
Yorick Post

MODELING VERTEBRATE 
ADULT STEM CELLS AND 

THEIR PROGENY





MODELING VERTEBRATE ADULT STEM CELLS AND  
THEIR PROGENY

Yorick Post



ISBN: 978-94-93197-01-5
Author: Yorick Post
Cover illustration: Off Page, Amsterdam and Yorick Post
Layout and printing: Off Page, Amsterdam

Copyright © Yorick Post, All rights reserved
No part of this thesis may be reproduced, stored or transmitted in any form by any means without prior 
permission of the author

Research described in this thesis was performed at the group of Prof. Dr. Hans Clevers at the Hubrecht 
Institute, Utrecht, The Netherlands



MODELING VERTEBRATE ADULT STEM CELLS AND 
THEIR PROGENY

MODELLEREN VAN GEWERVELDEN VOLWASSEN STAMCELLEN EN 
HUN NAKOMELINGEN  

(met een samenvatting in het Nederlands)

Proefschrift

ter verkrijging van de graad van doctor aan de 
Universiteit Utrecht

op gezag van de
rector magnificus, prof.dr. H.R.B.M. Kummeling,

 ingevolge het besluit van het college voor promoties 
in het openbaar te verdedigen op

maandag 21 september 2020 des ochtends te 9.15 uur

door

Yorick Post
geboren op 17 september 1992

te Den Haag



PROMOTOR
Prof. dr. J.C. Clevers



TABLE OF CONTENTS
General introduction and outline of the thesis 7

Chapter 1 Defining adult stem cell function at its simplest:  13 
The ability to replace lost cells through mitosis

Chapter 2 Profiling proliferative cells and their progeny in  35 
damaged murine hearts

Chapter 3 A human tear gland atlas and organoids that can cry 73

Chapter 4 Snake Venom Gland Organoids 99

Chapter 5 Summarizing Discussion 145

Addendum     Nederlandse samenvatting 157
  Curriculum vitae and list of publications 162
  Dankwoord / acknowledgements 163

CONTENTS  
 
General introduction           x  
 
-  Chapter 1)  Defining adult stem cell function at its simplest:    x 

the ability to replace lost cells through mitosis  
 

 
-  Chapter 2) Profiling proliferative cells and their progeny in    x 

damaged murine hearts  
 
 
-  Chapter 3)  A human tear gland atlas and organoids that can cry  x 
 
 
-  Chapter 4)  Snake Venom Gland Organoids     x 
 
 
-  Chapter 5)  Summarizing Discussion      x  
 
 
 

CONTENTS  
 
General introduction           x  
 
-  Chapter 1)  Defining adult stem cell function at its simplest:    x 

the ability to replace lost cells through mitosis  
 

 
-  Chapter 2) Profiling proliferative cells and their progeny in    x 

damaged murine hearts  
 
 
-  Chapter 3)  A human tear gland atlas and organoids that can cry  x 
 
 
-  Chapter 4)  Snake Venom Gland Organoids     x 
 
 
-  Chapter 5)  Summarizing Discussion      x  
 
 
 

CONTENTS  
 
General introduction           x  
 
-  Chapter 1)  Defining adult stem cell function at its simplest:    x 

the ability to replace lost cells through mitosis  
 

 
-  Chapter 2) Profiling proliferative cells and their progeny in    x 

damaged murine hearts  
 
 
-  Chapter 3)  A human tear gland atlas and organoids that can cry  x 
 
 
-  Chapter 4)  Snake Venom Gland Organoids     x 
 
 
-  Chapter 5)  Summarizing Discussion      x  
 
 
 





GENERAL INTRODUCTION AND 
OUTLINE OF THE THESIS





9

The research presented in this thesis is focused on the development and utilization of model 
systems for adult stem cell research. Adult stem cells are cells that have the capacity to replace 
lost cells through cell division. The loss of cells by natural organ turnover or damage is observed 
in every organ, albeit at different rates. Extreme examples include the intestinal epithelium 
and the cardiomyocytes of the heart, with respective cellular turnover times of several days 
to nearly a lifetime. While the turnover rates and regenerative capacity of a given organ can 
differ between animals, the loss and replacement of cells is a phenomenon shared throughout 
the animal kingdom. In the last decades, several experimental model systems have been 
developed to investigate the function of adult stem cells. Such experimental models can be used 
for the identification of cells that carry adult stem cell properties within an organ, and to trace 
and characterize their progeny. For the research presented in this thesis, we apply in vivo lineage 
tracing and in vitro organoid cultures to different organs and organisms.

Lineage tracing allows for the identification of all progeny coming from a single cell. With 
this technique a single cell is permanently marked in a way that it will transmit the same 
mark to its progeny. Following this marker, often a fluorescent protein, it is possible to trace 
the lineage of this cell and reveal the cell types, the cell numbers and the spatial location of 
the progeny. The earliest lineage tracing experiments were performed using different dyes 
to mark a cell with a color or substance. A membrane, histone or DNA dye can be used to 
mark a cell population and trace its progeny upon cell division. The development of genetic 
lineage tracing increased the specificity and stability to mark individual cells of interest. In 
this approach, a recombinase enzyme (Cre) is expressed from a tissue-, cell- or gene-specific 
promoter. The Cre recombinase recombines two target sequences, two Lox sides (LoxP). 
When a stop codon is flanked by two Lox sides (LoxP-STOP-LoxP) and followed by the coding 
sequence of a fluorescent protein, expression of the marker-Cre gene will result in the stable 
and permanent expression of the fluorescent protein. Cre-mediated recombination can be made 
inducible by fusing it to the human estrogen receptor (CreER). Recombination will only take 
place upon the administration of ligands of the estrogen receptor (tamoxifen), enabling specific 
timing of the start of lineage tracing. Genomic location of the Cre or CreER incorporation will 
determine the founder cell of the lineage tracing, given that gene is expressed. For adult stem cell 
lineage tracing studies, marker genes have been chosen that specifically mark an adult stem cell 
population. More recently, the use of heritable DNA barcodes and naturally occurring somatic 
mutations have been used to reconstruct a cellular lineage using next generation-sequencing. 
The lineage tracing experiments in this thesis are performed using the fluorescent protein-based 
genetic lineage tracing system.

Organoid technology is a three-dimensional culture method that enables the expansion 
of stem cells. Adult stem cell-derived organoid cultures have self-organizing properties 
and recapitulate the functional and structural properties of the organ of origin. Supplying 
a growth factor medium containing all cues a (stem) cell receives in vivo by mimicking 
the niche enables in vitro expansion. Organoids can be pushed into a proliferative adult stem 
cell state or by withdrawing or adding certain factors into a differentiated fate. Adult stem 
cells were long believed to be incapable of proliferation outside the body. An exception was 
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the long-term expansion of human epidermal cells on feeder fibroblast layers by Howard Green 
and colleagues. As of now, organoids have been established from various epithelial organs and 
can be expanded from both healthy and diseased tissue. Patient-derived organoids open up 
new avenues in personalized medicine to predict drug response or developing regenerative 
strategies. However, organoid technology is not limited to mouse and human organs but can 
be applied to other model organisms exploiting the same cellular and molecular mechanisms. 
Examples already exist for canine, feline, equine and bovine derived tissues. Organoids can also 
be established from pluripotent embryonic stem cells (ES) and induced pluripotent stem cells 
(iPS) as a model to understand the developmental biology processes of an organ. Adult stem 
cell-based organoids provide a genetically tractable model to understand how established tissues 
maintain and repair itself. Organoid technology is complementary to in vivo studies in the field 
of adult stem cell research. The organoid research described in this thesis is based on adult stem  
cell-derived organoids. 

In the following chapters we explore adult stem cell identity, function and the role of their 
progeny in different tissues from the mouse, human and snake using both lineage tracing and 
organoid technology.

In Chapter 1, we first propose a generalizable definition of adult stem cell function: the ability 
to replace lost tissue through cell division. The first studies of adult stem cells in solid organs 
heavily relied on findings in the hematopoietic system containing a rare hard-wired stem cell. 
We describe a number of recently characterized solid tissue stem cell systems and compare it 
to the design of the hematopoietic system. We conclude that tissues exhibit widely divergent 
strategies for maintenance and repair. Adult stem cells occur as hard-wired stem cells, larger 
populations of undifferentiated cells competing for niche space and by committed differentiated 
cells that can enter the cell cycle directly given the right cues. Therefore, an adult stem cell is 
defined by its function to replace lost tissue.

