-Bogiel et al., 2019). OR51E2 is most strongly upregulated in distal
organoids (Fig. 2C). When reporter organoids were stimulated with beta-ionone, we observed
calcium sparking in EECs that were TPH1-negative (Fig. 2D). This provided proof-of-concept
that sensors combined with hormone reporters from EEC-TAG can aid the study of functional

signaling responses in human EEC subtypes.

Single cell transcriptomics of human EEC subtypes.
Single cell transcriptomics presents a powerful technique to assess heterogeneity among cell
populations and identifies genes specific to individual cell types (Haber et al., 2017; Parikh et
al., 2019). Due to the paucity of EECs, studies in mice have utilized reporter mice to enrich
for hormone-producing cells when performing single cell RNA sequencing. This approach
cannot be used for primary human EECs, making the generation of a detailed atlas from small
intestinal tissue challenging.

Murine EECs taken from primary tissue and from organoids are essentially identical
(Gehart et al,, 2019; Griin et al., 2015). We therefore exploited the human NEUROG3-
induced organoids to perform single cell RNA sequencing and construct a human EEC atlas.

NEUROGS3 was induced in duodenal, ileal and colon organoids in the absence or presence of
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BMP (to generate the crypt- and villus-‘versions’ of EECs, Fig. S2). Data from a total of 8448
cells were subsequently processed by SORT-seq (Muraro et al., 2016) (Fig. S3A,B). We analyzed
the transcriptome data using RaceID3, a clustering method based on k-medoids (Herman et al.,
2018). After filtering (cut-off: 2000 uniquely expressed transcripts per cell), a broad intestinal
cell type atlas was generated from 4281 cells (Fig. S3B). These were derived from the following
sources: 1446 cells from duodenum, 2145 cells from ileum, 690 cells from colon. This atlas
contained five large clusters: CHGA-positive EECs (2255), and the following well-defined
‘contaminant’ lineages: FABPI-positive enterocytes (585), OLFM4-positive stem cells (113),
rare MUC2-positive goblet cells (33), LYZ/MMP7-positive Paneth cells (11), as well as several
progenitor populations (Fig. S3C).

Neuropeptide W (NPW) and VGE recently proposed as EEC hormones based on bulk
RNA sequencing (Roberts et al., 2019), were broadly expressed among all EEC subtypes
(Fig. S3B). While the function of VGF remains elusive, NPW is expressed in different parts
of the brain. NPW increases food intake when injected in the hypothalamus (Levine et al,,
2005). We confirmed protein expression of NPW by EECs in sections of human intestine by
immunofluorescence (Fig. 3A).

We identified all EECs and their progenitors in the dataset by thresholding for expression
of the generic EEC marker CHGA and thresholding against MUC2, FABP1, LYZ and OLFM4.
After this, we retained 2255 cells (of which 805 cells were BMP-treated) from which we
constructed an EEC atlas (Fig. 3B,C, S4A). The major clusters largely overlapped with those
described in mouse, and the different EEC subtypes displayed the expected ratios related to
their regional identity (Fig. S4B) (Haber et al., 2017). We contrasted our current human EEC
atlas with our previously published mouse EEC atlas from tissue (Fig. S4C) (Gehart et al., 2019).
Moreover, to validate the in vitro EEC identities, we searched for EECs in a large single cell-
dataset obtained from healthy and diseased human small intestines of various ages at the Sanger
Center. Of 13179 cells represented in this dataset, we derived mRNA signatures for 39 human
EECs, underscoring the challenge of deriving single EEC mRNA signatures from human ileal
biopsies (Fig. S4D).

The largest cluster of human EECs was formed by TPH1-expressing Enterochromaffin cells
(ECs), expressing the highest levels of CHGA (as in mouse) and representing the most frequent
EEC type in vivo (Fig. 3B,C). ECs occurred in three ‘flavors: REG4high and REG4low cells (in
cluster 4) were previously seen also in murine intestine (Haber et al., 2017). A third population
of ECs, not separately observed in mice, expressed high levels of the secretogranin SCG2 and
occurred mostly in proximal SI organoid cells (cluster 9) (Fig. 3B, C). All human ECs expressed
high levels of Dopa decarboxylase (DDC) involved in serotonin biosynthesis, as well as SLC18A1,
involved in serotonin transport (Fig. S4E) (Lohoff et al., 2006). The prototypical EC markers
CHGB and GPR112 were broadly expressed by human ECs, as was the olfactory receptor
OR51E1 (mouse homologue OIlfr558), a marker of serotonin-producing neuroendocrine
tumors in man (Fig. S4E) (Cui et al., 2013).

Cells producing Gastrin (Gast) are largely restricted to the mouse stomach, whereas in man

expression continues more distally along the GI tract in EECs termed G-cells (Engelstoft et
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Figure 3. Single cell transcriptome atlas of human enteroendocrine cells. Immunofluorescent staining
on human intestinal section (ileum) confirms EEC-specific expression of NPW. Scale bar is 50 pm. t-SNE
map displaying the human EEC atlas (n= 2255 cells). Different colors represent the 13 separate clusters,
and BMP treated cells are highlighted. GAST- and GIP-positive cells (defined by a minimum of 25 unique
transcripts per cell) show partly overlapping expression patterns (middle t-SNE map). GHRL- and MLN
-positive cells (defined by a minimum of 25 unique transcripts per cell) also overlap partly (right t-SNE
map). t-SNE maps displaying the expression levels of hormone and marker gene expression in the different
human EEC subtypes from intestinal organoids. Bars display color-coded unique transcript expression
(logarithmic scale). t-SNE maps displaying the expression levels of hormone and marker gene expression
in murine tissue EECs. Bars display color-coded unique transcript expression (logarithmic scale).
Immunofluorescent staining on duodenal sections confirms co-expression of GIP and GASTRIN. Scale

bar is 50 um.

al., 2013a). Cells expressing GAST (cluster 3) co-expressed the receptor for Gastrin-releasing
peptide, GRPR, a marker of G-cells in the mouse stomach (Fig. 3B,C). GAST-expression often
overlapped with high expression of the incretin GIP (same cluster 3), the main hormone
product of murine K-cells. We named these cells G/K-cells (Fig. 3B,C). In histological
sections of the human intestine, we confirmed largely overlapping expression profiles for these
two hormones (Fig. 3E). The L-cell lineage clusters 8 and 13 displayed largely overlapping
expression of GCG, NTS and PYY (Fig. 3B, C). Cluster 2 contained SST-positive D-cells, also
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expressing the transcription factor HHEX. HHEX has been described in murine pancreatic and
intestinal Sst-producing cells (Haber et al., 2017; Zhang et al., 2014). Notably, human D-cells
in tissue and organoids lacked expression of Amylin (IAPP), a peptide hormone expressed in
mouse D-cells (Fig. 3B,C, S4D).

MLN+ cells do not exist in mice. We identified a clearly separated cluster of cells producing
MLN and GHRL (cluster 5). A gradient from predominantly MLN- to predominantly GHRL-
expressing cells can be observed in t-SNE space (Fig. 3C,D). We termed these M-X or X-M cells
(based on the highest expression of either MLN or GHRL, respectively). We hypothesized that
these might represent different states of the same cell type. Indeed, BMP treatment reduced
levels of GHRL, while MLN levels were slightly increased (Fig. S6B)

M/X cells were further characterized by ENPPI expression, a known regulator of insulin
responses and extracellular ATP levels (Di Paola et al., 2011), that is similarly expressed by
murine X-cells (Fig. 3C,D). Ghrelin is a hormone requiring a specific acyl modification,
a process shown to be dependent on the acyl-CoA synthetase AcslI in mouse stomach X-cells
(Bando et al.,, 2016). Human M/X cells and mouse intestinal X-cells both expressed high levels
of this enzyme (Fig. 3C,D).

Genes uniquely expressed by human EEC subtypes.

We next searched for human EEC genes in our organoid and ileal tissue data that are not
expressed by murine EECs (Fig. S4F). The heparin-binding growth factor Midkine (MDK)
was broadly and highly expressed by all human EEC types, but not or lowly by other cell
types such as goblet cells (Fig. 4A). While not previously seen in human EECs, it has been
reported as a biomarker of human intestinal neuroendocrine tumors (Edfeldt et al., 2017).
Midkine has been associated with obesity and inhibits insulin signaling in adipocytes (Fan et
al., 2014). The carboxypeptidase CPB1 was produced by most EECs (highest in M/X cells),
with the exception of ECs (Fig. 4A). Carboxypeptidases are typically involved in hormone
processing (Sapio and Fricker, 2014). Expression of CPB1 has been observed in the rat pancreas
(Yu et al,, 2017). FGF14 is a human pan-EEC marker - with very limited expression in murine
EECs - and belongs to a set of intracellular FGFs, that play a role in the clustering of ion
channels in neurons (Fig. 4A, S4F) (Pablo and Pitta, 2017). The olfactory receptor OR51E2
was sporadically expressed by different EEC subtypes, with highest levels occurring in PYY*
cells (Fig. 4A). The mouse homologue Olfr78 on the contrary was lowly expressed in ECs only
(Fig. S4F). The enzyme tryptophan 2,3-dioxygenase (TDO2) was found in duodenal EECs from
the proximal intestine (Fig. 4A, S4A). TDO2 can metabolize tryptophan through the kynurenine
pathway and is one of the primary regulators of availability of this amino acid. Tryptophan is
the precursor of serotonin and TDO2 knockout mice experience increased serotonin levels (Too
etal., 2016), suggesting that TDO2 could be a local regulator of serotonin production in the gut.
We noted the tachykinin peptide-coding TAC3 as a broadly expressed gene in human EECs,
while the mouse homologue Tac2 is not expressed in the murine intestine\ (Fig. 4A). TAC3
codes for Neurokinin B and has been described as a regulator of secretion of gonadotropin-

releasing hormone in humans that is produced in the hypothalamus (Sanger, 2004). However,
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Figure 4. Novel human enteroendocrine cell markers. t-SNE maps displaying the levels of hormone and
marker gene expression in the different human EEC subtypes from intestinal organoids and intestinal
tissue. Bars display color-coded unique transcript expression (logarithmic scale). Immunofluorescent
staining on intestinal sections confirms co-expression of GHRL and the novel EEC peptide CBLN1 (left
panel). Fluorescent in situ hybridization shows that GHRL" cells express the cytokine receptor IL-20RA
(right panel). All sections are from the human duodenum. Scale bar is 50 pm.

the main receptor for NKB, NK, (coded by TACR3), has been implicated in the regulation of
gastrointestinal motility (Sanger, 2004). The hepatokine FGF21 has recently received much
attention as a regulator of blood glucose. Several FGF21 mimetics are currently being tested
for the treatment of diabetes (Kuro-o, 2019). While the receptors for FGF21 are described as
a complex of FGFR1 and B-Klotho (KLB), the site of action of FGF21 is much disputed. We
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observed broad expression of FGFR1 and KLB by human EECs, suggesting that the FGF21
effects could be partially mediated through the gut (Fig. 4A). FgfrI is absent in murine EECs,
while KIb is expressed at very low levels (Fig. S4F). CIOORFI0 (also known as DEPPI) was
widely expressed by human EECs. This gene is negatively regulated by insulin in the liver and
adipocyte tissue and its product controls the ratio between metabolic pathways including
ketogenesis and gluconeogenesis (Li et al., 2018) (Fig. 4A). Finally, LCN15 was produced
particularly by NTS* cells. LCN15 is a lipocalin previously identified as one of the strongest
glucose-regulated genes in Caco-2 cells (Fig. 4A) (Boztepe and Gulec, 2018). Although some
lipocalins have been implicated in the development of insulin resistance, the function of LCN15
is unknown.

Because of the absence of Motilin-expressing cells in mouse intestine, we then focused on
unique genes expressed by these cells but absent in murine X-cells. M/X cells were positive for
TRNPI, involved in cortical folding in the brain and the only transcription factor specific to M/X
cells (Fig. 4A) (Stahl et al., 2013). A putative hormone, precerebellin 1 (CBLN1I), was expressed
in all M/X cells (Fig. 4A). CBLN1 is known to stimulate food intake upon intracerebroventricular
injection (similar to the function of Ghrelin) (Gardiner et al., 2010). We confirmed CBLN1
expression in human GHRL* cells in vivo using immunofluorescence (Fig. 4B). We noted that
M/X cells expressed the receptor for cytokines of the IL10-family (IL20-RA), an observation
confirmed in vivo (Fig. 4A,B). We detected high expression of the peptide hormone Angiotensin
(AGT). AGT is a regulator of blood pressure, but is also described as a regulator of contraction
of the musculature of human intestinal walls (similar to the gut motility-enhancing function
of Motilin) (Ewert et al., 2006) (Fig. 4A). Finally, M/X cells displayed highest expression of all
EECs of the sulfate transporter SLC26A7 and of T, - and Retinol-binding Transthyretin (TTR)
(Fig. 4A). Although TTR is expressed by many EECs, both in mouse and human, M/X cells
display much higher levels (Fig. 4A). We confirmed the expression of these novel EEC genes
by comparison to the limited number of single cell sequenced human EECs, isolated from
the ileum (Fig. 4A).

To identify heterogeneity among the different EEC subtypes, we subclustered cells sorted from
organoids carrying the individual hormone reporters. Expression of the fluorescent reporters
directly correlated with the levels of the pertinent hormone transcripts within the same cell
(Fig. S5A). We noted that a substantial number of the cells sorted for MLN-reporter expression
were L-cells, due to low level MLN expression in this population (Fig. S5A,B). Surprisingly, we
identified a rare subcluster of GCG+-reporter cells that highly expressed Pancreatic Polypeptide
(PPY) (Cox, 2007), a well-described peptide hormone from the endocrine pancreas involved
in appetite regulation. This hormone has not previously been described in the context of
the human or mouse small intestine, but we could confirm its expression and overlap with

GLP-1 by staining on human intestinal sections (Fig. S5B,C).

Transcriptional networks in the human EEC lineages

Having established the hierarchy of human EEC subtypes and expression of novel marker

genes, we analyzed expression of transcription factors known from mice to specify each of
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these lineages (Fig. 5A). PAX4 specifies D/EC cells, while expression of ARX promotes all other
EEC fates (Beucher et al., 2012). We accordingly detected these transcription factors in human
EECs. HHEX and LMXI1A defined human D and EC lineages respectively, consistent with their
expression profile in mice (Fig. 5A) (Gross et al., 2016). The broad murine EEC transcription
factors NKX2-2, PAX6, SOX4 and RFX6 were ubiquitously expressed in human EECs (Gehart
etal, 2019). We additionally identify ASCL1 as a broad human EEC transcription factor, absent
from M/X-cells and from all mouse EECs (Fig. 5A,B). Ascll has been described in endocrine
cells in the murine lung (Borges et al., 1997). MNX1 was highly expressed only by human
ECs and is known to promote neonatal diabetes when mutated (Fig. 5A,B) (Pan et al., 2015).
Together these data indicated that human EECs express key transcriptional regulators known
from murine EECs, with additional expression of transcription factors described in extra-
intestinal endocrine organs. MLN* cells developmentally resembled Ghrelin-producing X-cells
from mice based on their transcription factor profile.

To corroborate the role of these transcriptional networks in the generation of different
human EEC subtypes, we employed CRISPR/Cas9 for loss-of-function experiments. We chose
to knockout the EC-specific LMXIA gene and the D-cell-specific HHEX gene (Fig. 5A,C).
Organoids were transiently transfected with a Cas9-EGFP coding plasmid that included the site-
specific gRNA (Ran et al.,, 2013). Transfected cells were sorted and clonally expanded, after
which genotyping was performed to identify homozygous loss-of-function alleles (Fig. 5D).
Lmxla-null mice die shortly after birth, but display intestinal loss of Tphl and Chga indicative
of reduction in the enterochromaffin lineage (Gross et al., 2016). Organoids circumvent the issue
of neonatal lethality for assaying gene function in adult homeostasis. Loss of LMX1A in human
organoids led to a strong reduction in TPHI (Fig. 5E). Although the other EEC lineage marker
genes were unaffected, we also observed a milder reduction in SST derived from D-cells. In
contrast to mouse EECs, human LMXIA is expressed in D-cells as well (Fig. 5E), pointing to
a potential role in their maturation or function in addition to controlling EC development.

HHEX has been linked in genome-wide association studies to the development of type
2 diabetes in humans (Scott et al., 2007). Loss of Hhex in mice impairs the function of Sst-
producing cells in pancreatic islets, while the role in the murine intestinal tract was not
investigated (Zhang et al., 2014). We found that HHEX gene disruption fully blocked
the production of SST, while most other EEC lineages were increased (Fig. 5E). This could be
due to progenitors differentiating towards these lineages that otherwise would have become
D-cells, or because of a direct (negative) effect of SST on the expression of other EEC hormones.
The most striking increase was observed in GCG expression (over 20-fold). In Hhex-knockout
mice, pancreatic glucagon similarly increases (Zhang et al., 2014), although the products of

intestinal and pancreatic Glucagon-derived peptides act oppositely on glucose homeostasis.

BMP signaling as regulator of hormone switching in human EECs
Similar to the mouse intestine, histological analysis revealed crypt-villus gradients of human
hormones such as GCG (Fig. S6A). We interrogated BMP dependency of hormone gene

expression in the single cell atlas. BMP activation induced NTS in L-cells at the expense of
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Figure 5. Transcriptional networks in human EECs. t-SNE map displaying the expression level of EEC
lineage transcription factors. Bars display color-coded unique transcript expression (logarithmic scale).
The murine and human patterns of expression of these genes among EEC subtypes are depicted (right
table). t-SNE maps displaying the expression level of novel EEC transcription factor ASCLI and MNXI in
mouse and human EECs. Bars display color-coded unique transcript expression (logarithmic scale). t-SNE
maps displaying the expression level of EEC transcription factors HHEX and LMXIA in human tissue
EECs. Bars display color-coded unique transcript expression (logarithmic scale). Genotyping of LMX1A
and HHEX knockout organoids. qPCR analysis showing expression of hormones in wildtype organoids
and LMX1A and HHEX knockout (KO) organoids. Expression is normalized to GADPH, and relative
to wildtype. The experiment was performed as a technical duplicate, and the mean expression and SEM
are depicted

GCG (Fig. S6B). Live-cell imaging of GCG-reporter organoids confirmed that BMP activation
decreased reporter expression in individual L-cells (without causing cell death) (Fig. S6C).
Additionally, we observed BMP-mediated repression of GHRL in M/X cells, which was
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accompanied by a mild increase in MLN expression (Fig. S6B). In murine intestine, we have
temporally resolved the differentiation process of EEC subtypes and found that expression
of Ghrelin diminishes with migration of the X-cell along the crypt-villus axis (Gehart et al.,
2019). This expression was not replaced by a second hormone; as said, Motilin does not exist
as a coding gene in the mouse genome. Thus, human MLN/GHRL-producing EECs appeared

to undergo a BMP-controlled switch in hormone expression as previously described in mouse.

High-definition transcriptomic profiling of EECs.

We next utilized our reporter organoid platform to construct ‘deep’ profiles of the EEC subtype
transcriptome and proteome, as well as of their secreted products (Fig. S7A). With current
technologies, transcriptomics of pooled cells has a superior sensitivity compared to single
cell RNA sequencing. We exploited our reporter organoids to generate a deep transcriptomic
signature of EC-, L- and M-cells. In addition, CHGA-mNeon* cells were sorted to generate
a broad EEC signature, while CHGA" cells served as non-EEC control. We identified the top 20
uniquely expressed markers from the RNA sequencing dataset for the different EEC populations
(Fig. S7B). Due to the higher sensitivity and cell number of bulk RNA sequencing compared to
single cell analysis, we uncovered multiple EEC subtype features that went unnoticed in our
single cell atlas. For example, the transcription factor IRX3, member of the Iroquois homeobox
family, was one of the most defining markers of TPH1+ cells, yet has not been described in
murine EECs (Haber et al.,, 2017) (Fig. S7B). IRX3 has gained attention recently as a neuronal
regulator of energy balance, and genetic variants in IRX3 associate with obesity in humans
(Schneeberger, 2019).

Sensory receptors of EECs, which are typically GPCRs, tend to be lowly expressed. We
analyzed our bulk transcriptomic datasets for receptors enriched in subpopulations of EECs.
We noted conserved expression of receptors known from mouse EECs, including FFAR2 (broad
EEC), GPBARI (L-cell), SSTR5 (L-cell), OR51E1 (mouse homologue Olfr558; EC), ADGRG4
(Gpr112;EC) and the extracellular calcium sensor CASR (broad EEC) (Furness et al., 2013)
(Fig. S7C). Newly uncovered receptors included the following: Human EECs expressed multiple
orphan receptors, such as GPR162 (L-cells), not found in mice (Fig. S7C) and reported to
be expressed in parts of the brain regulating food intake, while genetic variants in GPRI62
are linked to impairments in glucose homeostasis (Caruso et al., 2016). GPR68 is an orphan
GPCR uniquely produced by ECs (Fig. S7C). A recent study found that the orphan peptide
CART (cocaine-and amphetamine-regulated protein) can activate GPR68 (Foster et al., 2019).
Multiple sources are suggested for CART, including the brain and EECs, and the peptide has
a role in the regulation of anxiety, reward and feeding behaviors (Shcherbina et al., 2018).
GABA-A receptors have been reported in some murine EECs, but we find expression of
the subunit of the GABA-B receptor GABBR2 broadly among EECs, potentially allowing these
cells to respond to GABA (Fig. S7C) (Hyland and Cryan, 2010). We identified production of
multiple hormone receptors in EECs, including the melanocortin receptor MCIR (Fig. S7C).

MC4R has been described in murine L-cells as a regulator of hormone secretion that can
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be exploited by enriching the microbiome with MSH-like producing bacteria (Panaro et al.,
2014). ECs selectively expressed the receptor for the thyroid-stimulating-hormone, TSHR, not
observed before (Fig. S7C). Serotonin is known to regulate the levels of circulating thyroid
hormones (Sullo et al., 2011), and expression of TSHR in ECs suggests that this regulation
could work bidirectionally. ECs also expressed the receptor for the L-cell hormone PYY, NPYIR
(Fig. S7C), reported in murine enterocytes as a regulator of electrolyte transport (Goldspink et
al., 2018). We did not confirm expression of NPYIR in the CHGA-mNeon" population, enriched
for human non-EECs which includes enterocytes. L-cells highly expressed the Secretin receptor
SCTR that we also observed in our single cell atlas, but was not seen in mice (Fig. S7C, S8A).
Fluorescent in-situ-hybridization (FISH) confirmed the expression of SCTR in EECs in vivo by
overlap with CHGA (Fig. S8B). Since we observed the highest expression of SCTR in L-cells,
we measured GLP-1 secretion upon a 24-hour secretin treatment in organoids. Indeed, secretin
induced GLP-1 secretion at levels comparable to forskolin as measured by ELISA, or as observed

by the loss of intracellular fluorescence of GCG-neon (Fig. S8C-E).

