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After endless mountains and rivers that leave doubt whether there is a path out, suddenly one
encounters the shade of a willow, bright flowers and a lovely village.

by Lu You
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Summary

Throughout the lifetime of living systems, tissue homeostasis and renewal constantly take
place to confront challenging conditions, both internally, such as cell aging, and externally,
such as infections, so that health can be maintained. Such processes require a tight balance
between cell proliferation and differentiation. When homeostasis is disturbed, diseases
like cancer can develop. Therefore, understanding the regulation of tissue homeostasis is a
key question in biology. However, directly monitoring the dynamics of proliferation and
differentiation in live animals remains extremely challenging. Common methods, such
as immunostaining and single-cell RNA sequencing, require killing the animal and fixing
the cells. Therefore, they can merely provide information in a single time frame. As a
result, lineage tracing techniques are introduced, where cells are labeled with a heritable
marker that can be detected in progeny after a certain period by fluorescence microscopy
or sequencing. Nevertheless, they only produce lineage dynamics indirectly.

Organoids recapitulating the original organ are three-dimensional multicellular in
vitro structures grown from stem cells. They have significantly expanded the toolbox of
developmental biologists over the past decade. Organoids can be used to model biological
processes during tissue maintenance and disease development, and hold great potential for
drug screening and personalized medicine. They can be grown from pluripotent or adult
stem cells. Scientists have successfully generated organoids that mimic the gut, stomach,
brain, kidney, lung, and liver. Many other types of organoids are currently being generated
and optimized. One of the most notable features of organoids as a research tool is their
synergy with imaging techniques that enable following spatiotemporal dynamics. Recently
developed microscopy techniques that track individual cells through space and time have
been applied extensively to embryos and 2D cell cultures to elucidate the cellular processes.
Chapter 1 reviews the technical advances in cell tracking, including the improvement of
automatic trackers and the combination of tracking with fluorescent reporters or endpoint
measurement. The application of these methods to organoids holds great promise in
discovering organizational principles within organs and organoids. In this thesis, we bridge
the gap between organoids and cell tracking to investigate proliferation, differentiation,
and the Wnt signaling pathway in intestinal organoids.

We used the mouse small intestinal organoids as a model system. They recapitulate
the crypt-villus structures and contain the major cell types of the intestinal epithelium.
During intestinal homeostasis, proliferation and differentiation must be strictly balanced,
as any bias to proliferation can lead to uncontrolled exponential growth. However, how
proliferation is controlled to cope with fluctuations and achieve homeostasis remains
unknown. Chapter 2 investigates this question by combining microscopy experiments
both in vitro and in vivo with computational modeling. We used time-lapse imaging and
live-cell tracking to track cells in growing intestinal organoid crypts and reconstruct the
underlying lineage dynamics. We discovered that sister cells have a high symmetry in
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proliferative behavior: either they cease divisions together or they continue to proliferate.
Such symmetry was further confirmed by clone size distributions obtained from in vivo
lineage tracing experiments. To explain the observed stability in the number of proliferating
cells during crypt growth, we conducted computational simulations. Our simulations
suggest that symmetric proliferative behaviors between sisters can minimize cell number
fluctuations. Hence, this study points to a concrete mechanism, proliferative symmetry,
for balancing proliferation and differentiation with minimal fluctuations. This mechanism
is found in the intestinal epithelium and may be of broad relevance to other tissues.

The intestinal epithelium, consisting of more than six different cell types, is a mul-
titasking tissue that has functions including absorbing nutrients, producing mucus, and
secreting hormones. The generation of different cell types and the regulation of the abun-
dance of each type are essential elements for maintaining tissue homeostasis. Intestinal
organoids, containing all the cell types in the epithelium, have emerged as an important
model to study multi-lineage differentiation. However, as methods for visualizing underly-
ing cell differentiation dynamics are lacking, the main organizational principles of cell-type
specifications are still unresolved. In Chapter 3, we combined AI-enabled cell tracking
with multiplexed endpoint antibody staining to show when and where cells differentiate.
After mapping the lineage trees to endpoint cell identities, we implemented a backpropa-
gation method to infer the cell types present during imaging and the type transitions made
along the lineage trees. Surprisingly, we discovered that cells which ultimately differentiate
and migrate to the villus are committed to their new type already deep inside the crypt –
when still surrounded by their relatives that remain stem cells at the crypt bottom. Such
early fate commitment can lead to several unexpected consequences. First, secretory cells
commit even before terminal division, causing secretory fates to emerge symmetrically in
sister cells. Second, the relative abundances of secretory and absorptive cells are controlled
mainly by the proliferation after commitment. Furthermore, the spatial patterning of
different cell types is achieved by type-dependent cell movement and rearrangements
after commitment. This ‘commit-then-sort’ model contrasts with the idea that cells only
commit after moving away from the crypt and into the transit-amplifying region, and raises
new questions about underlying commitment and sorting mechanisms in the intestinal
epithelium. These findings may also be generally relevant, as the tissue architecture and
molecular pathways are conserved in diverse stem cell systems.

Cell signaling plays a crucial role in regulating the capacity of each cell to receive
information from the environment, communicate with other cells, and execute biological
processes. Multiple signaling pathways, such as Wnt and Notch signaling pathways, have
been demonstrated to be actively involved in the maintenance of intestinal homeostasis.
Understanding the mechanisms of how these pathways regulate cell type transitions and
cell proliferation remains an important question in the field. In Chapter 4, we focus on the
regulation of Wnt signaling and how it affects cell differentiation. In mouse small intestinal
organoids, Wnt is secreted by Paneth cells at the crypt bottom and is important for stem
cell maintenance. Direct contact with Paneth cells is crucial for stem cells to maintain
stemness. There are two competing hypotheses for Wnt signaling regulation after stem
cells lose contact with a Paneth cell. 1) Cells experience a decreasing Wnt gradient as their
distances to Paneth cells increase, and 2) Wnt signaling levels are only altered with each
cell division by dilution of the amount of Wnt bound per cell. In this chapter, we imaged
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and tracked cells in intestinal organoids carrying an Axin2 reporter, which is a Wnt target
gene, to follow the spatio-temporal dynamics of Wnt signaling. We used laser ablation to
remove single Paneth cells. Subsequently, endpoint antibody staining was performed to
identify cell types. We showed quantitatively that cells rapidly reduce their Wnt signaling
levels once their contact with Paneth cells is lost. This reduction was observed both in
cells moving away from the Paneth cells and in cells whose neighbor Paneth cells are
ablated. Such reduction is not due to dilution caused by cell growth or division, as we also
observed the rapidly reducing Wnt signaling in conditions where growth and proliferation
are inhibited. If Paneth cell contact is not regained in time, cells differentiate even if they
remain close to Paneth cells. As a result, our study suggests a new Wnt signaling dynamics
model, a timer model. In this model, the loss of contact with a Paneth cell triggers the
timer for stem cell differentiation. Such a timer starts much earlier than the occurrence of
cell divisions or cell migration further away from the crypt bottom.

Finally, in Chapter 5, we briefly summarize the major discoveries made in this thesis.
In addition, we propose promising future paths to illustrate the application of living cell
tracking methods in organoids and to obtain more insights into organ development and
disease mechanisms. This includes tracking in platforms such as healthy human intestinal
organoids, organoids recapitulating Inflammatory Bowel Disease, cancer organoids, and
organoids co-cultured with bacteria and immune cells. These applications will advance our
knowledge of the differentiation trajectories in the human intestine, the influence of signal-
ing pathways on the differentiation dynamics, Inflammatory Bowel Disease development,
and cancer development and treatment.
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Samenvatting

Levende systemen worden continu geconfronteerd met interne en externe uitdagingen,
zoals slijtage van cellen en infecties. Om gezond en in homeostase te blijven moeten
deze systemen zich dus constant vernieuwen. Daarin moet een strak evenwicht gevonden
worden tussen celgroei en differentiatie. Zodra homeostase verstoord raakt kunnen ziektes
als kanker zich ontwikkelen. Daarom is het essentieel om te begrijpen hoe de homeostase
van biologische weefsels gereguleerd wordt.

Tegelijkertijd is het zeer ingewikkeld om de dynamica van celgroei en differentiatie
te bestuderen in proefdieren. Bij geijkte methodes, zoals immuunhistochemie en enkel-
cels RNA-sequencing, is het nodig om de dieren te doden en weefsels te fixeren. Daarom
kunnen dit soort experimenten enkel informatie over één enkel tijdspunt opleveren. Om dit
probleem te ondervangen zijn zogeheten lineage tracing experimenten ontwikkeld, hierbij
worden cellen gelabeld met een unieke erfelijke marker. Die marker wordt doorgegeven
aan alle nakomelingen van betreffende cellen en kan op het einde van het experiment
gedetecteerd worden met fluorescentiemicroscopie of sequencing. Maar ook hier geldt dat
de dynamica van het systeem niet direct geobserveerd kan worden.

Organoïden zijn drie dimensionale multicellulaire structuren die in vitro kunnen
groeien vanuit stamcellen. Deze structuren recapituleren veel eigenschappen van het
orgaan waaruit de stamcellen oorspronkelijk vandaan komen. Hierdoor kunnen organoïden
gebruikt worden om weefselhomeostase maar ook bepaalde ziektebeelden te modelleren.
Dit biedt weer grote mogelijkheden voor het screenen van mogelijke medicijnen en het
stellen van gepersonaliseerde diagnoses.

Organoïden kunnen gegroeid worden uit pluripotente stamcellen of uit volwassen
stamcellen en wetenschappers hebben organoïde-modellen weten te genereren voor de
darmen, maag, longen, brein, nieren en lever. Ook voor andere organen worden nu
organoïden ontwikkeld en geoptimaliseerd.

Een belangrijk aspect van organoïden is dat ze uitstekend te combineren zijn met
microscopische technieken die het mogelijk maken om weefsels te volgen in de ruimte
en in de tijd. Dit soort microscopie wordt al veel toegepast binnen de embryologie en op
2D celculturen. Hoofdstuk 1 reflecteert op de recente ontwikkelingen in het volgen van
levende cellen, waaronder verbeteringen in algoritmes die dit volgen automatiseren, combi-
naties met fluorescente reporter eiwitten en extra metingen na afloop van het experiment.
De toepassing van die ontwikkelingen op organoïden biedt kansen om de fundamentele
principes achter de regulatie van groei van organoïden - en daarmee de homeostase van
organen - te ontdekken. In deze thesis overbruggen we het gat tussen de techniek van
microscopisch cellen volgen en die van organoïden om proliferatie, differentiatie en Wnt
signaaltransductie te onderzoeken in organoïden van de dunne darm.

Als modelsysteem gebruiken we organoïden van de dunne darm van de muis. Deze
organoïden recapituleren de crypt-villus structuur en bevatten de celtypes die kenmerkend
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zijn voor het epitheel van de dunne darm. Homeostase vereist dat proliferatie en diffe-
rentiatie van cellen perfect gebalanceerd is, teveel proliferatie leidt tot ongecontroleerde
exponentiele groei van het aantal cellen. Het is echter nog niet duidelijk hoe proliferatie
gecontroleerd wordt en omgaat met fluctuaties in het aantal cellen. In Hoofdstuk 2 wordt
deze vraag onderzocht doormiddel van in vivo en in vitro microscopie experimenten in
combinatie met computermodellen. Time-lapse microscopie werd gebruikt om live cellen
en hun delingen te volgen in organoïden en de dynamica van proliferatie te reconstrueren.
We beschrijven dat zustercellen zeer symmetrisch zijn in hun proliferatieve gedrag. Ze
stoppen ofwel allebei met delen of blijven beide groeien. Eenzelfde soort symmetrie konden
we observeren door te kijken naar de grootte van klonen in lineage tracing experimenten
in vivo. Om te verklaren waarom het aantal delende cellen gelijk blijft tijdens de groei
van een organoïde hebben we computer simulaties gebruikt. Deze simulaties laten zien
dat symmetrische proliferatie fluctuaties in het aantal cellen kan minimaliseren. Daarmee
suggereert dit onderzoek een concreet mechanisme, symmetrische proliferatie, om prolife-
ratie met differentiatie te balanceren met minimale fluctuaties. Hoewel we dit mechanisme
beschrijven voor het dunne darm epitheel zou eenzelfde soort mechanisme ook in andere
weefsels kunnen bestaan.

Het dunne darm epitheel bestaat uit meer dan zes verschillende celtypen en heeft
verschillende taken, waaronder het absorberen van voedingstoffen, het produceren van
mucus en het uitscheiden van hormonen. Het genereren van deze verschillende celtypes
in de juiste hoeveelheden is een essentieel onderdeel van de homeostase. Dunne darm
organoïden zijn een belangrijk model om deze complexe differentiatie van stamcellen in
meerdere celtypen te onderzoeken. Methodes om de dynamica van deze differentiatie te
visualiseren ontbreken echter nog en daarmee zijn ook de basisprincipes waarmee een cel
zijn type wordt gecontroleerd nog onduidelijk. In hoofdstuk 3 combineren we time-lapse
microscopie, het volgen van cellen met behulp van kunstmatige intelligentie en immuun-
histochemie om erachter te komen wanneer en waar cellen differentiëren in verschillende
celtypen. Nadat we na afloop van een experiment het celtype van elke cell hadden geï-
dentificeerd met immuunhistochemie, gebruikten we een backpropagation strategie om
het celtype te bepalen voor cellen uit voorgaande generaties en te identificeren waar in de
gereconstrueerde stambomen transities in celtype plaats vonden. Verassend genoeg zagen
we dat cellen die uiteindelijk differentiëren en vanuit de crypt in villus terechtkomen zich
al committeren aan hun uiteindelijke celtype diep in de crypt – op dat moment zijn ze nog
omgeven door stamcellen die niet zullen differentiëren en in de crypt zullen blijven. Deze
vroege beslissing heeft verschillende verassende consequenties. Ten eerste committeren
secretiecellen zich nog voor hun laatste celdeling wat ertoe leidt dat ze ontstaan in zuster-
paren. Ten tweede, worden de relatieve fracties van secreterende en absorberende cellen
vooral gecontroleerd door het aantal celdelingen na de celtype beslissing. Een cel bereikt
zijn uiteindelijk locatie ook pas na deze beslissing door migratie en herordening die speci-
fiek voor het celtype is. Dit ‘beslis-dan-sorteer’ model contrasteert met het idee dat cellen
pas een keuze voor een celtype maken nadat ze uit de crypt en in de transtitionele zone zijn
gemigreerd. Dit onderzoek biedt een basis om de onderliggende mechanismes van zowel
de celtype beslissing als de daaropvolgende ordening verder te onderzoeken. Ook kunnen
de conclusies voor andere weefseltypen relevant zijn, zowel de ruimtelijke architectuur als
de moleculaire signalen zijn vaak overeenkomstig in verschillende epitheliale weefsels.



Samenvatting xv

Signaaleiwitten zijn cruciaal voor cellen om informatie te ontvangen over hun om-
geving en te communiceren met andere cellen. Signaaltransductieketens, zoals die van
de eiwitten Wnt en Notch, zijn ook betrokken bij de homeostase van het darmepitheel.
Maar hoe deze signaalroutes precies proliferatie en differentiatie controleren is nog een
belangrijke open vraag. In hoofdstuk 4 focussen we op communicatie via Wnt en wat voor
effecten dit heeft op differentiatiebeslissingen. In organoïden is Wnt afkomstig van Paneth
cellen onderaan de crypt en zorgt het dat stamcellen daar hun identiteit behouden. Er zijn
twee hypotheses over hoe Wnt-communicatie zich gedraagt nadat een stamcel contact
verliest met een Paneth cel. 1) Cellen ondergaan een graduele daling in Wnt naarmate ze
zich verder bewegen van de Paneth cel en 2) Wnt-niveaus veranderen enkel tijdens cel
divisies die leiden tot verdunning van de hoeveelheid Wnt per cel.

In ons onderzoek volgden we organoïden met een Axin2 reporter onder de mi-
croscoop. Axin2 is een target van Wnt en de reporter laat ons dus dynamica van Wnt-
communicatie in de ruimte en de tijd volgen. We gebruiken laserablatie om Paneth cellen
(één per keer) uit organoïden te verwijderen. Vervolgens gebruikten we immuunhisto-
chemie om celtypes te achterhalen. Hiermee konden we kwantificeren dat cellen snel
Wnt verliezen zodra het contact met een Paneth cell is verbroken. Deze reductie is niet
te wijten aan celgroei of deling, we zien namelijk eenzelfde reductie wanneer proliferatie
geblokkeerd is. Wanneer stamcellen niet op tijd weer in contact komen met een Paneth cel
differentiëren ze, ook als ze in de buurt van een Paneth cel blijven. Dit alles suggereert een
nieuw model voor Wnt-communicatie, een ‘timer-model’. In dit model start verbreking van
het Paneth cell contact een timer voor een stamcel die uiteindelijk differentiatie triggert.
Die timer start al in de crypt en veel vroeger dan de celdelingen en celmigratie die op
differentiatie volgen.

Afsluitend, in hoofdstuk 5, bespreken we kort de belangrijkste conclusies van deze
thesis. Ook suggereren we mogelijkheden om de technieken die we gebruiken in deze
thesis toe te passen om nog meer inzicht te krijgen in de homeostase van organen en
bijbehorende ziektebeelden. We stellen onder andere voor om cellen te volgen in humane
darmorganoïden, organoïden die een model zijn voor het prikkelbare darm syndroom,
organoïden van kankerweefsel en organoïden in cocultuur met bacteriën en imuuncellen.
Deze toepassingen zullen bijdragen aan ons begrip over de dynamica van differentiatie, hoe
verschillende signaaltransductieketens daarop ingrijpen, het prikkelbare darm syndroom
en hoe kanker zich ontwikkelt.
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1
Cell Tracking For Organoids

M.A. Betjes∗, X. Zheng∗, R.N.U. Kok∗, J.S. van Zon# and S.J. Tans#

Organoids have emerged as powerful model systems to study organ development and regen-
eration at the cellular level. Recently developed microscopy techniques that track individual
cells through space and time hold great promise to elucidate the organizational principles of
organs and organoids. Applied extensively in the past decade to embryo development and
2D cell cultures, cell tracking can reveal the cellular lineage trees, proliferation rates, and
their spatial distributions, while fluorescent markers indicate differentiation events and other
cellular processes. Here, we review a number of recent studies that exemplify the power of
this approach, and illustrate its potential to organoid research. We will discuss promising
future routes, and the key technical challenges that need to be overcome to apply cell tracking
techniques to organoid biology.

* denotes co-first authors, # denotes co-corresponding authors.
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1.1 Introduction

While the development andmaintenance of organs is one of the most fundamental problems
in biology, our understanding of it is far from complete. A hallmark of this process is
the differentiation of cells in time, in terms of proliferative potential and cell type, with
individual cells giving rise to complex lineages that organize in space to shape tissues
and organs. Thus far, these differentiation dynamics have often been studied using the
lineage tracing method [8, 97, 171]. Here, cells are labeled with a heritable marker such as
fluorescent genes or a genetic barcode, for instance using Cre-Lox recombination [110, 145]
or lentiviral transduction [103, 174, 175]. This label can be detected in progeny after a
certain period by fluorescence microscopy or single-cell sequencing, and hence, allows
inference of genealogical relations between cells.

However, lineage tracing does not yield complete lineage trees nor provide informa-
tion on the temporal dynamics of cells, such as their movements, growth rates, transient
signaling, and timing of differentiation events (Fig. 1.1), which limits progress on many
important questions. For instance, it remains largely unclear when and where cell fates
are actually set, whether differentiation is either a consequence or a cause of spatial or-
ganization, how size and shape homeostasis is achieved, or how lineage dynamics are
remodeled upon injury or disease. We also know little about the possible interplay with
cellular metabolism, and the plethora of molecular signals from adjacent cells, for instance
from the immune system. Elucidating the spatiotemporal dynamics is central to resolve
these crucial issues and to elucidate the organizational principles of organ development
[95].

A different technique, here referred to as cell tracking has the potential to reveal
these developmental dynamics. As opposed to lineage tracing based on static snapshots,
cells are here followed in real time over multiple generations, which can thus provide
temporal dynamics, complete lineage trees, as well as spatial organization and cellular
movements. Furthermore, cell tracking can readily be combined with the large spectrum
of microscopy techniques that have been developed to study cell biology. For instance,
the expression of fluorescent proteins directly identify differentiation events, cell-cycle
progression, cytoskeletal structures, the dynamics of key molecular signals like Wnt or
Notch, while FRET sensors may detect more rapidly changing signals such as calcium and
metabolites [4, 89, 164].

Cell tracking has been applied extensively to study the early development of embryos,
at increasing levels of sophistication [111, 156, 163], but poses challenges to the study
of organs, given the challenges of time-lapse microscopy deep within tissues at later
stages of development, even as intra-vital imaging is possible at lower resolution and
throughput [120]. Yet, in recent years organoids have emerged as a model system for
studying development and disease at the cellular level, including patient derived systems,
which are ideally suited for this approach. Organoids are self-organizing cellular assemblies,
which are grown in vitro and recapitulate organ structure and functionality to a striking
degree [31, 142]. Due to their in vitro nature, the growth and maintenance of organoid
tissue can be observed directly by timelapse microscopy [119]. Yet, cell tracking approaches
have only scarcely been applied to organoids thus far.
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Fig 1.1: Organoid properties that can be studied by “cell tracking,” a technique in which (nearly) all
cells are followed in time over multiple generations, using 3D time-lapse microscopy and automated
image analysis, along with a host of fluorescence detection methods. Tracked cell positions allow one to
reconstruct lineage trees, follow migration, growth, and division dynamics, while fluorescence reporters may
be used to study differentiation events, signaling pathways, and metabolic states, which are key to understand
cellular decision-making during development.

The aim of this review is to discuss the potential of cell tracking approaches for
organoid science, as well as its technical challenges. We will do so by focusing on develop-
mental systems ranging from 2D cell cultures to developing embryos, which have been
studied extensively by cell tracking methods, and illustrate the scientific questions that it
can uniquely address.

1.2 Automatic cell tracking
Automated tracking of individual cells in time has become a powerful approach to study
cellular dynamics in cell lines and embryos [158]. Pioneering examples include tracking of
embryos of Caenorhabditis elegans, fruit flies, zebrafish, and mice [2, 6, 132]. In a recent
paper, 104 cells were tracked in growing mouse embryos over 48 h, during gastrulation
and early organogenesis [96]. The authors imaged cell nuclei using adaptive multi-view
light sheet imaging. Cells were tracked using a Gaussian mixture model, with the center of
each nucleus determined by fitting their fluorescent signal to a 3D Gaussian function. By
assigning cells present at the end of the experiment to different tissues, e.g., the heart field
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or the neural tube, based on anatomical features, and by following the tracks of these cells
backward in time, it was possible to reconstruct how these cells flowed out of the primitive
streak and assembled into tissues. This revealed that both the timing and position of cells as
they left the primitive streak was key to determining their cell fate. Moreover, by tracking
cell divisions in time, the authors showed that the orientation of cell divisions changes
several times during neural tube closure, with important impact on tissue morphology.

Despite the advance in analyzing mouse embryogenesis, the McDole study also
underscores the formidable technical challenges that remain when studying development,
including in organoids. While the tracking error rate was low enough to reconstruct the
general flow of cells, it was too high to automatically reconstruct lineages in most parts of
the embryo. This is because a single erroneous switch in cell identity can corrupt large
parts of the lineage tree. Instead, the authors used a mosaic Cre/loxP reporter to sparsely
label small subsets of cells. This strongly reduced cell identity mistakes, by increasing
the spacing between tracked cells, but severely reduced the lineage information that was
captured. While such analysis of cell flow coupled to fate is useful for many applications,
acquiring more exhaustive lineage information is of particular importance for organoids,
for instance to identify the rare differentiation events and correlations between them, or
to reveal spatial interactions on short length scales, including those between neighboring
cells that originate from cell–cell signaling.

Following each cell without error requires both fine-tuned image analysis algorithms
to accurately identify all nuclei and their positions, as well as a careful balance between
limiting phototoxicity and increasing temporal and spatial imaging resolution. Similar to
the embryo systems discussed above, organoids have extended 3D structures that lead to
out-of-focus light and scattering, resulting in decreased resolution. In addition, cell nuclei
tend to be more closely packed compared to early embryos and, particularly in epithelia,
nuclei move rapidly along the apicobasal axis during division [98]. These properties require
comparatively fast imaging (one 3D image every 5–15 min) at high spatial resolution (better
than 1 mm/pixel), and generally complicates identification of all nuclei in each frame, for
instance using gaussian fitting, and linking them through time without error. Light-sheet
imaging may be used [119, 139], which can limit resulting phototoxicity. This technique
has also been used to study the flow of embryonic renal cells in kidney organoids during
kidney rudiment re-aggregation [64]. However, more broadly available confocal imaging
is often sufficient for organoid time-lapse imaging studies.