In Chapter 2, we apply the most direct definition of adult stem cell function established in 
chapter 1 (the ability to replace lost tissue through cell division) to examine the existence of 
adult stem cells in the heart. The existence of stem cells in the heart has long been debated and 
heavily relied on the use of specific stem cell markers from other tissues. Here, we generate 
an unbiased map of proliferating cells and their progeny in neonatal, adult, and post damage 
murine hearts using marker of proliferation Ki67. While we found a robust fibroblast response 
in the adult heart following injury, there is no evidence for the existence of an adult stem cell 
population that generates de novo cardiomyocytes.

In Chapter 3, establishment of organoid cultures from the mouse and human lacrimal gland is 
described. Lacrimal gland organoids can be long-term expanded and recapitulate the primary 
tissue. The organoids contain both proliferative adult stem cells as well as differentiated cells 
producing antibacterial tear components. Using a functional swelling assay of human organoids, 
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we identify a number of compounds that phenocopy the process of tear secretion in vivo. In 
combination with a single cell atlas of the human lacrimal gland we present an experimental 
platform to study the (patho-)physiology of the tear gland.

In Chapter 4, we describe the expansion of organoid technology beyond mouse and human 
to reptilian tissue. Snake venom gland adult stem cells can be expanded as organoids using 
mammalian growth factors that mimic the in vivo stem cell niche. The organoids contain 
both proliferating progenitors and various venom-producing cells. A regional and cellular 
heterogeneity of venom components is maintained in culture over multiple passages. We describe 
a protocol for the extraction of functionally active toxins from the venom gland organoids.

Chapter 5, summarizes the findings of this thesis and explores the implications for future adult 
stem cell research.
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ABSTRACT
Classical studies on hematopoiesis indicate  that blood cell numbers  are maintained by 
a  rare, hard-wired,  transplantable  stem cell (SC).  Subsequent studies in other organs have 
implicitly assumed that all SC hierarchies follow the design of the hematopoietic system. Lineage 
tracing techniques have  revolutionized the study of solid tissue SCs.  It  thus appears that 
key characteristics of the hematopoietic SC hierarchy (rarity of the SC, expression of specific 
markers, quiescence, asymmetric division, unidirectional differentiation) are not generalizable 
to other tissues. It is concluded that the only generalizable definition of SC function is the ability 
to replace lost tissue through cell division.

Keywords
Adult stem cell, asymmetric cell division, quiescence, neutral competition, self-renewal, tissue 
maintenance, plasticity, cell states, potential stem cell
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INTRODUCTION
Sixty years of research on the blood-forming system have led to a broad consensus on the defining 
characteristics of hematopoietic stem cells (HSCs) and on the layout of the hematopoietic 
differentiation hierarchy that is maintained by these HSCs (Morrison, Uchida and Weissman, 
1995; Orkin and Zon, 2008; Laurenti and Göttgens, 2018). The HSC at the apex of the blood cell 
hierarchy has originally been defined by its ability to be transplantable. Successive refinements 
have been made through detailed surface marker-based phenotyping of HSC-enriched 
population, always followed by functional testing in transplant assays. These classical studies 
have revealed that HSCs are rare and divide infrequently. ‘Quiescent’ HSCs can be identified 
through their propensity to retain DNA labels (such as BrdU): Once incorporated during 
S-phase, DNA labels are not diluted when the HSC spends prolonged periods in the G0 state 
(Wilson et al., 2008). If HSCs do divide, the outcome is asymmetric, yielding one new stem cell 
and one daughter cell, typically an actively dividing progenitor (Suda, Suda and Ogawa, 1984). 
Thus, individual HSCs carry the unique capacity to ‘self-renew’ and are by definition long-lived. 
Migration of progenitors along the hematopoietic hierarchy is unidirectional: Daughter cells 
become progressively lineage-restricted through consecutive fate decisions, eventually yielding 
mature blood cells of the various types (red cells, white cells, platelets) that are ultimately 
destined to die. Taken together, the identity of the multipotent HSC is hard-wired: it is the sole 
cell type within the hematopoietic system that has the ability to replace lost blood cells over long 
periods of time. 

As said, these insights have emerged first and foremost from experiments that have involved 
advanced cell sorting combined with transplantation, approaches that have been technically 
challenging in other tissues. By the time researchers became interested in the study of stem cell-
driven homeostatic self-renewal or tissue repair in other tissues, insights into the hematopoietic 
system had become textbook knowledge. And while there may not have been a rationale to do 
so, the defining characteristics of HSCs have served as leitmotifs in the design and interpretation 
of experiments addressing the identity of stem cells in other mammalian organs.

Stem cells in solid organs can function in two complementary phenomena. Most organs 
(like prostate, liver or lung) consist of long-lived (> 6 months) cells with relatively little 
physiological tissue turn-over. Upon tissue damage however, proliferation in such organs is 
cranked up dramatically in order to rapidly replace the lost cells. Once normal cell numbers 
and cell type compositions are restored, the proliferative activity returns to its low, background 
level. Other organs (like the epidermis, the testis, or intestinal tract epithelia) consist of cells 
that physiologically show high replacement rates with cellular life times of days to months. 
Of note, the tissues with high physiological cell turn-over are not only exposed to external 
insults but can all shed their discarded cells directly to the outside world. For low-turnover 
organs, this direct disposal route is generally not available: cell debris will have to be removed 
through more complex routes involving -for instance - tissue macrophages. This may be one 
reason why organs with no direct outlet to the outside world invest in longer-term maintenance 
of their cells. Below, we aim to take the reader through a number of recently described solid 
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tissue stem cell systems and compare their individual characteristics to the classical example of 
the hematopoietic system. 

The risk of generalizing the use of ASC markers 
Initial attempts to identify stem cells in an unexplored tissue have historically relied heavily 
on the use of molecular markers taken from one of the well-studied stem cell systems. This 
has worked well for some markers (such as CD133, CD34 and Lgr5), but has resulted in rather 
disastrous situations in others. As a case in point, studies aimed to define adult myocardial stem 
cells have relied heavily on stem cell markers known from the HSC system, including c-KIT 
(Beltrami et al., 2003; Ellison et al., 2013), SCA-1 (Uchida et al., 2013), and ABCG2, a marker 
of so-called side population cells (Pfister et al., 2008; Yellamilli and van Berlo, 2016). This has 
led to a flurry of papers on this subject and even to a number of clinical studies involving 
transplantation of the presumed cardiac stem cells. The validity in the heart of each of these 
markers has more recently been disputed (Jesty et al., 2012; van Berlo et al., 2014, 2018; Cai 
and Molkentin, 2017; Vicinanza et al., 2018) and several retractions have resulted (Oransky and 
Marcus, 2018). It may be concluded that known stem cell markers may serve as starting points 
for stem cell research in unexplored tissues, but this should always be followed immediately by 
rigorous functional studies.

Replacement of lost tissue by a large population of cycling, neutrally 
competing “potential” stem cells
The first solid tissue for which definitive experimental evidence of stem cell function was 
presented is the epidermis. Over 4 decades ago, Howard Green and coworkers demonstrated 
that human epidermal cells could be expanded in culture for significant periods of time on 
mouse fibroblast feeder layers (Rheinwald and Green, 1975). This technology was rapidly 
converted into a treatment for patients with extended third-degree burns. Small biopsies were 
taken from unaffected skin areas and -over periods of weeks- expanded on mouse fibroblast 
feeders into large autologous keratinocyte sheets that were then applied to the affected skin 
surface (O’Connor et al., 1981). Green’s therapy has saved many lives since its introduction and 
remains one of the iconic demonstrations of the potential of stem cell therapy. De Luca and 
co-workers have built on this work to treat a large number of patients with burn lesions to their 
corneas with autologous, cultured cornea sheets (Rama et al., 2010). In a dramatic example, they 
also combined Green’s approach to epidermal repair with gene therapy to cure a seven-year-old 
child suffering from a lethal genetic blistering disease (Hirsch et al., 2017). 

