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And time goes by so slowly,
and time can do so much.
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SUMMARY

The intestine is the primary site for the absorption of nutrients, minerals, and water from
the food that we eat. This vital function is performed by the intestinal epithelium—a
single layer of specialized cells lining the inner surface of the intestine. In addition to
facilitating absorption, the intestinal epithelium acts as a protective barrier that protects
the underlying tissue from the potentially harmful contents of the intestinal lumen. In
essence, this thesis is about two things: the intestinal epithelium and time. Specifically, it
investigates how the intestinal epithelium preserves its structural and functional integrity
over time and it focuses on the dynamic processes that enable the epithelium to sustain
its barrier function. Chapter 1 provides an overview of the structure, cell types, and core
functions of the intestinal epithelium, along with the state-of-the-art methodologies used to
study it. This chapter also introduces intestinal organoids, which are small, in vitro models
of the intestinal epithelium, and serve as the central experimental system throughout this
thesis.

Part I presents novel experimental insights into the dynamic mechanisms that regulate
epithelial homeostasis and barrier function. A key feature of the intestinal epithelium is
its ability to maintain constant cell density and integrity through continuous stem cell
proliferation and extrusion of cells. In Chapter 2, we propose a new model for epithelial
cell extrusion. Our findings reveal that epithelial cells engage in a constant mechanical
"tug-of-war", exerting dynamic pulling forces on their neighbors. This mechanical compe-
tition allows cells to assess the tension they generate relative to adjacent cells. Those that
produce insufficient tension are more likely to be extruded. This mechanism selectively
retains mechanically robust cells, thereby enhancing epithelial integrity and preserving
barrier function. Chapter 3 explores how differentiation is regulated within the intestinal
epithelium. We demonstrate that once stem cells lose access to Wnt ligands, they initiate a
differentiation timer. If Wnt signaling is restored before the timer elapses, cells can reset the
process and retain their stem cell identity. If not, they commit to a differentiated fate. These
findings suggest that differentiation is a spatially dependent, reversible process rather than
a strictly linear one. In Chapter 4, we investigate the differentiation of the rare and only
recently identified BEST4/CA7" cells. While absent in mouse intestinal epithelium, these
cells were originally discovered in humans and have since been found in other animals.
Using human intestinal organoids and transcriptional fluorescent reporters, we tracked
the differentiation of this cell type. Our data show that BEST4/CA7" cells and mucus-
producing (goblet) cells are mutually dependent: Goblet cells direct the differentiation of
neighboring cells toward the BEST4/CA7* lineage. In turn, BEST4/CA7™ cells are critical
for the long-term survival of goblet cells.

Part II introduces new tools and protocols for studying dynamic processes in the in-
testinal epithelium. Chapter 5 presents a machine learning-based algorithm for the in
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silico labeling of nuclei and membranes in 3D organoids. This approach conserves flu-
orescent channels for other reporters and enables high-resolution, single cell tracking
with minimal phototoxicity. Finally, Chapter 6 details protocols for long-term live-cell
imaging combined with in-situ fixation. These methods allow for the real-time tracking of
organoid development with experimental perturbations and identification of cell types at
the endpoint.
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SAMENVATTING

In de darmen worden de voedingsstoffen, mineralen en water uit ons eten in ons lichaam
opgenomen. Deze functie wordt vervuld door het darmepitheel — een enkele laag van
gespecialiseerde cellen aan de binnenkant van de darm. Naast het faciliteren van absorp-
tie heeft het darmepitheel ook de belangrijke functie om een barriere te vormen die het
onderliggend darmweefsel beschermt tegen de deels vijandige inhoud van de darm. In
essentie gaat deze dissertatie over twee zaken: het darmepitheel, en tijd. Specifiek wordt
onderzocht hoe het darmepitheel haar structurele en functionele integriteit behoudt over
de tijd. Dit werk focust op de dynamische processen die het darmepitheel in staat stellen
haar barriérefunctie uit te voeren. Hoofdstuk 1 biedt een overzicht van de structuur, cel
types en belangrijkste functies van het darmepitheel. Daarnaast wordt moderne method-
ologie besproken om het darmepitheel te bestuderen. Dit hoofdstuk introduceert ook
darmorganoiden — mini-versies van het darmepitheel die in het lab gekweekt kunnen wor-
den. Darmorganoiden vormen het centrale experimentele modelsysteem in deze dissertatie.

Deel I presenteert nieuwe experimentele inzichten in de dynamische mechanismen die
de homeostase en barrierefunctie van het darmepitheel reguleren. Een belangrijke eigen-
schap van het darmepitheel is het behouden van constante celdichtheid en integriteit
door continue stamcellproliferatie en celextrusie. In Hoofdstuk 2 poneren wij een nieuw
model voor celextrusie in het darmepitheel. Onze bevindingen laten zien dat cellen in het
darmepitheel verwikkeld zijn in een constante “touwtrekwedstrijd”, waarin zij dynamische
trekkrachten uitoefenen op hun buurcellen. Deze vorm van mechanische competitie stelt
cellen in staat om hun mechanische integriteit te testen tegen hun directe buren. Cellen
die onvoldoende trekkrachten kunnen genereren hebben een hogere kans om door celex-
trusie uit het epitheel verwijderd te worden. Hiermee zorgt dit mechanisme dat robuste
cellen behouden blijven, waardoor de integriteit en de barriérefunctie van het darmepitheel
behouden blijven. Hoofdstuk 3 onderzoekt hoe differentiatie wordt gereguleerd in het
darmepitheel. We laten zien dat stamcellen een differentiatie-timer starten wanneer zij
toegang verliezen tot een bron van Wnt liganden. Als Wnt signalering wordt herstart
voordat de timer volledig afloopt kunnen cellen het proces herstarten en opnieuw een
volwaardige stamcel worden. Zo niet, dan commiteren cellen zich aan differentiatie. Deze
bevindingen suggereren dat differentiatie geen lineair proces is, maar herhaaldelijk kan
worden herstart. In Hoofdstuk 4 onderzoeken wij de differentiatie van zeldzame, en pas
recent ontdekte BEST4/CA7* cellen. Deze cellen komen niet voor in de muis, maar zijn
sinds hun ontdekking in de mens ook gevonden in enkele andere dieren. Door middel van
menselijke darmorganoiden met fluorescente labels hebben we de differentiatie van dit
celtype over de tijd gevolgd. Onze data laten zien dat BEST4/CA7" cellen en slijmproduc-
erence (goblet) cellen onderling afhankelijk zijn: goblet cellen geven hun directe buren de
instructie om zich te differentiéren als BEST4/CA7" cel, en BEST4/CA7" cellen zijn op hun



xii SAMENVATTING

beurt essentieel voor het overleven van goblet cellen op de langere termijn.

Deel 2 introduceert nieuwe technieken en gedetailleerde protocollen voor het bestuderen
van dynamische processen in het darmepitheel. Hoofdstuk 5 presenteert een op machine-
learning gebaseerd algoritme voor het in silico markeren van celkernen en membranen
in 3D darmorganoiden. Dit algoritme stelt onderzoekers in staat om meer fluorescente
kanalen vrij te houden voor andere signalen en maakt het mogelijk met hoge resolutie
en minimale phototoxiciteit individuele cellen te volgen over de tijd. Als laatste bevat
Hoofdstuk 6 gedetailleerde protocollen om levende cellen in darmorganoiden te volgen
voor lange tijd, met de mogelijkheid om organoiden op hun plaats te fixeren en verder
te kleuren met antilichamen. Deze methode maakt het mogelijk om de ontwikkeling van
organoiden te volgen, in combinatie met experimentele vestoringen en het bepalen van
celtypes aan het eind.



INTRODUCTION

"Whatever you do in life will be insignificant,
but it is very important that you do it."

Mahatma Gandhi






s you are reading this, over 3 billion cells! in your intestine are working very hard

to absorb nutrients from the food that you have eaten in the previous hours. The
intestine is part of the gastrointestinal tract and consists of two anatomically distinct
regions: the small intestine and the colon (Fig. 1.1). The small intestine is approximately
6 meters long, and consists of three separate regions, namely the duodenum, jejunum
and ileum. After passing through the stomach, food first enters the duodenum, which
mainly releases digestive enzymes. Subsequently, it enters the jejunum, which absorbs
most nutrients, and to the ileum, which absorbs remaining nutrients, vitamins and bile
salts. The remaining luminal content is passed onto the colon, which is approximately 1.5
meters long and specialized in water and mineral (re)uptake. The intestinal lumen is an
exceptionally hostile environment, due to its high acidity, pathogenic load and microbiome.
In contrast, the intestine itself consists of delicate muscle tissue, blood vessels and immune
cells. These two environments are separated by only one layer of cells, which is called the
intestinal epithelium. This thesis is a contribution to our understanding of the composition
and functions of the intestinal epithelium. The main aim of this chapter to introduce the
structure and composition of the intestinal epithelium and discuss the modern scientific
approaches for studying it.

\ ‘ F*éj Esophagus

\ Stomach

) {0\ Duodenum

/) [\ Jejunum

| ’i \ N\ \ lleum
[ VN
! [ \)& J | Colon

Figure 1.1: The gastrointestinal tract. The esophagus leads food to the stomach, where it is pre-processed and
passed to the intestine. Nutrients, water and minerals are then absorbed by the duodenum, jejunum, ileum and
colon. Figure made using Biorender.

This number is calculated under the assumption that the inner surface area of the intestine 32 pm? long, covered
with cells that occupy an area on the order of 100 um?. As will be discussed below, the structure of the inner
lining of the intestine is such that it is not straightforward to compute its surface area, and the literature contains
estimates that run from a few to several hundreds of square meters. As far as I can tell, the debate was settled in
2014 by a careful analysis that resulted in a paper concluding “The total area of the human adult gut mucosa is
not in the order of tennis lawn (sic), rather is that of half a badminton court” [106].




4 1 INTRODUCTION

1.1 STRUCTURE AND COMPOSITION OF THE INTESTINAL EP-

ITHELIUM

The small intestinal epithelium is organized into crypts and villi (Fig. 1.2a). Crypts are
protrusions into the intestinal tissue, and contain mostly undifferentiated, proliferative cells.
Villi are protrusions into the intestinal lumen and contain the differentiated, post-mitotic
cells that fulfil the primary functions of the intestinal epithelium. In contrast to the small
intestine, colonic epithelium contains crypts with proliferative cells and inter-crypt regions,
but no villi (Fig. 1.2b). Stem cells at the bottom of the crypt proliferate, occasionally lose
stemness and differentiate into the different mature cell types [14]. Cell division in the
crypt (“mitotic pressure”) pushes cells up to the crypt neck and into the villus, from where
cells continue to migrate from the villus shaft to the tip using active migration [149]. At the
end of their lifetime — which is typically, but not always, at villus tip [36] — cells extrude
into the lumen and die as a result of the lack of attachment and molecular signals (anoikis).
The birth of cells in the crypts, and their extrusion in the villus means that the intestinal
epithelium is generally understood as a conveyor-belt.

The intestinal epithelium has a spectacularly high turnover rate: Cells in the crypt pro-
liferate approximately once per day to compensate for the cells that are shed into the
lumen [14]. The intestinal epithelium consists of two types of proliferative cells, namely
Lgr5* stem cells and transit-amplifying (TA) cells, from which all seven differentiated
cell types descend. The differentiated cell types are Paneth cells, enterocytes, goblet cells,
enteroendocrine cells, tuft cells, M cells and BEST4/CA7" cells (Fig. 1.2c & Table 1.1). For
the intestinal epithelium to function smoothly, cells of all types need to perform their func-
tion(s), and all cells depend on other cell types as well. Understanding how the intestinal
epithelium works therefore requires understanding the primary function(s) of each cell
type individually, but also how cell types affect other cell types.

THE STEM CELL ZONE

At the bottom of the crypt, we find the stem cell niche, which is the motor driving the fast
turnover of the intestinal epithelium. Stem cells in the stem cell niche are characterized by
the expression of Leucine-rich repeat-containing G-protein coupled receptor 5 (LGR5) and
active Wnt signalling [14]. The stem cell niche in mice typically consists of 12-24 highly
proliferative Lgr5* stem cells [9, 248]. In the small intestine Paneth cells are interspersed
between the Lgr5* stem cells (Fig. 1.3a), where they protect their stem cell neighbours
by secreting antimicrobial peptides (cryptidins) and enzymes (lysozyme), and supply the
Lgr5* stem cells with essential ligands to maintain Wnt signalling [71-73, 88, 233]. Colonic
crypts lack Paneth cells, but rely on the mesenchyme [88] and deep-crypt secretory (DCS)
cells [232] for the maintenance of the stem cell niche. When Lgr5* stem cells exit the
stem cell niche, they lose their supply of Wnt ligands and therefore Wnt signalling. This
loss of Wnt signalling turns stem cells into proliferative transit-amplifying (TA) cells that
ultimately give rise to the differentiated cell types [71]. However, the precise mechanism
that regulates the onset of differentiation remains unresolved.
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Figure 1.2: Structure and composition of the (human) intestinal epithelium. (a, b) Schematic depictions of
the intestinal epithelium in the small intestine (a) and the colon (b). The small intestinal and colonic epithelia
differ in three important ways. The small intestine contains distinct protrusions (villi), whereas the colon does not.
Additionally, the small intestinal epithelium contains follicle-associated epithelium (FAE) that overlay Peyer’s
patches. Finally, small intestinal crypts contain Paneth cells which are absent in the colonic crypts. Of note,
colonic crypts in the middle and distal colon contain Reg4* deep-crypt secretory cells (DCS), which perform
similar functions as Paneth cells. Because these cells are almost completely absent from the proximal colon
[232], they are ommitted from this schematic. (c) Legend showing the cell type composition of the intestinal
epithelium. For our purposes we distinguish between two types of proliferative cells, being Lgr5* stem cells and
transit-amplifying (TA) cells, and seven differentiated cell types, being enterocytes, goblet cells, Paneth cells,
enteroendocrine cells, tuft cells, M cells and BEST4/CA7* cells. (d) Scanning Electron Microscopy (SEM) images of
duodenal (top) and colonic epithelium (bottom). Images modified from ref. [166]. Panels a-c made with Biorender.

ENTEROCYTES: ABSORPTIVE WORKHORSES OF NUTRIENT UPTAKE

By far the most abundant cell type in the intestinal epithelium is the enterocyte, making
up approximately 90% of the intestinal epithelium [14]. Enterocytes are responsible for
the absorption of nutrients from the lumen. This capability is enhanced by microvilli,
which are small protrusions of the apical membrane that increase the surface area exposed
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to the lumen. Enterocytes have the shortest turnover time? of all the differentiated cells
in the intestinal epithelium, of roughly 3-5 days [52]. Interestingly, enterocytes undergo
continuous transitions during their lifetime (Fig. 1.3b) [186]: At the bottom of the villus,
they protect the crypt by expressing anti-microbial peptides. In the mid-villus, they
gradually start expressing nutrient transporters for (in chronological order) amino acids,
carbohydrates, peptides and apolipoproteins. At the villus tip, they express machinery for
the conversion of luminal ATP to adenosine, likely to inhibit an immune response to the
intestinal microbiome. This zone-specific expression of proteins (“zonation”) of enterocytes
along the villus is regulated by the supply of BMP [25], which increases gradually as cells
move up to the villus tip (Fig. 1.2a) [99].

GOBLET CELLS AND THE MAINTENANCE OF THE MUCUS LAYER

The second most abundant cell type in the intestinal villus is the goblet cell, named after
its goblet-like morphology. Like enterocytes, goblet cells in the small intestine are zonated
along the villus by the BMP-gradient [25]. While the main goblet cell marker expression
does not change along the villus axis, they increasingly express antimicrobial proteins as
they get closer to the villus tip. The primary function of goblet cells is to produce and
secrete mucins, which constitute the mucus layer that protects the intestinal epithelium
from pathogens and the commensal microbiome. Goblet cells contain a comparatively
large reservoir of mucin, which is packaged into mucin granules (Fig. 1.3c) [160]. In recent
years, colonic goblet cells have been shown to be a heterogenous cell type. Initially two
functionally distinct goblet cell subtypes were distinguished in the gut, being intercrypt
goblet cells that secrete continuously secrete mucus [122], and sentinel goblet cells (senGCs)
at the crypt entrance that protect the crypt by secreting a thick mucus [26]. Detailed
mapping of intestinal goblet cells later showed at least four distinct subpopulations of
goblet cells, differing (among other things) in the composition and viscoelastic properties
of their secreted mucus [201].

HORMONE PRODUCTION: ENTEROENDOCRINE CELLS

Enteroendocrine cells (EECs) are cells in the intestinal epithelium that produce and se-
crete hormones. Although EECs can express multiple hormones [95], they were originally
thought to express only one at any given time. For this reason, they are commonly
subdivided into subtypes defined by whether they express serotonin (EC subtype), chole-
cystokinin (CCK; I subtype), gastric inhibitory peptide (Gip; K subtype), glucagon-like
peptide 1 (GLP-1; L subtype), ghrelin (X subtype), secretin (S subtype) or neurotensin (N
subtype) [24]. EECs have longer turnover times than enterocytes, suggesting that they
do not participate in the conveyor-belt [256, 260]. Similar to enterocytes and goblet cells,
EECs switch their hormone expression profile while migrating along the crypt-villus axis,
again depending on the BMP gradient [22]. EEC differentiation starts with the expression
of a pulse of the master regulator Neurogenin-3 (Neurog3; Fig. 1.3d), which (in humans)
was recently shown to be under the control of the repressor ZNF800 [159]. At the moment,
the molecular mechanisms that regulate commitment to the different EEC subtypes is still
very poorly understood.

2The turnover time is the time between their last cell division and their extrusion.
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Figure 1.3: Microscopy images of the intestinal cell types. (a) Stem cell zone with Paneth cells and Lgr5*
stem cells labelled. Paneth cells express lysozyme (red) and contain granules. From ref. [248]. (b) Enterocytes
stained for zonation markers using fluorescent mRNA in situ hybridization. From ref. [186]. (c) Transmission
Electron Microscopy (TEM) image of a goblet cell. Note the mucus reservoir on the right-hand side of the nucleus
(N). From ref. [160]. (d) Micrographs from Neurog3Chrono mice, where enteroendocrine precursor cells go from
green to yellow to red as they differentiate. From ref. [81]. (e) Tuft cells (green) in uninfected conditions (top) and
after 7 days of infection with the parasitic worm N. brasiliensis. From ref. [275]. (f) Follicle-associated epithelium
and associated crypts stained for early M cells (Spib™; red), late M cells (Tnfaip2*; green) and mature M cells
(Gp2*; cyan). From ref. [134]. (g) BEST4/CA7" cells in the human small intestine (left) and colon (right). From ref.
[118]. Scale bars in panels a, b, d, e represent 50 pum; scale bar in panel d represents 2 pm; scale bar in f represents
100 um.
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TUFT CELLS

Tuft cells are very rare intestinal cell types that owe their name to the morphology of
their apical membrane, which contains long protrusions (tufts) reminiscent of tufts of
grass. While tuft cells represent approximately 1% of the healthy intestine, their abundance
increases to over 10% during infections of parasitic worms (Fig. 1.3e) [112, 275]. During
these infections, tuft cells release interleukin-25 (IL-25), which prompts tissue-resident
group 2 innate lymphoid cells (ILC2s) to secrete interleukin-13 (IL-13), which in turn leads
to more tuft and goblet cells. Therefore, tuft cells initiate a positive-feedback loop that leads
to more tuft cells, while simultaneously increasing the number of goblet cells to secrete the
mucus necessary to clear out the worm infection [112, 275]. In addition to their role in the
type Il immune response against pathogenic worms, tuft cells also express taste receptors
and can respond to the luminal content [95]. Mounting evidence suggests that tuft cells
are also a heterogeneous and zonated cell type [35, 95], potentially including proliferative
subtype(s) [114].

M CELLS: BRIDGES BETWEEN THE LUMEN AND THE IMMUNE SYSTEM
The rarest cell type in the intestinal epithelium is the M cell. M cells transcytose luminal
antigens such as bacteria, viruses and small particles, and present them to immune cells
on their basal surface. Mature and functional M cells localize exclusively to the follicle-
associated epithelium (FAE) overlaying Peyer’s patches (Fig. 1.3f). Peyer’s patches are only
found in the small intestine, and number 50-250 in human [48] and 8-10 in mouse [129].
The FAE consists of 5-10% fully mature M cells [47, 135] and the rest enterocytes; secretory
cells are absent from the FAE [202]. The lack of goblet cells in the FAE makes it directly
accessible for bacteria, so that M cells can transcytose them to dendritic cells in their basal
pocket. M cells use glycoprotein-2 (Gp2) to bind and endocytose luminal antigens [100], and
therefore Gp2 is regarded as a marker for fully mature and functional M cells. In contrast
to the other epithelial cell types, M cell differentiation strictly depends on the cytokine
Receptor-Activator for NF-«xB Ligand (RankL) [139], which is supplied to the epithelium
by direct physical contact with fibroblasts in the Peyer’s patch [192, 212]. Directly after
receiving RankL, cells that commit to the M cell fate start expressing Spib [127] and Sox8
[134], which leads to the expression of the M cell-specific markers TRAF6 [128], RelB [128],
Opg [135], Ccl9 [255], Tnfaip2 [101] and finally Gp2 [100] within approximately 4 days.

BEST4/CA7" CELLS

BEST4/CA7* cells are the most recent addition to the catalogue of cell types in the intestinal
epithelium (Fig. 1.3g). BEST4/CA7" cells are differentiated and typically found in the villus
and intercrypt regions of the small intestine and colon, respectively [37, 70]. After being
first discovered in the human intestinal epithelium [118], BEST4/CA7* cells were also
identified in other animal species such as pig [158], rhesus macaque [158], rabbit [170], rat
[65], Burmese python [280] and zebrafish [284]. Notably, however, they are absent from the
mouse intestine. Many functions of BEST4/CA7" cells remain to be discovered, but recent
work has demonstrated that BEST4/CA7* cells play an important role in the electrolyte
homeostasis of the mucus layer. For example, BEST4/CA7" cells in the small intestine
(but not in the colon) were shown to regulate the efflux of water in response to bacterial
toxins (colloquially known as watery diarrhea) [278]. On the basis of their gene expression
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profile, BEST4/CA7* cells are furthermore predicted to sense and regulate luminal pH
[205], modulate electrolyte secretion by regulating cGMP signalling in neighbouring cells
[170] and absorption of heavy metals [37], but direct experimental evidence for these
BEST4/CA7* cell functions is still lacking.

Table 1.1: Summary of intestinal epithelial cell types, their lineages, locations, abundances, markers, and turnover
times (in mouse) models. *Based on Notch signalling. TBEST4/CA7* cells exist in human, but not the mouse
intestine. ¥ Abundances of all cell types can differ strongly during infections; values shown here assume normal
healthy conditions. Abbreviations: LI, large intestine; SI, small intestine; FAE, follicle-associated epithelium.

Cell type Lineage” Location Abundance® | Markers Turnover
time
(mouse)
Lgr5" stem - Crypt 12-26 per Lgr5 [14], 12-24h
cells bottom crypt Olfm4 [266] [14, 115]
[9, 248]
Paneth cells Secretory Crypt 4-6% [14, 95] | Lyz, Defa5 57 days [117]
bottom
Enterocyte Absorptive SIvillus, FAE | 90% [14] Aldob, Fabp1 | 3-5 days
and LI [52]
Goblet cells Secretory SI villus, LI 4-12% Muc2 3 days [41]
[41, 83]
EECs Secretory SIand LI 4% [95] Neurog3, 10-23 days
Pax4, ChgA | [256, 260]
Tuft cells Secretory Slvillus and | 0.4-2% [83, Dclk1 [82], 7 days [83]
LI 95, 112, 275] Chat
M cells Absorptive FAE 5-10% of Gp2 [100], 5 days [140]
FAE [47,135] | Tnfaip2
[102]
BEST4/CA7* | Absorptive SI villus and 1% [247] BEST4, CA7, | N/AT
cells LI OTOP2
[37, 69, 70]

1.2 CLASSIFICATION OF THE INTESTINAL CELL TYPES

Traditionally, the cell types in the intestinal epithelium have been classified as either
absorptive or secretory, based on whether their primary function involves the absorption
of nutrients (enterocytes), or the secretion of mucus (goblet cells), antimicrobial peptides
and growth factors (Paneth cells) or hormones (enteroendocrine cells) [23]. Active Notch
signalling is commonly used as a marker to separate absorptive from secretory cells, since
enterocytes have active Notch signalling, whereas goblet, Paneth and enteroendocrine
cells do not [78]. Arguably, however, it generalizes poorly to the rare intestinal cell types
(tuft cells, M cells and BEST4/CA7" cells). While these cell types can be attributed to
either lineage based on their Notch signalling state (Table 1.1), their function is neither
clearly absorptive nor secretory. Tuft cells, for example, are Notch-negative and commonly
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included in the secretory lineage, but their primary functions include both the secretion
(of IL-25), as well as chemoreception. M cells are Notch-positive and commonly included
in the absorptive lineage, but their primary function is to absorb luminal antigens at
the apical side and secrete them on the basal side. Furthermore, M cells are also known
to secrete Gp2 on the apical side [100]. BEST4/CA7™" cells are also Notch-positive and
included in the absorptive lineage. While their function is not well understood, their
expression profile differs too much from that of enterocytes to justify the assumption that
their primary function is the absorption of nutrients [37, 38, 69, 70, 205, 247]. For these
reasons, I propose a slightly modified classification that distinguishes cells on the basis
of their Notch-signalling state, as well as the expression of the transcription factor Spib
(Table 1.3).

Table 1.3: Proposed classification of intestinal cell types on the basis of both Notch signalling and Spib expression.

Notch* Notch™
Spib* M cells Tuft cells
BEST4/CA7* cells
Spib~ Goblet cells
Enterocytes EECs
Paneth cells

1.3 MODERN APPROACHES FOR STUDYING THE INTESTINAL

EPITHELIUM

Approaches to understand the intestinal epithelium can be divided into two complemen-
tary approaches. First, there are approaches focusing on the internal molecular state of
cells, colloquially known as “Omics” approaches. These include analysis of the genome
(genomics), epigenome (epigenomics), gene expression (transcriptomics), protein levels
(proteomics), small molecule content (metabolomics), lipid content (lipidomics), glycan
content (glycomics), and the microbiome (microbiomics), and combinations thereof within
a single pipeline (multi-omics). The last decades have seen a spectacular improvement in
techniques that can be used to gather information on the internal molecular state of entire
organs and organisms with single-cell resolution. Especially single-cell RNA sequencing
has proven very powerful in mapping the diversity of cell types in the intestinal epithe-
lium, allowing the generation of multiple large databases (“atlases”) of transcriptomes
[24, 37, 69, 70, 95, 201]. Clustering cells based on their transcriptomic profile has in large
part confirmed the existence of distinct cell types [69, 70, 95, 205, 247], as well as regional
differences and variation between cells of the same type [22, 24, 47, 186, 201] (Fig. 1.4).
Because Omics-approaches inherently require cell lysis, they only yield a snapshot of cells
at a given point in time and preclude analysis of dynamics within a cell. Despite ongoing
efforts to obtain temporal information from Omics-approaches such as RNA velocity [152],
trajectory inference [230] and Chrono-reporters [81], a persistent main disadvantage of
Omics-approaches remains the lack of dynamics.



1.3 MODERN APPROACHES FOR STUDYING THE INTESTINAL EPITHELIUM 11

To study the intestinal epithelium in space and time, omics-approaches need to be com-
plemented with imaging. Brightfield microscopy, fluorescence microscopy, scanning and
transmission electron microscopy are routinely employed to study the intestinal epithelium
in space, but to study the intestinal epithelium over time is still highly complex. Live-
imaging approaches are ill-suited for studying the intestinal epithelium in vivo, because
intravital microscopy is only possible in model organisms and at low time resolution
[223]. For this reason, studying the intestinal epithelium over time requires in vitro culture
systems: enter intestinal organoids.

tSNE2
e
1Y
36

UMAP2

UMAP1
Mouse small intestine Small intestine Colon
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Figure 1.4: Uniform manifold projection (UMAP) of murine and human gut epithelium. (a) UMAP
plot of scRNA sequencing of the mouse small intestinal epithelium, adapted from ref. [95]. (b) tSNE plot of
scRNA sequencing of the human intestinal epithelium, adapted from ref. [37]. ACC, absorptive colonocyte; AE,
absorptive enterocyte; E, enterocyte; EP, enterocyte progenitor; EEC, enteroendocrine cell; FAE, follicle-associated
epithelium; TA, transit-amplifying cell (G1 and G2 indicate the cell-cycle phase).
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1.4 THE ORGANOID REVOLUTION

In 2009, researchers in the group of Hans Clevers made a discovery that changed the course
of intestinal biology. When they embedded mouse small intestinal Lgr5* stem cells in
extracellular matrix, a very small fraction would grow into structures that were similar
to the in vivo intestinal epithelium [235]. These structures, which they coined “intestinal
organoids”, started out as little spherical clumps of stem cells, but grew crypt-like protru-
sions within days (Fig. 1.5a, b). The only four requirements to grow and culture intestinal
organoids, were a laminin-rich gel (e.g., Matrigel or Basement Membrane Extract) and
external supply of epidermal growth factor (EGF), Noggin and Wnt agonist R-spondin.
It was furthermore found that if small intestinal Lgr5* stem cells were still attached to
Paneth cells, the organoid formation efficiency was strongly increased [234]. Like crypts
in vivo, organoid crypts were shown to contain Lgr5* stem cells and Paneth cells at the
bottom, regions with undifferentiated TA-like cells, and villus-like regions with enterocytes,
goblet cells, enteroendocrine cells [235] and sporadically also tuft cells [112] (Fig. 1.5¢-g).
Intestinal organoids were later shown to contain M cells upon stimulation with the cytokine
RankL (Fig. 1.5h) [57]. Within years after the initial discovery of small intestinal organoids,
organoid culturing systems were developed for many other organs [45], albeit that for
many organoid systems the medium needs to be supplemented with additional components.
For example, mouse colon organoids could similarly be generated from (colonic) Lgr5*
stem cells, but only if Wnt3A was supplied to the medium [233]. It was shown that human
intestinal organoids can be generated using similar procedures (Fig. 1.51) [104, 233].

For the purpose of this thesis, I wish to draw a distinction between homeostatic organoid
models, and synchronous organoid models. Homeostatic organoids recapitulate the in vivo
crypt architecture and have the feature that a cell’s position in space correlates strongly
with the cell’s state along the differentiation trajectory (Fig. 1.6a). The most obvious
and widely used example of a homeostatic organoid system is the mouse small intestinal
organoid, in which crypts, TA-like and villus domains and almost all cell types differentiate
spontaneously in a single "ENR" medium® [235]. For human and rat intestinal organoids,
medium was developed that supported the long-term co-culturing of stem cells and all
cell types [80, 210], but this medium typically does not consistently produce 3D organoids
with clearly distinct crypt and villus domains. For this reason, substrates and microfluidic
chips with multiple channels have recently been developed to generate homeostatic human
organoids with the same 3D architecture as the in vivo intestine [31, 86, 161, 162, 184, 196].
One constraint on homeostatic organoid models is that the environment (cell culture
medium) around the cells is homogeneous and they lack a clear "time-zero" for when
differentiation starts. Synchronous organoid models are models where cells are first ex-
panded in an "expansion medium" that keeps all cells in a proliferative and undifferentiated
state, before the medium is replaced with a "differentiation medium" that biases cells to-
wards differentiation (Fig. 1.6b) [114, 278]. For this reason, synchronous organoids have a
well-defined start of the differentiation process that is suited to determine the temporal
order of events during the differentiation process. Synchronous organoid models can
also have multiple medium changes, for example to induce Paneth cell differentiation and

3This medium is referred to as ENR medium because it contains the proteins EGF, Noggin and R-spondin. However,
the medium is typically also supplemented with N-Acetyl-L-Cysteine (NAC), and supplements N2 and B27.
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crypt-formation [104], or mimic different regions along the villus by changing BMP and
Noggin concentrations [22, 25].

0 ng/mL RankL 200 ng/mL RankL

Figure 1.5: Intestinal organoids are accurate, accessible in vitro models of the intestinal epithelium. (a)
Transmitted light images of the development of mouse small intestinal organoid from a single Lgr5* stem cell.
From ref. [235]. (b) Schematic of intestinal organoid, made using Biorender. (c) Paneth and Lgr5* stem cells in an
organoid crypt. From ref. [242]. (d) Enterocytes, marked by Aldolase B, in the organoid villus. From ref. [242]. (e)
Goblet cells, marked by Muc2. From ref. [64]. (f) Organoids in top panel were grown in EEC enrichment medium
(ENR with Wnt, MAPK and Notch inhibitors), which enriches for EECs subtypes typically found in the crypt,
such as the L cells that secrete Glp1. Organoids in bottom panel were cultured in medium where Noggin was
replaced with BMP-4 to enrich for the secretin (Sct) secreting “S” subtype typically found in the villus. From ref.
[22]. (g) Tuft cells in organoids from mice with fluorescently tagged Gfilb. From ref. [112]. (h) Addition of RankL
to the culture medium induces M cell differentiation in mouse intestinal organoids. From ref. [134]. (i) Human
intestinal organoids with fluorescent reporters for Muc2, Defa5 and Chga. Paneth cell differentiation was induced
by adding IL-22. From ref. [104]. Scale bars in panel c represents 40 um; scale bar in panels d, g represents 25 pum;
scale bars in panel f and i represent 50 um; scale bars in panel h represent 100 um.

Organoids are revolutionary for three important reasons. The first and most obvious
advantage of organoids is that they allow to study the donor’s intestinal biology while the
donor remains alive. Many experiments that previously required sacrifice of lab animals
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have been replaced by assays of intestinal organoids. The second is that they are accessible
for long-term high-resolution live-cell imaging with perturbations. The third is that they
can be genetically manipulated, for example using CRISPR-Cas [6, 239] or lentiviral trans-
duction. This makes it possible to study the effect of knocking out proteins of interest, or
to make fluorescent reporter proteins. These advantages now allow investigation of the
(human) intestinal biology in ways that were previously impossible.

In the past decades, organoids have contributed to a large number of discoveries on how the
intestine works, specifically because they allow long-term live-cell microscopy of intestinal
epithelial cells in real time. For example, it was shown that the crypt-villus symmetry
breaking is a spontaneous process that starts after the first Paneth cell differentiates [242].
The subsequent mechanical crypt folding was also mapped, by mapping the distribution
and dynamics of forces generated by cells on each other and on the hydrogel [208, 287].
Long-term tracking of intestinal organoids led to the discovery that sister cells either
both differentiate, or both remain proliferative [115], likely to minimize fluctuations [144].
Furthermore, sister pairs that both differentiate typically do so into the same cell type [291].
These two examples of ‘sister-symmetries’ imply that the proliferative state of cells and
cell fate decisions are controlled by cells one or more generations earlier. In conclusion,
the organoid revolution has made it possible to directly visualize dynamic processes in the
intestinal epithelium, such as proliferation, differentiation and protein expression, in real
time.
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Figure 1.6: Homeostatic versus synchronous organoid models. (a) Homeostatic organoid models are
organoid models in which the spatial crypt-villus axis is modeled in vitro. The defining feature of these organoid
models is that the differentiation state of cells in homeostatic organoid models correlates with their position in
space, but that there is no absolute "time zero". (b) Synchronous organoid models are organoid models where
cells are kept in multipotent, proliferative state (expansion phase) until differentiation is induced in all cells
simultaneously. Synchronous organoid models therefore have a well-defined "time zero" for when differentiation
starts.
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1.5 THIS THESIS

Thesis is fundamentally concerned with how the intestinal epithelium maintains its barrier
function over time. Part I of this thesis contains several chapters that yield new insights
into this key question. In Chapter 2, we propose a new model for how the intestinal
epithelium manages to retain a homeostatic physical barrier between the hostile lumen
and delicate underlying tissue during cell extrusion events. In Chapter 3, we use live-cell
imaging of organoids with a reporter for Wnt signalling to show that loss of Paneth cell
contact starts a timer by which Lgr5* stem cells differentiate. In Chapter 4, we look
at the differentiation and function of BEST4/CA7* cells in a synchronous human colon
organoid model with live-cell reporters for goblet and BEST4/CA7" cells. Herein, we
reveal that BEST4/CA7" cells and goblet cells have an inter-dependent relationship in
the human intestinal epithelium. In Part II, we focus on methodology, presenting a new
in silico labelling approach for 3D organoids in Chapter 5. Finally, in Chapter 6, we
share protocols for long-term live-cell imaging of intestinal organoids with experimental
perturbations and endpoint analysis.
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PART 1

THE INTESTINAL BARRIER IN
SPACE AND TIME
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2

EPITHELIAL TENSION CONTROLS
INTESTINAL CELL EXTRUSION

You got to know when to hold ‘m,
know when to fold them.

Know when to walk away,

know when to run.

The Gambler

Cell extrusion is essential for homeostatic self-renewal of the intestinal epithelium. Extrusion
is thought to be triggered by crowding-induced compression of cells at the intestinal villus tip.
Here we found instead that a local “tug-of-war” competition between contractile cells regulated
extrusion in the intestinal epithelium. We combined quantitative live microscopy, optogenetic
induction of tissue tension, genetic perturbation of Myosin-II activity, and local disruption of
the basal cortex in mouse intestines and intestinal organoids. These approaches revealed that
a dynamic actomyosin network generates tension throughout the intestinal villi, including the
villus tip region. Mechanically weak cells unable to maintain this tension underwent extrusion.
Thus, epithelial barrier integrity depends on intercellular mechanics.

The content of this chapter is published as Daniel Krueger*, Willem Kasper Spoelstra®, Dirk Jan Mastebroek,
Rutger Kok, Shanie Wu, Mike Nikolaev, Marie Bannier-Hélaouét, Nikolche Gjorevski, Matthias Lutolf, Johan van
Es, Jeroen van Zon, Sander Tans, Hans Clevers. Epithelial tension controls intestinal cell extrusion. Science 389
(6764), eadr8753 (2025).

*Equal contribution.
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2.1 INTRODUCTION

The intestinal epithelium is a defensive barrier protecting the underlying tissue from micro-
biota, pathogens, and acidity. The turnover of cells within the intestinal epithelium is rapid,
and most cells are replaced within a few days [13, 52]. Stem cells are generated in the crypt,
and then migrate upwards to the tissue protrusions called villi [149] as they differentiate
and acquire specialized function [14, 236]. After several days, mature cells are extruded
in a controlled manner into the gut lumen [86, 233, 235]. The mechanisms regulating cell
extrusion in the intestine are not well understood [50], and current models are largely
inferred from non-mammalian model organisms and systems. Apoptotic cell extrusion has
been demonstrated to regulate cell numbers in cell lines, Drosophila [2], and the zebrafish
epidermis [67, 90]. However, mouse intestines with genetic knockouts of key apoptotic
pathway components such as Bcl-2, Bax, Bcl-w, and Caspase-3/7/8 display normal villus
morphology, indicating a normal regulation of homeostatic cell extrusion [85, 92, 213, 214].
In Madin-Darby canine kidney (MDCK) monolayers [68], zebrafish epidermis [68] and the
Drosophila notum [156, 171], extrusion is driven by increased cell density. These findings
have inspired a model for the mammalian intestinal epithelium, in which the flow of cells
to the villus causes cell crowding. In that model, compression forces at the villus tip would
trigger extrusion (see refs. [209] and [111] for recent reviews). However, cell extrusion is
enriched at - but not limited to - the villus tip: the frequency of cell extrusion gradually
increases along the villus shaft, and peaks at the villus tip [36, 283]. However, cell density
is high in the crypt and at the villus base, lower along the villus shaft, and returns to
villus-base levels at the villus tip [149]. Thus, crowding alone seems insufficient to explain
the extrusion pattern.

Previous work suggests that active cell migration along the villus leads to cell crowding at
the villus tip, while leaving the villus bottom under tension, as indicated by laser ablation
experiments [149]. Cell contractility and mechanical forces have been implicated in the
regulation of cell extrusion or delamination in other epithelial systems. For example,
induction of Rho kinase - an upstream regulator of Myosin II - reduces extrusion in the
Drosophila notum and zebrafish epidermis [7, 51, 293]. In the Drosophila abdominal
epidermis, extrusion is associated with pulsatile actomyosin contractions, and extrusion
frequency increases under conditions of elevated tensile stress [183]. In contrast, elevated
cortical tension inhibits the apical extrusion of oncogenic H-RasV12 cells in liver epithelial
monolayers [254]. Thus, the role of mechanical force is important for cell extrusion and
depends on the tissue context but has remained largely unaddressed in the intestinal villi.

2.2 RESuULTS

CELLS EXTRUDE FROM REGIONS UNDER TENSION IN A CROWDING-
INDEPENDENT MANNER

Mouse intestinal organoids faithfully recapitulate the self-renewal processes of the gut
epithelium [235]. At the tips of organoid buds (the equivalents of the Crypts of Lieberkiihn),
Lgr5" stem cells are interspersed between Paneth cells, the latter serving as a source of
niche signals. Daughter cells rapidly proliferate and move away from the buds towards
a central villus domain. As they reach the villus domain, the cells differentiate into one



2.2 RESULTS 21

of the mature intestinal epithelial cell types, the most abundant being the enterocyte. To
establish an experimental platform for mechanistic studies of cell extrusion process, we
developed a method to quantify the localization of the cell extrusion events. We imaged
mouse intestinal organoids expressing an H2B-mCherry nuclear marker over multiple days.
Using a neural network approach [143], we tracked single cells and identified hundreds
of extruding cells (Fig. 2.1a, b). We observed two distinct extrusion modes: one showed
fragmented nuclei prior to extrusion, indicative of extrusion driven by apoptosis; the other
showed extrusion with intact nuclei, indicating a live-cell process (Fig. 2.1c, d & Fig. 2.8a).
Apoptotic cell extrusion was the predominant form in the stem cell-containing crypt region,
where, under physiological in vivo conditions, cell extrusion is typically rare. However,
the vast majority (92%) of extrusions in the villus-like region were live-cell extrusions (Fig.
2.1e & Fig. 2.8b). Next, we tested if cell extrusion was determined by an intrinsic timer set
before the last division [115]. The lifetime of cells - defined as the period between the last
division and extrusion - showed major differences for apoptotic and live-cell extrusion.
The median lifetime of apoptotic cells was short (6 h) and similar between sister cells: cells
had an 82% chance of extruding in apoptotic manner if their sister also did so (Fig. 2.8c).
Thus, apoptotic cell extrusion appears to result from fatal errors in the mother’s cell cycle
or during mitosis [157]. The lifetimes of cells undergoing live-cell extrusion were broadly
distributed, with a median of 27 hours (Fig. 2.1f & Fig. 2.8d, e). The lifetime of one sister
cell undergoing live-cell extrusion poorly predicted the lifetime of the second sister (Fig.
2.8f). Conclusively, live cell extrusion is not controlled by a timer set prior to the cell’s birth.