Proteomic profiling of EECs

We next isolated intracellular proteins and performed mass-spectrometry to establish EEC
subtype-specific proteomes (Fig. S7A). PCA-analysis revealed a clear separation of the different
reporter populations on the proteome level. Of note, MLN and GCG displayed considerable
overlap due to low MLN expression in GCG* cells (as discussed above) (Fig. S9A). The analysis
confirmed many of the novel markers for EEC populations at the protein level, including
the L-cell hormone PPY, the broad EEC marker MIDKINE and the M-cell produced peptidase
CPB1 (Fig. S9B). A highly expressed marker identified at RNA level but completely lacking
in the proteome was CRYBA2, a structural lens protein and member of the crystallin family
(Fig. S9C). CRYBAZ2 recently gained attention as a novel marker of human endocrine cells (not
of mouse) in the pancreas and colon (Muraro et al., 2016; Parikh et al., 2019). We could also not
identify CRYBA2 on human intestinal sections using IHC (Fig. S9D). In the human genome,
CRYBA2 is located adjacent to another important EEC marker gene that is well-established, FEV
(Haber et al,, 2017). CRYBA2 and FEV RNAs were expressed in a virtually identical pattern in
our single cell atlas (Fig. S9C). We speculate that CRYBA2 mRNA expression is a consequence

of open chromatin related to transcriptional activity of FEV.

The human EEC secretome

The human EEC organoid cultures uniquely allow proteomic analysis of secreted products.
EEC hormones are secreted basolaterally, i.e. towards the outside of the organoids. We isolated
supernatants of EEC organoids stimulated with Forskolin. Supernatants were separated in
a fraction larger than 10kDa (representing among others unprocessed hormones) and a fraction
smaller than 10kDa (representing processed endogenous hormones). The latter was directly
analyzed using LC-MS, whereas the former was subjected to tryptic digestion prior to LC-MS
analysis. Analyses were performed on the secretomes of both proximal and distal small intestinal

organoids, representing the most prominent peptide hormone producers.
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Figure 6. Processing of known region-specific human EEC secreted products. Overview of abundances
of peptides in the secretome of proximal ST and distal SI organoids enriched for EECs, or uninduced distal
organoids lacking EECs. Abundances of the total secreted proteins (>10kDa, left table) or the processed
peptides (<10 kDa, right table) are shown. Measured peptides (<10 kDa) in the supernatant of distal SI
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peptides are shown above the black bar. Measured peptides (<10 kDa) in the supernatant mapping to
different secreted prehormones (MLN and GHRL) are shown below the black bar. Data from proximal

(yellow background) and distal SI organoid (blue background) supernatants are displayed. Known
bioactive peptides are shown above the black bar.

We observed secretion of all known hormones, with a bias for the regional hormones in
the supernatants of region-corresponding organoids (Fig. 6A, S10). Notably, endogenously
processed peptides were mostly found for those hormones that are known to generate
biologically active sequences upon proteolytic processing (e.g., REG4, for which the full-length
product is biologically active, was only found in the fraction larger than 10kDa). Intracellular
EEC markers with highest abundance in the whole cell-proteome datasets, such as the enzyme

TPHI or highly abundant proteins like histones or actin, were not observed in the supernatant,
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Figure 7. Novel secreted products from human EECs. Overview of abundances of novel intestinal peptides
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below the black bar. Data from proximal (yellow background) and distal SI organoid (blue background)
supernatants are displayed. Known bioactive peptides are shown above the black bar.

confirming specific detection of secreted proteins. CHGA was the highest expressed protein
in the proteome dataset, and accordingly was the most abundant peptide in both proximal
and distal EEC organoid supernatants. Processed peptides smaller than <10kDa generally
displayed C-terminal trimming, likely due to the endogenous activity of carboxypeptidases
(Fig. 6B,C S10). We observed all known fragments of the proglucagon pro-hormone (Fig.
6B). Individual fragments rarely spanned more than a single biologically active peptide
(e.g. a fragment containing both GLP1- and GLP-2), implying that endogenous processing
occurred efficiently. Neuronostatin, a recently discovered fragment of the pro-somatostatin

hormone, was also found abundantly in the EEC secretome (Fig. S10) (Vainio et al., 2012).
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The supernatant peptides were biased towards bioactive fragments of multiple hormones and
enzymes, including for PCSK1N and GHRL (Fig. 6C,S10). The signal peptide (20-25 N-terminal
amino acids of the prohormones) was consistently cleaved from all hormones (Fig. 6B,C,
§10). Apart from quantitative differences, we also detected region-specific biases in the ratio
between bioactive peptides and those with no known activity. For example, in duodenal
organoids we found an overrepresentation for the bioactive peptides of GHRL and MLN
(proximal-enriched hormones).

Next, we looked for secreted peptides not attributed to EECs before. CHGA codes for
a 457-amino acid preproprotein that is cleaved into many different bioactive products. A shorter
second isoform is predicted that would lack exon 6 and multiple peptide products (Vasostatin
2, EA-92, and ES-43) but has not been shown to be coding (Loh et al., 2012). We now find
abundant peptides spanning terminal sequences of exon 5 and exon 7, suggesting this isoform
is translated in human EECs (Fig. 7A, B). Intriguingly, we also detected secretion of a range of
other previously unknown EEC products consistent with the observed RNA expression (Fig.
4A, S7). These include NPW, MIDKINE, VGE, and the peptidase CPB1, providing further
evidence that these could act as hormones or affect hormone processing (Fig. 7A, C). Mouse
EECs express REG4; we found expression and secretion of the antimicrobial peptide REG3A
from human EECs (Fig. 7A,C, S7) (Griin et al.,, 2015). We further identified EEC-specific
secretion of the enzyme PAM (Peptidyl-glycine alpha-amidating monooxygenase), known to
modify endocrine peptides by C-terminal amidation, important for their activation (Fig. 7A,
C). Coding variants of PAM have been associated with type 2 diabetes risk and can affect insulin
secretion (Thomsen et al., 2018). We detected the Nucleobindin-2 (NUC2B) precursor, that is
processed to the neuropeptides Nesfatin-1, 2 and 3 (Ramesh et al., 2015). Nesfatin-1 has recently
gained attention as an anorexigenic and insulinotropic peptide, produced in the hypothalamus
and pancreas. Nesfatin-1 has been shown to regulate GLP-1 and GIP secretion in vitro (Ramesh
etal., 2015).

DISCUSSION

Human EECs are rare and have been largely inaccessible for in vitro studies. Yet, they hold
great promise as central players in the treatment of metabolic diseases. Our study provides
an organoid-based toolbox to address a diversity of questions on human EEC biology. We
have generated a high-resolution transcriptomic and proteomic profile of human EECs from
three locations along the gastrointestinal tract, including a first assessment of their secreted
products. This dataset yields new hormones, transcription factors and receptors, and can be
mined for novel therapeutic targets. The expression atlas highlights key differences with murine
counterparts, stressing the importance of performing studies on EEC function in a human
model system. Since fusions of hormones and fluorescent proteins retain the ability to be
secreted, we envision EEC-TAG organoids to be used in studies aimed at identifying specific

inducers of hormone secretion, or of controlling differentiation of individual EEC subtypes.
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The transcriptional networks generating the different EEC subtypes have been well worked
out in mice (Beucher et al., 2012; Gehart et al., 2019; Gross et al., 2016; Piccand et al., 2019).
These networks could result from a stochastically acting system that generates fixed ratios of
different EECs. This would explain why organoids generate rather conserved ratios of individual
subtypes when compared to their tissue of origin, even in the absence of mesenchymal and
luminal factors (Beumer et al., 2018). We have shown previously that BMP signaling regulates
differential hormone expression within the same EEC subtype, an observation that is extended
here for the hormone pair Ghrelin/Motilin (Figure S6). Inhibition of Wnt signaling before
the induced expression of NEUROGS3 caused a dramatic shift in EEC distribution from GLP1*
L-cells to MLN* M-X-cells (Figure S1), demonstrating that the ratio of EEC subtypes can be
influenced by stem cell niche factors. It remains unknown why L-cells would preferentially
be specified within the Wnthis" stem cell zone; evidence suggest that their secreted GLP-2 is
involved in the regulation of intestinal proliferation and crypt fission (Drucker et al., 1996).

A recent study has surveyed broad human EEC population using antibody-based sorting
approaches and bulk RNA sequencing on human patient material (Roberts et al., 2019). This
study identified some novel EEC features, such as the expression of Neuropeptide W, confirmed
by the current human EEC atlas built from organoids.

We present the first transcriptomic and proteomic profiling of Motilin-producing cells.
Motilin is a regulator of gut motility that displayed intriguing evolutionary dynamics, being
inactivated independently in lineages leading to the mouse and rat, and guinea pigs (He et al,,
2010). The Motilin receptor underwent a similar fate (He et al., 2010). This raises questions as
to how the cell type (the X-cell) that produces Motilin diverged from that point. For example,
the production of a certain hormone is likely to be accompanied by the expression of receptors
that are sensing stimuli associated with this product. We found many similarities between
mouse X-cells and the human counterparts, that we termed M-X cells. The developmental
transcription factors are similar to mice (Fig. 5A), while the expression of genes required for
Ghrelin modifications such as Acsl1 are conserved (Fig. 3C-D). We noted important differences
also; among these the expression of putative hormones including CBLN1 and AGT. The latter
has been proposed - apart from controlling blood pressure - as motility regulator similar
to Motilin (Fig. 4). We also identify a cytokine receptor in M-X cells, IL-20RA, which could
link a sensory mechanism for pathogens to a motility response expelling such infection. Of
note, irritable bowel syndrome (IBS), characterized by alterations in gut motility, is associated
with a reduction in the IL20RA-ligand IL-10, potentially mediated through M-X cells
(Gonsalkorale et al., 2003).

While transthyretin (TTR) has been identified in multiple EEC populations, we identify
very high levels in M/X cells (Fig. 4A). A TTR mutation underlies the most common form
of amyloidosis, characterized by cardiomyopathy and cardiac failure, but also destruction of
enteric neurons and associated problems in gastrointestinal motility (Ueda and Ando, 2014).
Of interest, gastrointestinal motility problems are partly relieved by Motilin agonists. Although
the liver is suspected as the principle source of amyloid TTR, our results indicate that local,

M/X-cell produced TTR may play a role in pathogenesis.
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The expression of receptors for some EEC hormones by EECs has been reported in mouse,
particularly for Somatostatin (e.g. Sstr5 in L-cells) (Chisholm and Greenberg, 2002). We
now find that human EECs can also sense extracellular PYY (NPY1R) and Secretin (SCTR).
The PYY-receptor Npylr has been suggested as an enterocyte marker in mouse, a finding we
do not confirm (Goldspink et al., 2018).. Rather, we observe exclusive expression in human
Serotonin-producing ECs. SCTR expression is low in ECs and enriched in EECs producing
GCG and GAST/GIP. We show that Secretin can stimulate L-cells to secrete GLP-1. Importantly,
a Secretin stimulation test is commonly used in diagnostics of Zollinger-Ellison syndrome
patients that suffer from gastrin-producing tumors (Berna et al., 2006). Secretin normally
represses blood gastrin by inhibiting the secretion of gastrin from the stomach G-cells
(the major site of Gastrin production), likely through modulating the luminal pH. Patients
suffering from small intestinal gastrinoma however show sharp increases in serum gastrin upon
secretin administration. Our data suggest this to occur through the broad SCTR-expression
among small intestinal gastrin-producing G-cells. More broadly, our data indicate that human
EECs have an extensive capacity to cross-communicate through their hormone products. Taken
together, the EEC atlas and EEC-TAG biobank represent rich resources to identify regulators of

human EEC development and function.

METHODS

Cell culture of human intestinal organoids

Tissues from the human duodenum, ileum and colon were obtained from the UMC Utrecht with
informed consent of each patient. The patients were diagnosed with small intestinal or colon
adenocarcinoma that was resected. A sample from non-transformed, normal mucosa was taken
for this study. The study was approved by the UMC Utrecht (Utrecht, The Netherlands) ethical
committee and was in accordance with the Declaration of Helsinki and according to Dutch law.
This study is compliant with all relevant ethical regulations regarding research involving human
participants. Human small intestinal cells were isolated, processed and cultured as described
previously (Beumer et al., 2018; Sato et al., 2011)

For differentiation towards EECs, organoids were treated with 1 pg/ml doxycycline (Sigma)
in ‘ENR’ medium (Sato et al., 2009). Secretin (Tocris) was used at a concentration of 10 pg/ml.
Beta-ionone (Sigma) was used at 100 mg/ml. BMP activation was achieved by withdrawing
Noggin from ‘ENR’ and addition of BMP-2 (Peprotech, 50ng/ml ) and BMP-4 (Peprotech, 50ng/
ml). Notch signaling was inhibited by treatment with the Gamma-secretase inhibitor DAPT
(Sigma, 10puM). Wnt inhibition was performed by treatment with the Porcupine inhibitor
IWP-2 (Stemgent, 5pM)

Constructs for EEC-TAG reporter and knockout generation
The NEUROGS3 was cloned in a two insert Gibson reaction into BSKS II vector. Of note, two
PCR reactions were done: first, NEUROG3 was amplified from human genomic DNA, since

the entire coding region lies in one exon. Second, the BSKS vector was amplified. The forward
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and reverse primers for Gly linker, FLAG, HA and P2A sequence were annealing to each other
(Supplementary Table 1). All three DNA fragments were then combined in BSKS-NEUROG3-
Flag-HA-P2A. In the next step, NEUROG3-P2A sequence was excised using EcoRI enzyme
and cloned into previously published pLX-NS2 vector (Sachs et al., 2019). Organoids were
lentivirally transduced as described before (Koo et al., 2012).

For generation of the reporter organoid lines using CRISPR-HOT, we utilized a method
described in (Artegiani, Hendriks et al., under revision). Briefly, we used a targeting plasmid
containing a fluorescent protein (nNEON or tdTomato) which can be linearized at a defined
base position by a specific sgRNA and Cas9 provided from a second plasmid, which also
encodes mCherry (Schmid-Burgk et al., 2016). These two plasmids are co-electroporated with
a plasmid encoding the sgRNA for the respective locus (Supplementary table 1).

The HDR donor plasmid allows C-terminal knock-in of the fluorescent reporter mClover3
in the TPH1 locus and was generated using pUC118 as a backbone. First, the endogenous Sapl
site in PUC118 was inactivated. Then, a selection cassette (PGK promoter driven expression of
blasticidin) flanked by LoxP and two Sapl sites was cloned into the SapI-inactivated pUC118
using infusion cloning (638910, Takara). Subsequently, a P2A sequence and the fluorescent
protein mClover3 was PCR amplified (Phusion High fidelity DNA polymerase, M0530S,
NEB) from the Addgene plasmid #74252 and cloned upstream of the selection cassette using
infusion cloning (638910, Takara) and NotI (R0189S, NEB) digestion of the pUC118 selection-
cassette containing plasmid. Next, homology arms corresponding to the genomic regions,
approximately 1000bp, upstream and downstream of the TPHI stop codon were PCR amplified
(Phusion High fidelity DNA polymerase, M0530S, NEB) from genomic DNA (extracted and
purified from human small intestinal organoid DNA). The PCR primers contained overhangs
allowing subsequent Golden Gate cloning (Supplementary Table 1).

The PCR amplified homology arms were purified (QIAquick PCR Purification Kit, 28104,
Qiagen) and finally, the targeting vector was generated by SapI (R0569S, NEB) mediated Golden
Gate insertion of the homology arms into the pUC118 selection-cassette containing plasmid.

The sgRNA was selected based on the WTSI website (https://www.sanger.ac.uk/htgt/wge/)
and chosen as close to the TPH1 stop codon as possible. The gRNA sequence overlapped with
the stop codon, so that the homology vector was not cut. The target sequence was ordered
as two complementary oligos (IDT) and cloned in the Cas9-EGFP vector (addgene plasmid
#48138) following the protocol described before (Ran et al., 2013).

For the generation of HHEX and LMXIA knockout organoids, gRNAs were selected using
the WTSI website and cloned in the Cas9-EGFP vector (addgene plasmid #48138) following
the protocol described before (Ran et al., 2013). gRNAs used in this story are presented in
Supplementary Table 1.

Human intestinal organoids were transiently transfected using a NEPA21 electroporator
and a previously developed protocol (Fujii et al., 2015). 3-7 days after electroporation, either
mCherry (for generation of NHE]J-mediated reporter organoids) or EGFP (for generation
of HHEX and LMXIA knockout lines) positive cells were sorted using a FACS-ARIA (BD
Biosciences). Wnt-surrogate (0.15 nM , U-Protein Expression) and Rho kinase inhibitor (10uM,
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Calbiochem) were added to the culture medium up to 1 week after sorting to enhance single
cell outgrowth. All reporter organoids were generated in organoid lines also transduced with
NEUROG3-overexpression (with or without dTomato) vector.

To confirm correct integration of mNeon/dTomato reporter into the hormone locus,
organoids grown from mCherry-positive cells were differentiated towards EECs using
overexpression of NEUROG3. Organoids where fluorescent cells appeared during EEC
differentiation were picked, digested using TrypLE ( TryplE Express; Life Technologies) and
clonally expanded to establish stable knock-in organoid lines.

Organoids grown from Cas9-EGFP transfected cells were genotyped for HHEX and LMXI1A

to confirm homozygous frameshift mutation (primers in Supplementary Table 1).

Calcium sensor

A red calcium probe (pTorPE-R-GECOI, addgene plasmid #32465) was used as a template
to engineer a cyan genetically encoded calcium probe. The cpApple was replaced with
a circular permuted mTurquoise. The resulting probe was dubbed Tq-Ca-FLITS (Turquoise
Calcium Fluorescence Lifetime Indicator for Truthful Sensing). A triple nuclear localization
signal (3xnls) was added to the N-terminus of the calcium probe to simplify analysis. Details
of the engineering and characterization will be described elsewhere (Van der Linden et al,
in preparation).

PCRs were performed on Tq-Ca-FLITS (Fw AAACAAGCGGGAGACGTGGAGGAAAAC
CCTGGACCTCTCGAGatgggatcagatccaaaaaagaagag, Rev ATGGCACTAGGCTAGTTCTAG
AcCTACTTCGCTGTCATCATTTGGAC) as well as H2B-mMaroon (Fw TCGGCGCGC
CACGCGT, Rev CGTCTCCCGCTTGTTTCAGTAGACTAAAATTCGTCGCGCCAGATCCGC
TAGCattaagtttgtgcccc) and the two PCRs were cloned into a lentiviral vector using InPhusion
Cloning (Takara), to produce H2B-mMaroon-P2A- Tq-Ca-FLITS, two simultaneously
expressed cistrons separated by a de-optimized P2A (Lo et al,, 2015).

Live cell imaging of calcium reporter organoids

H2B-mMaroon-P2A-Tq-Ca-FLITS organoids were imaged on a Leica SP8 confocal laser
scanning microscope, equipped with Argon laser and White Light Laser, the latter allowing
spectral flexibility for optimal visualization of all fluorophores. For cell type identification, cells
were first imaged in 5 channels (Tq-Ca-FLITS-mTurquoise2, Clover, TdTomato, H2B-Maroon
and transmitted light) and subsequently Tq-Ca-FLITS and H2B-mMaroon were time lapse
imaged during administration of beta-ionone in XYZT-mode. Post-acquisitional analysis was

done with custom-made Fiji-script.

Transmission electron microscopy
Organoids were fixed with 1.5% glutaraldehyde in 0.1M cacodylate buffer. They were kept in
the fixative for 24 h at 4°C. Then, they were washed with 0.1M cacodylate buffer and potsfixed

with 1% osmium tetroxide in the same buffer containing 1.5% potassium ferricyanide for 1

165



166

CHAPTER VI

hour (dark) at 4°C. Then the samples were dehydrated in ethanol, infiltrated with Epon resin for
2 days, embedded in the same resin and polymerised at 60°C for 48 hours. Ultrathin sections
were obtained using a Leica Ultracut UCT ultramicrotome (Leica Microsystems, Vienna) and
mounted on Formvar-coated copper grids. They were stained with 2% uranyl acetate in water
and lead citrate. Then, sections were observed in a Tecnai T12 electron microscope equipped
with an Eagle 4kx4k CCD camera (Thermo Fisher Scientific, The Netherlands).

Alternatively, organoids were chemically fixed at 4 °C with a mixture of 2% paraformaldehyde
and 0.2% glutaraldehyde in PB buffer. After washing with PB containing 50 mM glycine, cells
were embedding in 12% gelatine and infused in 2.3 M sucrose. Mounted gelatine blocks were
frozen in liquid nitrogen. Thin sections were prepared in an ultracryomicrotome (Leica EM
Ultracut UC6/FC6, Leica Microsystems, Vienna, Austria). Ultrathin cryosections were collected
with 2% methylcellulose in 2.3 M sucrose. The observations were performed in an Electron

Microscope Tecnai T12 as mentioned.

Immunostaining

Organoids were stained as described before (Beumer et al.,, 2018). Primary antibodies
used were goat anti-chromogranin A (1:500; Santa Cruz), goat anti-cholestocystokin (sc-
21617,1:100; Santa Cruz), rabbit anti-neurotensin (sc-20806,1:100; Santa Cruz), goat anti-
somatostatin (sc-7819, 1:100; Santa Cruz), goat anti-serotonin (ab66047, 1:1,000, Abcam),
rabbit anti-gastric inhibitory polypeptide (ab22624-50, 1:500; Abcam), goat anti-GLP1
(sc-7782, 1:100; Santa Cruz), rabbit anti-GLP1 (ab22625, 1:200; Abcam), rabbit anti-MLN
(HPA069392, 1:200, Atlas antibodies), mouse anti-Gastrin (60346, 1:200, Proteintech),
mouse anti beta-Catenin (610154, 1:100; BD transduction laboratories), goat anti-Ghrelin
(sc-10368, 1:200; Santa Cruz), rabbit anti-Neuropeptide W (NBP2-57337, 1:100; Novus),
rabbit anti-Precerebellin (ABN304, 1:100; Sigma) and rabbit anti-PPY (HPA032122, 1:200;
Atlas antibodies) . Organoids were incubated with the corresponding secondary antibodies
Alexa488-, 568- and 647-conjugated anti-rabbit and anti-goat (1:1,000; Molecular Probes)
in blocking buffer containing 4,6-diamidino-2-phenylindole (DAPI; 1;1,000, Invitrogen).
Sections were embedded in Vectashield (Vector Labs) and imaged using a Sp8 confocal

microscope (Leica). Image analysis was performed using Image]J software.