Howard Green’s culture system was adapted in several ways to quantify stem cell numbers, 
defined as the ability of cells from human epidermis to grow out as clones on mouse fibroblast 
feeder layers (Barrandon and Green, 1987; Jones and Watt, 1993). We would argue that -like 
the HSC transplantation assays-, interpretations of these approaches are complicated by 
the experimental manipulations of the cells. Moreover, they only indirectly demonstrate stem 
cell potential as present in the tissue of origin.  Indeed, the identity of the human epidermal 
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stem cell has remained a matter of great debate. Based on the observation that HSCs are DNA 
label-retaining, the presence of similar quiescent, DNA-label retaining stem cells in mouse 
interfollicular epidermis has been interpreted as evidence of stemness (Braun et al., 2003). Yet 
beyond the observation that they can proliferate when placed in culture (Morris and Potten, 
1994) there is little evidence to suggest that they are the (sole) stem cells of the epidermis (see 
also below). Phil Jones and colleagues were the first to show that random genetic marking of 
the abundant proliferative cells of the basal epidermis yielded clones that change shape and 
size over time, but could persist for very long periods (Clayton et al., 2007). This was the first 
evidence to doubt that rarity, asymmetric cell division or quiescence represented generalizable 
characteristics of adult tissue stem cells.

Similar situations were subsequently reported using a variety of lineage tracing approaches 
in other tissues with actively dividing cellular compartments under physiological conditions. 
These include the esophagus (Doupe et al., 2012), intestinal crypts (Lopez-Garcia et al., 2010; 
Snippert et al., 2010), stomach glands (Leushacke et al., 2013) and the testis (Klein et al., 2010). 
All these tissues harbor large populations of frequently proliferating cells. As in the epidermis, 
proliferative cells in each of these tissues have the potential of generating a long-lived lineage 
of cellular offspring. Yet, these constantly proliferating stem cells compete ‘neutrally’ for niche 
space (Schofield, 1978), meaning that their long-term persistence within the niche is not 
guaranteed: the active division of one cell may lead to the displacement of its neighbor from 
the niche by a process that is strictly stochastic (Figure 1A). As a consequence, only some of 
these ‘potential’ stem cells will persist long-term in the niche and produce additional ‘potential’ 
stem cells amongst their offspring. All other ‘potential’ stem cells are pushed out of the niche 
by their proliferative neighbors, upon which they differentiate and are cleared from the system. 
Superficially, these latter cells resemble short-lived progenitors, as known from the hematopoietic 
system. Yet, the fact that they only enjoyed a short life-span is not an intrinsic characteristic of 
these cells: They were simply unlucky in being pushed out of their niche, before they could push 
out a neighbor. Over time, the neutral competition-phenomenon shapes a tissue that constantly 
loses stem cell clones, while the remaining clones grow ever larger. 

The actively dividing “potential” stem cells in these tissues do not fit the classic characteristics 
of the HSC. Thus, while epidermis, esophagus, intestinal crypt, stomach gland and testis 
are all endowed with a very active tissue renewal function, this function is distributed over 
a large population of uniformly fated cells. These cells are abundant, and constantly divide 
in a symmetric fashion: When a potential stem cell divides, two potential stem cells result. 
Whether each of these two cells remains as an actual stem cell depends on the availability of 
niche space. Their lifespan is not predetermined; it is subject to stochastic events.  Consequently, 
the classical stem cell characteristics of self-renewal and longevity can be attributed to a defined, 
large cell population in each of these tissues. Yet, one can not single out individual cells within 
such a population that carry hard-wired stem cell characteristics and are guaranteed to persist 
lifelong. And hard-wired asymmetric stem cell division does not appear to be the dominant 
mechanism by which stem cell numbers are kept constant. Rather, it appears that niche size 
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determines the number of stem cells that are retained in the niche of solid organs (Figure 1A 
and B).

Quiescence  
Pluripotent stem cells (embryonic stem (ES) cells as well as induced pluripotent stem (iPS) 
cells) can be cultured in a dish over prolonged periods of time, while being kept in a state of 
constant proliferation. This does not appear to hamper their ability to subsequently contribute 
to all tissues of a healthy mouse upon injection into a blastocyst (Evans, 2001). Adult stem 
cells (ASC) of model organisms, such as the stem cells of the Drosophila testis and ovary are 
similarly known to proliferate over the entire lifespan of the fly in vivo (Decotto and Spradling, 
2005). Along these lines, the experiments of Green and colleagues (discussed above) clearly 
established that mammalian epidermal stem cells can dramatically expand in culture, yet do 
not reach a state of ‘exhaustion’ or succumb to the accumulation of deleterious DNA mutations. 
Despite these examples, it has widely been believed in mammalian stem cell biology that it would 
be advantageous for ASCs to limit the numbers of consecutive cell divisions to the absolute 
minimum required to feed active progenitor cells into a transit-amplifying compartment. In this 

Figure 1. Niche size determines the number of stem cells. (A) Schematic depiction of Adult Stem Cells 
(ASCs) in blue that are restricted in cell numbers by neutral competition for niche space (indicated with 
dotted line). Cells that exit the stem cell niche and are beyond the reach of stem cell-promoting factors 
will differentiate (in green) and eventually be cleared from the organ. (B) Close-up of the niche boundary; 
only cells within reach of stem cell-promoting factors (in yellow) from the niche will remain as ASCs. (C) 
Detailed depiction of lineage plasticity. Some terminally differentiated cells have the capacity to return to 
a stem cell state, often induced as a response to damage.
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latter scheme, the differentiated cells of a given tissue are overwhelmingly generated by transit-
amplifying progenitors, rather than directly by the ASCs.

Bickenbach first reported in 1981 that 3H-thymidine, when repeatedly administered to young 
mice, labels DNA of slow-cycling cells in the squamous epithelia of oral mucosa and skin. These 
cells retained their labelled DNA into adulthood and were termed label-retaining cells (LRCs) 
(Bickenbach, 1981). Subsequent studies refined these methods to label epidermal LRCs, amongst 
others by introducing the DNA base analogue 5-bromo-2’deoxyuridine (BrdU). Although DNA 
label retention essentially records the proliferative history of a cell, Potten and colleagues argued 
on histological grounds that it specifically marks the stem cells of the epidermis. Quantification 
of labelled mitoses indicated the existence of two cell populations with different cell cycle times 
(Potten and Morris, 1988). The mouse epidermis had been noted to be 3D-organized into 
columns of cornified cells overlying basal cells from which they derive (Mackenzie, 1969). Slow-
cycling cells were not positioned randomly in the basal layer of the epidermis: Each of these 
columns contained a single slowly cycling cell (Potten, 1974). Together with studies of cell cycle 
kinetics following radiation-induced damage repair, this led Potten and Morris to propose that 
the cell cycle characteristics of basal layer keratinocytes indicate their identity: Slow cycling cells 
are stem cells and rapidly cycling cells represent the transit-amplifying cells, the latter leaving 
the basal layer after a few rounds of division to terminally differentiate (Potten and Morris, 1988; 
Braun and Watt, 2004).

We would argue that the evidence provided for Potten’s notion has been rather indirect. 
Moreover, the use of the LRC phenotype in a search for stem cells is complicated by another 
consideration. Most cells of the mammalian body do not divide, as they are terminally 
differentiated. Yet, they will retain DNA labels incorporated by their transit-amplifying 
precursors just prior to terminal differentiation. Differentiated cells will thus be scored as LRCs 
and may be confused for stem cells (Figure 2).  Nevertheless, label-retaining studies have led to 
significant contributions to the ASC field. Cotsarelis and colleagues followed up on Bickenbach’s 
findings and were the first to use LRC status in a hunt for new adult stem cell types. They thus 
identified the so called ‘bulge’ as the stem cell compartment of the hair follicle (Cotsarelis, Sun 
and Lavker, 1990). The hair follicle bulge is now one of the most studied and best-defined ASC 
niches, mostly through the work of Fuchs and colleagues (Hsu, Pasolli and Fuchs, 2011).  

It had been postulated for some time that most HSCs are quiescent and that a succession 
of active HSCs guarantee life-long hematopoiesis. Weissman and colleagues were the first 
to give a detailed description of the cell cycle kinetics of HSCs (Cheshier et al., 1999). Most 
murine HSCs rest in G0 at any given time, yet all HSC regularly enter cell cycle, such that 99% of 
long-term (LT)-HSCs divide on average every two months. Two later studies took the analysis 
of the cycling behavior of HSCs a step further by monitoring the proliferative behavior of stem 
cells over many months in vivo. This revealed the presence of deeply dormant HSCs carrying 
the highest self-renewal potential of all blood cells (Wilson et al., 2008; Foudi et al., 2009). 