To test whether tissue crowding triggers live-cell extrusion in the intestinal epithelium,
we analyzed the positions of extrusion events and the local cell density by tracking nuclei.
Nuclei of neighbors of extruding cells initially moved away from the extruding cell and
returned directly after extrusion so that the local cell density recovered to pre-extrusion
levels within approximately 45 minutes (Fig. 2.8g, h). Furthermore, cell extrusion events
were spatially and temporally correlated; cells tended to extrude close to each other and
shortly after a nearby cell had extruded, typically when cells from different crypts came
into contact (Fig. 2.8i-1). Notably, extrusions were not concentrated in regions of high
cell density. Instead, cells showed a tendency to extrude from areas of average - or low -
cell density within the villus-like domain (Fig. 2.1g, h). Thus, cell extrusion in intestinal
organoids is not primarily driven by tissue crowding.
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Figure 2.1: Intestinal live-cell extrusion occurs predominantly from regions under tension. (a) Live
imaging and single-cell tracking of nuclear-labeled intestinal organoids. (b) Time-colored tracks overlaid on a
tracked organoid. (c, d) Cross-section (c) and top-view (d) of a live-cell extrusion, defined by the presence of an
unfragmented nucleus at its final timepoint in the epithelium. Arrow heads indicate the extruding cell. Scale bars:
10 pm. (e) Proportions of apoptotic and live-cell extrusions in villus and crypt. (f) Lifetime distribution of 217
apoptotically and 114 live extruding cells.
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Figure 2.1: (continued) (g) Cell density around 142 extruding cells (green) and non-extruding cells from N = 5
organoids (Mann-Whitney U test on individual densities). Cell density was defined as the reciprocal of the average
distance to the six nearest neighbors. Binning is for visualization only. (h) Average cell density of extruding and
non-extruding per organoid (N = 5 organoids; two-sided one-sample Student’s t-test). (i-k) Whole-mount stain
of mouse intestinal villi. (i) Overview showing F-actin (phalloidin, magenta), active Myosin-II (pMyo, green)
and nuclei (DAPI, blue). Scale bar: 100 um. (j) Cross-section of an intestinal villus stained for pMyo (green) and
nuclei (magenta). Dashed line marks the basal surface. (k) Zoom of villus tip in (j). () Basal Myosin-II profile
along the villus (mean + SD; N = 6 villi). (j, k) Scale bar: 25 pm. (m) Schematic: line cut reveals tension by recoil,
compression by condensation. (n) Dissected mouse intestine stained with membrane marker (CellMask-Orange).
Top: overview of villi. Bottom left: villus cross-section with magenta line marking the basal plane, shown in the
bottom right. Line ablation was performed at this basal section. Scale bars: 50 pm (top), 10 pm (bottom). (o) Line
ablation (dashed line) at the villus tip (top) and shaft (bottom). Magenta shows the basal surface before, green
after ablation. Scale bars: 10 pm. (p) Orthogonal recoil after basal line ablation at the villus tip (left) and shaft
(right). Bold lines: mean; shaded areas: S.E.M. (q, r) Maximum recoil (q) and initial velocity (r) after basal ablation
at villus tip and shaft (two-sided Student’s t-test). (p-r) Data from 12 villus tips, 7 villus shafts (N = 3 mice).

These findings prompted us to investigate whether alternative mechanisms involving
mechanical forces underlie cell extrusion. We examined the actomyosin network along
the intestinal villus by staining whole-mount mouse intestines for active (phosphorylated)
Myosin-II, the primary force-generating motor protein. We observed a pronounced accu-
mulation of Myosin-II at the basal surface of villus cells, which increased from the base to
the tip (Fig. 2.1i-1 & Fig. 2.9a-d). This Myosin-II accumulation suggested the generation of
tensile forces, prompting us to question whether compression forces prevail at the villus tip.

To test if the intestinal epithelium at the villus tip was under tension or compression in vivo,
we dissected small intestines from wild-type mice and immediately afterwards applied
line-shaped laser ablations at different regions of the villus: If the tissue were under tension,
one would expect an outward retraction orthogonal to the cut line, whereas a compressed
tissue would shrink or remain static (Fig. 2.1m). In one set of experiments, we ablated the
basal surface of a lateral group of 6-10 adjacent cells using a line cut spanning ~60 um
(Fig. 2.9e, f) - sizeable enough to integrate the response of multiple cells, yet within the
geometric constraints imposed by the villus curvature [28]. These cuts were performed
both at the villus shaft and at the villus tip region. Upon ablation at the basal surface, we
observed a rapid outward tissue recoil orthogonal to the ablation line in both regions (Fig.
2.1n-p, Fig. 2.9f) with a similar maximum recoil and initial recoil velocity of approximately
1.4 pm/s (Fig. 2.1q, r). In another setup, we ablated entire single cells along their apical-basal
axis at the villus tip, rather than cutting only their basal surface. Here too, neighboring
cells consistently retracted away from the ablated cell (Fig. 2.9g-j). Thus, the mouse villus
tip, the main region of cell extrusion, is under tension rather than compression.

A HIGHLY DYNAMIC ACTOMYOSIN NETWORK UNDERLIES BASAL TISSUE
TENSION.

Given the above findings and the known cytoskeletal remodeling required for cell extrusion,
we hypothesized that local tensile tissue forces could play a role in its regulation. We
generated intestinal organoid reporter lines for Myosin-II by integrating a fluorescent tag
(mNeonGreen) in the endogenous locus of different subunits of the Myosin-II multiprotein
complex (Fig. 2.2a, b & Fig. 2.10a-d). The reporter targeting myosin regulatory light
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chain (Myl12a) co-localized strongly with antibodies for active (phosphorylated) Myosin-II
(Fig. 2.10e, f). It was also enriched at sites of actomyosin contraction, for example at the
cytokinetic furrow during cell division (Fig. 2.10g). During cell extrusion, Myosin-II rapidly
increased at the cell base and redistributed in a zipper-like pattern along the lateral surface
towards the apex, before the cell was expelled apically into the organoid lumen (Fig. 2.2c,
Fig. 2.10h). This suggests that Myosin-II-mediated contraction exerts the force necessary
to extrude a cell into the lumen.
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Figure 2.2: A basal actomyosin network connects intestinal epithelial cells. (a) Generation of fluorescent
reporter organoid line for Myosin-II activity. The endogenous myosin regulatory light chain gene Myl12a was
tagged with a fluorescent fusion protein (mNeonGreen). (b) Myosin-II-mNeonGreen reporter organoid showing
Myosin-II enrichment at the basal surface in the villus-like domain. (c) Time-lapse of an extruding cell in an
organoid co-expressing Myosin-II-tdTomato (green) and H2B-GFP (blue). Dashed line marks the cell just before
extrusion. Scale bar: 20 pm; imaged using light-sheet microscopy. (d) Schematic of cells in the villus region of
intestinal organoids and in vivo villus tips (light blue). The apical surface facing the lumen features actin-rich
microvilli and a cortical cytoskeleton lining the plasma membrane. (e, f) The basal actomyosin network (green)
connects cells through junctions. (e) Super-resolution STED microscopy images of the apical (top row) and basal
(bottom row) actomyosin network stained for F-actin (phalloidin, magenta, middle), in an organoid expressing
Myosin-II-mNeonGreen (green, left). The right images show a zoom-in of a single cell with superimposed actin
and myosin signals. Scale bars: 10 pm (left); 5 pm (zoom-ins). (f) High-resolution confocal images of cells of
the mouse intestinal villus tip with top views of the apical (top), medial (middle) and basal (bottom) section and
cross-sections of the entire cell (right) stained for F-actin (phalloidin, magenta), phosphorylated myosin (green)
and nuclei (DAPI, blue). Scale bars: 5 pm. Dashed lines in (e, f) indicate the cell boundaries.
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The Myosin-II intensity profile along the organoid’s crypt-villus axis showed a strong apical
signal in the crypt region, diminishing towards the villus domain [208, 287] (Fig. 2.10i,
j). Conversely, basal Myosin-II exhibited its highest intensity in the villus region, both in
organoids and in tissue (Fig. 2.11 & Fig. 2.10i, j). Stimulated emission depletion (STED) super-
resolution microscopy identified two distinct Myosin-II localization patterns: a junctional
pool, which lined the cell boundaries and predominated the apical surface; and a medial
pool where Myosin-II coalesced in the cell center and extended radially to cell-cell junc-
tions, predominantly found at the basal cell surface in the villus domain (Fig. 2.2d, e). The
overlap of medial and junctional Myosin-II at the basal surface creates an interconnected
actomyosin network, similar to those facilitating coordinated cell movements in other
epithelial tissues [18, 211]. We confirmed that this organization was also prevalent in vivo
throughout the intestinal villi, both in the shaft region and at the villus tip (Fig. 2.2f & Fig.
2.10k). The prominent basal enrichment of both medial and junctional Myosin-II suggests
anetwork capable of generating tissue tension through coordinated contractions [173, 253].

To reconstruct the force-transmission between cells in an in vivo-like fashion, we grew
Myosin-II reporter organoids on 3D hydrogel substrates that closely mimic the tissue
architecture of the intestine (Fig. 2.3a & Fig. 2.101) [86]. Live-cell imaging of the synthetic
villus tip showed dynamic basal myosin-II remodeling, revealing a pulsatile reorganization
of the actomyosin network on the basal surface of the intestinal epithelium (Fig. 2.3b-f,
Fig. 2.11a-e). With our earlier data, this suggested that while the tissue is permanently
under tension, individual cells’ contractility dynamically changes. This is reflected in
transient Myosin-II accumulation that was accompanied by a concomitant decrease of
basal cell area presumably owing to the Myosin-II-mediated pulling forces (Fig. 2.3c-f
& Fig. 2.11a-e). Conversely, basal expansion was accompanied by decreasing Myosin-II
levels, and Myosin-II minima coincided with an increase of basal area. (Fig. 2.3c-f &
Fig. 2.11a-e). Pulsatile actomyosin networks have been described in other epithelia to
coordinate cellular rearrangements such as the inward folding of a tissue [173, 253] or
delamination of individual cells [4]. These dynamics allow cells to continuously interact
with their neighbors, probe the environment, and enable tissue-level coordination [40, 253].
Such tissue-level coordination was evident in the inverse relationship between the cell
areas of neighboring cells: when a central cell constricted, its neighbors expanded (Fig.
2.11f, h). Thus, cells in the villus region dynamically regulate Myosin-II, driving pulsatile
basal area changes. Through mechanical coupling via cell junctions, Myosin-II-generated
forces appear to propagate to adjacent cells, orchestrating a tissue-wide tug-of-war.
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Figure 2.3: Intestinal epithelial cells use their basal cytoskeleton to exert highly dynamic pulling
forces on their neighbors. (a) Experimental setup to analyze basal cell dynamics at the villus domain using
crypt-villus substrates mimicking the in vivo tissue architecture. (b, ¢c) The myosin reporter line co-expressing
a membrane-bound mCherry fluorescent marker was grown on crypt-villus substrates and the tip region was
imaged using confocal microscopy. Segmented membranes (magenta) were overlayed with the myosin signal
(green). (b) Synthetic villus tip. Scale bar: 50 pm. (c) Time-lapse showing the accumulation and dissipation of
Myosin-II in cells causing basal cell area pulsations. Scale bar: 5 pm. (d) Mean Myosin-II signal (green, left axis)
and corresponding basal cell area (magenta, right axis) of three cells indicated in panel (c). Gray vertical lines
indicate the respective timepoints of the micrographs in panel (c). (e) Time-aligned mean traces of Myosin-II
peaks (top) reveals a concurrent decrease in basal cell area (bottom). Solid lines indicate mean fold change and
shaded area the S.E.M. (f) Schematic illustrating the observed anticorrelation between basal Myosin-II and basal
area.

CELL EXTRUSION IS REGULATED BY A CELL’S ABILITY TO EXERT TISSUE
TENSION

To determine whether tissue tension generated by basal actomyosin contractions has a
role in regulating cell extrusion, we established an optogenetic method to control Myosin-
II-mediated contractility, and thereby tissue tension, in intestinal organoids. We integrated
a doxycycline-inducible optogenetic system called opto-Arhgef11 [263] into intestinal
organoids. Opto-Arhgef11 is based on the light-dependent heterodimerization of the pho-
tosensor CRY?2, fused to the small RhoGTPase Arhgef11, and its interaction partner CIBN,
which is anchored at the plasma membrane (Fig. 2.4a). Arhgef11-CRY2 remained cytoplas-
mic and inactive in the dark, but rapidly translocated to the plasma membrane upon blue
light excitation (Fig. 2.4b). On the membrane it initiated the endogenous Rho signaling
cascade, which triggers Myosin-II-induced cell contractility and increases tissue tension.
Indeed, local photoactivation caused a focused contraction of the organoid, which relaxed
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again owing to the dissociation of CRY2-CIBN in the absence of blue light (Fig. 2.4c).
Staining uniformly photoactivated opto-Arhgef11 organoids for phosphorylated Myosin-II
revealed a ~1.7-fold overall increase in active Myosin-II levels, with minimal impact on its
subcellular distribution (Fig. 2.12a-c).

To test the impact of Myosin-II activity on cell extrusion systematically, we grew opto-
Arhgef11 organoid cells on synthetic 3D hydrogel substrates and measured the rate of
extrusion at the villus tip (Fig. 2.4d & Fig. 2.11c). Continuous global photoactivation led
to increased tissue tension compared to non-activated villi (Fig. 2.12d-f) and resulted in
a 5-fold increase in the average extrusion rate (Fig. 2.4e & Fig. 2.12g-j). The increase
of extrusion rates upon photoactivation was dependent on the addition of doxycycline,
confirming that it was not caused by phototoxicity (Fig. 2.12g). The extrusion rate increased
readily upon photoactivation, directly following the overall increase of tissue tension. This
suggested a link between the tension exerted by cells on their neighbors and extrusion. To
test the effect of contractility differences between neighboring cells, we photoactivated one
half of the optogenetic villus tip, creating an artificial boundary between Myosin-induced
and non-induced cells (Fig. 2.4f, g). Cell extrusion was increased locally along the boundary
of photoactivation (Fig. 2.4h-k). Cells most frequently extruded in the non-activated area
facing the boundary with the photoactivated area, while cells adjacent to the boundary
in the photoactivated region extruded less frequently in comparison (Fig. 2.4j). Extrusion
events were evenly distributed along the photoactivation boundary, indicating that the
effect was specific to the illumination pattern (Fig. 2.4k). Thus, individual cells with lower
contractile capabilities compared to the surrounding tissue appear to be more prone to
extrusion.
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Figure 2.4: Differences in intercellular tension influence cell extrusion at the villus tip. (a) Schematic
of the Arhgef11-CRY2 optogenetic system. Doxycycline (Dox) induces Arhgef11-CRY2 expression via rtTA
(TetON). Blue light triggers its dimerization with membrane-bound CIBN, causing Arhgef11 translocation to the
membrane, activation of Rho signaling, and increased myosin-driven contractility. (b) Arhgef11-CRY2-mCherry
was recruited to the membrane upon photoactivation with 488 nm light. Scale bar: 10 um. (c) A group of cells in
an opto-Arhgef11 organoid was photoactivated with 488 nm light, inducing contraction. Membrane-anchored
CIBN-GFP visible in the photoactivated region (blue). Scale bar: 50 um. (d) Setup to assess acute, global myosin
activation: opto-Arhgef11 organoids on crypt-villus substrates were photoactivated at the tip (488 nm). Extrusion
was tracked via H2B-iRFP. (e) Cell extrusion rates over time in non-photoactivated (gray) and photoactivated
(blue) synthetic villi. Villi were imaged with 640 nm before 488 nm photoactivation (vertical line), which triggered
up to a 5-fold increase. Rates are shown as fold change (FC) relative to dark control (mean + standard deviation; 19
dark, 13 photoactivated villi). (f-k) Patterned activation of myosin-mediated tension: one half of synthetic villus
tips was photoactivated (PA, blue) to create an artificial boundary between myosin-activated and non-activated
cells (N = 24 villi). (f) Schematic illustrating the setup. (g) Confocal image of a villus tip with cells co-expressing
opto-Arhgef11 (CIBN-GFP, cyan) and H2B-iRFP (magenta). Asterisks mark extrusion events detected within 45
min. (h, i) Heatmap showing the location of extrusion events detected within 2.5 h in 24 villi (h) and total cell
density (i). The dashed lines indicate the boundary of the photoactivated region (left). (j, k) Density of extrusion
events averaged along the x-axis, with photoactivation creating a boundary between photoactivated (left, x <
0) and non-activated (right, x > 0) regions (j), and along the y-dimension (k). Cells near the pattern boundary
extruded less in the photoactivated region and more in the adjacent non-activated region.
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To test this hypothesis, we generated mosaic organoids containing varying ratios of wild-
type (WT) cells (tagged with H2B-iRFP or H2B-mCherry nuclear markers) and opto-
Arhgef11 organoid cells (Fig. 2.5a). Upon photoactivation, WT cells were significantly
overrepresented among extruded cells, particularly in mosaics where WT cells were present
as a minority. To quantify this effect, we compared the fraction of WT cells in the extruded
population to their overall presence in the organoid, referred to as extrusion enrichment.
In organoids where WT cells represented the majority, their extrusion occurred approxi-
mately at a rate proportional to their abundance (Fig. 2.5b). However, as the proportion
of opto-Arhgef11 cells increased, WT cells were extruded at a disproportionately higher
rate resulting in a 4-fold extrusion enrichment (Fig. 2.5b). This imbalance was not ob-
served in control organoids that were not induced with doxycycline or not exposed to
blue light - in these cases WT cell extrusion rates remained proportional to their overall
presence in the organoid (Fig. 2.5c). When examining mosaic organoids with a WT cell
majority (> 50%), the probability of WT cell extrusion increased with their local proximity
to opto-Arhgef11 cells (Fig. 2.5d). Thus, when optogenetic cells form the majority, the
increased tissue-level tension enhances mechanical competition and drives the preferential
extrusion of less contractile WT cells. This effect is further reinforced at the local level, be-
cause WT cells are more likely to extrude when close to highly contractile optogenetic cells.

To further substantiate these findings, we created a Myh9 heterozygous knockout (Myh9t/~)
organoid line, which has genetically impaired Myosin heavy chain function [167, 176, 238,
287, 290] (Fig. 2.5¢ & Fig. 2.12k, ). When Myh9*/~ were combined with wild-type cells in
3D mosaic organoids, WT cells were consistently underrepresented among extruded cells,
while Myh9*/~ cells were overrepresented (Fig. 2.5f-i). The observation that Myh9ot/~
extrusion enrichment progressively increased with higher WT cell content argued that
higher organoid-level tension promotes the preferential removal of less contractile cells
(Fig. 2.5i). Indeed, when two Myh9*/~ populations labeled with different nuclear markers
(H2B-mCherry and H2B-GFP) were combined - hence eliminating contractility differences
- no extrusion bias was observed (Fig. 2.5j, k). Thus, cells appear to assess their neighbors’
ability to generate tension continuously, resembling a tug-of-war competition for extrusion
of weaker cells.
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Figure 2.5: Contractility differences drive competitive extrusion of Myosin-II-compromised cells in
mosaic organoids. (a) Schematic of the setup: wild-type (green) and opto-Arhgef11 (purple) cells were mixed in
mosaic organoids. Photoactivation increased contractility of optogenetic cells. Extrusion enrichment was defined
as the ratio of a cell type’s fraction in extruded cells to its fraction in the organoid. (b, ¢) Wild-type extrusion
enrichment in mosaic organoids with varying wild-type fractions. Each dot: one organoid; solid line: exponential
fit with 95% CI (shaded). Y-axis: log scale. Sample sizes: 31 (b), 22 (c) organoids. (b) Wild-type cells tagged
with H2B-iRFP (light blue) or H2B-mCherry (dark blue) showed increased extrusion enrichment when in the
minority. (c) Control conditions without doxycycline induction (no Dox) or without photoactivation (Dark) show
no significant extrusion enrichment. (d) Wild-type cell extrusion probability increases near opto-Arhgef11 cells.
Solid line: mean; shaded area: S.E.M. (82 extrusions from N = 6 organoids). (¢) CRISPR-Cas9 strategy to generate
a heterozygous loss-of-function mutant organoid line for Myh9, encoding non-muscle myosin heavy chain IIA.
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Figure 2.5: (continued) (f) Myh9+/ ~ cells (H2B-mCherry) and wild-type cells (H2B-iRFP) were mixed as single
cells to form mosaic organoids. (g) Light-sheet image of a mosaic organoid showing wild-type (green) and
Myh9+/ ~ (magenta) nuclei. Scale bar: 50 pm. (h, i) Extrusion enrichment of wild-type (h) and Myh9+/ ~ (@)
cells. Wild-type cells are underrepresented, while Myh9*/~ cells are enriched among extruded cells, especially
when in the minority (27 organoids). Y-axes: log scale. (j) Control mosaic organoids with two differentially
labeled Myh9*/~ populations (H2B-mCherry and H2B-GFP) show no extrusion bias (16 organoids). (k) Violin
plot summarizing fold enrichment of Myh9*/~ and wild-type cells in extruded populations, grouped by whether
the genotype was in the minority (<50%) or majority (>50%) in the mosaic organoid. Each dot: one organoid.
P-values: two-sided one-sample Student’s t-test. Dashed line: equal extrusion probability.

DISRUPTION OF THE BASAL CORTEX INTEGRITY CAUSES CELL EXTRU-
SION

To test this “tug-of-war” hypothesis at the cellular level, we used infrared (IR) laser mi-
crosurgery [218, 287] to destabilize the basal cell cortex of individual cells in the villus
region (Fig. 2.6a, b). Disrupting the basal cytoskeleton consistently led to the extrusion of
the targeted cell within one hour (Fig. 2.6¢c-g), whereas applying the same laser stimulus
directly to the nucleus had no such effect (Fig. 2.6e-g). In line with our finding that villus
cells are under tension, basally targeted cells expanded within 15 seconds of ablation,
indicating a rapid release of basal tension, while expansion was absent when ablation was
instead targeted to the nucleus (Fig. 2.6i). The magnitude of the basal area expansion
correlated with the probability of subsequent cell extrusion (Fig. 2.6j), but not with the
extrusion time (Fig. 2.6k). The reliable induction of cell extrusion following basal expansion
further supported the notion that a critical loss of tension-generating capacity owing to
cytoskeleton disruption is necessary to trigger extrusion.

Directly after basal microsurgery, basal Myosin-II levels accumulated at the lateral cell
boundaries accompanied by a contraction of the basal surface that brought together the
membranes of neighboring cells (Fig. 2.6], m). When Myosin-II activity was inhibited
pharmacologically with blebbistatin, the probability that cells extruded at all within one
hour decreased from 83% in control organoids to 51% in blebbistatin-treated organoids
(Fig. 2.6n), while the duration of the extrusion process after basal microsurgery increased
~2-fold (Fig. 2.60, p). Thus, Myosin-II activity is required for executing cell extrusion and
for the timely removal of mechanically weakened cells.

Next, we examined the cellular response when applying the laser stimulus to tension-
bearing bi- or tri-cellular basolateral junctions (Fig. 2.6q). This procedure reliably induced
the simultaneous extrusion of a duplet or triplet of cells, respectively, showing that the
mechanical destabilization of multicellular junctions led to the simultaneous extrusion
of the affected cells (Fig. 2.6r, Fig. 2.13a-f). Again, when we inhibited Myosin-II activity
with blebbistatin and destabilized the bases through microsurgery, only 51% of the cells
extruded within 1 hour, compared to 83% without inhibition (Fig. 2.13g-i). The stimulated
multi-cell extrusion was driven by the contraction of a common actomyosin accumulation
that enclosed all extruding cells (Fig. 2.13j). E-cadherin junctions in neighboring cells were
maintained (Fig. 2.13k) and the overall extrusion rate at the organoid level did not signifi-
cantly increase (Fig. 2.14a-c), indicating that the epithelial barrier and tissue integrity was
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maintained. Thus, the epithelium appears to eliminate groups of neighboring cells when
they become mechanically compromised and lose the ability to maintain junctional tension.

This prompted us to investigate whether extrusion is driven by cell-autonomous contraction
or the coordinated contraction of adjacent cells. We generated mosaic organoids composed
of Myosin-II reporter cells and cells expressing only a nuclear marker and analyzed re-
porter cells surrounded by non-labelled neighbors (Fig. 2.6s), as well as non-labelled cells
surrounded by reporter neighbors (Fig. 2.6t). Myosin-II levels increased drastically in spon-
taneously (i.e. non-ablated) extruding cells, but also in the cell neighbors (Fig. 2.6u). Thus,
the extruding cell appears to trigger an endogenous response to drive its own extrusion
through Myosin-II upregulation supported by the coordinated Myosin-II upregulation in
adjacent cells. Together these processes reflect a coordinated tissue behavior to achieve
proper contraction, extrusion, and maintenance of epithelial integrity. Thus, intestinal cell
extrusion is a coordinated tissue behavior.

EPCAM LOSS DISTORTS TISSUE TENSION AND EPITHELIAL HOMEOSTASIS

IN TUFTING ENTEROPATHY

Dysregulation of contractility-based tissue coordination can profoundly impact tissue
homeostasis. For example, congenital tufting enteropathy (CTE) is a rare genetic disorder
characterized by severe, intractable diarrhea in infants, often leading to intestinal failure. It
is caused by mutations in Epcam [188, 243], which encodes a negative regulator of Myosin-
II: its loss leads to Myosin-II hyperactivation [165, 203]. The disease phenotype includes
impaired intestinal barrier function, epithelial defects, and disrupted tissue organization,
such as villous atrophy, crypt hyperplasia, and focal epithelial tufts (Fig. 2.7a) [55]. These
tufts are distinct histological features characterized by the disorganization and crowding
of surface enterocytes into tuft-like structures.

To investigate the potential role of our proposed extrusion regulation mechanism in CTE,
we introduced Epcam loss-of-function mutations in intestinal organoids using CRISPR/Cas9,
generating three independent Epcam™/~ lines (Fig. 2.7b, ¢ & Fig. 2.15a). Mutant organoids
displayed distorted morphology: the well-structured morphology of wild-type organoids,
characterized by distinct budding protrusions and a cystic center, was largely lost in
Epcam™/~ organoids (Fig. 2.7c, d & Fig. 2.15b, c). Time-lapse imaging of Epcam™/~
organoids growing from small cystic organoids over several days revealed repeated cycles
of inflation and deflation. Compared to wild-type organoids, Epcam™/~ organoids exhibited
delayed budding, initiating bud formation after three rather than two days. Additionally,
they grew into noticeably larger structures than WT organoids (Fig. 2.15¢). Using qPCR and
immunofluorescence, we confirmed that Epcam ™/~ organoids differentiated into all major
intestinal lineages but exhibited some marked differences (Fig. 2.15d, e): Consistent with
CTE’s crypt hyperplasia, Epcam ™/~ organoids showed increased expression of markers for
stem cells and immature enterocytes, and a reduction in markers of mature cell types in
comparison to WT organoids (Fig. 2.15d, e). These findings align with reports of delayed
differentiation and persistent differentiation defects in CTE [53, 54].
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Figure 2.6: Release of tissue tension triggers cell extrusion. (a-d) Point ablation of a single cell’s basal
surface. (b) Brightfield with H2B-mCherry (magenta); (c, d) Confocal top view (c) and cross-section (d) after basal
ablation. Arrowhead indicates targeted cell; dashed circles indicate neighbors. AZ: vertical shift of the extruding
cell relative to neighbor Z-levels. Scale bars: 10 pm. (e, f) Schematic (e) and confocal images (f) of point ablation
in the nucleus. Timestamps in c, d, f indicate time since ablation. Asterisk indicates location of the stimulus.
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Figure 2.6: (continued) (g) Basal ablation triggered extrusion, unlike nuclear stimulation (Data from 81 basal and
94 nuclear stimulations; p < 10723, Fisher’s exact test). (h) Point ablation causes cell base expansion. (magenta:
before, green: after). (i) Cell area expanded after basal but not nuclear ablation (Student’s t-test; Data from 27
basal and 18 nuclear stimulations). (j) Basal expansion predicted extrusion (Mann-Whitney U test; 21 extrusions,
6 non-extrusions). (k) Basal expansion after ablation did not correlate with extrusion time (Pearson r: 0.14). (1)
Confocal images of Myosin-II (green) dynamics after basal point ablation. Asterisk indicates the location of
the stimulus; arrowhead indicates the extruding cell. (m) Response to acute basal tension loss by laser-induced
cytoskeletal ablation. (n) Blebbistatin reduced extrusion probability within 1 h after basal ablation (Fisher’s exact
test; 81 control, 49 blebbistatin-treated organoids). (o) Vertical shift (AZ) over time (mean + S.E.M. of stimulated
cells). (p) Extrusion time (Mann-Whitney U test; 22 extrusions per condition in o, p). (q) Multicellular junction
ablation. Arrowheads: ablation site. (f, h, 1, q) Scale bar: 5 um. (r) Ablation of multicellular junctions triggered
extrusion of nearby cells (within 9 um; N = 34 organoids). (s, t) Mosaic organoids with Myosin-II reporter (green)
and H2B-iRFP-only cells (magenta). Time relative to spontaneous extrusion. Scale bars: 10 pm. (s) Extruding
myosin reporter cell autonomous upregulation of myosin. (t) Non-reporter cell extrusion induced myosin in
neighbors. (u) Myosin-II levels over time in extruding cells (green) and their neighbors (magenta), aligned to
extrusion. Data from 10 extruding and 15 adjacent cells.

The reduced presence of mature cell types could be attributed to increased cellular turnover.
To investigate this, we measured cell extrusion rates using a transwell assay and flow cytom-
etry. Epcam™/~ organoids exhibited a ~1.5-fold increase in extrusion rate compared to WT
(Fig. 2.7f) and immunostaining for phospho-Myosin-II confirmed myosin hyperactivation
(Fig. 2.7g & Fig. 2.15f, g). Our findings that excessive contractility and elevated tissue-level
tension accelerated cell extrusion (Fig. 2.4d, e) suggested that Epcam loss may contribute to
epithelial dysregulation by increasing mechanical tension, which could promote premature
cell removal and thereby manifest the disease phenotype.

To examine the effects of contractility differences in this disease-relevant context, we
generated mosaic organoids containing WT and Epcam™/~ cells and analyzed cell extrusion.
Live imaging and quantification of extrusion enrichment revealed that hypercontractile
Epcam™/~ cells extruded less frequently, while WT cells were overrepresented among
extruded cells. This effect became stronger with increasing abundance of Epcam ™/~ cells
(Fig. 2.7h, i). This mirrored our earlier finding with WT and opto-Arhgef11 cells, where
the less contractile minority population was preferentially extruded (Fig. 2.5b). Combining
two WT lines with different nuclear markers did not show such biased extrusion (Fig.
2.7j), confirming that contractility differences rather than genetic labels drive extrusion.
To determine whether Myosin-II hyperactivation directly drives competitive extrusion,
we inhibited Rho signaling pharmacologically using Y16 (Rho-GEF inhibitor) and Y-27632
(ROCK inhibitor) in mosaic Epcam™/~/WT organoids with a majority Epcam™/~ cells. Both
inhibitors significantly reduced WT extrusion enrichment, demonstrating that suppressing
Myosin-II activity alleviates the extrusion bias against WT cells (Fig. 2.7k). Thus, tension
heterogeneity within the epithelium drives cell extrusion and differences in Myosin-II-
mediated contractility create mechanical competition that determines which cells are
extruded. This process, when dysregulated, may contribute to epithelial pathologies such
as congenital tufting enteropathy.
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Figure 2.7: Hyperactivation of Myosin-II in Epcam™/~ cells disrupts epithelial homeostasis and drives
competitive cell extrusion. (a) Hallmarks of congenital tufting enteropathy (CTE), a disease caused by loss-
of-function mutations in Epcam. (b) Schematic of Epcam function and its role in Myosin-II inhibition. Right:
CRISPR/Cas9 strategy to generate Epcam™/~ organoids (guide sites shown). Epcam loss leads to Myosin-II
hyperactivation. (c, d) Immunofluorescence staining (Epcam (magenta) and DAPI (blue)) and brightfield images
of wild-type and Epcam™/~ mutant organoids. Scale bars: 50 um (c) and 100 pm (d). (e) Brightfield images
showing growth and morphological changes of wild-type (bottom) and Epcam™/~ (top) organoids over time. Scale
bar: 100 pum. (f) Quantification of cell extrusion rates using a transwell assay and flow cytometry; Epcam ™/~
organoids (red) show a significantly higher extrusion rate compared to wild-type (green). Solid line shows mean
and semi-transparent region the S.E.M. Data: 5 WT, 12 Epcam™/~ (5 of g1 and g2; and 2 of g3) transwells. (g)
Immunofluorescence for Epcam (magenta) in a mosaic organoid with H2B-iRFP-labeled Epcam cells (also magenta)
and H2B-mCherry-labeled wild-type cells (green). Scale bar: 50 pm.
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Figure 2.7: (continued) (h, i) Extrusion enrichment in mosaic organoids composed of H2B-iRFP-labeled Epcam™/~
cells and H2B-mCherry-labeled wild-type cells. Extrusion enrichment of wild-type (h) or Epcam ™/~ (i) cells is
shown at varying fractions of the respective cell population in the mosaic organoid. Wild-type cells become
increasingly enriched among extruded cells as the proportion of Epcam ™/~ neighbors rises, while Epcam™/~ cells
are underrepresented (27 organoids). (j) Extrusion enrichment in control mosaics with wild-type cells labeled by
different nuclear markers showed no bias. (h-j) Each dot: one organoid; exponential fit + 95% CI (shaded). Y-axis:
log scale. (k) Pharmacological inhibition of Rho signaling upstream of Myosin-II activity with Y16 or Y-27632
(scheme on left) reduces extrusion enrichment of WT cells in WT/Epcam_/ ~ mosaics. Data from 7 DMSO-treated,
9 Y16-treated and 7 Y27632-treated organoids; two-sided Student’s t-test.

2.3 D1SCUSSION

The self-renewal of the intestinal epithelium is commonly described using the analogy of a
conveyor belt: cells are continuously produced in intestinal crypts, move into the villus
domain as they differentiate, and finally extrude into the lumen from the villus tip. In line
with this model, it has been suggested that cells extrude in response to tissue crowding as
they ultimately accumulate at the villus tip, where owing to the limited space, the tissue is
compressed [111, 209]. Our findings challenge this model: instead of tissue compression, we
find that the basal surface of intestinal villi, including the tip region, is under tension. This
tension is mediated by Myosin-II pulsations in the basal cytoskeleton, and cell extrusion
rates are directly coupled to this tissue-level tension. Laser ablation of the cell base, causing
local weakening, or genetic impairment of contractility both induce extrusion, suggesting
that cells unable to sustain tension are eliminated. In contrast, (opto-)genetic activation of
Myosin-II increases tissue-wide tension and amplifies the mechanical competition between
cells, promoting the preferential extrusion of weaker cells (Fig. 2.16). These complementary
approaches reveal a shared principle: A cell extrudes when it can no longer sustain or
reciprocate the tension exerted by neighboring cells - whether due to a local impairment
of contractility or increased tension exerted by its neighbors.

In the intestine, an interconnected basal actomyosin network facilitates the transmission
of physical forces throughout the villus epithelium, coordinating tissue-level behaviors
such as cell extrusion, as shown here, but potentially also cell migration [149] and pro-
liferation [10, 181]. Indeed, a cell’s extrusion triggers cell contractility in its neighbors
and impacts tissue-level tension. We propose a revision of the roles of cell extrusion and
proliferation in tissue homeostasis. Cells at the villus tip are not pushed into crowding
and compression but instead pull on their neighbors driving a mechanical competition,
leading to the preferential extrusion of less contractile (“weak”) cells. Hence, the intesti-
nal epithelium acts as a self-renewing network of cells that autonomously replaces its
weakest links. Indeed, cell extrusion thus not only serves to maintain cell number home-
ostasis, but also serves to maintain “mechanical homeostasis” - the need to maintain and
restore the optimal mechanical tissue state. Mechanochemical signaling dynamics driven
by Myosin-II-mediated tissue tension thus complements biochemical signaling gradients
in the organization and maintenance of intestinal homeostasis. This tissue-level tension
caused by the extrusion of weak cells could, in turn, promote cell proliferation and thus
proliferation may respond to extrusion to maintain cell number homeostasis, rather than
driving extrusion. This would invert the conventional view of cause and effect in intestinal
homeostasis. Indeed, increased tissue tension in intestinal organoids [10, 181], MDCK
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monolayers [91], mouse colon [76] or the pig intestine [249] can stimulate cell proliferation.

While the role of tensile basal actomyosin has been recognized in morphogenesis [182, 215,
252], we show its importance for intestinal barrier maintenance during tissue homeostasis.
This has implications for pathologies in which the epithelial barrier function is impaired,
beyond the tufting enteropathy studied here. For example, mutations in cytoskeletal compo-
nents such as Myosin IIA heavy chain [194], RAC1 [174], Myosin IXB [264], Keratin 8 [12]
and cytoskeletal crosslinking protein ACF7 [164] are associated with increased epithelial
permeability and are implicated in diseases characterized by excessive cell extrusion such
as inflammatory bowel disease (Crohn’s disease and Ulcerative Colitis). On the other hand,
cancerous epithelial cells evade homeostatic cell extrusion and initiate primary tumors by
distorting extrusion mechanisms and extruding through the basal rather than the apical
surface [172, 246]. Mutation of RAS oncogenes - prime drivers of small intestinal adenocar-
cinomas [97] - interfere with Myosin-II activity and alter tissue mechanics (see ref. [200] for
review). Based on our findings, we propose tissue tension as a potential therapeutic target
that could be influenced through pharmacological modulation [33] to alleviate excessive
shedding in the context of inflammatory bowel disease (IBD) or to accelerate the extrusion
of cells that threaten intestinal integrity, e.g. during pathogen infections [74, 132, 189].

2.4 MATERIALS & METHODS

ORGANOID CULTURE

Organoids were grown in basement membrane extract (BME; Biotechne R&D Systems; cat.
#3533-010-02) and ENR growth medium. ENR growth medium was prepared with murine
recombinant Noggin (100 ng/mL; ThermoFisher, cat. #250-38-100UG) and human recombi-
nant R-spondin 1 (500 ng/mL; ThermoFisher, cat. #120-38-5UG), 1 mM n-acetylcysteine
(Merck, cat. #A9165-5G), 50 ng/mL epidermal growth factor (EGF; ThermoFisher cat. #315-
09-500UG), N2 and B27 supplement (1x; ThermoFisher, cat. #17502048 and #17504044, re-
spectively), Glutamax (2 mM; ThermoFisher cat. #35050061), HEPES (10 mM; ThermoFisher,
cat. #15630080), 100 U/mL Penicillin, 100 pg/mL Streptomycin (Penicillin-Streptomycin,
Gibco Thermo Fisher Scientific, cat. #11548876) in Advanced DMEM/F12 (ThermoFisher,
cat. #12634010). Passaging was done once and the medium change two times per week
on non-consecutive days. During passaging, BME was dissolved in cold base medium (2
mM Glutamax, 10 mM HEPES in Advanced DMEM/F12) and organoids were mechanically
disrupted, before embedding in new BME and plating onto a culturing plate. BME was left
to solidify for 20-30 minutes before new growth medium was added. For expansion and
outgrowth of single cells, organoids were cultured in Wnt-conditioned medium (ENR, 10
mM Nicotinamide (Sigma-Aldrich, cat. #98-92-0), home-made Wnt3A conditioned medium
50% (v/v) [210]). Organoids expressing the optogenetic module were kept in the dark in an
aluminum vessel. To inspect optogenetic organoids, culture plates and dishes were placed
in containers wrapped in Deep Amber lighting filter foil (Cabledelight) to filter blue light.

CLONING
Gibson Assembly (NEBuilder HiFi DNA Assembly, NEB, cat. # E2621) was used for the
cloning of all constructs. Transgenic constructs were cloned into p2T vectors that flank
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the inserts with 3’ and 5’ tol2 sequences. These transposable elements mediate the mT2TP
transposase-dependent random integration of the expression constructs into the cell
genome. For p2T-CIBN-GFP-PuroR, a new p2T vector was assembled by combining frag-
ments containing an empty p2T backbone, the CAG promoter, CIBN-GFP (from ref. [119])
and IRES-PuroR. To express Arhgef11-CRY2 under Dox-inducible promoter, in a p2T back-
bone, the Tet-ON 3G transcription factor driven by a CMV promoter (from ref. [24]) was
combined with a P2T-T2T tandem and a HygromycinR. In opposite direction, a TRE3GS pro-
moter (from ref. [24]) was cloned to drive the PHR-CRY2 domain fused to Arhgef11 (from
Addgene plasmid #89481) and followed by a SV40 polyA tail. A second construct containing
Argef11-mCherry-CRY2 was generated based on the p2T-TetON-Hygro-Arhgef11-CRY2
construct. For H2B-iRFP-BlastR and H2B-mCherry-BlastR nuclear markers, the p2T-CIBN-
GFP-PuroR construct was cut with XhoI and BsrGI (both New England Biolabs, cat. #R0146S,
#R3575S) and fragments containing H2B, iRFP670 or mCherry and IRES-BlasticidinR were
combined. H2B-GFP-HygroR was assembled to contain the p2T backbone, a CMV promoter
driving H2B-mEGFP and a SV40 promoter driving a HygromycinR. Two new CRISPR-HOT
donor plasmids were generated. Based on pCRISPaint-mNeon (Addgene plasmid #174092),
new donors containing pCRISPR-HOT _mNeon-P2A-T2A-mCherry-CAAX (to generate
mNeonGreen fusion protein that co-translates a red-fluorescent plasma membrane marker),
pCRISPR-HOT_mNeon-Stop-PGK-mCherry-CAAX (to generate mNeonGreen fusion pro-
tein and expresses a red-fluorescent plasma membrane marker independently under the
PGK promoter) were generated using Gibson assembly.