Fluorescent in situ hybridization

FISH was performed using the RNAScope® Multiplex Fluorescent Reagent Kit v2 (Advanced
Cell Diagnostics) according to the manufacturer’s protocol (Wang et al., 2012). In brief, paraffin
embedded ileal surgical sections were deparaffinized, treated with hydrogen peroxide for
10 minutes and boiled in target retrieval buffer for 15 minutes before a 30-minute protease
treatment. Probes directed against CHGA/SCTR, CHGA/GCG and GHRL/ IL20RA were
multiplexed, respectively, amplified and detected using fluorescent probes based on opal dyes.
Slides were counterstained with DAPI for 30 seconds, mounted using ProLong™ Gold Antifade
Mountant (Thermo Fisher scientific) and images were obtained using a SP8 confocal fluorescent

microscope (Leica).
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ELISA

The supernatant from organoids either cultured in ENR for 5 days or differentiated towards
EECs were collected after a 24-hour stimulation with 10pM Forskolin (Tocris). GLP-1
concentration was measured using a GLP-1 EIA kit (Rab0201 from Sigma that detects both full-

length and N-terminal cleaved GLP-1) following the manufacturer’s protocol,

RNA isolation and quantitative PCR

Organoid RNA was isolated using a RNAeasy kit (QIAGEN), following the manufacturer’s
protocol. Quantitative PCR (qPCR) analysis was performed using biological and technical
duplicates as described described before (Mufoz et al., 2012). Primers were designed using

the NCBI primer design tool, tested using a standard curve, and are presented in Supplementary
Table 1.

Processing human intestinal tissue for single cell RNA sequencing

Human intestinal mucosal biopsies were obtained from patients undergoing colonoscopy at
Addenbrooke’s Hospital, Cambridge, UK. All patients gave informed consent for extra biopsy
samples to be taken for research use when undergoing elective colonoscopy (REC 17/EE/0265).
Only those patients with a macroscopically normal mucosa and subsequent histological
confirmation of a normal mucosa with no intestinal pathology were included in this study.

Once acquired, biopsies were immediately placed into Hanks Buffered Saline Solution
(HBSS) and washed three times in fresh HBSS. Biopsies were then placed into an HBSS solution
containing 1.07 Wiinsch units/ml Liberase DH (Roche) and 70 U/ml hyaluronidase (Merck) and
incubated at 37°C for 15 minutes whilst on a plate shaker at 750 rpm. The samples were then
mechanically disrupted by pipetting the solution up and down using a p1000 pipette, and then
incubated at 37°C for a further 15 minutes on a plate-shaker at 750rpm. The samples were then
washed three times by pelleting the cells using centrifugation at 400g for 4 minutes, removal of
the supernatant and resuspending in DMEM/F12 (Thermofisher). On the third wash the cells
were left in suspension, and a 10uL aliquot was placed into a Countess ® Automated Cell Counter
to estimate the cellular concentration.

3,000 cells suspended in DMEM/F12 (Thermofisher) were loaded into a individual channels
of a 10x single cell chip as per the manufacturer’s protocol (version 2, 3’) and run in standard
conditions by the chromium controller (10X genomics). cDNA libraries were prepared
according to the manufacturer’s protocol and sequenced on an Illumina Hi-seq 4000 (2x50bp
paired-end reads).

For aligning the reads, cellrangerV2 and transcriptome GRCh38-1.2.0 were used. Scanpy
v1.4 was used for clustering. Cells from the whole dataset (13179 cells) with less than 200 genes
and genes in less than 3 cells were excluded. EECs were identified based on the expression of at
least 10 CHGA counts per cell.
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Single cell sorting for RNA sequencing from organoids

Organoids were dissociated to single cells using a 10-minute incubation with TrypLE (TrypLE
Express; Life Technologies) and repeated mechanical disruption through pipetting. Cells
were sorted using a BD FACS Aria (BD Biosciences) based on fluorescence levels. For single
cell RNA sequencing, individual cells were collected in 384-well plates with ERCC spike-ins
(Agilent), reverse transcription primers and dNTPs (both Promega). Single cell sequencing
was performed according to the Sort-seq method (Muraro et al., 2016). Sequencing libraries
were generated with TruSeq small RNA primers (Illumina) and sequenced paired-end at 60 and
26 bp read length, respectively, on the Illumina NextSeq.

For bulk RNA sequencing, cells were sorted into Eppendorf tubes containing RLT buffer
(RNeasy kit, QIAGEN). 5,000 - 30,000 cells were sorted per reporter in duplicates (and triplicates
for tdTomato negative cells). RNA was extracted using the RNeasy mini kit (QIAGEN) following
the manufacturer’s instructions. Sequencing libraries were generated using a modified CELseq2
protocol (Hashimshony et al., 2016). 75 bp paired-end sequencing of libraries was performed

on an Illumina NextSeq platform.

Single cell RNA sequencing analysis from organoids

Reads were mapped to the human GRCh37 genome assembly. Sort-seq read counts were filtered
to exclude reads with identical library-, cell- and molecule barcodes. UMI counts were adjusted
using Poisson counting statistics (Muraro et al., 2016). Cells with fewer than 2,000 unique
transcripts were excluded from further analysis.

Subsequently, RaceID3 was used for k-medoids based clustering (knn = 10) of cells and
differential gene expression analysis between clusters using the standard settings described at
https://github.com/dgrun/RacelD3_StemID2_package.

The dataset was then subsetted to require expression of EEC markers and exclude cells
based on expression of markers of other cell types with the following transcript count cutoffs:
CHGA > 5; MUC2 < 5; FABP1 < 15; LYZ < 15; OLFM4 < 10. The resulting set of EECs was again
subjected to clustering (knn = 5) and differential gene expression as described above.

For reporter analyses, cells sorted by fluorescent reporter positivity were analyzed as one
dataset per reporter to gain more detailed insights into single EEC subpopulations. The following
deviations from standard settings were made per reporter: GCG: knn = 5; outlg = 1; probthr =
0.00001; perplexity = 10; MLN: knn = 10; probthr = 0.0000001; SST: knn = 10; perplexity = 20

For mouse validation, the tissue-derived single cell count tables from Gehart el al. (2019)
were reanalyzed using the procedure and settings described above. No subsetting for EECs

was performed.

Bulk RNA sequencing analysis
Reads were mapped to the human GRCh37 genome assembly. The counted reads were filtered
to exclude reads with identical library- and molecule barcodes. Differential gene expression

analysis was performed using the DESeq2 package (Love et al., 2014). For display in heatmaps,
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genes were ranked by fold change compared against tdTomato negative cells. After filtering for

an adjusted p-value < 0.05, the row z-score for the top 20 genes was calculated.

Preparation of secreted peptides and proteins for LC-MS

Organoids differentiated for 5 days to EECs were washed extensively in PBS and stimulated with
10puM Forskolin (Tocris). Conditioned media was collected for 24 hours and supplemented with
1x cOmplete Protease Inhibitor Cocktail on harvest (Roche). Potential cell debris was removed
by centrifugation at 10,000 x g, for 5 min at 4°C. Conditioned media supernatant was denatured
in final 4M Urea, 50mM ammonium bicarbonate and fractionated by molecular weight with
a 10 kDa Vivaspin centrifugal device (Sartorius, Gottingen, Germany), at 12,000 x g, for 10
min at 4°C. (i) Endogenously processed peptides recovered from the filtrate were acidified to
5% formic acid, desalted by reversed phase C18 lcc columns (Waters Corporation, Milford,
USA), further purified by home-made strong cation exchange STAGE tip, and dried by vacuum
centrifugation. (ii) Longer secreted proteins in the 10 kDa retentate were recovered and diluted
to final 2 M Urea, 50 mM ammonium bicarbonate, for reduction with dithiothreitol, alkylation
with iodoacetamide, and overnight digestion with trypsin (Promega, Madison, USA) at 37°C.
Digested peptides were similarly acidified to 5% formic acid, desalted by reversed phase C18

lcc columns (Waters), and dried by vacuum centrifugation.

Preparation of FACS-sorted EECs for proteome analyses

FACS sorted enteroendocrine cells were lysed in 8M Urea, 50 mM Ammonium bicarbonate, 0.5
% Sodium deoxycholate, 1x cOmplete protease inhibitor, 50 ug/mL DNAse I, and sonicated with
the Biorupter (3 cycles, 20 s on, 20 s off at 4°C) (Diagenode, Liege, Belgium). Cell debris was
pelleted by centrifugation at 14,000 x g for 1 hour at 15°C, and supernatant containing extracted
proteins were reduced, alkylated, diluted 4 times with 50mM ammonium bicarbonate, and
digested sequentially with Lys-C (Wako) and trypsin (Promega). Peptide digests were quenched
to 5% formic acid, and sodium deoxycholate was precipitated and removed by centrifugation at
14,000 x g, 4°C for 10 minutes. Peptides in the supernatant were diluted to final 20% acetonitrile
and purified by SCX STAGE tips. Eluted peptides were dried by vacuum centrifugation.

LC-MS

Peptides were reconstituted in 2% FA for LC-MS injection. Data was acquired using an UHPLC
1290 system (Agilent, California, USA) coupled to an Orbitrap HF-X mass spectrometer
(Thermo Scientific, Massachussets, USA). Peptides were first trapped in a 2 cm x 100 pM
Reprosil C18 trap column (Dr Maisch, Ammerbuch, Germany) of 3 uM pore size for 5 min in
solvent A (0.1% formic acid in water). After trapping, samples separated in an analytical column
(Agilent Poroshell, EC-C18, 2.7 um, 50 cm X 75 um) using a gradient of 0.1% formic acid in
80% acetonitrile (solvent B). Depending on total peptide input, species complexity, and elution
profiles, different LC gradient lengths were used for FACS-sorted whole proteomes (35min,
13-40% solvent B), secreted proteins (65min, 13-40% solvent B) and endogenously processed
peptides (95min, 13-44% solvent B). MS acquisition was performed in data-dependent mode.
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Full scans (MS1) were acquired from 375 to 1600 m/z at resolution 60,000, with 20 ms injection
time and 3x10° AGC target value. The TOP 15 most intense precursor ions where selected for
fragmentation using 1.4 m/z isolation window. Isolated precursors were fragmented using
high energy C-trap dissociation (HCD) at normalized collision energy (NCE) of 27%. MS2
scans were acquired at resolution 30,000, with 50 ms injection time and an AGC target value of
1x10°. Exclusion times were set to 8, 12 or 16 seconds for proteomics, digested retentates and

endogenously processed peptides respectively.

Proteomics data analysis

Collected spectral data was processed using Proteome Discoverer 2.3 (Thermo Scientific,
Massachussets, USA), and searched using Sequest HT search engine, against UniProt Homo
sapiens database (173235 entries, downloaded in August 2019, including common contaminants).
Precursor and fragment mass tolerance were set to 10 ppm and 0.02 Da respectively. Protein
N-terminal Acetylation and methionine oxidation were set as variable modifications. For
the endogenously processed peptides, peptides of length 6 - 50 amino acids were generated
from the database upon unspecific cleavage. For digested retentates and analyses of the FACS-
sorted EECs proteomes, cysteine carbamidomethylation was set as fixed modification and up
to 2 missed trypsin cleavages were allowed. Identified peptides were filtered to 1% FDR using
the Percolator algorithm.

In proteome analyses, intensities of proteins detected in 2 out of 3 replicates in at least one
group were log(2) transformed and missing values were imputed from the normal distribution
independently for each sample using Perseus software (v_1.6.2.2) . Processed data was assessed
for statistical significance among the groups using One-way ANOVA or Students T-test, and
resulting p-values were corrected for type I error using Benjamini-Hochberg approach (q-
value). Tukey Honest Significant Difference test was performed to assess difference between
the groups when required. Hormone processing plots were generated from peptides identified at
high confidence (1 % FDR) in at least 2 out of 3 replicates. For novel secreted products, peptides
identified in 3 out of 3 replicates and not observed in the secretome of control organoids
were used. Peptide sequences identified based on retention time alignment (not supported by
spectral evidence) were not used in hormone processing plots. Statistical analysis and plots

were generated using in-house built R scripts (R version 3.6.0).
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Supplementary figure 1. Enteroendocrine cells in human intestinal organoids display normal
coexpression profiles. QPCR analysis showing expression of hormones over the course of EEC differentiation.
Expressions levels are normalized to GADPH and relative to day 0. The experiment was performed in
n=2 independent experiments, and the individual datapoints are depicted. Immunofluorescent staining of
EEC-enriched organoids. Multiple hormones are expressed mutually exclusive. Scale bar is 50 pm.
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Supplementary figure 2. Manipulation of Wnt and BMP signaling allows controling subspecification
of EECs. qPCR analysis showing expression of hormones after BMP treatment. Expression levels are
normalized to GADPH, and relative to a non-treated control. The experiment was performed in n=2
independent experiments, and the mean expression and SEM are depicted. Immunofluorescent staining
of BMP treated organoids. Scale bar is 50 um. Schematic representation of morphogen gradients in
the intestinal crypt related to sites of initiation of Neurogenin-3 (Ngn3) expression. Experimental paradigm.
Different signalling pathways were modulated (BMP activation; BMPa, Wnt inhibition; Wnti, Notch
inhibition; Notchi) either 24 hours before (pre) or at the start (post) of NEUROG3 expression mediated
by doxycycline (dox) treatment. Control organoids were kept in standard expansion conditions (EXP) »
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» before dox treatment, and in standard differentiation conditions (ENR) after initiation of dox treatment.
qPCR analysis showing expression of hormones after different treatments shown in. Expression levels are
normalized to GADPH, and relative to a non-treated control. The experiment was performed in n=2
independent experiments, and the mean expression and SEM are depicted. Immunofluorescent staining
of organoids differentiated towards EECs after a 24 hour inhibition of Wnt (pre Wnt i). Scale bar is 50 um.
Quantification of (F). Pre-inhibition of Wnt signalling caused a shift of L-cell to M-cell differentiation.
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Supplementary figure 3. Generation of a human single cell RNA sequencing atlas of the intestinal tract
using organoids. Fluorescence-activated cell sorting (FACS) gating parameters for sorting of different EEC
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single cell RNA sequencing and displayed using a t-distributed stochastic neighbor-embedding (t-SNE)
map. Cells defined as EECs (see methods) are shown in green. Cells expressing NPW or VGF (>1
transcripts, respectively) are highlighted in red and are found exclusively in EEC clusters. t-SNE maps
displaying lineage markers in the whole human intestinal organoid cell atlas (n= 8448 cells). Bars display
color-coded unique transcript expression (logarithmic scale).
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Supplementary figure 4. Single cell RNA sequencing of human EECs from organoids and tissue and
mouse EECs from tissue. t-SNE maps displaying the origin (left, tissue; right, reporter organoid) of cells
from the the human EEC atlas (n= 2255 cells). The percentages of EECs corresponding to the different
subtypes in proximal and distal SI organoids. t-SNE maps displaying the expression levels of hormones
in the different murine EEC subtypes from intestinal tissue. Bars display color-coded unique transcript
expression (logarithmic scale). t-SNE maps displaying the expression levels of hormones in the different
human EEC subtypes from intestinal tissue. Bars display color-coded unique transcript expression
(logarithmic scale). t-SNE maps displaying conserved expression of different EC markers in human
and mouse EECs. Bars display color-coded unique transcript expression (logarithmic scale). t-SNE
maps displaying the levels of hormone and marker gene expression of human M/X cells in the different
murine EEC subtypes from intestinal tissue. Bars display color-coded unique transcript expression

(logarithmic scale).
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Supplementary figure 6. BMP signaling regulates expression of hormones in individual enteroendocrine
cells. Fluorescent in situ hybridization on human ileal section shows crypt-restricted expression of GCG
(red arrowheads), whereas CHGA expression (green arrowheads) is expressed also in the villus. Scale
bar is 50 pm. Violin plots depict the expression levels of selected hormones in single BMP-treated cells
versus untreated cells in the EEC single cell RNA sequencing atlas. ID1 and ID2 are BMP target genes
that confirm specific pathway activation of BMP agonist-treated cells. Snapshots are shown of GCG-neon
reporter organoids that were treated with BMP after 2 days of dox treatment to induce NEUROG3-
dTomato expression (= Ohr timepoint). BMP treatment blocks the appearance of GCG-positive cells, while
pre-existing L-cells downregulate GCG expression. No cell death is observed. Scale bar is 50 um.
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Supplementary figure 7. Bulk transcriptomic profiling of sorted enteroendocrine cell subtypes.
Experimental paradigm. Hormone reporter organoids are differentiated, after which subpopulations
of EECs are sorted using FACS and processed for bulk RNA-sequencing or intracellular proteomics.
In a separate experiment, the supernatant of organoids is collected after 24 hour forskolin stimulation
and processed for proteomic analyses to determine the EEC secretome. Heatmaps showing the 20 most
significant RNA markers enriched in purified reporter populations. In bold genes are highlighted that are
also among the 20 most significant markers on protein level. Colored bars represent Z-scores. Heatmaps
showing receptor expression most unique to TPHI1* or GCG* cells. The receptor for EEC hormone Secretin
(SCTR) is expressed highly in L-cells but not ECs, while ECs display unique expression of the PYY
receptor (NPY1R).
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Suppementary figure 8. Secretin regulates release of GLP-1 from L-cells. t-SNE map displaying
the expression level of the Secretin receptor (SCTR) in the EEC single cell sequencing atlas. Bars display
color-coded unique transcript expression (logarithmic scale). Fluorescent in situ hybridization on human
ileal sections shows rare SCTR-expressing cells (red arrowhead) that sometimes co-express CHGA (green
arrowhead). Scale bar is 50 um. Representative bright-field images of EEC-differentiated organoids after
24 hours Forskolin (FSK) or Secretin (SCT) treatment. Both FSK and SCT treatment causes swelling of
organoids, indicative of cAMP activation. Scale bar is Imm. ELISA showing the fold increase in GLP-1
concentrations of EEC-enriched organoids after treatment with FSK or SCT. The experiment was
performed in n=3 independent experiments, and the mean fold change and SEM are depicted. GCG-
reporter organoids were differentiated towards EECs and treated with FSK or SCT. Intracellular levels of
GCG-neon reduce over the course of FSK and SCT treatment. Scale bar is 2mm.
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Supplementary figure 9. Proteomic profiling of EECs. Principle component analysis (PCA) of RNA and
protein data from different EEC populations. CHGA" cells were used as control. CHGA" cells that were
positive for dTomato (induced NEUROG3-expression) were defined as EEC progenitors (Prog.). Heatmaps
showing the 20 most significant markers on protein level defining each EEC populations. Colored bars
represent Z-scores. In bold genes are highlighted that are also among the 20 most significant markers
on RNA level. t-SNE maps displaying the expressions level of CRYBA2 and FEV in the EEC single cell
sequencing atlas, illustrating a high degree of overlap in expression. Bars display color-coded unique
transcript expression (logarithmic scale). The location of the CRYBA2 and FEV genes on Chromosome
2 are depicted below. Immunohistochemistry on human duodenal sections shows a lack of CRYBA2

expression in vivo. Scale bar is 50 pum.
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SUMMARY

Wnt dependency and Lgr5 expression define multiple mammalian epithelial stem cell
types. Under defined growth factor conditions, such Adult Stem Cells (ASCs) grow as 3D

organoids that recapitulate essential features of the pertinent epithelium. Here, we establish

long-term expanding venom gland organoids from several snake species. The newly assembled

transcriptome of the Cape coral snake reveals that organoids express high levels of toxin

transcripts. Single cell RNA sequencing of both organoids and primary tissue identifies distinct

venom-expressing cell types as well as proliferative cells expressing homologs of known

mammalian stem cell markers. A hard-wired regional heterogeneity in the expression of

individual venom components is maintained in organoid cultures. Harvested venom peptides
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reflect crude venom composition and display biological activity. This study extends organoid
technology to reptilian tissues and describes an experimentally tractable model system I

representing the snake venom gland. 7T
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INTRODUCTION

Snakebite envenoming is a neglected tropical disease estimated to be responsible for >100,000
deaths worldwide each year (Gutierrez et al., 2017). Upon injection through specialized
fangs, venomous snakes primarily use their venom to immobilize prey. For numerous snake
species, the venom delivered by a single bite is enough to kill prey that is many times larger
than the snake. During vertebrate evolution, the snake venom gland has been adapted from
the salivary gland (Kochva 1987). Secretory columnar cells in the gland epithelium secrete
a complex mixture of peptides and proteins, stored in the lumen and channeled to the fangs
through connecting ducts. Venom toxins are classified into distinct protein families with
diverse modes-of-action (Fry et al., 2009), which makes them a rich source for drugs targeting
human proteins (Clark et al., 2019). Snake venoms differ greatly in toxin composition and
the architecture of the machinery involved in its production and release. Venom from viperid
snakes (such as the rattlesnake) mainly consists of hemotoxic enzymes (Ainsworth et al., 2018),
whereas elapids (such as the king cobra) typically produce smaller peptides with neurotoxic
effects (Vonk et al., 2013). Three-finger toxins (3FTx) constitute a diverse and highly expressed
class of toxins that mainly exert a neurotoxic effect through interaction with acetylcholine
receptors (Tsetlin 2015). Kunitz-type

inhibitors (KUN) also exert neurotoxic activities, though some are anticoagulant (Harvey
2001; Millers et al,, 2009). Phospholipase A2 (PLA2) proteins can act as myotoxins or
neurotoxins and display antiplatelet activities (Guitiérrez and Lomonte 2013), whereas cysteine-
rich secretory proteins (CRISP) block smooth muscle contraction (Yamazaki and Morita 2004).
Finally, snake venom metalloproteinases (SVMP), L-amino acid oxidases (LAAO) and C-type
lectins (CTL) mostly disrupt blood coagulation (Slagboom et al., 2017; Izidoro et al., 2014).
Much still needs to be learned about toxin production- and release-cycles, heterogeneity of
venom-producing cells and factors influencing venom composition.