Apart from imaging, the dense 3D tissues found in organoids also pose challenges
for nuclei identification using established image analysis approaches, such as Gaussian
mixture models. An important recent advance in this regard is the use of neural networks
and machine learning. This approach, which is based on a training procedure that uses
manually analyzed datasets to learn to identify nuclei, was shown to improve performance
in nonorganoid systems with closely packed cells [163, 179]. Another issue is that cell
tracking software can be difficult to use for non-experts [99]. Cell trackers often need to be
reprogrammed, reconfigured, or retrained in the case of a neural network approach, upon
changes in the system studied, imaging parameters, or fluorescent reporters, although
algorithms that work for a wider range of microscopy images are developed [154]. Finally,
an important practical problem is that software packages are not always well suited to
correct for the tracking errors they invariably generate. This feature is less important when
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studying properties such as cell flow, but is important for lineage analysis in organoids,
where differentiation events may be strongly influenced by stochasticity or neighbor
interactions.

As a consequence, manual cell tracking approaches are still used, even for systems
with hundreds of cells [178]. A promising new direction for organoid systems is to combine
automated tracking based on neural networks with manual error correction steps. Such
an approach was used to reconstruct cell lineages by tracking 50 cells during embryonic
brain regionalization in brain organoids [54]. Key to scaling up such a hybrid approach
from a limited number of lineages to entire organoids is to incorporate algorithms that
automatically identify possible errors and allow for efficient manual correction of these
errors. Recently, we developed such a hybrid approach to perform lineage tracking for
whole intestinal organoids [79].

In the future, we expect that automatic cell tracking approaches will continue to
improve, driven in part by advances in machine learning methods [158]. Currently cell
tracking studies focus primarily on cellular movement and divisions. With automatic cell
tracking becoming more accessible, a range of new applications will open up in organoid
research, including the study of cellular differentiation, tissue renewal, shape and symmetry
changes, and may involve simultaneous measurements of key regulatory and metabolic
signals [75, 121].

1.3 Tracking combined with fluorescent markers
The tracking of cells and their corresponding lineage trees by itself is often not enough to
understand how developmental decisions are made. The results of these decisions, the cell
fates, are invisible in most situations – with the exception of well characterized systems
where the cell type can be deduced from its spatiotemporal position and anatomical features,
like the mouse embryo discussed in the previous section. By combining fluorescent markers
that report on cell type with image-based cell tracking, it is possible to monitor a cell’s
identity, position and lineage dynamics concurrently, and hence, study where and when
cell fate decisions are made.

A recent study [169] showcases the power of this combination. This work focused on
tissue regeneration upon damage of the neuromast, a small sensory organ, in zebrafish. An
elegant combination of cytosolic and nuclear markers allowed imaging and identification
of all three major cell types in the neuromast using only two colors. These fluorescence
markers made it possible to selectively photo-ablate different parts of the organ, and to
subsequently study the regenerative potential of the different cell types. By manually
tracking lineages it was found that multiple cell types have regenerative potential, but only
one type has the potential to regenerate all three major cell types in the neuromast.

The authors then aimed to understand how these cell fate decisions are regulated to
faithfully regenerate the organ from a single cell type. To analyze the large amounts of data
generated during live imaging, feature lists were compiled for every tracked cell, including
both intrinsic (e.g., the time since birth) and extrinsic information (absolute position, relative
position to other cell types, and polar orientation). Using a machine learning technique
called “random forest” to predict cell fate decisions, spatial features, like the position of
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cells relative to the organ center during division, were shown to be highly predictive of the
cell fates that their progeny will take on. Intrinsic features were uninformative, suggesting
that in this system, cell fates are not determined by (prior) cellular heterogeneity but by
the cells plastically responding to their environment. This influence of position on cell
fate would have been difficult to determine without the combination of live fluorescence
markers and image based lineage tracking.

For organoids, this approach is increasingly feasible, especially given recent progress
in CRISPR based techniques that allow fluorescent reporters to be directly incorporated
in organoid lines [4]. An organoid model for breast cancer has been used to study why
some cells carrying an oncogenic mutation become highly proliferative while others do not
[1]. Tracked lineages and a fluorescent reporter for the mutation indicated that the local
density of mutated cells was the most predictive feature. Being within a cluster of other
mutated cells yielded increased progeny. Again, the combination of spatial and lineage
information (in this case the amount of progeny) provided by cell tracking were central to
the conclusions.

We note that the breast organoids from [1] and the neuromasts studied by [169]
are comparatively small systems and contained few cell types. Tracking will be more
challenging in larger systems of several hundreds of cells, while spectral overlap limits
the number of fluorescent labels, and hence, the ability to distinguish all cell types of
interest. Besides reporting for cell type, fluorescent proteins can also quantify cellular
processes in organoids, such as chromosome and tubulin dynamics during cell division
[4, 16, 98]. Even metabolic processes like oxygenation can be followed using fluorescence
sensors [108]. Also promising are fluorescence reporters for the signaling pathways that
regulate developmental decisions. Often, these reporters can be fused either directly to a
downstream target of the pathway or placed under control of a target gene promotor. Short-
lived fluorescent proteins might be required to detect rapid pathway activity dynamics
[38]. Indeed, newly developed Wnt and Notch reporters have shown notable dynamics,
which in turn impact differentiation [36, 94, 123, 148]. These functional read-outs can be
readily combined with lineage tracking to quantitatively study correlations with cellular
organization and differentiation.

1.4 Tracking combinedwithendpointmeasurements
As discussed in the previous section, signaling dynamics and changes in cell state during
development can in principle be monitored directly using fluorescent markers. However,
the spectral overlap of fluorescent proteins and the time investments associated with the
required genetic engineering limits the number of colors that can be imaged simultaneously
to at most 2–3. This severely limits the number of cell types or genes that can be tracked
in one experiment.

An approach that may help to circumvent this limitation was used to study 2D
cultures of mouse embryonic stem cells [67]. After tracking the cells over time, these
same cells were subsequently studied using three-color single molecule RNA-fluorescence
in situ hybridization (RNAFISH). These data quantified the expression of three genes
that mark various differentiation stages. Each cell was classified as high or low for each
gene, resulting in eight possible cell states. These states were correlated with the lineage
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history of each cell using an analytical approach called Kin Correlation Analysis (KCA).
This method infers the cell-state transition rates during time-lapse imaging by analyzing
state-correlations between relative cells, such as sisters and cousins. Reversible transitions
occurred only between adjacent cell states, in a linear chain of cell states from pluripotent
to more differentiated. Overall, these experiments show how developmental dynamics can
be inferred by combining dynamic cell tracking with static endpoint measurements.

One advantage of such endpoint measurements is their scalability. In order to
find genes important to Escherichia coli cell cycle control, cells from a library of 235
CRISPR interference (CRISPRi) perturbations were tracked for days jointly in a single
experiment, while characterizing phenotypes such as chromosome replication forks, cell
size, and growth rates. Afterward, 10 sequential rounds of FISH labeling were performed
to identify the underlying CRISPR perturbation in each tracked lineage. Key replication
initiation regulators could hence be identified, and yielded new replication initiation control
models [24]. Measurements of gene expression in single fibroblast cells and in brain tissue
have been performed using a sequential staining method termed multiplexed error-robust
FISH (MERFISH) [27, 102]. Applying smFISH to organoids is challenging, due to limited
penetration of probes and high background fluorescence, and often requires cryosectioning,
which is non-trivial to implement [57]. However, a protocol for 3D smFISH in whole-mount
colon organoids, that relied on reducing the background fluorescence of Matrigel, was
described recently and may be applicable to other organoid systems [109].

This approach may be extended to other endpoint analysis techniques such as
immunostaining. Immunostaining has been often used to study cell type and differential
expression statically, without a combination with cell tracking, for instance recently in
neural tube development [44]. Multiplexed immunofluorescence imaging techniques allows
for more than ten sequential rounds of antibody staining in a tissue [88]. Multiple rounds
of immunostaining has been used in intestinal organoids [139], though not in combination
with cell tracking. An exciting idea is performing single-cell RNA-sequencing (scRNA-seq)
as end-point analysis after cell tracking, as it would allow one to correlate the lineage
tree to genome-wide changes in gene expression. However, as cells may then have to
be removed from their tracked location to perform sequencing, which may be partially
achieved by sorting fluorescently labeled cells or microaspiration, challenges remain in
linking these different data sets. Alternatively, cell tracking could be followed by the
recently developed spatial transcriptomics technique, which allows for RNA-sequencing
while keeping the information of relative cell positions, though current techniques use
sectioning and do not provide 3D information [85, 122, 152]. Overall, combining lineage
tracking with static endpoint measurements in organoids provides a promising approach
to study spatio-temporal organization in developing organoids.

1.5 Discussion
In this review we have highlighted a number of recent studies that show the power of cell
tracking approaches and how they can be applied to organoid model systems. They first
of all underscore a general reality: the more we follow biological processes in time, the
more crucial dynamics we uncover. This is perhaps particularly true for developmental
processes, where organization in time is the core of the problem. They also illustrate how
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key technologies are now converging. On the one hand, advances in 3D microscopy and
image analysis algorithms provide increasingly detailed views of cellular dynamics. On
the other hand, rapid progress in genetic engineering and single cell sequencing yield
more information on key regulators and markers of cell identity. With adjustments, these
techniques are highly suited for application to the biology and biophysics of organoids,
where study of temporal dynamics is still in its infancy. Together, these developments now
provide an exciting opportunity to understand the underlying principles by which organs
and organoids are organized in space and time.

While the studies reviewed here show that the main technologies are available,
numerous improvements and extensions can be envisioned. At a practical level, more
reliable automated tracking of cell movement and division would greatly expand the general
use and throughput of cell tracking approaches. The development of new fluorescent
reporters and sensors promises far more detailed observations of regulatory and metabolic
pathways than is possible currently. Approaches that can link cell tracking to more
expansive cell expression measurements, including multiplexed immunostaining, smFISH,
and single-cell sequencing, have the potential to unlock a next level of understanding down
to the molecular scale.

A general challenge will be to analyze the resulting lineage tracking data sets, given
their complex, multi-faceted nature that combines space, time, lineage, and internal states.
How can insight into simple organizing principles be inferred from such data sets? One
approach could be to use machine learning techniques to identify the most relevant features
informing cell fate decisions [1, 152, 169]. In addition, one may exploit dimensionality
reduction techniques similar to ones used in the single cell sequencing and flow cytometry
fields, which deal with similar highly dimensional single-cell resolved data, as they could
identify hidden structures in the data. For instance, currently expressed cellular fate could
be determined by past cell–cell contacts, cellular location, orientation, andmolecular signals,
while conversely, cellular migration speeds and spatial patterns may depend on cell type,
age, and genealogical relations. Reduction techniques are already being used to analyze high
throughput microscopy [22, 34] and recently have been used in the analysis of timeresolved
imaging of whole organoids [139] and single cells in 2D culture [117]. Beyond the single
cell level, recently developed methods allow statistical analysis of lineage trees shapes
[151, 181] and simultaneously measured phenotypic signals [47, 66, 75, 144, 151]. In this
way key differences between lineages may be identified and correlated with developmental
decisions. However, it is likely that new analysis methods and the introduction of bottom-
up mechanistic models are needed to make full use of the incredible richness of information
that these new technologies can provide, and allow one to move from a descriptive to a
predictive understanding of organ biology.

We thank Max Betjes and Rutger Kok for writing this chapter together.
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Mother cells control

daughter cell proliferation
in intestinal organoids

G. Huelsz-Prince, R.N.U. Kok, Y.J. Goos, L. Bruens, X. Zheng, S.I. Ellenbroek, J. van Rheenen,
S.J. Tans and J.S. van Zon

During renewal of the intestine, cells are continuously generated by proliferation. Proliferation
and differentiation must be tightly balanced, as any bias towards proliferation results in un-
controlled exponential growth. Yet, the inherently stochastic nature of cells raises the question
how such fluctuations are limited. We used time-lapse microscopy to track all cells in crypts
of growing intestinal organoids for multiple generations, allowing full reconstruction of the
underlying lineage dynamics in space and time. Proliferative behavior was highly symmetric
between sister cells, with both sisters either jointly ceasing or continuing proliferation. Simula-
tions revealed that such symmetric proliferative behavior minimizes cell number fluctuations,
explaining our observation that proliferating cell number remained constant even as crypts
increased in size considerably. Proliferative symmetry did not reflect positional symmetry,
but rather lineage control through the mother cell. Our results indicate a concrete mechanism
to balance proliferation and differentiation with minimal fluctuations, that may be broadly
relevant for other tissues.
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2.1 Introduction
Most adult organs and tissues constantly renew themselves by replacing old and damaged
cells, while retaining their structure [143]. Theory indicates that this homeostasis requires a
precise balance between proliferating and non-proliferating cells, as even a slight systematic
bias towards producing proliferating cells yields uncontrolled exponential cell growth
[29, 76, 78, 83, 90, 125]. Moreover, the exponential nature of proliferation also readily
amplifies fluctuations in the numbers of proliferating cells, which can lead to stochastic
cell overgrowth or depletion in absence of additional control mechanisms [48, 157]. How
cell proliferation is balanced despite fluctuations has remained challenging to test in direct
experiments, given the difficulties of following this process in time.

The mammalian intestine has become an important model system to study the
mechanisms of tissue renewal and homeostasis [52, 143]. The proliferating stem cells
that sit at the base of intestinal crypts generate rapidly dividing transit-amplifying (TA)
cells that in turn replenish the absorptive and secretory cells populating the lining of
intestinal villi. Paneth cells positioned at the crypt bottom provide short-range signals
that affect the proliferative and undifferentiated state of intestinal stem cells [45, 129, 140].
Originally, it was proposed that one or a few stem cells generated all differentiated cells by
strictly asymmetric cell divisions [137, 177], thus directly ensuring a constant stem cell pool.
Subsequent studies rather suggested that individual cells stochastically and independently
cease to divide or not [90, 120, 145]. In this ‘population asymmetry’ model, in principle
one stem cell daughter could remain proliferative by staying adjacent to a Paneth cell,
while the other daughter exits the stem cell niche, differentiates, and stops proliferating.
However, such asymmetric outcome is no longer guaranteed. Instead, proliferation and
differentiation are balanced more indirectly, by averaging these stochastic events across
the total stem cell population.

Observations of neutral drift, in which the offspring of a single cell randomly take
over the stem cell population of intestinal crypts [90, 120, 145] established the stochastic
nature of stem cell proliferation that distinguishes the population asymmetry model from
the earlier division asymmetry model. However, approaches used thus far do not follow
the underlying cell divisions and lineages in time. Proliferation symmetry between sister
cells and its role in homeostasis of the intestinal epithelium have so far only been inferred
indirectly, typically by quantifying the clone size distributions at a certain time point.
Hence, we also lack insight into the fluctuations of the number of proliferating cells and
the mechanisms that control them.

Here, we developed an alternative approach: we employed time-lapse microscopy
and single-cell tracking of all cells in crypts of mouse intestinal organoids [130], thus
providing complete lineage trees, division dynamics, and cell movement, and combine it
with mathematical modelling and intravital imaging of the mouse intestine. Surprisingly,
we found that most cell divisions (>90%) were symmetric in proliferative outcome, produc-
ing daughter cells that either both continued to proliferate or both ceased proliferating.
Proliferation was symmetric even when one daughter neighbored a Paneth cell, the source
of proliferative signals in the crypt, while the other did not. Hence, proliferation was not
independent between sisters, but rather controlled through the lineage by the mother. Our
data and simulations explained not only how this behavior achieves homeostasis, but more-
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over, that it constitutes a near-optimal strategy to minimize fluctuations in the number of
proliferating cells. Consistently, despite their large size increases over multiple generations
in crypts of various size, the number of proliferating cells was notably constant in time and
exhibited sub-Poissonian fluctuations, indicating a precise balance between proliferative
and non-proliferative sister pairs. Finally, by measuring clone size distributions in mice,
we showed that stem cell divisions in vivo reproduced the strong symmetry in proliferative
behavior between sister cells seen in organoids. As cell proliferation in many tissues
follows inherently stochastic ‘population asymmetry’ mechanisms [29, 37, 77, 145, 161],
we conjecture that high symmetry in proliferative behavior, controlled through the lineage,
may be a more general mechanism to limit proliferation fluctuations.

2.2 Results
2.2.1 Single-cell tracking of complete crypts in growing in-

testinal organoids
To examine the dynamics of individual cells within crypts during growth, we used organoids
with a H2B-mCherry nuclear reporter (Fig. 2.1A) and performed confocal 3D time-lapse
microscopy for up to 65 hours at a time resolution of 12 minutes. Cell division events
were distinguished by the apical displacement of the mother cell nucleus, followed by
chromosome condensation and separation, and finally, basal migration of the daughter cell
nuclei (Fig. 2.1B), consistent with epithelial divisions [115]. Custom-written software was
used to track every cell within organoid crypts by recording their nuclei positions in 3D
space and time (Fig. 2.1C) and reconstruct lineage trees containing up to six generations
(Fig. 2.1F, Fig. S2.1).

To study the cell lineages along the crypt surface, we ‘unwrapped’ the crypts: First,
we annotated the crypt axes at every time point, then projected every cell position onto the
surface of a corresponding cylinder, which we then unfolded (Fig. 2.1D,E). This allowed us
to visualize the cellular dynamics in a two-dimensional plane defined by two coordinates:
the position along the axis and the angle around the axis. We found that lineages starting
close to the crypt bottom typically continued to proliferate and expand in cell number, while
those further up in the crypt contained cells that no longer divided during the experiment,
consistent with stem cells being located at the crypt bottom and terminal differentiation
occurring higher up along the crypt axis (Fig. 2.1F). Lineages were also terminated by
the death of cells, as observed by their extrusion into the lumen. This fate occurred more
often in some lineages compared to others, and the frequency did not depend strongly on
position along the crypt-villus axis. At the crypt bottom we also observed a small number
of non-dividing cells, suggestive of terminally differentiated Paneth cells. Indeed, these
cells typically exhibited the larger cell size and granules typical of Paneth cells.

2.2.2 Control of cell proliferation in organoid crypts
To systematically study proliferation control, we classified cells as proliferating when
they divided during the experiment. Cells were classified as non-proliferating when they
did not divide for longer than 30 hours or were born more than 60 𝜇𝑚 away from the
crypt bottom, as such cells rarely divided in our experiments (See Materials and Methods
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Fig 2.1: Time-lapse imaging and single-cell tracking of intestinal organoid crypts. (A) 3D reconstruction
of an organoid expressing an H2B-mCherry reporter to visualize individual nuclei. Shown here is the crypt region,
with nuclei colored by their depth along the optical axis. Scale bar is 25 𝜇𝑚. (B) Snapshots of a cell division
event in a crypt. Cell divisions are distinguished by the apical migration of the nucleus followed by chromosome
condensation (red arrows). After mitosis, the nuclei of the two newly born cells are displaced basally (green
arrows). Scale bar is 10 𝜇𝑚. (C) 3D reconstruction of a crypt growing in time using the positions of tracked nuclei.
Colors represent cells that belong to the same lineage. (D) Illustration of crypt unwrapping. After the crypt-villus
axis is annotated (red arrow), tracked cell positions are projected onto the surface of a bent cylinder. The cylinder
is then unfolded and its surface is mapped onto a two-dimensional plane defined by the distance along the axis
and the angle around the axis. (E) Unwrapped representation of the crypt in (C), where colors represent the same
lineages. (F) Lineage trees of cells within the crypt in (C) and colored accordingly. Cells in the initial time point
are ordered according to their distance to the crypt base. Red crosses indicate cell deaths and incomplete lines
indicate cells that could not be accurately traced further due to insufficient fluorescence intensity or movement
outside of the field of view.

for details). A smaller fraction of cells could not be classified. Some cells were lost from
tracking (7%, N=2880 cells). These cells were typically located in the villus region (Fig.
2.1F) and therefore likely non-proliferating. For other cells, the experiment ended before a
division could be observed or excluded based on the criteria above (27%). Such cases were
particularly prominent in the last 15 hours of each time-lapse data set (22%). To analyze
proliferation control, we therefore excluded all cells born less than 15 hours before the end
of each experiment, thereby reducing the fraction of unclassified cells to 10%.

Using this classification procedure, we then quantified the total number of cells born
in the tracked cell lineages for nine crypts and found a strong (∽ 4-fold) increase in time
(Fig. 2.2A). In contrast, the number of proliferating cells remained approximately constant
in time for most crypts (Fig. 2.2B). Two crypts (crypt 3 and 4 in Fig. 2.2) formed an exception
with ∽ 2-fold increase in the number of proliferating cells, an observation that we discuss
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further below. We then estimated the exponential growth rate 𝛼 for each crypt, by fitting the
dynamics of total number of cells born and proliferating cell number to a simple model of
cell proliferation (discussed further below as the Uniform model), where proliferating cells
divide randomly into proliferating and non-proliferating cells. In this model, the number of
proliferating and non-proliferating cells increase on average by 𝛼 and 1−𝛼 per cell division,
respectively (Materials and Methods). Apart from Crypts 3 and 4, that displayed growth
(𝛼 ≈ 0.3), the remaining crypts showed a low growth rate, 𝛼 = 0.05±0.07 (Fig. S2.2A-C),
indicating that birth of proliferating and non-proliferating cells was balanced on average.
We then quantified the magnitude of fluctuations in the number of proliferating cells, 𝑁 .
Calculations of birth-death models of cell proliferation show that, without any control,
the standard deviation of the proliferating cell number grows in time without bounds as
𝜎𝐷 ∽

√
𝑁𝑡 [48]. In models without exponential growth, with proliferating cells born at

constant rate, fluctuations are reduced: they are constant in time and Poissonian, 𝜎𝐷 ∽
√
𝑁

[159]. In models where exponential growth was controlled by homeostatic feedback loops,
fluctuations were further reduced to sub-Poissonian: 𝜎𝐷 <

√
𝑁 [157]. Using the same

measures, we found here that most crypts exhibited sub-Poissonian fluctuations (Fig.
S2.2D), implying the presence of a mechanism to limit fluctuations in proliferating cell
number. Finally, we quantified the frequency of cell divisions along the crypt axis. Notably,
divisions occurred in a region below 60 𝜇𝑚 from the crypt base throughout the experiment,
even as the crypts grew significantly (Fig. 2.2C), indicating that the size of the proliferative
region was constant in time. Moreover, the proliferative region was found to have a similar
size in all analyzed crypts (Fig. 2.2D), even though crypts varied both in size, as measured
by diameter (30-50 𝜇𝑚, Fig. S2.2E), and number of proliferating cells (Fig. 2.2B). Overall,
these results show that crypts by themselves are already capable of a specific form of
homeostasis, namely maintaining a stationary number of proliferating cells that occupy a
region of the crypt of constant size.

2.2.3 Symmetryof proliferativebehaviorbetween sister cells
To examine the origin of the observed balance between the birth of proliferating and non-
proliferating cells, we first examined whether cell proliferation or cell death were correlated
between sisters, for all observed sister pairs 𝑆1 and 𝑆2 (Fig. 2.3A). Strikingly, we found
that the decision to divide or not was highly symmetrical between sisters. In particular,
occurrences where one sister divided but the other not were rare (2%) compared to cases
where both divided or stopped dividing (74%). This correlation was also apparent by visual
inspection of individual lineages, as sisters showed the same division behavior (Fig. 2.3B,
top). Indeed, if we ignore cell death, the fraction of pairs with symmetric proliferative
outcome was high (97%) and could not be explained by sister cells making the decision to
proliferate or not independently (𝑃 < 10−5, bootstrap simulation, Materials and Methods).
We also compared lineage dynamics between all cousin pairs 𝐶1 and 𝐶2 (Fig. 2.3A). While
we indeed found a significantly increased fraction (9%) of cousin pairs with asymmetrical
division outcome, i.e. 𝐶2 dividing and 𝐶1 not, compared to sister pairs (2%), this fraction
was still low, indicating that symmetric outcomes also dominated for cousins.

We found that symmetry between sisters did not only impact proliferation arrest,
but also cell cycle duration: when a cell exhibited a longer-than-average cell cycle, this
was typically mirrored by a similar lengthening of the cell cycle of its sister (Fig. 2.3B,
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Fig 2.2: Control of cell divisions in intestinal organoids. (A) Total number of cells born and (B) number of
proliferating cells as a function of time for all cell lineages followed in nine tracked crypts. Note the different scale
along the y-axis. Cells that died were classified as non-proliferating. Whereas total cell number increases, the
number of proliferating cells remains approximately constant. The strongest increase in number of proliferating
cells (∽2-fold) was seen in Crypts 3 and 4. (C) Number of divisions that occurred at different positions along the
crypt axis as a function of time in a single tracked crypt. Red line corresponds to the position of the farthest
tracked cell from the crypt base at every time point. Divisions occur in a compartment close to the crypt base,
whose size remain constant over time. Apical displacement of the nuclei during mitosis results in few divisions
occurring at less than 10 𝜇𝑚 from the crypt base. (D) Fraction of divisions that occurred at different positions
along the crypt axis for all tracked crypts, averaged over the full time course. The size of the proliferative region
is similar between crypts, despite differences in the total number of divisions.

bottom). Indeed, cell cycle duration was strongly correlated between sisters (R=0.8, Fig.
2.3C), even as cell cycle duration showed a broad distribution among tracked cells (Fig.
S2.3). In contrast, cell death was not symmetric between sisters, as the fraction of pairs
where both cells died (0.09) was smaller than the fraction of pairs where only a single sister
died (0.14, Fig. 2.3A).