CRISPR-MEDIATED REPORTER AND KNOCKOUT GENERATION

Knock-in reporter organoids were generated using CRISPaint technology [239] and the
CRISPR-HOT method [6]. A gene-specific sgRNA-containing plasmid (Table 2.1) was
co-transfected [79] with a donor plasmid containing the fluorescent tag and the frame-
selector plasmid containing an sgRNA to linearize the donor plasmid and the Cas9 into
mouse intestinal organoids (each 5 pg sgRNA plasmid) using a NEPA electroporation
system (NEPAGENE). Myosin knock-in reporter organoids were generated using both
pCRISPR-HOT_mNeon-P2A-T2A-mCherry-CAAX and pCRISPR-HOT_mNeon-Stop-PGK-
mCherry-CAAX donor vectors. The Comparison of the target-specific co-expression and
independent expression of the mCherry plasma membrane marker allowed an estimation
of signal strength and localization across gene targets. Myl12a-mNeonGreen-P2A-T2A-
mCherry-CAAX was selected to characterize myosin activity and dynamics in organoid
tissue. In addition, pCRISPR-HOT_tdTomato (Addgene plasmid #138567) was used to
generate a Myli2a-tdTomato line and pCRISPaint-mNeon in combination with a Cdh1-
specific sgRNA was used to generate a live reporter for E-cadherin. Three days before and
two weeks after electroporation organoids were split and cultured in Wnt-conditioned
medium. Expression of fluorescent reporters in individual organoids was monitored daily.
To generate stable organoid lines, fluorescent organoids were picked, dissociated to single
cells using TrypLE Express Enzyme (Thermo Fisher Scientific, cat. #12605010) and expanded
for two weeks in Wnt-conditioned medium. Stable lines were cultured in ENR medium.
For gene-specific knockout generation, a sgRNA vector conferring a transient Hygromycin
and a Cas9 vector conferring a transient Puromycin resistance were co-transfected. After
electroporation organoids were cultured in Wnt-conditioned medium. One day after
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electroporation the organoids were exposed to Puromycin (2 pg/ml; InvivoGen, cat. #ant-
pr) and Hygromycin B Gold (100 pg/ml; InvivoGen, cat. #ant-hg) for 24 h. Two weeks
after electroporation outgrown organoid clones were picked, dissociated to single cells,
DNA was extracted using Quick-DNA Microprep Kit (Zymo Research Corporation, cat.
#D3021) and genotyped using gene-specific primer pairs (Sanger sequencing performed by
Macrogen Europe BV). Clonal organoid lines were cultured in ENR medium.

GENERATION OF TRANSGENIC ORGANOIDS

Organoid lines expressing H2B nuclear marker [115, 291], Dox-inducible optogenetic mod-
ules and the optogenetic anchor CIBN-GFP were generated by co-electroporation of 5 ug of
the respective expression construct and 5 pg of a vector containing the mT2TP transposase
driven by the CAG promoter for the transient expression of mT2TP mediating the tol2-
dependent genome integration of expression constructs. One week after electroporation
organoids were exposed to the expression construct-conferred resistance. The culture was
propagated and maintained in ENR medium containing the expression construct-conferred
resistance.

SAMPLE PREPARATION OF SYNTHETIC HYDROGELS WITH CRYPT-VILLUS

TOPOLOGY

ECM-based hydrogel substrates were generated as described previously [86]. Before
organoid seeding, the substrates attached to 35 mm culture dishes were sterilized using
UV illumination and repeated washes using PBS solution containing Primocin (1:500;
InvivoGen, cat. #ant-pm) and incubated in Wnt-conditioned medium overnight. Cells
were incubated in Wnt-conditioned medium three days before seeding. For cell seeding,
BME was enzymatically digested using Dispase (Stemcell Technologies cat. #07913) and
washed away using cold base medium. Cells were dissociated to single cells using Accutase
Cell Detachment Solution (Innovative Cell Technologies, cat. #AT104-500), pelleted by
centrifugation at 250xg for 5 min and resuspended in 15 ul of Wnt-conditioned medium.
Medium was aspirated from substrates and the cell suspension was seeded evenly onto
the surface. Cells were allowed to attach for 5 min at 37°C before more Wnt-conditioned
medium containing 10 pM Y-27632 (Abmole, cat. #M1817) was added to fill the culture
dish. The cells were kept in Wnt-conditioned medium for four days, in Wnt-conditioned
medium diluted 1:2 in ENR for three days and eventually kept in ENR medium. Organoids
expressing the optogenetic modules were kept in medium containing Puromycin (1 pg/ml)
and Hygromycin B Gold (100 pg/ml) and incubated in a dark aluminum chamber and
inspected through blue-light filtering foil.

GENERATION OF MOSAIC ORGANOIDS

Two organoid lines were dissociated to single cells as described for seeding on hydrogel
substrates, resuspended in Wnt-conditioned medium and combined at desired ratios. The
cell suspension containing 300k cells in 20 pl medium was mixed well by repeated pipetting
and 20 pl were seeded per well onto a 48-well-plate. The plate was spun at 200xg for 5 min
and incubated for 30 min at 37°C before Wnt-conditioned medium (with 10 pM Y-27632)
was added. After 24 h the cell layer was mechanically detached by scaping of the cell layer
using a pipette tip and repeated flushes with base medium. Without extra mechanical
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sheering, the cells were collected by centrifugation and seeded directly into microscope
sample carriers. Organoids were cultured in ENR medium. Mosaic organoids were imaged
for 12-20 h using a Leica Stellaris confocal microscope or Viventis Light sheet microscope.

EXTRUSION MEASUREMENT OF EPcAM™/~ AND WILD TYPE CELLS
Transwell inserts with 0.1 um pore size (Corning, cat. #CLS3396) were coated with 5%
BME for 30 minutes. Organoid cells were dissociated into single cells as described above,
resuspended in Wnt-conditioned medium supplemented with 10 uM Y-27632, and seeded
onto the transwell surface at a density of 200,000 cells per insert. The cells were cultured
for four days in Wnt-conditioned medium to achieve full confluency, followed by two
days in transition medium (1:1 mix of ENR and Wnt-conditioned medium). To promote
differentiation, monolayers were then maintained for 10 days in ENR medium. Only
transwells with complete and confluent monolayer coverage were included in downstream
analysis. Flow cytometry was used to count extruded cells in the medium covering the
monolayer. To this end, the medium covering the monolayer was refreshed and collected
after 1, 2, and 3 hours. The cells were stained with DAPI (1 pg/ml) and the number of
extruded cells was measured by FACS using a CytoFLEX (Beckman Coulter). To normalize
extrusion rates to the number of cells in the monolayer, the transwell membranes were
fixed in 4% paraformaldehyde for 30 minutes at room temperature, washed with PBS, and
stained with DAPI (1 pg/ml). Whole-membrane tile scans were acquired using a Leica
Thunder widefield microscope with a 5x air objective. Cell nuclei were segmented using
StarDist in Fiji, and total cell numbers were quantified. The extrusion rate was calculated
as the number of extruded cells (by FACS) divided by the total number of monolayer cells
(by image segmentation), normalized to the time of sample collection.

LONG-TERM LIVE-CELL IMAGING AND IMAGE ANALYSIS

For long-term live imaging of nuclear reporter organoids, organoids were seeded onto an
imaging chamber (CellVis 4 Chambered Coverglass System cat. #C4-1.5H-N) and imaged on
a A1R MP (Nikon) scanning confocal microscope outfitted with a 1.30 NA 40x magnification
oil immersion objective, incubation chamber set to (37 °C, 5% CO2) [115]. Images were
taken every 12 minutes, and at each timepoint, 31 Z-slices were imaged with 2 um intervals.
For live imaging of organoids grown on synthetic crypt-villus substrates, the chips were
placed into a p-Dish 35 mm glass bottom dish (Ibidi, cat. #81218-200) onto a circular holder
made of PDMS material with a width of ~2 mm. The samples were imaged using a Leica
SP8 confocal microscope using a HC PL APO CS2 20x/0.75 air objective at 37 °C and 5%
CO2. Z-Stacks of 40 pm were collected with 1 pm Z-interval and with a time interval of 6
min. Epcam™/~ and wild type organoids were seeded on a 96-well glass bottom plate and
imaged over a period of 1 week using a Leica Thunder widefield microscope using a 5X air
objective and brightfield illumination.

CELL TRACKING

Semi-automated tracking of single cells and their extrusion from organoids was done by
tracking the cell nuclei using the OrganoidTracker [143] software. Tracks and lineage trees
were analyzed in Python. Cells were censored when they moved out of view or were still
alive when the image acquisition was stopped. We measured the cell density around a cell
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as the inverse of the average distance to its six closest neighbors (in millimeters), using the
cell_density_calculator in OrganoidTracker [143].

OPTOGENETIC EXPERIMENTS

Photoactivation of opto-Arhgef11 organoids was done using a Leica SP8 confocal micro-
scope using a HC PL APO CS2 40x/1.10 water objective. 3D organoids expressing the
system were imaged first using only 640 nm excitation to collect transmitted light and the
H2B-iRFP nuclear marker signal (pre-activation). For regional photoactivation a region of
interest (ROI) was designed, which was set to be illuminated with low intensity of 488 nm
light (0.5-1%). A time course with a time interval of 1 seconds was started with simulta-
neous illumination of the entire organoid with 640 nm excitation (to collect transmitted
light and the H2B-iRFP nuclear marker signal) and 488 nm-photoactivation specific to the
ROL In this region, the GFP signal of the labelled optogenetic anchor was recorded. To
stop photoactivation, the laser power of the 488 nm laser was set to zero. To record the
translocation of Arhgef11-CRY2-mCherry to the plasma membrane, a Zeiss LSM780 was
used with a C-Apochromat 40x/1.20 W Korr M27 water objective (Zeiss). First, the mCherry
signal was collected using 564 nm excitation, then a region was illuminated within a ROI
using 488 nm illumination and the mCherry signal was collected again after 5 seconds.
For the photoactivation of optogenetic organoids grown on synthetic hydrogels, a Leica
SP8 confocal microscope using a HCX IRAPO L 25x/0.95 water objective was used. A
water pump was attached to the water immersion objective that compensated for water
evaporation during the experiments. As a control, we first imaged optogenetic organoids
on hydrogel substrates that were not induced by doxycyclin before for 2.5 h at a time
interval of 4 min with both 640 nm light to record the H2B-iRFP nuclear signal and 488
nm blue light. The positions of the imaged villi were saved. Afterwards the organoids
were incubated for 12 h to let them recover, induced with 1 pg/mL doxycyclin (Thermo
Fisher Scientific, cat. #10592-13-9) for 24 hours and the same villi were imaged for 2.5 h
only with 640 nm light without 488 nm. Again, the organoids were incubated for 12 h
and the villi were imaged for 2.5 h with both 640 nm and photoactivated using 488 nm
light. Extrusions were counted and the extrusion rates were calculated for each villus.
In another setup, the samples were first imaged for 2.5 h exclusively with 640 nm light
(non-activation), followed by 2.5 h with simultaneous photoactivation using 488 nm light in
time intervals of 4 min. Similar to the localized photoactivation in 3D organoid cultures, for
the patterned photoactivation of only one half of the villus tip, the villus tip was centered
and imaged in the full field of view using 640 nm light, while only the left half of the tip was
illuminated with 488 nm for 2.5 h. Mosaic organoids were imaged using a Leica Stellaris
Confocal microscope using a 20X air objective (20x/0.75 Air, Leica) or using a Viventis Light
sheet microscope, as described below, and photoactivated every 5 min. For all optogenetic
experiments: To be able to position the optogenetic samples at confocal microscopes a
deep Amber lighting filter foil (Cabledelight) was placed on top of the condenser to block
blue light from brightfield illumination.

LIGHT SHEET IMAGING
Live imaging of Myo-mNG reporter organoids and mosaic organoids was performed using
a LS1 Live light sheet microscope (Viventis Microscopy) using a Nikon 25X NA 1.1 water
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immersion objective at a magnification of 18x. Organoids were mounted on a single-
chamber sample holder one day before the start of imaging. Organoids were imaged at
37°C and 5% CO2. A position-specific alignment of the light sheets with a thickness of
2.2 um was done. Organoids were imaged every 8 minutes using appropriate laser lines
depending on the fluorophores expressed. Myo-mNG reporter organoids were imaged
with 488 nm and 561 nm illumination. Mosaic organoids expressing combinations of
H2B-mCherry, H2B-iRFP, H2B-GFP, or CIBN-GFP were imaged using 561 nm, 638 nm, and
488 nm illumination, respectively. Organoids co-expressing Myo-mNG with H2B-iRFP,
or Myo-tdTomato with H2B-GFP and H2B-iRFP, were imaged using 488 nm and 638 nm,
or 488 nm, 561 nm, and 638 nm illumination, respectively. Post-acquisition analysis was
performed using Fiji.

IMAGE ANALYSIS OF SHORT-TERM MOVIES

Image processing and analysis was done using Fiji [237]/Image]2 [228]. To measure the
basal expansion after laser-ablation of the basal cytoskeleton, organoids expressing H2B-
mCherry and E-cadherin-mNeonGreen were plated onto an imaging plate (day 0) and
ablated at the base on day 2. The time-lapse video of the stimulation was taken from 5
seconds before stimulation until 15 seconds after stimulation, and the basal area of the
ablated cells was measured on the average E-cadherin-mNeonGreen signal before (-5 s < t
< 0s) and after (10 s < t < 15 s) ablation. 3D renderings were generated by exporting nuclei
positions from OrganoidTracker and rendering in ParaView (v. 5.11.0).

The basal surface of reporter organoids grown on synthetic crypt-villus substrates was
extracted using the Fiji plugin LocalZProjector [108]. Basal cell membranes were seg-
mented and tracked manually using Napari (napari.org) and analyzed in Matlab (2021b,
MathWorks). Myosin levels were quantified using Matlab by creating binary masks for in-
dividual cells and timepoints to calculate the cell area and mean fluorescent signal. Graphs
were visualized using the plot function and smoothened with a factor of 3. To identify
myosin peaks, a trend curve was calculated and subtracted from the raw signal before
maxima were identified using the findpeaks function. To calculate the trend, a polynomial
function of 4th degree was fitted to single cell myosin curves (signal over time) using
the fit function. To estimate the pulsation period, only cell traces with more than four
identified peaks were analyzed and the time interval between two peaks was measured.
The myosin activity-curves and corresponding cell area data around identified peaks were
superimposed. An average curve for these peaks was calculated over a 120-minute time
interval centered on the peaks. 3D rendering of organoids growing on hydrogels with
crypt-villus topology was done using Imaris 10.0 (Oxford Instruments). To quantify apical
and basal myosin levels, crypts recorded in the cross-section were selected and using FIJI a
line was drawn following the shape of the epithelium with ~150 pm length. The epithelium
was virtually transformed into a straight line using the straighten function. A line was
drawn on the apical and basal surface respectively and the signal measured with a line
width of 4 pm to obtain the respective line profiles. Line profiles centered around multiple
crypts were averaged and depicted in the final graph. The same approach was used to
measure the apical and basal myosin profile for a single developing crypt over time. To
this end, for each time point the shape of the epithelial line was adjusted and the measured
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distances scaled to match the length of the final crypt-villus region.

To analyze extrusion of cells upon optogenetic activation of myosin, the acquired H2B-iRFP
nuclear marker signal was used to monitor cell dynamics. The detection of cell extrusion
events and total cell counts were done using the FIJI plugin Cell Counter and the position
and time were registered. Counting was done in a blinded fashion without information
about the photoactivation pattern by a person, who was not the experimenter. Using
Matlab, the positional and temporal data was analyzed. To analyze the extrusion rate
over time, it was calculated as the average number of extrusions per total cells within a
25-minute time window. To analyze the position of extruding cells, the position data of
extrusion events and total cells were binned equally using the hist3 and visualized using
the imagesc function. The x- and y-profile for cell extrusions and total cells was generated
by calculating the mean density along the respective axis within a 9 pm window. The raw
extrusion profile was then normalized by the total cell profile to obtain the final extrusion
profile. For the quantification of mosaic organoids, the respective cell population was
measured as fraction of the total and extruded cell population (extrusion enrichment),
extrusions and total cells were manually counted based on the co-expressed fluorescent
markers using Napari and Fiji Cell counter. Counting was done in a blinded fashion.

IMMUNOFLUORESCENT STAINING OF WHOLE-MOUNT INTESTINAL TIS-
SUE

Mice were sacrificed and the small intestine was dissected. The lumen was flushed several
times with cold PBS. The tissue was cut as a tube and opened along the longitudinal axis.
The tissue was fixed in 4% paraformaldehyde solution at 4°C overnight and washed with
PBS. The cells were permeabilized using 2% PBST (2% Triton X-100 in PBS) for 2 days at
room temperature and washed with PBS. The sample was incubated in blocking buffer (10%
normal goat serum, 1% Triton-X 100, 2.5% DMSO in PBS) for 2 days at 4 °C. The sample
was incubated in primary antibody solution (1% normal goat serum, 0.2% Triton-X 100,
2.5% DMSO, and 0.2% sodium azide in PBS; rabbit anti-Myosin light chain (phospho S20)
antibody (Abcam, cat. #ab2480) diluted 1:200), incubated for 5 days at 4°C and washed with
PBS at room temperature. The sample was incubated in secondary antibody solution (1:500
goat-Alexa-488-anti rabbit (Thermo Fisher Scientific, cat #A-11008) and 1:1000 phalloidin-
atto647N (Sigma-Aldrich, cat. #65906)) for 2 days at 4°C and washed in PBS. The sample
was stained with DAPI (1 pg/ml) diluted in PBST 4°C overnight. The sample was cleared
with RapiClear 1.47 Solution (SunJin Lab, cat. #RC147001) overnight at 4°C. The sample
was placed on a glass-well plate and imaged using a Leica Stellaris confocal microscope
using a HC PL APO CS2 20x/0.75 air objective (Leica) for overview images (voxel size:
0.28x0.28x0.69 pm?®) and a HC PL APO CS2 63x/1.40 oil objective (Leica) for high-resolution
image stacks (voxel size: 0.0586x0.0586x0.2985 um?). For the quantification of basal myosin
level along the villus, villi that were located longitudinally to the objectives were imaged
and stacks were recorded. Using Fiji, a Z-profile was generated using the reslice function
and a line was drawn below the nuclei at the basal surface. The line profiles of several villi
were overlayed relative to the distance to the villus tip.
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WHOLE-MOUNT ORGANOID STAINING.

Organoids were fixed in 4% paraformaldehyde for 30 min at room temperature, washed in
PBS, blocked in blocking solution (PBS; 0.5% Tween, 5% normal goat serum) for 1 h at room
temperature and stained overnight with primary antibodies in antibody solution (PBS; 0.1%
Tween, 1% normal goat serum). Primary antibody used for phosphor-Myosin-II staining:
Rabbit anti-mouse phospho-myosin light chain 2 (Thr18/Ser19) (Cell Signaling Technology,
cat. #3674). Primary antibody used for Epcam staining: Rat Anti-mouse CD326-APC (Clone
G8.8) (eBioscience, cat. #17-5791-80). After washing in PBS, organoids were stained with
secondary antibody (Goat anti-Rabbit IgG Alexa-488, Invitrogen, cat. #A-11008) in antibody
solution for 1.5 h at room temperature. After washing in PBS, organoids were stained with
DAPI (1 pg/ml) in PBS for 15 min and mounted on glass slides.

STED SUPER-RESOLUTION MICROSCOPY.

Organoids were fixed in 4% paraformaldehyde for 30 min at room temperature, washed in
PBS, blocked in blocking solution (PBS; 0.5% Tween, 5% normal goat serum) for 1 h at room
temperature and stained overnight for phalloidin conjugated to the STED fluorophore
atto647-N. The organoids were washed and incubated for 10 min at room temperature
in PBS containing DAPI (1 pg/ml). Organoids were mounted in ProLong Gold Antifade
Mountant (Molecular Probes/Thermo Fisher Scientific, cat. # P10144) medium on a glass
carrier. A 0.16-0.19-mm-thick (thickness 1.5) cover glass (Glaswarenfabrik Karl Hecht
GmbH & Co KG, cat. #41014) was placed on top, and excessive mounting medium was
removed using tissue paper, dried, and sealed using nail polish. 2D-STED image stacks
were collected using a Leica Stellaris 8 STED microscope with a HC PL APO CS2 100x/1.40
oil objective and type F immersion liquid. The phalloidin-atto647N-stained sample was
imaged combining 650-nm excitation with the 775-nm STED depletion laser. The image
was scanned with a voxel size of 0.0199x0.0199x0.1826 pm3, a line accumulation of 16, a
dwell time of 0.75 ps. Sequentially the myosin-mNeonGreen reporter and DAPI signal was
collected in the classical confocal mode.

ANIMAL WORK

Mice were maintained by professional caretaker according to procedures approved by
the Central Committee Animal Experimentation (CCD) of the Dutch government and
approved by the KNAW/Hubrecht Institute Animal Welfare Body (IvD). Mouse strain (Mus
Musculus): C57BL6/], male and female of age 7-12 wks without genetic modifications
(RRID:IMSR_JAX:000664) was used.

LASER ABLATION IN THE LIVING MOUSE INTESTINE.

Mice were sacrificed and immediately afterwards the intestine was dissected in ice-cold
PBS-Orange containing CellMask Orange Plasma Membrane Stain (Invitrogen/Thermo
Fisher Scientific, cat. #C10045) diluted 1:1000 and Primocin (InvivoGen; 1:500) in PBS.
The lumen was flushed several times with ice-cold PBS-Orange. The musculature and
connective tissue outside the intestinal tube was removed as much as possible. The intestine
was cut open, inverted, and placed onto a glass-bottom well with a cover glass on top to
bring the sample closer to the objective. The well was filled with ENR medium containing
CellMask Orange (1:1000) and Primocin (1:500). A Leica SP8 confocal microscope equipped
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with a tunable Chameleon multiphoton laser with a HC PL IRAPO 40x/1.10 water objective
(Leica) was used at room temperature and 5% CO2. The objective was positioned at villus
regions, and the cell base identified. Laser ablation using a wavelength of 800 nm of the
Chameleon laser was done with a 1-pixel wide and 15 pm long line with 80 % laser intensity
for 3 iterations. Before laser ablation 10 and after ablation 30 frames were collected with
a time interval of 1 s. Per mouse sample multiple positions at the villus tip and villus
shaft were processed. The procedure from dissection to laser ablation was optimized to
not exceed a duration of 1.5 h. To analyze tissue recoil, the Euclidean distance from the
initial position was manually tracked for at least 10 cell interfaces on both sides of the
ablation line. The mean recoil for each ablation experiment was calculated, and the average
across multiple experiments was presented in the final graph. The initial recoil velocity
was calculated by fitting a sigmoidal curve (with A: amplitude, k: steepness, t,: inflection
point, yp: vertical offset) to each experiment and the slope of the curve at the inflection
point (vinitial) was calculated:

A
f@) = Tae ki 70 (2.1)
A-k
Vinitial = f(to) = e (2:2)

To ablate individual cells along their apical-basal axis, villus tip regions were selected
where tissue orientation allowed a ~30 pm line cut through the full length of a single
cell, using the same laser settings as described above. The boundaries of the targeted cell
were segmented, and all experiments were aligned by normalizing cell dimensions prior
to ablation. Average cell shapes before and after ablation were calculated, and boundary
displacement vectors were computed based on these contours.

LASER POINT ABLATION

For the laser point ablation experiments, organoids were seeded onto an imaging chamber
(CellVis) and imaged on a Nikon A1R MP scanning confocal microscope using a 1.30 NA
40x magnification oil immersion objective, and the incubation chamber was set to (37
°C, 5% CO2) [115]. For each timepoint, 31 Z-slices were imaged with 2 pm intervals. We
only selected organoids that contained at least one crypt and a villus domain. An 8 ms
laser stimulus of 800 nm wavelength was applied (MaiTai DeepSee, 100% laser power),
which was optimized such that epithelial barrier integrity was maintained while still
triggering cell extrusion. Time lapse videos for laser stimulation were acquired at more
than 2 frames-per-second. Only one ablation was done per organoid and organoids were
subsequently imaged for at least one hour to determine if a stimulated cell extruded. Ablated
organoids were excluded from analysis if (i) the stimulus missed the organoid (i.e., if no
visible bleaching of the nucleus occurred and/or no cavitation bubble was observed when
stimulating the cytoskeleton), (ii) imaging failed within one hour after stimulation, (iii)
ablated cells extruded to the basal side in response to the ablation. Determination of the
region (base/nucleus/junction) in which cells were ablated was determined as follows: If a
cavitation bubble was observed below the nucleus, a cell was classified as ablated at the
base. If no cavitation bubble was observed, but the nucleus was partially bleached, the
cell was classified as ablated in the nucleus. If a cavitation bubble was observed in the
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same xy-plane as the nucleus but a cavitation bubble was observed outside the nucleus,
the stimulation was classified as a stimulation of a multicellular junction. Whether cells
extruded (within 1 hour) in response to point ablation was determined by visual inspection.
To determine the extrusion time of cells that extruded in response to the point ablation,
we tracked the nuclei of the extruding cells and their immediate neighbors for 1 hour. For
single-cellular extrusions, we computed the relative vertical displacement of the extruding
cells from their non-extruding neighbors (AZ) as follows:

Zi— |Q| >z (2.3)

NE

Where Q; is the set of neighbors of extruding cell i. For multicellular extrusions, we
computed AZ as:

ANZ Zj 2.4
ext |Q| ];) ( )

Where Z,,; is the average Z-level of all the co-extruding cells, and Q is the set of all non-
extruding neighbors of all extruding cells. Extrusion time was defined as the time until
AZ >5 pm.

REAL-TIME QUANTITATIVE PCR

Total RNA was extracted from control and Epcam™/~ organoids using the RNeasy Mini
Kit (Quiagen), following the manufacturer’s protocol. RNA concentration was determined
spectrophotometrically and diluted to a uniform concentration. cDNA was synthesized
from 540 ng total RNA using the High-Capacity RNA-to-cDNA™ Kit (Applied Biosystems,
cat. #4388950). Quantitative PCR was performed using SYBR Green Supermix (Bio-Rad,
cat. #1725121) in 384-well format with gene-specific primers (Table 2.3) and 4 ng of cDNA
per reaction. The cycling protocol consisted of an initial denaturation at 95 °C for 3 min,
followed by 40 cycles of 95 °C for 10 s, 60 °C for 30 s, and 72 °C for 30 s. Fluorescence was
recorded after each cycle. Average CT values were calculated from technical duplicates
and normalized to the geometric mean of Actb and Gapdh. Relative gene expression levels
were determined using the AACT method and normalized to control organoids.

PHARMACOLOGICAL TREATMENTS

For the laser ablation of blebbistatin-treated organoids, the organoids were incubated
overnight in ENR medium supplemented with 100 pM (+)-blebbistatin (Abcam, cat. #120425).
For measuring extrusions in mosaic Epcam™/~ organoids, organoids were pre-incubated
for 5 hin 50 pM Y-16 (MedChemExpress, cat. #HY-12649) and 10 uM Y27632 (AbMole, cat.
#M1817) and imaged for 16 h.

STATISTICAL ANALYSIS
Statistical tests were done using the scipy.stats library [274] and the Matlab Statistics and
Machine Learning Toolbox (Mathworks).
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Figure 2.8: Quantitative analysis of apoptotic and live-cell extrusions in space and time.
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Figure 2.8: (continued) (a) Confocal timelapse images of an organoid expressing H2B-mCherry nuclear marker
showing a representative example of an apoptotic and live-cell extrusions. Note that the extruding cell’s nucleus
fragmented while the cell was still in the epithelium. (b) Probability distributions of apoptotic and live cell
extrusion events along the normalized crypt-villus axis (368 live and 211 apoptotic extrusions). (c) Probabilities of
a cell to undergo apoptotic or live-cell extrusion given that its sister either live-extruded (51 cases) or extruded
apoptotically (119 cases). (d) Probability of a cell undergoing live-cell extrusion in the next 10 h plotted against the
cell age (time since division). (e) Lifetime distribution for cells that undergo live-cell extrusion plotted separately
for cells extruding in the crypt and the villus region. (f) Scatterplot showing the minimum sister cell lifetime of
live-extruding cells. Colors indicate the fate of the sister cell at the last trackable time point. “Lost” indicates
cells that were lost from imaging (e.g. because they moved out of view). (g) Movement of nuclei directly before
and after cell extrusion. Scale bar: 10 pm. (h) Distance of neighbor cells to the last position of an extruding cell
over time during an extrusion (mean * S.E.M.; N = 15 extrusion events with 87 neighbors tracked in total). (i)
Spatiotemporal enrichment of cell extrusion events. (j-1) Cells most frequently extruded in the villus domain, and
most abundantly in a region where cells from neighboring crypts converged.
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Figure 2.9: Laser ablation reveals tensile forces at the villus tip. (a-d) Whole mount tissue stain of the
mouse intestine showing phosphorylated Myosin-II (pMyo) and nuclei (DAPI). Scale bars: 50 pm. (a) Tissue
below the intestinal crypts showing muscle (white arrowhead) and endothelia (cyan arrowhead) enriched for
active myosin. (b) Intestinal crypts showing apical myosin enrichment (white arrowhead) and myosin signal in
migratory immune cells (cyan arrowhead). The dashed line indicates the basal surface of a crypt. (c) Intestinal
villi. (d) Intestinal villus positioned longitudinal to the imaging plane was imaged and quantified to obtain basal
pMyo profiles. (e) Whole mount stain of mouse intestinal villus tips for DAPI (blue) and phalloidin (magenta) at
different magnifications showing the geometry and dimensions of the villus tip. On the right: the epithelium at
the villus tip. Quantification of cell numbers and dimensions based on n = 15 villus tips. (f) Confocal section
of the cell base of the villus tip (top) and villus shaft (bottom) stained with the live plasma membrane marker
CellMaskOrange before (left) and after (right) line ablation (dashed line). Scale bars: 10 pm. (g) Still images before
and after ablation of a single epithelial cell along its apical-basal axis (magenta overlay) at the villus tip. The
white dashed line marks the ablation plane. Scale bar, 5 um. (h) Average cell outlines before (blue) and after (red)
cell ablation. Cell shapes were normalized and aligned; shaded regions indicate standard deviation across all
experiments. An orthogonal recoil is observed post-ablation. (i) Recoil vectors (red arrows: outward retraction;
green arrows: inward retraction) plotted from segmented cell outlines. Recoil occurs orthogonally to the ablation
axis, consistent with the presence of tensile forces. (j) Quantification of the distance between neighboring cell
boundaries before and after ablation shows an increase upon cutting. (h-j) Data from 8 ablations from N = 2 mice.
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Figure 2.10: Generation and characterization of myosin regulatory light chain reporter organoid lines.
(a) Scheme of the Myosin-II multiprotein complex constituting myosin minifilaments. (b, c) CRISPR-HOT was
used to tag components of the myosin complex with fluorescent reporters, including heavy chains (Myh9, Myh10,
Myh14), light chains (Myl9, Myl12a), and the actin-binding protein Tpm3. Only Myl12a (c) was expressed at
sufficiently high level to visualize the protein and showed expected localization pattern.
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Figure 2.10: (continued) (d) Sanger sequencing confirming in-frame insertion of mNeonGreen into the Myl12a
locus (Myosin-mNG). A membrane-anchored mCherry (CAAX) was co-expressed via a T2A-P2A linker. (e, f)
Micrographs (e) and quantification (f) of the relative signal of phospho-Myosin light chain 2 staining, Myosin-mNG.
Scale bar: 50 pm. (g) Timelapse of Myosin mNG reporter organoid during cell division (magenta). Arrowheads
show myosin enrichments as the cell body shifting apically and during the formation of the cytokinetic furrow.
Scale bar: 25 um. (h) Timelapse of Myosin-mNG reporter organoid during cell extrusion. Scale bar: 5 pm. (i)
Light-sheet section of a Myosin-mNG reporter organoid (inverted grayscale). Dashed line (crypt green, villus
domain blue) indicates the profile quantified in (j). Scale bar: 25 pm. (j) Quantification of apical and basal myosin
along the crypt-villus axes of 11 organoids (top) and of a single developing crypt over multiple time points (bottom;
50 time points with interval of 7 min); lines show mean #* SD of organoid average (top) or temporal average
(bottom). (k) Confocal images of cells from the mouse intestinal villus shaft (blue region in schematic), showing
cross-sections (top) and top views of apical, medial, and basal planes (bottom), stained for F-actin (phalloidin),
phospho-myosin, and nuclei (DAPI). Dashed lines mark cell boundaries. Scale bars: 5 pm. (l) Z-colored 3D
rendering (top) and side-view (bottom) of organoids expressing a nuclear marker (bottom) grown on synthetic
substrate mimicking the in vivo architecture of the intestinal epithelium. Scale bars: 100 pm (top), 50 pm (bottom).



52 2 EPITHELIAL TENSION CONTROLS INTESTINAL CELL EXTRUSION

a b c d
Peak myosin activity Myosin minima Myosin minima Cell expansion
pl=2.5e-71 p1=0.001
p=1.2e-37 p=7.3e-07 p2=2.2e-06 )4
2.5 2 Y 2.5 1.6[7 p1 12 ©
1 3 = n.s. S o
[ C
2 S £ 2P IS ©
' ~ <£-1 @ ~ 5 T
— ) 5] g [ — O © g
|2 1> T = 2 L = @
1.5 = © -2 1.5 = ©
= o = o
k= 5 -30 0 30 £ ©
1 ¢ 3 1 g El
> 1 17 [N ®© > 1] o) =
¥ 1= a ¢ o = a 2 <
0.5 e S os 2 2
5] 3 0.4 5] - §,
S © ®
0 0.5 = @ 0 0.2 °
& & & 30 0 30 S&S K 30 0 30
\Q"Q EN @'Q EN Time (min) Q@f()é(\oég '\Qfo‘é&o‘}’ Time (min)
NS NS < PR
o o \
e . f g . h .
Basal cell expansion Cell constriction Cell expansion
. 6p=Ze-68 2p=1.2e-06 Central % ° v © ° ©
’ cell o220 o 20 o
. = © © © ©
1.4 Ho ~ y £510 T 510 El
o 15 Q & =720 TR S
~ ] - o -30 m 0 m
1.2 o = 30 0 30
o 1 <
1 © 3 [ ) 2
© [ = 5§ 20 g 2o 8
= 2 \ = c =
o 0.5 = g @© _rcu ©
0.8} 5 26 T 62 ©
Cell * g R -1 © xX -4 @
0.6 0 neighbor @ @
NS NS -30 0 30 30 0 30
Lo Lo S ) A ) .
RESOES Q)'z}'%\oé‘%\o Time (min) Time (min)
2 S

N
O P 2
FH K P N

Figure 2.11: Dynamic Myosin-II remodeling regulates basal area fluctuations and mechanical coupling
between neighboring cells. (a) Violin plots showing fold change (FC) in Myosin-II intensity and basal cell area
before and during Myosin-II peaks (left), and before and during basal area expansion (right). (b) Time-aligned mean
traces of Myosin-II minima (top) and the concurrent average change basal area (bottom) showing a concomitant
area increase (mean = S.E.M.). (c) Violin plots showing fold change (FC) in Myosin-II intensity (left) and basal
cell area (right) before, and during and after Myosin-II minima. (d) Time-aligned mean traces of basal cell area
expansions (top) coincide with decreasing Myosin-II levels (bottom), indicating that expansion is associated with
reduced contractile activity (mean + S.E.M.). (e) Violin plots showing fold change (FC) in basal area (left) and
Myosin-II (right) during basal cell expansion. (a, ¢, e) White dots indicate medians; Paired comparisons: p-values
from two-sided one-sample Student’s t-test. (f) Schematic illustrating the reciprocal relationship between basal
cell area (magenta) and Myosin-II intensity (green) in one cell and the physical interaction of a central cell and its
neighbors. (g) Time-aligned mean traces of basal area for constricting cells (top; dashed line) and their neighbors
(bottom; solid line). (h) Time-aligned mean traces of basal area for expanding cells (top; dashed line) and their
neighbors (bottom; solid line). Neighboring cells contract when a central cell expands, and vice versa. Data in (g,
h) shows mean + S.E.M. Number of cells analyzed: 309 (a), 408 (b, c), 379 (d, e), 115 (g), 77 (h).
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Figure 2.12: Overall increase of tissue tension increases the extrusion rate at the villus tip. (a) Confocal
images of opto-Arhgef11 organoids stained for phospho-Myosin-II (green) and nuclei (magenta) under non-
activated (top) and globally photoactivated (bottom) conditions. Scale bars: 10 pm. (b) Quantification of phospho-
Myosin-II intensity in 14 control and 11 photoactivated organoids. (c) Apical-basal phospho-Myosin-II intensity
profiles in non- and photoactivated organoids (mean + S.E.M.; data from 7 control and 6 photoactivated organoids).
Despite increased overall signal (b), subcellular distribution remains unchanged (c).
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Figure 2.12: (continued) (d) Setup: Opto-Arhgef11 organoids on crypt-villus hydrogels were photoactivated at
the villus tip with (right; +Dox +Light) or without (left; -Dox +Light) prior Dox induction or imaged without blue
light (middle; +Dox -Light). (e) Line ablation at the synthetic villus tip in non-activated or photoactivated samples.
Confocal images show nuclei before (left) and after (middle) laser ablation, and as a composite (right). Scale bars:
20 pm. (f) Quantification of recoil based on nuclear displacement (Mann-Whitney U test, 5 villi per condition). (g)
Extrusion rates in conditions described in (d), from 7 villi per condition. (h) Histogram of cumulative extrusions:
photo-activated (top) and non-activated villi (bottom), 7 villi per condition. (i) Quantification of extrusion rates in
non- (dark) and photoactivated (PA) villi. PA samples were first imaged with 640 nm light, as in controls. Data
from 19 dark and 13 photoactivated villi. (j) Violin plot showing fold enrichment of wild-type cells in extruded
populations from mosaic opto-Arhgef11 organoids, grouped by minority (<50%) or majority (>50%) presence.
Data: 31 organoids; dots represent organoids; two-sided one-sample Student’s t-test. (k) Schematic of sgRNA
targeting exon 2 of Myh9 and brightfield image of an intestinal organoid with a heterozygous knockout. Scale bar:
25 um. (1) Sanger sequencing confirmed a heterozygous knockout: one allele had a frameshift causing premature
truncation, the other a 3-base deletion removing Tyr106.
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Figure 2.13: Local ablation of intercellular junctions triggers multicellular extrusion. (a) Local ablation
of a tri-cellular junction. Confocal images show transmitted brightfield overlayed with H2B-tdTomato nuclear
marker (magenta). Dashed rectangle shows region enlarged in the zoom-in (top right). (b-d) Timelapse confocal
images showing the extrusion of three cells induced by the ablation of a tri-cellular junction (H2B-tdTomato
nuclear marker, magenta). Top view showing cells at the level of the epithelium (b) and shifted 22 pm towards
the lumen (d). The cross-section is shown in (c). Arrowheads indicate the extruding cells. All scale bars in panels
a-d indicate 10 pm. (e) Upon ablation of basal junctions, cells within a range of 9 pm (measured from the nucleus
center) from the ablation point extruded. (f) Extrusion time for cells responding to point-ablation of multicellular
junction for given numbers of extruding cells. Extrusion time was independent of the number of extruding cells
(n.s.: p > 0.05; two-sided Student’s t-test; n; =3, ny = 18, n3 = 12, ng = 1).
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Figure 2.13: (continued) (g) Fraction of cases in which extrusion was observed within 1 hour after point-ablation
at cell junctions, for both untreated and blebbistatin treated organoids (Fisher’s exact test; 68 control and 42
blebbistatin-treated organoids). (h) Z position of extruding cells relative to the epithelium (AZ) for blebbistatin-
treated and untreated controls (mean + S.E.M.). (i) Extrusion time of blebbistatin-treated and untreated control
organoids (two-sided Student’s t test). (h, i) Data from 34 control organoids and 20 blebbistatin-treated organoids.
(j) Myosin dynamics upon ablation of basal bicellular junction. Myosin accumulated around the two affected
cells (arrows), constricted and the cells extruded. Scale bar: 5 pm. (k) Organoid expressing a live reporter for
E-cadherin (Cdh1-mNeonGreen) together with a nuclear marker (H2B-mCherry) was ablated at basal multicellular
junction. The E-cadherin signal in the ablated point (asterisk) disappeared but remained present in untargeted
cell boundaries suggesting that epithelial continuity was maintained during the process of multicellular extrusion.
Scale bar: 10 pm.
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Figure 2.14: Multicellular extrusion in response to basal junction ablation did not lead to an increase of
overall cell death. (a) Timeline of the experiment: Organoids were plated on day 0 and organoids were imaged
for exactly 24 hours, starting on day 1. After this first timelapse, some organoids were ablated at a multicellular
junction in the villus (22 organoids), and the rest left as a control (28 organoids). (b, ¢) Number of spontaneous
extrusions before and after stimulation. There was a significant increase in the number of spontaneous extrusions
between the timelapse started on day 1 and the one started on day 2 because the organoids were older (p < 0.01;
Wilcoxon signed rank test), but the difference in the number of extruding cells was not significantly different
between control and ablated organoids (Mann-Whitney U test). Shown is the data from N = 3 independent
timelapse experiments.
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Figure 2.15: Characterization of Epcam ™/~ organoid lines reveals impaired morphology, altered dif-
ferentiation, and upregulated Myosin-II activity. (a) CRISPR/Cas9 gene editing of Epcam. Sanger traces of
both alleles in three knockout clones (g1-g3) show frameshift mutations in exon 4 or 5. (b) Confocal images of
wild-type and Epcam™/~ organoids (g1-g3) expressing H2B-iRFP and both stained for Epcam-APC (both inverted
greyscale), showing loss of Epcam protein. Scale bar: 25 pm.
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Figure 2.15: (continued) (c) Brightfield time course showing morphological changes in Epcam™/~ organoids
(g1-g3) versus wild type over 6 days. Scale bar: 250 pm. (d) Inmunofluorescence images of Epcam™/~ organoids
stained for lineage markers: Olfm4 (stem cells), Muc2 (goblet cells), Villin and phalloidin (enterocytes). Scale
bar: 50 um. (¢) qPCR analysis showing reduced expression of cell-type markers in Epcam™/~ organoids. Boxplots
show expression levels relative to wild type. Epcam™/~ organoids expressed markers of all major intestinal
lineages, indicating that differentiation still occurred. However, relative expression levels differed from control:
stem cell (Lgr5) and immature enterocytes (B-ATF2) markers were elevated, goblet cell (Muc2) were unchanged,
and mature enterocyte (Alpi) and Paneth cell (Lysozymel, Defa5) markers were reduced in all three Epcam™/~
lines, suggesting impaired differentiation. (f) Immunofluorescence staining of WT and Epcam™/~ organoids
for phospho-Myosin-II (green), Epcam (magenta), and nuclei (blue). Scale bar: 50 pm. (g) Quantification of
phospho-Myosin intensity in 6 Epcam™/~ and 8 wild type organoids (P-values from paired two-tailed Student’s
t-tests. (h) Violin plot showing the fold enrichment of Epcam ™/~ and wild-type cells in extruded populations,
grouped by minority (<50%) or majority (>50%) genotype in mosaic organoids (27 organoids). The same analysis
for the control (mosaic organoid with wild type H2B-mCherry and H2B-iRFP) shows no enrichment bias between
differently labeled wild type cells (17 organoids). Each dot represents one organoid; p-values calculated based on
two-sided one-sample Student’s t-test. Dashed line indicates equal extrusion probability.
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Figure 2.16: Cells with lower capability to exert tension than their direct neighbors preferentially
extrude across a broad range of experimental manipulations. Note that the “Enrichment” on the y-axis
refers to the ratio between the fraction of cells of a type extruding and the fraction of those cells in the organoid.
(a) Extrusion enrichment is > 1 for a cell type that is less contractile (“weaker”) than the other in mosaic organoids.
These are Myh9*/~ cells in mosaics with wild type (WT) cells, WT cells in mosaics with photo-activated opto-
Arhgef11 (opto.) cells, and WT cells in mosaics with Epcam_/ ~ cells. Data from 28 WT/Myh9*/~, 31 WT/opto. and
34 WT/Epcam ™/~ organoids. (b) Extrusion enrichment is approximately 1 (balanced) in all neutral competition
conditions. These conditions are mosaic organoids consisting of Myh9*/~ cells (with different nuclear markers),
mosaic organoids consisting of WT and opto. cells but without photo-activation, and WT organoids from two
different WT organoid lines with different nuclear markers. Data from 16 Myh9t/~/ Myh9*/~, 22 WT/nonactivated
opto. and 17 WT/WT mosaic organoids.
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Table 2.1: CRISPR-Cas9 guide RNAs.