Organoids are defined as self-organizing 3D structures that can be grown from stem cells
and that recapitulate essential features of the tissue under study (Clevers 2016). We originally
showed that a serum-free medium containing R-spondin, EGF and Noggin suffices to support
the growth of mouse Lgr5+ intestinal ASCs into ever-expanding epithelial organoids. These
‘mini-guts’ contain all known cell types of the gut lining (Sato et al., 2009), observations that
were extended through single cell RNA sequencing (Griin et al., 2015; Beumer et al., 2018,
Gehart et al., 2019). Subsequently, similar R- spondin-based protocols have been reported for
a wide diversity of healthy and diseased mammalian epithelia (Artegiani and Clevers 2018).
Of interest to the current study, Coppes and colleagues have demonstrated the feasibility of
growing mammalian salivary gland organoids (Maimets et al., 2016).

Little is known about the biology of adult stem cells in reptiles. Different short-term culture
systems have been described for snake venom glands (Sells et al., 1989; Carneiro et al., 2006),
yet long-term cultures capturing structural and functional properties of the snake venom gland
have not been developed. Here, we aim to establish long-term culture conditions for functional

snake venom gland epithelium using R- spondin-based organoid technology.
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RESULTS
Epithelial organoid cultures derived from snake venom glands
Venom glands from nine different snake species, representing members of both the Elapidae
(Naja pallida, Naja annulifera, Naja nivea, Naja atra and Aspidelaps lubricus cowlesi) and
Viperidae (Echis ocellatus, Deinagkistrodon acutus, Crotalus atrox and Bitis arietans) families,
were dissociated and embedded in basement membrane extract (BME) at 32°C (Figure 1A).
Supplying a medium containing a ‘generic’ mammalian organoid cocktail (see below) resulted
in initial expansion of organoids for all

species (Figure 1B and S1A) (some were subsequently lost due to bacterial contamination,
insensitive to the antibiotics used). Passaging yielded expanding organoids that histologically
resembled the original gland epithelium (Figure 1C). The venom gland organoids could be
expanded optimally using R-spondin (the Wnt signal-amplifying ligand of Lgr5 (de Lau et
al., 2011)), the BMP inhibitor Noggin, EGF, the small molecule TGF beta inhibitor A83-01,
PGE2 and FGF10 (Figure 1D and S1B). This ‘expansion medium’ controls the same cellular
signaling pathways that are required for mammalian epithelial organoids (Fatehullah et al.,
2016). Reptilian organoid expansion was only successful at lower temperatures (Figure S1C),
consistent with the average body temperature of poikilotherm species such as snakes. When
cultured at 37°C, a heat shock response (HSPAS8) was observed within two hours, that is
described to preclude cell division and consequently prohibited organoid growth (Richter et al.,
2010) (Figure S1D). The proliferating cells self-organized into cystic spheres lined by a simple
polarized epithelium (Figure 1E and Video S1), while budding of organoids was occasionally
observed. Under these conditions, organoids expanded exponentially for > 20 passages without
significant changes in growth kinetics or morphology (Figure 1B). As demonstrated previously
for mammalian organoids (Bolhaqueiro et al., 2018), a lentiviral construct encoding histone 2B
coupled to a fluorescent protein (H2B-RFP) allowed visualization of the organoid chromatin
(Figure S1E).

Newly assembled transcriptome reveals high toxin expression in organoids
Simultaneous withdrawal of all growth factors (with the exception of PGE2 to maintain cystic
organoids) for 7 days resulted in less-proliferative organoids (Figure 2A). These organoids
contained highly polarized cells with secretory vesicles, described previously as the main
producers of venom in the snake venom gland (Mackessy 1991) (Figure 2B). Furthermore,
ciliated cells could occasionally be observed by electron-microscopy (Figure S2A). High-speed
imaging captured functionally beating cilia in a subset of organoids (Video S2). Based on these
features of apparently mature and functional cell types, we defined this cultured condition as
our ‘differentiation’ cocktail.

Snake venom contains dozens to hundreds of different bioactive compounds (Fox and
Serrano 2008). No annotated genome exists for A. L cowlesi. To gain deeper insight into
the expression of individual toxin-encoding genes, we assembled a de novo transcriptome of A.
I. cowlesi using Trinity (Haas et al., 2013) (Figure 2C). Libraries of contigs (311,948) generated
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Figure 1. Establishment of organoid culture conditions for snake venom gland, see also Figure SI.
Schematic representation of the derivation of venom gland organoids from late embryonic (~7-2 days
before hatching) A. I. cowlesi (n=7) (See also Figure S1A). Time course of organoid expansion after seeding
of cells from a single A. I cowlesi venom gland in BME (passage 0) until passage 17. Scale bars, 1000 pm.
Haematoxylin and eosin (H&E) stain of late embryonic A. L. cowlesi venom gland and organoids. Scale bars,
50 um. Schematic representation of medium component dropout screen on primary tissue outgrowth.
Quantification of relative cell viability per condition after 14 days, normalized to complete expansion
medium (See also Figure S1B). Immunofluorescent staining of organoid for DNA (DAPI), Tubulin (green)
and Actin (blue). Scale bars, 50 pm.

from late-embryonic liver, pancreas and venom gland as well as from venom gland organoids
were used to determine gene-expression levels for each of the three tissues as well as the venom
gland organoids. The organoid transcriptome showed toxins to represent the dominant class of
expressed genes, while homologs of established markers of mammalian liver and pancreas were

restricted to their corresponding organ (Figure 2D). Toxin expression in venom gland tissue
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Transmission electron microscopy (TEM) of organoids in expansion and differentiation medium shows
simple epithelial cells and polarized exocrine cells with secretory vesicles oriented towards the lumen.
Scale bars, 5 pm. Schematic representation of de novo transcriptome assembly using Trinity. Input
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factor (CVF), L-amino acid oxidase (LAOO) and phosphodiesterases (PDE)) (See also Figure S2B).
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was markedly lower compared to organoids, most likely due to presence of non-epithelial cells
in gland tissue. Amongst the toxins, three-finger toxins (3FTx) were most abundant (Figure
2E). We also detected expression of cysteine-rich secretory proteins (CRISP), snake venom
metalloproteinases (SVMP) and kunitz type protease inhibitors (KUN) (Figure 2E and S2B).
The relative abundance of these toxin classes matched the venom gland tissue at transcriptome
level, and the crude venom composition at protein level (Whiteley et al., 2019) (Figure 2E). Of
note, the seven-day differentiation protocol increased overall toxin gene expression but reduced
the expression of CRISP (Figure 2D and E). We concluded that A. L. cowlesi organoids produced

a near- normal spectrum of venom factors.

Adult Naja nivea venom gland-derived organoids

To further demonstrate the long-term propagation capacity of adult venom gland derived cells
using our protocol, we expanded organoids from Naja nivea, the Cape cobra. Venom glands
from a euthanized adult individual (>1-year-old) were dissociated and cultured using the same
conditions as used above (Figure 3A). Organoids recapitulated the epithelial phenotype and
were expanded for over 18 passages (Figure 3A and B). While cells were viable and proliferating
in ‘expansion medium, we noticed reduced swelling (smaller lumen) in N. nivea organoids
making it more difficult to mechanically split these cultures. Upon additional activation of cyclic
AMP using forskolin (FSK), organoids exhibited improved swelling allowing easier splitting
(Figure 3C). For further passaging (after passage 5) of N. nivea organoids, we supplemented
expansion medium with FSK. Forskolin-induced swelling is well known in primary human
intestinal organoids, where it is used to monitor the ability to transport chloride ions (Dekkers
etal., 2013).

Exposure to ‘differentiation medium, including the withdrawal of FSK resulted in
the expected phenotype of less proliferative organoids (Figure 3D) accompanied by increased
expression of 3FTx and KUN by qPCR (Figure 3E). To establish a ‘deep’ gene expression
profile, we performed bulk mRNA sequencing of N. nivea organoids in differentiation medium.
PolyA enriched reads could be mapped to the de novo A. I. cowlesi transcriptome (Figure 2C).
We thus identified a number of putative toxins enriched in organoids from N. nivea, such as
beta-bungarotoxin-like, kappa-bungarotoxin-like and sarafotoxin-like (Figure 3F). Three-
finger toxins are the main venom components of elapid snakes. Utilizing the high sequence
conservation of 3FTX, we were able to PCR-amplify the coding sequence of several variants
starting from A. I. cowlesi and N. nivea organoid cDNA (Figure 3G). When translating these
3FTX coding sequences in silico we detected peptide sequences that have not been described
before in the NCBI database and are specific to the individual species (Figure 3H).

As our access to A. I. cowlesi venom gland material was more regular (one clutch a year), we

focused our further characterization on organoid lines derived from A. L. cowlesi.

Organoids display cellular heterogeneity in toxin expression
The cellular heterogeneity of the venom gland epithelium has largely been described

morphologically. We have recently demonstrated the usefulness of organoids for the detailed
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cowlesi read count from differentiation data Figure 3 (n=1). Schematic representation of PCR amplification
of 3FTX coding sequence from cDNA obtained from organoids. Location of forward (F) and reverse (R)
primer. Peptide sequence of in silico translated 3FTX coding sequences of A. I. cowlesi and N. nivea.
Highlighted in red species differences, green arrow conserved disulfide sites. BLASTP hit for best match with
proteins in the NCBI database.

delineation of cell lineages in the enteroendocrine compartment of the gut (Beumer et al,
2018). Using a similar strategy, we performed single cell RNA sequencing of organoids in
expansion and differentiation medium and compared it to their primary tissue counterparts
obtained from A. I. cowlesi late embryonic venom gland. From organoids, a total of 1,536 cells
were sorted, processed using the SORT-seq method (Muraro et al., 2016) and analyzed using
the RaceID3 package (Herman et al., 2018). Reads were mapped to the de novo assembled A.
I. cowlesi transcriptome, processed using a newly generated pipeline and filtered for >2,000
transcripts per cell. The 1,092 cells which passed the thresholds displayed a median expression
of 10,480 transcript counts per cell (Figure S3A and S3B). K-medoids-based clustering
compartmentalized the cells into 12 different cell clusters, as visualized by t-distributed
stochastic neighbor embedding (t-SNE) (Figure 4A). Cells derived from expansion and
differentiation medium clustered mostly separately (Figure 4B). Expression of one of the most
abundant three-finger toxins (Pr-SNTX) (Figure S2B) revealed the presence of at least 4 cell
clusters producing venom factors (Figure 4C). In line with the bulk transcriptome data, the vast
majority of venom-producing cells were derived from differentiated organoids.

Single cell RNA sequencing of freshly isolated venom gland tissue (using the same pipeline
as for the organoid cells) yielded 1,255 cells which passed the same threshold (Figure 4D). Based
on their transcriptomic profile, these cells fell into 20 different cell clusters (Figure 4D). Using
mammalian markers of cell types expected to be present in glandular organs, we determined
the following composition of our dataset: 53% epithelial cells (EPCAM, KRT8) (Figure 4E and
S3C), 27% stromal cells (COL3A1), 8% hematopoietic cells (HEMGN, LYZ), 7% smooth muscle
cells (ACTA2) and 4% endothelium (CDH5) (Figure S3C). Expression of three-finger toxin
Pr-SNTX was highest in two of the cell clusters of epithelial origin (Figure 4F). We also detected
strong co-expression of protein disulfide isomerase (PDI) with 3FTx variants (Scutellatus toxin
3) in the organoids (Figure 4G) as well as in the primary tissue cells (Figure 4H). This enzyme
is a key factor to ensure correct disulfide bond folding (Wang and Tsou 1993), conceivably
supporting the disulfide bond-rich structure of three finger toxins. A more detailed analysis of
toxin-related gene expression per cluster uncovered that individual venom factors were strongly
enriched in separate organoid clusters, suggesting the presence of specialized cells for some of
the toxin families (Figure S3D).

We the extracted all 670 epithelial cells from the dataset and performed reclustering
(Figure S3E). This resulted in 10 different epithelial subclusters, each enriched for different
venom factors. Comparing the heterogeneity in the expression of different toxin classes (3FTx,
CRISBE, KUN, SVMP and CTL) we concluded that organoids successfully recapitulate the cellular

complexity of venom producing cells in vivo (Figure S3F).
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Figure 4. Single cell transcriptome analysis of organoids and primary tissue reveals distinct venom gland
cell types, see also Figure S3, S4, S5 and S6. Single cell RNA sequencing: clustering of A. I. cowlesi venom
gland organoid cells (n=1092) visualized by t-distributed stochastic neighbor-embedding (t-SNE) map.
Colors highlight different clusters (n=12). t-SNE map indicating exposure to expansion medium (yellow)
or differentiation medium (purple) for seven days. Expression level of three-finger toxin Pr-SNTX in t-SNE
map (color coded logarithmic scale of transcript expression). Clustering of primary A. . cowlesi venom
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and right is primary venom gland tissue cells. (I-J) Expression levels of LAMA3 in t-SNE map (color coded »
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logarithmic scale of transcript expression) and violin plots visualizing expression levels of cluster-enriched
toxins. For both organoid cells (I) and venom gland tissue cells (J) color coded EP-SUP cells (red) and TOX
cells (green).

Cluster 1 in organoids and cluster 6 in primary tissue comprised cells enriched for
transcripts of 3FTX genes (Figure S4A), a subset of these cells additionally expressed Kunitz
variants (KUN) (Figure S4B). The cells in cluster 4 (organoids) and cluster 6 and 8 (tissue)
were positive for SVMP (Figure S4C). Organoid cells expressing CRISP genes were enriched
in cluster 11 and 12; in the tissue these genes were found to be expressed in a larger number
of cells enriched in cluster 3 (Figure S4D). Organoid cluster 3 consisted of cells co-expressing
C-type lectin (CTL) and Waprin-related toxins (Figure S4E) (Torres et al., 2003; Ogawa et al,,
2005). CTLs have not previously been detected in the Aspidelaps lubricus venom proteome and
did not form an independent cluster in the tissue dataset (Whiteley et al., 2019).

Cluster 5, containing cells exclusively derived from differentiated organoids, was devoid of
any known toxin expression. Comparing this cluster with venom producing clusters 1, 2, 3
and 4, we found these cells to be enriched in extracellular matrix component transcripts such
as laminin (LAMA3) (Figure 4I). This transcriptomic separation is indicative of two different
cellular lineages captured by the organoids, an “epithelial supportive cell” fate (EP-SUP) and
a “toxin producing cell” fate (TOX) (Figure S5A). In the complete dataset of venom gland tissue
cells, we found cluster 7, 15 and 19 to be enriched in LAMA3 expression, while these cells
expressed much fewer toxin transcripts compared to the other epithelial cells (Figure 4] and
S5B). In organoids as well as tissue, the EP-SUP lineage additionally expressed CTGF, COL7A1
and FRZB (Figure S5C-E). Based on our single cell sequencing of the venom gland tissue, all
epithelial lineage/cell types were represented in the organoids. Importantly, marker expression
analysis of each of the 12 cell clusters in early and late passage organoids supported the notion

that cellular composition of organoids was stable over time in culture (Figure S5F).

Characterization of the Wnt-activated proliferative cells

Having identified the distribution of toxin expression in differentiated cells, we next focused
on the expression patterns specific to cell clusters observed under expansion conditions. While
some cells in expansion medium clustered together with toxin-expressing cells in cluster
1, 4, 11 and 12, the vast majority fell within the expansion medium-specific clusters 6-10
(Figure 4A and B). Cluster 10 was distinct in displaying high expression of phospholipase A2
inhibitor (PLI) (Figure S6A), previously described in other snake species as a self-protective
mechanism against venom PLA2 toxins (Lima et al., 2011). Expression of PLI was also found in
epithelial cells from primary tissue (Figure S6B).

Cells in organoid clusters 7, 8 and 9 expressed the proliferation marker Ki-67 (MKI67)
(Figure 5A). Transcripts for the snake homologs of the mammalian stem cell markers RNF43
(Koo etal., 2012), ASCL2 (van der Flier et al., 2009) and LGR5 (Barker et al., 2007) were enriched
in these clusters and were specifically observed under expansion conditions, while being rare
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gland sections from proximal to distal. And BM-purple stain of in situ hybridization for CTL (slide 23),
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expanded for four days and then subjected to a seven-day differentiation protocol. In PBS, the lumen was
opened using mechanical shearing and cells disrupted using sonication. Cellular debris was pelleted by
centrifugation and supernatant collected for analysis. Direct comparison of A. L. cowlesi crude venom
(upper panel) with organoid extract (lower panel) using liquid chromatography-mass spectrometry
(LC-MS) identifies three overlapping products. Ion- chromatogram displays signal intensity (y-axis) over
retention time in minutes (x-axis) with indicated mass per trace. Immunofluorescence staining of C2C12
myotubes in OrganoPlate, myosin (red), nAChR (green) and Hoechst (blue) (upper panel). Scale bar,
100 um. The calcium wave propagation was imaged before and after exposure to different supernatants
in chips. Maximum projected images depict the total calcium signal over all image frames after carbachol
stimulation, in which purple reflects activity to the left and green to the right (lower panels). Quantification
of (D). The total calcium signal was calculated before and after carbachol stimulation based on total
fluorescent signal. The venom gland organoid supernatant blunts the induction of calcium sparks.
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in primary tissue (Figure 5A, 5B and S6B - F). This implied these clusters to represent reptilian
adult stem/progenitor cells.

Addition of R-spondin 3 enhanced expression of the stem cell markers LGR5, ASCL2 and
RNF43 together with the well-established Wnt targets TCF7L2 and AXIN2. Supplementation of
exogenous Wnt3a further increased expression of these marker genes. As expected, stimulation
of the Wnt pathway also induced the proliferation marker MKI67 (Figure 5C). A. L cowlesi
LGRS5 shares the same leucine-rich repeats and transmembrane helices with high conservation
in the R-spondin interacting residues (R144, D146, V213, V214 and H216) compared to
the human protein (Figure 5D) (Chen et al., 2013). Indeed, human R-spondin 3 was found to be
essential for organoid expansion (Figure 5E, 1D and S1B).

The non-epithelial niche is replaced in organoid culture by the addition of defined exogenous
growth factors. Using the single cell sequencing dataset of venom gland tissue, we searched for
expression of such secreted factors. We detected the EP-SUP cluster as an epithelial source of
WTNI0A expression (Figure S6G). Stromal cells (cluster 4, 6, 13 and 18) specifically expressed
WNT9A, FGF7 and the BMP-antagonists CHRD (Piccolo et al., 1996) and FSTLI (Sylva et al.,
2011) (Figure S6H - K). As expected, transcripts for these proteins with a stromal source in
vivo were not detected in the organoids. Pseudotemporal ordering of venom gland organoid
cells grown in expansion- and differentiation medium using Monocle (Trapnell et al., 2014) was
then applied to shed light on the venom gland stem cell hierarchy. Cells from the proliferative
progenitor clusters 7, 8 and 9 were placed at the start of the pseudotime axis, in agreement with
their stem/progenitor state. A bifurcation was formed by the EP- SUP cells of cluster 5 and
toxin-producing (TOX) cells from clusters 1, 2, 3 and 4 (Figure 5F - H). To confirm the lack
of proliferative and stem cell capacity in the mature clusters (cluster 1 - 5, Figure 4A and B),
we differentiated organoids using the growth factor depletion described above. This caused
a dramatic reduction in outgrowth and proliferative capacity compared to expansion conditions
(Figure 5I and J).

Regional heterogeneity in toxin production in the venom gland is maintained
in organoid culture

Secretory cells of other mammalian organs, such as the intestine, display regional variation
in the types of secreted products. For instance, organoids derived from different regions of
the mouse small intestine produce a region-specific repertoire of hormones that is maintained
indefinitely in vitro (Beumer et al.,, 2018). We investigated regional heterogeneity in toxin
production in the snake venom gland using our organoid culture system. The venom gland
of embryonic A. I. cowlesi was dissected into a proximal (located near the duct) and a distal
part and established region-specific organoids (Figure 6A). After culturing organoids for 1
month (4 passages), we analyzed toxin expression in expansion and differentiation medium
by qPCR. We found CTL expression to be strongly enriched in ‘proximal’ organoids, whereas
‘distal’ organoids cells predominantly produced 3FTX and KUN toxins (Figure 6B). Next, we
utilized RNA in situ hybridization to visualize the expression of these toxins in venom gland

tissue. We found a strong enrichment of CTL transcripts in the proximal part of the gland,
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whereas KUN was predominantly expressed in the distal tissue, confirming our findings in
organoids (Figure 6C, S7A and B). This is in line with a previous report of CTL expression in
the proximally located accessory gland in the king cobra (Vonk et al., 2013). CRISP expression
was homogenous along the proximal- distal axis of the gland, while displaying a bias towards
basal over luminal cells (Figure 6C). These data highlighted regional heterogeneity in toxin
expression in the snake venom gland (Figure 6D). Long-term maintenance of this phenotype in

organoid culture showed this not to be determined by extrinsic (non-epithelial) growth factors.

Venom gland organoids secrete functionally active toxins

To investigate whether the stem cell-based organoids produced functionally active venom
components, we analyzed organoid protein extracts after 7 days of differentiation. The presence
of secretory vesicles and the apparent accumulation of proteins in the lumen of organoids
suggested significant production of secretory proteins (Figure 7A and 3B). To validate functional
translation and secretion of toxins, we generated a fluorescent three-finger toxin reporter
organoid line. Using CRISPR-HOT (Artegiani et al., under review, Nature Cell Biol), we tagged
one of the endogenous three-finger toxins (NTX4) with a fluorescent protein (mNeon-Green)
(Figure S8B). We detected the green fluorescent fusion protein inside the cells of the organoids
and accumulating in the lumen (Figure S8B).

We also directly compared organoid extract (Figure 7B) with A. I cowlesi crude venom
using liquid chromatography-mass spectrometry (LC-MS). This revealed three main peaks
between 6-8 kDa of near identical mass between the two samples (Figure 7C). Tryptic digest
analysis of these peptides yielded patterns compatible with several venom-related proteins such
as 3FTx and CRISP (Figure S8A).

Snake venom neurotoxins are described to act primarily on acetylcholine receptors
(nAChR and mAChR) (Nirthanan et al., 2004; Karlsson et al., 2000). As an initial assessment
of the biological activity of organoid-secreted venom peptides, we exposed murine muscle
cultures (endogenously expressing the nAChR) to the organoid supernatant and recorded
signal propagation using calcium imaging in an OrganoPlate (Trietsch et al., 2013) (Figure 7D,
S8C - F). This organ-on-a-chip platform allows live cell imaging during venom exposure in 96
independent mature muscle cultures per plate. The venom peptides derived from differentiated
organoids abolished the stimulatory effect of the acetylcholine receptor agonist carbachol
on muscle cells, as did the positive control alpha-bungarotoxin (a-BTX). Supernatant from
non-venom producing (human) organoids did not inhibit calcium wave propagation after
addition of carbachol (Figure 7E, S8G - I).