When examining all sister pairs in our data set, pairs of dividing sisters (59%) outnum-
ber pairs of non-dividing sisters (15%), which appeared at odds with the observation that
in most crypts the number of proliferating cells remain approximately constant (Fig. 2.2B).
This apparent mismatch was due to the exclusion of sister pairs where the proliferative state
could not be classified in one sister or both (Fig. S2.4), as the majority of these unclassified
cells were likely non-proliferating. Indeed, when we restricted our sister pair analysis to
the cells of crypts with 𝛼 ≈ 0 in Fig. 2.2A,B (Crypts 1,2,5,7-9) and furthermore assumed
that all unclassified cells were non-proliferating, we found that now proliferating sister
pairs (43%) are approximately balanced by non-proliferating sisters (40%, Fig. S2.4).
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Fig 2.3: Symmetry of lineage dynamics between sister cells. (A) Correlations in division patterns between
sister (𝑆1,𝑆2) and cousin cells (𝐶1,𝐶2) (n=1004 and 1304 sister and cousin cell pairs). Most sister pairs show
symmetrical outcomes, with most pairs consisting of sisters that either both divide or both cease dividing. Cell
death occurs at low frequency and impacts sister cells asymmetrically. Symmetrical outcomes are still dominant
for cousins, but the fraction of pairs that exhibited asymmetric proliferative outcomes (𝐶1 never divides, 𝐶2
divides) was significantly increased in cousins compared to sisters (𝑃 = 2.4 ∗ 10−7, Pearson’s Chi Square Test).
(B) Representative examples of measured lineages highlighting pairs of sister cells (orange) that differ in lineage
dynamics from their more distant relatives (black), either in terms of proliferative behavior (top) or cell cycle
duration (bottom). (C) Duration of sister cell cycles plotted against each other for pairs in which both sisters
divided. Cell cycle duration is strongly correlated between sisters (R=0.80).

2.2.4 Symmetry between sisters minimizes fluctuations in a
cell proliferation model

In principle, any combination of (a)symmetric divisions would yield a constant number of
proliferating cells on average, as long as the birth of proliferating and non-proliferating
cells is balanced. We therefore hypothesized that the observed dominance of symmetric
divisions might have a function specifically in controlling fluctuations in the number of
proliferating cells. To test this hypothesis, we used mathematical modelling. Mathematical
models of intestinal cell proliferation have been used to explain observed clone size statistics
of stem cells [33, 90, 120, 145], but so far not to examine the impact of division (a)symmetry
on cell number fluctuations. We therefore examined simple stem cell models in which the
degree of symmetry of sister cell proliferation could be tuned as an external parameter.

We first examined this in context of the canonical stochastic stem cell model [29],
that we here refer to as the Uniformmodel. This model only considers cells as ‘proliferating’
or ‘non-proliferating’ (approximating stem and differentiated cells) and tissues that are
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unbounded in size, while ignoring spatial cell distributions. The parameter 𝜙 describes the
division symmetry, with 𝜙 = 1 corresponding to purely symmetric divisions and 𝜙 = 0 to
purely asymmetric divisions. The growth rate 𝛼 describes the proliferation bias, with 𝛼 > 0

indicating more proliferating daughters, and 𝛼 < 0 more non-proliferating daughters on
average. In our simulations, cells either divide symmetrically to produce two proliferating
cells with probability 1

2
(𝜙+𝛼) or two non-proliferating cells with probability 1

2
(𝜙−𝛼), while

the probability to divide asymmetrically is 1−𝜙 (Fig. 2.4A). The number of proliferating cells
increases exponentially for 𝛼 > 0 or decreases exponentially for 𝛼 < 0 while homeostasis
requires 𝛼 = 0 [29, 83] (Fig. 2.4B).

When varying the division symmetry 𝜙 while maintaining 𝛼 = 0, we found that
fluctuations in the number of proliferating cells 𝑁 were minimized for 𝜙 = 0 (Fig. 2.4B,
C), i.e. every division was asymmetric. In this scenario, the number of proliferating
cells remains constant throughout each individual division by definition. Adding only
a small fraction of symmetric divisions strongly increased the fluctuations in 𝑁 . These
fluctuations increased the risk of stochastic depletion, where all proliferating cells are lost,
or uncontrolled exponential increase in cell number, as previously observed in simulations
[157], with the probability of such events occurring increasing with 𝜙 (Fig. 2.4B,C). These
trends are inconsistent with the symmetry between sisters we observed experimentally.

Hence, we extended the model by explicitly incorporating the observed subdivision
of the crypt in a stem cell niche region, corresponding roughly to the stem cell niche,
and a differentiation region, corresponding to the villus domain (Fig. 2.4D). In the niche
compartment, which has fixed size 𝑆, most divisions generate two proliferating daughter
cells (𝛼𝑛 > 0), while in the differentiation compartment, which has no size constraints,
most divisions yield two non-proliferative daughters (𝛼𝑑 < 0). Cell divisions in the niche
compartment results in expulsion of the distalmost cell into the differentiation compartment,
while neighboring cells swap positions in the proliferative compartment with rate 𝑟 to
include cell rearrangements. In contrast to the uniform model, where homeostasis only
occurred for 𝛼 = 0, the compartment model shows homeostasis with 𝛼𝑛,𝑑 ≠ 0 in either
compartment. Specifically, we found that the average number of proliferating cells in
the two compartments, 𝑁𝑛 and 𝑁𝑑 , is given by 𝑁𝑛 = 𝛼𝑛𝑆 and 𝑁𝑑 = 𝑆𝑙𝑛(1+𝛼𝑛)

𝛼𝑑−𝛼𝑛
𝛼𝑑

−𝛼𝑛𝑆,
independent of the division symmetry 𝜙 [80]. We simulated the proliferation dynamics for
different values of 𝛼𝑛, 𝛼𝑑 and 𝜙 (Fig. 2.4E,F), where for simplicity we assumed the same 𝜙 in
both compartments. For each combination of parameters, we varied the compartment size
𝑆 so that < 𝑁 >= 𝑁𝑛+𝑁𝑑 = 30, comparable to the number of proliferating cells per crypt
in our experiments (Materials and Methods, Fig. S2.5A). For cell rearrangements, we used
𝑟 ⋅ 𝑇 = 1, where 𝑇 is the average cell cycle time, meaning that cells rearrange approximately
once per cell cycle. For this 𝑟 , our simulations reproduced the correlations in division
outcome that we observed experimentally for cousins (Fig. S2.6A-C), although we found
that the dependence of the dynamics of 𝑁 on the parameters 𝜙,𝛼𝑛 and 𝛼𝑑 did not depend
strongly on 𝑟 (Fig. S2.6D).

By fixing < 𝑁 >, all simulations maintained the same number of proliferating cells
on average, but potentially differed in the magnitude of fluctuations. Indeed, we found
parameter combinations that generated strong fluctuations (Fig. 2.4E,F, scenario 1) and
stochastic depletion of all proliferating cells (scenario 2). Stochastic depletion occurred
at significant rate (>1 event per 1000 hours) when 𝛼𝑛 ≲ 0.5 (Fig. S2.5B) and implies that
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the existence of a stem cell niche, defined as a compartment with 𝛼 > 0, by itself does not
guarantee homeostasis, unless its bias towards proliferation is high, 𝛼 ≈ 1. For fixed 𝛼𝑛 and
𝛼𝑑 , we observed that fluctuations in 𝑁 always decreased with more asymmetric divisions
𝜙 → 0 (Fig. 2.4E,F, scenarios 2,3), similar to the uniform model. However, the global
fluctuation minimum was strikingly different (Fig. 2.4E,F, scenario 4). Here, symmetric
divisions dominated (𝜙 = 1), with all divisions generating two proliferative daughters in
the niche compartment (𝛼𝑛 = 1) and two non-proliferating daughters in the differentiation
compartment (𝛼𝑑 = −1). Similar low fluctuations were found for a broader range of 𝛼𝑑 ,
provided that 𝛼𝑛 ≈ 1. When we quantified the magnitude of fluctuations versus the average
number of proliferating cells, we found that fluctuations for the suboptimal scenarios 1-3
were larger than those expected for a Poisson birth-death process (Fig. S2.2D). In contrast,
fluctuations in the optimal scenario 4 were similar to the low fluctuations we observed
experimentally.

Our simulations also provided an intuitive explanation for this global minimum. A
bias 𝛼𝑛 = 1 is only reached when the birth of non-proliferating cells in the niche compart-
ment, by symmetric or asymmetric divisions, is fully avoided. In this limit, all cells in this
compartment are proliferating, meaning that fluctuations in the niche compartment are
entirely absent, with the only remaining fluctuations due to cells ejected from the niche
compartment that subsequently divide in the differentiation compartment. Consistent
with this explanation, we found that fluctuations in 𝑁 increased when more symmetric
divisions in the niche compartment generated non-proliferating daughters (scenarios 1
and 2). Finally, we note that the well-established neutral drift model of symmetrically
dividing stem cells in a niche of fixed size [90, 145] fails to reproduce the high symmetry
in proliferation we experimentally observe between sister cells (Fig. S2.6E), indicating
that the size constraint of a niche is by itself not sufficient to generate this symmetry. In
conclusion, our simulations show that the dominance of symmetric divisions we observed
experimentally might function to minimize fluctuations in cell proliferation.

2.2.5 Symmetry of proliferation is independent of Paneth
cell distance

Our results raised the question how the strong symmetry in proliferative behavior between
sister cells is generated. Stem cell maintenance and cell proliferation is control by signals
such as Wnt and EGF, that in organoids are locally produced by Paneth cells [45, 129].
The symmetry between sister cells could therefore be explained by these sisters having
a similar position relative to Paneth cells, leading them to experience a near identical
environment in terms of proliferative signals. Alternatively, the proliferative behavior of
sister cells could be controlled through the lineage, by their mother. In this case, symmetric
proliferative behavior would even be seen in sisters that differ in position relative to Paneth
cells. To differentiate between these two scenarios, we performed lysozyme staining after
time-lapse imaging to retrospectively identify Paneth cells in our tracking data. Using
crypt ‘unwrapping’ (Fig. 2.1D,E), we calculated for each cell and each time point the link
distance 𝛿 to the closest Paneth cell (Materials and Methods, Fig. S2.7A,B), i.e. the number
of cells between the cell of interest and its closest Paneth cell, allowing us to examine
proliferative behavior as function of distance to Paneth cells.
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Paneth cell-derived Wnt ligands form gradients that only penetrate 1-2 cells into
the surrounding tissue [45], suggesting that the steepest gradient in proliferative signals
is found in close proximity to the Paneth cell. We therefore selected all dividing mother
cells directly adjacent to a Paneth cell (𝛿𝑀 = 0) and examined their daughters. These sister
pairs varied in Paneth cell distance (𝛿1,2 ≈ 0−2, Fig. 2.5A, Fig. S2.7C), with differences
between sisters (𝛿1 ≠ 𝛿2) seen in 42% of pairs. We classified each sister pair as asymmetric
in outcome, when only one sister continued proliferating, or symmetric (Fig. 2.5B). In the
latter case, we distinguished between symmetric pairs where both sisters divided and those
were both stopped proliferating. We found that most daughters cells divided again, even
though a small fraction ceased division even in close proximity to Paneth cells (Fig. 2.5B,
Fig. S2.7D). However, whether cells divided or not was fully symmetric between sister
pairs, even when one cell remained adjacent to a Paneth cell (𝛿1 = 0) while the other lost
contact (𝛿2 > 0). This also held for the few pairs where Paneth cell distance differed most
between sisters (𝛿1 = 0, 𝛿2 = 2).

When we instead examined mother cells that just lost contact with a Paneth cell
(𝛿𝑀 = 1), we found that their offspring stopped proliferating more frequently (Fig. 2.5C).
While here we did find a substantial fraction of sister pairs with asymmetric outcome,
for most pairs the outcome was still symmetric (92% of pairs), even for pairs that differed
considerably in relative distance to the Paneth cell. Sister pairs with asymmetric outcome
occurred more frequently for pairs with different Paneth cell distance (𝛿1 ≠ 𝛿2). For these
pairs, however, the non-proliferating cell was the sister closest to the Paneth cell about
as often as it was the more distant (5 and 3 pairs, respectively), indicating that position
relative to the Paneth cell had little impact on each sister’s proliferative behavior. Overall,
these results show that the symmetry of proliferative behavior between sisters did not
reflect an underlying symmetry in distance to Paneth cells, thus favoring a model where
this symmetry is controlled by the mother cell.

2.2.6 Paneth cells control proliferative bias

Even though the proliferative behavior of sisters was not explained by their relative Paneth
cell distance, we found that the bias towards proliferating daughters was clearly reduced
when the Paneth cell distance of the mother increased (Fig. 2.5B,C). Our simulations showed
that both division symmetry and proliferative bias are important parameters in controlling
fluctuations in the number of proliferating cells, with fluctuations minimized when most
divisions are symmetric (𝜙 ≈ 1), biased strongly towards producing two proliferating
daughters in one compartment (𝛼 ≈ 1) and two non-proliferating daughters in the other
(𝛼 ≈ −1). To compare our experiments against the model, we therefore measured the
frequency of each division class as function of the mother’s Paneth cell distance, averaging
over all positions of the daughter cells (Fig. 2.5D). Overall, cells had a broad range of
Paneth cell distances (𝛿=0-10). Close to Paneth cells (𝛿 ≤ 1), most divisions generated
two proliferating daughters, while further away (𝛿 > 1), the majority yielded two non-
proliferating cells. Asymmetry was rare and only occurred for 𝛿=1-2. No divisions were
seen for 𝛿 > 5. When we used these measured frequencies to calculate 𝛼 and 𝜙 as a function
of Paneth cell distance (Fig. 2.5E), we found good agreement with the parameter values that
minimized fluctuations in the model, with a niche compartment of strong proliferation close
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to Paneth cells (𝛼 = 0.67, 𝛿 ≤ 1) and a non-proliferative compartment beyond (𝛼 = −0.67),
while almost all divisions were symmetric (𝜙 = 0.98).

The compartment model also predicted that the number of proliferating cells in-
creases linearly with size 𝑆 of the niche compartment. Above, we observed that the number
of proliferating cells differed between crypts (Fig. 2.2B). We therefore examined whether
variation in number of proliferating cells between crypts could be explained by differ-
ences in Paneth cell number, in those crypts where we identified Paneth cells by lysozyme
staining (Crypts 1-4). For the crypts that maintained a constant number of proliferating
cells in time (Crypts 1-2), we found that differences in number of proliferating cells were
well explained by differences in Paneth cell number. Moreover, in crypts with increasing
number of proliferating cells (Crypts 3-4), we found that for Crypt 3 this change could
be explained by an increase of Paneth cell number, due to cell divisions that generated
Paneth cell sisters. In Crypt 4, however, proliferating cells increased in number without
apparent Paneth cell proliferation. This crypt appeared to undergo crypt fission [84] at the
end of the experiment, suggesting that during fission cell proliferation is altered without
concomitant changes in Paneth cell number. For Crypts 1-3, the relationship between
number of proliferating and Paneth cells was well-fitted by a linear function (Fig. 2.5F),
consistent with the compartment model. The fitted slope of this line indicates that one
Paneth cell maintains ∼8 proliferating cells. This agrees with the observation in Fig. 2.5D
that divisions are strongly biased towards proliferation only for cells within the first and
second ring of cells around each Paneth cell. Taken together, these results show that Paneth
cells control proliferation by tuning the proliferative bias of divisions that are otherwise
symmetric in proliferative outcome.

2.2.7 In vivo lineage tracing confirms symmetric proliferative
behavior of sister cells

Finally, we asked whether the symmetry of proliferative behavior between sister cells
was also observed in intestinal (stem) cells in vivo. Studying lineage dynamics with the
high spatial and temporal resolution we employed here is currently impossible in vivo.
However, we found that clone size distributions, which can be measured in vivo, exhibited
a clear signature consistent with symmetric divisions. Specifically, clone size distributions
of lineages generated by the compartment model showed that enrichment of even-sized
clones depended strongly on a high frequency of symmetric divisions (Fig. 2.6A). When we
quantified clone size distributions for our organoid lineage data, by counting the number of
progeny of each cell at the end of a 40 h time window, while sliding that window through
our ∼60 h data set, we indeed found that even clone sizes were strongly enriched compared
to odd clone sizes (Fig. 2.6B). Both for organoid and model data, we still observed odd
clone sizes even when virtually all divisions were symmetric in proliferative behavior. This
reflected variability in the cell cycle duration, with odd clone sizes typically resulting from
symmetric divisions where one daughter had divided, but the other not yet.

To measure clone size distributions in the small intestine in vivo, we stochastically
induced heritable tdTomato expression in Lgr5+ stem cells using 𝐿𝑔𝑟5𝐸𝐺𝐹𝑃−𝑖𝑟𝑒𝑠−𝐶𝑟𝑒𝐸𝑅𝑇 2;

𝑅26𝐿𝑆𝐿−𝑡𝑑𝑇 𝑜𝑚𝑎𝑡𝑜 mice. We activated Cre-mediated recombination by tamoxifen and ex-
amined tdTomato expression after 60 hours, similar to the timescale of our organoid
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experiments, and imaged crypts with 3D confocal microscopy. Cre-activation occurred in
one cell per ∼10 crypts, indicating that all labeled cells within a crypt comprised a single
clone. Indeed, we typically found a small number of tdTomato+ cells per crypt, of which
most also expressed Lgr5-GFP (Fig. 2.6C). We then counted the number of tdTomato+ cells
per crypt to determine the clone size distribution and found a clear enrichment of even
clone sizes (Fig. 2.6D), with the overall shape of the distribution similar to that measured
in organoids. Overall, these results indicated a dominant contribution of divisions with
symmetric proliferative outcome also in the lineage dynamics of Lgr5+ stem cells in vivo.
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Fig 2.4: Cell number fluctuations in stem cell models. (A) ‘Uniform’ stem cell model. The probability of
each division pattern depends on 𝛼, the average increase in the number of proliferating cells per division, and
𝜙, the fraction of divisions with symmetric outcome, while the total cell number is unconstrained. (B) Number
of proliferating cells, 𝑁 , as function of time for different values of 𝛼 (top) and 𝜙 (bottom). For 𝛼 = 0, 𝑁 remains
constant on average, yet in this case fluctuations can cause stochastic depletion or overgrowth of proliferating
cells, as shown for 𝜙 = 0.9 (bottom). (C) Coefficient of variation (standard deviation divided by mean) of 𝑁 as
a function of 𝜙 (top panel) and the probability of depletion (𝑁 = 0, blue) or overgrowth (𝑁 ≥ 150, pink) events
(bottom panel), for the ‘Uniform’ model with 𝛼 = 0. Frequency of overgrowth depends strongly on the threshold
value used. Fluctuations are minimal for 𝜙 = 0, i.e. only asymmetric divisions. (D) ‘Compartment’ model. Cells
divide according to (A), but now the tissue is divided in a niche compartment 𝑛 with 𝛼𝑛 > 0, and a differentiation
compartment 𝑑, where 𝛼𝑑 < 0. Both compartments have the same 𝜙. In the niche compartment, the total number of
cells cannot exceed 𝑆, so that upon cell division the distalmost cell (dashed square) moves into the differentiation
compartment. Cells in the niche compartment switch positions at rate 𝑟 . (E) Number of proliferating cells as a
function of time in the niche (green) and differentiation compartment (blue). The total number of proliferating cells
(black) fluctuates around the dashed line corresponding to < 𝑁 >. Each panel’s number refers to the parameter
sets shown in (F). The parameter set with lowest fluctuations is outlined in red. (F) Coefficient of variation of 𝑁 .
Left panel shows the effects of varying the growth rates of both compartments when all divisions are symmetric
(𝜙 = 1), and right panel of varying the degree of symmetry when both compartments have opposite growth
rates (𝛼𝑛 = −𝛼𝑑 , dashed line in top panel). The grey region in bottom panel is inaccessible parameter space.
Simulations ran with < 𝑁 >= 30, corresponding to our experimental observations, and rearrangements occurring
approximately once per cell cycle. Fluctuations are minimized for 𝛼𝑛,−𝛼𝑑 = 1 and 𝜙 = 1, i.e. only symmetric
divisions.
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Fig 2.5: Impact of Paneth cell distance on proliferation. (A) Dependence of proliferation on contact with
Paneth cells. We examined cases where a mother cell (M) that touched a Paneth cell (P) divided into sister cells, 𝑆1
and 𝑆2, that either retained or lost Paneth cell contact. Here, the link distances 𝛿1 and 𝛿2 represents the number
of cells between each sister and its closest Paneth cell. (B) Probability that both cells divide (blue), neither cell
divides (orange) or only a single cell divides (green) for all sister pairs 𝑆1 and 𝑆2 of which the mother touched a
Paneth cell (𝛿𝑀 = 0). Sister pairs exhibited full symmetry in proliferative behavior, even when distance to the
Paneth cell differed between sisters (𝛿1 ≠ 𝛿2). (C) Same as (B) but for a mother cell positioned one cell away from
the Paneth cell (𝛿𝑀 = 1). More daughter cells cease proliferation. While the fraction of pairs where only one sister
divides increases, most sisters exhibit symmetric behavior. (D) Probability of each division pattern as function
of Paneth cell distance of the mother cell. (E) Proliferative bias 𝛼 and degree of symmetry 𝜙 as a function of
Paneth cell distance. The observed values of 𝛼 define a proliferative (green, 𝛼 ≈ 1) and non-proliferative (blue,
𝛼 < 0) compartment, with the former corresponding approximately to the first two ‘rings’ of cells surrounding
the Paneth cell. (F) Number of proliferating cells as function of Paneth cell number. Time-courses for individual
crypts were divided into 5 hour intervals (markers), for which average cell numbers were calculated. Apart from
Crypt 4, Paneth cell number correlated well with number of proliferating cells, even when Paneth cell number
increased in time due to divisions. Dashed line is a linear fit to the data.
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Fig 2.6: Clone size distributions reveal symmetry of proliferative behavior. (A) Clone size distributions
calculated for the Compartment model, for different degrees of division symmetry 𝜙. Top panel corresponds
to parameters that minimize fluctuations in number of proliferating cells. For high division symmetry, 𝜙 ≈ 1,
even clone sizes are enriched compared to odd clone sizes. (B) Clone size distributions calculated for the lineage
data obtained in organoids, for a sliding window of 40 h. Even clone sizes are enriched, consistent with the
observed dominance of divisions with symmetric proliferative outcome. Error bars indicate standard deviation
calculated using a bootstrapping approach (Materials and Method). (C) Examples of individual crypts found in vivo,
displaying clone size 2 (top) and 4 (bottom). Crypts are viewed from the bottom, with individual cells belonging
to a tdTomato+ clone (red) outlined. Scale bar is 10 𝜇𝑚. (D) Clone size distributions measured in vivo 60 h after
induction of Cre-mediated recombination in small intestinal crypts of 𝐿𝑔𝑟5𝐸𝐺𝐹𝑃−𝑖𝑟𝑒𝑠−𝐶𝑟𝑒𝐸𝑅𝑇 2;𝑅26𝐿𝑆𝐿−𝑡𝑑𝑇 𝑜𝑚𝑎𝑡𝑜 mice
(n=160 crypts). Even clone sizes 2 and 4 are enriched compared to odd clone sizes 3 and 5.
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2.3 Discussion
Self-renewing tissues exhibit homeostasis at multiple levels, such as overall tissue mor-
phology, total cell number and the relative frequency of different cell types. To prevent
exponential growth or tissue atrophy, the birth of each proliferating cell must be balanced
by the loss of another through terminal differentiation. Experiments in a range of systems
indicate that this is achieved through ‘population asymmetry’, with each cell making
the decision to proliferate or not in a stochastic manner and this balance only achieved
averaged over the entire population [29, 77, 143, 145]. However, our simulations showed
that even though ‘population asymmetry’ ensures a constant pool of proliferating cells on
average, its inherently stochastic nature can cause strong fluctuations in proliferating cell
number, even resulting in their full depletion (Fig. 2.4). This raises the question how these
fluctuations are controlled.

We addressed this by a combined experimental and theoretical approach. We tracked
all cell movements and divisions in the crypts of growing intestinal organoids, to reconstruct
the full lineage of these crypts up to six generations (Fig. 2.1). These data showed that
the number of proliferating cells in most organoid crypts was approximately stationary,
with small, i.e. sub-Poissonian fluctuations in their number, while non-proliferating cells
were born at a constant rate (Fig. 2.2, Fig. S2.2), an indication of homeostatic control of cell
proliferation that also limits fluctuations. That intestinal organoids exhibited homeostasis is
notable, as organoid culture completely lacks surrounding tissue, such as the mesenchyme,
that provides key signals regulating stem cell fate and proliferation [46, 140], and shows
that this form of homeostasis is inherent to the epithelium itself.