Gene sgRNA Application
Myh9 CGATGCCAAGGCAGCTGAAT knock-in
Myh10 ACAGCCACCCCAATCAGAAT knock-in
Myh14 TCTAGGACAGACTGGATCAT knock-in
Myl9 CAAACACGGCGCCAAGGACA knock-in
Myl12a TTCACACGCATCCTGAAGCA knock-in
Tpm3 GGGAGGTCTACATCTCGTTC knock-in
Cdh1 GCGGTGGTGAGGACGACTAG knock-in
Myh9 TCAAGGAGCGATACTACTCA knock-out
Epcam gl | GGGCGATCCAGAACAACGAT knock-out
Epcam g2 | CGGAGTCCGAAGAACCGACA knock-out
Epcam g3 | GCAAGCTCTGATGGTCGTAG knock-out

Table 2.3: RT-qPCR primers.

Gene Forward primer (5’-3’) Reverse primer (5’-3%)

Actb GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT
Gapdh GATTTGGTCGTATTGGGCGC TTCCCGTTCTCAGCCTTGAC

Lgr5 CCTACTCGAAGACTTACCCAGT GCATTGGGGTGAATGATAGCA
Batf2 GCCCAGCGCAGCCGGCAGAA CCAGCTCAGTCTGCAAGGCCT
Alpi GGCTACACACTTAGGGGGACCTCCA | AGCTTCGGTGACATTGGGCCGGTT
Muc2 GAAGCCAGATCCCGAAACCA CCAGCTTGTGGGTGAGGTAG

Lyz1 GGTGGTGAGAGATCCCCAAG CAGACTCCGCAGTTCCGAAT
Defa5 TCAAAAAAGCTGATATGCTATTG AGCTGCAGCAGAATACGAAAG
Epcam GAGTCCGAAGAACCGACAAGGA GATGTGAACGCCTCTTGAAGCG
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Loss OF PANETH CELL CONTACT
STARTS A WNT
DIFFERENTIATION TIMER IN
INTESTINAL CRYPTS

"You may delay but time will not,
and lost time is never found again."

Benjamin Franklin

WNT signaling is pivotal to the renewal of many organs including the intestine. WNT gradients
are thought to provide a spatial differentiation cue, and hence control the required spatial
patterning of cell types. Testing this mechanism is difficult, however, as current methods
are static while the underlying processes are highly dynamic. Here, we show that a ‘timer’
mechanism rather than spatial cues controls the WNT signaling decreases that drive cell
differentiation. Using live-cell imaging and single-cell tracking of intestinal organoids, we
find that WNT signaling in stem cells decreases immediately after loss of Paneth cell contact.
This WNT signaling decrease does not depend on cell growth and division, and precedes
differentiation, as shown by subsequent antibody staining and cell type propagation along
lineage trees. Cells frequently regain Paneth cell contact, which in turn increases WNT
signaling again, showing that differentiation is not progressive but rather repeatedly reset. Our
WNT timer mechanism overturns existing spatial gradient models, explains differentiation
within the intestinal crypt, and may well be more broadly relevant to WNT-mediated tissue
renewal.

The content of this chapter is submitted as Rutger N.U. Kok*, Xuan Zheng", Willem Kasper Spoelstra, Tinka
Clement, Yorick B. C. van de Grift, Hans Clevers, Renée van Amerongen, Sander Tans, Jeroen S. van Zon.
Loss of Paneth cell contact starts a WNT differentiation timer in intestinal crypts. Under revision at Nature
Communications.
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3.1 INTRODUCTION

Only a handful of mechanisms have been identified that spatially organize cells in develop-
ment. This includes lateral inhibition that coordinates cell fate decisions between adjacent
cells [244], reaction-diffusion systems that generate self-organized patterns [145], and
spatial morphogen gradients that regulate cell proliferation, differentiation, and migration
[224]. WNT (Wingless-related integration site) signaling is considered a prototypical spa-
tial gradient mechanism to achieve cellular patterning throughout the metazoan kingdom
[16, 281]. In mammals, WNT morphogen gradients have been shown to control diverse
processes such as anteroposterior patterning [5, 131], somitogenesis [180] and neural pat-
terning [198] in the embryo, and tissue homeostasis and regeneration in adults [199].

In the vigorously renewing adult intestine, a WNT gradient along the crypt-villus axis is
thought to control the underlying continuous cell reorganization [44, 250], with Notch, BMP
and mesenchymal WNT playing additional roles [77, 78, 250]. Proliferation drives stem
cells from the high-WNT crypt to the lower-WNT transit amplifying (TA) compartment,
where differentiation is triggered, and further onwards to the villus region, where most
differentiated cells reside. This WNT-driven conveyor-belt model is appealing because,
by providing a spatial cue, the WNT gradient can simultaneously explain the progres-
sion of differentiation and the spatial arrangement of the different cell types along the
crypt-villus axis. Testing it is challenging, however. Techniques such as lineage tracing,
single-cell sequencing, and antibody staining have reported that WNT target genes includ-
ing key stemness markers like Ascl2 are differentially expressed along the crypt-villus axis
[190, 240, 267], that cell division is important to shaping the short-range WNT gradient
[71, 179], and that differentiation is triggered stochastically following neutral competition
between stem cells [148, 231, 248, 259]. However, the employed methods are static in
nature while the underlying cell movements, WNT signaling activity, and differentiation
are highly dynamic. Hence, how WNT signaling controls cell organization in the intestine
remains incompletely understood.

Here, we developed an organoid-based method to study the spatio-temporal dynamics
of WNT signaling, differentiation, and cellular reorganization. We followed intestinal
organoid cells in time by cell tracking, quantified expression of the established WNT
target gene Axin2 [120, 163] as a measure of WNT signaling activity, and performed
subsequent multiplexed antibody staining on the same cells to link WNT signaling dynamics
to differentiation. Loss of Paneth cell contact, either due to spontaneous cell rearrangements
or Paneth cell ablation, was found to induce an immediate decrease of WNT signaling
activity. These decreases occurred independently of cell growth and division, and for cells
remaining close to or even moving towards Paneth cells. The WNT signaling decrease
was followed by the differentiation of stem cells into TA-like cells, and subsequently to
enterocyte and secretory types. WNT signaling increased soon after regaining Paneth
cell contact, even after extended excursions. These findings indicate a novel patterning
mechanism that differs fundamentally from the spatial gradient model, with the WNT
signaling decrease representing a cell-intrinsic temporal cue rather than an external spatial
cue. Importantly, WNT signaling thus does not directly provide positional information
to stem and TA cells, but instead generates spatial patterns by coupling a timer with cell
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movement, suggesting that additional processes such as cell sorting must be involved. Our
WNT timer model explains recent observations of cell differentiation within the crypt and
indicates that differentiation is not progressive but instead is characterized by frequent
resets.

3.2 REsuLTS

WNT SIGNALING DECREASES DIRECTLY UPON LOSS OF PANETH CELL
CONTACT

To study WNT signaling dynamics in intestinal crypts, we measured expression of Axin2,
a WNT target gene and well-established reporter of active WNT signaling [163, 187] in
Axin2P2A rtTA3 TA2 3xNLS-SGFP2; Rosa26mTmG intestinal organoids (Fig. 3.1a). In
this Axin2 reporter line, the endogenous Axin2 promoter controlled the expression of
a nuclear SGFP2 using a multi-cistronic targeting cassette, while cell membranes were
labelled with tdTomato. In intestinal organoids, the only source of WNT are Paneth
cells [66, 133, 233, 271], which we identified as crypt-based cells with low Axin2-reporter
levels (Fig. 3.1a) [187]. We acquired a large long-term live-cell imaging dataset of Axin2-
reporter organoids (N = 4 crypts), tracked individual cells with visible nuclear SGFP2
fluorescence and used the membrane marker to assess cell-cell contact (Methods). We
quantified Axin2-reporter levels up to the moment of division, noting that the fluorophores
are then distributed over both daughter cells without reflecting WNT signaling changes.
The average Axin2-reporter level decreased with increasing distance to the nearest Paneth
cell (Fig. 3.1b), as seen previously for other WNT target genes [14]. We found that Axin2-
reporter levels typically increased if cells contacted a Paneth cell. After loss of contact,
however, the reporter signal typically decreased within 1-2 hours, and well before the cell
cycle ended, indicating a WNT signaling decrease independent of cell division (Fig. 3.1c, d)
[71].

To test if this behavior was general, we analyzed all 4-hour intervals in which the monitored
cell was not dividing and considered intervals where the cell was either in continuous
Paneth cell contact or was not in contact. We determined the slope of the Axin2-reporter
in time for each interval, and its mean absolute level (Fig. 3.1e). Cells in Paneth cell
contact had a positive slope (79% of intervals) and higher absolute Axin2-reporter level
than cells not in contact. The latter typically showed a negative slope (61% of intervals),
especially when their absolute Axin2-reporter level was high (74% of intervals, Fig. 3.1e).
Consistently, the average Axin2-reporter slope was positive only for cells adjacent to
Paneth cells, while the slope was close to zero or negative for more distant cells (Fig. 3.1f).
Using fluorescence-recovery after photobleaching (FRAP), we estimated Axin2 expression
rates from Axin2-reporter slopes, obtaining a similar decrease with Paneth cell distance
(Supplementary Note 3.5.1 and Fig. 3.5). Overall, these results indicated that direct Paneth
cell contact is required to maintain active WNT signaling, with loss of Paneth cell contact
directly triggering a decrease of WNT signaling in time in stem cells.
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Figure 3.1: WNT signaling decreases directly upon loss of Paneth cell contact. (a) Axin2/SGFP2 fluorescent
reporter organoids. Asterisk indicates Paneth cell; scale bar: 20 pm. (b) Axin2/SGFP2 intensity for cells in stem
cell niche (median + SEM; n > 65 cells from N = 3 organoids). (c) Time-lapse images of a stem cell (yellow
line) losing contact with a Paneth cell (red line). Time is hours since loss of Paneth cell contact. Scale bar: 10
pum. (d) Normalized Axin2/SGFP2 intensity of cells that lost Paneth cell (PC) contact for more than 2 hours.
Fluorescence intensity is normalized by value at time of contact loss. Crosses indicate trajectories that end with
cell division. (e) Axin2/SGFP2 intensities averaged over individual trajectories versus each trajectory’s slope (*p <
0.05; two-sided Student’s t-test; n = 75 Paneth cell neighbors and n = 52 other cells, from N = 3 organoids). (f)
Slope of Axin2/SGFP2 trajectories versus distance to the closest Paneth cell (mean + S.E.M. of n > 37 cells per
distance from N = 3 organoids) (g) Targeted photoablation of a Paneth cell (white arrow). Scale bar: 20 pm. (h, 1)
Normalized Axin2/SGFP2 intensity of first-degree (h) and second-degree (i) neighbors of Paneth cells following
Paneth cell ablation in the crypt. (j) Normalized Axin2/SGFP2 intensity of first-degree neighbors of an ablated
Paneth cell in organoids treated with cell-cycle inhibitor Palbociclib. Dark-grey curves in (h-j) are control crypts
where no Paneth cell was ablated. Curves in (h-j) show the average (+ SEM) of the normalized Axin2/SGFP2
time-averaged over a 2-hour window (N > 2 organoids per curve).

WNT SIGNALING DECREASES INDEPENDENTLY OF CELL GROWTH

Next, we asked whether the WNT signaling decrease resulted from dilution of surface-
associated WNT by cell growth and division, or rather by growth-independent mechanisms
such as WNT receptor degradation [121]. To this end, we laser-ablated individual Paneth
cells and examined subsequent Axin2-reporter levels of surrounding cells (Fig. 3.1g). We
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selected crypts with 1-2 Paneth cells, so that almost all cells contacted at most a single
Paneth cell. Upon Paneth cell ablation, Axin2-reporter levels in directly neighboring cells
declined within hours, leading to a ~50% decrease in 12 hours (Fig. 3.1h). Consistently,
Paneth cell ablation did not impact second-degree neighbors, as Axin2-reporter levels
showed a similar decrease whether Paneth cells were ablated or not (Fig. 3.1i). These results
confirmed our observation of highly dynamic and short-ranged WNT signaling, with direct
Paneth cell contact increasing and maintaining WNT signaling, and loss of contact causing
an WNT signaling decrease. We found that the cell cycle inhibitor Palbociclib [241] not
only arrested cell division but also cell volume growth, as observed by reconstructing 3D
volumes of single cells using the membrane marker (Fig. 3.6a, b). Yet, following Palbociclib
exposure, Axin2-reporter levels in Paneth cell neighbors still decreased substantially (35%)
upon Paneth cell ablation (Fig. 3.1j). Control organoids with intact Paneth cells exposed to
Palbociclib showed no such decrease, consistent with Paneth cell contact stimulating WNT
signaling activity. Overall, this indicates that the gradual WNT signaling decrease in stem
cells upon loss of Paneth cell contact is independent of cell growth and division.

WNT SIGNALING DECREASE PRECEDES DIFFERENTIATION

To elucidate how the dynamic changes in WNT signaling activity linked to differentiation
[240], we employed the TypeTracker approach [291] we developed recently (Fig. 3.2a, b).
After long-term live-cell imaging and single-cell tracking of Axin2-reporter organoids, we
fixed organoids and performed multiple rounds of antibody staining to identify the main
intestinal cell types (Paneth, stem, TA, enterocyte, goblet, and enteroendocrine, with the
latter two categorized jointly as secretory). These end-point cell types were propagated
backwards in time along the reconstructed cell lineages [291], to determine cell type at each
point within the lineage. The highest average Axin2-reporter levels were found in stem
cells, followed by Paneth cells, TA-like cells, secretory cells and enterocytes, respectively
(Fig. 3.2c). The lower WNT signaling level for Paneth cells is consistent with previous
work [187]. This ordering of cell types by WNT signaling also agrees with single-cell RNA
sequencing data of the mouse intestinal epithelium [95] (Fig. 3.7), both for Axin2 and other
WNT target genes linked to differentiation (Lgr5, Sox9, Myc and Ascl2) [14, 21, 27, 240].
Finally, we observed the expected spatial distribution of cell types, with stem cells bordering
Paneth cells or separated by one cell distance, and secretory cells and especially enterocytes
located further away (Fig. 3.2d).

Cells in contact with a Paneth cell at the start of imaging were either stem or TA cells at
the time of fixation. Both groups showed high Axin2-reporter levels at the start of imaging,
and were maintained at high levels in stem cells, but in TA cells decreased after 10 hours to
50% of the initial value (Fig. 3.2e, left). The TA cells started to lose contact with the Paneth
cells 5 hours before the Axin2-reporter level decreased, whereas stem cells remained in
Paneth cell contact (Fig. 3.2e, left). Cells without Paneth cell contact at the start of imaging
either were TA cells at the time of fixation or had by then differentiated into enterocytes
or secretory cells (Fig. 3.2e, right). While in both cases cells showed low Axin2-reporter
levels at time of fixation, for TA cells this followed a steady decrease in Axin2-reporter
levels over the course of the experiment, while enterocytes and secretory cells exhibited
constant low Axin2-reporter levels throughout. This agrees with our previous observation




663 Loss OF PANETH CELL CONTACT STARTS A WNT DIFFERENTIATION TIMER IN INTESTINAL CRYPTS

a c
MA . R =
m |J-| é f » % ’-‘-‘ £
> > s [P ,L | | z
215
L
Cell tracking and Multiple rounds of Back-propagation 5 10
Time lapse imaging SGFP2 measurement antibody staining of cell types a
8 0.5
S
£ 00
< IR 4
& @ O
& FE
&
Cell type

d e Cells starting

with PC contact Other cells

1.0 ~— 2r B Differentiated (7)
o S
o g3 M TA (23)
’ Paneth ez T Stem (18 i
< 06 Secretory £5 T:(Tf) )
£ = Stem g op MO0, Ml_
g 0.4 Entelrocyte 10 n
02 TAdlike &8
N '
0.0 =1 = I e g
0 2 4 6 8 T ook . . S
Distance to Paneth cell (cells) 0 10 20 0 10 20

Time (h) Time (h)

Figure 3.2: Temporal WNT signaling decline drives differentiation. (a) TypeTracker approach for linking
Axin2-expression levels to differentiation. (b) Antibody staining used for cell type annotation. (c) Axin2/SGFP2
intensity for different intestinal cell types (mean + S.E.M. across all time points, for n = 26 Paneth cells, n = 62
stem cells, n = 183 TA-like cells, n = 10 secretory cells and n = 15 enterocytes). (d) Position of different cell types
relative to the closest Paneth cells, as observed at the time-lapse imaging end point (n > 3 cells per distance). (e)
Axin2/SGFP intensities and corresponding contact fractions with Paneth cells (PCs) for stem cells (red), TA-like
cells (gray) and differentiated cells (blue). Lines and shaded area indicate mean + S.E.M. of 2-hour time-averaged
intensities (top) and fractions in contact (bottom). Number in parenthesis indicates the number of cells used to
compute the curves.

that expression of differentiation markers requires at least one cell cycle [291] and hence is
detectable only after WNT signaling has been low for that time. Consistent with the low or
decreasing WNT signal, both groups showed reduced levels of Paneth cell contact (Fig. 3.2e).
Overall, these experiments indicate a specific sequence of events underlying differentiation:
First, stem cells lose Paneth cell contact (5-hour timescale). Then, they decrease in WNT
signaling, lose stem cell markers and assume TA cell fate (10-hour timescale). Finally,
differentiation markers are expressed after low WNT signaling for over 10 hours.

A TIMER MODEL OF WNT-MEDIATED DIFFERENTIATION.

Together, our observations indicated a ‘timer’ model. In this model, WNT signaling de-
creases cell-intrinsically and gradually in time for stem cells that no longer contact Paneth
cells, which in turn triggers differentiation to TA and subsequently to terminally differenti-
ated cell types. Maintenance of WNT signaling requires continued Paneth cell contact. Our
timer model contrasts with spatial gradient models [71], where WNT signaling depends
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strictly on the distance to Paneth cells, and hence provides a spatial differentiation cue (Fig.
3.3a).
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Figure 3.3: A timer model of WNT-mediated differentiation. (a) Gradient and Timer model for differentiation
in the intestinal crypts. (b) Axin2/SGFP2 intensity for stem and TA cells found in contact with Paneth cells (n
= 10 stem cells and n = 15 TA-cells identified based on Olfm4 staining, p < 0.001; Mann-Whitney U test). (c)
Micrographs of crypt with Axin2/SGFP2 and membrane signal (left) and Olfm4 staining (right). Arrows indicate a
representative stem cell (violet arrows) and TA cell (orange arrows). Asterisks indicate Paneth cells, which are
identified by low Axin2/SGFP2 signal and granules. Images were rescaled and Axin2/SGFP2 signal was smoothed
for optimal visibility. Scale bar: 10 pm. (d) History of Paneth cell contact for stem (red) and TA cells (gray). Line
and area indicate mean + S.E.M. of n = 49 cells from N = 3 organoids. (e, f) Axin2/SGFP2 intensity and slope for
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A key functional implication of our timer model is that it explains terminal differentiation
within the crypt, as recently observed for Paneth cells [30, 291]. In the timer model, stem
cells can decrease WNT signaling and lose stemness already when still close to Paneth cells,
in contrast to spatial gradient models (Fig. 3.3a). To verify this prediction, we tested for
the presence of differentiating cells in close vicinity of Paneth cells. Indeed, we identified a
small subgroup of TA cells that were in direct Paneth cell contact at time of fixation. Paneth
cell-contacting TA cells had lower Axin2-reporter levels than Paneth cell-contacting stem
cells (Fig. 3.3b, c), implying that their WNT signaling activities were distinct despite their
similar position. Importantly, when examining cell trajectories prior to fixation, these TA
cells showed a history of reduced Paneth cell contact compared to Paneth cell-contacting
stem cells (Fig. 3.3d). This indicated that they gained contact recently, while the stem
cells had been in prolonged contact. We excluded that differences in Axin2-reporter level
reflected the number of direct Paneth cell neighbors (Fig. 3.3e, f). Together, these data were
consistent with the timer model and contrasted with spatial gradient models.
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DIFFERENTIATION AS A REPEATED TRIAL PROCESS

Many cells switched multiple times between positions in and out of contact with a Paneth
cell, on a timescale of multiple hours (Fig. 3.4a), including cells that regained Paneth
cell contact after 5-10h without contact. Cells that regained Paneth cell contact did so
by moving in from up to 4 cell distances away (Fig. 3.4b). This inward movement was
accompanied by a strong decrease in Axin2-reporter level (Fig. 3.4c, d). We note that
this observed loss of WNT signaling activity in cells moving towards the WNT source is
inconsistent with the spatial gradient model but readily explained by the timer model (Fig.
3.3a). Moreover, cells that regained Paneth cell contact generally exhibited an immediate
(0-5 h) increase in Axin2-reporter levels (Fig. 3.4e, f), with a slope comparable to that of
cells already in prolonged Paneth cell contact (> 5h). Overall, these results show that WNT
signaling activity depends crucially on each cell’s unique history of Paneth cell contact, as
driven by cell rearrangements within the crypt. It also reveals that differentiation is an
inherently random repeated trial process, driven by a WNT-decrease timer that counts
down upon loss of Paneth cell contact but is repeatedly reset when contact is randomly
regained.
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Figure 3.4: WNT signaling activation depends on Paneth cell contact history. (a) Lineage tree gallery of
cells; color-coded by whether cells are in contact with a Paneth cell (green) or not (black). (b) Histogram showing
the distribution of maximum separation from Paneth cells, prior to regaining Paneth cell contact. (c) Axin2/SGFP2
slope for cells with different maximum separation from Paneth cells, prior to regaining contact (n > 7 tracked
cells). (d) Axin2/SGFP2 intensity and distance to Paneth cell for an example stem cell (top) and TA cell (bottom)
that regain Paneth cell contact. (e) Normalized Axin2/SGFP2 intensity for cells regaining Paneth cell (PC) contact.
(f) Axin2/SGFP2 slopes for cells before, during and after Paneth cell contact (n > 83 tracks; Mann-Whitney U test;
n.s. indicates p > 0.05).

3.3 DISCUSSION

We studied the dynamic basis of WNT signaling in intestinal organoids by tracking cells
in space and time, quantifying WNT signaling activity, and identifying resulting cell type
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changes using antibody labeling. Cells that directly contacted Paneth cells showed increas-
ing WNT signaling, while loss of Paneth cell contact caused an almost immediate decrease
in WNT signaling that continued gradually in time, independently of growth and division
(Fig. 3.1). The decreases occurred within 2 hours of losing contact — well before significant
movement along the crypt-villus axis or cell cycle completion and was followed by cell
differentiation (Fig. 3.2). Stem and TA cells frequently regained Paneth cell contact by
moving towards the crypt, with WNT signaling activity decreasing rather than increasing
during this movement (Figs. 3.3 and 3.4).

These data indicated a timer model for intestinal differentiation, in which time elapsed
since loss of Paneth cell contact is recorded by a cell-intrinsic decrease in WNT signaling
activity, and differentiation is triggered when it decreases below a critical value. Mechanis-
tically, it is well known that WNT signaling activity is attenuated by the endocytosis and
subsequent degradation of WNT receptors, possibly including their bound WNT ligands
[32]. This is induced by the E3 ubiquitin ligases Rnf43 and Znrf3 that are WNT target
genes themselves, thus forming a negative regulatory feedback loop [58]. We speculate
that such a WNT-dependent removal of WNT ligand-receptor complexes drives the steady
decrease in WNT signaling activity upon loss of Paneth cell contact, as we observed this
also in growth-arrested cells (Fig. 3.1), where dilution of surface-bound WNT by growth
cannot occur. Our timer model has conceptual similarities to proposed hourglass clock
mechanisms in embryonic development [63, 206, 219], and differs fundamentally from
spatial gradient models (Fig. 3.3): the WNT signaling activity here provides temporal rather
than positional information to cells, and reflects a cell-intrinsic property rather than the
read-out of an external spatial cue. The underlying dynamics inherent to the timer model
are obscured in static snapshots or cell-averaged profiles of WNT target gene expression
[14, 240] (Fig. 3.1).

Our WNT timer model has major implications. First, it provides a mechanism for Paneth
cell differentiation within the crypt (Fig. 3.2), which has been observed recently [30, 291].
Similarly, the earliest moment of commitment to other cell types, including enterocytes and
secretory cells, was also shown recently to occur within the stem-cell niche [30, 291]. Such
observations are readily explained by the timer model, where differentiation can occur
directly in the crypt, provided cells remain out of Paneth cell contact. In contrast, spatial
gradient models require stem cells to first move up to low-WNT regions to differentiate
into Paneth cells, and then move back to the crypt to function [23]. We speculate that
mesenchymal WNTs [73, 126], which might interact with cells beyond the Paneth cell-
defined niche, would reduce the rate of WNT signaling decrease, thereby modulating the
spatial range over which differentiation occurs, while differentiation will be impacted also
by other factors including Notch [78, 197] and BMP [99]. Second, the timer model implies
a novel spatial cell patterning mechanism. As our findings show that WNT signaling
cannot instruct where cells should differentiate, they indicate that other mechanisms
must be responsible for spatially organizing differentiated and non-differentiated cells
along the crypt-villus axis. We surmise that cell sorting plays a key role in this process.
Cell sorting, which is driven by mechanisms ranging from cadherin-based differential
adhesion, ephrin-mediated cell repulsion, and surface tension, is an important driver of
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spatial patterning in development [147] and might here be important for ensuring, for
example, that stem cells remain within the crypt, while differentiating enterocytes are
routed towards the villus. Third, in the timer model differentiation can be reset repeatedly,
as consequence of random cell movement and rearrangements within the crypt. We found
that cells at the crypt bottom frequently lost and regained Paneth cell contact, with the
latter causing WNT signaling activity to increase again (Fig. 3.4). Indeed, some stem and
TA cells regained Paneth cell contact by moving in from up to 4 cell distances away (Fig.
3.4), consistent with recently reported retrograde movement of intestinal stem cells in vivo
[9]. In conclusion, given the ubiquity of WNT signaling across animal development and
the increasing recognition that epithelia are more mobile and dynamic [153, 155] than
previously appreciated, a timer-based WNT control may be generally relevant.
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3.4 METHODS

ORGANOID CULTURING

Axin2P2A-rtTA3-T2A-3xNLS-SGFP2 HOM; Rosa26mTmG murine intestinal organoids were
established by the Van Amerongen lab (Universiteit van Amsterdam, The Netherlands)
and are described in ref. (Moosdijk2020). Organoids were cultured in 24-well cell culturing
plates, which were placed in an incubator at 37 °C and 5% CO2. Each well contained the
organoids in 40 pL gel consisting of basement membrane extract (BME, Trevingen) mixed
with Advanced DMEM/F-12 in a 2:1 to 3:1 volume ratio. The gel was overlaid with 0.4
mL growth medium. This medium consisted of Advanced DMEM/F-12 (Life Technologies)
with murine recombinant epidermal growth factor (EGF 50 ng/mL, Life Technologies),
murine recombinant Noggin (100 ng/mL, Peprotech), human recombinant R-spondin 1
(500 ng/mL, Peprotech), n-Acetylcystein (1 mM, Sigma-Aldrich), N2 supplement (1x, Life
Technologies), B27 supplement (1x, Life Technologies), Glutamax (2 mM, Life Technologies),
HEPES (10 mM, Life Technologies) and Penicillin/Streptomycin (100 U/mL 100 pg/mL, Life
Technologies). The organoids were passaged every week, after which they were refed twice
during the next seven days: once 2 to 3 days after passaging and once 4 to 5 days after
passaging. During refeeding, the growth medium was replaced. During passaging, the
organoids were mechanically broken up into smaller organoids, to prevent the organoids
from growing too large and therefore dying. The passaging was carried out as follows:
The organoids from two wells were collected into a 5 mL Eppendorf tube using 2 mL of
Advanced DMEM/F-12 medium. The organoids were broken up by pipetting up and down
with a glass pipette, of which the opening was narrowed using a flame. An additional 2
mL of Advanced DMEM/F-12 was added and the tube was centrifuged for 5 minutes at
800 rpm (320 rcf). Afterwards, the supernatant was aspirated. A second centrifugation
round was carried out: 4 mL new Advanced DMEM/F-12 medium was added, and the tube
was centrifuged for an additional 5 minutes at the same speed. The supernatant was again
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removed, after which the organoids were seeded in gel on wells of a new culturing plate.
After leaving the plates in an incubator for 20 to 30 minutes, the growth medium was

added.

ORGANOID TIME LAPSE MICROSCOPY

To perform a time lapse experiment, we first seeded mechanically dissociated organoids in
40 pL gel in four-well chambered cover glass (Cellvis). This was performed one day before
the start of the time lapse experiment. To prevent the gel from solidifying immediately,
seeding was performed on a cold block. The imaging well was put in a fridge until the
organoids had sedimented down, as observed using light microscopy. Typically, this
sedimentation process took about five to ten minutes. Afterwards, the chambered cover
glass was put in the incubator. After leaving the plates in an incubator for 20 to 30
minutes, the growth medium was added. A Leica confocal microscope was used for time
lapse imaging. In this setup, a controlled closed environment was used to maintain the
temperature at 37 °C, CO2 at 9% and high humidity. The CO2 concentration was kept at
9% instead of 5% due to leakiness of the system. A 40x water immersion objective (Leica)
was used for image acquisition. Organoids were imaged every 12 minutes for up to 20 h.
Z-stacks were made at 2 pm intervals, with a field of view of 233 by 233 pm. Z-ranges were
specified for each organoid, with a maximum range of 70 pm. The following excitation
wavelengths and laser intensities were used: 488 nm (3% or 1% intensity), 552 nm (1%
intensity), 638 nm (1% intensity). Detection was done at 493-547 nm and 582-633 nm.
An imaging well typically contains over 50 organoids, of which we only imaged a small
number. We selected for small organoids, with only one to three crypts, that we close
to the bottom of the imaging plate. The nuclei were made visible using SirDNA. This
allowed us to track Axin2-negative cells more easily, as otherwise we would need to rely
only on the membrane-located tdTomato signal. When organoids in the imaging plate had
generated buds (early crypt structures), the growth medium was removed and replaced by
new growth medium supplemented with 1 uM SirDNA (Spirochrome) and 10 uM Verapamil
(Spirochrome). This was then left to incubate for 3 hours before starting imaging.

ANTIBODY STAINING

After time lapse imaging, organoids were immediately fixed using 4% formaldehyde in PBS.
After fixation, the organoids were permeabilized using 0.2% Triton-X. Then the organoids
were sequentially stained with several rounds of primary and secondary antibody and
dyes (Table 3.1). Before antibody staining, organoids were blocked in 5% skim milk for 1 h.
Primary antibodies were diluted in 5% skim milk and were incubated on the organoids for
48 h. The organoids were then washed with PBS, and incubated with secondary antibodies
diluted in TBS, for 1 h. If applicable, the organoids were then incubated with Wheat
Germ Agglutamin (WGA) in PBS for 2 h. The organoids were washed of excess secondary
antibody and/or dye before imaging. Imaging was done using the same Leica confocal
microscope setup as for time lapse imaging. Using these combinations of antibodies and
dyes mentioned before, different cell types can be identified within the intestinal organoid
(Table 3.3).
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BACKTRACKING OF CELL TYPES

First, for cells that were visible at the end of the time-lapse, the cell types were assigned for
the entire lifetime of that cell using antibody staining, as described in Table 3.3. Then, all
remaining cell types were assigned as follows: If two sister cells were assigned to the same
type, the mother cell will also be assigned to that type. Furthermore, if at least one sister
cell was assigned to a stem cell, the mother cell will be assigned as a stem cell. Finally, if at
least one sister was assigned as a transit-amplifying cell, and the other sister was not a
stem cell, the mother cell will be assigned as a transit-amplifying cell. These rules match
our assumptions about cell differentiation in mouse small intestinal organoids [291].

ABLATION OF PANETH CELLS

Imaging for the was performed on a different microscope (Nikon A1R MP) with a 40x oil
immersion objective (NA = 1.30). 30 z-slices with 2 pm step size were taken per organoid
every 12 minutes. Experiments were performed at 37 °C and 5-8% CO2, achieved by using
a stage-top incubator (Okolab). Ablation was carried out using an 800 nm laser (tunable
Ti:Sapphire laser, Mai Tai High Performance DeepSee, Spectra Physics; 100% power) for 40
to 60 ms, on a single point set at the center of the nucleus. Paneth cells were identified by
their bright membrane-localized tdTomato signal and their low Axin2/SGFP2 signal amidst
neighbor cells that have a high Axin2/SGFP2 signal. No antibody staining was performed
after the time lapse.

FLUORESCENCE RECOVERY AFTER PHOTOBLEACHING

The experiment was performed on the same microscope as the ablation experiment. No
antibody staining or SirDNA was used. SGFP2 in three cells per crypt cells was partially
bleached for 5 seconds at 20% laser power (Nikon LU-N4 laser unit, 488 nm laser). The
remaining cells served as controls. Bleached and control cells were manually tracked for up
to 12 hours and fluorescence intensity levels of GFP signal were measured until cell division,
death or moving out of frame. For each individual recovery curve, we normalized the
fluorescence intensity by the average intensity of the four images taken before bleaching,
and we fitted the function

S(t)=1-Be % (3.1)

to the individual recovery curves using scipy.optimization.curve_fit in Python with the
fraction of bleached molecules (B) and the degradation rate of GFP (d) as free fitting
parameters. Bleached cells were excluded from analysis if (i) if the cell could only be
tracked for less than five hours, (ii) their average GFP-fluorescence intensity in first hour
was more than 65% (insufficient bleaching), (iii) if their maximum measured intensity was
higher than 35% above their intensity prior to bleaching (indicating that the cell was not in
homeostasis at the moment of bleaching) or (iv) if the measured recovery time (1/b) was
more than 21 hours, indicating that Axin2 was either not produced or immeasurably low
on the timescale of the cell cycle.

AUTOMATIC EXTRACTION OF FLUORESCENCE VALUES
For extracting fluorescence curves outside the FRAP experiment, a different, less labor-
intensive method was used compared to drawing ellipses. In addition, instead of measuring
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the fluorescent concentration, this method measures the total fluorescence of a nucleus.
The centers of the nuclei in the crypt were manually tracked from the start to the end of the
time lapses in OrganoidTracker [143]. (The automated tracking module of OrganoidTracker
could not be used, as the cells do not contain a nuclear reporter.) Every pixel in the (3D)
image was then assigned to the nearest nuclear center position, with a maximum distance
of 7 ym. The sum of the intensities of all pixels belonging to a cell is regarded as the total
fluorescence of the cell. When a trace of a single cell is shown in this paper, the measured
values are averaged over the two hours before and the two hours after. When multiple
cells are shown together, the Axin2/SGFP2 values of the cells are averaged, but no time
averaging is performed. To be able to compare signals from multiple organoids, we needed
to set a consistent scale for each organoid. We wanted to have a scale where 1 represents
the Axin2/SGFP2-level of a typical cell where WNT signaling is on, and 0 for a cell that
displays only background signal. Since we mostly track cells in the crypt, we defined the
median SGFP2 signal of a cell as 1, with the idea that this value represents a typical cell in
the crypt. For defining 0, we noticed that starting from the 4th-degree-neighbor of Paneth
cells, in general no SGFP2 fluorescence was observed, and that the average measured signal
was minimal. Therefore, we defined this average as 0. Since the background is not uniform
across the organoid and across time, this caused some cells to have an intensity below zero.
We did not cap these negative values to zero, as this would artificially increase the average
signals.

DETERMINING NEIGHBORS OF CELLS

Neighbors of cells were manually annotated every 10 time points, which corresponds to
every two hours. To do this, connections were established between all cells for which the
membranes touched, as observed in the tdTomato channel.

MEASURING AXIN2 SLOPE AS A FUNCTION OF DISTANCE TO THE NEAR-

EST PANETH CELL

We measured the Axin2 slope as follows: we iterated over all time lapses, and for every
time point for which we had annotated each cell’s neighbors (which was done every two
hours), we iterated over every cell present in that time point. For every cell, we either
measured the distance to the nearest Paneth cell, or the number of Paneth cells the cell was
currently in contact with. We then looked at a 4-hour time window of the Axin2/SGFP2
intensities and measured the mean intensity and the slope. If we could not obtain a 4-hour
time window for that cell, because the cell divided or we could not track it for that long,
we discarded the cell. Note that this method measures the same cell multiple times.

We tracked the cells that were a neighbor at the start of the experiment. If a cell divided,
the daughters were regarded as two new cells for the analysis. For all cells that we could
track for at least 4 hours, we calculated the mean Axin2/SGFP2 intensity and intensity
slope. Note that we now obtain only a single Axin2 production rate for each cell.

RNA SEQUENCING DATA ANALYSIS
Single-cell RNA sequencing data [95] of the murine intestinal epithelium was retrieved
from the GEO database (GSE92332). Analysis was performed in Python using the scanpy
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library and the recipe based on Wu et al. (2022) [285]. Briefly, cells with more than 5%
mitochondrial genes were filtered out, and counts per cell were normalized and loglp
transformed. Dimensionality reduction was performed by finding the 4000 most highly
expressed genes (excluding mitochondrial and ribosomal), scaling and principal component
analysis (50 components) and computing of the neighborhood graph (knn = 15).

3.5 SUPPLEMENTARY INFORMATION

Table 3.1: Used antibodies and dyes.

Antibody/Dye Concentration Manufacturer Research Resource
reference Identifier

rabbit anti-OLFM4 1:500 dilution Bioke D6Y5A RRID:AB_2650511

rabbit anti-human 1:800 dilution Dako #A0099 RRID:AB_2341230

lysozyme

mouse anti-human 190 ng/mL Dako M701929-2 RRID:AB_2133718

Krt20

mouse anti-human 2.5 ug/mL Santa Cruz RRID:AB_2801371

ChrA #sc-393941

donkey anti-rabbit 2 pg/mL Abcam #ab175649 RRID:AB_2715515

donkey anti-mouse 4 pg/mL Thermofisher RRID:AB_162542
#A31571

Wheat Germ 2.5 pg/mL Biotium #29028-1 N/A

Agglutamin (WGA)

Table 3.3: Mapping from antibody staining to cell type [291]. IMPC is an immature mucus-producing cell, which
does not stain positive yet for lysozyme or Krt20. TA represents the transit-amplifying cells, which did not stain
positive for any of our markers.

Stem cell | Paneth cell | IMPC | Goblet cell | Enterocyte | EEC | TA
OLFM4 +
Lysozyme +
WGA + +
Krt20 + +
ChrA +
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3.5.1 SUPPLEMENTARY NOTE - MODELLING SGFP2 PRODUCTION AND

DEGRADATION
In this section, we use a Fluorescence Recovery After Photobleaching (FRAP) experiment
of SGFP2 and mathematical modelling to demonstrate that our measured SGFP2-data is
consistent with a simple production/degradation model, and that cells with active WNT
signaling can still show a negative slope in SGFP2 signal.

Changes in WNT signaling likely manifest themselves in concomitant changes in Axin2
production rate. Given that, in our experiments, Axin2 and SGFP2 are transcribed as a
single polycistronic mRNA molecule, the production rate of SGFP2 is like that of Axin2
by design. Therefore, assuming simple, linear transcription and translation dynamics, the
WNT-dependent Axin2 production rate r(¢) is equal to the production rate of the measured
SGFP2 signal, can thus be inferred from the observed SGFP2 fluorescence signal S(t) as
r(t) = d‘;—(f) +5(t)- 6. Here, d‘;—(tt) is the slope of the SGFP2 signal and § is the degradation
rate of the SGFP2 signal. We assume that this degradation rate is constant across all cells
in all our experiments. This constant allows direct calculation of the Axin2 production rate
r(t), given only the current value and slope of the SGFP2 signal.