In a similar set-up, we exposed rat cortical neurons grown on microelectrode array (MEA)
plates to organoid supernatant and recorded neuronal activity (Figure S9A). Upon acute
exposure, we noticed a marked increase in neuronal activity, following a similar trend observed
with recombinant alpha- bungarotoxin (Figure S9B - D). This occurred most likely through
an antagonistic effect on inhibitory GABAa-receptors (McCann et al., 2006), without affecting
neuronal cell viability (Figure S9E - G).
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DISCUSSION

We report the establishment of reptilian adult stem cell-based organoids. Using a mammalian
niche growth factor cocktail, these cells can be expanded seemingly indefinitely. The ability
to culture venom gland epithelial cells over long periods of time represents a platform for
a comprehensive understanding of the biology of the venom gland and the various venom
constituents. Short-term cultures of different Viperidae snakes have previously been reported,
such as explants of Bothrops jararaca (Carneiro et al., 2006; Yamanouye et al., 2006), suspension
cultures of Bitis gabonica (Sells et al., 1989) and unpolarized two-dimensional cell lines of
Crotalus durissus terrificus (Duarte et al., 1999). The venom gland organoid cultures provides
advantages in structural conservation (Figure 1C), cellular heterogeneity (Figure 4), regional
heterogeneity (Figure 6), long-term expansion (Figure 1B and 3A), genetic modifiability
(Figure S1E and S8B) and broad applicability across snake species (Figure S1A). With a de
novo-generated transcriptome of A. I. cowlesi, we demonstrate that the venom gland organoid
cells produce a diverse spectrum of venom factors over many passages (Figure 2).

Previous mammalian organoid cultures have highlighted the importance of Wnt-driven
stem cell maintenance in vitro (Clevers 2016). Indeed, we identify a proliferative population
of cells in the venom gland organoids that is defined by the expression of the snake homologs
of established Wnt-driven stem cell genes of mammalian epithelia: LGR5 (Barker et al., 2007),
ASCL2 (van der Flier et al., 2009) and RNF43 (Koo et al., 2012). The importance of R-spondin
in reptilian cell proliferation highlights the critical role and a high level of conservation of
the Wnt pathway in ASC biology. We believe that the culture conditions used here may be
widely applicable to vertebrate species.

While a divergent composition of snake venoms between species, and even between and
within individuals, is well-established (Casewell et al., 2014; Augusto-de-Oliveira et al., 2016;
Zancolli et al.,, 2019), the cellular heterogeneity underlying the production of individual toxins
is not well described. Initial attempts at characterizing the cell types of the snake venom gland
through electron microscopy has resulted in the morphological identification of at least 4
cell types, of which columnar epithelial cells containing granules have been suggested to be
the main source of venom production and secretion (Mackessy 1991). The amount and type of
venom detectable in individual cells is influenced by the secretory cycle, referring to temporal
dynamics in venom production and secretion (Taylor et al., 1986; Shaham and Kochva 1969).
A previous study identified heterogeneity in the binding of single-component antibodies to
secretory granules and attributed this mainly to the secretory cycle-dependent production of
toxins rather than cellular heterogeneity of the venom gland (Taylor et al., 1986).

Our data describe cellular heterogeneity in the venom gland epithelium at the level of
transcription. Gene expression profiling at single cell resolution of both organoids and primary
tissue uncovers the coincident expression of characteristic groups of toxins by individual cell
types. Future studies may use venom gland organoids to dissect the stimuli and timing of venom
production and secretion. The ability to indefinitely expand these organoids and repeatedly
harvest venom supernatants in a highly defined environment may help overcome hurdles posed

by the significant variation in snake venom composition.
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Finally, the current study opens new avenues for bioprospecting of snake venom components
and may be developed into a production platform for (modified) snake venom, allowing novel

therapeutic strategies to tackle snakebite.
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STAR METHODS
Lead Contact and Materials Availability
Further information and requests for resources and reagents should be directed to the Lead
Contact, Hans Clevers (h.clevers@hubrecht.eu).

Unique/stable reagents generated in this study are available and can be requested from
the Lead Contact, a completed Materials Transfer Agreement may be required.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Snakes

All animal procedures complied with local ethical guidelines. Adult Crotalus atrox (n = 2)
venom glands were purchased from Natural Toxins Research Center in Texas, USA. Adult
Echis ocellatus (n = 1) and Deinagkistrodon acutus (n = 1) venom glands were obtained from
snakes maintained at the Liverpool School of Tropical Medicine, UK. Adult Naja pallida (n
= 1), Naja nivea (n = 1) and Bitis arietans (n = 2) venom glands were obtained from residual
post-mortem material from Serpo, Rijswijk, the Netherlands. Embryonic Naja atra (n = 2), Naja
annulifera (n = 3) and Aspidelaps lubricus cowlesi (n = 7, two different nests) from eggs were
obtained from local breeders in the Netherlands. All snakes were captive bred and maintained
in individual cages within a temperature, humidity and light-controlled environment according
to local protocols for husbandry of venomous snakes. Sex of the animals was not determined as
it was presumed to have no biological impact on the experimental procedure or conclusion of
the study. Non-invasive venom extraction (‘milking’) was performed with adult Echis ocellatus,
Deinagkistrodon acutus, Naja pallida, Naja nivea and Bitis arietans during lifetime prior to

euthanizing and venom gland isolation for organoid culture.

Venom gland organoid cultures

Cells from a single gland were plated in approximately 100 puL Cultrex Pathclear Reduced
Growth Factor Basement Membrane Extract (BME) (3533-001, Amsbio). After BME
solidification, culture medium was added. Expansion culture medium was based on AADMEM/
F12 (GIBCO) supplemented with B27, Glutamax, HEPES, 100 U/mL Penicillin-Streptomycin
(all Thermo-Fisher), 100 mg/mL Primocin (Invivogen), 1.25mM N-acetylcysteine, 10 mM
Nicotinamide (both Sigma-Aldrich) and the following growth factors: 2% Noggin conditioned
medium (U-Protein Express), 2% Rspo3 conditioned medium (U-Protein Express), 50 ng/mL
EGF (Peprotech), 0.5 uM A83-01 (Tocris), 1 uM PGE2 (Tocris), 100 ng/mL FGF10 (Peprotech),
100 nM Gastrin (Tocris). Naja nivea organoid cultures were supplemented with 1 pM FSK
(Tocris). For the first seven days after seeding, the expansion medium was supplemented with
10 pM Y-27632 (Abmole). In case of bacterial contaminations following antibiotics were added:
50 mg/mL Gentamicin (Sigma), 2.5 ug/ml Ciprofloxacin (Sigma-Aldrich), 20 uM Erythromycin
(Sigma-Aldrich) and 100 nM Azithromycin (Sigma-Aldrich). Ten days after seeding organoids

were removed from the BME, mechanically dissociated into small fragments using a Pasteur
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pipette and re-seeded in fresh BME. Passage was performed in 1:3 - 1:5 split ratio once every

ten days for at least 6 months.

C2C12 cell line

The C2C12 mouse myoblast cell line was purchased from Sigma-Aldrich (91031101). Sigma is
partnered with the European Collection of Authenticated Cell Cultures (ECACC) repository.
Cells were cultured in T75 flasks (734-2705, Corning) in DMEM (11965092, Thermo Fisher
Scientific) supplemented with 10% fetal bovine serum (FBS, 16140-071, Thermo Fisher
Scientific), 2 mM glutamine (G7513, Sigma-Aldrich) and 1% penicillin/streptomycin (P4333,
Sigma-Aldrich) at 37°C. C2C12 cells were routinely tested for mycoplasma contamination and

were found negative.

Primary rat cortical neurons

Primary rat cortical cells were isolated from postnatal day 0-1 pups of timed pregnant
Wistar rat dams (Envigo) as described previously (Dingemans et al., 2016). Briefly, pups
were decapitated and cortices were rapidly dissected on ice and kept in dissection medium
(Neurobasal®-A supplemented with 25 g/L sucrose, 450 uM L-glutamine, 30 uM glutamate,
1% penicillin/streptomycin and 10% FBS, pH 7.4) during the entire procedure. Cortices
were dissociated to a single-cell suspension by mincing with scissors, trituration and filtering
through a 100 pm mesh (EASYstrainer, Greiner). The cell suspension was diluted to a 2 x 106
cells/mL solution. Droplets of 50 uL were placed on the electrode fields in wells of 48-wells
MEA plates (Axion BioSystems) pre-coated with 0.1% PEI solution diluted in borate buffer (24
mM sodium borate/50 mM boric acid in Milli-Q, pH adjusted to 8.4). Cells were left to adhere
for 2 hours before adding 450 uL dissection medium. Primary rat cortical cultures were kept at
37°C in a humidified 5% CO2 incubator. At day in vitro (DIV) 2, 90% of the dissection medium
was replaced with glutamate medium (Neurobasal®-A supplemented with 25 g/L sucrose, 450
uM L-glutamine, 30 uM glutamate, 1% penicillin/streptomycin and 2% B27 supplement, pH
7.4) to prevent glial overgrowth. At DIV4, 90% of the glutamate medium was replaced with
FBS medium (Neurobasal®-A supplemented with 25 g/L sucrose, 450 uM L-glutamine, 1%
penicillin/streptomycin and 10% FBS, pH 7.4).

METHOD DETAILS

Venom gland isolation.

All animal procedures complied with local ethical guidelines. Adult Crotalus atrox (n=2)
venom glands were purchased from Natural Toxins Research Center in Texas, USA. Adult Echis
ocellatus (n=1) and Deinagkistrodon acutus (n=1) venom glands were obtained from snakes
maintained at the Liverpool School of Tropical Medicine, UK. Adult Naja pallida (n=1), Naja
nivea (n=1) and Bitis arietans (n=2) venom glands were obtained from residual post-mortem
material from Serpo, Rijswijk, The Netherlands. Naja atra (n=2), Naja annulifera (n=3) and

Aspidelaps lubricus cowlesi (n=7, two different nests) eggs were obtained from local breeders.
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In the last week of development (~day 53— 58), snakes were removed from the egg by an
incision in the shell. To avoid bacterial contamination, eggs were briefly rinsed with bleach and
70% ethanol prior to opening in a laminar flow cabinet. Animals were directly euthanized by
decapitation. The venom glands were surgically removed under an overhead microscope and
stored on ice in AADMEM/F12 (Gibco) supplemented with penicillin/streptomycin.

Venom gland organoid cultures, reagents.

Isolated venom glands were chopped into small pieces of approximately 1 mm using a scalpel.
Muscle and connective tissue were removed and discarded as much as possible. Epithelial
tissue pieces were enzymatically digested in 5 mL collagenase (Sigma- Aldrich, C9407, 1 mg/
mL) with 10 uM ROCK inhibitor Y-27632 (Abmole, M1817) in AADMEM/F12 (Gibco) for
about 30 minutes while shaking (120 RPM) at 32 °C. The homogenous cell suspension was
pelleted and washed twice with AADMEM/F12 prior to plating. Cells from a single gland
were plated in approximately 100 uL Cultrex Pathclear Reduced Growth Factor Basement
Membrane Extract (BME) (3533-001, Amsbio). After BME solidification, culture medium was
added. Expansion culture medium was based on AADMEM/F12 (Gibco) supplemented with
B27, Glutamax, HEPES, 100 U/mL Penicillin- Streptomycin (all Thermo-Fisher), 100 mg/mL
Primocin (Invivogen), 1.25mM N-acetylcysteine, 10 mM Nicotinamide (both Sigma-Aldrich)
and the following growth factors: 2% Noggin conditioned medium (U-Protein Express), 2%
Rspo3 conditioned medium (U-Protein Express), 50 ng/mL EGF (Peprotech),

0.5 uM A83-01 (Tocris), 1 pM PGE2 (Tocris), 100 ng/mL FGF10 (Peprotech), 100 nM
Gastrin (Tocris). Naja nivea organoid cultures were supplemented with 1 pM FSK (Tocris).
For the first seven days after seeding, the expansion medium was supplemented with 10 uM
Y-27632 (Abmole). In case of bacterial contaminations following antibiotics were added: 50
mg/mL Gentamicin (Sigma), 2.5 pug/ml Ciprofloxacin (Sigma-Aldrich), 20 uM Erythromycin
(Sigma-Aldrich) and 100 nM Azithromycin (Sigma- Aldrich). Ten days after seeding organoids
were removed from the BME, mechanically dissociated into small fragments using a Pasteur
pipette and re-seeded in fresh BME. Passage was performed in 1:3 — 1:5 split ratio once every
ten days for at least 6 months.

For differentiation experiments, established organoids were passaged and grown in
expansion medium for four days. After four days, the medium was removed and residual
medium washed away two times with PBS, after which differentiation medium was added
containing; a base of AADMEM/F12 (Gibco) supplemented with GlutaMAX, HEPES, 100 U/
mL Penicillin-Streptomycin (all Thermo-Fisher), 100pg/mL Primocin (InvivoGen), 1.25mM
N-acetylcysteine, 10 mM Nicotinamide (both Sigma-Aldrich) and 1 uM PGE2 (Tocris) applied
for seven days.

Quantification of cell viability/outgrowth efficiency was performed using CellTiter-Glo®
accoring to the manufacturer’s protocol.

Wnt-conditioned medium was produced as previously described, and used at 50% of

the medium volume (Sato et al., 2011).
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Images of organoid cultures were taken on EVOS FL Cell Imaging System (Thermo Fisher).
Video of beating cilia in organoid was captured (20 frames/second, 20x objective) on EVOS FL
Auto 2 (Thermo Fisher).

pLV lentiviral vector containing a CMV promoter driving the expression of TagRFP and

Puro resistance gene (via IRES) was transduced in venom gland organoids.

Immunohistochemistry and imaging.

Organoids were harvested in cell recovery solution (354253, Corning) and fixed in 4%
formaldehyde solution (Sigma-Aldrich) for at least 2 hours at room temperature. Venom
glands used for immunohistochemistry were directly embedded in 4% paraformaldehyde upon
dissection and fixed for at least 2 hours. Samples were washed and dehydrated by an increasing
ethanol gradient before embedding in paraffin. Sections were cut and hydrated before staining.
Hematoxylin and eosin (H&E) and periodic acid-Schiff (PAS) staining on organoids and tissue
was performed as previously described (Sato et al., 2009). Slides were imaged using a Leica
DM4000 microscope.

3D imaging of organoids was performed as described previously (Dekkers et al, 2019). In
short, organoids were harvested using ice cold PBS and fixed in 4% paraformaldehyde at 4°C
for 45 min. Organoids were then washed with PBT (PBS, 0.1% Tween) and incubated overnight
with primary antibodies, B-catenin (H-102, Santa Cruz) and b-tubulin (H-235 Santa Cruz).
The next day, organoids were washed with PBT (PBS, 0.1% Tween) and incubated overnight at 4
°C with secondary antibodies, Alexa-fluor-647 Phalloidin (both from Thermo Fisher Scientific)
and DAPI (Invitrogen). Dense organoids were optically cleared overnight in a glycerol-fructose
clearing solution prior to imaging. Cystic organoids were not optically cleared to prevent these
from collapsing. Organoid imaging was performed on a Zeiss LSM 880 using a 10x dry and 25x
oil immersion objective. Imaris imaging software was used for 3D rendering of images.

For immunofluorescence in the OrganoPlate, cultures were fixed and stained as previously
described (Wevers et al., 2018). The following antibodies were used: anti-myosin (A4.1025,
DSHB), anti-desmin (ab8470, Abcam), anti-dystrophin (ab15277, Abcam), goat anti-mouse
AlexaFluor 555 (A21422, Thermo Fisher Scientific), goat anti-mouse AlexaFluor 647 (A21236,
Thermo Fisher Scientific), goat anti-rabbit AlexaFluor 555 (A32732, Thermo Fisher Scientific)
and donkey anti-rabbit 647 (SAB4600177, Sigma-Aldrich). The nicotinic acetylcholine receptor
was visualized using a- bungarotoxin AlexaFluor 488 (B13422, Thermo Fisher Scientific).
Nuclei were stained using Hoechst (H3570, Thermo Fisher Scientific). All steps were performed
at room temperature (RT). Cells were imaged using the Micro XLS-C HCI System (Molecular

Devices). A 3D reconstruction of a myotube culture was made using Fiji.

In situ hybridization

Late embryonic A. . cowlesi heads were fixed in 4% PFA overnight at 4°C. Fixed heads were
divided in two through the midline of the body, separating the left and right venom gland.
Material was dehydrated using sequential methanol steps (25, 50, 75, 100%), washed with
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three times for one hour 100% ethanol and embedded in paraffin. Sections of 10 um were
deparaffinized (nucleoclear, ethanol, Milli-Q) and pretreated (PBST, ProtK 10 min, PBS and
4% PFA). For hybridization, slides were covered with hybridization mix for one hour at 60°C
(2% blocking powder, 50% formamide, 5x SSC, Img/mL tRNA, 50 ug/mL heparin, 0,1% Triton
X-100, 0,1% CHAPS and 5mM EDTA) prior to overnight incubation with probe mix (800 -
1000 ng/mL) at 60°C. On the next day, the slides were washed (2x SSC, 0,1% CHAPS, 50%
Formamide) for 30 minutes three times prior to overnight anti-Dig-AP (in 10% sheep serum)
incubation at 4°C. Signal was visualized using BM-purple and counterstained with 0,1% neutral
red. Images were taken on a Leica DM4000 microscope.

Following primers were used for probe generation:

CRISP  F_TGCTGCAACAGTCTTCTGGAAC R_ATATAGTTTGCATGAAGGGCATCA
CTL F_TCTGGGGATTCTGCCTCTTG R_ACTTGCAGATGAAGGGCAGG
KUN  F_CCCTGCTTAACTTCCCCCAA R_GGCAGGGTCTCCAGGAAGG

Electron microscopic analysis

Organoids were harvested in cell recovery solution (354253, Corning) to remove BME and fixed
by chemical fixation using 3% glutaraldehyde in cacodylate buffer. The fixation was followed
by 1% osmium tetroxide plus 1.5% potassium ferrocyanide postfixation. Then, the organoids
were dehydrated in series of ethanol and gradually embedded in Epon resin. Ultrathin sections
were observed in a Tecnai Spirit T12 Electron Microscope equipped with an Eagle CCD camera
(Thermo Fisher Scientific).

Organoid protein extraction

Organoids were grown and differentiated as described above. For LC- MS analysis, a minimum
of 500 pL of organoid containing BME (~25 droplets) was harvested for protein extraction.
In short, differentiation medium was removed and any residual liquid removed with PBS
washes, organoids were collected and mechanically dissociated in 500 pL PBS using a glass
Pasteur pipette in a 1.5 mL eppendorf tube. Tubes were sonicated for 15 cycles (30 sec on, 30
sec off) using the Bioruptor Plus (Diagnode). Any leftover debris was spun down at 12,000 rpm,
the supernatant collected, snap frozen on dry ice and stored at -80 °C.

For functional toxicity readout, a minimum of 500 pL of organoid containing BME was
washed in the tissue culture plate with PBS and supplemented with C2C12 differentiation
medium for two days prior to collection of supernatants. The same procedure was applied to
harvest supernatant from human colon control organoid cultures as a negative control (Sato et
al,, 2011).

Liquid chromatography-mass spectrometry and Mascot database search

For comparison of A. I. cowlesi crude venom and organoid extracts, liquid chromatographic
separation was performed with parallel at-line nanofractionation and mass spectrometry
analysis. MS data of venom and organoid samples was analyzed for identical masses found in

the samples to confirm production of venom toxins by organoids.
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LC separation was performed using a Shimadzu UPLC system (‘s Hertogenbosch,
The Netherlands), and a 250x4.6 mm Waters Xbridge Peptide BEH300 C18 analytical column
with a 3,5-um particle size combined with a 300-A pore size. Separations were performed in
a Shimadzu CTD-30A column oven at 30°C. Mobile phase A comprised of 98% H20, 2% ACN
and 0.1% FA, and mobile phase B comprised of 98% ACN, 2% H20O and 0.1% FA. A linear
increase of mobile phase B from 0% to 50% in 20 min was followed by a linear increase from
50% to 90% B in 4 min and a 5 min isocratic separation at 90% B. The starting conditions were
reached again in 1 min and the column was then equilibrated for 10 min at 0% B. A post-column
flow split in 1:9 ratio directed the larger fraction to a FractioMateTM FRM100 nanofraction
collector (SPARK-Holland & VU, Netherlands, Emmen & Amsterdam) or a modified Gilson
235P autosampler. To further confirm that venom toxins were present in the organoid extracts,
crude organoid extracts were subjected to tryptic digestion after which these were analyzed
with nanoLC- MS/MS. For this, 20 pL of each organoid sample was transferred to an Eppendorf
tube containing 15pl of digestion buffer (25 mM NH4HCO3, pH 8.2). Subsequently, 1.5 pl
of reducing agent (0.5% B- mercaptoethanol) was added to each tube followed by a 10-min
incubation step at 95°C. Post incubation, the samples were cooled to room temperature and
centrifuged at 150 RCF for 10 seconds in a Himac CT 15RE centrifuge. Next, 3 pL of alkylating
agent (55 mM iodoacetamide) was added to the tubes before incubation in the dark at room
temperature for 30 min. Next, 3 uL of 0.1 pg/uL trypsin was added before incubation at 37°C
for 3 h, and then an additional 3 ul of trypsin was added to the tubes and the samples were
incubated overnight. Subsequently, 1 pL of 5% FA was added to quench the digestion, followed
by brief centrifugation to remove any particulate matter. Finally, the samples were centrifuged
for 10 s at 150 RCF and the supernatants were transferred to autosampler vials with glass inserts
and analyzed with nanoLC-MS/MS. The data files obtained were run through the Mascot
search engine (MASCOT; Matrix Science, London, United Kingdom) against the Swiss-Prot,
NCBInr database.

Myotube cultures

The C2C12 mouse myoblast cell line (91031101, Sigma-Aldrich) was cultured in T75 flasks
(734-2705, Corning) in DMEM (11965092, Thermo Fisher Scientific) supplemented with
10% fetal bovine serum (FBS, 16140-071, Thermo Fisher Scientific), 2 mM glutamine (G7513,
Sigma-Aldrich), and 1% penicillin/streptomycin (P4333, Sigma-Aldrich). C2C12 cells were
routinely tested for mycoplasma contamination and were found negative. Cells were harvested
and resuspended to obtain a cell suspension of 5,000 cells/pL in cold medium supplemented
with 1:25 Matrigel-GFR (356231, Corning). The C2CI12 cell suspension was seeded in
the perfusion channel of an OrganoPlate 2-lane (9603- 400B, Mimetas) against a collagen-I
ECM gel as previously described (Wevers et al., 2018). The plate was incubated on a flat surface
for 3 hours to allow cell attachment, after which medium perfusion was started with C2C12
differentiation medium composed of DMEM supplemented with 2% horse serum (26050-088,
Thermo Fisher Scientific), 1 uM insulin (19278, Sigma-Aldrich), 2 mM glutamine, and 1%
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penicillin/streptomycin. From day 2-5, the differentiation medium was supplemented with 10
uM cytarabine (C1768, Sigma-Aldrich) to inhibit cell proliferation.