Our simulations showed that the fluctuations in proliferating cell number depended
strongly on the relative proportion of divisions with symmetric proliferative outcome
(either two proliferating or two non-proliferating daughters) and asymmetric outcome (one
proliferating and one non-proliferating daughter), with small, sub-Poissonian cell number
fluctuations only seen when most divisions had symmetric outcome (Fig. 2.4, Fig. S2.2). So
far, the relative contribution of these three divisions patterns in the intestine could only be
inferred indirectly from static measurements, leading to conflicting results [70, 90, 138, 145].
Here, we used direct measurements of cell dynamics in time to unambiguously identify
the proliferative state of successive generations of cells. These measurements show that
virtually all cell divisions (>90%) showed symmetric proliferative behavior, generating
either two proliferating or two non-proliferating sisters (Fig. 2.3). Clone size distributions
calculated based on our measured lineage data in organoids showed that this symmetry in
proliferative behavior between sister cell gave rise to an enrichment of even clone sizes
(Fig. 2.6). Using short-term lineage tracing experiments in the mouse small intestine, we
found that single Lgr5+ stem cells also gave rise to more even-sized than odd-sized clones,
indicating that divisions that are symmetric in proliferative behavior indeed also dominate
stem cell proliferation in vivo.

The symmetry in proliferative behavior we observe between sister cells could arise
because both cells experience a highly similar environment, in terms of proliferative
signals, or rather indicate control of cell proliferation through the lineage, by the mother
cell. The current models of stem cell dynamics in the intestinal crypt favor a strong role for
position relative to the stem cell niche, formed in organoids by Paneth cells, and a minor
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role, if any, for control of cell proliferation through the lineage [90, 120, 145]. We found
that sister cells exhibited symmetric proliferative behavior, even when sisters differed in
distance to Paneth cells (Fig. 2.5), the sole source of proliferative Wnt signals in intestinal
organoids [129]. This result implies control of proliferation by the mother cell rather than
by each daughter’s position in the stem cell niche. Our simulations provided a potential
function for the predominance of divisions with symmetric proliferative outcome. When
the tissue was subdivided into compartments of low and high cell proliferation, with
the latter resembling the stem cell niche, we found that fluctuations in the number of
proliferating cells were virtually eliminated, provided that cell divisions were symmetric,
with all divisions generating two proliferating daughters in the niche compartment and two
non-proliferating daughters outside (Fig. 2.4). Consistently, in our experimentwe found that
frequency of mother cells generating two proliferating rather than two non-proliferating
daughters decreased with the mother’s distance to the closest Paneth cell (Fig. 2.5). Taken
together, our results suggest a model where differences in proliferative behavior emerges
in the cell lineage over at least two generations: while a mother cell division generates
two daughters with the same proliferative behavior, these daughters might subsequently
generate granddaughters that differ in proliferative behavior, depending on each daughter’s
position relative to the Paneth cells. This is consistent with our observation that the
symmetry of proliferative behavior between cousins is reduced significantly compared to
sisters (Fig. 2.3).

We used mathematical modelling to explore the dependence of fluctuations in cell
proliferation on the degree of symmetry in cell division outcome, arriving at a two-
compartment model that matched key features of our experiments (Fig. 2.4D-F). It re-
produced the observed low, sub-Poissonian fluctuations in number of proliferating cells
(Fig. S2.2D), but only when division symmetry was high, as we also observed experimen-
tally. In contrast, high symmetry increased fluctuations in a spatially uniform stem cell
model (Fig. 2.4B,C), while a standard neutral drift model of a stem cell niche [90, 145] failed
to reproduce the observed symmetry in outcome (Fig. S2.6). Our model also reproduced
the observed correlation in proliferative state between cousin cells (Fig. S2.6), explaining
it as arising from closely-related cells having similar location in the tissue and therefore
similar probability of leaving the stem cell niche. Finally, it predicted the observed division
of the tissue in a compartment where most divisions generated proliferating cells (close
to Paneth cells) and one where divisions mostly generated non-proliferating daughters
(away from Paneth cells) (Fig. 2.5). However, the simplified nature of our model also poses
limits. First, the observed transition from proliferating to non-proliferating daughter cells
was more gradual than predicted by the model, indicating that each divisions proliferative
outcome depended on space in a more complex manner than captured by the model. Sec-
ond, the existence of compartments and the degree of symmetry in division outcome is
imposed externally by the model rules. It will be interesting to examine whether simple
mathematical models can explain how these properties emerge from the internal cellular
states, long-range signaling pathways and local cell-cell interactions involved in intestinal
homeostasis [52, 143].

Precise control of cell proliferation is key to homeostasis. It has been proposed that
cells may sense cell density, either by chemical signals or mechanical cues, and decrease
cell proliferation (known as contact inhibition) if the cell number is too high [42, 83, 157],
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thereby ensuring homeostasis of and minimize fluctuations in the number of proliferating
cells. Here, we provide a mechanism that achieves this without explicit sensing of cell
density. Instead, it relies on the dominance of divisions symmetric in proliferative behavior
of the daughter cells, coupled with the organization of a tissue in a proliferative niche
(stem and transit amplifying cell) compartment, and a non-proliferative differentiation
compartment. Such an organization is found widely, e.g. in the skin, hair follicles, testis
among others [87]. In all these tissues, homeostasis of and minimizing fluctuations in the
number of proliferating and differentiated cells must be essential. Hence, we speculate that
the model we propose here, which exploits proliferative symmetry between sister cells to
minimize fluctuations, is conserved more broadly and relevant to diverse tissue systems.

We thank Guizela Huelsz-Prince for spearheading the research presented in this chapter.
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2.4 Materials and methods
2.4.1 Organoid culture
H2B-mCherry murine intestinal organoids were a gift from Norman Sachs and Joep Beumer
(Hubrecht Institute, The Netherlands). Organoids were cultured in basement membrane
extract (BME, Trevingen) and overlaid with growth medium consisting of murine recom-
binant 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-Acetylcysteine (1 𝑚𝑀 , Sigma-Aldrich), N2 supplement (1x, Life Technologies) and B27
supplement (1x, Life Technologies), Glutamax (2 𝑚𝑀 , Life Technologies), HEPES (10 𝑚𝑀 ,
Life Technologies), Penicilin/Streptomycin (100 𝑈/𝑚𝑙 100 𝜇𝑔/𝑚𝑙, Life Technologies) in
Advanced DMEM/F-12 (Life Technologies). Organoid passaging was performed by me-
chanically dissociating crypts using a narrowed glass pipette.

2.4.2 Time-lapse imaging
Mechanically dissociated organoids were seeded in imaging chambers one day before the
start of the time-lapse experiments. Imaging was performed using a scanning confocal
microscope (Nikon A1R MP) with a 40x oil immersion objective (𝑁𝐴 = 1.30). 30 z-slices
with 2 𝜇𝑚 step size were taken per organoid every 12 minutes. Experiments were performed
at 37◦𝐶 and 5% 𝐶𝑂2. Small but already formed crypts that were budding perpendicularly
to the objective were selected for imaging. Imaging data was collected for 3 independent
experiments.

2.4.3 Fluorescent staining
After time-lapse imaging, organoids were fixed with 4% formaldehyde (Sigma) at room
temperature for 30 minutes. Next, they were permeabilized with 0.2% Triton-X-100 (Sigma)
for one hour at 4◦𝐶 and blocked with 5% skimmilk in TBS at room temperature for one hour.
Subsequently, organoids were incubated in blocking buffer containing primary antibody
(rabbit anti-lysozyme 1:800, Dako #A0099) overnight at 4◦𝐶, and then incubated with
secondary antibody (anti-rabbit conjugated to Alexa Fluor ©405 1:1,000, Abcam #ab175649)
at room temperature for one hour. Afterwards, they were incubated with wheat germ
agglutinin (WGA) conjugated to CF ©488A (5 𝜇𝑔/𝑚𝑙 Biotium) at room temperature for
two hours, followed by incubation with 𝑅𝑒𝑑𝐷𝑜𝑡𝑇𝑀1 Far-Red Nuclear Stain (1:200, Biotium)
at room temperature for 20 minutes. Finally, organoids were overlaid with mounting
medium (ElectronMicroscopy Sciences). The procedure was performed in the same imaging
chambers used for time-lapse imaging in order to maintain organoids in the same position.
Imaging was performed with the same microscope as previously described. Note that WGA
stains both Paneth and Goblet cells, but the lysozyme staining allowed the unequivocal
distinction between them.

2.4.4 Single-cell tracking
Cells were manually tracked by following the center of mass of their nuclei in 3D space and
time using custom-written image analysis software. Each cell was assigned a unique label at
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the start of the track. For every cell division, we noted the cell labels of the mother and two
daughter cells, allowing us to reconstruct lineage trees. We started by tracking cells that
were at the crypt bottom in the initial time point and progressively tracked cells positioned
towards the villus region until we had covered all cells within the crypt that divided during
the time-lapse recording. We then tracked at least one additional row of non-dividing cells
positioned towards the villus region. Cell deaths were identified either by the extrusion of
whole nuclei into the organoid lumen or by the disintegration of nuclei within the epithelial
sheet. Only crypts that grew approximately perpendicularly to the imaging objective and
that did not undergo crypt fission were tracked. During imaging, a fraction of cells could
not be followed as they moved out of the microscope’s field of view or moved so deep into
the tissue that their fluorescence signal was no longer trackable. Because these cells were
predominantly located in the villus region, where cells cease division, this likely resulted
in underestimation of non-proliferating cells. Data was discarded when a large fraction (>
25%) of the cells in the crypt move out of the imaged volume.

2.4.5 Classifying cell state
To classify cells as either proliferating or non-proliferating, we followed the following
procedure. Defining proliferating cells was straightforward, as their division could be
directly observed. As for non- proliferating cells, we applied two criteria. First, cells were
assigned as non-proliferating when they were tracked for at least 30 hours without dividing.
This was based on our observation that cells cycle times longer than 30 hours were highly
unlikely (P=7.1 ∗ 10−7, from fit of skew normal distribution, Fig. S2.3). However, we were
not able to track all cells for at least 30 hours, as cells moved out of the field of view during
the experiment or, more frequently, because they were born less than 30 hours before the
end of the experiment. In this case, we defined a cell as non-proliferating if its last recorded
position along the crypt axis was higher than 60 𝜇𝑚, as almost no divisions were observed
beyond this distance (Fig. 2.2). Finally, cells were assigned as dying based on their ejection
from the epithelium, while the remaining unassigned cells were classified as undetermined
and not included in the analysis.

We tested the accuracy of this approach as follows. In data sets of >60 hours in
length, we selected the subset of all cells for which we could with certainty determine
proliferative state, either because they divided or because they did not divide for at least 40
hours. We then truncated these data sets to the first 40 hours, which reduced the number
of cells whose proliferative state we could identify with certainty, and instead determined
each cells proliferative state based on the above two criteria. When we compared this
result with the ground truth obtained from the >60 hour data sets, we found that out of
619 cells, we correctly assigned 141 cells as non-proliferative and 474 as proliferative. Only
4 cells were incorrectly assigned as non-dividing, whereas they were seen to divide in the
>60 hour data sets.

2.4.6 Estimation of significance of symmetric divisions
To estimate whether the experimentally observed fraction of sisters with symmetric division
outcome could be explained by sister deciding independently to proliferate further or not,
we used a bootstrapping approach. In our experimental data, we identified n=499 sister
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pairs, where the proliferative state of each cell was known and excluding pairs where one
or both sisters died. In this subset of sisters the probability of a cell dividing was found to
be 𝑝 = 0.79. For N=105 iterations, we randomly drew 𝑛 sister pairs, which each cell having
probability 𝑝 to be proliferative and 1−𝑝 to cease proliferation. For each iteration, we
then calculated the resulting symmetry fraction 𝜙. This resulted in a narrow distribution
of 𝜙 with average ±st.dev. of 0.67±0.02, well-separated from the experimentally observed
value of 𝜙=0.97. In particular, none of 105 iterations resulted in a value 𝜙 ≥0.97, leading to
our estimated P-value of P<10−5. Overall, this means that the high fraction of sisters with
symmetric division outcome reflects correlations in sister cell fate.

2.4.7 Estimation of crypt growth rate

To estimate an effective growth rate from the time dynamics of the total cell number and
number of proliferating cells for each individual crypt, we used the ‘Uniform’ model as
defined in the main text. Here, each generation the number of proliferating cells increases
by 𝛼𝑁 , and the number of non-proliferating cells, M, changes by (1−𝛼)𝑁 , where 𝛼 is the
growth rate with −1 ≤ 𝛼 ≤ 1. For 𝛼 sufficiently close to zero, the resulting dynamics of
the number of proliferating and non-proliferating cells, 𝑁 and 𝑀 , is given by 𝑑𝑁

𝑑𝑡
= 𝛼

𝑇
𝑁

and 𝑑𝑀
𝑑𝑡

= 1−𝛼
𝑇
𝑁 , where 𝑇 is the average cell cycle duration. Solving these differential

equations yields 𝑁 (𝑡) = 𝑁 (0)𝑒
𝛼𝑡
𝑇 and 𝑈 (𝑡) =𝑀(0)− 1−𝛼

𝛼
𝑁 (0)+

𝑁 (0)

𝛼
𝑒
𝛼𝑡
𝑇 for the total number

of cells, where 𝑈 = 𝑁 +𝑀 . We then fitted 𝑁 (𝑡) and 𝑈 (𝑡) to the experimental data in Fig.
2.2A,B, using a single value of the fitting parameter 𝛼 for each crypt and the experimentally
determined value of 𝑇 = 16.2ℎ.

2.4.8 Crypt unwrapping

At every time point the crypt axis was manually annotated in the 𝑥𝑦 plane at the 𝑧 position
corresponding to the center of the crypt, since tracked crypts grew perpendicularly to the
objective. Three to six points were marked along the axis, through which a spline curve
s(𝑟) was interpolated. Then, for each tracked cell 𝑖 we determined its position along the
spline by finding the value of 𝑟 that minimized the distance 𝑑 between the cell position
x𝑖 and the spline, i.e. 𝑑(𝑟𝑖) = 𝑚𝑖𝑛𝑟 |s(𝑟) −x𝑖|. At each time point, the bottom-most cell of
the crypt, i.e. that with the lowest value of 𝑟𝑖, was defined as position zero. Thus, the
position along the axis 𝑝𝑖 for cell 𝑖 was defined as 𝑝𝑖 = 𝑟𝑖−𝑚𝑖𝑛𝑖(𝑟𝑖). To determine the angle
around the axis 𝜃𝑖 for cell 𝑖, we considered a reference vector u pointing in the direction of
the imaging objective, given by u = (0,0,−1), and the vector v𝑖 = x𝑖− s(𝑟𝑖) defined by the
position of the cell x𝑖 and the position of minimum distance along the spline s(𝑟𝑖). Then,
the angle is given by 𝜃𝑖 = 𝑎𝑐𝑜𝑠((u ⋅v𝑖)/𝑢𝑣).

2.4.9 Distance to Paneth cells

To estimate the distance between cells we used the following approach. For each cell
at each time point we found the five closest cells within a 15 𝜇𝑚 radius, which became
the edges in a graph representation of the crypt (Fig. S2.6). These values were chosen
because a visual inspection revealed an average nucleus size of 10 𝜇𝑚 and an average of
five neighbors per cell. This graph was then used to define the edge distance of a cell to
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the nearest Paneth cell. At every time point during the lifetime of that cell, the minimum
number of edges required to reach the nearest Paneth cell was recorded. The edge distance
is then defined as the number of edges minus one. For example, a neighbor cell of a Paneth
cell (1 edge) has a distance of zero. When the edge distance of a cell to a Paneth cell varied
in time, we used the mode of its distance distribution, i.e. the most frequently-occuring
value, as recorded during its lifetime.

2.4.10 in vivo clonal tracing

All experiments were carried out in accordance with the guidelines of the animal welfare
committee of the Netherlands Cancer Institute. 𝐿𝑔𝑟5𝐸𝐺𝐹𝑃−𝑖𝑟𝑒𝑠−𝐶𝑟𝑒𝐸𝑅𝑇 2;𝑅26𝐿𝑆𝐿−𝑡𝑑𝑇 𝑜𝑚𝑎𝑡𝑜 dou-
ble heterozygous male and female mice (Bl6 background) were housed under standard
laboratory conditions and received standard laboratory chow and water ad libitum prior to
start of the experiment. 60 hours before sacrifice, mice received an intraperitoneal injection
with 0.05𝑚𝑔 tamoxifen (Sigma, T5648; dissolved in oil) resulting in maximally 1 labeled cell
per 10 crypts. After sacrifice, the distal small intestine was isolated, cleaned and flushed
with ice cold PBSO, pinned flat and fixed for 1.5 hours in 4% PFA (7.4 pH) at 4◦𝐶. The
intestine was washed in PBT (1% Tween-20) for 10 min at 4◦𝐶 after which it was cut into
pieces of 2 cm and transferred to a 12 well plate for staining. The pieces were permeabi-
lized for 5 hours in 3% BSA and 0.8% Triton X-100 in PBSO and stained overnight at 4◦𝐶
using anti-RFP (Rockland, 600-401-379) and anti-GFP (Abcam, ab6673) antibodies. After 3
times 30 min washes at 4◦𝐶 in 0.1% Triton X-100 and 0.2% BSA in PBSO, the pieces were
incubated with Alexa fluor Donkey anti rabbit 568 (Invitrogen, A10042) and Alexa fluor
Donkey anti goat 488 (Invitrogen, A11055) secondary antibodies overnight at 4◦𝐶. After an
overnight wash in PBT, the pieces were incubated with DAPI (Thermo Fisher Scientific,
D1306) for 2 hour and subsequently washed in PBS for 1 hour at 4◦𝐶. Next, the intestinal
pieces were cleared using ‘fast light-microscopic analysis of antibody-stained whole organs’
(FLASH)[100]. In short, samples were moved to an embedding cassette and dehydrated in
30%, 75%, 2x 100% MetOH for 30 min each at room temperature. Subsequently, samples
were put into MetOH in a glass dish and immersed in methyl salicylate diluted in MetOH:
25%, 75%, 2x 100% methyl salicylate (Sigma-Aldrich) 30 min each at room temperature
protected from light. Samples were mounted in methyl salicylate in between two glass
coverslips and images were recorded using an inverted Leica TCS SP8 confocal microscope.
All images were collected in 12 bit with 25X water immersion objective (HC FLUOTAR L
N.A. 0.95 W VISIR 0.17 FWD 2.4 mm). Image analysis was carried out independently by
two persons. Afterwards, all discrepancies between both datasets were inspected, resulting
in a single dataset. Each biologically stained cell was annotated once in the 3D-dimensional
image. Different cells in the same crypt were marked as belonging to the same crypt, which
is necessary to calculate the clone size for that crypt. Only crypts that were fully visible
within the microscopy images were analyzed.

2.4.11 Uncertainty estimation in clone size distributions

In organoids, the clone sizes are measured by calculating the number of offspring the cell
will have 40 hours later. This calculation is performed for every hour of the time lapse, up to
40 hours before the end. In vivo, clone sizes are measured once per crypt, as we cannot view
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the dynamics over time. To estimate the uncertainty in our clone size distribution, both in
organoids and in vivo, we use a bootstrapping approach. We denote the total number of
clones observed as 𝑁 . We then used random resampling with replacement, by drawing 𝑁
times a random clone from the data set of observed clones, to construct a new clone size
distribution. We ran this procedure 100 times, each run storing the measured fraction of
clones sizes. As a result, for every clone size we obtained a distribution of fractions, which
we used to calculated the standard deviation of the fraction, as a measure of sampling error.

2.4.12 Computational model
Simulations were initialized by generating a collection of proliferating cells, each belonging
to either the niche or differentiation compartment. For each parameter combination,
the initial number of proliferating cells assigned to each compartment was obtained by
rounding to the closest integer the values given by the equations for 𝑁𝑛 and 𝑁𝑑 in the main
text. When the initial number of proliferating cells in the niche compartment was lower
than the compartment size 𝑆, they were randomly distributed over the compartment, with
the remaining positions taken up by non-proliferating cells in order to fill the compartment.
Each proliferating cell 𝑐 that was generated was assigned a current age 𝐴𝑐 and a cell cycle
time 𝐶𝑐 , i.e. the age at which the cell will eventually divide. The current age was obtained
by randomly drawing a number from an interval ranging from 0 hours to the mean cell
cycle time obtained from experimental data, while the cell cycle was obtained by drawing
a random number from a skew normal distribution, which was fitted to the experimental
distribution of cell cycle times as shown in Fig. S2.3.

Simulations were performed by iterating the following routine over time, until a
total simulation time 𝑇𝑠𝑖𝑚 = 106ℎ was reached. At each iteration 𝑖, we found the cell 𝑐𝑖 that
was due to divide next, and a time step Δ𝑡𝑖 was defined by the time remaining for this cell
to divide, i.e. Δ𝑡𝑖 = 𝑚𝑖𝑛𝑐(𝐶𝑐 −𝐴𝑐). Then, the ages of all proliferating cells were updated
and the division of cell 𝑐𝑖 was executed. This was done by randomly choosing one of the
three division modes defined in Fig. 2.4C, according to the probabilities determined by
the parameters 𝛼 and 𝜙 of the compartment to which the cell belonged. Any proliferating
daughters that were born were initialized with age zero and a random cell cycle time drawn
as described before. For the two-compartment model, if the proliferating cell belonged to
the niche compartment, the distalmost cell within this compartment was transferred to the
differentiation compartment, without changes to its proliferative state. This means that a
proliferating cell that is transferred to the differentiation compartment will still divide, with
the symmetry only determined by 𝜙, even if 𝛼𝑑=-1, i.e. all divisions in the differentiation
compartment generate non-proliferating daughters. This corresponds to the assumption
that the decision to proliferate or not, as well as the symmetry between the resulting
daughters, is set by the external environment (niche or differentiation compartments) the
cell experiences at birth and cannot be reversed at a later point. Finally, the number of
proliferating and non-proliferating cells in each compartment was updated accordingly.
Cell rearrangements were implemented as follows. For each iteration 𝑖, with time step
Δ𝑡𝑖, we drew the number of cell rearrangements from a Poisson distribution with mean
(𝑟 ⋅ 𝑆)Δ𝑡𝑖, where 𝑟 is the rearrangement rate per cell. We then implemented each individual
rearrangement by randomly selecting a cell at position 𝑗 ∈ (0, 𝑆−1) and swapping it with
the cell at position 𝑗 +1.



2

32 2 Mother cells control daughter cell proliferation in intestinal organoids

The model had six parameters, of which three (𝛼𝑛,𝛼𝑑 ,𝜙) were systematically varied
in our simulations. The remaining parameters were constrained by the experiments. We
picked the niche size 𝑆 so that the total number of proliferating cells was 30, corresponding
to the typical number of dividing cells observed in the experiments, through a procedure
outline in the main text. We obtained the average cell cycle duration 𝑇 , as well as its
distribution, from the data in Fig. S2.3. Finally, we obtained the rearrangement rate 𝑟 from
the observed (a)symmetry in proliferative fate observed between cousin cells. For a ‘well-
mixed’ niche compartment, 𝑟 ⋅ 𝑇 ≫ 1, cousin pairs showed asymmetric outcome as often as
symmetric outcome (Fig. S2.6), in contrast to our experimental observations (Fig. 2.3A). In
contrast, for infrequent cell rearrangement, 𝑟 ⋅ 𝑇 = 1, cells expelled from this compartment
close together in time are also closely related by lineage, leading to correlations in division
outcome between cousins that reproduced those observed experimentally (Fig. S2.6, Fig.
2.3A).

For some parameter values, simulations were ended earlier than the total time 𝑇𝑠𝑖𝑚.
This occurred when no proliferating cells were left in either compartment (defined as
a depletion event), or when the number of proliferating cells reached an arbitrarily set
maximum limit of five times its initial value (defined as an overgrowth event, occurring
only in the one-compartment model). In these cases, simulations were restarted until a
total simulation time 𝑇𝑠𝑖𝑚 was reached, and the total number of events was recorded. Thus,
the rate of depletion or overgrowth refers to the number of times simulations had to be
restarted for each value of 𝜙 divided by the total simulation time.