FLUORESCENCE RECOVERY AFTER PHOTOBLEACHING
To measure the degradation rate §, we set up a FRAP experiment and use the following
simple production-degradation model to describe how the GFP signal evolves over time:

= (3.2)

Here, S is the measured concentration of GFP, which can be produced at rate p and degraded
at rate §. This reaction equation results in the following differential equation:

ds

b 5-G() (3.3)
Note that while we assume that the SGFP2 degradation rate d is equal in all cases, we
allow the production rate p to vary over time for each cell. For the FRAP experiment, we
bleached several cells in the bottom of the crypt (Fig. 3.5a). We measured recovery of
SGFP2 fluorescence over time, with the observed recovery over ~8 hours (Methods, Fig.
3.5b). Cells at the bottom of the crypt show a constant amount of SGFP2. Therefore, for
these cells z—f = 0. Substituting this result in Equation 1 shows that the recovery of the

bleached cells can then be fit to %) =1—Be % to obtain the degradation rate 6. Here, Sy
is the measured concentration of SGFP2 before bleaching and B the fraction of bleached
GFP. By fitting this exponential to the measured SGFP2 values over time, we obtained a
degradation rate of § =0.14 h™.

PRODUCTION VALUES FOR CELLS

Using the measured SGFP2 degradation rate, we then estimated the Axin2 production rate
r based on the SGFP2 intensity and its slope, averaged over 4 hours. As expected, r was
highest in direct Paneth cell neighbors, and decreased for second-degree neighbors. For
more distant cells, the inferred Axin2 production rate becomes zero (Fig. 3.5¢). When we
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next inferred the production rate for the ablation experiments, we found that upon Paneth
cell ablation r was reduced to a level comparable with the production rate in the second-
degree neighbors. Palbociclib-treated organoids showed similar r as control organoids,
indicating that Axin2 production rate, and hence WNT signaling, did not depend strongly
on cell growth and division (Fig. 3.6c).
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Figure 3.5: Fluorescence recovery after photobleaching experiment. (a) Targeted bleaching of several
Axin2-postive cells in the crypt. Scale bar: 10 pm. (b) Fluorescence recovery curve for bleached cells, with fit, and
with fluorescence intensities control cells that were not bleached. The shaded area is the standard error across

the cells. (c) Axin2 production rate for cells at various distances of Paneth cells, with distance 1 representing the
direct neighbors.
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Figure 3.6: Palbociclib effectively halts proliferation and cell growth. (a) Cumulative number of cell
divisions for control organoids and for organoids where Palbociclib was added to the medium several hours
before imaging. (b) Effect of Palbociclib on cell growth. If a cell divides (which happens in the control only),
the volume of the two daughter cells is summed. (c) Axin2 production rate inferred for first-degree Paneth cell
neighbors (left), second-degree neighbors (middle) and for first-degree neighbors in Palbociclib-treated organoids,
both in Paneth cell-ablated and mock-ablated organoids. Paneth cell ablation reduced Axin2 production rate to
levels comparable with second to third-degree neighbors of Paneth cells, independent of cell growth and division.
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Figure 3.7: Expression of WNT target genes in intestinal cell types. (a) tSNE plot of Axin2 expression
in single-cell RNA sequencing dataset from ref. [95] (data accessible at NCBI GEO database [15], accession
GSE92332). (b) Reference for panel a. Clusters were combined such that the same cell types were present as
distinguished using TypeTracker in this work. (c) Dotplot of WNT target genes, showing that all common WNT
target genes are highest in stem cells, followed by Paneth and TA cells, and then by secretory cells and enterocytes.
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BEST4/CA7" AND GOBLET CELLS
ARE INTERDEPENDENT
REGULATORS OF INTESTINAL
MUCUS HOMEOSTASIS

"Nothing in biology makes sense, except in the light of evolution."

Theodosius Dobzhansky

The intestinal mucus layer is essential for the integrity of the intestinal barrier. It is produced by
goblet cells, whose depletion is common in colonic inflammation but remains poorly understood.
Here, we show that goblet cell survival relies on a reciprocal dependence with newly discovered
BEST4/CA7* cells. We developed a method to follow BEST4/CA7" and goblet cells in time
from birth to death in human colon organoids. Notably, goblet cells induce BEST4/CA7* fates
in sister cells and other neighbors, using DLL1-mediated lateral activation of Notch-signaling.
BEST4/CA7* cells in turn promote goblet survival, with the latter depleting rapidly after
differentiation in absence of BEST4/CA7" cells. This apoptosis inhibition does not require
direct cell-cell contact and instead depends on their shared lumen. Such differentiation and
survival interdependencies may be relevant beyond the maintenance of mucosal homeostasis.

The content of this chapter is submitted as Willem Kasper Spoelstra*, Daisong Wang®, Johan van Es, Hans
Clevers, Jeroen S. van Zon, Sander J. Tans. BEST4/CA7" and goblet cells are interdependent regulators of intestinal
mucus homeostasis. Under review at Nature Cell Biology.
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4.1 INTRODUCTION

The intestinal lumen is a hostile environment that contains diverse pathogens, which
must be effectively separated from the delicate underlying tissue. A mucus layer cover-
ing the intestinal epithelium is central to this barrier function. It consists mostly of the
O-glycosylated mucin 2 (MUC2), which expands up to 1000-fold to form a hydrated gel
after its secretion by goblet cells [94, 125, 272]. Emerging evidence also indicates a role
for BEST4/CA7" cells; a rare cell type discovered only recently in the human intestine
[118] and notably absent in the mouse [95]. Specifically, the key markers BEST4 and CA7
both regulate bicarbonate levels. BEST4/CA7™ cells also express proton channels OTOP2
and OTOP3 [37, 69, 70, 75, 205, 247], secrete guanylin and uroguanylin [205], and activate
CFTR channels upon bacterial infection [278]. These findings indicate that BEST4/CA7*
cells regulate mucus viscoelasticity and secretion by controlling luminal pH, calcium and
bicarbonate concentrations, as well as water efflux [3, 64, 93] (see ref. [170] for a recent
review).

Goblet and BEST4/CA7* cell abundance is therefore important to mucosal defense. Indeed,
goblet cell depletion is a known hallmark of ulcerative colitis [84], and more generally
observed in chronic inflammatory disorders [98, 123, 124, 268]. However, the processes
that control goblet and BEST4/CA7* cell abundance in the rapidly renewing intestinal
tissue are poorly understood. Goblet cells arise from secretory progenitors, but whether
their survival is controlled is less clear. BEST4/CA7* cells are thought to branch from
absorptive progenitors [205] and are absent in organoid cultures treated with Notch sig-
naling inhibitors [276, 278]. However, when and in which lineages they are generated
is unknown. Curiously, BEST4/CA7* and goblet cells are often found in close proximity
[69, 118], but the causes are unclear. Addressing these questions requires approaches to
follow the renewal process of intestinal cells in time and space. Owing to the absence
of BEST4/CA7™ cells in the mouse, studying their differentiation and function over time
requires the use of human organoid models [276, 278].

Here, we developed a method to track goblet and BEST4/CA7* cells in a human colon
organoid model. The data reveal an unexpected interdependence between these cell types
in terms of both differentiation and survival. Notably, we find that BEST4/CA7" cells
emerge often, but not exclusively, as direct sisters of goblet cells. Fate commitment occurs
early, with goblet cells arising from cells that are still proliferative, and their sister or other
neighboring cells adopting the BEST4/CA7* fate shortly after. We find that goblet cells
laterally activate Notch-signaling through DLL1 to induce BEST4/CA7* cell differentiation.
Finally, we show that goblet cell survival depends on BEST4/CA7* cells in a contact-
independent manner, with the goblet cell pool being dramatically depleted in absence of
BEST4/CA7* cells. This reciprocal relation between goblet and BEST4/CA7* cells provides
a mechanism for homeostasis of the ratio between BEST4/CA7" and goblet cells. Our
findings raise questions on the prevalence of reciprocal dependencies between cell types
and their role in regulating cell type proportions across epithelia and during infection,
inflammation, and proliferative perturbations.
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4.2 RESULTS

BEST4/CA7*" CELLS DIFFERENTIATE AFTER GOBLET CELLS

To study the dynamics of goblet and BEST4/CA7* cell differentiation, we performed long-
term live-cell imaging of human colon organoids [233] carrying reporters for differentiation
of goblet cells (labelled by a MUC2-mNeonGreen knock-in allele) [6] and BEST4/CA7*
cells (labelled by a CA7-P2A-tdTomato knock-in allele) [278], with a histone 2B (H2B)-
iRFP670 nuclear reporter integrated to enable real-time tracking of individual cells. We
grew human colon organoids as undifferentiated stem cells in expansion medium and then
shifted to differentiation medium (Fig. 4.1a). Multi-day time-lapses were acquired during
these growth processes at 12-min resolution using confocal microscopy and individual
nuclei were tracked through time using OrganoidTracker [143]. We classified cells as goblet
cells, BEST4/CA7* cells or unmarked cells based on morphology and fluorescence, and
extracted cell positions, fluorescence levels of mNeonGreen and tdTomato (which indicate
expression levels of MUC2 and CA?7, respectively) and lineage relations (Methods, Fig.
4.1a-d, Fig. 4.5 & Fig. 4.6). Together, this yielded an expansive single cell tracking dataset
combining positional information, lineage history, gene expression dynamics and cell types.

Lineage trees showed that cells in expansion medium remained proliferative for at least five
days with cell cycle durations varying between 15 and 53 hours, and a median of 27.6 hours
(Fig. 4.5a-¢). Cell cycle durations were strongly correlated between sister cells (Fig. 4.5f),
in line with our previous finding in mouse intestinal organoids that cell cycle durations
are controlled by mother cells and transmitted to their daughters [115]. After shifting to
differentiation medium, most cell divisions occurred within 24 hours and proliferation
virtually stopped within 48 hours (Fig. 4.5g). After 24 hours, a subset of cells started to
show MUC?2 and CA7 expression (Fig. 4.1e). Notably, we observed a distinct temporal order
between goblet and BEST4/CA7* cell emergence, with MUC2* goblet cells appearing after
amedian time of 49 hours, and BEST4/CA7™ cells after 69 hours (Fig. 4.1e, f). Measurements
of MUC2 and CA7 mRNA levels by quantitative polymerase chain reaction (QPCR) analysis
yielded a similar delay in timing (Fig. 4.1g). This temporal separation can explain previous
immunostaining [273] and transcriptomics data [70, 205], which show BEST4/CA7" cells
higher along the crypt/crypt-villus axis than goblet cells, as the former will have moved
further towards the villus before their BEST4/CA7 marker is expressed.
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Figure 4.1: Goblet cells emerge before BEST4/CA7" cells. (a) Transmitted light (top) and fluorescence micro-
graphs of a differentiating CA7-MUC2-H2B triple-reporter organoid. Time is hours after shift to differentiation
medium. Scale bars: 20 um. (b) MUC2 (x-axis) and CA7 (y-axis) reporter fluorescence averaged over subsequent
time windows. (c, d) Maturation of a goblet cell (GC, ¢) and BEST4/CA7* cell (d). Scale bars: 10 pm. (e) Average of
MUC2 intensity for all goblet cells (green, left y-axis) and average CA7 expression of BEST4/CA7" cells (magenta,
right y-axis). 17 organoids derived from three independent experiments are analyzed. n indicates the number of
analyzed cells; shaded area indicates the S.E.M. (f) Distribution of times at which MUC2 (top) and CA7 (bottom)
is first expressed. Vertical dashed lines indicate the median expression times. Solid line indicates a normal
distribution fit to the histogram. (g) Expression of MUC2 (green, left) and CA7 (magenta, right) mRNA quantified
using qPCR, at different days after shifting to differentiation medium. Vertical axis indicates the expression
relative to GAPDH, normalized by the average expression at day 0 (data from three biological replicates).
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CONTACT WITH GOBLET CELLS PREDICTS BEST4/CA7* CELL FATE
COMMITMENT

BEST4/CA7" cells often appear to be positioned nearby goblet cells both in vivo and in vitro
[69, 118, 278]. Rigorously identifying cell-cell contact in 3D tissue architectures is challeng-
ing, however. To address this issue quantitatively, we grew organoids in 2D monolayer
cultures [216], to ensure that cell interfaces are clearly visible in bright-field images (Fig.
4.2a, b). On day 3 of differentiation, 90% of BEST4/CA7" cells were in direct contact with
goblet cells. In contrast, only 44% of goblet cells and 42% of unmarked cells were in contact
with another goblet cell (Fig. 4.2c, d). Furthermore, sister cells remained close together
after division in both expansion and differentiation medium (Fig. 4.7). These findings
excluded the possibility that goblet and BEST4/CA7™ cells differentiate independently and
subsequently co-localize by spatial rearrangement. Instead, lineage relations or cell-cell
signaling could play a role.

To study this issue directly, we analyzed goblet and BEST4/CA7* lineages in time, as well
as their relations. We excluded lineages with cells whose type could not be classified as
BEST4/CA7", goblet, or not expressing either marker (termed unmarked), for example due
to cell death or the cell moving out of view (Supplementary Note 4.5.1 and Fig. 4.8). Strik-
ingly, we observed cells dividing into two sister cells of which one adopted the goblet, and
the other the BEST4/CA7* cell fate (Fig. 4.2¢). Expression of the goblet cell marker MUC2
typically turned on before the BEST4/CA7* marker CA7, and never after (Fig. 4.2e-h), con-
sistent with the population-level findings (Fig. 4.1e-g). Hence, these data show that goblet
and BEST4/CA7™ lineages can emerge from the same progenitor (mother) cell. Overall, we
observed sister cells displaying all five possible combinations that include BEST4/CA7*
and/or goblet type (Fig. 4.2i and Fig. 4.6c). Analysis showed that the goblet-BEST4/CA7*
combination appeared more often than expected for a model where cells choose their fate in
an autonomous and neighbor-independent manner (Fig. 4.2i and Supplementary Note 4.5.2).

The data further revealed a key role for spatial relations. Specifically, we considered cases
when BEST4/CA7* cells did not emerge as a goblet cell sister, but rather as a sister of an
unmarked cell. We previously established that almost all unmarked cells in these organoids
are enterocytes [278], which are also dominant among differentiated cells in the colon. In
unmarked-BEST4/CA7" sister pairs, the BEST4/CA7™ cell typically had more contact with
goblet cells than its unmarked sister cell (Fig. 4.2j, k). In the only observed sister pair with
two BEST4/CA7* cells, both BEST4/CA7" sisters contacted goblet cells continuously until
they expressed CA7 (Fig. 4.21). Together, these results suggested a mechanism in which
direct goblet cell contact instructs the BEST4/CA7* cell fate. This model is consistent with
all the above observations: the high frequency of goblet- BEST4/CA7™ sister pairs which
contact each other after birth, the temporal order of their differentiation markers, and the
induction of the BEST4/CA7™ fate in cells that contact goblet cells of a different lineage.

The data indicated another notable feature, namely the emergence of the goblet fate in
each of the two sisters after a division. Indeed, goblet-goblet sister pairs were ~3-fold
overrepresented compared to expectation (Fig. 4.2i). In addition, the onset of MUC2
expression relative to the last division was highly correlated for these goblet cell sisters
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(Fig. 4.9a), suggesting that the mother cell had already committed to the goblet fate and
then divided once more to produce two daughters in which MUC2 became detectable.
Indeed, we occasionally observed the onset of MUC2 expression already before this last
division (Fig. 4.9b). These observations are consistent with our previous study in mouse
small intestinal organoids that showed secretory cells emerging as sisters [291] with the
same type, and oppose the view that secretory fate commitment occurs exclusively after
cell cycle exit.

BEST4/CA7' CELL FATE COMMITMENT DEPENDS ON DLL1 FROM GOB-

LET CELLS

The data thus far suggested goblet cells instruct the BEST4/CA7* fate in direct neigh-
bors. We surmised it could be mediated by Notch-signaling; a contact-dependent sig-
naling pathway that regulates fate specification in the intestinal epithelium [78, 270].
RNA-sequencing has shown that BEST4/CA7* cells highly express the NOTCH2 receptor
[69, 70, 205, 247, 278], while inhibition of Notch-signaling using the y-secretase inhibitor
DAPT blocked all differentiation of BEST4/CA7" cells [276, 278]. However, as DAPT
uniformly blocks y-secretase activity along all lineages, the role of Notch signaling in
BEST4/CA7* specification, including the involvement of goblet cells, remains unclear.
Therefore, we aimed to test directly whether goblet cells instruct the BEST4/CA7* cell fate
via lateral Notch-signaling.

In human tissue, five Notch-ligands are expressed, namely Delta-like ligands DLL1, DLL3
and DLL4 and Serrate-like ligands JAG1 and JAG2 [292]. To identify candidate Notch-
ligands for activation of Notch signaling in BEST4/CA7* cells, we analyzed single-cell RNA
sequencing data of healthy human colon epithelium from the GutCellAtlas [69]. We found
that DLL3 and JAG2 were lowly expressed and DLL1 and DLL4 were highly expressed
by colonic goblet cells (Fig. 4.10). JAG1 was previously found to be expressed only in
crypt top colonocytes [146], and was therefore unlikely to contribute to Notch signaling
in the differentiation process of BEST4/CA7* cells. Although DLL4 shows overall higher
expression than DLL1 (Fig. 4.10), the latter was previously found to have higher affinity
for NOTCH2 than DLL4 [261], suggesting distinct but not redundant role of Notch ligands
in signaling activation. Hence, we hypothesized that any Notch signaling that instructs
BEST4/CA7* cell fate commitment is activated by DLL1, DLL4 or both.
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Figure 4.2: Contact with goblet cells predicts BEST4/CA7" cell fate. (a, b) Fluorescence (a) and bright-field
(b) micrograph showing goblet-BEST4/CA7" cell co-localization in 2D organoids. Dashed white boxes highlight
BEST4/CA7" cells. Scale bars: 20 um. (c) Fraction of cells in contact with a goblet cell. Pearson y?-test is used
for comparisons. n = 17 patches from three independent experiments. (d) Distribution of the number of goblet
cell neighbors per cell type. Mann-Whitney U test is used for comparisons. n.s. not significant. n = 17 patches
from three independent experiments. (e) Example of a dividing cell of which one daughter becomes a goblet cell
(green asterisk) and the other a BEST4/CA7" cell (magenta asterisk). Time is hours after shift to differentiation
medium. Scale bar, 10 um. (£, g) Two representative examples for MUC2 expression of goblet cells (green) and CA7
expression of their BEST4/CA7" sister. Age indicates time since the last division. Vertical dashed lines indicate
the time at which the cells became MUC2-positive (green) or CA7-positive (magenta). Both lines show the 4-hour
moving average of the MUC2-mNeonGreen and CA7-P2A-tdTomato fluorescence. (h) Age at which goblet and
BEST4/CA7" cells showed detectable levels of marker expression in goblet-BEST4/CA7" sister pairs. (i) Observed
and expected frequencies of the sister pairs. Expected frequencies were computed using the population-level
abundances of goblet and BEST4/CA7™ cells and tested using a Pearson )(z—test. B, BEST4/CA7" cell; G, goblet
cell; U, unmarked cell.
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Figure 4.2: (continued) (j) Example of a mother cell dividing into a BEST4/CA7* and unmarked cell, indicated
by a magenta and white asterisk, respectively. Green asterisks indicate MUC2™ cells adjacent to the BEST4/CA7*
cell. Scale bar: 10 pm. (k) Average number of goblet cell connections for BEST4/CA7* cells and unmarked
BEST4/CA7* cell sisters. A goblet cell connection is defined as an instance where the nucleus of a cell is within 15
pm of the nucleus of a goblet cell. Shaded area indicates the S.E.M. (1) Micrograph images of the only BEST4/CA7*-
BEST4/CA7" sister pair, showing that both BEST4/CA7" sisters (magenta asterisks) are in contact with a goblet
cell (green asterisks). Scale bar: 10 pm.

To test this, we generated organoid lines where either DLL1, DLL4 or both DLL1 and DLL4
were genetically knocked out on both alleles in the CA7 P2A-tdTomato reporter organoids
(DLL1-KO, DLL4-KO and DLL1/4-dKO, respectively; Fig. 4.11a). After organoid differen-
tiation, we measured the percentage of BEST4/CA7* cells by FACS analysis (Fig. 4.11b).
DLL1-KO and DLL1/4-dKO organoids had virtually no BEST4/CA7" cells, while the per-
centage of BEST4/CA7" cells was only mildly decreased in DLL4-KO organoids (Fig. 4.3a, b).
Hence, expression of DLL1, but not DLL4, is necessary for instructing BEST4/CA7* cell fate.

Next, we labeled DLL1-expressing cells by knock-in of a P2A-Clover cassette at the C-
terminus of the DLL1 gene (DLL1-P2A-Clover) in the CA7-P2A-tdTomato; H2B-iRFP670
reporter organoids and tracked cells during differentiation (Fig. 4.3c and Fig. 4.11c, d).
The resulting lineages of DLL1% cells showed DLL1 expression after a median time of 35
hours (Fig. 4.3d-f), thus even earlier than MUC2 expression after 49 hours, as shown above
(Fig. 4.1f, g). This agrees with findings that DLL1 expression starts low in the crypt and
precedes functional marker expression of secretory cells [269]. Notably, out of 25 cells that
were tracked from birth and adopted the BEST4/CA7" fate, 13 had a DLL1™ sister, each
of which expressed DLL1 before CA7 emerged in the BEST4/CA7" cell (Fig. 4.3g and Fig.
4.12). Moreover, at 60 hours after the shift to differentiation medium, all present and future
BEST4/CA7* cells were in direct contact with DLL1" cells (Fig. 4.3h, i). This suggested that
contact with a DLL1" lineage around 60 hours is necessary for committing to BEST4/CA7*
fate. Overall, these results show that DLL17 cells, of which the majority is a goblet cell or
it’s precursor, instruct commitment to the BEST4/CA7" cell fate by lateral Notch-signaling.
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Figure 4.3: DLL1-mediated activation of Notch-signaling instructs BEST4/CA7* cell fate. (a, b) Repre-
sentative FACS plot (a) and quantification of BEST4/CA7" cell percentages (b) in differentiated WT, DLL1-KO,
DLL4-KO and DLL1/4-dKO organoids. One-way ANOVA with Dunnett’s test is used for multiple comparisons
between the DLL-KO groups and the WT (control) group. **** p < 0.0001, * p < 0.05, n.s.: not significant. SSC, side
scatter measurement. Data from n = 3 technical replicates per condition, from N = 2 clones per knock-out line
derived from the same donor. Error bars indicate 95% confidence interval. (c) Representative confocal image of
a DLL1-CA7-H2B reporter organoid, after 84 hours of differentiation. Scale bar: 20 pm. (d) DLL1 (x-axis) and
CA7 (y-axis) reporter fluorescence averaged over time for different time windows after shifting to differentiation
medium. (e) DLL1 reporter fluorescence over time for DLL17" cells and unmarked cells. Shaded area indicates
S.E.M. (f) Distribution of times at which DLL1 (top) and CA7 (bottom) is first expressed. Vertical dashed lines
indicate the median expression times. Solid line indicates a normal distribution fit to the histogram. (g) Age at
which BEST4/CA7* and DLL1" cells in BEST4/CA7*-DLL1" sister pairs showed marker expression.
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Figure 4.3: (continued) (h) Time-lapse images of two neighboring cells of which one expresses DLL1 (red
asterisk) and the other CA7 (white asterisks). Note that these cells are not sister cells. Dashed white lines indicate
the pair of cells at before clear marker expression. Scale bar: 10 um. (i) Neighbors of present and future DLL1*
cells were evaluated 60 hours after shift to differentiation medium. Null hypothesis that all three cell types
(BEST4/CA7*, DLL1" and unmarked) had equal probability to have a DLL1* neighbor was tested using Pearson
)(2 -test.

BEST4/CA7" CELLS SUPPORT THE SURVIVAL OF GOBLET CELLS

Having established that Notch ligand-presenting goblet cells instruct differentiation of
BEST4/CA7* fate in neighboring cells, we wondered if there was a functional relevance for
this interaction. We and others previously established that the transcription factor SPIB is
essential for BEST4/CA7™ cell differentiation by showing that genetic knock-out of SPIB
leads to a complete lack of BEST4/CA7* cells [276, 278]. Here, we then examined whether
BEST4/CA7* cells impacted goblet cell abundance, by comparing goblet cell numbers in
both SPIB-KO and wild-type (WT) organoids using FACS analysis. Strikingly, goblet cell
fractions in SPIB-KO and WT organoids were similar up until day 4 of differentiation but
rapidly decreased in SPIB-KO organoids on day 5 and 6 (Fig. 4.4a, b). To study the survival
of goblet cells more directly, we used live-cell imaging and tracking. Tracking showed
that goblet cells were significantly more likely to undergo apoptosis in SPIB-KO organoids
(compared to WT organoids), as evidenced by fragmentation of the nucleus and the mucus
granules (Fig. 4.4c, d and Fig. 4.13a, b). These observations thus revealed a novel function
for BEST4/CA7* cells, namely, to increase goblet cell survival.

To understand how goblet cell survival is supported by BEST4/CA7" cells, we tested
whether it depended on direct cell-cell contact or was instead mediated indirectly — either
via the lumen (apically) or the medium (basally). In WT organoids, survival of goblet cells
beyond day 6 did not depend on BEST4/CA7* cell contact (Fig. 4.4e, f and Fig. 4.13c). The
difference in goblet survival observed above between WT and SPIB-KO organoids was not
decreased by co-culturing these organoids in a 1:1 ratio (Fig. 4.4g and Fig. 4.13d), arguing
against signals secreted basally into the shared medium. To determine whether goblet cell
survival required a shared lumen between the goblet and BEST4/CA7™ cells, we assessed
goblet cell survival in mosaic organoids consisting of SPIB-KO and WT cells (with WT
cells labeled by H2B-iRFP670, Fig. 4.4h, i). Notably, the survival of SPIB-KO goblet cells
was much closer to that of the WT goblet cells in the same mosaic organoid (Fig. 4.4j, k),
as compared to the previous two conditions (Fig. 4.4g-i). Together, these results show that
goblet cell survival beyond day 4 of differentiation does not rely on direct cell-cell contact
but instead depends on the shared lumen.
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Figure 4.4: BEST4/CA7" cells enhance goblet cell survival via the lumen. (a) Representative FACS plots of
goblet cell percentages in WT and SPIB-KO organoids after 6 days of differentiation. (b) Goblet cell percentage
on day 2 to day 6 since shift to differentiation medium, as quantified by FACS analysis. n = 3 biological replicates.
Student’s t-test is used for comparisons. **** p < 0.0001, ** p < 0.01, * p < 0.05, n.s.: not significant. Error
bars indicate 95% confidence interval. (c) Examples of goblet cell apoptosis in WT (top) and SPIB-KO (bottom)
organoids. SPIB-KO lack BEST4/CA7* cells. Insets show time point of goblet cell death. Scale bars, 20 ym in the
large images and 10 pm in the insets. (d) Goblet cell survival in differentiated organoids. Data are derived from
365 WT goblet cells and 393 SPIB-KO goblet cells. N = 16 organoids derived from three independent imaging
experiments are analyzed per condition. Logrank test at 48 hours is used for comparison. **** p < 0.0001.
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Figure 4.4: (continued) (e) Micrographs showing goblet cells in contact (top) and one not in contact (bottom)
with a BEST4/CA7" cell. Asterisk indicates the nucleus of goblet cells. L and B indicate the luminal and basal side
of the organoids, respectively. Scale bar: 10 um. (f) Survival curves for goblet cells with and without contact with
a BEST4/CA7" cell at the start of imaging. Imaging was started after day 6 of differentiation. Data are derived
from 69 goblet cells with and 290 goblet cells without contact with a BEST4/CA7* cell. N = 28 organoids derived
from three independent imaging experiments are analyzed. Logrank test at 72 hours is used for comparison,
n.s.: not significant. (g) Survival curves for goblet cells in co-cultures of WT and SPIB-KO organoids. Data are
derived from 210 WT goblet cells and 162 SPIB-KO goblet cells in mixed cultures. N = 15 organoids derived
from two independent imaging experiments are analyzed. Logrank test at 48 hours is used for comparison. ****
p < 0.0001. (h, i) Micrographs of a WT/SPIB-KO mosaic organoid. White dotted lines indicate the part of the
organoid containing WT cells (with nuclear H2B-iRFP670 fluorescence). The rest of the organoid consists of
SPIB-KO (H2B-iRFP6707) cells. Scale bars: 20 pm. (j) Survival curves of SPIB-KO and WT goblet cells in mosaic
organoids. Data are derived from 363 WT goblet cells and 412 SPIB-KO goblet cells. N = 23 organoids derived

ek

from three independent experiments are analyzed. Logrank test at 48 hours is used for comparison. p<
0.0001. Confidence interval for survival curves in panels (d), (f), (g) and (j) are computed using Greenwood’s
exponential formula. (k) Difference in survival between WT and SPIB-KO goblet cells in pure cultures, mixed
cultures and mosaic cultures, measured as the difference in Restricted Mean Survival Times (ARMST) up to t = 48
hours. ARMST corresponds to the area between the survival curves, as shown with red, green and yellow shaded
areas in panels (d), (g) and (j). Error bars indicate the standard error (SE) of the ARMST. (1) Proposed model for
interdependence of goblet and BEST4/CA7" cells in the human intestinal epithelium.

4.3 DISCUSSION

By quantifying spatial-temporal differentiation dynamics using live-cell imaging, we
uncovered a cell abundance-control mechanism based on an interdependence between
BEST4/CA7* and goblet cells (Fig. 4.41). Goblet cells — as the primary source of Notch-
activating DLL1 —laterally activate Notch signaling in their sister cells, as well as in other
direct neighbors, thereby instructing BEST4/CA7™ cell fate commitment in these neigh-
bors [78, 270]. In turn, the long-term survival of goblet cells requires the presence of
BEST4/CA7* cells. The latter interaction does not depend on direct contact and is mediated
by their shared lumen. Thus, goblet cells induce BEST4/CA7" cells that in turn support
their long-term survival.

The existence of reciprocal relations between intestinal epithelial cells that control not
only differentiation but also survival is notable. Interactions between different cell types in
the intestinal epithelium are well-known to drive differentiation and thereby contribute
to proper homeostasis. Paneth cells are known to provide EGF, Wnt and Notch ligands
that help to maintain stemness [234]. Tuft cells were shown to increase goblet and tuft cell
numbers during helminth infections [112, 275], though this interaction was not strictly
intra-epithelial, depending on secretion of cytokines by innate lymphoid cells. M cells were
shown to inhibit further M cell differentiation by lateral inhibition [113] and expression
of RANKL decoy receptors [135]. Yet, cell abundance is in principle equally dependent
on cell survival, which we show here is regulated by intra-epithelial cellular interactions.
Such reciprocal cooperation between cells may occur more generally and be important to
maintaining and adapting the intestinal barrier during normal and inflammatory conditions.

The observed reciprocal interactions may impact medical intervention as well. Pharma-
cological blocking of Notch-ligands DLL1 and DLL4 has been explored as a strategy for
reducing tumor growth [109]. This is based partly on insights from the mouse intestinal
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epithelium, where BEST4/CA7* cells are absent [170], and blocking DIl1 moderately in-
creases goblet abundance without the complete loss of any cell type [193, 207]. However,
here we show that in the human intestinal epithelium, abrogated DLL1 expression leads to
an almost complete loss of BEST4/CA7* cells, which in turns causes strongly enhanced
goblet cell death. Targeting DLL1 in the human intestine will therefore likely generate
responses that differ strongly from those in the mouse. Our findings thus highlight the
important differences between human and mouse intestinal epithelia.

The interdependence between BEST4/CA7* and goblet cells may be particularly relevant for
conditions such as Crohn’s disease and ulcerative colitis, which are associated with goblet
cell depletion [84, 98, 123, 124, 268]. Interestingly, the expression of mature BEST4/CA7*
marker genes in the colon are then also substantially decreased [118, 175, 205] (Fig. 4.14).
Decreasing abundance of BEST4/CA7* cells may thus limit goblet cell survival in these
diseases, while goblet cell depletion may conversely also cause BEST4/CA7* cell number
decline. This model is consistent with earlier reports showing that goblet cells are specifi-
cally depleted in the upper part of the crypt regions of patients with active ulcerative colitis
[84]. The results provide new perspectives on identifying the upstream causes of goblet and
BEST4/CA7* cell depletion, dependence on signals detected by goblet and BEST4/CA7™*
cells, downstream effects on epithelial integrity, and the design of alternative therapeutic
interventions.
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4.4 METHODS

HUMAN INTESTINAL ORGANOID LINES

Human colon organoids were established previously in our lab [265]. The colon tissue
(Donor No: P11N) was obtained from the Diakonessen Hospital Utrecht, with informed
consent. The study was approved by the ethical committee and was conducted in accordance
with the Declaration of Helsinki and Dutch law. This study complied with all relevant
ethical regulations regarding research involving human participants.

ORGANOID CULTURE

Organoids were cultured as previously described [210, 278]. Briefly, organoids were em-
bedded in small 5-10 pL droplets of Cultrex Basement Membrane Extract, growth factor
reduced type 2 (BME2; R&D Systems; cat. #3536-005-02) and kept in expansion medium.
Expansion medium consists of adDMEM/F12 (Gibco; cat. #12634028) supplemented with
100 U/ml Penicillin/Streptomycin (P/S; Gibco; cat. #15140122), 10 mM HEPES (Gibco; cat.
#15630056), 1x Glutamax (Gibco; cat. #35050038), 1x B-27 supplement (Thermo Fisher;
cat. #12587010), 1.25 mM N-acetyl-L-cysteine (NAC; Sigma-Aldrich; cat. #A9165), 1% (v/v)
recombinant Noggin in conditioned medium (U-Protein Express BV; custom order), 0.5 nM
WNT surrogate (U-Protein Express BV; Custom order), 50 ng/ml human Epidermal Growth
Factor (EGF; Peprotech; cat. #AF-100-15), 0.5 pM A83-01 (Tocris; cat. #2939), 1 pM SB202190
(Sigma-Aldrich; cat. #S7067), 1 uM Prostaglandin E2 (PGE2; Tocris; cat. #2296), 10 mM
Nicotinaminde (NIC; Sigma-Aldrich; cat. #N0636) and 20% (v/v) recombinant R-spondin 1
in conditioned medium (U-Protein Express BV; custom order).

To differentiate organoids, expansion medium was removed, and cells were incubated for 2
hours in adDMEM/F12 supplemented with 100 U/ml P/S, 10 mM HEPES and 1x Glutamax
(wash medium) for 2 hours. Then, differentiation medium was added, which had the same
composition as expansion medium except that EGF, Noggin, SB202190, A83-01, WNT
surrogate, PGE2 and NIC.

GENERATION OF GENETICALLY MODIFIED ORGANOIDS

Generation of CA7-P2A-tdTomato and MUC2-mNeonGreen reporter organoids, by CRISPR-
HOT approach, has been described in our previous study [278]. DLL1-P2A-Clover knock-in
reporter organoids were similarly generated using CRISPR-HOT [6, 107]. Three plasmids
were used: (1) the frame-selector plasmid containing an sgRNA (to linearize the donor-
targeting vector), Cas9 and mCherry (for the detection and FACS sorting of the successfully
transfected cells) was obtained from Addgene (plasmid# 66941); (2) The P2A-Clover donor-
targeting vector was obtained from Addgene (plasmid# 138568) and (3) the sgRNA vector
(Addgene, plasmid# 47108) containing sequence targeting 3’ end of DLL1 gene. The sgRNA
sequence is 5-TGAGTGCGTCATAGCAACTG-3’. 5 pg sgRNA vector, 5 pg frame-selector
plasmid and 5 pg donor-targeting vector were co-transfected into organoid cells using the
NEPA electroporation system (NEPAGENE). After FACS sorting, based on the mCherry fluo-
rescence, subclones were picked and expanded in expansion medium. Successful insertions
were first identified by direct visualization of the fluorescence marker in the differenti-
ated organoids and then confirmed by targeted genotyping via Sanger sequencing. The
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H2B-iRFP670 sequence was integrated into the genome using mT2TP transposase system.
5 pg transposase plasmid and 5 pg donor plasmid with terminal inverted repeats (TIRs)
bearing H2B-iRFP670 sequence were co-transfected into organoid cells by electroporation.
Generation of SPIB knock-out organoids has been described in our previous study [278].
DLL1 and DLL4 knock-out organoids were similarly generated by introducing an early stop
codon) using CRISPR C-to-T base-editing: 7.5 pg spCas9-CBE6b plasmid (Addgene, plas-
mid# 215820), 2.5 pg sgRNA plasmid and a two-plasmid transposon system (5 pg PiggyBac
transposase plasmid + 5 pg donor plasmid with terminal inverted repeats (TIRs) bearing hy-
gromycin resistance for organoid selection) were co-transfected into organoid cells through
electroporation. After FACS sorting of DAPI- live single cells followed by hygromycin selec-
tion, subclones were picked and expanded in expansion medium. Successful homozygous
knock-out organoids were confirmed by targeted genotyping via Sanger sequencing. The
sgRNA sequence for DLL1-KO and DLL4-KO are: 5-TCCCAGGACCTGCACAGCAG-3’ and
5’-CATCCAGGGCTCCCTAGCTG-3’, respectively. Genotyping primers used for knock-in
and knock-out validation were listed in Table 4.1.

SAMPLE PREPARATION AND FLOW CYTOMETRY

Organoids were released from BME using ice-cold Corning Cell Recovery Solution (Sigma-
Aldrich; cat. #CLS354253) and dissociated with 1 ml TrypLETM Express Enzyme (TrypLE;
Thermo Fisher; cat. #12605010) at 37 °C for 6-8 mins, followed by gently pipetting 20 times.
After TrypLE dissociation, the cell suspension was filtered through a 40 pm cell strainer
and stained with DAPI (Sigma-Aldrich; cat. #10236276001) for FACS analysis or cell sorting.
Samples were analyzed on a BD LSR Fortessa X20 equipped with 4 lasers (BD Bioscience).
At least 5,000 DAPI™ live cells were recorded for each analyzed sample.

RNA EXTRACTION AND QUANTITATIVE PCR

Organoids were subjected to RNA isolation using a NucleoSpin RNA kit (Macherey-Nagel;
cat. #740955.50) following the manufacturer’s protocol. Reverse transcription reactions
were performed using GoScriptTM reverse transcriptase kit (Promega; cat. #A5000). cDNA
was subjected to qPCR analysis using iQTM SYBR Green Supermix (BioRad; cat. #1708887)
on a CFX Connect Real-Time PCR machine (BioRad). For gene expression analysis, QPCR
was performed with gene-specific qQPCR primers. Ct value of each gene was normalized to
GAPDH (as the ACt), and fold change between experimental groups was calculated with
the 2-AACt method. All qPCR primers used in this study are listed in Table 4.1.

LONG-TERM LIVE-CELL IMAGING

For tracking experiments of differentiating and expanding organoids, organoids were
dissociated(pleguezuelos-manzano2020) and plated onto an imaging chamber (CellVis)
and expanded for 2-3 days. Organoids were then washed with wash medium for 2 hours
before differentiation medium added. Cells were imaged using a A1R MP (Nikon) scanning
confocal microscope with a 1.30 NA 40x magnification oil immersion objective. Images
were taken every 12 minutes, and at each time point, 31 Z-slices were imaged with 2 pm
intervals. For tracking goblet cell survival, differentiated live reporter organoids were
staged on the Leica SP8 confocal detection system fitted on a Leica DMi8 microscope or
a Leica TCS SP8 to capture time series images every 15 — 60 mins for 18 — 48 hours. All
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tracking experiments were performed at 37 °C and 5% CO2.

CELL TRACKING

Tracking of expansion and differentiation of human colon organoids was done manually
using our custom tracking software OrganoidTracker [143]. For tracking the organoids in
expansion medium, we selected three organoids and tracked the nuclei from the bottom
10 pm of the organoid at the start, and continued tracking until cells extruded, moved
out of view, or were no longer trackable with high fidelity. For tracking the remaining
differentiating organoids, we tracked We reconstructed the full lineage tree of all observable
CA7*, MUC2* and DLL1™ cells. Organoids were excluded from this analysis if they moved
out of view, collapsed, contained CA7*, MUC2* or DLL1" cells already at the start of
imaging, or contained no cells expressing CA7, MUC2 or DLL1 throughout the entire
time-lapse.

SINGLE-CELL RNA SEQUENCING ANALYSIS

Single-cell RNA sequencing data of the human colon epithelium was retrieved from the
GutCellAtlas [69, 70]. The .h5ad file was loaded as an AnnData object and processed
using the scanpy library. Only cells with less than 20% mitochondrial gene expression,
derived from primary healthy pediatric and adult human colon epithelium were included.
Furthermore, only genes expressed in at least three cells were included in the analysis.
Cell types with less than 20 cells were excluded from this analysis. Data was normalized
(target sum 10.000), log10 transformed, and the top 2,000 highly variable genes were found.
Data was then scaled, and 20 principal components (PCs) coordinates were found, and the
nearest neighbor distance matrix and neighborhood graph was computed (knn = 15) using
all 20 principal components. Then, dimension reduction was performed using t-distributed
stochastic neighborhood embedding (tSNE) using 20 components.

MOSAIC ORGANOIDS

To generate the mosaic organoids, WT (labeled with H2B-iRFP670) and SPIB-KO double
reporter organoids were dissociated into single cells (as described above), mixed at a 1:1
ratio, and plated into a BME-coated transwell insert or culturing well for 2D attachment
for 2 days in the expansion medium. Then, the monolayer of mixed cells was dissociated,
seeded as BME droplets, and cultured in expansion medium for organoid growth.

DATA RETRIEVAL FROM IBD TAMMA DATABASE
Expression levels of selected proteins in colon tissue samples of patients with Crohn’s
Disease (CD), Ulcerative Colitis (UC) and healthy control were retrieved from the IBD
Transcriptome and Metatranscriptome Meta-Analysis (IBD TaMMA) database [175]. P-
values of statistical tests for proteins of interest were obtained from the IBD TaMMA
web-app (https://ibd-meta-analysis.herokuapp.com/).