For cell viability assay, C2C12 cells were exposed for 30 minutes to supernatant from venom
gland organoids, supernatant from human colon organoids, recombinant alpha bungarotoxin
and a killing control. After that exposure was terminated and fresh medium added for 24h and

48h. WSTS8 assay was used according to the manufacturer’s protocol to quantify cell viability.

Calcium imaging

Calcium imaging assays were performed at day 8 after plating. C2C12 myotubes in
the OrganoPlate were incubated with 20 uM Cal-520 (ab171868, Abcam), 0.04% Pluronic-
127 (P6866, Thermo Fisher Scientific) in C2C12 differentiation medium without serum for 60
minutes at 37°C, followed by 30 more minutes at RT. Next, cultures were exposed to C2C12
differentiation medium (negative control), human colon organoid supernatant (negative
control), snake venom gland organoid supernatant or 10 uM a- bungarotoxin (positive
control) for 30 minutes. Calcium imaging recordings were made using an ImageXpress Micro
XLS-C Confocal High-Content Imaging System (Molecular Devices, wide field mode, 4x
magnification, 2 Hz). An individual chip was imaged for 90 seconds to record baseline calcium
activity. Myotubes in the chip were then exposed to 500 uM carbachol or vehicle (0.5% water)
and immediately placed back in the microscope for another 90 seconds of calcium imaging to
record the response to carbachol or vehicle. This pipeline was repeated for each chip.

The calcium imaging recordings were processed using scripts developed in Fiji (Schindelin
et al., 2012). Recordings were corrected for camera-induced noise via Kalman Filtering and
corrected for bleaching.

Movement of fluorescent signal was quantified via Gaussian Window MSE resulting in
RGB-encoded videos showing movement of fluorescent signal to the left and right side in
purple and green, respectively. The colored areas were measured per timeframe and averaged
over time. All videos were processed to correct for flow-induced artefacts caused by movement
of fluorescent cell debris. In the case of calcium wave propagation, movement was detected to
a similar extent in both the left and right direction (<2 fold difference) and the average area
of the two directions was determined. In the case of flow of fluorescent debris, the movement
detected in one direction is dominant over the other (>=2 fold difference) and movement in

the dominant direction was excluded.

MEA recordings rat cortical neurons

Primary rat cortical cells were isolated from postnatal day 0-1 pups of timed pregnant
Wistar rat dams (Envigo) as described previously (Dingemans et al., 2016). Briefly, pups
were decapitated and cortices were rapidly dissected on ice and kept in dissection medium
(Neurobasal®-A supplemented with 25 g/L sucrose, 450 uM L-glutamine, 30 pM glutamate,
1% penicillin/streptomycin and 10% FBS, pH 7.4) during the entire procedure. Cortices

were dissociated to a single-cell suspension by mincing with scissors, trituration and filtering
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through a 100 pm mesh (EASYstrainer, Greiner). The cell suspension was diluted to a 2 x 106
cells/mL solution. Droplets of 50 uL were placed on the electrode fields in wells of 48-wells
MEA plates (Axion BioSystems) pre-coated with 0.1% PEI solution diluted in borate buffer (24
mM sodium borate/50 mM boric acid in Milli-Q, pH adjusted to 8.4). Cells were left to adhere
for ~2 hr before adding 450 uL dissection medium. Primary rat cortical cultures were kept at
37°C in a humidified 5% CO2 incubator. At day in vitro (DIV) 2, 90% of the dissection medium
was replaced with glutamate medium (Neurobasal®-A supplemented with 25 g/L sucrose, 450
uM L-glutamine, 30 uM glutamate, 1% penicillin/streptomycin and 2% B27 supplement, pH
7.4) to prevent glial overgrowth. At DIV4, 90% of the glutamate medium was replaced with
FBS medium (Neurobasal®-A supplemented with 25 g/L sucrose, 450 uM L-glutamine, 1%
penicillin/streptomycin and 10% FBS, pH 7.4).

Spontaneous electrical activity was recorded on the day of exposure (DIV9-11) as described
previously (Nicolas et al., 2014; Tukker et al.,, 2018). In short, signals were recorded using
a Maestro 768-channel amplifier with integrated heating system and temperature controller and
a data acquisition interface (Axion BioSystems). Data acquisition was managed with Axion’s
Integrated Studio (AxIS 2.4.2.13) and recorded as .RAW files. All channels were sampled at
the same time with a gain of 1200x and a sampling frequency of 12.5kHz/channel with a 200-500
Hz band-pass filter. Prior to the recording, MEA plates were allowed to equilibrate for ~10 min
in the Maestro.

Spontaneous neuronal activity was recorded prior to exposure to generate a baseline
recording. Immediately following this recording, cells were exposed to the test compounds
(a-bungarotoxin, organoid supernatant and vehicle control) and activity was recorded for
another 30 min. Each well was exposed to only one single concentration of one compound in
order to prevent receptor (de)sensitization.

To determine (modulation of) spontaneous activity, .RAW data files were re-recorded to
obtain Alpha Map files. In this re-recording, spikes were detected with the AXIS spike detector
(Adaptive threshold crossing, Ada BandFIt v2) and a variable threshold spike detector set
at 7x standard deviation (SD) of internal noise level (rms) on each electrode. Post/pre-spike
duration was set to 3.6/2.4 ms respectively. For further data analysis, spike files were loaded
in NeuralMetric Tool (version 2.2.4, Axion BioSystems) and only active electrodes (MSR > 0.1
spikes/s) in active wells (= 1 active electrode) were included in data analysis. The effects of
test compounds on spontaneous activity were determined by comparing the baseline activity
with activity following exposure. A custom-made MS Excel macro was used to calculate
treatment ratios (TR) per well for the mean spike rate, which were normalized to appropriate
vehicle control.

For cell viability, rat cortical cells were cultured at a density of 3.0 x 104 cells/well. At
DIV9-10, cells were exposed for 24 h to the test compounds, after which cell viability was
assessed using a combined CFDA-AM / neutral red / alamar blue assay. In short, cells were
incubated for 30 minutes with 12.5 mM alamar blue and 4 mM CFDA-AM in FBS at 37 "C.
Resorufin was measured spectrophotometrically at 540/590 nm (Infinite M200 microplate;

Tecan), whereas hydrolyzed CFDA was measured spectrophotometrically at 493/541 nm.
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The aB/CFDA solution was then replaced by 200 mL neutral red solution (175 mM in PBS,
Invitrogen) for 1 h at 37 °C. Next, cells were incubated for 30 min with 200 mL extraction
solution (1% glacial acetic acid, 50% ethanol, and 49% H2O) during gentle shaking at room
temperature. After 30 min extraction, fluorescence was measured spectrophotometrically
at 530/645 nm.

RNA extraction and de-novo transcriptome assembly

RNA isolations of organoids and tissues for de-novo transcriptome assembly and bulk
RNA sequencing were performed using TRIzol (Invitrogen) following the manufacturer’s
instructions. Organoid RNA isolations for quantitative PCR were performed with RNeasy
Mini Kit (Qiagen) following the manufacturer’s instructions. Quantitative PCR analysis was
performed using the SYBR Green and Bio-Rad systems. Changes in expression were calculated
using CFX manager software (Bio-Rad). Primers were designed using NCBI primer design
tool with the coding sequence of annotated scaffolds of interest as input. Primers used in this
study are;

ACTB, F_CTGGCCTAGGACACAGTACG,R_GCTCAGACTCCATTGCAACA
LGR5F_GTTCCCCTTCCTGCATGTCT,R_ACCAAACTAGCATCTTTTGCCTT
ASCL2,F_CACTCGGCTTATTCGTCGGA,R_CTCCCGAACCAACTGGTGAA
AXIN2,F_GATAGAAGCTGAGGCAGCCC,R_CCCCTTCGCATGTCCTCTAC
RNF43,F_TTCCCATGAGTTCCATCGGC,R_GGCGGTACCTGATGTTGACT
TCF7L2,F_GCTATCACCGGGCACTGTAG,R_GGTCCTCACGAGATTGCCTG
MKI67,F_CAGGTGCATGAATCTGGTATTGAA,R_ATTTAGCGCTGCTTCTGTGACC

3FTX,F_ GTGGTGGTGACAATCGTGTG,R_GGTTGCGATGACTGTTGGTT
KUN,F_GTCCAGGACTCTGTGAACTGC,R_GCATTGTTTTGCAGCCAGGTT
CTL,F_TACACCCCAGGAACCCTTCT,R_TATTGGTGACGGAGACGCAC
HSPA8,F_AGCAGTACAAAGCGGAGGAC,R_TCTGCCGTGCTCTTCATGTT

Sequencing and de-novo transcriptome assembly was performed by BaseClear B.V. as follows:
PolyA enriched RNA from liver tissue, pancreas tissue, venom gland tissue, organoids early
passage, organoids late passage expansion and organoids late passage differentiation was
sequenced. Paired- end sequence reads were generated using the Illumina HiSeq2500 system.
FASTQ sequence files were generated using bcl2fastq2 version 2.18. Initial quality assessment
was based on data passing the Illumina Chastity filtering. Subsequently, reads containing
PhiX control signal were removed using an in-house filtering protocol. The second quality
assessment was based on the remaining reads using the FASTQC quality control tool version
0.11.5. The transcriptome assembly was performed with Trinity (version 2.4.0, Haas et al,
2013), using the combined data of all six samples. The resulting consensus assembly was filtered
to remove all sequences shorter than 500bp, resulting in 311,948 remaining scaffolds. These
were aligned with BLASTN (version 2.6.0) against a local copy of the NCBI-NT database

(built in February 2018). Toxin-encoding contigs were validated by manual sequence analysis



SNAKE VENOM GLAND ORGANOIDS

(e.g. ORF identification) of those exhibiting annotations consistent with known snake venom

toxin proteins.

Bulk and single cell RNA sequencing.

Bulk RNA sequencing of N. nivea was performed by the Utrecht Sequencing Facility (uSeq) as
follows: Libraries were prepared based on polyA enrichment. Paired-end sequence reads were
generated using the NextSeq500 system.

For organoid single cell RNA sequencing, A. I cowlesi organoids were grown and
differentiated as described above. BME was removed by washing in ice-cold DMEM (Gibco). For
tissue sequencing, embryonic A. I. cowlesi venom glands were dissociated with collagenase I as
described above and subsequently processed in the same way as organoids. Organoids or tissue
fragments were resuspended in TrypLE Express (Gibco) pre-heated to 32°C and dissociated
under repeated pipetting. Upon reaching single cell state, samples were pelleted, washed,
resuspended in FACS buffer (advanced DMEM, 10 mM Y-27632 and DAPI) and strained (35
pm). Cells were immediately sorted into 384-well plates containing ERCC spike-ins (Agilent),
RT primers and ANTP (Promega) using a BD FACSJazz (BD Biosciences). Plates were prepared
using Mosquito HTS (TTPlabtech). scRNA-seq libraries were prepared following the SORT-seq
protocol (Muraro et al., 2016), which is based on the CEL-seq2 method (Hashimshony et al,,
2016). Briefly, cells were first lysed for 5min at 65°C, and RT and second-strand mixes were
dispensed by the Nanodrop II liquid handling platform (GC Biotech). Single-cell double-
stranded cDNAs were pooled together and in vitro transcribed for linear amplification.
Illumina sequencing libraries were prepared using the TruSeq small RNA primers (Illumina)
and these DNA libraries were sequenced paired-end at 60 and 26 bp read length, respectively,
on the Illumina NextSeq.

Bulk and single cell RNA sequencing analysis.

Bulk paired-end reads of A. I. cowlesi and N. nivea tissue and organoids were mapped to
the de novo assembled A. I. cowlesi transcriptome using STAR. When a read mapped to multiple
scaffolds, a fractional count of 1/x was recorded, where x is the number of scaffolds the read
maps to. To reduce the complexity of the count table, scaffolds with identical blast hits were
merged by summation of their transcript counts. All scripts used for read counting are deposited
at https://github.com/BuysDB/reptilianOrganoids. For single cell analysis, paired-end reads
were demultiplexed on the cell barcode and UMI and adapters trimmed using Cutadapt 2. Next,
the reads were mapped and counted as described for the bulk samples, additionally we removed
amplification duplicates by UMI-scaffold combinations. Scaffold annotations were filtered
to exclude the terms (“mitochondrial”, “mitochondrion”, “ribosomal”, “rRNA” “ribosomal’,
SINE”, “LINE repeat”, “noBlast”) and requiring them to be

» »

“microsatellite”, “transposon’,
detected in at least 2 cells, resulting in 42,507 unique annotations. Subsequently, cells were
filtered by requiring at least 2000 counts and at least 100 different genes to be expressed, leaving
1,092 cells (1,255 for tissue) to be included for dimensionality reduction and k-medoids-based
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clustering using RaceID3 according to the vignette (Herman et al., 2018), starting with an
expected cluster number of 10 (organoid) and 20 (tissue). Violin plots were generated using
Seurat functions (Butler et al. 2018) (version 3.0.0.9000) on the dataset analyzed by RacelD3.
Single cell trajectories were analyzed using Monocle (version 2.6.4) (Trapnell et al., 2014). In
short, genes were selected as input features based on differential expression between expansion
and differentiation medium and dimensionality was reduced for display using reverse

graph embedding.

QUANTIFICATION AND STATISTICAL ANALYSIS

No statistical methods were used to predetermine sample size. The experiments were not
randomized and the investigators were not blinded to the sample allocation during experiments
and outcome assessment. All data are presented as mean + standard error of the mean (SEM),
unless stated otherwise. Value of n is always displayed in the figure as individual data points,
more information can be found in the figure legends. Statistical tests included unpaired two-
tailed t test for Figures 1D, S1C, S61, and S7E-S7G and paired two-tailed t test for Figures S7B-
S7D using GraphPad Prism. ns p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

DATA AND CODE AVAILABILITY

All bulk and single cell RNA sequencing data of this study have been deposited in the Gene
Expression Omnibus (GEO) under accession code GSE129581.
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SUPPLEMENTAL VIDEOS

Supplementary video 1. Three-dimensional imaging of Aspidelaps lubricus cowlesi organoids.
Part 1; DAPI (orange), Beta-catenin (yellow), Tubulin (red) and Actin (blue). Part 2; DAPI
(orange), Beta-catenin (red), Tubulin (green) and Actin (blue).

Supplementary video 2. Functionally beating cilia in VGO (20x objective, 20 frames/second).
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SUPPLEMENTARY FIGURES
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Supplementary figure 1. Culture characteristics of venom gland organoids in mammalian growth
factor medium, related to Figure 1. Organoid outgrowth from venom gland tissue of different Elapidae
(n=5) and Viperidae (n=4) snake species. Origin of tissue was from either adult venom glands (orange)
or late embryonic venom glands (blue). Scale bars, 200 pm. Representative images of organoid outgrowth
in complete medium or medium without one of the indicated components for 14 days. This dropout
screen was performed on established organoids (passage 3). Scale bars, 400 um. Brightfield images and
quantification of A. I cowlesi organoids grown in complete expansion medium at 32°C or 37°C from
the moment of splitting into a near single cell suspension to day 3 and day 10 after plating. Viability
determined at day 10 using CellTiter-Glo, normalized to cells at 32°C. Scale bars, 2000 pm. Relative HSPA8
expression normalized to ACTB determined by qPCR. For A. L cowlesi and N. nivea organoids at 32°C
and 37°C for 2 hours. Images of successful lentiviral transduction of venom gland organoids. Detection of
histone 2B-RFP (H2B-RFP) stable construct integration and nuclear expression in red. Scale bars, 200 pm.
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A Ciliated cell in B |

venom gland organoid

Al lesi Name Toxin class
- cowlesl Oxyuranus scutellatus scutellatus toxin 3 mRNA, complete cds BFTX | emmmm e e e m -
A Naja sputatrix post synaptic alpha neurotoxin precursor (ntx) gene, ntx-4 allele 3FTX

Pseudechis rossignolii Pr-SNTX mRNA for three-finger toxin, complete cds 3FTX I I
Naja atra gene encoding cardiotoxin 4 3FTX
Laticauda laticaudata LIL gene for long chain neurotoxin, partial cds 3FTX o ___.
Ophiophagus hannah isolate OH-35 short chain alpha neurotoxin precursor 3FTX
Laticauda semifasciata (sea snake) gene for erabutoxin ¢ 3FTX
Bungarus flaviceps muscarinic toxin-like protein mRNA, complete cds 3FTX I I I
Naja atra clone n031_7f_1 three-finger toxin precursor, gene, partial cds 3FTX
Bungarus flaviceps non-conventional three finger toxin isoform 6 mRNA 3FTX 0 TTTTTTTTTTT
Pseudechis rossignolii Pr-LNTX mRNA for three-finger toxin, complete cds 3FTX
Naja kaouthia kaouthin-2 precursor, mRNA, complete cds CRISP I V
Ophiophagus hannah opharin precursor, nRNA, complete cds CRISP
Laticauda semifasciata latisemin mRNA, complete cds CRISP T Tmsmsmmes
Bungarus multicinctus clone B218_4L_2 three-finger toxin precursor, genes, Kunitz
Austrelaps labialis putative Kunitz-type proteinase inhibitor mRNA Kunitz V
Naja atra aci gene for chymotrypsin inhibitor precursor, exons 1-3 Kunitz
Naja atra mRNA for chymotrypsin inhibitor (aci gene) Kunitz =~ cemmmm e o - -
Bungarus fasciatus L-amino acid oxidase mRNA, complete cds LAAO
Macropisthodon rudis isolate PDE-1 phosphodiesterase gene, partial cds PDE
Naja atra K-like metalloprotease precursor, mRNA, partial cds SVMP
Naja naja cobrin precursor, mRNA, complete cds SVMP
Naja atra metalloproteinase atrase A mRNA, complete cds SVMP
Naja atra metalloproteinase atrase B mRNA, complete cds SVMP
Drysdalia coronoides MTP4 mRNA, complete cds SVMP
Naja atra atragin precursor, mRNA, partial cds SVMP
Micrurus corallinus MCOR0067C C-type lectin precursor, mMRNA CTL
Demansia vestigiata vestiginin-2 precursor, mRNA, complete cds Waprin VI I I

Supplementary figure 2. Venom gland organoids are heterogeneous in cellular composition and express
different toxin classes, related to Figure 2. Transmission electron microscopy image of ciliated cell present
in A. L cowlesi organoid. Scale bar, 5 um. Highest expressed toxin genes in A. I cowlesi venom gland .---------_.
organoids. Table of de novo scaffold BLASTN hit and toxin class.
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4 Supplementary figure 3. Single cell transcriptome analysis of venom gland primary tissue and organoid
cells, related to Figure 4. Details on single cell sequencing analysis; transcript count per cell. Details on
single cell sequencing analysis; annotations per cell. Single cell RNA sequencing: clustering of A. I. cowlesi
primary venom gland tissue cells (n=1255) visualized by t-distributed stochastic neighbor-embedding
(t-SNE) map. Expression level of cell type marker genes in -SNE map (color coded logarithmic scale of
transcript expression): epithelial cells, KRT8 (n=670); stromal cells, COL3A1 (n=342); hematopoietic cells,
HEMGN, LYZ (n=103); smooth muscle cells, ACTA2 (n=90); endothelial cells, CDH5 (n=50). Heatmap
of toxin gene (y-axis) expression per individual cell (x-axis). All cells from toxin-expressing clusters I,
3, 4, 11 and 12 are displayed for expression of most abundant toxin genes, see Figure S2B. Color coded
expansion medium, differentiation medium and cluster numbers. Schematic representation of reclustering
epithelial cells (10 clusters, n=670) from total venom gland tissue dataset (20 clusters, n=1255). Visualized
by t-distributed stochastic neighbor-embedding (#-SNE) map. Heatmap of expression per toxin class (3FTx,
CRISP, KUN, SVMP and CTL) of highest expressed genes (NTX4, Opharin, Chymotrypsin inhibitor, K-like
metalloprotease and CTL) (y-axis) per cell (x- axis) for both organoids and epithelial tissue cells.
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Supplementary figure 5. Two different lineages of epithelial cells captured in organoids and primary
tissue, related to Figure 4. t-SNE map of organoid dataset, highlighted are the clusters that account for
the EP-SUP and TOX lineage. t-SNE map of tissue dataset, highlighted are the clusters that account for
the EP-SUP and TOX lineage. (C-E) Expression levels of selected EP-SUP genes in t-SNE map (color coded
logarithmic scale of transcript expression) and violin plots visualizing expression levels in the two distinct »
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» lineages. Left panels are organoid cells and right panels are tissue cells. (F) Heatmap of marker expression
(12 clusters (3 to 5 genes per cluster) from organoid single cell sequencing dataset (Figure 4)) in bulk
mRNA samples from venom gland organoids in differentiation (Diff) and expansion medium early (Early)
and late (Late) and venom gland (VG), liver (LIV) and pancreas (PAN) tissue. Expression levels visualized
as color coded Row Z-score.
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4 Supplementary figure 6. Non-venomous cells express stem cell markers and niche factors, related to
Figure 4 and 5. (A-F) Expression levels of selected genes in t-SNE map (color coded logarithmic scale of |
transcript expression). Left panels are organoid cells and right panels are tissue cells. (G-K) Expression .__________
levels of selected niche signal genes in t-SNE map (color coded logarithmic scale of transcript expression) I
and violin plots visualizing expression levels in the distinct lineages. Left panels are organoid cells and right

panels are tissue cells.