Definitive examples of quiescent ASC types do exist in other organs also. The most iconic 
quiescent stem cell is probably the satellite cell of striated muscle. Healthy muscle consists of 
myofibers: large, contractile syncytia. After a period of postnatal proliferation of muscle tissue 
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(White et al., 2010), adult muscle stem cells are set aside to enter quiescence (Charge and 
Rudnicki, 2004). In response to muscle injury, these satellite cells are re-activated to proliferate 
and subsequently differentiate into muscle fibers to compensate for lost muscle. Some of 
the activated cells do not undergo myogenic differentiation, but they move back to the quiescent 
state in an act of self-renewal (Brack and Rando, 2012; Comai and Tajbakhsh, 2014). In one 
dramatic demonstration, a single satellite cell was transplanted into mouse muscle to give rise 
to tens of thousands of cells contributing to muscle fibers (Sacco et al., 2008).

In the intestinal crypt, the proposed presence of two different stem cell types has led to 
significant discussion. Cheng and Leblond were the first to investigate the identity of the crypt 
stem cell. They noted by electron microscopy that the crypt base is not exclusively populated 
by Paneth cells, but that small, continuously cycling cells are wedged between these large 
post-mitotic cells. They termed these cells crypt base columnar (CBC) cells and -based on 
microscopic anatomy- proposed these as crypt stem cells (Cheng and Leblond, 1974b). They 
noted that injection of 3H-thymidine killed some CBC cells, that were then phagocytosed by 
surviving CBC cells. “Hot” phagosomes were initially only observed within surviving CBC 
cells but at later time points also appeared within more differentiated cells of various kinds. 
This experiment is probably the first -if rudimentary- lineage-tracing experiment. It supported 
the notion that all four main differentiated lineages derive from CBC cells (Cheng and Leblond, 
1974a, 1974b)

In 1988, Winton and Ponder extended these observations by clonal labeling of crypt cells 
through chemical mutagenesis (Winton, Blount and Ponder, 1988). This visualized the flow of cells 
from crypt bottoms to villus tips as “ribbons”. Using a similar chemical mutagenesis approach, 
Bjerknes and Cheng then showed that randomly marked crypt cells yielded long-lived as 
well as short-lived clones, consistent with the existence of stem cells and transit-amplifying 

Figure 2. Interpretation of DNA label-retention. Schematic depiction of possible outcomes when using 
DNA labels to capture label-retaining cells (LRCs). (1) actively cycling stem cells lose their DNA label 
over time. (2) Quiescent stem cells retain a DNA label after its initial incorporation. (3) Immediate 
differentiation upon label incorporation results in label-retaining differentiated cells. (4) Multiple divisions 
before differentiation will dilute out a DNA label.
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cells (Bjerknes and Cheng, 1999). The long-lived clones comprised all major cell lineages and 
presented as ribbons, always including at least one marked CBC cell, lending further support 
to the latter being the crypt stem cell. In 2007, we reported Lgr5 as a marker for the CBC cells 
and essentially confirmed all of the original notions by Leblond, Cheng and Bjerknes. By genetic 
lineage tracing, we demonstrated that the constantly cycling Lgr5+ stem cells are multipotent 
and persist life-long (Barker et al., 2007). As the Lgr5+ CBC cells undergo up to 1000 consecutive 
cell divisions in the mouse, there appears not to exist an absolute obligation for stem cells to 
cycle rarely in order to preserve their proliferative potential and to minimize replicative DNA 
errors. In a later study, whole genome sequence was performed on clonally expanded cells from 
human liver, small and large intestine. The study documented that the rate of somatic mutation 
of single intestinal stem cells (~40 single base changes per year of life per cell) is the same as that 
of quiescent liver cells in man (Blokzijl et al., 2016). Of note, Campbell and colleagues recently 
subjected single human HSCs to a similar approach and revealed a mutation rate that was in 
the same range (~20 single base changes per year of life per cell) (Lee-Six et al., 2018). 

Independent of this chain of findings, Chris Potten and colleagues reported the existence 
of rare LRCs located directly above the Paneth cells, at “position 4” (Potten et al., 1978; Potten, 
Owen and Booth, 2002). These cells have since been termed “+4 cells”. In these original studies, 
the +4 LRCs are reported to cycle every day. Thus, Chris Potten did not interpret the LRC trait of 
position 4 cells to reflect cellular quiescence. Rather, he proposed that the observed DNA-label 
retention resulted from the asymmetric segregation of old (labeled) from new (unlabeled) 
chromatin into rapidly dividing stem cells and their transit-amplifying daughters respectively. 
The “immortal strand” hypothesis had been postulated several years earlier as a mechanism to 
protect the stem cell genome from mutation (Cairns, 1975). It should be noted that the ‘immortal 
strand’-mechanism has not been independently confirmed to occur in crypts since. Rather, 
cycling stem cells at the crypt base appear to segregate their chromosomes randomly (Escobar 
et al., 2011; Schepers et al., 2011; Steinhauser et al., 2012) .

From 2008 onwards, multiple markers were proposed for Potten’s +4 cells, including Bmi1 
(Sangiorgi and Capecchi, 2008), Lrig1 (Powell et al., 2012), Tert (Breault et al., 2008) and HopX 
(Takeda et al., 2011). All these studies erroneously cite Potten’s work as describing that +4 cells 
are quiescent. From these studies, it was proposed that quiescent +4 cells would occupy the apex 
of the crypt stem cell hierarchy to give rise to the proliferative Lgr5 cells. 

Winton and colleagues reassessed the nature of crypt LRCs by fluorescent marking of crypt 
LRCs in vivo. For this, they briefly expressed the stable fluorescent chromatin marker histone-2B 
(H2B-YFP) throughout the crypt (Buczacki et al., 2013). In addition to the expected chromatin 
label retention by the long-lived Paneth cells, some non-Paneth-cells also retained the label for 
2–3 weeks after the pulse. This second LRC type represents a nondividing Paneth/enteroendocrine 
precursor that apparently persists for some weeks before its terminal differentiation. To 
characterize these cells further, the authors devised an ingenious strategy that directly exploits 
the quiescent state to genetically mark the Lgr5+ LRCs. In control mice, the genetically marked 
LRCs disappeared over time, presumably due to their terminal differentiation. When crypts were 
damaged however, the LRCs generated tell-tale stem cell ribbons. Detailed molecular analyses 
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on sorted crypt cell populations recently confirmed Winton’s notions (Jadhav et al., 2017). Thus, 
Winton’s study unified the Leblond- and Potten-models. The non-dividing +4 cells represent 
lineage-restricted daughters of Lgr5 cells and should not be considered stem cell in sensu stricto 
(Buczacki et al., 2013). Yet, loss of the Lgr5 stem cells instructs these cells to settle at the base of 
the crypts and reacquire a multipotent Lgr5 stem cell phenotype (Tian et al., 2011). The notion 
that short-lived progenitors can replace lost Lgr5 stem cells was confirmed for the secretory 
lineage (van Es et al., 2012; Jadhav et al., 2017) as well as for the more abundant, proliferative 
enterocyte lineage (Tetteh et al., 2016). Sato and colleagues showed the same phenomenon using 
human colon organoids (that were CRISPR-modified to allow lineage tracing and Lgr5 stem cell 
removal), transplanted to mice (Shimokawa et al., 2017). Importantly, these quiescent +4 cells 
are short-lived at the single cell level, as they will progress to full differentiation and die. Yet 
as a constantly replenishing compartment, +4 cells functionally build a reserve stem cell pool.

Replacement of lost tissue through proliferation of committed 
progenitors, or even of differentiated cells
Physiologically, cells that progress along a stem cell hierarchy become increasingly lineage-
restricted, to eventually reach a terminally differentiated state, after which cell death is inevitable. 
The crypt example above illustrates that this process is not necessarily uni-directional. Cells 
underway to terminal differentiation can reacquire a multipotent stem cell state, under situations 
of emergency. In crypts, the cells that can do so are not yet terminally differentiated, even though 
they already passed through one or more lineage decision-bottle necks. More extreme cases of 
such plasticity have been revealed for post-mitotic cell types that are not just fate-restricted, 
but actually have undergone terminal differentiation (Figure 1C). Several recent examples are 
given below.