To obtain statistics regarding fluctuations on the number of proliferating cells 𝑁
through time, at each iteration 𝑖 we kept track of the number of proliferating cells in the
niche compartment 𝑑𝑛𝑖 and in the differentiation compartment 𝑑𝑑𝑖 . With these quantities,
we could compute the standard deviation 𝜎 of 𝑁 according to 𝜎2 = ⟨𝑁 2⟩− ⟨𝑁 ⟩2. Given
that 𝑁 = 𝑁𝑛+𝑁𝑑 , where 𝑁𝑛 and 𝑁𝑑 are the number of proliferating cells in the niche and
differentiation compartments, 𝜎 can be expressed as 𝜎2 = ⟨𝑁 2

𝑛 ⟩− ⟨𝑁𝑛⟩
2 + ⟨𝑁 2
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Fig S2.1: Lineage trees of all tracked cells. Lineage trees of cells tracked in nine different crypts. Cells in
the initial time point are ordered according to their distance to the crypt base. Red crosses indicate cell deaths
and incomplete lines indicate cells that could not be accurately traced further due to insufficient fluorescence
intensity or movement outside of the field of view.
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Fig S2.2: Crypt growth and heterogeneity. (A),(B) Fits of a simple cell proliferation model (Materials and
Methods) to the experimental data in Fig. 2.2A,B. Each fit to the total number of cells (A) and number of
proliferating cells (B) yields a single fitted value of the exponential growth rate 𝛼. (C) Fitted values of 𝛼, with the
color of each marker corresponding to the crypts in (A),(B). Two crypts exhibited significant growth (crypts 3
and 4, 𝛼 ≥ 0.25) while one crypt show decay in proliferating cell number (crypt 7, 𝛼 = −0.25). For most of the
remaining crypts, 𝛼 deviated significantly from zero, but otherwise the fitted growth was low. For this reason,
the reported average growth rate in the main text excluded crypts 3,4 and 7. Including crypt 7 yields 𝛼 = 0.0±0.1.
Error bars are the standard deviation in the fit of 𝛼. (D) Standard deviation of the number of proliferating cells, 𝜎𝐷 ,
versus the average, 𝐷, for each crypt, with color indicating crypts as in (A),(B). Black line shows the relationship
expected for a Poisson birth-death process, 𝜎𝐷 = 𝑠𝑞𝑟𝑡𝐷. For crypts that exhibited growth (crypt 3 and 4), 𝜎𝐷 was
larger than a Poisson process, while other crypts showed fluctuations close to or below what was expect for
a Poisson process, implying that fluctuations were limited by some form of homeostatic control. Grey dashed
lines show the same analysis for simulations of the ‘Compartment’ model (Fig. 2.4D), with individuals lines
corresponding to the different scenarios 1-4 (indicated in grey) in Fig. 2.4E,F. For the suboptimal scenarios 1-3,
fluctuations are larger than Poissonian, while the optimal scenario 4 reproduced the low fluctuations observed
experimentally. (E) Fluorescence images of analyzed crypts 1-9 at the start and end of the experiment. Duration
of the experiment is indicated in each ‘end’ panel. Diameter of the crypt at the start and end of the experiment is
calculated by overlaying a circle (yellow line) over the z-slice at the center of the crypt. Overall, crypts display
heterogeneity both in initial crypt size and growth of crypt diameter.
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Fig S2.3: Cell cycle distribution. (A) Histogram of cell cycle times of all tracked dividing cells. Green line
represents a skew normal distribution fitted to the data, with parameters: shape = 6.1, location = 12.2 h, and scale
= 5.2 h. (B) Cumulative version of the histogram of panel (A).
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Fig S2.4: Sister pair divisions patterns and proliferation control. (A) Correlations in division patterns
between sister pairs (𝑆1,𝑆2), for all cells born at least 15 h prior to the end of the experiment in crypts that
exhibited low growth rate 𝛼 ≈ 0 in Fig. S2.2B,C (Crypts 1,2,5,7-9). Sister pair fractions are also included for cells
that were lost from cell tracking (untracked) or cells that could be tracked but where the experiment ended before
a division could be observed or excluded (undetermined). (B) Fraction of sister pairs with proliferating and/or
non-proliferating cells, under the assumption that untracked and undetermined cells are non-proliferating. This
assumption matches our observation that untracked cells are located almost exclusively in the villus, where
cells are less likely to proliferate, and that undetermined cells older than 15 h are most likely non-proliferating
according to Fig. S2.3. Cells that died were classified as non-proliferating, as in Fig. 2.2A,B. Under this assumption,
the fraction of symmetrically proliferating (43%) and non-proliferating sisters (40%) is approximately equal,
consistent with constant number of proliferating cells and low growth rate 𝛼 in Fig. 2.2A,B and Fig. S2.2B,C. (C)
Fraction of sister pairs with proliferating and/or non-proliferating cells, under the assumption that all untracked
and undetermined cells proliferate. Under this assumption, which is not supported by our experiments, the
fraction of symmetrically proliferating (61%) and non-proliferating sisters (26%) is still relatively close to balanced,
implying that the balance in proliferation observed in (B) is likely not impacted strongly if a small fraction of
untracked or undetermined cells would have been proliferating. (D) Same as (A) but for crypts that exhibited
an increase in number of proliferating cells (𝛼>0, Crypts 3,4). (E),(F) Same as (B),(C) but for Crypts 3 and 4.
Symmetrically proliferating sisters (56%) outnumber non-proliferating sisters (31%) even under the assumption
that all untracked and undetermined sisters are non-proliferating, consistent with the growth in proliferating
cells observed in these crypts.
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Fig S2.5: Two-compartment model. (A) Number of cells 𝑆 in the niche compartment, as function of model
parameters in the Compartment model. Top panel shows the effects of varying the bias towards proliferative
daughters of the niche and differentiation compartments (𝛼𝑛 and 𝛼𝑑 , respectively) when all divisions are symmetric
(𝜙 = 1), and bottom panel shows the effects of varying the degree of symmetry when these compartments have
opposite growth rates (𝛼𝑛 = −𝛼𝑑 , dashed line in top panel). The grey region in bottom panel corresponds to
inaccessible parameter space. Numbers correspond to the parameter sets highlighted in Fig. 2.4 in the main
text. (B) Rate at which proliferating cells were depleted. Every time a simulation ended due to depletion, i.e. all
remaining cells are non-proliferating, a new simulation was started until a total simulation time of 106 hours
was reached. Thus, the rate refers to the number of times simulations had to be restarted for each value of the
parameters divided by the total simulation time. Spontaneous overgrowth was only observed in cases where 𝛼𝑛
and 𝛼𝑑 are both close to 0, in which case the rate was low (∼ 10−5ℎ−1).
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Fig S2.6: Dependence of lineage dynamics on cell rearrangements. (A) Experimentally observed correlations
in division patterns between sister (𝑆1, 𝑆2, n=499) and cousin cells (𝐶1,𝐶1, n=560), for cell pairs where neither cell
died. (B) Correlations in division pattern between cousin cells (𝐶1,𝐶1) for simulations of the two-compartment
model, for increasing cell rearrangement rate 𝑟 . Here, the product 𝑟 ⋅ 𝑇 , where 𝑇 is the average cell cycle duration,
indicates the approximate number of rearrangements experienced per cell cycle. For a ‘well-stirred’ proliferative
compartment, 𝑟 ⋅ 𝑇 ≫ 1, asymmetric lineage outcome is more prevalent than symmetric outcome for cousin cells.
However, for infrequent cell rearrangements, 𝑟 ⋅𝑇 ≈ 1, asymmetric lineage outcome for cousin cells is less prevalent
than symmetric outcome, with a frequency that resembles that seen experimentally in (A). Data is averaged over
50 independent simulations, with 𝛼𝑛 = −𝛼𝑑 = 0.95, 𝜙 = 0.95, and the average number of proliferating cells ⟨𝐷⟩ = 30.
(C) Example lineage trees obtained from simulations for different 𝑟 ⋅ 𝑇 . Line color indicates whether the cell was
in the proliferative (green) or non-proliferative compartment (blue). For 𝑟 ⋅ 𝑇 = 1, closely related cells remain
largely together in space, causing ejections from the proliferative compartment to be correlated within lineages.
As a consequence, not only sisters, but also cousins and more distantly related cells keep proliferating or cease
proliferation together. For 𝑟 ⋅ 𝑇 = 100, this correlation within lineage trees is lost. (D) Coefficient of variation of
the total number of proliferating cells 𝐷 for simulations with a ‘well-stirred’ proliferative compartment, 𝑟 ⋅𝑇 = 100.
Left panel shows the effects of varying the growth rates of both compartments when all divisions are symmetric
and right panel of varying the degree of symmetry when both compartments have opposite growth rates. Overall,
the coefficient of variation shows a similar dependence on parameters as seen for the simulations with infrequent
cell rearrangements, 𝑟 ⋅ 𝑇 = 1, shown in Fig. 2.4 in the main text. (E) Simulations of a neutral drift dynamics
model for N=30. This model is similar to the ‘well-stirred’ two-compartment model for the case where all cells
are proliferative in the niche compartment (𝛼𝑛 = 1, 𝜙 = 1), and no cells are proliferative in the differentiation
compartment (𝛼𝑛 = −1, 𝜙 = 1). However, the main difference is that in the neutral drift model, cells switch from
proliferative to non-proliferative immediately upon exiting the niche compartment. This results in half of all
divisions being asymmetric, as every cell has an independent chance of 50% to exit the niche and thus halt
proliferation.
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Fig S2.7: Proliferation dynamics as function of Paneth cell distance. (A) After crypt unwrapping and
determination of neighbors, the link distance between two cells (green markers) is defined as the number of
edges that constitute the shortest path connecting the two cells (indicated in orange, resulting in this case in
a neighbor distance of 𝛿 = 6. (B) Link distance 𝛿 of each cell to its closest Paneth cell, shown for a single time
point. (C) Distribution of Paneth cell distances 𝛿1 and 𝛿2 of sister pairs generate from a mother cell either directly
touching a Paneth cell (𝛿𝑀 = 0) or one cell removed from a Paneth cell (𝛿𝑀 = 1). (D) Examples of cell lineages for
rare sister pairs that ceased proliferation, even though their mother was touching a Paneth cell (𝛿𝑀 = 0). For each
sister pair, the distances 𝛿1 and 𝛿1 after division are given.
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3
Organoid cell fate dynamics

in space and time

X. Zheng, M.A. Betjes, Y.J. Goos, G. Huelsz-Prince, H. Clevers, J.S. van Zon# and S.J. Tans#

Organoids have emerged as an important tool to study tissue renewal. However, as methods
to visualize the underlying cellular differentiation dynamics are lacking, key organizational
principles remain unresolved. Here, we combine AI-enabled cell tracking with multiplexed
endpoint antibody staining to show when and where cells differentiate in intestinal organoids,
as well as correlations with their movement and genealogy. Notably, cells that ultimately
differentiate and migrate to the villus region committed to their new type already deep inside
the crypt – when still surrounded by their relatives that remain stem cells at the crypt bottom.
Unexpected consequences of this early commitment are: 1) Secretory cells commit even before
terminal division, causing secretory fates to emerge symmetrically in sister cells. 2) The
relative abundances of secretory and absorptive cells is controlled mainly by proliferation
after commitment. 3) Spatial patterning is achieved after commitment by type-dependent cell
movement and rearrangements. This ‘commit-then-sort’ model contrasts with the idea that
cells only commit after moving away from the crypt and into the transit amplifying region,
and raises new questions about underlying commitment and sorting mechanisms. It may also
be generally relevant, as the tissue architecture and molecular pathways are conserved in
diverse stem cell systems. Our approach can be used widely for diverse organoid systems and
combined with live-cell imaging.

# denotes co-corresponding authors.



3

42 3 Organoid cell fate dynamics in space and time

3.1 Introduction
The past decade has brought groundbreaking advances in organoid technology, which
enabled many new approaches to studying organ development, self-renewal, and pathology
[31, 68, 82, 101, 130]. The benefit of organoids lies in their ability to in vitro generate the
diverse cell types and 3D organization that characterize in vivo organ tissue. Key features
of the cellular architecture have been established using immunostaining, fluorescence
microscopy, and single-cell RNA sequencing[23, 57, 58, 92, 139]. However, these methods
do not reveal the dynamics that is critical to the underlying cellular reorganization and
differentiation – as exemplified for instance by the rapidly renewing intestine. Lineage
tracing[81, 127, 145, 162] can visualize the offspring of some cells but not when or where
cells adopt a new fate, nor their movements or lineage trees. In parallel, important advances
have been realized in 3D time-lapse microscopy. Confocal and light-sheet imaging can
visualize the dynamics of cell proliferation and migration [96, 119, 139, 160, 181], while
machine learning methods can track cells in time [63, 79, 96, 155]. Yet, this approach
has been limiting in studying the dynamics of differentiation. While fluorescent protein
markers can in principle be used to identify cell types [4, 52, 148], the many involved types
(over 5 in intestinal organoids) and nuclear labelling required for tracking presents major
challenges in terms of phototoxicity, genetic construction, and wavelength overlap.

Hence, the dynamic basis of cellular organization has not been resolved for any
organoid system[14]. In intestinal organoids, stem cells are thought to differentiate when
moving into the transit amplifying (TA) region higher up in the crypt, driven by proliferation
at the crypt bottom, upon which they stop proliferating and continue upwards to the villus
region, where most differentiated cells reside and are ultimately shed into the lumen[15,
25, 28, 165]. Cues are provided by WNT that decreases along the crypt-villus axis and
Notch inhibition between secretory and absorptive types that regulates their relative
abundance[49, 50, 150]. This ‘conveyor belt’ model is appealing because it can naturally
explain how different types are dynamically organized in space: cells driven towards the
differentiated villus region are triggered to differentiate, while cells remaining in the crypt
preserve their stem identity. However, with dynamic data lacking, it remains unclear if
this principle holds and whether other mechanisms contribute. Addressing these issues
require characterization of all cells within key regions.

We therefore developed a method that integrates type identification and tracking
(TypeTracker). It works by propagating cell types back in time along lineage trees, using
machine learning-based analysis of 3D video microscopy, multiplexed antibody stain-
ing of endpoint cells, and a rule-based propagation protocol (Fig. 3.1a). The resulting
multi-dimensional data identifies the moment and location where cells differentiate, their
movements and genealogical relations to other cells, and the neighbors they interacted with.
It can be used for any organoid with proliferating and differentiating cells and requires
only confocal microscopy, immunostaining, and data integration software.

Application tomouse intestinal organoids (Fig. 3.1b) revealed an unexpected principle
for the interplay between differentiation and spatial organization. Type commitment
occurred notably early: well before the differentiating cell lineages ceased to proliferate
and moved upward to the villus region – at a moment when the cells still occupied the
same region as their stem-cell relatives that continued to retain the stem identify and
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remained deep inside the crypt. This early commitment had several notable features.
Secretory fate emerged typically with identical types in pairs of sister cells, indicating
their mothers had committed already, and contrasting with the notion that committed cells
arrest their cell cycle[10, 21, 153]. While cells of different secretory types were observed,
they were not closely related and rather emerged from distinct stem cell lineages. This
finding challenges the existence of omni-potent secretory precursors that produce progeny
of different secretory types[10, 21, 65, 135, 141, 166]. Absorptive lineages committed even
longer before cell cycle arrest (over 5 divisions), providing an explaining for the high
abundance of absorptive over secretory types. In contrast with current models[15, 18, 30],
the stereotypical positioning of cell types was achieved through spatial segregation after
commitment, and secretory sister cells separating more rapidly than neighboring cells of
different types. Given the conserved nature of the underling pathways such as WNT, this
‘commit-then-sort’ mechanism may well be widely relevant. Our TypeTracker approach
can be used broadly to elucidate the dynamic differentiation programs of organoid systems,
how they are affected by mutations or external conditions, and can be integrated with
live-cell monitoring of key cell biological processes.

3.2 Results

3.2.1 Overview of TypeTracker
Our method consists of four main steps (Fig. 3.1a). First, movies of organoids growing
in Basement Membrane Extract (BME) gel are recorded by 3D confocal microscopy (Fig.
S3.1a-c). We focus on intestinal organoids and image complete organoids or their crypt
protrusions every 12 minutes for 60 hours, using a H2B-mCherry marker to detect cell
nuclei (Fig. S3.1d). Second, we employ a convolutional neural network [79] to track the
nuclei in space and time across several generations (Fig. 3.1b, Fig. 3.1e), and visualize their
genealogical relations using lineage trees (Fig. 3.1c, Fig. S3.2). Consistently, proliferative
lineages, which display up to seven divisions, are mostly found at the crypt bottom, while
non-dividing cells are abundant in the villus-like region of the organoid. Third, we perform
multiple rounds of antibody staining to determine the cell types at the movie endpoint, as
detailed below (Fig. 3.1d, e). Hence, we identify the main types found in the intestine: stem,
enteroendocrine, Paneth, goblet, enterocyte, transit-amplifying, as well as an immature
mucus producing type. Fourth, we infer the cell types at earlier timepoints, starting at
the endpoint of the lineage tree and progressively moving back along each branch to the
beginning, using a set of rules that we describe in detail below. Hence, one obtains virtual
organoids that present the spatial location, division events, movements, and type of all
cells (Fig. 3.1f). The completeness of this method, which identifies all cells in a region of
interest and associated lineage trees, enables our backpropagation approach and analysis
of spatio-temporal correlations.

3.2.2 Cell type identification
We developed an approach to map cell type data, as obtained by several rounds of antibody
staining, onto the endpoint of the movie and lineage trees (Fig. 3.1d, e). This method
includes washing protocols that minimize organoid deformations, antibody stripping be-
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tween rounds, and a min-cost flow solver algorithm [61] combined with manual correction
to link cells in the staining images to the cells at the movie endpoint.
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Fig 3.1: TypeTracker method overview and primary data. a, Method workflow. Step 1: Image several
organoids in 3D for 60h. Step 2: Track all cells and determine lineage tree using convolutional neural network.
Step 3: Identify cell type at movie endpoint using multiple rounds of antibody staining. Step 4: Map cell types onto
lineage tree, and infer historical cell types including type transitions (triangles). b, Reconstructed cell positions at
start of lineage tree. c, Example lineage trees and their mapped endpoint cell types. Numbers: lineages of three
cells seen in panel b. Stars: endpoint sister pairs of same type, but of different type than cousins, suggesting type
transition in mother cell. d, Nuclear marker (magenta) and antibody or dye staining (green): Olfactomedin 4
(Olfm4), Wheat Germ Agglutinin (WGA), Chromogranin A(Cga), Lysozyme (Lyz), Aldolase 𝛽 (Aldo𝛽), Cytokeratin
20 (Krt20) and Ecadherin (Ecad). e, Cell type identification table. f, Reconstructed cell positions and type at end of
the lineage tree (panel c), 66 hours after the start (panel b).

Stem cells were identified by Olfactomedin 4 (Olfm4) [165], enterocytes by Aldolase 𝛽
(Aldo𝛽) [139] and enteroendocrine cells (EECs) by Chromogranin A (Cga) [91]. Consistently,
Olfm4+ cells were found only at the crypt bottom, Cga+ cells in both the crypt and villus
regions and Aldo𝛽+ cells exclusively in the villus region (Fig. 3.1f). Stem cells and EECs did
not stain for any of the other markers used, while enterocytes also stained for Cytokeratin
20 (KRT20) [26], as expected. Wheat Germ Agglutinin (WGA), which stains intestinal
mucus [13, 73], labeled cells in the crypt and villus regions. A subset of these were also
positive for Lysozyme (Lyz) and thus identified as Paneth cells [129], while another subset
expressed KRT20 and identified as goblet cells [26]. Consistently, the former often contained
granules that are typical of Paneth cells, while the latter had a cup-shaped morphology
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that characterizes goblet cells (Fig. S3.3). A remaining subset of WGA+ cells expressed
neither Lyz nor KRT20. Evidence provided below suggests that these are immature Paneth
and goblet cells, which we thus refer to as immature mucus producing cells (IMPCs). We
identified a population of cells within the crypt that did not stain for any of our markers,
which are identified as transit-amplifying (TA) cells based on evidence discussed below.

3.2.3 Sister cells adopt the same type
Prominent in our data is that endpoint types generally came in pairs, with sister cells
consistently displaying the same fate (Fig. 3.1c). Statistical analysis showed that 97% of
all endpoint sister (N=869 sister pairs in 9 organoids) were of the same type. All types,
including secretory types, exhibited this symmetry, as evidenced by the dominant diagonal
in the sister-sister cell type histogram (Fig. 3.2a). This consistent type-symmetry between
sisters is notable. Intestinal stem cells are proposed to exit from their cell cycle when
committing to a secretory fate [10, 21], which would rather yield asymmetry, as one sister
may then adopt a secretory fate that the other does not. External cues can, in principle,
produce a local environment that is similar for the two sister cells, and hence drive them
to the same fate. However, a priori there is then no reason why only sisters should be
impacted, as also non-sister cells like cousins can be neighbors. Importantly, the fates of
many sister pairs were different than their direct cousins (Fig. 3.1c, stars). This showed
that the underlying type transitions did affect sisters specifically and occurred during the
observed growth period of the lineage. These data indicated that the type transitions rather
occurred in the mother (or earlier generations), which subsequently divided to produce
two daughters of the same type. Larger subtrees, which for instance showed two or more
sister pairs of the same type (Fig. 3.1c, blue enterocyte subtree, Fig. S3.2), were consistent
with divisions occurring after type commitment and hence producing cells of the same
type.

3.2.4 Dependence of cell age on differentiation state
The age of the cells at the movie endpoint was defined as the time since the last observed
division (Fig. 3.2b). Notably, the TA cells showed a statistically identical age distribution as
the stem cells, in line with the notion that they are highly proliferative [7, 10, 30]. EECs,
enterocytes, Paneth, and goblet cells also showed a broad distribution, but with an average
age that was substantially larger than the stem and TA cells, consistent with their terminally
differentiated nature. The ages of these terminally differentiated cells were rarely below 20
hours (Fig. 3.2b), suggesting that the involved markers (Cga, Aldo𝛽, Lyz and KRT20) took
a substantial amount of time to become observable.

3.2.5 Cell type backpropagation
To infer the cell type along the lineages of the family tree, we used the lineage tree topology
and the above observations (Fig. 3.2a, b). Starting at the lineage endpoints, we propagated
the endpoint types back in time using this process: 1) From one timepoint to the previous
timepoint, the type is initially assigned as unchanged if branch points (divisions) are not
traversed, but may later be updated when a cell type transition is identified. 2) At branch
points, the two involved daughters are considered: if both display the same (inferred) type,
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the mother is assigned as that type, as discussed above (Fig. 3.2a). 3) If one daughter is a
stem cell and the other is not, the mother is assigned as a stem cell, based on the notion that
stem cells are generated from stem cells. 4) If one daughter is a TA cell and the other is not,
nor a stem cell, the mother is assigned as a TA cell. This rule is based on the TA cells being
proliferative like stem cells (Fig. 3.2b), which makes the alternative (the mother has the
identity of the non-TA daughter) unlikely. In the last two cases (3 and 4), a type-transition
is inferred in one of the daughters. We mark the latter with an arrow halfway the cell cycle
(Fig. 3.2c). These rules allowed the backpropagation of complete trees from the end to the
beginning (Fig. 3.2d, Fig. S3.4).

Next, we estimated stemness by quantifying the fluorescence intensity of Lgr5-GFP,
a well-known stem-cell marker, in order to further test our method. Note that phototoxicity,
which is stronger for GFP than for the mCherry that is used for nuclei tracking, limits the
frequency and duration of such cell fate quantification during growth. The GFP signal
at the movie endpoint was indeed correlated quantitatively with the measured Olfm4
intensity (Fig. S3.5a,b). Cells inferred as stem cells by backpropagation indeed also showed
higher GFP expression, while inferred enterocytes or TA and goblet cells consistently
showed lower GFP (Fig. S3.5c). Lineages that were inferred to lose stemness and transition
to the TA type indeed showed decreasing GFP (Fig. S3.5d). Paneth cell granules, which
can be visualized during organoid growth, also showed consistency between inferred and
real-time measured type (Fig. 3.2f). Note that limitations of our method are described in
the discussion.

3.2.6 Differentiation pathways

The observed differentiation pathways indicated notable features (Fig. 3.2d, Fig. S3.4).
Trees typically displayed 1 to 3 cell type transitions, thus yielding sub-trees of the new
type, while the old type was maintained in another sub-tree, and some lineages showed
two consecutive type transitions. For instance, a stem cell tree was first shown to spawn a
TA-subtree, which in turn generated an enterocyte subtree (Fig. 3.2d, tree 1). This order,
in which TA is an intermediate type between stem and terminally differentiated types
[15], is consistent with the sister-sister cell type histogram: besides the dominant diagonal,
low-frequency off-diagonal entries indicated stem-TA sister pairs, and a few pairs of one
TA and one terminally differentiated type, but never sister pairs showing two different
terminally differentiated types (Fig. 3.2a). The latter would be in line with models where
stem cells first differentiate into secretory precursors, which in turn can generate different
terminally differentiated types [10, 21, 65, 135, 141, 166]. To further probe this notion, we
extracted the largest possible subtrees from our data that contained two types, and found
that none had two different secretory types, nor one secretory and one absorptive type.
Instead, they typically combined TA and either stem (52.2%) or a terminally differentiated
state (31.4%) (Fig. S3.6), consistent with the sister relations (Fig. 3.2a). Among these
subtrees, we also found cases (16.4%) that combined stem and terminally differentiated
states (Fig. 3.2d, tree 2 and 3), suggesting that these lineages have a negligible TA role.
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3.2.7 Division rather than differentiation rates control en-
terocyte abundance

Cell type transitions to enterocytes were less frequent than to the secretory types combined
(about 1.5-fold), even as enterocytes outnumbered secretory cells. To investigate this issue,
we quantified the number of consecutive divisions in each differentiation state (Fig. 3.2e).
The EEC, goblet and IMPC secretory states mostly showed one division, sometimes two. In
contrast with common thinking, we found Paneth cells to divide as well (Fig. 3.2e). The
inferred Paneth cell divisions were indeed confirmed by the continuous presence of granules
that are specific to Paneth cells and are observable without labeling (Fig. 3.2f). Next, we
quantified the cell cycle duration for each cell type. Notably, these complete cell cycles that
also showed division at the end were similarly long for all types including secretory and
stem types (Fig. 3.2g). The lineages were observed to stop dividing subsequently, consistent
with a cell cycle exit.