A B \Y

KUN in situ (slide 25)

Supplementary figure 7. Regional heterogeneity in toxin expression validated in vivo, related to Figure 6
(A-B) Schematic representation of venom gland proximal and distal sections. BM-purple stain of in sity ~ ------------
hybridization. Lack of detectable CTL (slide 83, distal) and KUN (slide 25, proximal) signal in A. . cowlesi &

venom gland tissue. Scale bars, 200 pum, close up panels 50 pm.
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< Supplementary figure 8. Venom gland organoids functionally secrete proteins that block calcium
signals in muscle cells on OrganoPlate, Related to Figure 7. Example of protein hits obtained with
a Mascot search of the spectra measured from LC-MS analysis. Based on tryptic digest of an organoid
supernatant. Generation of an endogenous fluorescent tag of three-finger toxin NTX4 using CRISPR-HOT
in A. I. cowlesi organoids MIMETAS 2-lane OrganoPlate® Schematic overview of OrganoPlate microfluidic
network covering four wells of the 384-well-plate. Representative immunofluorescent 3D reconstruction
of myotubes forming a perfusable tube structure. Staining for Hoechst (blue) and Myosin (red). Confocal
image of mature myotubes stained for Desmin, Dystrophin (red) and Hoechst (blue). Cultures were exposed
to different supernatants in chips, after which calcium wave propagation was imaged before and after
carbachol stimulation. Maximum projected images depict calcium wave propagation over all image frames
after carbachol exposure, in which purple reflects activity to the left and green to the right. Quantification
of (F). The total calcium wave movement was calculated before and after carbachol stimulation based on
total fluorescent signal. Cell viability assay (WST8) of C2C12 murine muscle cultures 24h and 48h after
a 30-minute exposure to supernatants.
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Supplementary figure 9. Venom gland organoid proteins increase neuronal activity in rat cortical
neurons, related to Figure 7. (A) Schematic representation of experimental setup. Culture of neonatal
rat cortical neurons on MEA plates. Exposure to organoid proteins and control is followed by recording
of neuronal activity and cell viability assessment. (B-D) Quantification of neuronal activity measured
as ‘mean spike rate’ (B), ‘mean burst rate’ (C) and ‘mean network burst rate’ (D) normalized to culture
well-matched vehicle control. Exposure to venom gland organoid supernatant and recombinant alpha
bungarotoxin. Paired t-test: **** p<0.0001, *** p=0.0002, ** p=0.005. (E-G) Cell viability assessment
using CFDA, Neutral red and Alamar blue. Normalized to vehicle control (100%). Differences are not

significant (n.s.).
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SUMMARIZING DISCUSSION

INTRODUCTION

The intestinal epithelium is among the fastest dividing organs in mammals and therefore
the prototype organ to study adult stem cells (Clevers, 2013). Many niche signals that control
the cell division and differentiation behavior of intestinal stem cells were already established
when the work in this thesis was commenced. These are reviewed in Chapter 1. An exception
to this were the rare hormone-producing enteroendocrine cells (described in Chapter 2),
of which the differentiation remained poorly understood. We used organoid technology to
study the role of different signaling pathways in their ability to shape the intestinal epithelium.
EGEFR signaling and cell division activity were identified as key regulators of enteroendocrine
cell (EEC) differentiation (Chapter 3). We further uncovered a role of the BMP signaling
pathway in controlling hormone expression along the crypt-villus axis, inducing apparent
transdifferentiation of enteroendocrine cells (Chapter 4). This finding was later extended
to enterocytes and goblet cells, that similarly specialize along this axis (Chapter 5). Human
intestinal organoids were employed to generate a transcriptomic and secretomic atlas
of enteroendocrine cells, that uncovered key differences with their murine counterparts
(Chapter 6). In the final chapter, organoid technology was extended to a reptile for the first
time, which allowed for the expansion of snake venom glands (Chapter 7). In the following
sections, we will summarize the key findings of these studies, together with their implications

for therapies and follow-up work.

GENERATION OF THE ENTEROENDOCRINE CELL

Lgr5* intestinal stem cells divide every 24 hours, and generate all the differentiated cell types
of the epithelium. These cells exist in a Wnt-high niche that supports their stem cell potential.
Wnt ligands derive both from the mesenchyme and epithelium (Beumer and Clevers, 2016).
Stem cell daughter cells that exit the Wnt-high niche differentiate into different cell types.
These include enterocytes that absorb nutrients, secretory Paneth cells (antimicrobials, niche
factors), Goblet cells (mucus) and EECs (hormones). Stem cells and enterocytes depend on
active Notch signaling, while progenitors losing this signal are destined towards secretory cell
types (VanDussen et al., 2012). All secretory progenitors that have lost the Notch signal present
Notch ligands to neighboring enterocytes enforcing lateral inhibition (van Es et al., 2012).
Hence, the enterocyte fate is determined by stem cell daughter cells losing Wnt signals while
maintaining an active Notch pathway. Before maturing towards enterocytes, these progenitors
undergo multiple transit-amplifying divisions to increase their numbers. The Paneth cell is
the only secretory cell type remaining in the crypt bottom, located between Lgr5* stem cells.
Next to loss of Notch signaling, Wnt activation is important for the specification of Paneth cells.
Goblet cells and EECs both require loss of Notch, and are specified independent of Wnt.

Many groups have proposed the existence of non-dividing stem cells that act as a reserve
population next to the dividing Lgr5* stem cells (Montgomery et al., 2011; Sangiorgi and
Capecchi, 2008; Takeda et al., 2011). This work has partly been based on the proposition that
stem cells should be quiescent to protect their genome from cell cycle division associated
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damage. Genetic markers used for this population were however co-expressed by other cell
types including Lgr5* stem cells, hampering definite conclusions from lineage tracing (Mufoz
et al,, 2012). In 2016, the lab of Doug Winton exploited an innovative tracing technique in
the intestine and followed the fate of all non-dividing cells in vivo. This work found that these
cells are not multipotent but are destined towards Paneth cells and EECs. These cells retain stem
cell potential that can be activated upon damage (Buczacki et al., 2013).

While studying the cell cycle control of intestinal stem cells in organoids, we found that loss
of EGF signals induces a quiescent state of Lgr5* stem cells in organoids that can be maintained
for at least a week. This was the first evidence that EGF-controlled cell proliferation is uncoupled
from Wnt/Notch-controlled multipotency: stem cells that exit the cell cycle do not differentiate
automatically. The important distinction between our work in organoids with the Winton study
is that in vivo these quiescent cells would be constantly displaced from the crypt bottom by
proliferating cells, and therefore are always destined to differentiate due to loss of Wnt and
Notch signals.

Although we found that EGFR-inhibited stem cells retain Lgr5 expression and are
multipotent, these cells do display a bias towards generating secretory cells, and in particular
EECs, when EGF was re-supplemented. This is in line with the quiescent cells that the Winton
lab identified, that display a bias towards EECs and never generate goblet cells. This implies
cell cycle exit of progenitor cells as an important distinction between EECs and goblet cells.
Goblet cells are much more numerous than EECs, and potentially require additional cell
divisions at the progenitor level. Recent work has suggested that cyclin-dependent kinases can
phosphorylate and destabilize Neurogenin-3, the pro-EEC transcription factor (Azzarelli et al.,
2017; Krentz et al., 2017). This could provide the mechanistic link between cell cycle exit and
a bias towards EEC fate. This work led to our most efficient differentiation protocol towards
EECs, which involved combined Notch inhibition (induction of secretory cells), Wnt inhibition
(blocking Paneth cell fate) and EGFR inhibition (blocking Goblet cell fate).

BMP SIGNALING INSTRUCTS A DIVISION OF LABOR ALONG
THE CRYPT-VILLUS AXIS

EECs produce a plethora of hormones, and more than 20 different neurotransmitters and
peptides have been reported (Worthington et al., 2018). When the work in this thesis was
commenced, there were no signals established that decide which hormones EECs produce.
We used intestinal organoids to screen signaling pathways in their ability to control hormone
expression. In these screens, we found that BMP molecules could induce a set of hormones,
while repressing others (Beumer et al., 2018). The BMP signaling pathway forms a morphogen
gradient in the intestinal epithelium: low in the crypt, and highest in the villus tips. BMP
signaling is known to repress the stem cell signature, and thereby restricts the stem cell zone
to the bottom of the crypt (Haramis et al., 2004; Qi et al., 2017). Its role in differentiation of
the different epithelial cell types has not been studied.

In the 90s, multiple studies reported on the differential expression of EEC hormones along
the crypt-villus axis (Aiken and Roth, 1992; Grunddal et al., 2016; Roth and Gordon, 1990).
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The set of hormones repressed with BMP activation in our study corresponded to classical
crypt hormones, while those induced are villus-enriched hormones. Blocking the BMP
gradient in vivo expands the crypt-hormones in the villus area, while blocking the expression
of villus hormones. Using lineage tracing, we could evidence that crypt and villus hormones
can be produced by the same EEC, that undergoes switches in its hormone repertoire during
the lifetime. With the demonstration of this BMP-regulated plasticity of EECs, we effectively
reduced the number of EEC subtypes: we show that multiple hormone-producing cells that were
before regarded as separate entities (S-cells that make secretin, N-cells that make neurotensin),
are BMP-induced, villus states of other EEC subtypes.

While we performed modulations of BMP signaling in intestinal organoids, we noted
that apart from hormones that were severely affected, expression of enterocyte and goblet cell
markers also changed. The lab of Shalev Itzkovitz recently reported RNA sequencing data in
segments of the crypt-villus axis (Moor et al., 2018). This work, which focused on enterocytes,
shows that enterocytes specialize along this axis, and produce different functional markers
during their lifetime. While enterocytes at the bottom of the villus mainly produce carbohydrate
transporters, lipid uptake and chylomicron synthesis genes predominate at the villus tip (Moor
et al., 2018). We exploited human intestinal organoids differentiated towards enterocytes or
goblet cells, and performed transcriptomic analysis in the presence and absence of BMP signals.
These experiments show that although mature enterocytes and goblet cells arise both without
and with BMP signals, the gene expression profiles are significantly different. Generic enterocyte
and goblet cell markers do not change, in line with an intestinal knockout of the BMP-receptor
BMPRIa that does not influence the total number of these differentiated cells (Auclair et al.,
2007). However, other functional markers of enterocytes, not investigated in these mouse
models, change significantly. Enterocytes exclusively produce apolipoproteins in the presence
of BMP, and express genes that allow digestion and uptake of carbohydrates in the absence of
BMP. We additionally describe specialization of goblet cells based on BMP signals that change
their antimicrobial repertoire along the crypt-villus axis.

It is currently unknown why intestinal cell types specialize so extensively along
the epithelium, although it is likely that interactions with microbiota and oxygen concentration
could play a role. It remains unclear if and how the exposure to BMP signals could be modulated:
if this does not occur, the transdifferentiation or specialization of intestinal cell types inevitably
occurs. One potential mechanism to influence this exposure to BMPs is alternative migration
through the conveyor belt. It has been shown that EECs can stay at the bottom of the crypt for
longer times, thereby escaping their hormone switching (Aiken et al., 1994). BMP signals also
derive from the serum, and these could as well be regulated. For example, cholesterol synthase
inhibitors called statins are known inducers of BMP production in multiple tissues, including
the bone and intestine (Chen et al., 2010; Kodach et al., 2007). Such feedback loops could on
a whole-body level could regulate cholesterol uptake through signaling different levels of BMP
to the intestinal epithelium.

241



242

CHAPTERVIII

AN ATLAS OF HUMAN ENTEROENDOCRINE CELLS

Most EEC studies have focused on mice. Mouse models in which EEC hormones were knocked
out, or reporters where individual EECs could be isolated, have generated many insights into
the functioning and expression profiles of murine EECs. In vitro models widely used include
multiple cell lines established from neuroendocrine tumors. These tumor cells however are not
ideal EEC models, since often only a single hormone is produced, and some sensory receptors
are not expressed (Goldspink et al., 2018). Moreover, EEC functioning is at part influenced by
other cell types that are not captured in such a system. Another limitation of these mouse-based
studies are the large differences between mouse EECs and human EECs, which have only been
partly explored. These include for example the expression of different hormones.

To address these challenges, we used intestinal organoids to build models to study
the functioning of human EECs in a more native environment, and derived a transcriptomic
and proteomic description of the gut hormone producing cells in humans. We exploited a pulse
of Neurog3-overexpression in organoids derived from different regions of the gut to generate
the full spectrum of human EECs. Using novel Cas9-and non-homologous end joining-
based knock-in strategies, we labeled almost every hormone fluorescently in these organoids.
Combining transcriptomic and proteomic analyses, we constructed a high-definition atlas of
human EECs and their secreted products. We find multiple novel secreted products not known
before in the gut, but which are described in other endocrine systems such as the pancreas.
Additionally, we identify multiple new sensory receptors in EECs. Multiple of these factors
have been associated with regulation of feeding behavior before. Finally, we identify extensive
expression of hormone receptors among EEC subpopulations, allowing these to sense hormones
from other EEC subtypes. This has been described for Somatostatin in mice, but we now extend
this observation to Pyy and Secretin receptors. Secretin receptors are expressed in L-cells that
secrete Glp-1 upon Secretin stimulation. We also identify the Secretin receptor in Gastrin-
producing EECs. Interestingly, a secretin-stimulation test is one of the definitive diagnosis
criteria from Zollinger-Ellison syndrome, but the receptor for secretin has never been shown to

be expressed in wildtype gastrin-producing cells.

SNAKE VENOM GLAND ORGANOIDS

Snakes have fascinated humankind for millennia. The ancient Greek deity Asclepius, who is
associated with healing and medicine, carries as his symbol a rod with a snake. The Greeks
used snake venom in many healing practices. In modern day, multiple drugs have been derived
from these toxins, and include blood pressure lowering drugs. Yet, many snakes are close to
extinction, or are difficult to breed, rendering a thorough analysis and therapeutic exploitation
of their venom impossible. The other ‘bad’” side of snakes is much better known. Snakebite
kills over 100.000 humans every year, particularly in developed countries. This is often caused
by a lack of effectivity of anti-venom. Due to huge variation in venom composition, up to
the level of an individual snake over time, anti-venom production that protects against every

bite remains challenging (Gémez-Betancur et al., 2019).
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Similarly to the gut EECs, accessing the secretory cells of the snake venom gland is hard.
A model system that would allow studying the functioning of the venom gland without needing
to milk snakes could greatly accelerate unlocking the therapeutic potential, as well as better
protecting humans against the lethal side of these animals. We therefore set out to establish
an organoid system from snake venom glands. We describe culture conditions for long-term
expansion of the cape coral snake, Aspidelaps Ilubricus, and the cape cobra, Naja nivea.
These cultures produce functional toxins. We also identify extensive heterogeneity in venom
producing cells, that we confirmed in vivo. Snake venom is a complex mixture of molecules, and
it was unknown whether these derive from a single cell type. We show that different cells make
different parts of this mixture. We believe the organoid culture system can be used to identify
regulators of venom production (such as diet factors), and isolating venomous molecules to
study their function. We already show in this study that two different culture media can generate
a completely different spectrum of toxins. Moreover, toxins require multiple modifications that
cannot be made in other cellular systems such as bacteria, and for that reason our organoids
could be used as a production platform for toxins from other species. We demonstrate that
the venom gland organoids can be genetically modified with Cas9 or lentiviruses. Finally,
this is the first organoid system from reptiles, and proves that reptilian stem cells use similar

developmental principles as their mammalian counterparts.

CONCLUDING REMARKS

In this thesis, we have described organoids as a model to study developmental cues
underpinning homeostatic turnover, with a focus on the intestine and its hormone-producing
EECs. I believe this work highlights the utility of organoids to identify such cues. Organoids
allow for a reductionist approach, in which the role of individual signaling components acting
on the epithelium in the absence of mesenchyme can be studied. It also stresses the importance
of understanding the maturation level of the cell types in organoids. These cultures are widely
used to study the functioning of cell types, for example lipid uptake in the intestine. A lack of
BMP exposure in this scenario would severely hamper definite conclusions, as enterocytes in
such cultures would lack expression of essential players in lipid handling.

We secondly demonstrated organoids as a model to study the functioning of hard-to-study
cell types, in particular the intestinal EECs. These enigmatic cells regulate crucial physiological
processes such as insulin release and appetite, and are attractive therapeutic targets. We
describe the human EEC repertoire, including novel secreted products, and sensory receptors
that were not known before. These could be targeted by small molecules to stimulate secretion
of the corresponding hormone.

I believe the intestinal epithelium is a largely unexplored tissue for treatment of metabolic
diseases. This is paradoxical as it is the site where food is for the first time sensed and absorbed.
Therapies targeting the intestinal epithelium do not require to enter the blood stream, preventing
potential off-target effects. BMP inhibitors for example could limit the intestinal lipid uptake,
and enhance GLP-1 expression, that could be attractive for NASH or obesity. We currently
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still do not fully understand how the EEC subtypes are specified. Moreover, although we
describe many GPCRs in EECs, we might miss more due to their low expression, and a number
of these are orphan. Unbiased high throughput screens for developmental and secretion
regulators exploiting our human EEC platform could aid unlocking the therapeutic potential of

gut hormones.
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Alle organen slijten continu en verliezen gedurende dit proces cellen. Een zichtbaar voorbeeld
hiervan is haaruitval. Het verlies van deze cellen wordt gecompenseerd door zogenaamde
stamcellen. Deze cellen kunnen zichzelf vernieuwen door celdeling, en maken daarnaast alle
gespecialiseerde cellen van een orgaan. Stamcellen in een volwassen stadium van een dier
maken louter de cellen van het corresponderende orgaan, en heten ook wel adulte stamcellen.
Het zijn alleen de embryonale stamcellen, vroeg na de bevruchting van een eicel, die alle cellen
van een complex organisme kunnen maken.

De studie van adulte stamcellen is zeer complex, voornamelijk omdat tot een decennium
geleden niet precies bekend was welke cellen in verschillende organen de functionele
stamcellen zijn. De progressie van de muizengenetica en analyses van genexpressies leidden
ongeveer 10 jaar geleden tot een snelle identificatie van stamcellen in verschillende organen.
In muizenexperimenten, die in vakjargon ‘lineage tracing’ (stamboom volgen) heten, wordt
door genetische modificatie aan specifieke groepen cellen een kleurtje gegeven die ze als
marker doorgeven aan dochtercellen. Cellen die dit gedurende het hele leven blijven doen -
en deze kleur als het ware altijd aanwezig blijft in alle cellen van het orgaan - zijn de echte
stamcellen. Niet-stamcellen kunnen niet voor altijd delen, en gaan uiteindelijk dood waardoor
de kleur verdwijnt.

De muis is lang het beste model geweest voor veel takken van biologie, en in het bijzonder
voor de stamcelbiologie. Het is echter lastig om proeven te doen in muizen, omdat er erg veel
variabelen zijn en stamcellen vaak relatief zeldzaam zijn. Er zijn wel zogenaamde cellijnen die
gekweekt kunnen worden in het lab, maar die hebben vaak nog maar weinig karakteristieken
van de hiérarchie van de oorspronkelijke organen. Deze cellijnen zijn meestal afgeleid van
tumoren en gezonde stamcellen ontbreken daarom. De identificatie van stamcelpopulaties
via lineage tracing maakte het mogelijk deze cellen te isoleren uit muizen om te pogen deze
te kweken. In 2009 werd in Nature onderzoek uit het Hubrecht Instituut gepubliceerd waarin
voor het eerst gelukt was om adulte stamcellen uit een orgaan te isoleren en die op te groeien.
Deze kweken groeien in 3 dimensies en bevatten functionele celtypen uit het corresponderende
orgaan. De kweken - omgedoopt tot organoiden - werden in de jaren die volgden voor bijna
alle organen opgezet, maar ook van ziek weefsel zoals tumoren. Uitzonderingen van organen
die niet kunnen groeien als organoiden zijn het hart en de hersenen, beide organen waar
waarschijnlijk geen stamcellen in een adult stadium aanwezig zijn.

Organoiden zijn in het afgelopen decennium uitgebreid gebruikt om ziekteprocessen
te bestuderen. Door middel van genetische modificatie, in het bijzonder via het CRISPR/
Cas9 gereedschap wat in diezelfde periode ontwikkelde, kan een organoide gebruikt worden
als model van ziekten als kanker. Organoiden gekweekt uit ziek materiaal, zoals kwaadaardige
biopten van patiénten, maken het mogelijk om medicijnen te testen en hun effectiviteit
te voorspellen voordat iemand hiermee daadwerkelijk behandeld wordt. Dit is een belangrijke
doorbraak in de behandeling van kanker, omdat medicatie vaak niet werkt en de patiént wel

onnodige bijwerkingen ervaart. Een ander voorbeeld van de toepassing van organoiden is
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het bestuderen van de interactie tussen een pathogeen en het menselijke weefsel. Organoiden
kunnen geinfecteerd worden met een virus (bijvoorbeeld influenza of een coronavirus in long
organoiden) om te bestuderen wat hiervan de gevolgen zijn en hoe een virus een cel binnen
kan komen. Dit biedt vervolgens mogelijkheden om stoffen te testen die binnenkomst van
een virus kunnen voorkomen. De darm van mensen zit vol met bacterién, maar de grote
hoeveelheid en verschillende soorten maken het lastig om erachter te komen wat het effect is
van ieder soort bacterie op de darm. Individuele bacteriesoorten kunnen geinjecteerd worden
in darm organoiden, waarna het effect op de darmcellen specifiek bestudeerd wordt. Een
studie, gepubliceerd dit jaar in Nature, kon zo laten zien dat een type darmbacterie fouten kan
induceren in het erfelijke materiaal van darmcellen, wat mogelijk tot kanker kan leiden.

De studie van stamcelbiologie, die in de eerste plaats de ontwikkeling van organoiden
mogelijk maakte, profiteert ook van deze nieuwe tool in het wapenarsenaal van een bioloog.
Groeisignalen kunnen in organoiden beinvloed worden om te kijken hoe het gedrag van een
stamcel verandert. Een stamcel moet vaak niet één maar meerdere celtypen in een orgaan
maken. Het is niet voor ieder orgaan bekend welke signalen precies een rol spelen bij zulke
beslissingen. De meeste organoide systemen bevatten daardoor vaak ook niet alle celtypen.
Om deze reden zijn dit nog niet volledig volwassen en doorontwikkelde kweken om alle
celtypen te bestuderen. We hebben met onderzoek, gepresenteerd in deze thesis, getracht deze
beperkingen te beantwoorden. Dit werk is gefocust op de darm; het snelst vernieuwende orgaan
in dieren. De mens maakt maar liefst 200 gram nieuwe darmcellen per dag, en vernieuwt
de volledige darmbekleding binnen een week. De bekleding van de darm bestaat voornamelijk
uit enterocyten, welke voedingstoffen opnemen uit de darminhoud. De andere celtypen zijn
secretoire cellen die stoffen afgeven; slijmbeker cellen maken mucus die de darm bekleedt en
een bescherming is tegen bacterién. Paneth cellen maken antimicrobiéle stoffen en moleculen
essentieel voor de identiteit van stamcellen. Als laatste zijn er enteroendocriene cellen die
hormonen afgeven als reactie op voedsel. De hormonen van enteroendocriene cellen zijn erg
belangrijk als eerste reactie op voedsel en reguleren je hongergevoel, afgifte van insuline en
pancreasenzymen, en darmperistaltiek. Deze cellen zijn echter uitermate zeldzaam (<1% van
het darmepitheel) en daarom niet goed bestudeerd, en het is niet goed bekend op welke stoffen
deze cellen reageren of hoe ze gemaakt worden uit stamcellen.