Liver
Only two epithelial cell types in the liver are endoderm-derived: the hepatocytes and 
the cholangiocytes. All other cell types (stellate cells, Kupffer cells, endothelium etc) derive 
from non-endodermal sources and immigrate into the liver after organogenesis. The liver 
displays a remarkable regenerative capacity in terms of recovery of mass and function upon 
surgical removal of a large part of the organ (partial hepatectomy), or after liver-wide chemical/
infectious injury (Stanger, 2015). The response to partial hepatectomy is particularly impressive 
as it involves massive cell cycle entry of the remaining mature hepatocytes without apparent de-
differentiation into a progenitor/stem cell-like state. The liver will thus grow back to its original 
size within 2 weeks after damage (Michalopoulos, 2010), while this surgical procedure can be 
repeated multiple times (Miyajima, Tanaka and Itoh, 2014). Of note, a low level of hepatocyte-
driven homeostatic tissue renewal occurs under steady-state conditions in vivo: An Axin-2 
lineage tracing allele has demonstrated that mature hepatocytes located around the pericentral 
vein (PC) drive hepatocyte renewal (Wang et al., 2015). Similar genetic lineage tracing 
approaches have shown that periportal hepatocytes can rescue liver mass upon damage (Font-
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Burgada et al., 2015), as well as a subset of hepatocytes expressing high levels of telomerase  
(Lin et al., 2018). 

An alternative repair mechanism plays out when noxious agents such as toxins, viruses 
or hereditary defects chronically damage all hepatocytes. Under such conditions, small, 
proliferative cells appear near the bile duct tree. These cells typically carry early cholangiocyte 
markers and have been termed “oval cells”. Oval cells (or atypical ductal cells expressing Epcam 
or Sox9) have long been believed to represent activated liver stem cells, capable of producing 
hepatocytes as well as cholangiocytes (Evarts et al., 1987; Furuyama et al., 2011; Dollé et al., 
2015). The hepatocyte-driven regenerative response dominates most types of liver repair 
(Grompe, 2014), while the in vivo relevance of the oval cell response as well as its cell-of-origin 
have long remained controversial. Indeed, several lineage tracing approaches did not support 
the existence of a liver stem cell with cholangiocyte characteristics (Schaub et al., 2014; Yanger 
et al., 2014). Forbes and colleagues very recently provided definitive proof for an in vivo oval cell 
response, in a mouse model in which hepatocyte proliferation was genetically blocked (Raven et 
al., 2017). By lineage tracing, the authors demonstrated conclusively that the cell-of-origin was 
a cholangiocyte, rather than a professional stem cell. In sum, significant experimental efforts to 
identify ‘professional’ stem cells in the liver have not born fruit. It is most likely that the healthy 
liver does not contain professional stem cells and that it relies entirely on the proliferative 
capacity of two differentiated cell types, the hepatocyte and the cholangiocyte (Figure 3A). 
The phenomena of proliferation and lineage plasticity in liver epithelium can be recapitulated 
in vitro. Clonal organoids from a single hepatocyte (Hu et al., 2018) or a single cholangiocyte 
(Huch et al., 2015) can transdifferentiate into the other lineage, even after long-term expansion 
(Figure 3B).

Stomach epithelium
Like the intestinal lining, the stomach epithelium is organized into crypt-like structures called 
glands, each harboring a complete, independent stem cell hierarchy. Under physiological 
conditions, cell production takes places in the isthmus region, located halfway along the gland 
axis (Goldenring and Mills, 2017). Chief cells are long-lived, terminally differentiated cells that 
serve to secrete pepsinogen for protein digestion in the lumen of the stomach. They are located 
at the base of the epithelial glands of the stomach corpus. Chief cells contain an elaborate 
ER/Golgi apparatus to support their enzyme-secretory role. Two independent studies have 
demonstrated that Chief cells express the stem cell markers Troy (Stange et al., 2013) and Lgr5 
(Leushacke et al., 2017), presumably because these cells sit directly on top of a Wnt source. 
Genetic lineage tracing using CreER alleles of these two loci revealed that, under physiological 
conditions, Chief cells contribute to the renewal of all other cell types of the stomach glands. 
However, the replacement of all cells in a gland starting from a single marked Chief cell takes in 
the order of a year. Replacement rates strongly accelerate upon loss of the pool of proliferative 
cells in the isthmus, for instance after radiation. Thus, Chief cells resemble hepatocytes and 
cholangiocytes in that they perform a dedicated, highly specialized function in their resident 
tissue, yet can ‘moonlight’ as stem cells, if so required (Figure 3C).   
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Lung 
(reviewed in Tata and Rajagopal, 2017) The adult mammalian lung can be divided into two 
major compartments: the airways (trachea, bronchi, bronchiole) that mediate air transport and 
the alveoli where exchange of O2 and CO2 occurs. Ciliated cells propel a thin layer of mucus 
towards the oral cavity, carrying with it fine-dust particles, bacteria and other debris. Secretory 
cells (also known as club cells or Clara cells) produce mucins as well as antimicrobial peptides, 
while rare neuroendocrine cells secrete various hormones controlling air- and blood-flow 
through the lungs. Basal cells (with an undifferentiated appearance) reside directly underneath 
these more linage-restricted cells and have long been believed to be the sole stem cells of 
the epithelium. It is now known that -under steady state conditions- fully differentiated club 
cells located in the basal cell-poor small airways of mice can interconvert into ciliated cells. In 
the large airways, ciliated cells can be formed directly by basal cells (Pardo-Saganta et al., 2015). 
Yet, most ciliated cells in the large airway derive from club cells, thus copying the situation 
in the small airways (Rawlins et al., 2009). Basal cells act as potent epithelial stem cells to 

Figure 3. Differentiated cells with the capacity to proliferate and replace lost tissue. (A) The two endoderm-
derived differentiated epithelial cell types of the liver (cholangiocytes and hepatocytes) both have 
the capacity to proliferate and regenerate both cell types. (B) Clonal organoids derived from hepatocytes or 
cholangiocytes can be expanded long-term and transdifferentiate into the other lineage. (C) Differentiated 
Chief cells are able to contribute to the renewal of all other cell types in the stomach gland. (D) In the lung 
alveolus, Type 2 cells can act as a reserve stem cell and generate both Type 2 and Type 1 cells.
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replenish all types of secretory and ciliated cells upon tissue damage, but fully mature club 
cells de-differentiate into bona fide basal cells upon diphtheria toxin-induced stem cell ablation  
(Tata et al., 2013).

The other compartment of the lung, the alveolar epithelium consists of only two main 
cell types: The extremely flat Type 1 cells serve in gas exchange between the air in the lung 
and the capillaries surrounding the alveoli, while Type 2 cells produce abundant amounts of 
surfactant to prevent alveolar collapse by building up surface tension. In the adult mouse lung, 
genetic lineage-tracing has demonstrated that slow-rate proliferation of Type 2 cells generates 
Type 1 as well as Type 2 cells under homeostatic conditions, as well as upon damage (Barkauskas 
et al., 2013; Desai, Brownfield and Krasnow, 2014). This activity is controlled by Notch (Finn et 
al., 2019)  and BMP signals (Chung et al., 2018). Thus, Type 2 cells represent another example 
of a differentiated cells, ‘moonlighting’ as reserve stem cells (Figure 3D).

Should the cells in these liver-, stomach- and lung-examples, be considered as ‘quiescent’? 
Indeed, they are predicted to retain incorporated DNA labels in their unperturbed state and 
as such would qualify as LRCs. Yet, these cells have not ceased to divide because they are 
multipotent stem cells; they have done so in the process of terminal differentiation. 

Is the HCS as hard-wired as believed?
Against the backdrop of recent findings on ASC biology in solid tissues, it may be of interest 
to re-assess the HSC with the newly developed single cell technologies. Indeed, mapping of 
HSCs at single cell resolution has revealed that these cells are much more heterogeneous than 
assumed. Differences in marker expression, cell cycle status, lineage fate and functional outcome 
of transplantation is adding complexity to the apex of the lineage tree (reviewed in Crisan and 
Dzierzak, 2016). Camargo and colleagues recently used transposon tagging to trace single 
progenitor cells and decipher their fate in vivo. This tracing method revealed rather unexpectedly 
that the megakaryocyte lineage arises independently from the other blood cell types. Cells 
traditionally known as long-term HSCs turn out to be a significant source of megakaryocyte-
restricted progenitors, suggesting this to be their predominant fate. Combined with single 
cell RNA sequencing, uni- and oligopotent cells were found to exist within the multipotent 
progenitor pool (Rodriguez-Fraticelli et al., 2018). A different approach involving tracking of 
mature blood cells derived from a single transplanted HSC revealed the existence of a similar 
lineage-restricted fate of long-term HSCs towards megakaryocytes (Carrelha et al., 2018). 