Enterocyte lineages displayed significantly more divisions than secretory cells. The
former reached to up to 5 divisions, not far off from the 6 divisions seen for stem and TA
states (Fig. 3.2e). Hence, after specification, absorptive lineages generated substantially
more cells than secretory lineages, which thus offset their comparatively low transition rate.
This finding is consistent with recent data in which absorptive lineages showed larger clone
sizes than secretory lineages [127, 162]. Enterocytes were even found to exhibit the lowest
mean cell cycle duration (12.5 h), significantly lower than for both stem (15.5 h) and TA
cells (14.1 h) (Fig. 3.2g). Overall, these results indicate that relative abundance is controlled
by the cell lineage dynamics, in particular the number of divisions after specification.

3.2.8 The spatio-temporal differentiation program

Access to spatial dynamics is a key benefit of our approach. The positions of inferred
cell types mapped along the crypt-villus axis as expected, with stem and Paneth most
towards the bottom, followed by IMPC, EEC, TA, enterocyte, and goblet[15, 25] (Fig. 3.3a,
b, Fig. S3.7a). In addition, we can now map the point of commitment onto the spatial
organoid structure. Commitments to secretory types were broadly distributed along the
crypt-villus axis, but typically occurred deeper in the crypt than absorptive commitments
(Fig. 3.3c). The latter also distributed broadly and were positioned well within the crypt.
Notably, when we mapped full lineage trees along the crypt-villus axis, we found that
these committing cells were still in the same approximate spatial region as their close
relatives that maintained the stem fate (Fig. 3.3d, e, Fig. S3.7b, c). Spatial separation from
these stem-cell relatives did occur after committing (Fig. 3.3d, e). This separation was most
evident for lineages destined for the villus region (enterocytes and goblet cells), with the
stem lineages they arose from remaining confined to the crypt (Fig. 3.3d, e, top trees). Such
separation from relatives was not always observed, specifically for cells committing to a
secretory type (IMPC) near the crypt bottom and remaining there (Fig. 3.3d bottom tree,
Fig. 3.3e, top tree). Consistently, the mean migration speed is highest for enterocytes and
goblet cells, and lowest for secretory fates like Paneth cells and IMPC’s (Fig. 3.3f).
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3.2.9 Promotion of sister separation

Secretory types were typically born as sisters (Fig. 3.2a) and, hence, as neighbors. We
wondered how this finding relates to the observation of single Paneth and goblet cells being
surrounded by stem cells and enterocytes, respectively [130, 180]. In our data, most neigh-
bors that were not sisters (and hence can be of different type), were still neighbors after 2h
(85%) and 10h (57%), independently of cell type (Fig. 3.3g,h, Fig. S3.7d). Neighbors that were
sisters, which almost always were of the same type, separated more frequently after 2h (71%
remains neighbors), likely due to arrangements directly following divisions. Surprisingly,
Paneth and IMPC sisters showed even stronger separation over longer timescales, and more
than the other types, with less than 20% still neighbors after 10h (Fig. 3.3i). Sisters, and
in particular of these secretory types, thus appear to rearrange more strongly to achieve
interspersion. These findings show that promoted cell separation contributes to cell type
patterning in the epithelium.

3.3 Discussion

Before discussing the findings, we begin by reviewing the limitations of our approach.
First, cell type transitions may be missed when they are too frequent. Specifically, it cannot
deduce the presence of stem or TA cells, or transitions from them, if the tree endpoint
only shows differentiated types. This issue can be mitigated partly by limiting the growth
duration. Second, if cells would exhibit multiple sequential transitions without dividing, or
show reversible transitions back to the stem or TA type, the method would be less suitable.
Third, used antibodies may not identify immature types, which impacts marker-based
methods more generally. Long type maturation is indeed suggested by our data, including
the dominant sister symmetry (Fig. 3.2a), and the high age of differentiated cells at movie
endpoint (Fig. 3.2b), noting that rapid type maturation after commitment would yield sister
asymmetry in the staining. Moreover, our method provides a key advantage in overcoming
this limitation, by detecting early commitment using lineage relations even when the
phenotype is not detectably expressed yet.

Our data showed many features that are fully consistent with existing models of
intestinal organoid renewal, including the presence of stem cell and TA zones, expected
positions of differentiated cell types, and an effective migration along the crypt-villus axis
driven by proliferation in the crypt bottom [15, 18, 25] (Fig. 3.3a, d-f). The temporal order
of events that dynamic observation uniquely addresses was notable, however. Specifically,
we found cells committing to a new type when still positioned in the same area as their
stem cell relatives, well before their separation into the cell lineages that move towards
the villus region and those that remain in the crypt (Fig. 3.3c-e). We did not observe the
opposite: cells that first move away from their stem cell relatives and then differentiate
while continuing to move upwards to the villus region, or downward to the crypt bottom.
We found commitment even deeper in the crypt for secretory types such as Paneth cells
that ended up at the crypt bottom, without showing the proposed downward migration
after commitment [12, 15]. Another striking feature of the cellular organization was the
rapid separation of neighboring cells, especially secretory sisters (Fig. 3.3h-i), showing
how local cell rearrangement can contribute to spatial cell type patterning. Overall, our
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data indicated a picture in which cells first commit and subsequently spatially sort and
reorganize.

More observations were consistent with this early commitment picture. One example
is the highly symmetric adoption of identical fates by sister cells (Fig. 3.2a). Also secretory
fates were found to emerge symmetrically in sister cells, indicating that commitment
occurred before cell cycle exit and hence the last division. It has been proposed that
secretory differentiation occurs through an omni-potent secretory precursor that can
generate all types of secretory cells [10, 21, 65, 135, 141, 166]. Our results suggest that this
omni-potent secretory state, if it exists, occurs only briefly and is exclusively restricted
to the mother cell, because otherwise different secretory fates would be seen among the
mother’s offspring. This conclusion was further supported by considering more distant
relatives: subtrees containing two types at most never contained two different secretory
types (Fig. S3.6). These results contrasts with the notion that cells exit their cell cycle
directly upon committing to a secretory fate [10, 21, 153], and suggests division may be
important to completing differentiation[182]. Reported clonal expansion of goblet cells
after fate commitment in mouse colon is consistent with these findings [162]. Our data
further showed that the relative abundance of absorptive over secretory cells was controlled
more by increased divisions after enterocyte specification (Fig. 3.2e) than by more frequent
enterocyte specification events, as for instance controlled by Notch signaling. Notch
signaling between neighbors is proposed to restrict secretory fate to a single cell that is
surrounded by non-secretory cells. Our observation of neighboring sisters with the same
secretory fate (Fig. 3.3h-i) implies that Notch signaling affects cell fate early and transiently,
likely in the mothers of secretory cells.

Our method can be applied broadly to study the spatio-temporal differentiation
programs of organoid systems, and how they are impacted by external conditions such as
metabolic compounds or interleukins, interacting cell types including bacteria and immune
cells, and disease mutations. Its focus on spatial and temporal characterization makes it
distinct from and complementary to other methods such as single cell RNA sequencing or
multiplexed tissue imaging [53, 131]. The TypeTracker approach follows systematically all
cells in a region of interest, thus allowing direct correlative analysis, and is straightforward
to implement as it requires only confocal microscopy, antibody staining, and the algorithms
we present here. It can also readily be combined with other measurements, such as endpoint
Single Molecule Fluorescence In Situ Hybridization (smFISH) and real-time fluorescence
microscopy of various cellular processes and signals.
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3.4 Materials and methods
3.4.1 Organoid culture
Murine intestinal organoids carrying both a H2B-mCherry reporter and a Lgr5-GFP re-
porter were gifts from Norman Sachs and Joep Beumer, from the group of Hans Clevers in
Hubrecht Institute. Organoids were embedded in ‘domes’ of basement membrane extract
(BME, Trevingen) in tissue culture plates. They were further submerged in growth medium
consisting of murine recombinant epidermal growth factor (EGF 50 𝑛𝑔/𝑚𝑙, Life Technolo-
gies), murine recombinant Noggin (100 𝑛𝑔/𝑚𝑙, Peprotech), human recombinant R-spondin
1 (500 𝑛𝑔/𝑚𝑙, Peprotech), n-Acetylcysteine (1 𝑚𝑀 , Sigma-Aldrich), N2 supplement (1x,
Life Technologies) and B27 supplement (1x, Life Technologies), Glutamax (2 𝑚𝑀 , Life
Technologies), HEPES (10 𝑚𝑀 , Life Technologies), Penicilin/Streptomycin (100 𝑈/𝑚𝑙 100
𝜇𝑔/𝑚𝑙, Life Technologies) in Advanced DMEM/F-12 (Life Technologies). Organoids were
kept in incubators at 37◦𝐶 and 5% 𝐶𝑂2. The medium was changed every two days. Each
week, organoids were passaged by mechanically dissociating crypts using a narrowed glass
pipette.

3.4.2 Organoid sample preparation for imaging
In conventional culture conditions, organoids were embedded in ‘domes’ of BME droplets
and were thus at different heights relative to the plate bottom (Fig. S3.1a). Imaging
organoids located far from the plate bottom required long working distance objectives
and increased light exposure, leading to excessive phototoxicity. To improve the imaging
procedures, we used the 4 well chambered cover glass (# 1.5 high performance cover glass)
from Cellvis as imaging plates. Organoids were broken into single crypts, seeded in the
imaging plates and put in fridge (∼ 4◦𝐶) for ∼ 10 minutes, allowing them to sink downwards
to the cover glass. Afterwards, they would be incubated at 37◦𝐶 with 5% 𝐶𝑂2 for 20 minutes
so that the gel could solidify with organoids settled at the bottom of the wells (Fig. S3.1b).
Growth medium was added after the incubation. Organoids were then kept in the incubator
for around 2 days until the imaging experiments.

3.4.3 Time-lapse imaging with 3D confocal microscope
Time-lapse imaging was performed with a scanning confocal microscope (Leica TCS SP8)
with a 40 x water immersion objective (NA = 1.10). Experiments were performed at 37◦𝐶
with 5% 𝐶𝑂2. More than 20 organoids with already budded crypts were selected for imaging.
Stacks of 30 z-slices with 2 𝜇𝑚 step size were taken every 12 minutes per organoid. At each
timepoint, imaging of H2B-mCherry was conducted with an excitation laser of 552 nm
at 1 % of the laser power and the emission signals were collected with Leica HyD hybrid
detectors whose filter range was set to be 557 nm - 789 nm.

3.4.4 Live-cell tracking
Live-cell tracking was conducted by OrganoidTracker, a software developed by our group
[79]. The positions of each nucleus were predicted with a trained neural network and cells
were then automatically linked between frames based on the relative positions and nuclear
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sizes. The software could report warnings when the linking was less reliable and allowed
for manual corrections.

3.4.5 3D reconstruction

3D reconstruction of organoids were made with Blender, a free and open-source 3D com-
puter graphics software. Each cell was represented by a 3D sphere and could be colored
based on the (inferred) cell types (Fig. 3.1b,f).

3.4.6 Organoid fixation and permeabilization

Organoid samples were fixed with 4 % formaldehyde (Sigma-Aldrich) at room temperature.
In order to get rid of the gel but keep the organoids attached to the plate, we optimized
the fixation protocol. After adding formaldehyde, we waited for ∼ 10 minutes and then
gentling washed the sample with PBS to remove the gel, which otherwise would hinder
the penetration of antibodies and reduce imaging quality. 10 minutes was the optimized
waiting time to ensure gel removal and more than 50 % of the imaged organoids attached
to the cover glass (Fig. S3.1c). After gel removal, organoid samples were incubated in
formaldehyde again for 20 minutes to complete the fixation procedures. Following fixation,
permeabilization was performed by incubating the samples in 0.2 % Triton-X-100 (Sigma-
Aldrich) for one hour at room temperature. All the washing procedures were performed
gently to avoid removing organoids from the cover glass.

3.4.7 Staining with antibodies and dyes

Following fixation and permeabilization, organoids were blocked with 5 % skim milk in
TBS at room temperature for one hour. Subsequently, organoids were incubated in blocking
buffer containing primary antibody (see section antibodies) for two days at 4◦𝐶, and then
incubated with secondary antibody (see section antibodies) at room temperature for one
hour. These procedures would be repeated for each antibody. Regarding the dyes, organoids
were incubated with Wheat germ agglutinin (WGA) conjugated to CF©488A (5 𝜇𝑔/𝑚𝑙

Biotium) at room temperature for two hours and with 𝑅𝑒𝑑𝐷𝑜𝑡𝑇𝑀1 Far-Red Nuclear stain (1
: 200 Biotium) or 𝑆𝑌 𝑇𝑂𝑋 𝑇𝑀1 Orange Nucleic Acid stain (1 : 5000 Thermo Fisher Scientific
#S 11368) at room temperature for 20 minutes.

3.4.8 Antibody stripping

After imaging the results from each round of antibody staining, the primary antibodies
were removed by incubation with elution buffer at room temperature for 15 minutes
while shaking[139]. This was repeated six times with the elution buffer replaced between
consecutive cycles. The elution buffer was prepared by adding 0.5 M Glycine (Sigma-
Aldrich), 5 M Urea (Sigma-Aldrich), 5 M Guanidinium chloride (Sigma-Aldrich), 70 mM
TCEP-HCL (Sigma-Aldrich) to 𝐻2𝑂, with pH adjusted to 2.5.
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3.4.9 Antibodies and dyes

Primary antibodies Dilution Product information
Rabbit anti-lysozyme [EC 3.2.1.17] 1:800 Dako #A0099
Rabbit anti-Olfm4 [D6Y5A] XP 1:500 Cell signaling technology #39141
Recombinant rabbit anti-Aldolase 𝛽
+ Aldolase C [EPR3138Y] 1:300 Abcam #ab75751

Mouse anti-Human Cytokeratin 20
[Clone Ks20.8] 1:500 Dako #M701929-2

Mouse anti-Chr-A [C-12] 1:50 Santa Cruz Biotechnology #sc-
393941

Rat anti-E-cadherin [DECMA-1] 1:400 Santa Cruz Biotechnology #sc-
59778

Dyes Dilution Product information
WGA conjugated to CF©488A 5𝜇𝑔/𝑚𝑙 Biotium
𝑅𝑒𝑑𝐷𝑜𝑡𝑇𝑀1 Far-Red Nuclear stain 1:200 Biotium
𝑆𝑌 𝑇𝑂𝑋 𝑇𝑀 Orange Nucleic Acid
Stain 1:5000 Thermo Fisher Scientific #S11368

Secondary antibodies Dilution Product information
Goat anti-rabbit IgG 𝐻&𝐿 (Alexa
Fluor©405) pre-adsorbed 1:1000 Abcam #ab175654

Goat anti-Rat IgG 𝐻&𝐿 (Alexa
Fluor©555) pre-adsorbed 1:1000 Abcam #ab150166

Donkey anti-Mouse IgG 𝐻&𝐿

(Alexa Fluor©647) 1:500 Thermo Fisher #A31571

Donkey anti-Rabbit IgG 𝐻&𝐿

(Alexa Fluor©405) 1:1000 Abcam #ab175649

The order of staining, optimized to ensure good staining quality for all cell types, was
based on the staining quality and stripping difficulty of each antibody (Fig. S3.1f).

3.4.10 Cell type identification

Olfactomedin 4 (Olfm4) and Chromogranin A (Cga) stained stem and enteroendocrine
cells (EECs) respectively[91, 165]. Paneth and goblet cells were both stained by Wheat
Germ Agglutinin (WGA), which stains mucus[13], and could be distinguished by affinity
for Lysozyme (Lyz) and Cytokeratin 20 (KRT20) respectively. We also found cells labelled
solely byWGA, which may be early Paneth or goblet cells, and were referred to as immature
mucus producing cells (IMPCs). Enterocytes were stained by Aldolase 𝛽 (Aldo𝛽) as well
as KRT20 [26, 139]. A number of cells were negative for all the used markers and were
referred as transit-amplifying (TA) cells.
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3.4.11 Mapping endpoint cell types to lineages
During time-lapse imaging, the Leica software allowed recording of the imaged locations,
which could thus be found back after imaging. To achieve this, the mounting stage of the
microscope and the orientation of the cover glass should be consistent with the settings
during time-lapse imaging. With our optimized protocols for sample preparation and
fixation (see Section Organoid fixation, permeabilization and staining), we could keep more
than 50 % of the imaged organoids with limited deformations in the plate after fixation.
After staining and relocating the organoids that were imaged in time during growth,
mapping all cells (including their type information) to the cells that were tracked could be
still challenging, due to the constant movement of cells during growth and global rotation
and deformation of organoids caused by the fixation and repeated staining and washing. To
mitigate these issues, we fixed the organoids within 5 minutes after the time-lapse imaging
and performed every washing step gently, in order to preserve the spatial context of single
cells. The linking of cells before and after fixation could be achieved mostly based on the
spatial context of each cell. Linking was done in two steps. In a first automated step, we
used a min-cost flow solver algorithm, which integrally optimizes the linking for all the
tracked cells, and was also employed for the similar task of tracking cells between frames
during organoid growth. In a second step, we manually corrected the automated linking
results by visual inspection of the movie and staining images. The fluorescence intensity
of H2B-mCherry showed heterogeneity between cells during time-lapse imaging, which
could be preserved during fixation. Therefore, the brightness of the nuclear marker could
also assist cell linking before and after fixation.

3.4.12 Endpoint sister type analysis
We studied the correlation of endpoint cell fates between sisters. For cells present at the
endpoint, identified as specific type and with a sister, we checked the possible cell types of
the sister pairs and counted the occurrence of each combination. For each cell type, we
counted the number of sister pairs where at least one of them was of that type. If both
sisters were of that type, the pair would be counted twice. Cells of different types had
different abundance and majority of the sister pairs contained stem cells and/or TA cells.
We then normalized the 2D histogram, via dividing the occurrence of each combination
by the sum of each column, as shown in the bar plot in Fig. 2a. Therefore, the frequency
within each column in Fig. 3.2a would sum up to be 1. The analysis was based on nine
different organoids.

3.4.13 Cell age distribution analysis
For cells present at the endpoint, we could check the history of them and find the time
when they were born. The duration between the birth time and the endpoint of imaging
was measured as the cell age. Some cells were present from the beginning till the end.
Their ages were then measured by the total length of the imaging experiment duration (∼
60 hours). The age distribution of each cell type was studied and plotted as a box plot in Fig.
3.2b, followed by statistical significance tests. Box plot elements represent the following:
center line: median; box, quartiles; whiskers, range; fliers, outliers. The analysis was based
on seven different organoids from experiments lasting ∼ 60 hours.
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3.4.14 Analysis within (sub-)trees containing two cell types

All of the (sub-) lineage trees with two different cell types were taken into account, unless
more than 50 % of the cells within the lineage could not be tracked or died. The absolute
count of each possible combination of the two cell types was shown in the 2D histogram
(Fig. S3.6).

3.4.15 Cell type backpropagation

The assumption underlying the backpropagation of cell types is that changes in cell types
are rare. This assumption could be supported by the found type symmetry between sisters
since frequent type changes likely lead to different types in sisters. Starting at the lineage
endpoints, we propagate the measured endpoint types back in time following this process:

Backpropagation along consecutive timepoints. From one timepoint to a previous
timepoint, the type is initially assigned as unchanged if no tree branch points (divisions) is
traversed (marked ‘1’ in Fig. 3.2c).

Backpropagation of symmetric fate. For cell types identified by endpoint staining,
we observed that sisters almost always assumed the same fate (Fig. 3.2a), suggesting that
this fate was already set in the mother cell. Generalizing this observation, we assumed that
if both sisters have the same (inferred) cell type, the inferred cell type of the mother cell is
the same (marked ‘2’ in Fig. 3.2c). Regarding cells with a dead sister, the mother is inferred
the same type as the living daughter.

Backpropagation of asymmetric fate. The above backpropagation rule does not apply
if two daughters have different (inferred) cell types. Therefore, we introduced two addition
backpropagation rules. First, if at least one daughter’s (inferred) cell type was stem cell,
then the inferred cell type of the mother was also stem cell (marked ‘3’ in Fig. 3.2c). Second,
if the (inferred) cell type of one daughter was TA and the other daughter was not stem
cell, then the inferred cell type of the mother was TA (not shown in Fig. 3.2c). These two
rules were based on the capability of stem cells to generate all cell types and the transient
property of TA cells between stem cells and differentiated cells.

Forward propagation of cell type changes. If a mother and a daughter cell had
different (inferred) cell types, we interpreted this as a change in cell type that occurred
during the lifetime of the daughter cell (marked with triangle in Fig. 3.2c,d).

These simple rules were sufficient to propagate backwards the lineage trees that we
have encountered, unless the tree appeared very ‘broken’ where majority of the cells could
not be tracked or died. All the lineage trees after backpropagation were shown in Fig. S3.4.

3.4.16 Imaging andqantification of a Lgr5 reporter

To test our backpropagation method, we performed time-lapse imaging, endpoint staining
and live-cell tracking in an organoid line with both Lgr5-GFP, a well-known stem cell
marker, and a H2B-mCherry reporter. To limit phototoxicity caused by GFP imaging, we
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sampled the GFP channel about every 8 hours. The time-lapse imaging lasted for more
than 24 hours, followed by endpoint staining.

Quantification of the membrane bound Lgr5-GFP fluorescence signals was conducted
by determining the average fluorescence intensity within a 2D sphere with a diameter of
12 𝜇𝑚, which was sufficiently large to include one cell (Fig. S3.5a). The Olfm4 staining
was on the membrane as well and measured with the same method. The Lgr5 signal at the
endpoint was plotted against the measured Olfm4 intensity (Fig. S3.5b).

We quantified the fluorescence intensity of Lgr5-GFP in time. There were only few
frames where Lgr5-GFP was imaged, therefore, most cells were only present in one or two
of such frames. For cells only present in one frame, the measured GFP fluorescence within
that frame would represent their Lgr5 signals. For cells present in multiple frames, their
Lgr5 signals were obtained by averaging the GFP fluorescence between different frames.
Quantification of Lgr5-GFP signals was performed for different (inferred) cell types (Fig.
S3.5c). For lineages inferred to lose stemness and transition to the TA type, we plotted the
Lgr5 signals in time during the lineage progression (Fig. S3.5d).

3.4.17 Measuring locations of cells along the crypt-villus
axis

At each timepoint, the crypt-villus axis was manually annotated in the 𝑥𝑦 plane at the 𝑧
position corresponding to the center of the crypt, since tracked crypts grew perpendicularly
to the objective. Three to six points were marked along the axis, through which a spline
curve was interpolated as the axis. For each tracked cell 𝑖 we determined its position
along the spline by finding the value of 𝑟𝑖 that minimized the distance 𝑑 between the cell
position and the axis (Fig. S3.7a). The bottom-most cell of the crypt, i.e. that with the
lowest value of 𝑟𝑖, was defined as position zero. Based on the shape and curvature of the
epithelium, the location of crypt neck (where there was a sharp transition from crypt to
villus) was estimated and annotated manually, as an indication of the length of the crypt.
Since different crypts were of various length, we did a normalization of the locations based
on the crypt neck location. For each cell’s measured distance in 𝜇𝑚 within a certain frame,
we divided it by the distance from the crypt neck within the same frame to the crypt bottom.
Therefore, the length from crypt neck to bottom would remain one for each timepoint and
each crypt. With this measurement, both the locations of different (inferred) cell types and
the type transitions were mapped along the crypt-villus axis (Fig. 3.3a-e).

3.4.18 Measurement of migration speed along the axis

To estimate how fast a cell migrated along the axis, we searched for the locations of cells
along the crypt-villus axis when they firstly showed up during tracking and the locations
of cells when they were last present. The migration speed could be estimated by dividing
the distance that the cell had migrated by the duration during which the cell was present
(Fig. 3.3f).
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3.4.19 Search for neighbors for each cell
Defining neighboring cells in organoids based on nuclear signal is non-trivial. Cells could
have varying numbers of neighbors because of the disorder in the epithelium. Distances
between nuclei could vary between cell types and location (spread apart in the villus-like
region and closely packed in the crypts). To obtain robust neighbor pairs, we functionally
defined neighbors as pairs of nuclei without another nucleus in between (Fig. 3.7d). This
condition was tested by a ‘neighbor score’, the ratio of the sum of the distances of the
two cells of interest (𝐴&𝐵) to a third cell (𝑆) and the distance between the two cells (𝐴&𝐵),
namely 𝑑𝐴𝑆+𝑑𝐵𝑆

𝑑𝐴𝐵
. If the third cell 𝑆 positioned perfectly in between the pair of interest 𝐴&𝐵,

the neighbor score would appear as the minimal value of 1 and 𝐴 and 𝐵 would not be
identified as neighbors. If 𝐴 and 𝐵 were not separated by 𝑆, the three nuclei would form
a triangle with high neighbor score between 𝐴 and 𝐵. For each cell, we calculated the
neighbor score for the twenty closest neighbors (in Euclidean distance) at every timepoint.
If the neighbor score were higher than

√
2, we would consider them neighbors. This cut-off

corresponded to diagonal neighbors in the case of a perfect square lattice. Using this cut-off,
we found most cells with five or six neighbors, exactly as expected for the basal side of a
curved epithelium8.