STATISTICS
Statistical analyses were performed as indicated in the figure legends. Mann-Whitney U
test, Student’s t-tests, Pearson y’-tests were performed using the scipy.stats library in
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Python [274], with the following significance: **** p < 0.0001, *** p < 0.001, ** p < 0.01, *p <
0.05, and n.s. p > 0.05. Logrank test and survival analysis were performed using the lifelines
library in Python [56]. Restricted Mean Survival Time (RMST) and corresponding variance
were computed directly from the Kaplan-Meier estimates for the survival functions. For
given survival curve S(¢), and time horizon t*, RMST is computed via

*

RMST =pu= /t S(t)dt (4.1)
0

Given two survival curves Sy(¢) and S;(¢), the RMST difference (A) corresponds to the area
between survival curves and serves as a measure of the effect size for the difference in
survival between two groups even if the proportional hazard assumption is breached [227].
The Restricted Standard Deviation of Survival Time (RSDST), which corresponds to the
standard deviation of the RMST, was computed as [227]:

% * 2
RSDST =0 = \/ / t 2tS(t)dt — ( / t S(t)dt) (4.2)
0 0

For each estimated RMST difference (A = /i; — /i) between two groups with Kaplan-Meier
survival curves So(t),51(¢), sample sizes ng,n; and RSDST estimates 69,61, the standard
error was computed as

~2 A2
SE(A) = % + % (4.3)
0 1

SOFTWARE

Image processing was done in Fiji/Image] (v1.54g). Tracking was performed in Organoid-
Tracker [143]. FACS data was plotted using BD FACS Diva software (v8.0.1), FlowJo
(v10). Downstream data analysis and plotting was done in Python 3.9, with the use of
the following libraries: numpy (v1.26.0, scipy (v1.12.0), pandas (v2.1.0), seaborn (v0.13.0),
matplotlib (v3.6.3), lifelines (v0.27.8), scanpy (v1.9.3). Figures were made in Inkscape (v1.1.1;
3bf5ae0d25, 2021-09-20).
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Figure 4.5: Expansion medium keeps cells in a proliferative and undifferentiated state. (a) Lineage tree
gallery of three organoids in expansion medium. (b, c) Distribution of cell cycle durations (b) and time until

division of cells present at the start of imaging (c).
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Figure 4.5: (continued) (d, e) Cumulative distribution of divided cells since their birth (d) and since the start
of imaging (e). Error around the distributions due to censoring (e.g. cells moving out of view or extruding) are
estimated using a Kaplan-Meier model. Vertical dashed line in (e) indicates the shortest observed cell cycle. (f)
Correlation of cell cycle durations between sister cells (n = 118 sister pairs). (g) Divisions virtually stop occurring
after approximately 48 hours in differentiation medium.
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Figure 4.6: Lineage tree reconstruction of goblet and BEST4/CA7" cells in differentiating organoids.
(a) Lineage tree gallery of n = 17 organoids derived from three independent tracking experiments. Shown
are only lineage trees that contained at least one BEST4/CA7" or goblet cell. (b) Identity of the cells present
already at time zero. (c) Time of birth of unmarked, goblet and BEST4/CA7™ cells. Kruskal-Wallis test is used
for multiple comparisons, n.s.: not significant. In box plots, the center line shows the median, the box spans the
interquartile range (IQR), and the whiskers extend to the most extreme data points within 1.5xIQR from the
quartiles. (d) Distribution of birth-times for all sister pairs. Kruskal-Wallis test is used for multiple comparisons,
n.s.: not significant. Panels (c) and (d) only included cells that were tracked beyond 63.7 hours after the start of
differentiation, see Supplementary Note 4.5.1.
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Figure 4.7: Cell-cell rearrangement rate in the organoids is low in both expansion and differentiation.
(a) Spatial distribution of clones for three organoids in expansion medium. The color of the dot in the nuclei
indicates from which cell the given cell has descended. (b, ¢) Distance to sister cell normalized by the distance to
the closest cell for organoids in expansion medium (b) and differentiation medium (c). n = 190 sister pairs (b) and
n = 104 sister pairs (c) derived from three organoids in each medium. Only fully tracked organoids were included
in (c). Shared area in panels indicates the standard deviation. (d) Survival curves of cells in both expansion and
differentiation medium estimated from Kaplan-Meier fits. Logrank test is used for comparison at t = 48 h. *
p < 0.05. Confidence interval for survival curves are computed using Greenwood’s exponential formula. EM,
expansion medium; DM, differentiation medium.
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4.5.1 SUPPLEMENTARY NOTE - INCLUSION CRITERION FOR UNMARKED
CELLS

For quantification of the frequencies of sister pairs, every cell type must be assigned either
BEST4/CA7* cell, goblet cell or unmarked cell fate. Cells are, however, frequently lost
from the imaging dataset, either due to cell death or because the cell moves out of the
imaging window. It is therefore possible that some cells without BEST4/CA7% or goblet
cell marker when they are lost from the dataset would have shown the markers later. To
avoid overrepresentation of Unmarked cells in the dataset, we filtered out unmarked cells
for which the probability was > 5% that they would have expressed the BEST4/CA7* or
goblet cell marker if they could have been tracked for longer (Fig. 4.8a). This amounts to
excluding cells that were lost from the imaging dataset before the point in time, denoted as
to.95, when a given cell still has a > 5% probability to express either marker.

Let U;, G; and B; be the events that a cell is an unmarked cell, a goblet cell or a BEST4/CA7*
cell at time t, respectively. The probability that a cell would have remained unmarked
(event Ux), given that it is unmarked at time ¢, is:

P(Uso|Ur) = 1= P(Buo|Ur) = P(GolU) (4.4)
Using Bayes’ theorem, this can be rewritten as:
P(Us|Ur) = 1—Pp- P(Uy|Bss) — P - P(Ur|Goo) (4.5)

Here Pp and P are the a priori probabilities (base-rates) of cells committing to goblet
or BEST4/CA7" cell fate, which we previously found to be Py = 1.4% and P; = 18.8%
using FACS-sorting [278]. The remaining conditional probabilities, which represent the
probabilities that an eventual BEST4/CA7" or goblet cell is still unmarked at time ¢ can be
estimated from the probability density functions of the marker expression times (Fig. 4.2e,
h & Fig. 4.8b). We approximate these distributions as normal distributions, so that:

1 t—
P(U;|B) = 3 erfc <GB 5%)

1 -
P(Ut|Goo) = Eerfc <o‘G Z%)

Here erfc(x) = 1 —erf(x) is the complement of the error function, the constants ug, op
and pg, o indicate the mean and standard deviations of marker expression times for
BEST4/CA7* and goblet cells, respectively. Together, this means that the sought probability
is given by:

Pp t—ps Pg L= HG
PUs|U;) =1— —erf ——erf 4.6
( |[) 2 erc(O'B \/§> 2 erc(O'G \/§> ( )

By equating this probability to 95% and solving for ¢, we find that #,95 = 63.7 hours (Fig.
4.8c¢).
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Figure 4.8: Estimation of the probability that unmarked cells at a given time remain unmarked. (a)
Hypothetical example of a case where a BEST4/CA7* was tracked until the end of the time-lapse, but its sister
was lost from the tracking dataset (either due to death or after moving out of the imaging field) at time t. (b)
Probability density functions for marker expression times. (c) Probability that an unmarked cell would have
remained unmarked as a function of time.
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4.5.2 SUPPLEMENTARY NOTE — COMPUTING OF BASELINE EXPECTA-

TION OF SISTER PAIRS
Here, we derive the equations used for computing the expected numbers of distinct sister
pairs under the baseline assumption that cell fate commitment to either the BEST4/CA7"
(B), goblet (G) or unmarked (U) fate is fully cell-autonomous and independent of lineage his-
tory and spatiotemporal cues. In this picture, the three cell types B, G and U are randomly
distributed over lineages, with the probability that two cells of particular type are sisters
given by the product of the frequencies at which each type occurs within the population.

Let Pg and Pg be the population level probabilities (priors) that a given cell commits to
the BEST4/CA7" and goblet cells. Using FACS-experiments, Pg = 1.4% and P; =~ 18.8% in
previous work [278] (see also Supplementary Note 4.5.1). In general, the set of possible
sister pairs (S) consists of 9 possible sister pairs, namely:

S ={(B,B),(B,G),(B,U),(G,B),(G,G),(G,U),(U,B),(U,G),(U,U)} (4.7)

In our dataset, however, we only tracked lineage trees of lineages containing at least one
BEST4/CA7" or goblet cell and therefore excludes UU sister pairs. Thus, our dataset D C S
contains the following elements:

D ={(B,B),(B.G),(B,U),(G,B),(G,G),(G,U),(U,B),(U,G)} (4.8)

The probability that a given sister pair in our dataset D is of type (i, j) under the baseline
assumption is then given by:

P;-P;
Here the denominator 1 — Pyy ensures that the probabilities that a sister pair is of type
(i, j) within our dataset D sum up to 1.

> Pijy=1 (4.10)

(i.j)eD
Noting that Py = 1— Pg — P and therefore Pyy = (1 — Pg — P5)?, we obtain

PP,

pi=—t"J
Y 1-(1-Pg—Ps)?

(4.11)

Since we do not distinguish between the order of the cell types in asymmetric sister pairs,
we are interested in the probabilities of each possible sister pair independent of the order.
That is, we look at the symmetrized dataset D, being:

D ={BB,BG,BU,GG,GU} (4.12)

We note that we use the convention to abbreviate the types of sister pairs in alphabetical
order, as BB, BG, BU, GG and GU. Now, the probability of each possible sister pair ij € D is
given by:
2P;-P; , iz _]
;= { S0=Py=he)t (4.13)
Ty T
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The expected numbers of sister pairs is then calculated using:

E[njlij e D] = N - P; (4.14)
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Figure 4.9: Goblet-goblet sister pairs can be explained by commitment in the mother cell. (a) Correlation
between age of MUC2 expression for goblet-goblet cell sisters. R? indicates the coefficient of determination. (b)
MUC2"* proliferative cell dividing into two goblet cells. Scale bar, 10 pm.
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Figure 4.10: Expression of Notch-ligands in primary human colon epithelial cells. Data and cell type
annotations was retrieved from the GutCellAtlas [69].
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Figure 4.11: Genotyping and FACS gating strategy of knock-in and knock-out DLL reporter organoid
lines. (a) Validation of DLL1 and DLL4 knock-out (KO) organoids by targeted genotyping. For each targeted
gene, n = 2 different homozygous clonal lines are generated. The gene locus, sgRNA targeting sites, locations of
genotyping primers, and amino acid sequence (including the CRISPR-generated early STOP codon) are indicated.
(b) Gating strategy for FACS analysis of organoid cells. All detected events are gated based on their sizes to enrich
the cell fraction (left). Doublets are then gated out (middle). Live singlets are gated based on the negative staining
of DAPI (right). Additional analysis of cell percentage is based on the fluorescence expression of the knock-in (KI)
reporter organoids. (c) llustration of the knock-in reporter organoids containing a P2A-Clover cassette inserted
at the C-terminus, before the stop codon, of the DLL1 gene. (d) Targeted genotyping of DLL1-P2A-Clover reporter
organoids.
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Figure 4.13: Goblet cell apoptosis. (a) Representative example of a goblet cell undergoing apoptosis. Note that
the nucleus and the mucus reservoir fragment simultaneously. Scale bar, 10 pm. (b-e) Significance (p-value) of the
comparisons between WT and SPIB-KO goblet cells (b), goblet cells with and without contact with a BEST4/CA7*
cell at the start of imaging (c), WT and SPIB-KO goblet cells in mixed cultures (d), WT and SPIB-KO goblet cells
in mosaic organoids (e). The p-value was computed using the log-rank test with log(—log()) transformation to

increase statistical power [138].
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Figure 4.14: Expression of mature BEST4/CA7" cells and BEST2 is decreased in Ulcerative Colitis and
Crohn’s Disease patients. (a, b) Expression of mature BEST4/CA7* marker genes (a) and the colonic goblet cell
marker BEST?2 (b) as retrieved from the IBD TaMMA database [175]. P-values from Tukey’s HSD test were also
retrieved from the TaMMA database. **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05, and n.s.: not significant.
In the box plots, center lines show the median, boxes span the interquartile range (IQR), and whiskers extend to
the most extreme data points within 1.5xIQR from the quartiles.
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Table 4.1: Primers used in this study.

SPIB-knock-out

CAGTCCCACAGGGAGTCTGGGGG

Genotyping PCR primers

Primer Name Sequence
CA7-knock-in-Forward TGACTCTCCAACTAGCACCCCACA
P2A-tdTomato-Reverse ATCTCGAACTCGTGGCCGTT

MUC2-knock-in-Forward
mNeon-Reverse
DLL1-knock-in-Forward
P2A-Clover-Reverse
DLL1-knock-out-Forward
DLL1-knock-out-Reverse
DLL4-knock-out-Forward
DLL4-knock-out-Reverse
SPIB-knock-out-Forward
SPIB-knock-out-Reverse

TGCTCCTGCTGCAAAGAGGAG
GCCATACCCGATATGAGGGACCA
GTGTCTTCCTGGAACCACTGCT
GCTTGCCGGTGGTGCAGATGAA
CAGGGCACCTTCTCTCTGATTA
TCCGTGTTCGTGGACGAGTGA
GTCCCTCTGGCCTGTTCTTGCT
GCAGGCAGGACAAGTTGCCAT
ATGCAAATCCTGGGGTCAGAGA
ACTGTCCCCTTACCACTCACC

qPCR primers

Primer Name

Sequence

Q-CA7-Forward
Q-CAT7-Reverse
Q-MUC2-Forward
Q-MUC2-Reverse
Q-GAPDH-Forward
Q-GAPDH-Reverse

TGGAGACAGGAGACGAGCA
TCCAGGTGACACTCTCACTGA
AGGATGACACCATCTACCTCAC
CATCGCTCTTCTCAATGAGCA
CTGGGCTACACTGAGCACC
AAGTGGTCGTTGAGGGCAATG
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LABEL-FREE CELL IMAGING AND
TRACKING IN 3D ORGANOIDS

"Nothing is worth doing,
except what the world says is impossible.”

Oscar Wilde

Fluorescence live-cell microscopy is one of the most frequently used techniques to study
dynamic processes in organoids. However, it is often limited by laborious fluorescent reporter
engineering, limited numbers of fluorescence channels, and adverse phototoxicity and protein
over-expression effects. Label-free imaging is a promising alternative, but not yet established
for 3D cultures. Here, we introduce LabelFreeTracker, a label-free machine-learning based
method to visualize the nuclei and membranes in brightfield images of 3D mouse intestinal
organoids. The approach uses U-Net neural networks trained on the brightfield transmitted
light and fluorescence images of mouse intestinal organoids, as obtained by standard confocal
microscopy. LabelFreeTracker frees up fluorescence channels to study fluorescent reporters
and allows (semi-)automated quantification of cell movement, cell shape and volume changes,
proliferation, differentiation, and lineage trees. This method greatly simplifies live-cell imaging
of tissue dynamics and will accelerate screening of patient-derived organoids, for which reporter
engineering is not feasible.

The content of this chapter is published as Rutger N.U. Kok, Willem Kasper Spoelstra, Max A. Betjes, Jeroen S.
van Zon, Sander J. Tans. Label-free cell imaging and tracking in 3D organoids. Cell Reports Physical Science 6 (4),
102522, (2025).
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5.1 INTRODUCTION

Organoids are rapidly advancing as a major tool in drug discovery, personalized medicine,
and basic research, and offer an alternative to animal testing [45]. The dynamics of cell
proliferation [59, 115], migration [217], and differentiation [291] in organoids are critical
to understanding normal and pathological development [20]. Furthermore, organoids are
rapidly advancing as in vitro model systems to study drug responses. To study dynamics
at the single-cell level requires that cells are distinguishable from each other and can
be followed in time. This is typically achieved by fluorescent labelling of either the cell
nucleus or membrane [59, 115, 143, 217, 251, 262, 291]. However, the required engineering
of fluorescent labels is in practice unfeasible for many applications, such as screening in
patient-derived organoids. Furthermore, the nuclear and membrane labels needed to iden-
tify cells in 3D tissues limits the colors available for functional studies, such as monitoring
cell fate markers or FRET sensors in time, while adding to the phototoxicity. Alternatives
such as holographic and hyperspectral imaging have been developed [130, 286], but require
specialized equipment that is not broadly available. In contrast, bright-field microscopy is
broadly available and is extensively used for imaging overall organoid growth and morphol-
ogy [29, 60, 96, 177, 185]. Besides its general availability, a major advantage of bright-field
microscopy is that it has virtually no phototoxic effects on cells in the sample. Machine
learning approaches have been used to visualize and track cells in 2D monolayer cultures
[42, 49, 204]. Organoids, however, are typically several 10’s of micron thick, which causes
strong light scattering by the intervening tissue and obscures cellular features such as
nuclei and membranes [130] (Fig. 5.1a, left panel).

Here, we present LabelFreeTracker, a label-free imaging method to visualize and track cells
in 3D organoids using the 3D bright-field images as obtained from the transmitted light in
standard 3D confocal microscopy (Fig. 5.1a). Using a custom machine learning approach
and a min-cost flow-solver, it integrates spatial information in 3D from the scattered light
to reconstruct cell nuclei and shapes over 50 um deep, and temporal information to track
cells over multiple generations. The method overcomes the substantial tracking challenges
in organoids, where cell nuclei are densely packed and move rapidly during division,
while tracking cells through cell divisions is prone to errors and even single errors can
cause large-scale alterations to lineage trees. LabelFreeTracker works in conjunction with
OrganoidTracker [143], our custom-built and freely available software tool for single-cell
tracking in organoids, and can be used on data acquired with a standard confocal micro-
scope. Furthermore, LabelFreeTracker can readily be extended to other organoid systems
and cellular features. It will enable the analysis of dynamic processes in patient-derived
and other organoids when nuclear and membrane labels are not available.
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LabelFreeTracker

Training

Bright field Prediction Fluorescence Difference

Figure 5.1: LabelFreeTracker predicts cell nuclei and membranes from bright-field images of 3D
intestinal organoids. (a) Bright-field image of a mouse intestinal organoid (left image) predicted nuclear
fluorescence signal by LabelFreeTracker (middle image) and measured fluorescence signal (right image). Scale bars
indicate 20 pm. (b, ¢) Overview of the training (b) and testing (c) neural networks that constitute LabelFreeTracker.
Ul is used to predict nuclear center positions from nuclear fluorescence images, which serves as a ground-truth for
U4. U2, U3 and U4 are networks trained to predict the nuclear fluorescence, membrane fluorescence and nuclear
center positions from brightfield images, respectively. Micrographs in (b) and (c) are 128 by 128 pixels, equivalent
to 40 by 40 pm. (d) 2D slices from organoids with H2B-mCherry nuclear reporter (top) and E-cadherin-GFP
reporter (bottom). Difference image shows difference between normalized measured and predicted fluorescence
intensities. Green indicates underprediction, magenta indicates overprediction. Scale bars indicate 30 pm. (e)
Zoom-ins of regions indicated by arrow-tips in panel (d). Note that LabelFreeTracker shows correct predictions
despite: (1) almost no visible nuclear features and edge distortions in villus, (2) some membrane but limited
nuclear features in crypt, (3) distortions in the bright-field images suggesting thinner epithelial thickness than
found in the measured fluorescence image, (4) limited membrane features. Scale bars in zooms indicate 10 pm.
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5.2 RESULTS

THE LABELFREETRACKER STRUCTURE

To train LabelFreeTracker, we used a dataset of 3894 paired bright-field/nuclear fluores-
cence images from 22 organoids, and bright-field/membrane fluorescence images from
25 organoids, which are all obtained using standard 3D confocal microscopy (80%/20%
training/validation split; see “Training data for nucleus and membrane predictions” Ex-
perimental Procedures for details). With this dataset, we trained four different neural
networks, each with a 3D U-Net architecture [43, 225] (Fig. 5.1b). We first trained a U-Net
(U1) to predict nuclear center positions from nuclear fluorescence images acquired with
a confocal microscope. This allowed us to obtain a complete ground truth dataset with
nuclear fluorescence, membrane fluorescence, nuclear center positions, and the corre-
sponding brightfield images. We then used this complete dataset to train three new neural
networks that directly predict the nuclear signal (U2), membrane signal (U3) and nuclei
center points (U4) from the corresponding bright-field images. By training on crypt and
villus domains, we included cell types at all positions along the crypt-villus axis, and cell
shape changes during growth, division, and differentiation. After training, U2, U3 and
U4 accurately predicted cell nuclei, membranes, and nuclear positions (resp.) from new
bright-field movies (Fig. 5.1c). LabelFreeTracker identified nuclei and membranes even
when these structures were not recognizable by eye (Fig. 5.1d). Specifically, it correctly
predicted the membrane signal in areas where visual inspection of the bright-field images
suggested a substantially thinner epithelial layer, and hence epithelial boundaries at the
wrong location (Fig. 5.1d, arrow 3). In some areas it appeared superior even to the measured
fluorescence in recognizing all parts of the membrane, which is key to reconstructing cell
shape (Fig. 5.5).

LABELFREETRACKER PERFORMANCE INCREASES WITH THE PROVIDED

NUMBER OF Z-SLICES
The ability of LabelFreeTracker to combine information in 3D from many Z-slices was
important to its identification capabilities. In contrast with the human eye, neural networks
can combine information from multiple Z-slices in 3D images. To further optimize the
prediction process, we assessed the degree to which prediction of fluorescent signals im-
proved with the number of Z-slices given to the neural networks. Importantly, we observed
strong local differences: In some regions within the imaged volume, LabelFreeTracker was
completely unable to identify nuclei and membranes when using a single bright field Z-slice
(Fig. 5.2a, b, yellow circles). These challenging regions could be properly resolved only
when making use of multiple Z-slices (Fig. 5.2a, b, yellow circles). To further quantify the
performance of the U2 and U3 networks, we computed the Pearson correlation coefficient
for each pair of measured and predicted fluorescence images (Equation 5.1):

DO ) 6

\/Zi(xi -4y —7)?

Here, x is the fluorescent image, y the predicted image, x; and y; are the intensities in the
image at pixel i, X¥ and y are the mean intensities of each entire image. For both nuclear
and membrane fluorescent signal, we found that the correlation coefficients increased with
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increasing number of Z-slices, although the difference between 8 and 16 Z-slices is not
statistically significant (Fig. 5.2c-f). We also note that the minimal values of the correlations
increased as more Z-slices were used (Fig. 5.2¢, e).
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Figure 5.2: LabelFreeTracker prediction accuracy increases by combining information across multiple
Z-slices. (a) Predictions based on increasing number of Z-slices supplied as input to the nucleus prediction
network (U2). Yellow circles indicate regions in which a single Z-slice predicts poorly, but multiple Z-slices do
work well. (b) Predictions based on increasing number of Z-slices supplied as input to the prediction network
(U3). Scale bars in (a) and (b) indicate 30 pm. (c) Pixel-wise correlations for variants of the nuclear prediction
network (U2) with the given number of Z-slices (U2). Note that improvements in specific areas (yellow circles in
a) are poorly represented in this global metric. (d) Statistical significance (p-value) that the number of Z-slices
on the horizontal axis results in higher correlations than the number of Z-slices on the vertical axis (* p < 0.05;
one-tailed Student’s t-test). (e) Pixel-wise correlations for variants of the membrane prediction network (U3) with
the given number of Z-slices (U3). (f) Like panel d, but for membranes. The horizontal lines in panels c and e
indicate the median.

VERIFICATION AND VALIDATION OF LABELFREETRACKER

Overall, LabelFreeTracker identified features over 40 um into the organoid tissue, enabling
full 3D reconstruction of crypt and villus domains (Fig. 5.3a). The percentage of identified
nuclei was high up to an imaging depth of 50 pm, after which the performance dropped,
with the precision showing a similar trend (Fig. 5.3b & Fig. 5.5). To verify that predicted
intensity values match the fluorescence intensity values, we compared the average intensity
values in 8-by-8-pixel areas in the predicted and measured fluorescent signals and found
close agreement (Fig. 5.3c & Fig. 5.6a, b). Similarly, we computed the Pearson correlation
coefficient for the measured and predicted intensity values for individual pixels and found
strong correlations for both the nucleus and membranes (0.76 and 0.85 respectively).




118 5 LABEL-FREE CELL IMAGING AND TRACKING IN 3D ORGANOIDS

Next, we set out to measure how well the predicted foreground (nuclei or membranes)
colocalized with the actual foreground. Every pixel reaching at least 10% of the maximum
brightness was considered foreground. The Intersection-over-Union ratios were 0.59 and
0.79 for nuclei and cell membranes, respectively, indicating that the approximation was
moderate for nuclear shape, and good for cell shape. Within the foreground, the Pearson
correlation coefficients were 0.52 and 0.45 for nuclei and membranes, respectively, indicat-
ing a moderate correlation between fluorescence intensity and predicted signal. In addition,
we analyzed the batch-to-batch variability and found a coefficient of variation of 0.04 and
0.24 for nuclei and membranes, respectively (Fig. 5.6¢, d).

We also performed a validation experiment to exclude that the presence of fluorescent
markers had any detectable effect on the transmitted light signal. To this end, we acquired
bright-field images of completely label-free wild-type (WT) organoids and predicted the
nuclear signal. Directly after this initial round of imaging, we added a fluorescent dye
marking the cell nucleus (Hoechst) and imaged the same organoids after 20 minutes. In
these 20 minutes, changes in the number of cells were negligible (Fig. 5.3d). We compared
the predicted number of cells to the number of cells determined by manual annotation after
staining, and consistently found strong correlation (Fig. 5.3e). Furthermore, we computed
the convex hull volume of the organoids and the distance between cell centers in the
predicted images and found close agreement with the fluorescence images (Fig. 5.6¢, d).

NEURAL NETWORK RETRAINING

To illustrate network retraining for a different experimental setting, we used fluorescent
dyes to stain the nucleus (Hoechst) and cell boundaries (EpCAM). We acquired time-
lapse imaging data consisting of 916 Z-stacks images with accompanying Hoechst and
EpCAM staining from 91 wild-type organoids and trained neural networks for nuclear and
membrane prediction (Fig. 5.3f). The full process of data acquisition and training took
less than one day. The resulting network was able to predict nuclei and cell membranes,
though as expected the results were not as good due the lower-quality staining (Fig. 5.3f-h).
We thus provide a protocol for adapting LabelFreeTracker to other systems and imaging
modalities. Note that the training dataset, batch-numbers and training parameters can be
adapted to achieve the desired accuracy, depending on the application. This procedure
may be further optimized by using more specific and brighter nuclear and membrane dyes
and using background correction for images with noticeable background signal.

APPLICATIONS OF LABELFREETRACKER

LabelFreeTracker can be used for quantitative analysis of diverse types of single-cell and
organoid analyses. Here we demonstrate three applications of LabelFreeTracker to illustrate
its utility for intestinal organoids. The first application is counting the number of cells in a
developing organoid in time. We used LabelFreeTracker to count the number of nuclei in
growing organoids where at a certain time point the cell division inhibitor cyclin-dependent
kinase 4 & 6 inhibitor (palbociclib) was added. After addition of palbociclib, the cell count
continued to increase for approximately 15 hours, after which cell division was effectively
blocked (Fig. 5.4a). In contrast, control organoids continued to contain proliferative cells
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in the same timeframe. While methods that quantify the overall organoid size can detect
overall changes in organoid growth, they average between cells and hence are less suited
to address spatially localized proliferation in a small subset of cells. Overall, this assay
illustrates how LabelFreeTracker can assess pharmacological interventions on the single
cell level without the need for nuclear fluorescent markers.

A second application of LabelFreeTracker is single cell tracking, which allows lineage
tree reconstruction and quantification of fluorescent reporters. Here, we used LabelFree-
Tracker to analyze live-cell imaging data of an organoid line with a live nuclear reporter
for Axin2 [187]. Axin2 is a Wnt target gene that indicates stemness [88], and is only
expressed in stem cells at the bottom of the intestinal crypt. We reconstructed lineage trees
of individual cells tracked for over 60 hours (Fig. 5.4b-d). In these tracks we measured the
fluorescence intensity of the Axin2/SGFP2 signal for all individual cells. Three types of
cells were clearly distinguishable (Fig. 5.4b-d & Fig. 5.7): First, stem cells were identified
that remained in the stem cell zone at the bottom of the crypt. They remained proliferative
throughout the duration of imaging and kept high levels of Axin2/SGFP2 (red line, Fig.
5.4b-d). The second category were transit-amplifying cells, which remained proliferative
but lost their Axin2/SGFP2 marker as they moved away from the stem cell zone (blue line,
Fig. 5.4b-d). The third category were the differentiating cells, which stopped proliferating
for over 24 hours and had lost all their Axin2/SGFP2 signal (green line, Fig. 5.4b-d). This
shows that LabelFreeTracker allows the reconstruction of lineage trees of individual cells
with high linking accuracy (Fig. 5.8), while leaving fluorescence channels available to
resolve key developmental processes.

A third application of LabelFreeTracker is the quantification of cell volume over time
(Fig. 5.4e-g). Importantly, this requires cell membrane reconstruction on all sides for many
time points, which is especially challenging in dense epithelia. To measure cell volumes,
we segmented the cells using the predicted membrane signal. For each timepoint, we first
predicted the membrane signal of each image. Next, we obtained a mask of the entire
organoid by thresholding (10% of the maximum intensity) the predicted membrane signal,
closing any holes and eroding the final mask by four pixels. Using a watershed algorithm
with the predicted nucleus center points as seeds then yields a full 3D reconstruction of
individual cells (Fig. 5.4e). Here, we exploited the fact that the predicted signal is smooth,
as it lacks imaging noise, thus creating a favorable intensity landscape for the watershed
algorithm. While cell volume at individual timepoints was noisy, a six-hour moving average
gave consistent predictions of cell volume over time. The 3D reconstructions during one
cell cycle showed cells rounding up during cell division, the formation of a narrow apical
surface directly after division, and then finally growing again in volume (Fig. 5.4e). Volume
growth showed an expected doubling during the cell cycle for dividing lineages, but also a
notably sudden arrest directly after the last division (Fig. 5.4f, g), which correlates with
cell differentiation [291].
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Figure 5.3: Verification and validation of LabelFreeTracker. (a) 3D reconstruction of nuclear predictions up
to 50 um deep into the tissue. (b) Precision, recall and F1 score of nuclear prediction against depth (n = 15 stacks
from N = 3 organoids). The precision is the number of correctly predicted nuclei, divided by the total number
of predicted nuclei (true- and false-positives together). The recall is the number of correctly predicted nuclei
divided by the actual number of nuclei. The F1-score is the harmonic average of the precision and the recall.
(c) Predicted versus measured fluorescence intensity for 8-by-8-pixel areas (327 and 136 stacks for nuclei and
membranes, respectively, each from N = 3 organoids). Fractions were normalized such that the columns add up
to 1. (d) Bright-field image of WT organoid before staining, with nuclear and membrane prediction (top row).
Bright-field image of WT organoid after staining with Hoechst and conjugated EpCAM antibody (bottom row).
Scale bar indicates 20 pm. (e) Number of cells predicted by nucleus center prediction network (blue squares)
and membrane network (red dots) versus number counted after subsequent Hoechst staining (N = 14 organoids).
(f-h) LabelFreeTracker retraining for organoids stained for nuclei and membranes with fluorescent dyes (Hoechst
and EpCAM, respectively). (f) Bright-field image (left) was used to predict nuclei and membranes using the
retrained LabelFreeTracker network (top row). Bottom row shows genetically encoded reporters H2B-mCherry
and E-cadherin-GFP for comparison. Scale bars indicate 20 pm. (g, h) Pearson correlation coefficients for predicted
and measured nuclear (g) and membrane (h) signals, using the retrained network. Horizontal line indicates the
median Pearson correlation.
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5.3 DISCUSSION

With the development of organoid models, highly dynamic processes can be directly ob-
served through live-cell imaging in a broad range of tissues. Live-cell microscopy, however,
comes with a set of limitations, such as the limited number of fluorescent labels due to
spectral overlap, phototoxicity, photobleaching and laborious manual data annotation [245].
To overcome these limitations, label-free imaging approaches present an exciting direction.
Previously, label-free or in silico labelling methods were developed [42, 49, 204], but were
only used to predict cellular structures in bright-field 3D Z-stacks of flat, 2-dimensional
monolayer cell cultures, which are not hampered by light scattering of intervening tissue.
Additionally, a recent study presented a method to predict the nuclei of cells in spheroids,
inside a microfluidic chip for high-content screening applications [8]. To broaden the
scope of label-free imaging to 3D organoid cultures, we developed LabelFreeTracker, a
machine-learning based algorithm for the prediction of nuclei, membranes in 3D, as well
as their tracking through time. LabelFreeTracker is based on 4 U-Net neural networks,
which together predict nuclear and membrane fluorescence and nucleus center positions
from bright-field images as obtained from the transmitted light in standard confocal mi-
croscopy. Strikingly, LabelFreeTracker accurately predicted the cell nuclei and membranes
even in cases where these structures were completely invisible to the human eye (Fig.
5.1a). To some extent, this can be explained by the fact that in contrast to the human eye,
LabelFreeTracker is able to simultaneously integrate information from multiple slices of a
3-dimensional stacks. LabelFreeTracker allows reconstruction of nuclear volumes up to
50 pm deep into the tissue, after which recall (that is, the percentage of retrieved nuclear
center positions) drops sharply. We demonstrated the applicability of LabelFreeTracker
with three use-cases of tracking the dynamics of individual cells over longer periods of
time, though it can also be used for the static analysis at a single time point. First, we
showed that LabelFreeTracker can perform cell counting in organoids grown under normal
conditions, and conditions where cell division was pharmacologically blocked. Second,
we demonstrated that it enables cell tracking, and hence allows complete lineage tree
reconstructions and quantification of intracellular fluorescent signal from transcriptional
reporters. Finally, we showed that our approach allows quantification of the dynamics of
single-cell shape and volume.

LabelFreeTracker is especially promising as a tool for quantitative analysis of dynamic pro-
cesses in patient-derived organoids. For example, our approach allows automated tracking
of cells across multiple division, and therefore makes it possible to directly test the effect of
drugs and pharmacological treatments that target cell proliferation. While we focused on
the prediction of nuclei and membranes of mouse intestinal organoids, LabelFreeTracker
can be readily expanded to other organoid systems. Extending LabelFreeTracker to other
organoid systems and/or imaging setups requires training datasets of bright-field images
paired with nuclear/membrane fluorescence images. Key here are the size of the training
dataset, the imaging resolution in space and time, and the laser power. While the desired
reconstruction quality can differ between applications, we note these guidelines (see the
Methods for specific numbers): (1) The size and diversity of the training dataset should be
such that all organoid morphologies are represented and that different batches are included.
(2) For tracking cells across multiple generations, the time resolution should be such that
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at least two images are taken during each cell division. This ensures that two daughter
cells can be connected to the corresponding mother cell. (3) The Z-resolution should be
set such that nuclei span multiple (3 or more) Z-slices. In the case of mouse intestinal
organoids, we found that this criterium was satisfied for 2-micron intervals between Z-
slices. (4) Bright-field images must not be over- or undersaturated, as this dramatically
effects the training and performance (Fig. 5.9). Finally, while we have here only shown
that LabelFreeTracker works for nuclei and membranes, the approach may be extended to
identify other subcellular features, such as mucin in goblet cells, nucleoli, microtubules
and mitochondria [204].
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Figure 5.4: Applications of LabelFreeTracker. (a) Predicted cell count in control organoids (gray) and in
organoids where cell division is blocked pharmacologically by palbociclib (blue). (b) Lineage trees of cells in
Axin2/SGFP2 reporter organoids tracked over 60 hours. Green lineage indicates a cell that eventually differentiates,
whereas the blue and red lineages indicate cells that remain proliferative throughout the timelapse. (c) Normalized
measurements of Axin2/SGFP2 fluorescent signal for the branches highlighted in panel b (see Methods section
for details of normalization). The green, blue and red curves correspond to the cells that are in the villus, transit-
amplifying region and crypt (resp.) at the end of the timelapse. Area around the lines represent the standard
error of an 8-hour time window. (d) Images corresponding to panel b showing the positions of the highlighted
cells along the crypt-villus-axis at the start (0 h) and end (62 h) of the time lapse. Scale bar indicates 20 um. (e)
3D rendering of predicted volume of post-mitotic cell (top) and dividing cell (bottom). (f) Predicted cell volume
over time for the mitotic cell in panel e. (g) Predicted volume for a cell that remains proliferative (same organoid
for panels e and f). Area around the curves in panels f and g represent the standard deviation of a 6-hour time
window.
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5.4 METHODS

ORGANOID CULTURING

Organoids were cultured under standard conditions in ENR medium [235]. Briefly, organoids
were seeded in gel consisting of basement membrane extract (BME2, Trevingen) mixed with
Advanced DMEM/F-12 in a 2:1 to 3:1 volume ratio. This medium consisted of Advanced
DMEM/F-12 (Life Technologies) with the following added ingredients:

« murine recombinant epidermal growth factor (EGF 50 ng/mL, Life Technologies)
« murine recombinant Noggin (100 ng/mL, Peprotech)

« human recombinant R-spondin 1 (500 ng/mL, Peprotech)

« n-Acetylcystein (1 mM, Sigma-Aldrich)

+ N2 supplement (1x, Life Technologies)

« B27 supplement (1x, Life Technologies)

« Glutamax (2 mM, Life Technologies)

« HEPES (10mM, Life Technologies)

« Penicillin/Streptomycin (100 U/mL 100 pg/mL, Life Technologies)

The organoids were passaged every week, after which they were refed twice during the
next seven days. The passaging was carried out as follows: The organoids from two wells
were collected in Advanced DMEM/F-12 medium, mechanically disrupted broken up by
pipetting up and down with a narrowed glass pipette (5 min, 320 rcf). Supernatant was
aspirated and a second centrifugation round was carried out. The supernatant was again
removed, after which the organoids were seeded in gel on wells of a new culturing plate.
After leaving the plates in an incubator for 20 to 30 minutes, the growth medium was

added.

ORGANOID LINES

H2B-mCherry / Lgr5-GFP and wild-type murine intestinal organoids were a gift of Nor-
man Sachs and Joep Beumer (Hubrecht Institute, The Netherlands). H2B-mCherry / E-
cadherin-GFP organoids were a gift of Daniel Krueger (Hubrecht Institute, The Netherlands).
Axin2P2A-rtTA3-T2A-3xNLS-SGFP2; tetO-Cre; Rosa26mTmG murine intestinal organoids
were a gift from the Van Amerongen lab (Universiteit van Amsterdam, The Netherlands)
[187].

ORGANOID TIME LAPSE MICROSCOPY

One or two days before the start of the time lapse experiment, we seeded mechanically
dissociated organoids in BME2 gel in four-well chambered cover glass (CellVis), using
the same procedure as during passaging. To prevent the gel from solidifying immediately,
seeding was performed on a cold block. The imaging well was put in a fridge for ten
minutes to allow the organoids to sediment down. Afterwards, the chambered cover glass
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was put in the incubator to allow the gel to solidify. After leaving the plates in an incubator
for 20 to 30 minutes, the growth medium was added. Imaging was performed on a Nikon
A1R MP microscope with a 40x oil immersion objective (NA = 1.30). 31 z-slices with 2 pm
step size were taken per organoid every 12 minutes. Experiments were performed at 37 °C
and 5-8% CO2, achieved by using a stage-top incubator (Okolab). An imaging well typically
contains over 50 organoids, of which we imaged about 20 per experiment. We selected for
a diverse set of organoids, as our goal was to obtain a diverse training set. By diverse, we
mean that organoids had different sizes, number of crypts, morphologies (cystic, bulged,
budded, etc) and degrees of debris present in and around the organoid. We set the imaging
settings such that the bright-field was never oversaturated or undersaturated. For the
fluorescent channels for imaging H2B and E-cadherin, we aimed to make all cells anywhere
in the imaged part of the organoid appear as bright cells, at the cost of oversaturation
elsewhere in the organoid.

IMAGING AND MEASURING AXIN2 REPORTER ORGANOIDS

The organoids were passaged one day before the experiment and were imaged over an entire
weekend as described above. We performed semi-automatic tracking on these organoids
(see above) and corrected the tracks for five larger lineage trees. We then segmented
all cells at all time points (see above) and used the obtained masks to measure the total
Axin2/SGFP2 signal of every cell. We noticed that a specific type of cell segmentation error
was causing issues with the GFP measurement. Sometimes, the membranes between two
cells were missing, likely because the neural network could not locate it. This caused the
volume of one cell to be assigned to a neighbor of the cell. This error was largely eliminated
by averaging the predicted membranes with a distance map, which was 0 at the center
of the cell, and then increased linearly up to 1 at a distance of 7 um. In this average, the
membranes had a weight of 75%, and the distance map a weight of 25%. The downside of
adding the distance map to the watershed landscape is that for cells that are both large
and stretched, it causes them to appear more spherical than they are. For measuring the
intensity of a nuclear-localized signal, this is not an issue, but for measuring the volume
of the cell it is. Therefore, we only used the distance map for measuring Axin2/SGFP2,
and not for measuring the cell volume. The Axin2/SGFP2 signals were then normalized
as follows: The lowest measured Axin2/SGFP2 signal in the time lapse was assumed to
correspond to the background. This background, measured in intensity per pixel, was
then subtracted from every measured Axin2/SGFP2 signal. The intensities where then
multiplied by a factor such that the median intensity of the organoid, across all time points,
was 1. To reduce noise in the measured Axin2 signal, we applied a moving average with an
eight-hour time window.

INHIBITION OF CELL DIVISIONS

A 5.6 mM Palbociclib (Sigma-Aldrich) stock solution was prepared by dissolving in endotoxin-
free demineralized water. A few hours before the start of a time lapse movie a certain

amount of the thawed stock solution was added to the medium, such that the final concen-

tration in the medium was 10 uM.
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TRAINING DATA FOR NUCLEUS AND MEMBRANE PREDICTIONS

For acquiring training data of nuclear fluorescence, we used H2B-mCherry / Lgr5-GFP
murine intestinal organoids, which were a gift of Norman Sachs and Joep Beumer (Hubrecht
Institute, The Netherlands). For acquiring training data of membrane fluorescence, we
used H2B-mCherry / E-cadherin-GFP organoids, which were a gift of Daniel Krueger
(Hubrecht Institute, The Netherlands). We did not use this line to create nucleus prediction
training data, as the nuclear marker of this line is less bright compared to our other line.
We used E-cadherin as a membrane marker, even though it technically only marks cell-
cell junctions. In practice, this is not a problem, as the intestinal epithelium is a tightly
connected epithelium. As a result, often the entire cell surface is still visible in images
of E-cadherin. We used this fluorescence marker because it produced a bright signal
in our organoids, making it easy to image. We have collected 3894 pairs of images of
bright-field/nuclei of 22 organoids in total. 13 organoids were newly imaged, the rest is
from a previous publication [143]. The data consists of four independent experiments. In
addition, we have collected 1908 pairs of images of bright-field/membranes of 25 organoids,
distributed over two independent experiments. The images we split into a train/validation
set using an 80%/20% split at the individual time point level. The same organoid can thus
appear in both the train and validation set, although always at different time points. We
normalized the time lapse so that at all time points and all depths layers the fluorescent
signal is saturated. Different normalizations were sometimes used for different depths and
time points. We split the 512 by 512 by 32-pixel images in smaller patches of 128 by 128
by 16 pixels. For many of our images, the organoids do not occupy the entire view, which
caused a considerable number of patches to show no fluorescence. To speed up the training
process, we removed almost all these patches. A patch was considered black if the brightest
pixel found in the patch is lower than half of the highest fluorescence in the entire image.
We kept 5% of the black patches in the training set, so that the network still learns to not
predict any fluorescence outside the organoid. We first trained the network that predicted
the nuclear signal from bright-field, and then the network that predicted the membrane
signal. For the network predicting the membrane signal, we used the trained network
that predicts nuclei as a starting point, so that the cell membrane network can reuse cell
detection knowledge of the nuclear network. We trained the network to minimize the
mean squared error loss between the fluorescent signal and the predicted signal.