In hoofdstuk 1 van deze thesis geven we een samenvatting van de groeisignalen die stamcellen
reguleren, en hoe stamcellen op basis daarvan beslissen welk celtype ze worden. Speciale
aandacht wordt gegeven aan hoe de darm in staat is te reageren op schade. In een dergelijk geval
zijn er gedifferentieerde cellen die weer stamcel kunnen worden om schade te compenseren.
Hoofstuk 2 beschrijft de functie en het productieproces van de enteroendocriene cellen. Deze
cellen, die samen zon 20 hormonen maken, zijn weer onder te verdelen in 5 subtypen die
daardoor nog zeldzamer zijn (soms maar 0.01% van het darmepitheel).

Hoofdstuk 3 wordt het organoide model gebruikt om regulatoren van celdeling van
de darmstamcel te identificeren. We hebben gevonden dat remmers van EGF (epidermal growth
factor) signalen stamcellen laten stoppen met delen, een staat waarin ze een week kunnen

overleven. Een dergelijke proef zou in muizen onmogelijk zijn omdat de darm binnen hetzelfde
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tijdsbestek verloren zou gaan, hetgeen niet compatibel is met overleving van de muis. De niet-
delende stamcellen specialiseren echter niet automatisch, maar gaan bij teruggave van EGF
signalen weer delen en hun normale functie vervullen. De gereactiveerde stamcellen maken
alle celtypen, maar op een korte termijn met een sterke voorkeur voor enteroendocriene cellen.
Deze verrassende vinding stelde ons in staat om met een combinatie van groeifactormodulaties
(remmen van EGF, en remmen van Notch en Wnt signalen) organoiden sterk te verrijken met
enteroendocriene cellen - tot wel 70% van de cellen (normaal <1%). Het mechanisme hoe
de beperkte celdelingsactiviteit van stamcellen tot meer enteroendocriene cellen zou kunnen
leiden, begrepen we toen nog niet. Ontdekkingen het afgelopen jaar hebben deze echter beter in
een context geplaatst, toen ontdekt werd dat eiwitten actief tijdens celdeling transcriptiefactoren
afbreken die normaal nodig zijn om enteroendocriene cel te worden.

In hoofdstuk 4 hebben we geprobeerd factoren te ontdekken die bepalen welk hormoon
enteroendocriene cellen maken. Het darmepitheel is georganiseerd in groepen van crypten
(putjes in de darmwand) en villi (uitstulpingen uit de darmwand). Stamcellen liggen beschermd
in de bodem van de crypten, en dochtercellen migreren gedurende hun leven van de bodem
van de crypt naar de villus, waar ze uiteindelijk sterven aan de top van de villus. BMP is een
zogenaamd morfogen; het BMP signaal is zwak in de bodem van de crypt bij de stamcellen
en het sterkst in de top van de villus. We ontdekten in deze studie dat sommige hormonen
uitsluitend in de crypt worden gemaakt en sommige uitsluitend in de villus. BMP signalen
leiden in organoiden eveneens tot veranderingen in welk hormoon een enteroendocriene cellen
maakt. Het blokkeren van BMP signalen in een muis zorgt ervoor dat hormonen die je normaal
alleen in de crypt vindt, ineens ook in villi gemaakt worden. Aan de andere kant nemen villus
hormonen sterk af. We konden op basis van dit werk concluderen dat enteroendocriene cellen
gedurende hun leven en migratie andere hormonen maken in de crypt en villus, onder invloed
van verschillende BMP signalen.

Niet alleen enteroendocriene cellen vervullen andere functies (in dit geval productie van
hormonen) in de crypt en over de as van de villus, hetzelfde gebeurt bij de slijmbekercellen en
enterocyten. In hoofdstuk 5 beschrijven we dat BMP signalering ook deels verantwoordelijk is
voor specialisatie van deze celtypen over de as van de crypt en villus. Enterocyten bijvoorbeeld
produceren de machinerie om lipiden op te nemen, te verpakken en weer uit te scheiden in
de bovenkant van de villus. Activatie van BMP signalering in organoiden is essentieel om
dergelijke eiwitten onderdeel van die machinerie te produceren. Deze studie benadrukt ook
dat het belangrijk is om stil te staan bij welke functionaliteiten de celtypen van je organoiden
hebben, en hoe die samenhangen met welke vragen een onderzoeker probeert te beantwoorden
met het systeem. Enterocyten hebben in dit geval verschillende functionaliteiten athankelijk
van weinig of veel BMP signalen, iets wat ze in de echte darm ook hebben.

In hoofdstuk 6 focussen we op menselijke enteroendocriene cellen, en hun verschillen
met dezelfde cellen in muizen. Tot dan toe was vrijwel al het werk aan deze zeldzame cellen
in muizen gedaan. Mensen maken in de darm enkele hormonen die muizen niet hebben.
Vanwege grote verschillen in het dieet tussen mensen en muizen vermoedden we eveneens

dat de enteroendocriene cellen in mensen op andere stoffen kunnen reageren dan bij muizen
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het geval is. We beschrijven in dit manuscript een systeem in menselijke organoiden om
grote hoeveelheden enteroendocriene cellen te maken, waarbij we verschillende hormonen
kleuren hebben gegeven. Deze kleuren stellen ons in staat om de verschillende subtypen
enteroendocriene cellen (die andere hormonen maken) te isoleren en in detail te bestuderen.
We beschrijven op deze manier alle eiwitten die humane enteroendocriene cellen produceren,
en vinden nieuwe receptoren (antennes op cellen die bijvoorbeeld voedingstoffen kunnen
waarnemen) ten opzichte van muizen. Stimulatie van enkele van deze receptoren zorgt ervoor
dat het corresponderende hormoon wordt uitgescheiden. We bestuderen daarnaast alle
uitgescheiden producten van menselijke enteroendocriene cellen, en vinden hierbij nieuwe
hormonen die niet bekend waren in de muizendarm. We hopen dat dit onderzoek ertoe kan
leiden tot therapeutische moleculen die specifiek menselijke hormonen kunnen beinvloeden,
wat bruikbaar kan zijn bij suikerziekte of obesitas.

Tot nu toe waren alle organoide systemen in de literatuur gefocust op zoogdieren,
voornamelijk omdat ze als model dienen van menselijke ziekten. In hoofdstuk 7 gaan we echter
de evolutionaire boomstam af, en beschrijven we de eerste organoide uit reptielen, van een
gitklier van de slang. Het was tot dan toe niet bekend of reptielen ook stamcellen bevatten in
volwassen organen. Ons systeem laat zien dat reptielen stamcellen bestaan en in veel opzichten
lijken op de menselijke varianten. De gifklier organoiden kunnen actieve gifstoffen maken
die ook in slangengif aanwezig zijn. Slangengif is een complex mengsel van tientallen soorten
moleculen, en we vinden in deze studie dat deze verschillende stoffen niet door één maar
verschillende celtypen worden gemaakt. We hebben individuele gifstoffen genetisch kunnen
modificeren zodat ze aan een kleur zijn gekoppeld, waarmee dit de eerste erfelijke aanpassing
is van slangencellen. Slangengif bevat veel therapeutisch interessante moleculen, en met
dergelijke modificaties zouden we individuele gif componenten makkelijker kunnen isoleren
of verbeteren. Daarnaast hopen we dat gifklier organoiden kunnen dienen als nieuwe bron om
antigif te maken. Ieder jaar sterven meer dan 100.000 mensen aan slangengif, en dit komt deels
door slecht werkend antigif.

In het laatste hoofdstuk 8 worden de implicaties van de voorgaande hoofdstukken
beschreven, en deze in de brede context van de literatuur besproken. We bediscussiéren
de mogelijkheden van therapeutische interventies op basis van deze ontdekkingen en wat

eventuele vervolgstoppen zijn.
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DANKWOORD

De afgelopen 5 jaar heb ik met ongelooflijk veel plezier gewerkt aan het werk in dit proefschrift,
en ik kan me geen dag herinneren dat ik met tegenzin naar het lab kwam. Ik ben trots en vind
het een enorm voorrecht dat ik onderdeel mag zijn van zon diverse groep mensen die stuk
voor stuk excelleren, enorm gedreven en intelligent zijn. Ik ervaarde het begin van dit traject
als een spreekwoordelijk ‘voor de leeuwen gooien, maar heb daarna voor mijn gevoel een steile
leercurve ondergaan in diverse vaardigheden. Op de eerste plaats in onderzoek doen — proberen
zo effectief en pragmatisch mogelijk te worden - maar ook het presenteren en opschrijven
daarvan, samenwerken, een hele hoop papers reviewen, review artikelen schrijven, met juristen
patenten opstellen, studenten begeleiden en tussen alles af en toe naar congressen gaan. Dit
alles was niet mogelijk geweest zonder een hele groep betrokken mensen, die ik hierbij in het

bijzonder wil bedanken.

Hans, mijn promotor, veel dank voor de mogelijkheid om onderzoek te mogen doen in jouw
lab. Ik heb enorme bewondering hoe je zon goed-functionerende machine hebt opgebouwd.
Met kleine stuurbewegingen lukt het je onderzoeksprojecten vaak een betere kant op te sturen.
Door deze efficiéntie lukt het je het gigantische lab te leiden en daarbij ogenschijnlijk altijd
ontspannen en joviaal te zijn. Soms heb je daardoor zelfs tijd over voor de minder belangrijke
vragen des levens die je kunt stellen bij een bezoek aan ons kantoor onder het genot van een
appel (waar komen die kauwen bij Genmab nou steeds vandaan?). Ik kan me herinneren dat
we kort na het begin van mijn PhD een gesprek hadden (met een pils) hoe het zou uitpakken
nu het lab zich over zoveel onderwerpen uitspreidde, en niet vooral meer aan de darm werkte.
De productiviteit van het lab lijkt er na deze verstrooiing niet minder op geworden, integendeel.
Ik heb genoten van de vrijheid die je geeft, en het type onderzoek dat je stimuleert in het
lab. Geen hypotheses stellen, snel switchen tussen verschillende onderzoeksvelden waarbij
gemeenschappelijke principes en eerder geleerde lessen makkelijk en snel kunt toegepast
kunnen worden. En vooral grote vragen proberen te stellen. Ik wil je bedanken dat ik onderdeel
mag zijn van dit lab en deze succesformule die je met iedereen hebt gecreéerd, en alle ervaringen

die ik hier heb kunnen opdoen.

De leden van mijn leescommissie, Geert Kops, Madelon Maurice, Edward Nieuwenhuis, Eelco

de Koning en Hugo Snippert. Heel veel dank voor het lezen en beoordelen van mijn proefschrift.

Jens en Fjodor. Ik ben in mijn noppen met jullie als paranimfen (be careful with Google
translate, Jens). Jens’ enthousiasme en wilde ideeén, gecombineerd met de realistische en
hedonistische inbreng van Fjodor. I want to thank both of you for your support in organizing
everything around the defence, but particularly for your useful input during more difficult
phases of my PhD. Jens - although I recognize your Dutch has greatly improved - please excuse
me choosing English vocabulary to avoid any miscommunication or -interpretation. We have

shared a lot in the past few years! I am extremely glad having you as friend and collaborator
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in multiple projects. Although my efliciency and attention levels are sometimes subjected to
rather unpredictable patterns that display parallels to the Dutch weather, you master the art of
being productive, organizing work, collaborations and many (!) meetings. I think we enhance
each other in different ways, to name one example; thinking outside the box (no, I will not
make it more specific than that). I particularly appreciate your humor and childish jokes you
are willing to commit to with me, like driving around in the institute sitting on certain chairs. I
think the lab would have been a lot less fun without (the memes, another art you control). Iam
looking forward to work with you on more cool science in the near future, and am very curious

to see where these will develop into.

Fjodor, ik vind het erg leuk dat jij halverwege mijn PhD in het lab erbij bent gekomen. Je bent
een levensgenieter pur sang, of hedonist zoals jij dat noemt, en dat is aanstekelijk in de positieve
zin. Ik bewonder je onuitputtelijk enthousiasme en (realistisch) optimisme over experimenten.
Je beheerst veel kennis en kunsten die ik bewonder, op het vlak van geneeskunde, maar met
name op culinair gebied en in de wijnkunde. De facemerge van jou en Ilja Gort is toepasselijk
genoeg denk ik het opus magnum van mijn tijd in het lab. Onze roadtrip in Californié was
tot de nok gevuld met hedonistische praktijken en vind ik onvergetelijk. Voortreffelijk eten in
overvloed (achteraf had je gelijk, we hadden 4G moeten nemen), af en toe een drankje, goede
wandelingen in de nationale parken, net geen verkeersboetes, en tussendoor nog wetenschap.
Ik vind het knap hoe je — met in de eerste plaats een achtergrond als arts— snel ontwikkelt in

dit lab, je plek hebt gevonden en goede proeven doet. Veel dank dat je mijn paranimf wilt zijn!

Yorick, of Yopo, ik ben heel blij dat ik mijn promotietraject parallel met jou heb kunnen doen,
en dat ik je paranimf mag zijn. De meeste mensen in ons vak hebben denk ik wel één of meer
eigenaardige trekken die op een bepaalde manier een specifieke handleiding vereist. Ik denk
dat jij hier een grote uitzondering op bent. Je bent altijd makkelijk, relaxed en ontspannen, ook
wanneer de druk hoger is, en dat maakte dat ik altijd graag je kantoor in liep als ik me verveelde
of om gewoon te praten. Ik heb bewondering voor hoe je na een misschien iets lastigere fase in
je promotietraject snel de knop hebt omgezet en met een ijzeren discipline een aantal uitermate
succesvolle projecten hebt opgetogen. Ik vond het heel gaaf om met je aan de slangenkweken
te werken. Alhoewel ik je mis in het lab de afgelopen maanden, ben ik blij dat je nu bij Lina in

Californié bent, en ik weet zeker dat je je werk daar ook tot een succes zult maken.

Kim, wij kennen elkaar nu écht inmiddels 10 jaar, een tijd waarin onze wegen geregeld
overlapten. Ik ken je in het lab niet anders dan daarbuiten. Altijd enthousiast en gedreven, en
een ontzettende drive om diverse zaken te regelen. Hier hoorde het voeden van mensen in het
lab bij (dank hiervoor!). Ik vind het knap hoe je verschillende tegenslagen, waaronder fysieke,
steeds hebt weerstaan en nu bijna een afgerond proefschrift hebt. Ik wens je het allerbeste met

de laatste loodjes en je nieuwe avontuur in Duitsland!
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Else, ik heb in een brede zin enorme bewondering voor je. Je hebt een erg mooie thesis
geproduceerd, terwijl je daarnaast een succesvolle zangcarriére onderhoudt met een grote
vriendengroep. Ik vond naar Dekoor gaan altijd een gave ervaring! Daarnaast ben je chronisch
ziek, wat geregeld onvoorspelbaar om de hoek kwam. Je hebt - misschien deels hierdoor
- een groot vermogen om te relativeren en in mogelijkheden te denken. Je hebt me met die
eigenschappen vaak geholpen. Ik wil je bedanken hiervoor, en voor het feit dat je me op een
namiddag onverwacht meenam naar de intervisie sessies. Ik weet zeker dat je met jouw brede
set aan kwaliteiten overal succesvol zult zijn en toevoegt, en ik hoop dat onze paden elkaar

vaker blijven kruizen.

Adriana, you were the first student I have supervised and I have greatly enjoyed this time! I
particularly appreciate your no-nonsense attitude, and your extraordinary talent for graphic
arts and presentation of your data. It would be great if we could get a Cell cover! Although you
think you are a bit clumsy on the practical side of experiments, I think your eye for detail is also
applicable here. Your experiments were always very reliable and reproducible. You have just

started as a PhD student in the lab, and I am confident you will do very well.

Yotam, mijn fellow-Ajax-fan. Ik mis je wilde enthousiasme en aanwezigheid. Naar het schijnt
ben ik nu de luidste van het lab. De reis naar Korea is mijn meest onvergetelijke vlucht, en we
hebben een hoop gelachen in Seoul. Ik wens je het beste bij je huidige werkgever, en ben blij dat

je het zo naar je zin hebt nu.

Maarten, beter bekend onder het pseudoniem ‘CRISPR-Cas9’ Marty. Ik bewonder je kennis en
talent omtrent gene editing. Je stelt altijd goede vragen, kiest interessante onderzoeksvelden en
voert je experimenten nauwkeurig uit. Als ik iets van jou krijg - van protocol tot plasmid - kan
ik er altijd op vertrouwen dat het goed werkte. Ik vind het prettig met je over onderzoek, of
onderzoek-gerelateerde zaken, te praten. Je hebt al een mooie paper op zak, en ik wens je het

beste met de rest van je promotieonderzoek.

Cayetano, Cayeeeeeeee P.M, you are another reason to visit the other-side-office. I love your
endless passion for science, and bacteria in particular. You have already finished a great study;,

and I think you will do more impressive things during your PhD work. I am looking forward.

Marie, the Breton, I enjoy having you in the lab, and notice that I undertake regular pilgrimages
to your office even after Yorick had left. I think you have very nice science going on, and I am
curious to see where these will develop to. I wish you all the best finishing these! I admire your

pride of Brittany and Brest and believe me, I will definitely visit someday.

The other previous and current PhD students of the lab, Jelte, Carla, Evelyn, Margit, Frans

and Luc, I want to thank you all for building such a nice community and environment to work
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in. And I would like to particularly express my gratitude for contributions to the outstanding
music in the cell culture room! The regular PhD activities and outings were always great fun,

and I cherish the memories of Lisbon (also the bad part) and the Ardennes.

Mijn kamergenoten, Benedetta, Kadi, Kai, Delilah, en Lulu. Benedetta, thank you for being
a great neighbor throughout my PhD journey - both on the left and right flank. I am still
surprised you tolerated me endlessly scrolling through excel sheets. I always value your feedback
and contributions to my work, and enjoyed constructing the EEC-NCB paper together with
you. Good luck setting up your own lab! Kadi, our Estonian, I wish you the best with finishing
your thesis! I appreciate your attentive gestures with birthdays and during the holidays. Kai, I
have always been amazed by your endless willingness - taking into account your busy schedule
- to help everyone with different things. Thank you for that. I wish you the best in Germany!
Delilah, a.k.a. snubbull of een van de wederhelften van CRISPR-HOT, ik ken je nog niet zo lang
maar was meteen onder de indruk van je snelheid en gedrevenheid tijdens het werk. Heel veel
succes met je projecten! Lulu, I think you are a very nice and gentle person. I am impressed by
your progress so far after you have moved to this other side of the globe, I am sure you will be

successful during your PhD!

Wim, de nestor, of vader van het lab. Ik bewonder je liefde voor wetenschap en hoe je die
onverminderd houdt. Ik vind het altijd prettig om over wetenschap - of persoonlijkere zaken —

met je te praten.

Stieneke, moeder van de welpen, jouw aanpak en zorgzame controle over vrijwel alles in het lab
zijn essentieel voor het goede functioneren hiervan. Veel dank hiervoor, en je nuchtere kijk op

alles waarmee ik langs kon komen.

Amanda, we know each other for quite some time. I very much enjoy sharing our time in the lab
in the past years. Your energy and positive attitude are inspiring. I wish you the best with your

projects, we will keep in touch.

‘Circadian’ Marrit, ik vond het fijn om met je te werken aan twee endocriene organen. Ik zal
het circadian experiment nooit vergeten, waarbij we tot 7 uur ’s ochtends op het lab mochten
blijven om hormonen te meten. We hebben hier en daar een beetje pech gehad, maar ik vind het

achteraf toch erg leerzame projecten!

Johan, ik was al vroeg in mijn studie onder de indruk van al je papers, een hele hoop ‘Van
Es et al’ Je bent denk ik een essentieel tandwiel in het lab met een ongelooflijk scherp oog
voor goede uitvoering en conclusies van experimenten. Ik wil je bedanken voor al je hulp met

de muizenproeven.

261



262

APPENDIX

Helmuth, thank you for your always critical attitude and questions during labmeetings. I
enjoyed writing the enteroendocrine cell review with you. I wish you the best with building

your science in your own lab.

Onur, I want to thank you for your supervision during my Master internship in the lab, and
your help in the starting months of my PhD.

Annemieke, ik vind je een hele prettige aanwinst in het lab, altijd positief en behulpzaam. Ik

denk dat Twitter een erg goed idee van je was!

Litha, heel veel dank voor al je hulp met ‘MyPhd’ en het herinneren van alle deadlines. Je lach en
positieve houding hebben ervoor gezorgd dat ik nooit echt gestrest was met al het papierwerk

omtrent het promoveren.

Harry en Jeroen, team histologie. Ik wil jullie erg bedanken voor al jullie hulp met kleuringen,

en de onuitputtelijke toevoer van drop die jullie faciliteerden.

All other current and former members of the lab: Carola, Oded, Inha, Norman, Jasper,
Aurelia, Charel, Georg, Jarno, Sigrid, Nobuo, Rosie, Janny, Karien, DJ, Mascha, Laura,
Robert, Gijs, Mandy, Milou, Jochem, Sylvia, Lena, Huili, Priyanca, Veerle, Anjali, Sepide,
Maaike, Yoshi, Tomo, Dymph, Talya, Dominique, Florijn, Lisanne, Marc, Ana, Sangho,
Gui-Wei and Matteo. Thank you all for your help and collectively creating this inspiring and

nice working environment.

Julia, Wei and Albert, many thanks for your outstanding contribution to our human
enteroendocrine cell paper. Your proteomic experiments have been a very important part of

this work! I hope this will be published soon, and that we will stay in touch.

Michael and Merijn, thank you for your essential input on the snake venom gland work. It
has been a fun ride! I wish you all the best with your ongoing projects, I am looking forward

reading about these.

Matyas en Freek, veel dank voor jullie betrokkenheid bij het slangenwerk. Ik vond DWDD een
geweldige ervaring met z'n allen. Ik kijk uit naar het toekomstige werk aan gifklier-organoiden!

Reinier, ik vond het altijd leuk om met je te sorten en over van alles en nog wat te praten, zoals
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