3.4.20 Measurement of separation rate
Separation rates were determined by following pairs of neighbors over time. For a new
born cell, its neighbors were searched and selected with the method introduced above. The
selection was conducted one hour after division, so that the nuclei would have returned
to the basal side of the epithelium. If the selected neighbors divided, we would continue
tracking one of the daughters (selected randomly) so that the following of the neighbor pairs
would not be cut short by division. The separation rates were measured after following the
neighbor pairs for 2 hours and 10 hours, by calculating the fraction the pairs staying as direct
neighbors within the total of pairs that were followed. Regarding the rearrangement rates
of sisters, we followed the sister pairs that shared the same (inferred) cell type. Separation
rates of sister pairs were also measured after 2 hours and 10 hours, by calculating the
fraction of sisters staying as direct neighbors within the total number of sister pairs being
followed (Fig. 3.3h,i).
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3.5 Supplementary figures

Fig S3.1: TypeTracker applied tomouse intestinal organoids. a, For conventional organoid culture, organoids
were scattered in ‘domes’ of BME gel and located at various heights. b, For time-lapse imaging, organoids were
seeded in a thin layer of BME gel in chambered cover glass slides. Immediate after seeding, samples were put in
fridges for 10 minutes so that organoids all sank towards the cover glass. c, With our optimized protocol, more
than 50 % of the imaged organoids would remain at their imaged locations after fixation. d, Time-lapse imaging of
an organoid carrying the H2B-mCherry reporter with 3D confocal for 60 hours. Scale bar, 20 𝜇𝑚. Color encodes
different z planes. e, Live-cell tracking of the organoid. In these 3D reconstructions, each cell was represented
by a sphere centered at the estimated nuclear center. Cells were not tracked if they were located far away from
the objective and would move away from the region of interest. e, The order of antibodies and dyes to use in
different rounds was optimized based on the staining quality and stripping difficulty of each antibody.
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Fig S3.2: Gallery of lineage trees, generated from live-cell tracking, with cell types mapped at the
endpoint. These trees are from nine different organoids.



3.5 Supplementary figures

3

61

Fig S3.3: The identification of mature Paneth cells and goblet cells. Paneth cells (indicated with * in
row 1) often showed extremely bright H2B-mCherry fluorescence signals compared with the neighbor cells,
bright Lysozyme (Lyz) fluorescence signals at the basal side of the cell, bright Wheat Germ Agglutinin (WGA)
staining and granules in the transmission channel. Goblet cells (indicated with * in row 2) often stained positive
of Cytokeratin 20 (KRT20) and WGA, with a cup like shape. A group of cells that stained positive of WGA but
negative of KRT20 or Lyz were called Immature Mucus producing cells (IMPCs, indicated with * in row 3). These
cells could be early Paneth cells or goblet cells considering the mucus secretion functions that they had.
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Fig S3.4: Gallery of lineage trees after backpropagation with inferred cell type transitions. Inferred cell
types are shown with different colors. Type transitions are indicated by triangles, colored based on which type
the cell was inferred to transition towards. These trees are from nine different organoids.
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Fig S3.5: Imaging and tracking with a Lgr5 reporter confirmed the backpropagation method. a, Images
of the nuclei (H2B-mCherry), Lgr5-GFP (fluorescent reporter of stem cells) and Olfm4 (antibody used to identify
stem cells). A 2D circle (d = 12 𝜇𝑚) was used to measure the fluorescence concentration of each cell. b, The Lgr5
and Olfm4 fluorescence concentration, measured by averaging the fluorescence intensity within 2D circles as
shown in a, were proportional in single cells. c, The Lgr5 fluorescence concentration plotted against different
(inferred) cell types, with stem cells showing high Lgr5 concentration, TA cells showing lower concentration
and enterocytes and goblet cells having almost no Lgr5 fluorescence signals. d, Lgr5 fluorescence concentration
measured in lineages going through transitions from stem cells to TA cells. The concentration measured 4 hours
after the inferred transition was much lower than the concentration measured 8 hours before the transition.

Fig S3.6: (Sub-) lineage trees containing two cell types often had at least one of the types as either stem
cells or TA cells. All of the (sub-) lineage trees with two different cell types were taken into account, unless
more than 50 % of the cells within the lineage could not be tracked or died. The occurrence of each possible
combination of the two cell types was counted and shown in the 2D histogram. Combination of two different
differentiated cell types, such as enterocytes and goblet cells, was never found. Differentiated cells were often
found together with either stem cells or TA cells in the same lineage.
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Fig S3.7: Following the spatial organization of cells during differentiation. a, The crypt-villus axis could
be generated by interpolating through the manually annotated points. For each tracked cell 𝑖, we determined
its position along the axis by finding the value of 𝑟𝑖 that minimized the distance d(𝑟𝑖) between the cell position
and the axis. b and c, The moving trajectories of cells within different lineages were colored by inferred cell
types. Transitions to EECs and Paneth cells took place deep in the crypt, around 0.4, surrounded by stem cells
which were often found from 0 to 0.6 along the axis. d, Neighbors were defined as pairs of nuclei without another
nucleus in between. For each cell, the neighbor score for the twenty closest cells (in Euclidean distance) was
calculated at every timepoint. If the neighbor score were higher than

√
2, cells would be identified as neighbors.
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4
Loss of Paneth cell contact

starts a differentiation
timer

R.N.U. Kok∗, X. Zheng∗, T. Clement, K. Spoelstra, J.S. van Zon#, S.J. Tans#

Wnt signaling is essential for development and tissue maintenance. In the small intestine,
Paneth cells at the crypt bottom secrete Wnt, which maintains the proliferation and stemness
of the neighboring stem cells. There are two competing models for Wnt signaling regulation
after stem cells lose contact with Paneth cells. 1. Cells experience a decreasing Wnt gradient as
their distances to Paneth cells increase. 2. Wnt signaling levels are only altered with each cell
division by dilution of the amount of Wnt bound per cell. Here, we show that cells rapidly
reduce their Wnt signaling levels once their contact with Paneth cells is lost, even in the absence
of cell growth and division. If Paneth cell contact is not regained in time, cells differentiate
even if the distance towards the nearest Paneth cell is short. These findings contradict the
current models and suggest a new model of Wnt signaling dynamics: a timer model. In this
model, the loss of contact with a Paneth cell triggers a timer for stem cell differentiation. Such
a timer starts much earlier than the occurrence of cell divisions or cell migration further away
from the crypt bottom.

* denotes co-first authors, # denotes co-corresponding authors.
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4.1 Introduction

Wnt signaling plays an essential role in embryonic development, adult tissue maintenance
and cancer [11, 118, 176]. In the adult small intestine, canonical Wnt signaling is required
for stem cell maintenance, and overstimulating Wnt causes hyperproliferation of the
epithelium [15, 46, 56, 139]. The size of the stem cell zone in the intestine is known to be
regulated by the Wnt gradient along the crypt-villus axis, with maximum expression in
the stem cell region at the crypt base and gradually decreasing along the crypt domain
[45, 56, 150]. Therefore, a spatial model has often assumed that once a stem cell has moved
a particular distance away from the source of Wnt ligands, it will start to differentiate. Such
a model is appealing, as it provides an intuitive explanation for cellular differentiation.
However, the time dynamics of the maintenance of the Wnt gradient and the regulation of
cell differentiation have not been tested.

There are several indications of the insufficiency of such a simple spatial model. First,
Farin et al. [45] showed that Wnt signaling only affects direct neighbor cells, thereby pre-
venting any long-range signaling. The authors looked at mouse small intestinal organoids,
where Paneth cells are the only source of Wnt [40, 74, 129, 168]. After the loss of contact
with Paneth cells, Wnt dilutes after every cell division [45]. However, the authors did not
trackWnt signaling over time and left open the question of how differentiation is controlled
in time. Second, the spatial gradient of Wnt does not explain the origins of Paneth cells.
Paneth cells are the only differentiated cell type commonly found next to stem cells at the
bottom of the crypt. As a spatial model requires cell differentiation to take place outside
the stem cell region, it was assumed that all Paneth cells were born higher in the crypt
and then moved back into the stem cell region [52]. However, it has been reported that
such a detour is not required for differentiation by Böttcher et al. [20]. In their work, the
authors have shown that Paneth cells and enteroendocrine cells originate directly from
stem cells low in the crypt. It is unclear how this observation fits into the spatial model of
differentiation.

Here, we directly look at Wnt dynamics over time. We used intestinal organoids
generated from a recently developed mouse model with an Axin2 reporter [164], which is
an important and widely expressed Wnt target gene [93]. We combined live cell tracking of
these organoids with endpoint antibody staining for the most common intestinal cell types.
We used the resulting time-lapse movies to observe when cells lose and gain contact with
other cells, when the Axin2 expression of the cells is changed, and which cell type the cells
assume. In addition, we tested for causality by laser ablating individual Paneth cells and
showed that once contact with Paneth cells is lost, cells rapidly decrease their Wnt target
gene production, even before a division occurs. Our findings indicate that Wnt signaling
is more likely to follow a timer model, where the amount of Wnt on the cell surface
decreases rapidly after contact with Paneth cells is lost. Once the Wnt signaling level
becomes low enough, cells would differentiate. This model provides a robust mechanism
for differentiation: small lapses in Paneth contact will not cause accidental differentiation,
but longer losses of contact will make stem cells differentiate, even if they do not move
any further away from the Paneth cells.
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4.2 Results

4.2.1 Characterizing Wnt signaling in time and space

We imaged Wnt dynamics using overnight time-lapse movies of mouse small intestinal
organoids with confocal microscopy. The organoids were obtained from the intestine of an
𝐴𝑥𝑖𝑛2𝑃2𝐴−𝑟𝑡𝑇𝐴3−𝑇 2𝐴−3𝑥𝑁𝐿𝑆−𝑆𝐺𝐹𝑃2; 𝑡𝑒𝑡𝑂−𝐶𝑟𝑒; 𝑅𝑜𝑠𝑎26𝑚𝑇𝑚𝐺 triple-heterozygous mouse [164].
Axin2 functions as an accurate reporter for cells that receive a Wnt signal, as it is one of
the most widely expressed target genes of the canonical Wnt pathway. The Axin2 reporter,
which shows nucleus-localized fluorescent signals (Fig. 4.1a), has been demonstrated to
accurately respond to both Wnt inhibition and hyperactivation [164].

Fig 4.1: The relation between a cell’s Axin2 signal and its distance to Paneth cells. a. A crypt of a mouse
small intestinal organoid, showing Axin2-GFP signal and membrane-targeted tdTomato. b. Axin2-GFP signal as a
function of the distance to the nearest Paneth cell.

We followed the Axin2-GFP expression of over 140 cells among three organoids. We
tracked all cells manually by annotating the nucleus center of each cell. We then measured
the total amount of GFP signal in each cell (Materials and Methods). Since Paneth cells are
the only source of Wnt in these organoids, the Wnt signaling levels and Wnt target gene
expressions should decrease as the distance to Paneth cells increases [45]. As expected, we
found cells further away from Paneth cells showing lower Axin2-GFP signals (Fig. 4.1b).
This spatial gradient can be explained using multiple models of Wnt signaling with different
time dynamics. One model that can establish the spatial gradient is a spatial Wnt diffusion
model, where the concentration of Wnt proteins decreases gradually as the distance to the
nearest Paneth cell increases. Another model is the model of Farin et al. [45], which we
refer to as the division dilution model. In this model, Wnt signaling levels are only altered
with each cell division by dilution of the amount of Wnt bound per cell. The observed
spatial gradient is therefore a result of a correlation: cells further away from Paneth cells
would have divided more times and have fewer Wnt proteins on their surface.
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4.2.2 The Axin2-gfp signals decrease when a cell loses con-
tact with Paneth cells

We tracked Axin2-GFP levels in cells that were first in sustained (> 1 hour) contact with
Paneth cells, but later remained out of contact for a prolonged amount of time (> 2 hours)
(Fig. 4.2a). While the cells were still in contact with Paneth cells, their Axin2-GFP level was
increasing. After losing contact with Paneth cells, the Axin2-GFP level in the vast majority
of cells began to decline (Fig. 4.2b, Fig. S4.1).

Fig 4.2: Axin2-GFP level decreases significantly after losing contact with Paneth cells. a. A cell (marked
in red) that lost contact with a Paneth cell (marked in orange) during the time-lapse imaging. b. Axin2-GFP levels
of cells, similar to the example in a, that was initially in contact with Paneth cells, but later on, lost contact for at
least two hours. Crosses mean cell divisions. c. The slope of Axin2-GFP dynamics, showing how Axin2-GFP
changed over time, plotted against the Axin2-GFP levels. d. The slope of Axin2-GFP dynamics plotted against the
distance to the closest Paneth cell.

To check whether these increases and decreases of Axin2-GFP (Fig. 4.2b) are common
features in our dataset, we looked at shorter cell tracks, where cells did not divide or change
their contact with Paneth cells during the imaging and tracking. Cells in contact with a
Paneth cell (red dots) often had higher Axin2-GFP levels than cells not in contact (blue
dots), and their Axin2-GFP levels tended to increase over time (Fig. 4.2c, Fig. 4.2d). In
addition, the cells that were with high (>1.5) Axin2-GFP levels, but not in contact with
Paneth cells demonstrated a significant decrease in Axin2-GFP signals (Fig. 4.2c), while
cells in direct contact with Paneth cells showed the most increase of Axin2-GFP levels (Fig.
4.2d). The slopes of Axin2-GFP signals of the rest cells were close to or below zero (Fig.
4.2d). These results, especially the rapid decline of the Axin2-GFP signal for cells not in
contact with Paneth cells, are not compatible with the division dilution model where the
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level of Axin2-GFP should stay constant until the next cell division. Such a decline instead
points towards a model where degradation of Wnt ligands plays a dominant role.

4.2.3 Ablating a Paneth cell causes a decline of Axin2-gfp in
the neighbor cells

To further test whether loss of Paneth cell contact indeed causes the decline of cells’ Axin2-
GFP signals, we ablated single Paneth cells using an 800 nm laser in three different organoids
[173]. We selected organoids with small crypts where most of the Paneth neighbors are not
in contact with another Paneth cell. The ablation immediately destroyed the targeted cell
and left a clear wound in the epithelium which healed within half an hour (Fig. 4.3a). We
tracked Axin2-GFP levels of the original neighbors of the ablated Paneth cell for 10 hours.
During this time, we saw a ∼50% decline of the Axin2-GFP signal in the neighboring cells
(Fig. 4.3b). No decline was observed in the two control organoids where Paneth cells were
maintained (Fig. 4.3b).

The observed decrease in Axin2-GFP could be the result of passive dilution by cell
growth or division. To test if this is true, we added palbociclib to the medium to prevent
cell divisions and cell growth in the organoid (Fig. S4.2a, b). Ablation of Paneth cell led to a
decrease in Axin2-GFP of about 33% (Fig. 4.3c) when divisions and growth were inhibited.
Therefore, we conclude that the decrease in Axin2-GFP is not due to cell growth or division.

Notably, the ablation did not affect the second-degree neighbors of the Paneth cells.
The Axin2-GFP signals in the second-degree neighbors showed a rapid decline, regardless
of whether the Paneth cell was removed or not (Fig. S4.2c). This indicates that Paneth cells
are indeed not able to sustain Wnt pathway activity in their second-degree neighbors [45],
which makes our data incompatible with the spatial Wnt diffusion model. Instead, our
results point towards a timer model. In this model, the Wnt proteins have high turnover
rates. A continuous supply of Wnt proteins from Paneth cells is required to keep activating
the signaling pathway. After the loss of contact with Paneth cells, a cell will not receive
new Wnt proteins. Meanwhile, a timer to decrease Wnt signaling levels will be triggered.

To test whether such a timer model is plausible, both the GFP production and
degradation rates need to be measured. The Axin2 production rate is equal to the GFP
production rate, as the gene for the SGFP2-protein has been fused to the 3’ end of the
Axin2 gene [164]. In the Fluorescence Recovery After Photobleaching (FRAP) experiment,
bleached cells showed a fluorescence recovery after approximately 8 hours (Fig. 4.3d, e). By
fitting an exponential curve to the GFP recovery dynamics, we obtained the degradation
rates of GFP: 16% per hour (Materials and Methods). Furthermore, the Axin2 and GFP
production rates can be obtained based on the slope of the Axin2-GFP curves and the
GFP degradation rates (Materials and Methods). The neighbors of Paneth cells had the
highest Axin2-GFP production rates (Fig. 4.3f). And the second-degree neighbors showed
significantly lower productions (Fig. 4.3f). Other cells, including Paneth cells and cells
distant from Paneth cells, had very limited Axin2 production.
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Fig 4.3: Ablating a Paneth cell caused decline of Axin2-GFP levels among the Paneth neighbors. a.
Ablation of a single cell with a near-infrared laser. The tissue healed within 30 minutes. b. Influence of the
ablation of Paneth cells on the Axin2-GFP signals of direct Paneth neighbors. Three Paneth cells were ablated
in three different organoids. c. The influence of the ablation of Paneth cells on the Axin2-GFP signals of direct
Paneth neighbors in organoids where cell divisions were inhibited. d. Example of fluorescence recovery in a crypt
with three bleached cells. e. Fluorescence recovery curve of Axin2-GFP over time (n=6). f. Axin2 production rate
plotted against distance to the nearest Paneth cell.
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4.2.4 A timer model ensures robust differentiation

Inactivation of Wnt signaling can make a cell differentiate, as the Wnt target gene Ascl2
acts as a switch for stemness [136]. However, how this process is regulated in time remains
unknown. What is the mechanism that prevents differentiation from happening too early
or too late? We used antibody staining to identify the cell types, such as stem cells, Paneth
cells, enteroendocrine cells, enterocytes, and goblet cells (Materials and Methods). In
addition, a group of cells stained negative for both the stem cell marker and the markers
of the differentiated cell types. They resemble the transit amplifying cells and are thus
referred to as TA-like cells. We quantified the Axin2-GFP levels of different cell types
(Fig. 4.4a). The measured Axin2-GFP levels of all cell types correlate with the single-cell
RNA sequencing expression levels (dataset from Haber et al. [58], Fig. S4.3, sequencing
data acquired at NCBI GEO database [9], accession GSE92332), and also correlate with the
expression of other intestinal Wnt target genes that are important for cell fates, such Lgr5,
Sox9, Myc, and Ascl2 [136]. Cell types with lower Axin2-GFP levels are also located further
away from Paneth cells (Fig. 4.4b).

Next, we linked the Axin2-GFP dynamics to the cell types. We focus on cells identified
as stem cells and TA-like cells at the endpoint. And only cells that were initially in contact
with Paneth cells were selected. All of the selected cells had similar Axin2-GFP levels at
the beginning. However, during the imaging, TA-like cells had less contact with Paneth
cells and lower Axin2-GFP levels compared with stem cells (Fig. 4.4c). In addition, the
Axin2-GFP levels of TA-like cells staying out of contact with Paneth cells during imaging
gradually approached the Axin2-GFP levels of fully differentiated cells (Fig. 4.4d). These
observations suggest that differentiation also starts after losing contact with Paneth cells.

Does being in contact with one Paneth cell guarantee stemness? In Fig. 4.4c, we
noticed that only about half of Paneth cells’ neighbors are stem cells. The rest are TA-like
cells. They have lower Axin2 production rates compared to stem cells (Fig. 4.4e). One
could assume that a single Paneth cell does not provide sufficient Wnt proteins to reliably
sustain the stemness of its neighbor. In that case, multiple Paneth cells would be required
to maintain a stem cell. However, we found that cells next to only one Paneth cell and cells
next to two Paneth cells have the same Axin2-GFP levels and Axin2 production rates (Fig.
4.4f). Therefore, one single Paneth cell supplies sufficient Wnt proteins for maintaining
stemness.

The occurrence of TA-like cells next to Paneth cells could result from some Paneth
cells only secreting low amounts of Wnt proteins. However, even if all Paneth cells secreted
ample amounts of Wnt proteins, the timer model would still predict that some cells next
to a Paneth cell are TA-like cells. Epithelia are complex environments where cells can
frequently lose and regain contact with other cells [5, 55]. Thus, we expect some TA-like
cells to regain contact with Paneth cells. Once it occurs, TA-like cells will accumulate Wnt
proteins. It takes time to accumulate sufficient Wnt proteins to activate the Wnt pathway
and regain stemness. During the accumulation, these cells would still be identified as
TA-like cells. Indeed, we observed some cells gaining contact with Paneth cells during
imaging. And their Axin2 production rates increased after gaining contact with Paneth
cells (Fig. S4.4).
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If the crypt follows the timer model for differentiation, the duration of a cell being in
contact with Paneth cells should be a better predictor of differentiation than the distance to
the nearest Paneth cell. Indeed, Fig. 4.4g is consistent with this hypothesis. As illustrated
in Fig. 4.4h, in the timer model any cell that is not in contact with Paneth cells for long
enough would differentiate, irrespective of the distance to the Paneth cell.

In a way, a passive division dilution model is also a timer model, with the cell division
functioning as the time step. However, in the division dilution model, the decrease in Wnt
signaling is restricted to only 50% per cell cycle, while the timer model can achieve faster
decreases. In addition, the division dilution model would lead to more variation in the
timing of differentiation, since slowly dividing cells would differentiate much later than
the fast-dividing cells. Furthermore, a simple computational model (Fig. S4.5) showed that
the transition zone of stem-to-TA would be twice as broad in a division dilution model,
compared to a timer model.
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Fig 4.4: A timer model ensures robust differentiation. a. Axin2-GFP levels of various cell types, measured
from the last division until the end of the time lapse. b. Distance to the nearest Paneth cell for various cell types
at the end of the time lapse. c. Axin2-GFP levels of stem cells and TA-like cells that were initially in contact with
Paneth cell. The color encodes the fraction of cells in direct contact with Paneth cells at different time points. d.
Axin2-GFP levels of differentiated cells (goblet cells and enterocytes) that were out of contact of Paneth cells. e.
Axin2 production rate measured for neighbor cells of Paneth cells, which are either stem cells or TA-like cells.
The rate was averaged over the last four hours when the cell was present. In case a cell was less than four hours
old at the end of the time lapse, we used the last four hours of the mother cell instead (p= 0.027; two-sided t-test
assuming equal variance). f. Axin2-GFP levels and the production rates plotted against the number of Paneth
cells that they are in contact with. g. Dot plot of distances to Paneth cells and the fraction of time that a cell has
been in contact with a Paneth cell within 15 hours. h. Illustration of the main differences in the spatial and timer
models.
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4.3 Discussion
In this chapter, we imaged and tracked cells in intestinal organoids carrying an Axin2
reporter to follow the spatio-temporal dynamics of Wnt signaling. We used laser ablation to
remove single Paneth cells. And endpoint antibody staining was performed to identify cell
types. We showed quantitatively that cells rapidly reduce their Wnt signaling levels once
their contact with Paneth cells is lost. This reduction was observed both in cells moving
away from the Paneth cells and in cells whose neighbor Paneth cells are ablated. Such
reduction is not due to dilution caused by cell growth or division, as we also observed the
rapidly reducing Wnt signaling in conditions where growth and proliferation are inhibited.
If Paneth cell contact is not regained in time, cells differentiate even if they remain close to
Paneth cells. These findings contract the two current models for Wnt signaling pathways:
the spatial diffusion model and the division dilution model. As a result, we proposed a timer
model for Wnt signaling in the intestinal crypt. Once a cell loses contact with Paneth cells,
the source of Wnt, its Wnt signaling levels will start decreasing. Stem cells will differentiate
if their Wnt signaling levels become too low [136]. They will not differentiate if Paneth
cell contact is only lost briefly. While we have shown that Axin2 expression decreases
upon loss of contact with Paneth cells, we have not investigated the underlying molecular
mechanism to achieve such responses. Wnt signaling is known to be controlled by both
antagonists and potentiators. Both positive and negative feedback loops are involved in
the regulation [106]. The rapid decrease of Wnt signaling levels observed in this chapter
might be regulated via a negative feedback loop since Axin2 is also known to be part of
the 𝛽-catenin destruction complex [72]. Such questions will require follow-up studies to
address completely.

We thank Rutger Kok for performing the research and writing this chapter together.
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4.4 Materials and methods

4.4.1 Organoid culture

𝐴𝑥𝑖𝑛2𝑃2𝐴−𝑟𝑡𝑇𝐴3−𝑇 2𝐴−3𝑥𝑁𝐿𝑆−𝑆𝐺𝐹𝑃2𝐻𝑂𝑀 ;𝑅𝑜𝑠𝑎26𝑚𝑇𝑚𝐺 murine intestinal organoids were gifts
from the Van Amerongen lab (Universiteit van Amsterdam, The Netherlands) and are
described in [164]. Organoids were cultured in 24-well cell culturing plates, at 37◦𝐶 and 5%
𝐶𝑂2. Within each well, the organoids were embedded in 40 𝜇𝐿 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 the following added ingredients: murine
recombinant epidermal growth factor (EGF 50 𝑛𝑔/𝑚𝐿, Life Technologies), murine recom-
binant Noggin (100 𝑛𝑔/𝑚𝐿, Peprotech), human recombinant, R-spondin 1 (500 𝑛𝑔/𝑚𝐿,
Peprotech), n-Acetylcystein (1 mM, Sigma-Aldrich), N2 supplement (1x, Life Technolo-
gies), B27 supplement (1x, Life Technologies), Glutamax (2 𝑚𝑀 , Life Technologies), HEPES
(10mM, Life Technologies), Penicillin/Streptomycin (100 𝑈/𝑚𝐿 100 𝜇𝑔/𝑚𝐿, Life Technolo-
gies). The organoids were passaged every week. The medium was refreshed every two to
three days.