Mapping the accumulation of somatic mutations throughout life in cells allows 
the reconstruction of cellular population dynamics in humans. Campbell and colleagues were 
the first to use this molecular mark to study relationships between HSCs and their ability to 
generate blood cells. Reconstruction of a phylogenetic tree based on somatic mutations confirmed 
the existence of adult human HSCs contributing to different lineages of the hematopoietic system. 
However, granulocytes and T lymphocytes did not share as many somatic mutations, again 
indicating an early separation of blood lineages (Lee-Six et al., 2018). Chromatin accessibility 
landscapes can be used to detect a bias in differentiation trajectories. Greenleaf and colleagues 
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collected single cell chromatin accessibility profiles of defined human hematopoietic cell types. 
In line with recent mouse studies, this single cell analysis approach uncovered heterogeneity not 
only in the differentiated blood cell types but also in multipotent progenitors. The epigenetic 
state within progenitor cell populations correlated with patterns of hematopoietic differentiation 
that are suggestive of early lineage priming, a notion originally proposed by Tarik Moroy and 
colleagues (Zheng et al., 2004) that challenges the current paradigm. In a more recent approach, 
researchers succeeded in the long-term ex vivo expansion of HSCs. Using clonally derived 
cultures, the authors uncovered considerable heterogeneity in the self-renewal capacity of HSCs 
(Wilkinson et al., 2019). Furthermore, immunophenotypically specified cell types were found 
to ‘flow’ from one state to another, as an indication of plasticity (Buenrostro et al., 2018). Taken 
together, these findings broaden the understanding of hematopoiesis, indicating that plasticity 
exist even around and within the HSC compartment. 

CONCLUSION
From the examples given above, it is becoming clear that stem cell paradigms deduced from 
a single system should not simply be extrapolated to others. Tissues differ greatly in size and 
architecture. They exhibit widely divergent physiological functions, and are subject to diverse 
physical, chemical and biological insults. The HSC-paradigm has been applied as a stereotypic 
template to all adult stem cell biology, yet there is no good reason to assume that evolution has 
equipped each of our organs with the same ‘one size fits all’- tissue maintenance strategy, rather 
than with ‘smart’, individualized stem cell strategies.

We propose to define adult tissue stem cell function operationally as the process by which 
a given tissue replaces its lost cells through cell division. If one looks at the above examples from 
this perspective, stem cell function may be embodied in HSC-like, “hard-wired”, professional 
stem cells such as the HSC or the satellite cell of muscle. But stem cell function may also be 
executed in a ‘diffuse’ fashion by much larger populations of undifferentiated cells (‘potential’ 
stem cells), that neutrally compete for a limiting niche; good examples are the epidermis or 
the intestinal crypt. It may also be executed out by reserve stem cells: de-differentiated cells 
that are opportunistically formed from committed or even from fully differentiated cells upon 
tissue damage; the oval cell of the liver is a good example. And finally, tissues might avoid 
the involvement of undifferentiated stem cells altogether, by allowing differentiated cells to 
enter the cell cycle directly, such as illustrated by a regenerating liver upon partial resection. 
Soberingly, there may be no generalizable principles underlying the renewal mechanisms of 
the various individual tissues.

Phenotypic characteristics (such as the expression of known stem cell markers or the LRC 
state) can be taken as starting point for studies of an unexplored stem cell hierarchy. However, 
genetic tracing is rapidly becoming the method of choice for the essential, next step: establishing 
cellular lineage relationships. This can be done in mouse models by exploiting transgenic stem 
cell marker genes or using bar-coding strategies (Wu, Lee and Koo, 2019).  By next-generation 
sequencing technologies, one can now also follow somatic mutation events within and between 
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human stem cell hierarchies (Lee-Six et al., 2018). As an example of how the proliferative 
state of cells during tissue repair can be exploited to document tissue stem cell function, we 
have recently addressed the restorative response to myocardial infarction. A Mki67-RFP allele 
was used to identify all damage-induced proliferative cells; these were phenotyped by single 
cell mRNA sequencing. Simultaneously, a Mki67-IRES-CreERT2 allele was used to reveal all 
progeny of the proliferative cells by lineage tracing in vivo. This combined approach definitively 
identified the putative cKIT+ and Sca1+ cardiac stem cells as proliferative non-myocardial 
cells and established that the only reparative activity emanated from cardiac fibroblasts that 
generate a fibrotic scar. No significant de novo production of cardiomyocytes occurred from 
any of the cells that proliferated in response to the cardiac damage (Kretzschmar et al., 2018). 
Thus, the technological breakthroughs of the past few years allow the study of tissue renewal and 
repair in unprecedented detail. Nature might still have some unanticipated stem cell surprises 
in store.
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ABSTRACT
The significance of cardiac stem cell (CSC) populations for cardiac regeneration remains 
disputed. Here we apply the most direct definition of stem cell function (the ability to replace 
lost tissue through cell division) to interrogate the existence of CSCs. By single-cell messenger 
RNA sequencing and genetic lineage tracing using two Ki67 knock-in mouse models, we map all 
proliferating cells and their progeny in homoeostatic and regenerating murine hearts. Cycling 
cardiomyocytes were only robustly observed in the early postnatal growth phase, while cycling 
cells in homoeostatic and damaged adult myocardium represented various non-cardiomyocyte 
cell types. Proliferative post-damage fibroblasts expressing follistatin-like protein 1 (FSTL1) 
closely resemble neonatal cardiac fibroblasts and form the fibrotic scar. Genetic deletion of 
Fstl1 in cardiac fibroblasts results in post-damage cardiac rupture. We find no evidence for 
the existence of a quiescent CSC population, for trans-differentiation of other cells types toward 
cardiomyocytes, or for proliferation of significant numbers of cardiomyocytes in response to 
cardiac injury.

Keywords
Stem cells, lineage tracing, cardiac regeneration, stress response, single-cell transcriptomics
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INTRODUCTION
Possible cell cycle re-entry of adult cardiomyocytes or derivation of new cardiomyocytes from 
putative resident progenitor cells upon myocardial infarction has been intensively investigated. 
Although with inconsistent results, these studies contributed to the general consensus that 
throughout adult mammalian life a small fraction of cardiomyocytes is replaced (Alkass 
et al. 2015; Soonpaa et al. 2015; Naqvi et al. 2014). Both the differentiation from a stem cell 
compartment and the division of pre-existing myocytes have been suggested as the source 
of new cardiomyocytes (Beltrami et al. 2003; Senyo et al. 2013). Nonetheless, the capacity of 
the adult mammalian heart to functionally regenerate upon injury remains controversial (van 
Berlo and Molkentin 2014; Uygur and Lee 2016; van Berlo et al. 2018; Vicinanza et al. 2018; 
Eschenhagen et al. 2017).

Studies on cardiac stem cells (CSCs) have relied heavily on specific stem cell markers that 
have been defined in unrelated stem cell systems such as c-KIT (Beltrami et al. 2003; Ellison et 
al. 2013), SCA-1 (Uchida et al. 2013) or ABCG2, a marker of so-called cardiac side population 
cells (Pfister et al. 2008; Yellamilli and van Berlo 2016). The validity of each of these markers 
has been disputed (van Berlo et al. 2014; Jesty et al. 2012; Cai and Molkentin 2017; van Berlo 
et al. 2018; Vicinanza et al. 2018). Also, anticipated changes in cellular metabolism or DNA 
label retention have been used to identify actively cycling cardiomyocytes, yet these methods 
do not allow visualisation of the cellular offspring (Kimura et al. 2015; Nakada et al. 2017). 
Furthermore, in these studies the proliferative capacity of resident non-cardiomyocyte cell 
lineages has been largely neglected. To address these issues, we sought to generate an unbiased 
map of proliferating cells and their progeny in neonatal, adult and post-damage murine hearts. 
Since the single defining characteristic of a stem cell is its ability to produce functional daughter 
cells by cell division (Clevers 2015), we posit that the most unbiased way of interrogating 
the involvement of stem cells in any biological growth or repair process is to genetically lineage 
trace all cells that proliferate during that pertinent biological process.