TESTING DATA FOR NUCLEUS AND MEMBRANE PREDICTIONS

For the testing data in Figs. 5.2 and 5.3a-c, we used an additional 4 organoids (same line) for
the nucleus network (544 image pairs). Three organoids were from a previous publication
[143]. For testing the membrane predictions, we imaged 2 organoids in two independent
experiments (136 image pairs). Microscope, imaging settings/conditions and organoid lines
were identical to training data.

PREDICTING NUCLEUS CENTER POSITIONS

For training the nucleus center position network, we used pairs of bright-field images, and
images with bright spots at the center of the nuclei. We first used OrganoidTracker [143] to
automatically find the nucleus centers in our training set, based on the fluorescent nuclei.
Then, we created images with bright Gaussian spots at the location of the nucleus centers
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with the standard deviations of the Gaussian function o, and oy, being 4 px (1.28 pm), and
o, being 1 px (equal to 2 um in this case, as the resolution is lower in the z-direction). We
trained the neural network on the training set for 10 epochs. A large part of the images
containing the nucleus centers was black, as there are no nucleus centers within a few
pixels. Therefore, the network tended to just predict all pixels as black, and not draw
any nucleus centers at all. We solved this issue by reducing the weight of black pixels
by a factor of 4. To test the network, we applied the network to three organoids. We
first obtained a ground truth for five time points in each of these organoids, by manually
annotating all cell centers in these time points. We selected the time points at 0%, 25%,
50%, 75% and 100% of the time lapse duration. To obtain a performance metric, we used the
following method to calculate the number of true positives (TP), false positives (FP) and
false negatives (FN): Any nucleus center detected by the neural network was assigned to
the closest nucleus center from the ground truth, under the condition that the distance was
no longer than 5 pm. Every nucleus center cannot have more than one assignment. Each
successful assignment was a true positive. Then, any manually tracked nucleus center that
was left with no assignments became a false negative. Finally, any nucleus center from
the neural network that was left with no assignments was regarded as a false positive.
The precision is then calculated "TP"("TP" +"FP" ) and the recall is calculated as "TP"("TP"
+"FN" ). The F; score is the harmonic average of the precision and recall:

_ 2-Precision- Recall

= . 5.2
'™ "Precision + Recall (5.2)

PREDICTION NEURAL NETWORK

The network architecture follows a U-Net type architecture, with a downwards block, an
upwards block and skip connections between the blocks. The input of the network consists
of 3D greyscale images of 128x128x16 pixels. The downwards part of the network consists
of four repeating units, with each unit consisting of two 3D convolutions, maximum
pooling, and batch normalization. The upwards part consists of four repeating units, with
each unit consisting of a transposed convolution, followed by two convolutions, followed
by batch normalization. At the end of the network, a final convolution is done. The
network is optimized using the Adam optimizer [136] with the mean squared error loss
function. The intensities of the bright-field images are offset and multiplied such that the
average of an entire 3D stack of a single time point is 0, and the standard deviation is 1.
For the fluorescent images, the images were normalized from 0 to 1, with the background
at zero. Normalization factors were chosen by hand for several slices during the time
lapse, at both different times and depths. For other slices, the factors were calculated from
the manually set factors by linear interpolation. The only data augmentation that was
done was horizontal and vertical flipping. Rotations and scaling data augmentations were
omitted on purpose, as to not remove any details provided by individual pixels.

COMPARISON OF HUMAN ANNOTATED AND PREDICTED CELL COUNTS
IN WILD-TYPE ORGANOIDS

To demonstrate that bright-field-based prediction of nuclei works in label-free organoids,
wildtype (WT) mouse intestinal organoids were mechanically disrupted and embedded in
BME2 gel with growth medium. Two days after passaging, Z-stacks of label-free organoids
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were acquired. After the first image acquisition, cells were incubated for 15-25 minutes in
live-cell staining medium consisting of growth medium supplemented with Hoechst 34580
and 0.8 pg/mL Alexa 647 conjugated anti-mouse CD326 antibody (Invitrogen, #17-5791-80),
before a second Z-stack was acquired with the same imaging conditions as the label-free
image acquisition. In each organoid, the centers of all nuclei were manually annotated
based on the Hoechst signal, and the centers of all nuclei were automatically predicted using
the LabelFreeTracker algorithm by an independent human annotator. This last annotator
also manually annotated all cell centers based on the predicted membrane signal.

SEMI-AUTOMATED CELL TRACKING

We used the position detection network (see "Predicting nucleus center positions") to gen-
erate a set of positions. Our next step was to link these positions over time. As a first step,
we estimated the chance P(L|d) which is the chance of two cell positions in subsequent
time points being of the same cell (i.e. having a link L), given the distance d between both
positions. This function is expected to start at a high chance for d=0, and then drop off
towards zero for increasing d. To estimate this function, we used the tracking data of one
organoid with a nuclear marker, that was tracked previously [143]. For every position,
we recorded the distance to the nearest position in the previous time point, as well as the
distance to any position that is at most twice as far. We also recorded whether that position
represented the same cell, which allowed us to estimate the chance P(L|d). We noticed that
the center positions of the predicted nuclei were less accurate than the center positions of
fluorescent nuclei. This resulted in larger apparent cell movements in between time points,
which made the function P(L|d) underestimate the chance of two nucleus positions being
of the same cell. To correct for this, we simulated errors in the nucleus center positions
of our previously tracked organoid. We added (rand()-rand()) 1.6 pm to the x and to the y
coordinate of each position, with rand() a function that returns a uniformly distributed
random number from 0 to 1. For the z coordinate, we choose a random integer from 1 to
6 (inclusive); if the number was 5, we added 2 pm (corresponding to one z layer) to the z
coordinate, and if the number was 6, we subtracted 2 pm.

Having obtained a representation for P(L|d), we used this as input for the track creation al-
gorithm of Haubold [103]. This algorithm presents an approximate solution of the problem
of linking cell detections over time. It builds on the shortest path min-cost flow solving
algorithm but adapts the residual graph such that divisions become possible. Although
the algorithm cannot guarantee an optimal solution, a good performance is nonetheless
achieved within polynomial time. Besides the linking probabilities described in the previous
paragraph, the algorithm additionally expects probabilities of a cell to divide at a given time
point as input. We provided those with a single baseline division probability. As a result,
the solver could only detect a few divisions (< 5 divisions per organoid). Using Organoid-
Tracker [143], we manually corrected these tracks for five lineages, thereby adding the
missing cell divisions.

COMPARISON OF CELL LINKING PERFORMANCE
Cell linking performance was compared against manual tracking based on a fluorescent
nuclear marker. The same set of testing organoids was used as for validating nucleus
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and membrane prediction performance. We manually tracked part of each organoid. We
then performed automatic tracking as described in the previous section, and then used the
links comparison feature of OrganoidTracker [143] to calculate the recall, precision and
F; score. The comparison was done by matching manually annotated nucleus centers to
automatically detected nucleus centers close by, up to a distance of 5 um, and then checking
whether the links of the position match. Areas where no manual center annotations were
created (i.e. where automatically detected center positions could not be matched to any
manual annotation close by) were excluded from the performance evaluation.

RECONSTRUCTION OF CELL SHAPE IN ORGANOIDS

Here, we used a time-lapse movie of the H2B-mCherry / Lgr5-GFP organoids, where
the Lgr5-GFP channel was not imaged. A membrane signal was predicted for each time
point, as well as nucleus center points, both based on the transmitted light image of the
confocal microscope. This signal was first used to reconstruct a mask of the entire organoid:
the predicted membrane signal was thresholded at 10% of the maximum signal, followed
by closing any holes in the mask and eroding the final mask by four pixels. Next, we
reconstructed the masks of single-cells using a 3D watershed algorithm (Mahotas [46])
with the predicted nucleus center points as seeds, and the predicted membrane signal as
the watershed landscape. The measured volume over time was noisy for most cells; to
correct for this a six-hour moving average window was applied.

SOFTWARE PACKAGES

The panels follow the standard boxplot settings of the software library Matplotlib version
3.6.0 [116]. Neural networks were implemented in Tensorflow 2.5.1 [1]. The 3D watershed
algorithm was provided by the Mahotas software library [46] .
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Figure 5.5: Organoids with a hard-to-interpret transmitted light signal at different depths.
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Figure 5.5: (continued) (a) Transmitted light (grey), measured control (red) and nuclear predictions (purple). (b)
Transmitted light (grey), measured control (green) and cell membrane predictions (purple). Indicated are example
areas where LabelFreeTracker method works well (yellow arrows & circles), or even better than fluorescence
(yellow + gray), and where the method starts failing (blue arrows & circles). For the latter one then often sees the
fluorescence imaging failing as well. Scale bars indicate 20 um.
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Figure 5.6: Verification of LabelFreeTracker. (a, b) Predicted versus measured fluorescence intensity for pixel
areas of various sizes (327 and 136 stacks for nuclei and membranes, respectively, each from N = 3 organoids). (c,
d) Batch-to-batch variability for LabelFreeTracker. Pixel correlations were determined by computing the Pearson
correlation coefficient for individual pixels between nuclear fluorescence and prediction (N = 64 organoids), and
membrane fluorescence and prediction (N = 10 organoids) at each time point. Every dot indicates the mean + s.t.d.
for one organoid. CV in panels ¢ and d is the Coefficient of Variation (standard deviation over mean) between the
average pixel correlation per batch. (e) Convex hull cell volume around predicted nucleus centers (from nucleus
center prediction network) or predicted cell centers (from manual annotation based on predicted membrane
images) versus manual locations after subsequent Hoechst staining (N = 14 organoids; R? = 95% for nucleus
centers, R* = 95% for cell centers). (f) Idem, but for center-to-center nucleus distances (R? = 47% for nucleus
centers, R? = 64% for cell centers).
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Figure 5.7: Classification of cells in the crypt. We analyzed crypt cells that could be tracked after the movie
start or after a division, and until a next division or until the movie end. Crypt cells that did not divide for longer
than 25 hours were not included, as they likely represent non-dividing Paneth cells, or tracking errors. We then
classified cells using their Axin2/SGFP2 signal. Cells with a stable high Axin2/SGFP2 signal (mean > 2, final value
between 85% and 115% of first value) are here denoted as stem cells. Cells with a decreasing Axin2/SGFP2 signal
(final value less than 85% of first value) are here denoted as TA cells. Cells with a low Axin2/SGFP2 signal (mean
< 1.5) are denoted as differentiating cells. The remaining cells are classified as “other cells”, which tend to be cells
that show an increase in Axin2/SGFP2. (a) Average Axin2/SGFP2 levels of cells. (b) Average position of cells in
the crypt. 0% is defined as the crypt bottom, 100% is defined as the neck between the crypt and the villus, which
was manually annotated at each time point. (c) The fraction of cells that are part of a proliferative lineage at the
end of the movie, showing the proliferative character of cells in each category.
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Figure 5.8: Linking accuracy. Recall, precision and F1 score for the linking of cells across timepoints. Overall
recall is 0.695, overall precision is 0.892. Details of comparison are in section 5.4.
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Figure 5.9: Requirements for training and application of LabelFreeTracker. Shown are the performances
of position detection (recall, precision and F1 score) at different depths for different example organoids. Using
and training LabelFreeTracker requires that the bright-field images are neither over- or undersaturated; cells
located directly below dark debris cannot be recognized. Scale bars indicate 30 pm.
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OQUANTITATIVE IMAGING OF
DYNAMIC PROCESSES IN
INTESTINAL ORGANOIDS

"The truth is a bully we all pretend to like"

Gregory David Roberts (Shantaram)

Organoids are powerful models for studying tissue dynamics across multiple cellular gen-
erations and offer key insights into organ homeostasis, cellular differentiation, and disease.
Here, we present protocols for long-term imaging and quantitative analysis of intestinal
organoids at the cellular level. Our workflow consists of sample preparation, experimental
manipulations (e.g. drug treatments, laser ablations, and fluorescence recovery after photo-
bleaching), long-term live imaging (120 h), in situ fixation and permeabilization, multiplexed
antibody staining, and single-cell tracking with lineage reconstruction. We outline strategies
for optimizing organoid health, imaging conditions and experimental interventions to ensure
efficient downstream analysis. Additionally, we describe how this workflow enables real-time
quantification of gene expression using fluorescent reporters, as well as inferring cell type
changes by combining multiplexed antibody staining with single-cell tracking data. These
protocols are broadly applicable to studying dynamic cellular processes in both 2D and 3D
organoids, spanning timescales from minutes to several days. By integrating live imaging
with post-hoc analysis, this protocol provides a comprehensive approach for studying cellular
behavior, lineage trees, expression dynamics, and cell-cell interactions in organoid systems.
The full experimental protocol takes approximately 2 weeks and can be used with standard
confocal microscopy.

The content of this chapter is submitted as Willem Kasper Spoelstra, Xuan Zheng, Rutger Kok, Guizela
Huelsz-Prince, Max Betjes, Pascal Ender, Yvonne Goos, Kim Annabel Kuentzelmann, Daniel Krueger, Daisong
Wang, Hans Clevers, Sander J. Tans, Jeroen S. van Zon. Quantitative imaging of dynamic processes in intestinal
organoids. Under revision at Nature Protocols.
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6.1 INTRODUCTION

DEVELOPMENT OF THE PROTOCOL

Live imaging is an established technique for understanding dynamics in tissues and cells.
Intestinal organoids are in vitro models for the intestinal epithelium that mimic the in vivo
intestine in cell type composition, and 3D crypt-villus compartmentalisation [235]. An
important advantage of intestinal organoids is that they are accessible for live imaging,
which makes them uniquely suited to study dynamic processes in the intestinal epithelium
[20]. Obtaining meaningful information from live imaging experiments with single-cell
resolution and over multiple days is, however, still technically challenging in organoid
cultures. Live imaging induces stresses in the cells that are absent in cell culture incuba-
tors, such as phototoxicity and concentration of growth factors due to evaporation of the
medium [245]. Furthermore, organoids typically consist of hundreds of densely packed
cells, making manual tracking analyses highly labour-intensive and thus prone to selection
biases. We therefore developed and optimized approaches for studying single-cell dynamics
on timescales of multiple days [19, 62, 104, 115, 142, 143, 150, 195, 291].

Here, we describe protocols for long-term live imaging of organoids with detailed guidance
on experimental perturbations, in situ fixation and permeabilization, and multiplexed anti-
body staining and re-imaging. Subsequently, we discuss how our custom-built Organoid-
Tracker software [19, 143] can be used for single-cell tracking analysis and provide examples
for different types of downstream data analysis, such as dynamic cell type inference and
fluorescence intensity measurement.

OVERVIEW OF THE PROCEDURE

In its complete form the experimental protocol consists of six steps (Fig. 6.1): sample
preparation (steps 1-14), pharmacological treatments (steps 15-17), long-term live imaging
of intestinal organoids (up to five days; steps 18-22), photobleaching and laser ablations
(steps 23-25), in situ fixation and permeabilization (steps 26-33), immunostaining (steps
34-56), and tracking and data analysis (e.g. using manual or Al-assisted single-cell tracking,
lineage-tree reconstruction, and real-time fluorescence quantification; steps 57-82).

ADVANTAGES AND LIMITATIONS

Organoid systems combined with genetic modification [6, 239], 3D imaging and data anal-
ysis make it possible to quantify dynamic processes in complex tissue structures, which
are central to a host of normal and pathological organ functions. Live imaging yields rich
information about spatio-temporal dynamics that is hard or impossible to get from “omics”
approaches such as transcriptomics and proteomics. Another advantage is that it serves
as a platform for combining diverse interventions and imaging modalities, ranging from
laser ablation to drug treatments and multiplexed immunostaining. Hence, it opens up the
dynamic cell biology toolbox to cellular processes within the tissue context.

Live imaging, antibody staining, and cell tracking is inherently limited by a relatively low
throughput, which is dependent on the imaging setup and desired temporal resolution. The
approach presented here is typically limited to simultaneously following ~20 organoids
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1. Sample 2. Experimental 3. Long-term 4. In-situ fixation & 5. Multiplexed 6. Tracking & lineage
preparation manipulations live imaging permeabilization antibody staining reconstruction

@0-120h

Start
e N o .. A
Laser End
ablation/FRAP Type:[] [ OO

Figure 6.1: Overview of the protocol. The full protocol discussed here consists of 6 steps, being (1) sample
preparation, (2) experimental manipulations (e.g. drug treatments, photobleaching, laser ablation), (3) long-term
live imaging for up to five days, (4) in situ fixation & permeabilization, (5) antibody staining (multiplexed if
necessary) and (6) single cell tracking and reconstruction of lineage trees. Asterisks in (5) indicate different cell
types, and the cross at the lineage end in (6) represents a cell that dies prior to fixation. The tracking data can
also be used to perform quantitative analysis on the motility, spatial organization and intensity of fluorescent
reporters at the single cell level using our custom-built OrganoidTracker software.

(order 1000 cells in total), which represents only a fraction of the organoids in typical
culturing wells. Furthermore, the data analysis is labor-intensive and time-consuming,
especially when tracking is done manually. This limitation is increasingly mitigated by
Al-based methods developed within the field [59, 143, 195]. Still, only a subset of organoids
is used for detailed analysis, and the selection of this subset may introduce biases in the
analyzed dataset. These biases include survivorship bias (overrepresentation of organoids
that survive the imaging process), compositional bias (overrepresentation of organoids
containing specific cell types or domains) and trackability bias (overrepresentation of
organoids that show minimal morphological changes and cell motility). In Table 6.1, we
provide an overview of these biases and accompanying mitigation strategies. In cases
where organoids were manually chosen for analysis it is good practice to explicitly state
what selection/exclusion criteria were used for the selection of the tracked organoids (e.g.
“For single cell tracking, we selected organoids that survived throughout the imaging
window, contained at least n cells of cell types X, Y, Z” or equivalent).
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APPLICATIONS

First, the described protocols are useful for obtaining information about single-cell dynam-
ics in time, using genetically encoded transcriptional reporters for read-outs such as cell
type [62, 104], cell signalling [142] or metabolism [195]. For example, we used transcrip-
tional reporters for goblet cells (MUC2-mNeonGreen) and Paneth cells (DEFA5-DsRed) to
show that Paneth cells arise from MUC2+ progenitor cells [104], while quantification of
metabolic sensors revealed cell type changes in colorectal cancer organoids in response
to lactate-induced histone acetylation [195]. Second, single-cell dynamics can be directly
connected to the measured cell lineage, for instance, by linking induction and maintenance
of stem cell fate [195] or the multiple differentiated cell types [291] between mother and
daughter cells, sisters or cousins. We used such analysis to establish that both the prolifera-
tive state [115] and differentiation [291] of mouse intestinal stem cells is likely determined
within their mother cell. Third, they allow following single-cell dynamics as function of cell
position in space, or in relation to their cell neighbours. For example, such analysis revealed
that the switch from the tuft-1 to tuft-2 subtype coincides with the migration these tuft cells
from the crypt to the villus domain of the organoid [62]. Similarly, using a Wnt-signalling
reporter [187] (Axin2/SGFP2), we examined how loss of contact with WNT-producing
Paneth cells drives loss of stem cell fate and subsequent differentiation [142]. Finally, the
ability to follow cells in time can potentially be used to quantify a much broader range
of dynamic processes, provided that the key phenotype is detectable using fluorescent
reporters or other methods. For instance, we recently followed Myosin-II dynamics in time
to show that intestinal cells are engaged in a tensile tug-of-war, with loss of tensile strength
being the trigger for extrusion from the epithelium [150]. In another type of example, we
used Al-based reconstruction of 3D cell shapes from bright-field images to quantify how
cell volume evolves during differentiation [141].

Combining time-lapse microscopy with endpoint analysis by immuno-staining offers
additional possibilities when fluorescent reporters are difficult to incorporate or the number
of markers is too large. Serra et al. used this combination to show that the initial symmetry
breaking of mouse small intestinal organoids coincides with the differentiation of the first
Paneth cell [242]. Using endpoint antibody staining of marker for stem cell fate and all
differentiated intestinal cell types, we recently showed that cell fate decisions in mouse
small intestinal organoids occur early — prior to upward migration towards the villus and the
final cell division [291]. While the protocol presented here is optimized for combining time-
lapse microscopy with multiplexed antibody staining, it can in principle also be combined
with single-molecule Fluorescent In Situ Hybridization (smFISH). Combining end-point
smFISH with time-lapse imaging-based reconstruction of cell lineages was previously used
to infer cell-state transition dynamics in 2D embryonic stem cell culture [110]. Potentially,
the protocol can also be used with other types of endpoint analysis, such as deterministic
(“single-organoid”) scRNA-sequencing [34, 137], intact-tissue sequencing [279] and in situ
proteomics [221, 289].

ALTERNATIVE METHODS

The protocol presented here is developed for standard confocal microscopy. One may alter-
natively use light-sheet microscopy [59, 151, 169, 178, 258], which allows faster imaging at
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Table 6.1: Biases that may affect results in live imaging experiments of organoids.

Bias Explanation Implications Mitigation strategies
Survivorship | Organoids being Datasets is biased When comparing
bias followed with live towards organoids that | different experimental
imaging may die or survive the imaging conditions (e.g. drug
show signs of process, even if those treatments),
deterioration even with | form a small minority complement the
negligible phototoxicity. | of the actual organoid imaging dataset with
population. statistics on what
Conclusions drawn fraction of organoids
from the tracking of survives the treatment.
these organoids are These statistics can be
then not representative | obtained by imaging
for the whole organoid | the organoid cultures at
population. low-resolution and at
randomly selected
locations.
Compositional | Organoids may show Dataset is biased Characterise
bias high heterogeneity in towards organoids that | heterogeneity between
composition. For contain specific cell organoids and test main
example, the abundance | types or either have hypotheses also in an
of especially the rare abnormally large crypt | unbiased sample. For
cell types may vary or villus domains. Since | quantification of cell
greatly between rare cell types may type abundances,
organoids. have beneficial effects complement the
on other cells in the tracking dataset with
organoid, the organoid | statistics on the cell
composition may be population level. These
correlated to organoid can be obtained using
survival. fluorescence activated
cell sorting (FACS),
western blotting,
sequencing,
mass-spectrometry,
enzyme-linked
immunosorbent assays
(ELISA), or quantitative
PCR (qPCR).
Trackability Organoids may exhibit | Tracking dataset is Use semi-automated
bias large-scale biased towards tracking algorithms.
morphological changes | organoids that show
or high levels of cell minimal morphological
motility, which makes changes (e.g.
single cell tracking inflation-collapse
more challenging and cycles) and limited cell
labour-intensive. motility.
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low levels of phototoxicity. Furthermore, it can image deeper into the sample, and thus
image organoids and developing embryos in their entirety (in toto). However, sample
preparation is generally more involved than standard confocal microscopy, and datasets
are much larger. New light-sheet imaging platforms reduce these demands, for instance
using single objectives to support workflows like those for confocal microscopes. The
presented protocols can therefore be readily adapted for these imaging systems.

Alternatives to cell tracking are for instance EdU/BrdU labelling for migration and prolifer-
ation dynamics [11, 149], and in vivo lineage tracing by induction of a heritable genetic
marker [57, 187, 248]. Additionally, computational methods exist to infer cell type tra-
jectories from single-cell RNA sequencing data [61, 230]. The main advantage of these
inference methods is that they are more compatible with in vivo studies and are often less
labour-intensive. However, they do not directly follow dynamic processes, as performing
multiple observations of the same specimen at different points in time is highly challenging
or impossible. Instead, the dynamics are inferred indirectly from single-snapshot data,
thereby relying on the assumptions of the underlying model used for inference. In addition,
they may miss key events because the number of timepoints is very low, and are limited in
the ability to be combined with other imaging modalities.

EXPERIMENTAL DESIGN

While the protocol presented here is specifically tailored to mouse small intestinal organoids,
it can be easily adapted to other organoid models. When designing an experiment, consider
(i) which fluorescent reporters to use for tracking, (ii) whether to use 3D or 2D organoids,
(iii) whether to start from single cells or from small organoids, (iv) which controls to include
(especially in the case of drug treatments, photobleaching or laser ablations), (v) which
antibodies to use after fixation and (vi) whether to perform tracking manually (this paper)
or in (semi-)automated manner [19].

For single cell tracking over multiple generations it is highly recommended to integrate a
bright fluorescent nuclear marker (e.g. H2B-mCherry, H2B-iRFP) or membrane marker (e.g.
membranous tdTomato, E-cadherin-mNeonGreen), which can be added using lentiviral
transduction, stable transfection or CRISPR-based genome editing (Fig. 6.2a). For short
term tracking experiments (< 24 h) it is also possible to use nuclear dyes (e.g. Hoechst) or
membrane markers (e.g. Cell mask, or conjugated EpCAM antibody), although these dyes
may be actively exported from or degraded by the cells and may have adverse effects on
cell health (Fig. 6.2b). A third option is to use in silico labelling, which is the prediction
of nuclear and membrane from brightfield images. Neural networks for in silico labelling
are available for both 2D cell monolayers [42, 49, 204] and 3D organoid cultures [141].
For measuring dynamics of protein expression, other fluorescent reporter proteins can be
tagged endogenously using established methods for genetic modification of organoids such
as CRISPaint [239] and CRISPR-HOT [6].

The second consideration is whether to perform tracking in 3D gel-embedded organoids
[235] or in 2D (“open-lumen”) organoids [209, 216, 257, 282]. 3D organoids have the ad-
vantage that the organoid remains at the same position in space, and preserve the 3D
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Figure 6.2: Experimental design. (a, b) Different types of (a) genetically encoded markers and (b) dyes (Hoechst)
or conjugated antibodies (EpCAM) that can be used for live imaging and tracking. Scale bars: 20 pm. (c) Cell
division process in mouse small intestinal organoids marked by H2B-mCherry. Dotted lines show outline of the
dividing nucleus. Scale bar: 10 pm.

organization more faithfully. Although organoids may grow and shrink, cells are much
less likely to move out of the imaging window than in 2D. Additionally, cells can modulate
their luminal environment (e.g. pH and ion concentrations) in 3D organoids but not in
2D. While protocols exist for injecting microbes into the lumen 3D organoids [216], this
only remains possible with low throughput. If direct access to the lumen is necessary;, it
is advised to use 2D organoids. 2D organoids require appropriate coating of the imaging
slide, for example using BME2 [216], polyacrylamide [208], or invasin [282].

A third consideration is whether to start growing the organoids from single cells, or from
dissociated crypts generated by mechanically breaking larger organoids. Starting from
single cells is preferable where the research question focuses on the initial stages of the
development of organoids in itself [242], or in cases where it is essential that all cells derive
from a single starting cell. However, generating fully developed organoids from single cells
may take 1-2 weeks, and may therefore require embedding them in a new gel.

A fourth consideration is which culture media and controls to include. In the case of drug
treatments, a negative control with the drug’s vehicle (BSA/DMSO/ethanol) is essential. It
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is good practice to also include a negative control without vehicle, so that adverse effects
from the vehicle can be excluded. For imaging experiments where individual organoids
are manipulated using laser-ablation or photobleaching, it is advised to also image a few
organoids where no manipulation is done in the same organoid. Typically, the number of
organoids in the imaging well will exceed the number of organoids selected for time-lapse
imaging. Finally, it is recommended to exclude a few organoids from imaging to control
for phototoxicity.

A fifth consideration is whether to use in situ fixation and (multiplexed) antibody staining.
If so, it can save time to choose the secondary antibodies such that the number of rounds of
imaging is minimized while avoiding spectral overlap between the fluorescent antibodies.

6.2 MATERIALS

REAGENTS

ORGANOID CULTURING AND SAMPLE PREPARATION
« Endotoxin-free water (ThermoFisher; cat. #]65589-K2).

« PBS (Phosphate-buffered saline; ThermoFisher; cat. #14190136).

Advanced DMEM/F12 (ThermoFisher; cat. #12634010).

GlutaMAX Supplement 100x (ThermoFisher; cat. #35050061).

HEPES 100x (1M; ThermoFisher; cat. #15630080).

« Penicillin-streptomycin 100x (Fisher Scientific; cat. #11548876).

« Mouse recombinant EGF (ThermoFisher; cat. #315-09-500UG).

« Mouse recombinant Noggin (ThermoFisher; cat. # 250-38-100UG).
« Human recombinant R-spondin (ThermoFisher; cat. #120-38-5UG).
« NAC (N-Acetyl-L-cysteine; Merck; cat. #A9165-5G).

+ N2 supplement (ThermoFisher; cat. #17502048).

B27 supplement (ThermoFisher; cat. #17504044).

« BME2 (Cultrex Reduced Growth Factor Basement Membrane Extract, Type 2, Path-
clear; biotechne; cat. #3533-010-02).

« DMSO (dimethyl sulfoxide; Merck; cat. #D2650).

« TrypLE Express Enzyme 1x (ThermoFisher; cat. #12605010).

Y-27632 dihydrochloride (Enzo; cat. #ALX-270-333-M005).

Hoechst 34580 (ThermoFisher; cat. #H21486).

« CD24 APC-conjugated antibody (ThermoFisher; cat. #17-0242-80).
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IWP-2 (Stemcell Technologies; cat. #72122).

CHIR99021 (Merck; cat. #SML1046).

Valproic acid (VPA; Enzo Life Sciences; cat. #ALX-550-304-G005).
DAPT (Enzo Life Sciences; cat. #ALX-270-416).

Mouse recombinant interleukin-13 (Enzo; cat. #ENZ-PRT184)
Mouse recombinant interleukin-4 (Enzo; cat. #ICT-6520)

PD0325901 (MEK/ERK-inhibitor; Merck; cat. #PZ0162)

IN SITU FIXATION AND MULTIPLEXED ANTIBODY STAINING

Formaldehyde solution about 37% (Sigma-Aldrich; cat. #104003, stabilized with ~10%
methanol). CAUTION Formaldehyde is a fixative and needs to be handled with
protective clothing, gloves, and face protection.

Triton X-100 (Sigma-Aldrich; cat. #X100). CAUTION Harmful substance, handle
with protective gloves and face protection. Very toxic to aquatic life.

TBS (Tris-buffered saline pH 7.4; ThermoFisher; cat. #]60764.K2).
Immunofluorescence blocking buffer (Cell Signaling Technology; cat. #12411).
L-glycine (Merck; cat. #219517).

Urea (Merck; cat. #51456).

Guanidium chloride (Merck; cat. #G3272). CAUTION Harmful substance, handle
with protective clothing, skin protection, eye/face protection and inside a fume hood.

TCEP-HCI (tris(2-carboxyethyl)phosphine hydrochloride; Merck; cat. #75259). CAU-
TION Harmful substance, handle with protective clothing, gloves and face protection
inside a fume hood.

Antibodies of choice. For cell type specific antibodies that we have verified, see Table
6.3.

DAPI (4’,6-diamidino-2-phenylindole; ThermoFisher; cat. #62248).

EQUIPMENT
CULTURING AND SAMPLE PREPARATION

Flow cabinet (Kojair Biowizard Silver SL-130 Blue Series Class II).
0.2 pum sterile nylon filter (Whatman Puradisc; Cytiva; cat. #6786-0402).
Vacuum pump (Integra Vacusafe).

Glass Pasteur pipettes (150 mm; ISO 7712).
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Table 6.3: Antibodies validated for cell type annotation in mouse small intestinal organoids. Note that
not all the cell types in this table are mutually exclusive (e.g. secretory cells include goblet, Paneth, enteroendocrine
and tuft cells). Abbreviations: AF, Alexa-Fluor; CF, Cyanine-based Fluorescent dye. *Goblet cells are differentiated
(KRT20") and secretory (WGA™), so can also be identified by positive staining for these two markers [291].

Cell type Primary antibody

Proliferative cells rabbit anti-Ki67 (BD Biosciences; cat. #556003)

Differentiated cells mouse anti-cytokeratin 20 (KRT20) (Agilent Dako; cat. #M701901-2)

Epithelial cells mouse anti-E-cadherin (Santa Cruz; cat. #sc-59778)
Alexa Fluor® 488-conjugated mouse anti-CD326 (Ep-CAM)
(BioLegend; cat. #118210)

Secretory cells Wheat germ agglutinin (WGA) conjugated to CF405S (Avantor VWR;
cat. #29027)

Stem cells rabbit anti-OLFM4 (Cell Signaling Technology; cat. #39141T)

Enterocytes rabbit anti-Aldolase B (Abcam; cat. #ab75751)

Paneth cells rabbit anti-Lysozyme (Agilent Dako; cat. #Dako #A009915)

Goblet cells* rabbit anti-mucin 2 (MUC2) (Abcam #ab272692)

Enteroendocrine cells mouse anti-chromogranin A (CHGA) (Santa Cruz; cat. #sc-393941)

Tuft cells rabbit anti-doublecortin-like kinase 1 (DCLK1) (Cell signaling/Bioke;
cat. #62257)

Microfold (M) cells mouse anti-glycoprotein 2 (GP2) (MBL Life Sciences; cat. #D278-3)

« Glass Pasteur pipettes with cotton plug (Volac art. #D810/PP; 150 mm; ISO 7712).
» 100 - 1000 pL pipette tips.

+ 10 - 100 L wide-opening pipette tips (ART XLG Pipet Tips; cat. #2160G).

« Accu-jet pro pipette controller (Brand 26302; cat. #10551433).

« 5 mL tubes (Eppendorf; cat. #0030119487).

Imaging plate (CellVis 4 Chambered Coverglass System; #C4-1.5H-N).
« Top of a benchtop cooler (ThermoFisher; cat. #5115-0032), pre-cooled at 4 °C.

« Icebox, or a cold block for holding tubes (e.g. Benchmark Scientific DryChill; cat.
#DC0650) pre-cooled between -4 °C to -20 °C.

« Water bath set at 37 °C (VWB2 12 L cat. #462 - 0557).

Centrifuge (Eppendorf Centrifuge 5702; cat. #5702000010).

« Incubator (Panasonic MCO-170AICUVH-PE) set to 37 °C and 5% CO2.

MICROSCOPES
« Benchtop brightfield/epifluorescence microscope (Carl Zeiss Axio Vert.A1).
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« Confocal microscope including an incubation chamber with CO2 and temperature
control. This protocol has been routinely performed using both a Nikon A1IR MP
confocal microscope outfitted with a 1.30 NA 40x magnification oil immersion
objective, and with a Leica TCS SP8 confocal microscope outfitted with a 1.10 NA
40x magnification water immersion objective.

« MaiTai DeepSee.

SOFTWARE
« NIS (for Nikon).

« LASX (for Leica).
« FIJI software [237].
« OrganoidTracker[143].

« Python packages: numpy, seaborn, lifelines [56], matplotlib [116], scipy [274].

REAGENT SETUP

PREPARING ORGANOID CULTURING MEDIA

Culturing of mouse intestinal organoids requires wash medium and growth medium.
Wash medium consists of 1x HEPES, 1x GlutaMAX and 1x Penicillin-streptomycin in
Advanced DMEM/F12. ENR growth medium contains murine recombinant EGF (50 ng/mL),
murine recombinant Noggin (100 ng/mL), human recombinant R-spondin (500 ng/mL),
N-acetylcysteine (1 mM), N2 supplement (1x) and B27 supplement (1x) in wash medium.
Mouse small intestinal organoids cultured in this medium will contain stem cells, transit-
amplifying cells, enterocytes, goblet cells, Paneth cells, enteroendocrine cells and tuft cells
[235]. If, in addition to these cell types, also microfold (M) cells are desired, also add 200
ng/mL RankL [57].

It is also possible to enrich the organoid culture for specific cell types or lineages by adding
additional components. For example, activation of Wnt-signalling (e.g. using CHIR99021)
increases the proportion of Lgr5+ stem cells and inhibits differentiation, whereas inhibition
of Wnt-signalling (e.g. using IWP-2) induces differentiation [288]. Inhibition of Notch-
signalling (e.g. using DAPT) biases commitment to the secretory lineage, whereas activation
of Notch (e.g. using valproic acid; VPA) biases towards commitment to the absorptive
lineage. Organoids can furthermore be enriched for enteroendocrine cells specifically using
a combination of Wnt-, Notch- and MEK/ERK-inhibitors [17]. Tuft cell numbers can be
increased by adding IL-4 and IL-13 [112, 275]). For a complete overview of the solvents,
stock concentrations and working concentrations of medium components, see Table 6.5.

PREPARING SOLUTIONS FOR FIXATION, PERMEABILIZATION AND MULTIPLEXED ANTI-
BODY STAINING

Prepare formaldehyde solution by diluting formaldehyde (37% v/v stock) in PBS to a final
concentration of 4% (v/v). Prepare permeabilization solution by diluting Triton-X-100 to
a concentration of 0.2% (v/v) in PBS. For antibody stripping, prepare an elution buffer
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Table 6.5: Overview of media components.

Component Solvent Stock Final concentration
concentration

HEPES - 100x 1x
GlutaMAX - 100 1x
Pennicillin- - 100 1x
streptomycin
EGF PBS 50 pg/mL 50 ng/mL
Noggin PBS 100 pg/mL 100 ng/mL
R-spondin Wash medium 500 pug/mL 500 ng/mL
N-acetylcysteine PBS (filter twice with | 500 mM 1 mM

0.2 pm sterile nylon

filter)
N2 supplement - 100x 1x
B27 supplement - 100 1x
RankL Water with 0.1% BSA | 200 pg/mL 200 ng/mL
CHIR99021 DMSO 10 mM 5uM
TWP-2 DMSO 2mM 2 pM
Valproic acid Water 1M 1 mM
DAPT DMSO 10 mM 10 uM
IL-4 PBS with 0.1% BSA 50 pg/mL 50 ng/mL
IL-13 PBS with 0.1% BSA 50 pug/mL 50 ng/mL
PD0325901 DMSO 10 mM 1uM

containing 0.5 M L-glycine, 5 M urea, 5 M guanidinium chloride, 70 mM TCEP-HCL in
water (pH 2.5). CAUTION these buffers contain toxic components and should be handled
with appropriate protection and inside a fume hood.

EQUIPMENT SETUP

OPTIMIZATION OF IMAGING CONDITIONS FOR LONG-TERM LIVE IMAGING WITH LIN-
EAGE TREE RECONSTRUCTION

For long-term time-lapse imaging, imaging settings must be set to minimize phototoxicity
and photobleaching, while still providing sufficient spatiotemporal resolution and signal to
noise ratio. Additionally, the time required for acquiring a Z-stack of one organoid typically
sets an upper limit to the number of organoids that can be imaged in one experiment. The
fastest cell movement is typically the movement of cell nuclei associated with the mitosis
of dividing cells, which in mouse intestinal organoids takes approximately 1.5 hours (Fig.
6.2c). Daughter cells can be reliably linked to the mother cell if the time interval between
image acquisitions of the same organoid is set to 12 minutes [115, 143, 291]. XY resolution
is sufficient when using a 40X oil or water objective, but higher magnification may be
necessary for imaging specific intracellular processes. As a guideline for Z-resolution, it is
recommended for nuclei to be imaged in at least two adjacent Z-slices. This amounts to a
Z-resolution of 2 pym for mouse small intestinal organoids.
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INSTALLATION OF ORGANOIDTRACKER SOFTWARE

This step only needs to be performed once for every computer on which one wishes
to perform cell tracking and/or analysis. Install Anaconda or Miniconda on your com-
puter. The software can be downloaded at https://www.anaconda.com/download. After
the installation is completed, search for the “Anaconda Prompt” on your PC and open
it. A command prompt should appear. The command prompt can be closed. Download
OrganoidTracker [19, 143] from https://github.com/jvzonlab/OrganoidTracker/
archive/refs/heads/spoelstra-et-al-nature-protocols.zip. Extract the result-
ing ZIP file to a location on your computer of your choice. Take note of the location where
you extracted the files to.

It is also possible to clone https://github.com/jvzonlab/OrganoidTracker.git and
switch to the “spoelstra-et-al-nature-protocols” branch. Follow the instructions at in the
installation manual to install OrganoidTracker. The installation involves using Anaconda
or Miniconda to create a so-called Conda environment, in which the OrganoidTracker
code can run. Essentially, the installation instructions explain how to run the command
“conda env create -f environment-exact-win64.yml” in the folder where you installed
OrganoidTracker. Then, as instructed on the same page, start OrganoidTracker by running
the command “python organoid_tracker.py” (from the Conda environment you just created).
The OrganoidTracker software should now start.

6.3 PROCEDURE

SAMPLE PREPARATION (TIMING 2 H HANDS-ON TIME, AT LEAST 1 DAY

BEFORE START OF IMAGING)
1. Pre-cool the wide pipette tips, cold block for tubes and imaging plate at -20 °C.

2. Pre-cool the flat cold block at 4 °C.

3. Pre-warm growth medium at 37 °C. In case organoids will be grown from single cells
(see step 13), pre-warm TrypLE at 37 °C.

4. Aspirate medium from culturing plate.

5. Add 1 mL cold wash medium to the well and pipette up and down until the BME2
gel containing the organoids is dissociated from the bottom of the culturing well.

6. Transfer the mixture to a 5 mL tube.
7. Add another 1 mL of cold wash medium to the 5 mL tube.

8. Twist the tip of a Pasteur pipette with cotton plug in a Bunsen burner for 2-3 seconds
to narrow the opening to approximately one third of the inner diameter (Fig. 6.3a).