4.4.2 Time-lapse imaging

Wefirst seededmechanically dissociated organoids in 40 𝜇𝐿 BME 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 then put in a fridge until the organoids sank down to the
bottom of the wells. Typically, this sedimentation process took about five to ten minutes.
Afterwards, the chambered cover glass was put in the incubator for 20 to 30 minutes before
the growth medium was added. ∼ 3 hours before starting imaging, the growth medium
was replaced by new growth medium supplemented with 1 𝜇𝑀 SirDNA (Spirochrome) and
10 𝜇𝑀 Verapamil (Spirochrome). SirDNA was used to mark the nuclei, allowing us to track
Axin2-negative cells more easily.

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 𝜇𝑚

intervals, with a field of view of 233 by 233 𝜇𝑚. Z-ranges were specified for each organoid,
with a maximum range of 70 𝜇𝑚. The following excitation wavelengths and laser intensities
were used: 488 nm (3% or 1% intensity), 552 nm (1% intensity), 638 nm (1% intensity). An
imaging well typically contained over 50 organoids, of which we only imaged a small
number that were with only one to three crypts and close to the image plate bottom.

4.4.3 Antibody staining and cell type identification

After time-lapse imaging, organoids were immediately fixed using 4% formaldehyde in
PBS. After fixation, the organoids were permeabilized using 0.2% Triton-X. The organoids
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were then sequentially stained with several rounds of primary and secondary antibodies
and dyes, as shown below.

Primary antibodies Dilution Product information
Rabbit anti-lysozyme [EC 3.2.1.17] 1:800 Dako #A0099
Rabbit anti-Olfm4 [D6Y5A] XP 1:500 Cell signaling technology #39141
Mouse anti-Human Cytokeratin 20
[Clone Ks20.8] 1:500 Dako #M701929-2

Mouse anti-Chr-A [C-12] 1:50 Santa Cruz Biotechnology #sc-
393941

Dyes Dilution Product information
WGA conjugated to CF©488A 5𝜇𝑔/𝑚𝑙 Biotium

Secondary antibodies Dilution Product information
Goat anti-rabbit IgG 𝐻&𝐿 (Alexa
Fluor©405) pre-adsorbed 1:1000 Abcam #ab175654

Donkey anti-Mouse IgG 𝐻&𝐿

(Alexa Fluor©647) 1:500 Thermo Fisher #A31571

Donkey anti-Rabbit IgG 𝐻&𝐿

(Alexa Fluor©405) 1:1000 Abcam #ab175649

Organoids were blocked in 5% skim milk for 1 h. Primary antibodies were diluted
in the blocking solution and added to the blocked organoids. Organoids were incubated
with the primary antibodies for two days and then washed with PBS. Following that,
organoids were incubated with secondary antibodies diluted in TBS, for 1 h. If applicable,
the organoids were also incubated with Wheat Germ Agglutamin (WGA) in PBS for 2 h.
Imaging of stained organoids 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.

Marker Stem
cell

Paneth
cell Goblet cell Enterocyte Enteroendocrine

cell
Olfm4 + - - - -
Lysozyme - + - - -
WGA - + + - -
Cytokeratin
20 - - + + -

Chra - - - - +

4.4.4 Ablation of Paneth cells
Imaging was performed on a confocal microscope (Nikon A1RMP) with a 40x oil immersion
objective (NA = 1.30). 30 z-slices with 2 𝜇𝑚 step size were taken per organoid every 12
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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-GFP signal amidst neighbor cells
with high Axin2-GFP signals (Fig. 4.1a).

4.4.5 Fluorescence recovery after photobleaching

The experiment was performed on the same microscope as the ablation experiments.
GFP in three cells per crypt 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 10 hours and fluorescence intensity
levels of GFP signal were measured until cell division, death or moving out of frame.
Fluorescence intensities were measured using a manually drawn 2D ellipse inside the
nucleus [126, 133, 134]. 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 𝑓 (𝑡) = 1−𝐵𝑒−𝑏𝑡 to the individual recovery curves in Python with the fraction
of bleached molecules 𝐵 and the degradation rate of GFP 𝑏 as free fitting parameters. Cells
that showed less than 5% recovery in the first 100 minutes were excluded from analysis.

4.4.6 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
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 end of
the time-lapse imaging in OrganoidTracker [79]. The automated tracking module of
OrganoidTracker could not be used, as the cells do not contain a nuclear reporter. Every
pixel in the 3D images was then assigned to the nearest nuclear center position, with a
maximum distance of 7 𝜇𝑚 (Fig. S4.6). The sum of 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 chapter, the measured values are averaged over the two hours before and the two
hours after. When multiple cells are shown together, the Axin2-GFP values of the cells are
averaged, but no time averaging is performed.

4.4.7 Measuring GFP production and degradation

We set up a simple production-degradation model to describe how the GFP signal evolves
over time:

Φ⇋
𝑏
𝑓 𝐺

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

𝑑𝐺

𝑑𝑡
= 𝑓 − 𝑏 ∗ 𝐺(𝑡)
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We assume that the GFP degradation rate b is equal in all cases, but we allow the production
rate f to vary over time for each cell. This setup allows us to measure b from a Fluorescence
Recovery After Photobleaching (FRAP) experiment, which then enables measuring f for all
other cells. Because GFP and Axin2 are produced together, we can measure the production
rate of Axin2 for all cells with this model.

For the FRAP experiment, we bleached several cells in the bottom of the crypt (Fig.
4.3d). Cells here show a constant amount of GFP, as verified by the gray line in Fig. 4.3e.
Therefore, for these cells 𝑑𝐺/𝑑𝑡 = 0, and the recovery of the bleached cells can be fit to
𝐺(𝑡)

𝐺0
= 1−𝐵𝑒(−𝑏𝑡) to obtain the degradation rate b. Here, 𝐺0 is the measured concentration

of GFP before bleaching and B the fraction of bleached GFP.

4.4.8 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.

4.4.9 Computational model

A one-dimensional array of cells was set up. This array represents a column of cells, with
the crypt at the bottom and the villus region at the top. The length of the column was set
to 14. All cells in the simulation are proliferating. For each position in the column, the
program stores whether a cell that occupies that position is currently in contact with a
Paneth cell. The Paneth cells themselves are not modelled explicitly. In addition, for each
cell the program stores its Wnt and Axin2 level. The entire situation is sketched in Fig.
S4.5a.

Note that whenever a cell moves, it takes its Wnt and Axin2 levels with it to the new
position. However, the state of whether the cell is currently in contact with a Paneth cell is
not moved along with the cell. The reasoning here is that bound Wnt proteins and Axin2
proteins move together with a cell, but the Paneth cells stay at their original position.

The simulation proceeds in time steps of 5 minutes. In every time step, the following
actions are performed for each cell, proceeding from the bottommost cell to the topmost
cell:

Simulating divisions. The time until the next division is decreased by 5 minutes. If the
timer reaches zero or becomes negative, the cell divides. Division proceeds as follows: The
cell is replaced by two daughter cells, which pushes all cells above one position upwards.
This causes the topmost cell in the column to be removed from the simulation. TheWnt and
Axin2 levels of the mother cell are divided equally over the two daughter cells. Therefore,
for each daughter cell the Wnt and Axin2 level is half of that of the mother cell. Both
daughter cells have their division timer reset to a value drawn from a Gaussian distribution
with a mean of 16.2 hours and a standard deviation of 3.2 hours.

Simulating rearrangements. With a chance of 1 in 16 per hour (or equivalently 1 in
192 per time step of 5 minutes), the cell swaps with the cell above. As an exception, the
topmost cell in the column cannot swap. This rearrangement rate corresponds to about
one rearrangement for every division, which follows our experimental observation.
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Updating Paneth contact. If the cell is in contact with a Paneth cell, it has a chance
of 1/32 per hour to disconnect, which approximates the experimentally observed rate.
Else, if the cell is not in contact with a Paneth cell, it has a defined chance to connect to
a Paneth cell. This chance depends on the position in the column and has been defined
such that cells at that position will be in contact for a certain fraction of their time. These
fractions are, from bottom to top, 0.75, 0.65, 0.55, 0.45, 0.35, 0.25, 0.15, 0.05, 0, 0, 0, 0, 0 and
0, and approximate the experimental data. The chance of gaining Paneth contact is then
calculated for each position as 𝑃𝑎𝑛𝑒𝑡ℎ𝑐𝑜𝑛𝑡𝑎𝑐𝑡𝑡𝑖𝑚𝑒𝑓 𝑟𝑎𝑐𝑡𝑖𝑜𝑛

1−𝑃𝑎𝑛𝑒𝑡ℎ𝑐𝑜𝑛𝑡𝑎𝑐𝑡𝑡𝑖𝑚𝑒𝑓 𝑟𝑎𝑐𝑡𝑖𝑜𝑛
⋅𝑃𝑎𝑛𝑒𝑡ℎ𝑑𝑖𝑠𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑐ℎ𝑎𝑛𝑐𝑒.

Updating Wnt. The Wnt level of the cell is updated as follows:

𝑊𝑛𝑡𝑛𝑒𝑤 =𝑊𝑛𝑡𝑜𝑙𝑑 +(𝑓𝑊𝑛𝑡 − 𝑏𝑊𝑛𝑡 ⋅𝑊𝑛𝑡𝑜𝑙𝑑) ⋅Δ𝑡

The production rate per hour 𝑓𝑊𝑛𝑡 was set to 1/6 if the cell was in contact with a Paneth
cell, otherwise it was set to 0. The degradation rate per hour 𝑏𝑊𝑛𝑡 was set to 1/6 for the
timer model and 0 for the division dilution model. Δ𝑡 is the duration of a time step in hours,
which for a time step of 5 minutes is equal to 5/60.

Updating Axin2. The Axin2 level of the cell was updated as follows:

𝐴𝑥𝑖𝑛2𝑛𝑒𝑤 = 𝐴𝑥𝑖𝑛2𝑜𝑙𝑑 +(𝑓𝐴𝑥𝑖𝑛2− 𝑏𝐴𝑥𝑖𝑛2 ⋅𝐴𝑥𝑖𝑛2𝑜𝑙𝑑) ⋅Δ𝑡

The production rate per hour was set to scale with the Wnt level: 𝑓𝐴𝑥𝑖𝑛2 = 𝑊𝑛𝑡𝑛𝑒𝑤 , the
degradation rate per hour 𝑏𝐴𝑥𝑖𝑛2 was set to 1/6.2. Δ𝑡 is still the duration of a time step in
hours.

A crypt is simulated by first running the simulation for one thousand hours, and then
recording the crypt for 17 hours. The output of the recording of 20 crypts is then analyzed
using the same scripts as that were used for experimental data.

4.4.10 RNA seqencing data analysis
Single-cell RNA sequencing data of organoids cultured in control conditions [58] were
obtained from the GEO database [9, 41] using accession number GSE92332. Normalization,
feature selection and scaling of the UMI count table was done using the R package Seurat
v4 [59].
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4.5 Supplementary figures

Fig S4.1: Axin2-GFP level decreased after losing contact with Paneth cells. The Axin2-GFP concentration
over time was manually measured (hand-drawn eclipses within the nucleus). Once the cell lost contact with the
Paneth cell, the Axin2-GFP concentration first stopped increasing, and then started to decrease after a few hours.
The cell remained at the same height from the objective and did not divide. Therefore, the decrease in GFP signal
must be due to degradation. The cell shown here is the same cell in Fig. 4.2a.

Fig S4.2: Ablating a Paneth cell caused decline of Axin2-GFP levels among the Paneth neighbors. a.
Cumulative number of cell divisions for organoids in normal medium and for organoids where Palbociclib was
added to the medium several hours before imaging. b. Effect of Palbociclib on cell volume growth. If a cell divides
(in the normal medium condition only), the volume was summed by adding the volumes of the two daughter
cells. c. Decrease of Axin2-GFP signal in the next neighbors of a Paneth cell in three organoids (in the normal
medium condition, without Palbociclib). The next neighbors of Paneth cells (not direct neighbor but two cells
away) showed the same decrease in Axin2-GFP both near the ablation regions and far from the ablation regions.
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Fig S4.3: The expression of a set of genes in various cell types in intestine. All the genes are Wnt target
genes, except for AXIN1 which is part of the Beta-catenin destruction complex and used as a baseline for gene
expression. Data from the mouse intestinal organoid dataset of Haber et al. [58] (data accessible at NCBI GEO
database [9], accession GSE92332).

Fig S4.4: Axin2-GFP levels of individual cells that were initially out of contact with Paneth cells for at
least two hours, and then regained contact for at least three hours. The time axis was defined such that
time point zero corresponds to the approximate moment in which Paneth cell contact was gained. Axin2-GFP
levels were normalized such that they are set to 1 at time point zero. Axin2-GFP levels are displayed until a cell
loses Paneth contact again, or until the cell divides.
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Fig S4.5: Comparisons of the computational models with experimental data. a. Illustration of the
computational model. Cells are placed in a 1d-column and can rearrange and divide. Each cell can associate and
dissociate from a Paneth cell, at rates that depend on the position. Cells that are in contact with Paneth cells
activate their Wnt signaling, and Axin2 production is linear with the Wnt level. b. Axin2-GFP signal as a function
of the distance to the nearest Paneth cell. Left panel is a copy of Fig. 4.1c, other panels are a result of performing
the same analysis on simulation data. c. Change of Axin2-GFP signal over time as a function of the distance to
the nearest Paneth cell. Left panel is a copy of Fig. 4.2d, other panels are a result of performing the same analysis
on simulation data. d. Cell type frequencies as a function of distance to the closest Paneth cells. Left panel is a
copy of Fig. 4.4b, other panels are a result of performing the same analysis on simulation data. e. Wnt levels as a
function of the position in the crypt. Position 0 the bottom of the crypt, position 13 would be in the villus.



4.5 Supplementary figures

4

83

Fig S4.6: Measurement of Axin2-GFP signal. Every pixel is assigned to the closest nucleus center, with a
maximum distance of 7 𝜇𝑚.
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5
Conclusion and Outlook

This final chapter briefly summarises the main findings of this thesis. We also propose
promising future routes to apply live cell tracking methods in organoids to obtain more
insights into organ development and disease mechanisms. This includes tracking in platforms
such as healthy human intestinal organoids, organoids recapitulating Inflammatory Bowel
Disease, cancer organoids, and organoids co-cultured with bacteria and immune cells. These
applications will advance our knowledge of the differentiation trajectories in the human
intestine, the influence of signaling pathways on the differentiation dynamics, the microbes-
epithelium interactions, the Inflammatory Bowel Disease development, and cancer development
and treatment.
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In this thesis, we presented several key discoveries regarding the regulation of prolif-
eration and differentiation in mouse small intestinal organoids, which model intestinal
tissue homeostasis. These studies were all driven by live-cell tracking methods (Chapter
1) with adaptations tailored to specific research questions. We first performed time-lapse
microscopy to track cells in growing crypts for many generations to reconstruct the lineage
dynamics. Surprisingly, we found highly symmetric proliferative behaviors between sister
cells, suggesting that the daughter cell proliferation is controlled by the mother cells. Our
simulation revealed that this proliferative symmetry in sisters can be a good strategy to
minimize cell number fluctuations and ensure homeostasis (Chapter 2). Next, we investi-
gated the cell type transitions during differentiation with our TypeTracker method, which is
an integrated approach combining live-cell tracking, multiplexed endpoint antibody stain-
ing, and a backpropagation algorithm to infer differentiation trajectories. It has brought
several novel insights regarding cell fate commitment that challenged the conventional
knowledge, such as the early commitment of secretory cells before terminal division, the
cell type abundance regulated by proliferation, and a potential ’commit-then-sort’ model
where spatial patterning is achieved after commitment. The results also questioned the
existence of an omnipotent secretory progenitor (Chapter 3). The Wnt signaling pathway
is known to play a significant role in intestinal homeostasis and differentiation. However,
the spatiotemporal dynamics of Wnt signaling remain unknown. We, therefore, utilized
mouse intestinal organoids carrying an Axin2 reporter (a Wnt target gene). We interro-
gated the organoids by imaging and tracking Axin2 dynamics, monitoring the contact
between cells, and perturbing the system via ablating single cells. We learned that the loss
of contact with a Paneth cell leads to a fast decline in Axin2 levels, even when divisions
and growth are inhibited. This finding suggests a timer model where Wnt degrades rapidly
after losing contact with Paneth cells, contradicting two important proposed models: the
spatial gradient model and the division dilution model (Chapter 4).

These findings help advance our knowledge of the intestinal organization. Here, we
also propose some potential future projects based on our methods to further strengthen
the understanding of tissue homeostasis and disease development.

Follow differentiation dynamics in human organoids. Mice and mouse intestinal
organoids have been used frequently tomodel human intestinal organization. The intestines
in both species are anatomically similar. However, due to diverging diets, feeding patterns,
body sizes, and metabolic requirements, differences in intestinal development between
humans and mice should be considered when translating results from mouse models to
humans [104]. Consequently, human intestinal organoids are better model systems to
monitor the development of human tissues and diseases. Nonetheless, most of the current
human intestinal organoids [51, 71, 113] could not fully recapitulate the cell type diversity
and 3D structure of the intestinal tissues yet, such as the generation of Paneth cells or
budding. Recently, an optimized culture protocol, with Interleukin 22 (IL-22) supplemented
in the medium, has been reported, enabling the human organoids to generate extensive
budding and harbor all cell types including Paneth cells [62] (Fig. 5.1a). In this study, the
organoids carried fluorescent reporters tagging key genes to characterize different secretory
cell types, including Mucin2 (MUC2) for goblet cells, Defensin Alpha 5 (DEFA5) for Paneth
cells, and Chromogranin A (CHGA) for Enteroendocrine cells (Fig. 5.1a). We participated
in this study with our live cell tracking approach to investigate the origin of Paneth
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cells. We performed time-lapse imaging in all three fluorescent channels simultaneously,
manually tracked single cells, such as Paneth cells and goblet cells, and then quantified the
fluorescence signals of each tracked cell [62]. MUC2 is a protein that forms a mucus layer
within the intestine and characterizes goblet cells. Most of the MUC2+ cells were goblet
cells and they showed high MUC2 expression throughout the imaging, but no fluorescence
of other markers (Fig. 5.1c). We also observed a decrease in MUC2 expression in some cells,
accompanied by an increase in the expression of DEFA5, an antimicrobial peptide (Fig.
5.1b). These cells were Paneth cells and we directly observed them being generated from
MUC2+ cells, which might be the secretory progenitor cells [62]. Furthermore, introducing
a nuclear reporter to the organoids and applying TypeTracker will reveal the differentiation
dynamics of all other cell types. In addition, quantitation of marker gene expression levels
will generate gene expression dynamics during inferred type transitions.

Fig 5.1: IL-22 was used to increase the number of active Paneth cells (DEFA5+) in human small intestinal
organoids [62]. a, Fluorescence images of human intestinal organoids with goblet cells (MUC2+), Paneth cells
(DEFA5+), and Enteroendocrine cells (CHGA+). b, Temporal dynamics of normalized fluorescence signals in
single Paneth cells, averaged from 3 organoids, 8 Paneth cells with standard error (shadow area). c, Temporal
dynamics of normalized fluorescence signals in single goblet cells, averaged from 3 organoids, 7 goblet cells with
standard error (shadow area).

Follow the influence of signaling pathways on the differentiation trajectories.
In the intestinal epithelium, the balance between stem cell self-renewal and differentiation
is coordinated by several signaling pathways, such as the Wnt/𝛽-catenin, Notch, BMP, and
EGF signaling pathways [15, 150]. The effect of these signals on cell fate specification has
been studied extensively. In these studies, the cell type composition of the intestine was
investigated after blocking or enhancing certain signaling. For instance, blocking Notch
signaling via gamma-secretase inhibitor led to a massive conversion of proliferative cells
into secretory cells [167]. However, the dynamic processes of such conversions have never
been addressed. Applying the TypeTracker method to intestinal organoids before and after
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the signaling perturbations, such as adding DAPT to the medium to block Notch signaling,
can resolve the type transition dynamics caused by the perturbations. It can further
indicate where the conversions occur, right above the stem cell compartment or throughout
the crypt. Our tracking method is also compatible with other advanced manipulation
techniques, such as optogenetics [60] and microfluidics [149]. These techniques modify
signal levels in pulses or within individual cells, and will facilitate understanding of signal
dynamics to an unprecedented degree. Interestingly, perturbing signaling pathways, by
adding or withdrawing certain components in the growth medium, can also enrich specific
cell types [19]. Therefore, tracking organoids in such medium conditions further enables
following the differentiation dynamics of rare cell types, such as Tuft cells.

Follow the microbes-epithelium interactions. Microbial communities play an im-
portant role in mediating human health and disease. The majority of these microorganisms
reside within the intestines [43]. The gut microbiota increases nutrient uptake, protects the
host against foreign pathogens, and contributes to the development of intestinal mucosa
and the immune system [172]. It is also involved in the development of human diseases
such as infectious diseases, liver diseases, gastrointestinal cancers, and metabolic diseases
[43, 172]. Therefore, understanding the interactions between the microbiota and the ep-
ithelium is of significant importance. Intestinal organoids are useful tools to follow the
microbes-epithelium interactions in vitro. Several approaches have been used so far for
introducing microorganisms into organoids: disrupted organoids, 2D organoid culture, and
microinjections [124]. For instance, human intestinal organoids were exposed to genotoxic
𝑝𝑘𝑠+ E.coli that was injected into the lumen. Sequencing the organoids before and after
the exposure revealed a distinct mutational signature. This signature was also detected
in a subset of human colorectal cancer genomes. This study implied that the specific
mutational process is caused by past exposure to the genotoxic bacteria [112, 114]. Within
such co-culture platforms, the detailed interaction processes are yet to be resolved, such as
do bacteria prefer infecting certain cell types or are some cell types more prone to die after
infection. Answering these questions is critical in understanding the development of the
disease and generating effective treatment. Live cell imaging and tracking will be excellent
tools for such research.

Investigate Inflammatory Bowel Disease development. Inflammatory Bowel
Disease (IBD) is a prevalent disease around the world. Due to a lack of knowledge of disease
mechanisms, it remains difficult to have efficient treatment [3]. Identified mechanisms
causing IBD include: loss of immune tolerance to commensal bacteria, inflammatory
immune cell defects, defects in autophagy, and tight junction dysregulation [3, 32, 146].
Therefore, IBD is the result of a complex interplay between the intestinal epithelium,
the immune system, and the microbiota [128]. These interactions are challenging to
understand in vivo. Therefore, an in vitro co-culture system, including intestinal organoids,
the immune system, and the microbiota holds great promise. A previous co-culture model
of macrophages and intestinal enteroid monolayers has been developed [105]. Enteroid
monolayers are mechanically disrupted 3D organoids seeded on Transwell [3]. This system
enables imaging and observation of communication between epithelium and macrophages,
such as intraepithelial macrophage projections. In addition, it is compatible with bacterial
infections. This co-culture system is an excellent tool for studying the mechanism of IBD.
For instance, polymorphisms in Nucleotide-binding oligomerization domain-containing
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protein 2 (NOD2) are highly associated with IBD [3]. NOD2 is a pattern recognition
receptor expressed by a range of cells, including monocytes, dendritic cells, macrophages,
and enterocytes [3]. Recognition of cell wall proteins from bacteria by NOD2 induces a
signaling cascade that leads to inducing inflammatory cytokine responses and bacterial
clearance [3, 69, 107]. Mutations in NOD2 may reduce the protective mucins and bacterial
clearance [116]. The introduction of NOD2 mutations to intestinal organoids and/or
immune cells can provide direct observations of the effects of mutations. Issues such
as whether NOD2 mutations inhibit the generation of goblet cells or alter the function
of goblet cells can be addressed with the live-cell tracking. In addition, different NOD2
mutations can be introduced to understand if some mutations have more significant roles
in changing organoid homeostasis and immune responses.

Research the development and treatment of cancer. Cancer organoids are minia-
ture, three-dimensional models made from patient tumors and studied in the laboratory
[86, 170]. Performing live-cell tracking in cancer organoids can characterize features
important to understand cancer progression, such as the proliferation properties, differen-
tiation dynamics, and division event errors [17]. However, patient organoids often contain
multiple mutations. It remains challenging to understand which effects are caused by
which mutations. Therefore, introducing each mutation separately to healthy organoids via
CRISPR/Cas9 technology offers a better platform for such questions [39]. Spatiotemporal
dynamics of organoids carrying a single mutation will bring detailed insights into how
each mutation changes the differentiation and divisions. For example, if a mutation can
change the cell cycle length or if a mutation enriches certain cell types. Furthermore,
a recent study shows that live-cell imaging could also be applied to study the dynamic
interactions between engineered immune cells and patient breast cancer organoids [35]. In
this study, they recorded the process of the engineered T cells killing cancer organoids and
found high heterogeneity in T cells’ abilities to kill. They also revealed a specific cluster
of engineered T cells with the highest efficiency in killing cancer organoids [35]. These
investigations should be expanded to other organoid platforms and immune cells. They
have great potential to contribute to the optimization of cellular immunotherapies targeted
on solid tumors.
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