While absent from cells resting in the G0 phase (Figure 1A), Ki67 is specifically expressed 
by all actively cycling cells in the cell-cycle stages of G1, S, G2 and M (Hutchins et al. 2010). 
It is therefore widely used in basic cell and developmental biology, in clinical oncology and 
in pathology as a general proliferation marker (Whitfield et al. 2006). We have generated 
Mki67 knock-in mice (Basak et al. 2014; Basak et al. 2018) to perform genetic lineage tracing 
(Kretzschmar and Watt 2012) and comprehensively determine the offspring of any cell that 
becomes proliferative in neonatal, adult homoeostatic and damaged heart. With these genetic 
models, we set out to ask whether homoeostatic or damaged hearts harbour stem cells, under 
the premise that stem cells would have to enter the cell cycle to produce progeny replacing lost 
cells (Clevers 2015).



38

RESULTS
Cardiac cell proliferation is triggered in response to myocardial damage
We first aimed to determine the levels of cardiac cell proliferation in murine hearts at different 
postnatal time points and under different physiologic conditions. We therefore utilised a mouse 
model that expresses a red fluorescent protein (TagRFP) linked to the Ki67 protein (Basak 
et al. 2014) allowing for quantification and isolation of actively cycling live cells using flow 
cytometry (Figure 1B and SI Appendix, Figure S1). To analyse proliferating cardiac cells under 
homoeostatic conditions, we collected hearts of 1 and 8-week old Mki67TagRFP mice (Figure 1C). 
To evaluate cardiac cell proliferation upon injury, we subjected 8-week old Mki67TagRFP mice to 
a myocardial infarction (MI) by permanent ligation of the proximal left anterior descending 
(LAD) coronary artery and collected hearts 3, 7 and 14 days later (Figure 1C). The percentage of 
Ki67-RFP+ cells in the hearts of 1-week old neonatal mice was about 10%, while less than 0.05% 
of cells purified from the hearts of adult mice were positive for Ki67-RFP (Figure 1D and E). In 
mice subjected to MI surgery, the ratio of Ki67-RFP+ cells in the infarcted area was comparable 
to the corresponding region of hearts (apex) collected from sham-operated mice 3 days after 
the injury (Figure 1D and E). The percentage of Ki67-RFP+ cells doubled at 7 days post-MI and 
reached 1% enrichment at 14 days following the injury (Figure 1D and E). The percentage of 
Ki67-RFP+ cells in the remote tissue of both damaged and control hearts remained below 0.05% 
over the course of the experiment (Figure 1E).

We processed the purified Ki67-RFP+ cells for messenger RNA (mRNA) sequencing and 
analysed their gene-expression profiles using the DESeq2 algorithm (Love, Huber, and Anders 
2014). Principal component analysis (PCA) showed very similar expression profiles of Ki67-RFP+ 
cells collected 3 and 7 days after MI (SI Appendix, Figure S2). Proliferative cells isolated from 
the hearts of neonatal or adult mice 14 days following injury, however, were distinctively different 
(SI Appendix, Figure S2). Neonatal Ki67-RFP+ cells were enriched for cardiomyocyte markers 
(Myh6, Actc1, Tnnt2), while Ki67-RFP+ cells from all other conditions showed enrichment for 
transcripts of non-cardiomyocyte markers (Figure 1F). Ki67-RFP+ cells collected within 1 week 
after injury were enriched for transcripts of haematopoietic genes such as Ptprc (encoding 
CD45), Mrc1 and Sirpa suggesting the presence of a proliferative inflammatory infiltrate (Figure 
1F). Genes specific for resident cell types such as endothelial cells (Cdh5, Pecam1, Fabp4) and 
cardiac fibroblasts (Col1a1, Col1a2 and Col6a1) were more abundant in Ki67-RFP+ cells at 14 
dpi (Figure 1F). Expression of the smooth muscle cell marker genes Acta2, Actg2 and Myh11 did 
not change upon damage in our dataset (Figure 1F).

Single-cell transcriptome analysis uncovers distinct proliferative 
populations within the murine heart
Fewer than 35% of cardiac ventricular cells are cardiomyocytes, the remainder belong to 
the endothelial, haematopoietic and fibroblast lineages (Pinto et al. 2016). A recent study has 
shown that single-cell transcriptome data can readily be generated from all cardiac cell lineages 
in the adult murine heart (Gladka et al. 2018). To generate a comprehensive transcriptome atlas 
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Figure 1. Quantification and characterisation of cardiac cell proliferation following injury. (A) Diagram 
showing the markers of the different phases of the cell cycle. (B) Schematic representation of the reporter 
mouse model expressing red fluorescent protein-tagged Ki67 (Mki67TagRFP). (C) Experimental timeline of 
myocardial infarction (MI) surgery and tissue collection 3, 7 and 14 days post-MI injury (dpi). (D, E) 
Quantification of Ki67-RFP+ cells after MI or sham surgery in both remote (grey) and infarcted zone (red). 
The gating and sorting strategies are described in Figure S1. (D) Representative flow cytometry scatter 
plots 14 dpi. (E) Quantification of Ki67-RFP+ cells in neonatal, adult, infarct, remote and apex areas 3, 
7 and 14 dpi (n = 2-3 mice per condition). All error bars represent ± SD. Asterisks indicate significance 
(Student’s t test: n.s., not significant, p ³ 0.05; * p < 0.05; *** p < 0.001). (F) Bulk mRNA sequencing strategy 
and gene expression levels of different cardiac cell types identified in the purified Ki67-RFP+ populations. 
Cardiomyocytes were enriched in neonatal hearts. Haematopoietic cells were enriched 3 and 7 dpi, while 
resident lineages such as endothelial cells and fibroblasts were more abundant 14 dpi. CM, cardiomyocytes; 
HC, haematopoietic cells; EC, endothelial cells; SMC, smooth muscle cells; CF, cardiac fibroblasts.

of proliferative cells during postnatal growth, adult homoeostasis and cardiac regeneration, we 
therefore aimed to profile individual Ki67-RFP+ and Ki67-RFP– cardiac cells as well as unlabelled 
Mki67wt/wt cardiac cells in a variety of settings: in 1-week old mice, when murine cardiomyocytes 
still have significant proliferative capacity (Alkass et al. 2015), in 8- to 10-week old mice when 
cardiomyocytes should be homoeostatic, and in adult mice after cardiac injury (Figure 2A). To 
collect cardiac cells from infarcted hearts, we chose the time point with the highest number of 
Ki67-RFP+ cells and at which most previous CSC studies have focused (Ellison et al. 2013; van 
Berlo et al. 2014; Wei et al. 2015): 14 days after MI surgery (Figure 2A). We performed single-cell 
mRNA-sequencing using the SORT-seq (sorting and robot-assisted transcriptome sequencing) 
method (Muraro et al. 2016) and analysed the sequencing data using the RaceID2 algorithm 
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(Grün et al. 2016) (Figure 2B). To exclude cells with low-quality RNA, we removed all cells 
expressing fewer than 1,000 transcripts. 1,939 cells passed this threshold, were clustered based 
on transcriptome similarities assessed by 1 – Pearson’s correlation and grouped by k-medoids 
clustering (Grün et al. 2016). This k-medoids clustering compartmentalised the cells into 9 
different major cell clusters, as visualised by t-distributed stochastic neighbour-embedding 
(t-SNE) (Figure 2C and SI Appendix, Figure S3). Based on differential gene expression of 
some well-characterised markers, we found that all major cardiac cell types were present in 
the single-cell dataset (Figure 2C–E and SI Appendix, Figure S3): clusters 8 and 9 comprised 437 
cardiomyocytes enriched for transcripts of Myh6, Actc1 and Tnnt2, clusters 6 and 7 contained 
a total of 282 cardiac fibroblasts expressing Pdgfra, Col1a1 and Tcf21; 458 haematopoietic cells 
enriched for Ptrpc, Mrc1 and Sirpa were assigned to clusters 1 and 4; 705 endothelial cells 
expressing Pecam1, Cdh5 and Fabp4 were present in clusters 2 and 3 and 57 cells in cluster 5 
were enriched for smooth muscle genes Acta2, Myh11 and Actg2. Of note, while SIRPA has been 
reported to be expressed by human embryonic stem cell-derived cardiac progenitors (Skelton 
et al. 2014), we only found significant Sirpa expression in haematopoietic cells in our dataset.