9. Insert the narrowed-tip Pasteur pipette into the pipette controller and pre-wet the
Pasteur pipette with cold wash medium. This pre-wetting serves to reduce the
fraction of organoids that stick to the glass, ensures that the pipette is cooled down
sufficiently and shows how fast liquid goes into the pipette (note that this speed is
variable due to variation in tip diameter).



https://www.anaconda.com/download
https://github.com/jvzonlab/OrganoidTracker/archive/refs/heads/spoelstra-et-al-nature-protocols.zip
https://github.com/jvzonlab/OrganoidTracker/archive/refs/heads/spoelstra-et-al-nature-protocols.zip
https://github.com/jvzonlab/OrganoidTracker.git
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10. Pipette the organoids up and down at least three times with the pre-wetted narrowed
Pasteur pipette tip to break the organoids (Fig. 6.3b & Table 6.7).

11. Add another 2 mL of wash medium and spin down the dissociated organoids for 5
minutes at 100 g.

12. Aspirate the supernatant using the vacuum pump.

13. Organoids for live imaging can be grown either from dissociated crypts (option A)
or from single cells (option B).

A. Growing 3D organoids from dissociated crypts.

i. Add 4 mL of wash medium to the pellet, mix the suspension by inverting
the tube 5x and spin down again for 5 min at 100 g.

ii. Aspirate the supernatant using the vacuum pump.
B. Growing 3D organoids from single cells.

i. Add 500 puL TrypLE and resuspend the dissociated organoids 10x with a 1
mL pipette tip.

ii. Incubate the suspension in a water bath set to 37 °C for 6 — 12 minutes.
Longer incubation times will increase the fraction of single cells compared
to larger clumps of cells but will also result in cell death.

iii. Transfer the tube back to a cold block and mix the suspension again by
pipetting 10x up and down with a 1 mL pipette tip to dissociate cell clumps.

iv. Add 3.5 mL of cold wash medium.
v. Centrifuge the mixture for 5 minutes at 150 g.
vi. Aspirate the supernatant.

14. Organoids can either be grown in 3D cultures (option A) or as 2D organoids (option
B) depending on whether access to the lumen is needed for the experiment.

A. Growing 3D organoids for long-term live imaging.

i. Add 40 pL of BME2 using a wide opening pipette tip pre-cooled at -20 °C
and use this pipette tip to mix the gel and the pelleted dissociated crypts
into a homogeneous mixture. CRITICAL Keep the BME2 on ice or in a
cold block that is between -20 °C and -4 °C, to prevent it from solidifying.

ii. Place an imaging plate (pre-cooled at -20 °C) on top of a flat cold block
that is pre-cooled to a temperature between -4 °C and 4 °C. CRITICAL do
not pre-cool the cold block at a temperature below -4 °C, as this causes
the organoid-BME2 mixture to freeze.

iii. Add the organoid-BME2 mixture either as a thin layer or in tiny ~5 pL
drops to the bottom of the imaging plate (Fig. 6.3c). While both options
work for mouse small intestinal organoids, we recommend using the latter
option for organoids that grow into cystic organoids with dimensions
similar to the height of the gel (e.g. human intestinal organoids [104, 278],
lung organoids [229]).
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iv. Let organoids settle down on the imaging plate on the cold block at 4 °C
for 10 minutes (Fig. 6.3d). Place the sample at 4 °C to ensure that the gel
remains liquid and to allow the organoids or single cells to sediment to
the bottom (Table 6.7).

v. Place the imaging plate in the incubator set at 37 °C and 5% CO2 for 15
minutes to solidify the gel.

vi. Add growth medium pre-warmed at 37 °C. For mouse intestinal organoids
from dissociated crypts, growth medium can be standard ENR medium.
When growing organoids from single cells, add Rho-kinase inhibitor (1x
Y-27632). CRITICAL Avoid direct flow on top of the gel, as this can partially
dislodge the gel from the glass surface. Instead, add the warm medium
dropwise, slowly to the side of the imaging well.

vii. Let organoids recover in the incubator for at least 12 hours before moving
to the next step.

B. Growing 2D organoids for long-term live imaging.

i. Add pre-warmed growth medium (37 °C) directly to the pellet.

ii. Resuspend the cells by pipetting up and down into a homogeneous sus-
pension.
iii. Add the suspension consisting of single cells or dissociated organoids in
growth medium to the coated culturing well.
iv. Let cells adhere for at least 12 hours.
v. Aspirate the medium to remove dead and unadhered cells from the imaging
plate and add new medium.

(OpTIONAL) DRUG TREATMENTS (TIMING 30 MINUTES HANDS-ON
TIME)

In case long-term live imaging is to be performed in multiple different media, it is recom-
mended to add drugs after the organoids have recovered from the seeding for at least 12
hours (in case of 3D organoids), or after cells have adhered to the coating and unadhered
cells have been removed (in case of 2D organoids).

15. Prepare the different cell culture media to be tested, including the controls with
vehicles of added drugs.

16. Pre-warm all different media to 37 °C.

17. Aspirate medium from the wells in the imaging plate and add the media to the
respective wells.

Live IMAGING (TIMING UP TO FIVE DAYS, 1.5 HOURS + 30 MINUTES ON
SUBSEQUENT DAYS)
18. Set the temperature and CO2 level of the incubating chamber at the microscope to 37
°C and 5% CO2. If humidity in the imaging chamber can be controlled automatically,
set it to >90%.
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Figure 6.3: Sample preparation and in situ fixation. (a) Narrowing Pasteur pipette using a flame. (b)
Organoids before (left) and after (right) breaking using a flame-narrowed Pasteur pipette. (c) Plating of gel-
embedded organoids as a thin layer (left) or in multiple blobs (right) in a 4-well imaging plate. (d) Organoids before
and after letting them settle at 4 °C. Because the gel is initially liquid, the organoids still move. (e) Organoids
before and after fixation. Purple arrowheads indicate organoids lost from the imaging plate due to the in situ
fixation protocol. All scale bars indicate 100 pm.

19.

20.

21.

22.

Transfer the sample to the microscope. CRITICAL when transporting the sample
to the microscope, ensure that cells are not outside a 37 °C / 5% CO2 condition for
longer than 10 minutes.

Find organoids and save their exact position. CRITICAL if the experimental design
includes in situ fixation and multiplexed antibody staining at the endpoint, the
positions should be stored so that the exact same organoids can be imaged later.
Small shifts in the sample due to differences in the positioning of the sample holder or
incubation chamber may already make it difficult to retrieve organoids after fixation
(Table 6.7).

Load or set the appropriate imaging settings (laser power, gain, offset, frame- and/or
line-averaging number, etc.) and acquisition settings (time interval between subse-
quent acquisitions, Z-step size, time-lapse duration).

Due to organoid growth some cells of interest may move out of view during the
time-lapse. To avoid this, check the time-lapse at least once per day and adjust the
imaging positions if necessary. To do this, pause the acquisition, adjust the position
and resume the acquisitions within 30 minutes.
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(OPTIONAL) LASER MICROSURGERY AND PHOTOBLEACHING (TIMING 1

HOUR HANDS-ON TIME)

23. Image the organoids at least once prior to the laser-perturbation to establish a
control condition. Laser-perturbations may not be compatible with the settings for
long-term live imaging and may therefore require switching to more phototoxic
imaging settings. To control for phototoxicity in these different settings, it is therefore
recommended to keep some organoids without any perturbation as a negative control.

24. Select a region of interest (ROI) and apply the laser-perturbation.

25. Start the time-lapse for the desired duration.

(OPTIONAL) IN SITU FIXATION AND PERMEABILIZATION (TIMING 1

HOUR HANDS-ON, 2 DAYS TOTAL)

After completing the image acquisition, organoids can be fixed and permeabilized so that
they can be stained with antibodies. The protocol below contains multiple PAUSE POINTS
where the imaging plate can be left for multiple days at 4 °C. When storing imaging plates
for multiple days, prevent the sample from drying out by wrapping parafilm around the
imaging plate, and increase the humidity of the container by adding wet paper towel.

26. Bring the imaging plate to a fume hood. CRITICAL To ensure that organoids remain
as they were at the last time-point of the acquisition, bring the cells to the fume hood
within 10 minutes.

27. Aspirate the medium.

28. Add 4% formaldehyde dissolved in PBS and let this incubate at room temperature for
10 minutes inside the fume hood at room temperature.

29. Remove the formaldehyde from the imaging plate and discard according to the safety
regulations.

30. Add PBS to the bottom of the imaging well and pipette up and down until most
of the gel on the top and sides of organoids has disappeared, which should occur
within 3 rounds of pipetting. Because the gel above and around the organoid is
easier dissolved and washed off than the gel between the organoid and the glass
slide, organoids remain in the same place (Fig. 6.3e). Still, a substantial number of
organoids will be washed off in this step (Table 6.7).

31. Add new 4% formaldehyde to the well and incubate for 20 minutes at room tempera-
ture.

32. Remove the formaldehyde and wash the bottom of the well 3 consecutive times with
PBS.

33. Add permeabilization solution (0.2% v/v triton in PBS) and leave organoids to perme-
abilize for at least 2 hours.

PAUSE POINT: organoids can be left in permeabilization solution for up to 4 days at 4 °C
and can be stored for up to a month in PBS at 4 °C after permeabilization.
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(OPTIONAL) ANTIBODY STAINING (TIMING 3 HOURS HANDS-ON TIME,
1-2 DAYS INCUBATION)

34.

35.

36.

37.

38.

Rinse the bottom of imaging well containing the fixed and permeabilized organoids
twice with PBS. CRITICAL to avoid losing organoids in this step, pipette gently and
from the side of the well. Gel around the organoids should be removed thoroughly
in step 29, but after the fixation is complete the remaining gel is typically too brittle
to remove with pipetting.

Add immunofluorescence blocking buffer to the well and leave this on for 1 hour at
room temperature.

Dilute the primary antibodies of choice in immunofluorescence blocking buffer (Table
6.7).

Remove the immunofluorescence blocking buffer from the imaging well and add the
solution of primary antibody solution to the well.

Incubate the imaging plate at 4 °C overnight.

PAUSE POINT organoids can be left for at least four days in primary antibody solution.

39.

40.

41.

42.

43.

44.

Remove the primary antibody solution and rinse the bottom of the plate 3x with
PBS.

Prepare the secondary antibody solution by diluting the appropriate secondary
antibodies in TBS buffer.

Remove the PBS from the imaging well and add the secondary antibody solution
for 1 hour at room temperature. CRITICAL to avoid photobleaching of secondary
antibodies conjugated to a fluorophore, keep the sample away from light as much as
possible.

Remove the secondary antibody solution and rinse the bottom of the imaging well
3x with PBS.

Add the desired counterstains for the nucleus (e.g. DAPI), carbohydrates (e.g. fluo-
rescently conjugated WGA). Dilute these counterstains in TBS to the appropriate
concentration and add the counterstain solution to the sample as per the manufac-
turer’s instructions.

Wash 3x with PBS and leave the well in PBS after the third round of washing to
prevent organoids from drying out.

PAUSE POINT although signal will decrease slightly over time, stained samples can typically
be stored for up to a month, if kept away from light, at 4 °C in PBS.

45.

46.

Place the imaging plate in the sample holder at the microscope in exactly the same
position as during the live imaging.

Load the positions of the organoids into the imaging software.
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Figure 6.4: Long-term live imaging of 3D and 2D organoids with in situ fixation and antibody staining.
(a) Time-lapse images for a 3D organoid combined with (b) antibody staining for KRT20, E-cadherin and Lysozyme,
and H2B-mCherry signal after fixation. Dotted white outline indicates villus region. Asterisks indicate Paneth
cells. Antibody staining images are either sum or maximum projection as indicated. Organoid from ref. [291].
Scale bars: 30 pm. (c) Four-day time-lapse of 2D organoid with (d) in situ fixation, permeabilization and antibody
staining for EpCAM. Scale bars: 50 pm.

47. Verify that the organoids used for time-lapse imaging are the same as those stained.
Note that individual organoids may be washed away and that slight shifts in the
imaging plate relative to the objective may require some searching (Table 6.7).

48. Adjust the positions for imaging such that organoids are imaged in a similar way as
during live imaging. A close match between the last timepoint of the time-lapse and
the fixed organoid helps mapping individual fixed cells to cells at the last timepoint
(Fig. 6.4).
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49. Adjust the microscope settings for imaging of the fluorescent antibodies. CRITICAL
ensure that the right filters are used and keep an eye out for bleed-through between
neighbouring channels (Table 6.7)..

(OPTIONAL) ANTIBODY STRIPPING FOR MULTIPLEXED ANTIBODY STAIN-
ING (TIMING 3 HOURS)

In case another round of antibody staining is warranted, antibodies can be stripped with
elution buffer [242] and another round of antibody staining can be performed.

50. Remove the PBS solution from the imaging plate.

51. Add elution buffer to the well. CAUTION Elution buffer contains hazardous compo-
nents and must be handled with appropriate protection and in a fume hood.

52. Tape the imaging plate to a shaker and incubate at room temperature for 15 minutes

while shaking.
53. Remove the elution buffer from the imaging plate.
54. Repeat steps 51-53 six times.

55. Wash the well 3x with PBS, then add immunofluorescence blocking buffer and leave
the imaging plate for 1 hour at room temperature.

56. Perform another round of antibody staining and imaging following steps 36-49.

MANUAL SINGLE CELL TRACKING AND LINEAGE TREE RECONSTRUC-
TION

Cell tracking can be performed either manually or in a (semi-)automated manner. Here,
we discuss basic manual cell tracking applications using our custom OrganoidTracker
software. For details on how to train and use neural networks for (semi-)automated
cell tracking, we refer to refs. [19, 143] and the OrganoidTracker GitHub page (https:
//github.com/jvzonlab/OrganoidTracker).

57. Start OrganoidTracker as instructed in the installation instructions in the Equipment
Setup section.

58. Load the time-lapse images into the OrganoidTracker [143] software. This can be
done using “File > Load Images...” button, or the appropriate button on the toolbar.
OrganoidTracker allows direct loading of .tif, .lif, .nd2, .czi and .ims imaging files
(Fig. 6.5a). In the case where each time point is saved to its own TIF file, load the TIF
file of the first time point (Table 6.7).

59. Set the appropriate spatiotemporal resolution in pm/pixel using “Edit > Set image
resolution”.

»

60. To start manual tracking click “Edit” menu and click “Manually change data... [C]”.
This opens the default manual tracking environment.


https://github.com/jvzonlab/OrganoidTracker
https://github.com/jvzonlab/OrganoidTracker
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61.

62.

63.

64.

65.

66.

67.

68.

One can move through time using the Left and Right arrow keys. Alternatively, the
“Navigate” menu can be used to jump to a time point of your choice. Using the F and
L keys on the keyboard, one can move the first and last time point of the time-lapse,
respectively. Ensure that the time-lapse consists of the expected number of time
points.

If at certain timepoints the organoids show large displacements, for example because
the imaging window was adjusted between two timepoints, adjust the offset (Fig.
6.5b). This can be done using “Edit > Edit image offsets... [0]”, which opens a menu
where the organoid after displacement can be aligned to the previous timepoint
using the Q (up in Z), E (down in Z), W (up in Y), A (left), S (down in Y), D (right)
keys. The W, A, S, D keys by default move in steps of 10 pixels, hold the Alt key to
move in steps of 1 pixel.

Positions can now be annotated using either the “Enter” or “Insert” button on the
keyboard. By default, OrganoidTracker displays positions in previous, current and
future timepoints as blue circles, green squares and red circles (Fig. 6.5c).

Once a position is annotated, it will automatically be selected. To track cells, go to
the next time point (Right arrow key on the keyboard) and insert another annotation.
This annotation will then be linked to the previous one. A full cell track is constructed
by repeating this step.

One can also link two existing annotations by selecting them both and then pressing
“Enter” or “Insert”. Similarly, links or position annotations can be deleted using the
“Backspace” or “Delete” keys.

Further editing functionality can be found in the “Edit” menu. Furthermore, in the
status area at the bottom of the window, context-related hints are displayed on how
to use the editor.

The user can exit the editor again using the Escape key (or “View > Exit this view”,
or the Home button on the toolbar). This will bring the user back to the main screen
of OrganoidTracker.

Save the tracking data as .aut file. This file can be loaded back into OrganoidTracker
or used for analysis.
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Figure 6.5: Tracking and cell type inference using OrganoidTracker. (a) OrganoidTracker software after
loading a time-lapse microscopy dataset. (b) Correcting for abrupt movements during imaging by changing
the image offset. Organoid at the current time point in green and at the next timepoint in magenta (c) Manual
tracking in OrganoidTracker. Blue circles, green squares and red circles indicate position of a cell in the previous,
current and next timepoint, respectively. Blue lines indicate movement of positions from the previous to present
timepoint, and red lines indicate movement of positions from present to future timepoint. Yellow and white
dotted lines in inset indicate cell divisions in the next and current timepoint, respectively. (d) Automatic cell type
inference from in a hypothetical lineage tree based on cell types assigned at the endpoint. Arrowheads in the
lineage tree on the right are placed in the middle of the cell track to indicate a transition somewhere along that
track.

LINEAGE TREE PLOTTING
OrganoidTracker has built-in functionality to plot lineage trees.

69. Load images and tracking data into OrganoidTracker and use the menu option “Graph
> Interactive lineage tree”.

70. In the resulting popup window, several filtering options are available in the menu
bar, for example to plot only lineages with at least one division.

71. Using the Diskette icon in the toolbar, lineages can be saved as an image, PDF or
SVG.

72. If one double-clicks a lineage, OrganoidTracker jumps to that lineage in the tracking
data. If the editor is open (“Edit > Manually change data... [C]” from the main
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screen), the lineage will be selected automatically. From the “Edit” menu, one can
give the lineage a color of choice, which is useful to highlight certain lineages.

INTENSITY MEASUREMENT
OrganoidTracker can be used to measure fluorescent intensities from the images [195].

73.

74.

75.

76.

Load images and tracking data into OrganoidTracker. Measure fluorescence in-
tensities using “Intensity > Record intensities”. Choose the appropriate method of
measurement (e.g. circle, sphere, Voronoi model) and set all parameters in the menu
“Parameters” (image channel, name of the measurement, etc.; Table 6.7).

Start intensity measurement using “Edit > Record intensities...”
Once recording is finished, press Escape to go back to the main screen.

In the “Intensity” menu, options are available to normalize the intensities, do back-
ground correction, plot the intensities in space. It is also possible to plot the intensities
over time, either as an average for the organoid, or for individual, selected cells.
Finally, it is possible from that menu to create a lineage tree that is coloured by the
measured intensities.

CELL TYPE ANNOTATIONS

77.

78.

79.

80.

81.

82.

Load the time lapse images and tracking data into OrganoidTracker. Press “C” or use
the menu option “Edit > Manually change data” to open the tracking editor. Go to
the last time point of the time lapse by pressing “L” or using “Navigate > Last time
point™.

Load the corresponding immunostaining images in an image viewer of your choice
(Image], Napari, etc.) to determine how each cell in the live image should be anno-
tated.

For any cell that you want to annotate as a certain cell type: first, select the existing
position annotation (still in the last time point of the live imaging) by clicking on it,
or insert a new annotation using the Insert or Enter key. Then, use “Edit > Set type
of track”, and click the appropriate type (Table 6.7).

Once done with the annotations, use “Edit > Guess parent cell types...”, which will
infer the cell type of parent cells, using the approach outlined in ref. [291]. For
example, if a cell is annotated as a stem cell, the parent cell will also be assigned
as a stem cell, and if two sister cells are enterocytes, the parent is identified as an
enterocyte (Fig. 6.5d).

It is possible to change cell types of cells by selecting them, and using “Edit > Set
type of track” to select a different cell type.

To visualize the lineage trees coloured by the annotated cell types, exit the tracking
editor by pressing Escape or the home button on the toolbar. Then, use “Graph >
Interactive lineage tree...”. In the popup window, use “View > Toggle showing cell

types”.
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CUSTOM ANALYSIS

OrganoidTracker has a few built-in graphs, available through the “Graph” and “Inten-
sity” menus. Instruction on how to write custom Python code that creates graphs based
on OrganoidTracker data are included in the GitHub. Alternatively, one can parse the
generated .aut files themselves using a programming language of choice.

TIMING

Sample preparation (steps 1-14): 2 hours hands-on time, at least 1 day before start of
imaging.

Drug treatments (steps 15-17): 30 minutes hands-on time.

Live imaging (steps 18-22): up to five days, 1.5 hours to set up + 30 minutes on
subsequent days.

Laser-manipulations (steps 23-25): 1 hour hands-on time.
Fixation and permeabilization (steps 26-33): 1 hour hands-on, 2 days total.
Antibody staining (steps 34-49): 3 hours hands-on time, 1-2 days incubation.

Antibody stripping (steps 50-56): 3 hours.
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6.4 TROUBLESHOOTING

Suboptimal conditions during live imaging typically result in organoids dying or showing
signs of severely diminished health (Fig. 6.6). An overview of commonly encountered
problems and potential solutions is provided in Table 6.7.

a
Ethanol
1% 2.5% 5%

Wk LR

o

Loss of epithelial integrity causes
collapse of the lumen

Figure 6.6: Compromised organoid health due to DMSO, ethanol and phototoxicity. (a) Organoids
cultured in ENR medium with different concentrations of the DMSO and ethanol, which are commonly used
solvents for compounds. Scale bar: 100 um. (b) Organoid succumbing to phototoxicity. In case of excessive
phototoxicity, organoids typically collapse due to loss of epithelial continuity and basal cell extrusion. Adverse
effect due to photodamage can be distinguished from other problems by the fact that organoids that were not
imaged do not show any signs of impaired health. Also, note that the collapse and death of the organoids can
take longer than the duration of time-lapse imaging. Therefore, it is important to ensure that imaging settings do
not impair organoid health. Scale bars: 20 pm.
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Table 6.7: Troubleshooting commonly encountered problems.

Step(s) | Problem Possible reason Solution

10 Organoids don’t The Pasteur pipette is | First try pipetting up
dissociate during the not narrow enough. and down for a few
breaking process. more rounds. If this

does not break the
organoids to
sufficiently small size,
prepare a new Pasteur
pipette with a narrower
tip.

15-25 Organoids in negative | Overdose of vehicle of | Check that the vehicle
control of drug added compounds. For | for added compounds
treatments die or show | both DMSO and (e.g. DMSO, ethanol,
signs of severely ethanol, the limit of BSA) itself does not
diminished health toxicity is between 1% | affect organoid health.
independent of and 5% v/v (Fig. 6.5a). | If this is the case,
imaging. dissolve the compound

at higher molarity.

15-25 Organoids selected for | Phototoxicity (Fig. Check health of
imaging die or show 6.5b). organoids not selected
signs of severely for imaging. If these
diminished health are healthy, lower the
during imaging. laser power, imaging

frequency or
averaging.

18-22 Substantial amount of | Humidity in the Add water to all the
medium evaporates incubation chamber is | empty wells to increase
during imaging. not high enough. humidity in the

imaging chamber. Also,
lower the airflow
through the incubation
chamber.
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30

Organoids are washed
away during fixation.

Organoids did not sink
to the glass during
sample preparation.

Gel is too brittle.

Let organoids sink to
the glass longer during
sample preparation
(step 14iv). Add more
wash medium to the
gel during sample
preparation (e.g. 50%
BME2 in wash
medium). Alternatively,
prolong the first
formaldehyde step in
the fixation protocol.

47

Position of organoids
cannot be retrieved
after in situ fixation.

Imaging plate is in a
different position with
respect to the optical
path compared to live
imaging.

Use the exact same
sample holder for live-
and fixed-cell imaging.
Ensure that the
imaging plate is put
into the exact same
sample holder, and that
the sample holder is
placed back at the
exact same position
with respect to the
optical path as during
live imaging. If the
sample and sample
holder do not fit tightly
on the stage and can
still move with respect
to the optical path,
establish a convention
for mounting the
sample and sample
holder on the
microscope and stick to
that during both live
and fixed sample
imaging.

36

Antibody staining does
not work.

Antibody is prevented
from reaching its target
by inadequate
permeabilization or
excess gel around the
organoid.

Test the antibody in
isolation in a 2D
culture or in dislodged
and collagenase-treated
solution.
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58 Images do not load Unsupported image The most conservative
(correctly) in format. Especially for option is to convert the
OrganoidTracker. TIF files, there is a lot files to one 3D TIF file
of internal variation in | per channel per time
the file format, and TIF | point, which can be
files beyond 4 GB are done using the
not supported. BioFormats Exporter in
Fiji. This will avoid file
size and compatibility
problems.
73 Intensity menu is not The CellPhenTracker See the Equipment
available. plugin [195] has not Setup section for how
been installed. to install this plugin, or
re-install
OrganoidTracker from
the branch specifically
made for this protocol.
79 No options appear for | The intestinal cell type | See the Equipment
the cell types. plugin has not been Setup section for how
installed. to install the correct
edition of
OrganoidTracker, or
re-install
OrganoidTracker from
the branch specifically
made for this protocol.

6.5 ANTICIPATED RESULTS

Tracking of single cells in organoids yields a wealth of information that can be directly
extracted from the tracking data, including proliferation rates, cell-cell contact interfaces
and cellular movement [115, 229]. Combining live imaging with (multiplexed) antibody
staining or pharmacological perturbations broadens the scope of the protocol presented
here. Below, we discuss two types of more advanced data analysis, namely lineage tree
reconstruction and quantification of reporter expression in a typical FRAP-experiment.

LINEAGE TREE RECONSTRUCTION AND DYNAMIC CELL TYPE INFER-

ENCE

In combination with (multiplexed) antibody labelling, it is also possible to make inferences
about where cell-type transitions occurred in the lineage trees [291]. This requires the
assumption of rules that govern the inferences made about cells in previous timepoint,
depending on antibody labelling of those cells and cells in the same lineage tree at the
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endpoint. As previously described, these rules may take the following form for mouse
intestinal organoids [291]: All cells present at the end are given a unique cell type based on
antibody labelling. If two sister cells are of the same type, the mother cell is assigned that
type as well. If one of the two sisters is a stem cell, the mother is marked a stem cell as
well. If one of the two sisters is a TA cell and the other is neither a TA cell nor a stem cell,
the mother is marked as TA cell. Together, with the inferred cell types generally displaying
the expected proliferative state and position along the crypt-villus axis, these rules are
sufficient to assign any cell in a lineage tree a unique cell fate (Fig. 6.5d). Note, however,
that these rules assume that there is no dedifferentiation from any cell type into stem cells
and that only stem and TA cells can divide to give rise to other TA cells. While this matches
the consensus model of differentiation in the mouse intestine, these assumptions may be
breached under the influence of certain compounds or regenerative contexts.

QIJANTITATIVE ANALYSIS OF PROTEIN EXPRESSION DYNAMICS USING

RECOVERY CURVES

Live imaging of fluorescence-recovery after photobleaching (FRAP) can yield information
about protein expression dynamics [142]. Here, we only consider cases where cells are
either bleached homogeneously across their volume or not bleached at all. If cells are
only partially bleached (e.g. half the cell), other analyses are needed. Interpretation of
recovery curves requires that fluorescence intensities of both bleached and control cells are
measured and that all control cells show similar qualitative behaviour and small variability
in their fluorescence intensity dynamics. In cases where the control cells display highly non-
linear dynamics, or naturally fall into multiple categories, more complicated analysis are
warranted. It also requires an underlying model for the expression dynamics of the reporter
protein. The general assumption is that the fluorescent reporter protein is produced at
constant rate a > 0, degraded with rate § > 0, and photobleached due to imaging at rate
B >0 (Fig. 6.7a). Note that § represents the intrinsic degradation of the fluorophore by the
cell independent of imaging, while f§ reflects the photobleaching induced externally by live
imaging. For quantitative analysis, it is practical to normalize the fluorescence intensities
by the intensity just before photobleaching was performed for each individual cell. We
refer to the normalized intensity as f(t) = F(t)/F(0) where F(0) is the raw intensity just
after the photobleaching is performed. The differential equation for f{t) that describes the
fluorescence over time is then

R (AD)I0 6.1
Typically, the fluorescence intensity of photobleached cells then falls into three categories:
If degradation and photobleaching are negligible on the timescale of the FRAP experiment
(B + 6 — 0), the normalized intensity increases linearly for both control and bleached cells
(Fig. 6.7b, blue lines). If production of the fluorescent protein has stopped completely
before the photobleaching (o = 0), both bleached and control cells show exponential decay
with rate f+ 6 (Fig. 6.7b, green lines). If production and degradation are in equilibrium
(@ >0,6>0,8 >0), the control cells will somewhat decrease in intensity due to photo-
bleaching associated with imaging, and bleached cells will increase in intensity (Fig. 6.7b,
orange lines).
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Figure 6.7: Analysing protein expression dynamics using Fluorescence-Recovery After Photobleaching
(FRAP). (a) Basic model for expression dynamics of a fluorescent protein with constant rates of production (),
degradation (5) and photobleaching (f). (b) Three limiting cases for FRAP-curves. The limiting cases correspond
to negligible degradation and bleaching rates on the experiment timescale (f + d = 0; blue), negligible protein
expression (a = 0; green) and equilibrium between protein production and degradation (positive «, f and J;
orange). (c, d) Example of a FRAP-experiment. (c) Micrographs of an organoid in which one cell is photobleached.
Scale bars: 20 pm (maximum projection) and 10 pum (zoom). (d) Fluorescence intensity values of the fluorescence
recovery of bleached cells (magenta) and their immediate (non-bleached) neighbours (grey; mean + S.E.M.).
Intensities were measured using a circle of radius 3 um inside the nucleus. Values were normalized by dividing by
the intensity before photobleaching.

To demonstrate this analysis, we performed a FRAP-experiment in which we bleached
the nucleus of single cells in the villus of H2B-mCherry reporter organoids and followed
their recovery over the course of 18 hours (Fig. 6.7c). Control cells showed little variation
and approximately linear increase in fluorescence intensity (Fig. 6.7d). Note that this
corresponds to approximately constant production of H2B-mCherry fusion protein and
limited degradation.
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CoNCLUSION AND OUTLOOK

"The light at the end of the tunnel...
...is just the light of an oncoming train."

Robert Lowell

The intestinal epithelium serves as a critical barrier that simultaneously facilitates nutrient
absorption while protecting the lamina propria from the hostile content of the lumen. This
barrier function relies on a complex interplay of processes that are still not well understood.
It is increasingly recognized that studying the dynamics of the intestinal epithelium yields
new insight into its function. The work presented in this thesis fits within a more general
trend that emphasizes that dynamics are essential for understanding function. This chapter
serves to place the work presented in this thesis into the broader context of understanding
epithelial barrier regulation. First, we discuss open questions surrounding three key intestinal
barrier functions of the intestinal epithelium, being the preservation of epithelial homeostasis,
maintenance of mucus layer, and facilitating trans-epithelial communication. Second, we
discuss how recent advances in organoid models, single-cell "omics" techniques, and Al-assisted
quantitative microscopy should now be integrated to understand the intestinal barrier in space
and time. Together, this provides a conclusion of this thesis and an outlook for future research.
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ACHIEVING HOMEOSTASIS BY BALANCING CELL DIVISION, DEATH AND

DIFFERENTIATION

For proper barrier function the intestinal epithelium must be in homeostasis, which for our
purposes, we divide into physical homeostasis and compositional homeostasis. Physical
homeostasis means that the intestinal epithelium can physically separate the lumen from the
underlying lamina propria. Compositional homeostasis means that the relative abundances
of different cell types are balanced such that all functions of the intestinal epithelium can
be adequately performed. Both types of homeostasis are not yet fully understood, but the
work presented in this thesis and by others has led to new insights.

PHYSICAL HOMEOSTASIS

To achieve physical homeostasis, the intestinal epithelium must strike the right balance
between proliferation and extrusion in space and time. Until now, physical homeostasis
was believed to result from a positive correlation between cell extrusion rates and cell
density [111, 209]. Indeed, in many model systems it has been shown that tissue crowd-
ing triggers cell extrusion [68, 156, 171], but recent work challenges this model in the
mammalian intestine. In Chapter 2, we have demonstrated that the intestinal epithelium
is under tension even at the villus tip and that cells that cannot exert sufficient tension
on their neighbors extrude from the epithelium. In addition, evidence has emerged that
proliferation rates increase with epithelial stretch [10, 181, 249].

Together, these findings suggest that cells extrude when they pose a threat to the epithelial
integrity, which decreases density and increases tension, which in turn increases prolifera-
tion rates to keep homeostatic cell numbers. Future work could be aimed at unravelling the
molecular pathways behind the coupling between mechanical stretch, proliferation and
differentiation. A promising approach to achieving this is the combination of mechanical
stretch, combined with single-cell omics approaches. In pioneering work, application of
cyclic stretch to 2D intestinal organoids was recently shown to increase abundances of
stem cells and proliferative cells, which depended on calcium influx due to activation of
mechanosensitive PIEZO-channels [10].

COMPOSITIONAL HOMEOSTASIS

To achieve compositional homeostasis, the epithelium must ensure proper rates of differ-
entiation, as well as balanced commitment to the different cell fates. How compositional
homeostasis is achieved is still a major question and requires detailed understanding of how
differentiation starts and how cell fates are specified. It is established that the Wnt signaling
pathway is essential for stem cells to retain their stemness [14, 88, 187]. Wnt signaling is
activated by Wnt-ligands secreted by Paneth cells and the mesenchyme at the crypt bottom
[233], giving rise to a decreasing Wnt gradient along the crypt axis [71]. These facts alone
already suggested that loss of Wnt-signaling initiates differentiation in stem cells, but the
lack of dynamics failed to resolve the exact mechanism. In Chapter 3 we have shown that
the rate of differentiation is set by a timer that starts after a stem cell loses contact with
its Wnt source [142]. This work leads us to view the onset of differentiation not simply as
a point of no return after cells leave the stem cell zone, but instead as a highly dynamic
process repeatedly reset and restarted depending on the local neighborhood of a cell. The
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dynamic, non-linear nature of the onset of differentiation is also emerging from other work,
including the discovery of retrograde motion of differentiating cells back to the stem cell
niche [9], dedifferentiation [191], stem cell replacement [39, 168] and the proliferation of
cell types that were originally assumed to be post-mitotic, including (human) tuft cells
[114] and (murine) goblet cells [201] and Paneth cells [291].

In addition to regulating differentiation rates, the relative abundances of cell types have
to be balanced. The current model for cell fate commitment states that either during or
directly after the start of differentiation, cells commit to either the secretory or the ab-
sorptive lineage [23]. Secretory progenitors subsequently commit to either goblet, Paneth,
enteroendocrine or tuft cell types, and absorptive progenitors to enterocytes, M cells
or BEST4/CA7" cells depending on Notch-, Wnt- and EGF-signaling [78, 242, 270, 288].
More direct observations of the differentiation dynamics have led to important modifi-
cations to this two-step model for cell fate specification. Time-resolved lineage labelling
[30], tracking-based lineage tree analysis [291] and cell fate mapping in vivo [11] have
independently shown that cell fate specification of the secretory cell types already oc-
curs almost directly upon stem cells committing to differentiation. Cell fate commitment
was furthermore shown to depend directly on mechanical stretch in the epithelium via
mechanosensitive ion channels [10, 105]. In Chapter 4 of this thesis, we looked at the
differentiation of BEST4/CA7* cells using a synchronous organoid model and show that
goblet cells instruct commitment to the BEST4/CA7" cell fate in their direct neighbors. This
observation uncovered that the duration of differentiation is different for each cell type and
raises new questions about the temporal order of differentiation in the intestinal epithelium.

Complexity further increases when considering the context of inflammation. The appropri-
ate relative abundances of the differentiated cells depend on the context and the content of
the gut. For example, bacterial infections warrant an increase in BEST4/CA7™ cells in order
to initiate sufficient water efflux [278], which is achieved by the secretion of interferon-y
by the immune system. During infections with pathogens that use M cells (e.g. Salmonella),
the enteric nervous system instructs M cell extrusion [154]. Finally, helminth infections
trigger the hyperplasia of both tuft and goblet cells [112, 275], which helps with the removal
of the parasitic worms [89]. Future work is needed to map different contexts to optimal
cell type compositions, which will help identify how relative cell type abundances can be
controlled pharmacologically to enhance or suppress functionalities.

ANTIMICROBIAL DEFENSE: THE MAINTENANCE OF THE MUCUS LAYER
AND THE MICROBIOME

In addition to the intestinal epithelium itself, a second layer of defense is provided by the
mucus layer. Three major insights have recently changed how the mucus layer is under-
stood, each raising new questions for future research. As discussed in the Introduction, it
has become clear that goblet cells are a highly heterogeneous cell type. In mouse small
intestine, goblet cells have been classified into four subtypes, being proliferative, canonical,
non-canonical and intercrypt goblet cells [201]. So far, the precise role and specification
of each subtype is still not well understood. Future work could delineate what causes the
specification of these goblet cell subtypes, and whether specific subtypes can be up- or
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downregulated pharmacologically in diseases characterized by abnormal intestinal mucus.

Second, it was recently discovered that BEST4/CA7* cells play an important role in the
maintenance, hydration and electrolyte homeostasis of the mucus layer [278]. In Chapter
4, we also showed that BEST4/CA7" cells enhance goblet cell survival, and in that way
also play an essential role in the maintenance of the mucus layer. This finding shifts the
paradigm that goblet cells autonomously regulate mucus layer, to one in which mainte-
nance of the mucus layer is a collaborative effort by goblet and BEST4/CA7* cells. The
mechanism by which BEST4/CA7* cells enhance goblet cell survival remains unclear. A
promising next step would be to systematically knock-out combinations of BEST4/CA7*
cell markers and track goblet cell survival. Such screening will show which BEST4/CA7*
cell markers are essential/redundant for goblet cell survival and may yield new targets
for drug development. This is especially interesting in the context of inflammatory bowel
disease, where both BEST4/CA7™ cells and colonic (BEST2") goblet cells are depleted.

Third, time-resolved investigation of the intestinal mucus layer has shown that the mucus
layer is highly dynamic. For example, after cholinergic stimulation goblet cells in the crypts
rapidly release their mucus, leading to the clearance of the crypt-lumen (both organoids
and in vivo) [64]. This rapid mucus release is distinct from normal mucus secretion and
involves intracellular mucus expansion and rupture of the apical membrane. Future work
should be aimed at understanding the dynamics of the intestinal mucus layer and the
interactions with the microbiome, the immune system and the enteric nervous system.
Open-lumen organoids [208] or mini-guts in microfluidic chips [184], overlayed with beads
or fluorescent bacteria, can be tracked over time to determine growth rates of the intestinal
mucus layer under a variety of conditions. This approach can be further expanded by
including components from the immune or enteric nervous system, in order to arrive at a
holistic model for maintenance of the intestinal mucus barrier.

TRANSEPITHELIAL COMMUNICATION

The human small intestine contains highly specialized M cells which function to transcytose
luminal antigens and bacteria to underlying immune follicles. M cells reside in the follicle-
associated epithelium (FAE) overlaying Peyer’s patches and often contain a basal cavity
with a dendritic cell. M cells are so rare that they are typically not well represented in
primary single-cell RNA sequencing data [37, 69, 70, 95], but they can be studied in human
organoid models [277]. In addition to M cells, goblet cells have also been reported to fulfill
a role in luminal antigen sampling. While several papers have studied the transcytosis of
luminal antigens and bacteria in organoid models [74, 100, 220, 222, 226], the dynamics of
the process itself has not been investigated. Resolving transcytosis in real time could reveal
whether the transfer of bacteria through M cells is an active, directional process driven by
the cytoskeleton, or whether bacteria are endocytosed apically and exocytosed randomly.
Additionally, the downstream activation of dendritic cells and the immune system has not
yet been explored, and should be studied using co-culture models of bacteria, epithelia and
immune cells.
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INTEGRATING THE TOOLS WE NEED TO UNDERSTAND THE DYNAMICS

OF THE INTESTINAL BARRIER

Besides the questions that the chapters of this thesis, and similar recent literature raises,
the toolkit to answer these questions keeps expanding. While classical 3D organoids are
still sufficient and essential for addressing many questions about the intestinal epithelium,
tissue engineering efforts have yielded scaffolds for organoids to grow in a manner similar
to in vivo [86, 87, 161, 162, 184, 196]. As illustrated in Chapter 2, some of these scaffolds
can be readily combined with long-term live imaging, which makes it possible to study
intestinal epithelial cells in their natural spatial environment. Because the tracking of
individual cells over long periods of time is highly challenging [245], new tools and proto-
cols for quantitative microscopy are still necessary in the effort to understand dynamical
processes in intestinal organoids.

One promising direction in the field is the application of artificial intelligence (AI) to the anal-
ysis of live imaging data—particularly for the automation of cell tracking [19, 59, 143, 169].
In Chapter 5, we introduced the LabelFreeTracker algorithm, developed for the in silico
labelling of nuclei and membranes in three-dimensional (3D) intestinal organoids [141].
Remarkably, the neural networks underlying LabelFreeTracker not only automate a process
that could be performed manually but also succeeded in accomplishing a task that even
experienced human annotators found infeasible. While our implementation focused on
in silico labelling of cell nuclei and boundaries, the method holds potential for extension
to other intracellular structures. In two-dimensional (2D) tissues, it has already been
demonstrated that additional subcellular components—such as mitochondria and nuclear
envelopes—can be visualized through in silico labelling [204]. However, extending this
capability to dense, 3D organoids remains a challenge for future research.

On the experimental side, a fundamental limitation of live imaging is the restricted number
of observable parameters. Using imaging alone, it is typically possible to monitor cell
positions, lineage trajectories, and at most four fluorescent reporters simultaneously. To
gain deeper insights into the molecular composition of cells, we and others have developed
methodologies that combine live-imaging datasets with in situ fixation and multiple rounds
of antibody staining [59, 115, 142, 169, 195, 291]. In practice, however, these workflows
are technically demanding and require considerable expertise to implement successfully.
In Chapter 6 we presented a detailed protocol for long-term live imaging of experimen-
tally perturbed intestinal organoids, followed by in situ fixation and endpoint analysis.
While this protocol specifically focuses on multiplexed antibody staining as the endpoint,
we anticipate that a wide range of additional endpoint analyses will soon become tech-
nically feasible. These include single-molecule RNA fluorescent in situ hybridization
(smFISH) [110], deterministic single-cell RNA sequencing [34], spatial transcriptomics
[137], three-dimensional intact-tissue sequencing [279], and in situ proteomics [221, 289].
In conclusion, we advocate for the development of integrated experimental pipelines that
combine long-term live cell tracking with a comprehensive palette of single-cell omics
techniques, enabling a more complete characterization of cellular states and dynamics.
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