To validate that sequenced Ki67-RFP+ cells were proliferative, we used the cyclone algorithm 
(Scialdone et al. 2015) to assign cell-cycle stages to each individual cell in our filtered dataset 
(Figure 2F). While present throughout the cell cycle (and absent from quiescent cells arrested 
in G0) (Whitfield et al. 2006), Ki67 is most highly expressed in the G2 stage (Bruno and 
Darzynkiewicz 1992; Bruno et al. 1991). Consistent with these previous studies, cells in S and 
G2/M phase were enriched in the fraction of Ki67-RFP+ cells (Figure 2G; Chi-squared test, p < 
0.001), confirming that they were actively cycling.

Most Ki67-RFP+ neonatal cells were identified as cardiomyocytes, while no Ki67-RFP+ 
cardiomyocytes were found in the datasets compiled from either homoeostatic or injured adult 
hearts (SI Appendix, Figure S4A). In homoeostatic adult heart, Ki67-RFP+ cells mapped to non-
cardiomyocyte lineages, in particular to the haematopoietic and endothelial cell lineages (SI 

Figure 2. Single-cell transcriptome analysis uncovers distinct proliferative populations within the murine 
heart. (A) Experimental timeline for tissue collection of hearts from wildtype and Mki67RFP mice, either 
neonatal or adults, 14 days after sham, ischaemia/reperfusion (I/R) or MI surgery (n = 2-4 mice per 
condition). (B) Schematic representation of SORT-seq workflow. Hearts were isolated (1) and digested 
into single-cell suspension (2), Ki67-RFP+ and Ki67-RFP– cells were sorted into 384-well plates containing 
primers, dNTPs and spike-ins (3). Retrotranscription mix was distributed using Nanodrop II, material 
was pooled and amplified (4) before pair-end sequencing (5). Cells were clustered using RaceID2 (6). 
(C) Clustering of cardiac cells and cell-to-cell distances visualised by t-distributed stochastic neighbour-
embedding (t-SNE) map, highlighting identified major cardiac cell-types. (D) Numbers of cells assigned 
to each cardiac cell lineage. (E) t-SNE map highlighting identified cell types based on previously described 
cellular markers (logarithmic scale of transcript expression). Markers expression is shown in lower panel by 
immunofluorescent staining. (F) t-SNE map displaying cell-cycle stage of each cell (S (red), G2/M (green), 
G0/G1 (blue)) assigned by the cyclone algorithm. (G) t-SNE map showing the Ki67-RFP status from the flow 
cytometry data; Ki67-RFP+ (red), Ki67-RFP– (black) or Mki67wt/wt cells without TagRFP construct (grey) 
and radar plot showing Ki67-RFP+ cells enriched for the cycling G2/M stage according to the cyclone 
algorithm. Asterisks indicate significance (Chi-square test: *** p < 0.001).
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Appendix, Figure S4A). Ki67-RFP+ cells present in the infarcted region 14 dpi were mainly 
fibroblasts and haematopoietic cells (SI Appendix, Figure S4A), while Ki67-RFP+ cells in 
the remote region additionally represented mostly the endothelial and haematopoietic lineages 
(SI Appendix, Figure S4A). Collectively, these data show that there is a significant number of 
proliferative cardiomyocytes in neonatal hearts, but not in homoeostatic or injured adult hearts.

Since we did not find evidence for a distinct CSC population expressing proposed markers 
such as Abcg2 (side population marker), Kit (encoding c-KIT) and Ly6a (encoding SCA-1), 
we investigated the presence of cells expressing at least one transcript of these markers within 
all cardiac cell types (Figure 3A–C). We identified 225 cells expressing Abcg2, which were 
scattered within all main cardiac cell types found in our dataset (Figure 3A and B) (Pfister et al. 
2008; Yellamilli and van Berlo 2016). Most of the 145 Kit-expressing cells were endothelial cells  
(Figure 3A and B) (van Berlo et al. 2014), in contrast to earlier reports (Ellison et al. 2013; 
Beltrami et al. 2003). Some fibroblasts, which are usually not excluded when purifying putative 
c-KIT+ CSCs (Beltrami et al. 2003; Ellison et al. 2013; Vicinanza et al. 2017), also expressed 
Kit (Figure 3A and B). About 32% of all cells (613 cells of a total of 1,939 cells) in our dataset 
expressed Ly6a (Figure 3A). Ly6a-expressing cells were assigned to all cardiac cell types, while 
absent in neonatal cardiomyocytes (Uchida et al. 2013) (Figure 3A and B). Cells positive for 
a putative CSC marker (i.e. Abcg2, Kit or Ly6a) were identified in both Ki67-RFP+ and Ki67-RFP– 

cardiac cell populations (Figure 3C). Gata4, a marker of regenerating cardiomyocytes in 
zebrafish (Kikuchi et al. 2010), was expressed in most cardiac lineages in a total of 214 cells (SI 
Appendix, Figure S5). The cardiomyocyte lineage marker Nkx2-5 was only enriched in neonatal 
and adult cardiomyocytes (138 cells; SI Appendix, Figure S5), as shown before (Kasahara et al. 
1998; Ranjbarvaziri et al. 2017). We further found expression of the foetal cardiac progenitor 
marker Isl1 (Cai et al. 2003) in 87 cells belonging to the non-cardiomyocyte lineages (cardiac 
fibroblasts, endothelial cells and smooth muscle cells), but not in cardiomyocytes (SI Appendix, 
Figure S5). These data imply that cell culture, transplantation and lineage-tracing experiments 
relying on these putative CSC markers should be interpreted with great caution (Cai and 
Molkentin 2017). 

To determine whether unique cell clusters appeared following MI in our single-cell mRNA-
sequencing dataset, we quantified the number of cells from each experimental condition present 
within a given cluster (Dataset S1 and SI Appendix, Figure S4B and C). Cardiomyocytes clustered 
into two main clusters (clusters 8 and 9) irrespective of the cell-cycle stage (actively cycling 
vs. quiescent) (Dataset S1 and SI Appendix, Figure S4B and C). Endothelial cells clustered 
into clusters 2 and 3 irrespective of the experimental condition-of-origin (Figure 2F, Dataset 
S1 and SI Appendix, Figure S4B and C). The majority of haematopoietic cells in the dataset 
were purified from injured adult hearts (clusters 1 and 4), however, cluster 1 mainly contained 
haematopoietic cells present in homoeostatic (adult or neonatal) hearts (Dataset S1 and SI 
Appendix, Figure S4B and C). Fibroblast cluster 7 was predominantly composed of cells purified 
from homoeostatic adult hearts (65%). Surprisingly, while the majority of cells assigned to 
fibroblast cluster 6 were purified from injured adult heart (48%), 17% of the cells originated from 
neonatal hearts (SI Appendix, pie-chart inserts in Figure S4C). This suggests that in response 
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to ischaemic injury, some activated fibroblasts adopt a neonatal-like state. The fibroblasts in 
cluster 6 were predominantly Ki67-RFP+ (Figure 2F, Dataset S1 and SI Appendix, Figure S4B 
and C) and had upregulated levels of genes involved in extracellular matrix remodelling such 
as Cola1a2, Col3a1, Col5a1 and Sparc as well as genes encoding secreted proteins such as Sfrp2 
and Dkk3 (Dataset S1).

To explore the cardiomyocyte fraction in more detail, we extracted all 437 cardiomyocytes 
out of the complete dataset and performed cell-type-specific subclustering. We re-ran 
the extracted cells through the RaceID2 algorithm with a higher cut-off of 2,000 transcripts per 
cell to allow for refined cell clustering. The 276 cardiomyocytes retained after quality filtering 
grouped into 6 k-medoids clusters (Figure 3D). Neonatal cardiomyocytes were enriched in 
clusters 1, 2 and 3, while adult injury-associated cardiomyocytes were mainly found in cluster 
5 and adult homoeostatic cardiomyocytes in clusters 4 and 6 (Figure 3D–F and Dataset S2). 
We found robust expression of Mki67 and other markers of proliferation (Anln, Aurka, Birc5, 
Pcna and Plk1) used by Soonpaa et al. (2015) in neonatal cardiomyocytes (Figure 3G), in 
agreement with our bulk mRNA-sequencing data (Figure 1F). However, expression of these 
proliferation markers was largely negligible in adult cardiomyocytes (Figure 1F). We performed 
differential gene-expression analysis by comparing neonatal and adult (homoeostatic and 
injury-associated) cardiomyocyte clusters to each other (Figure 3H). Among the 100 most 
upregulated genes in neonatal cardiomyocytes were genes related to the mitochondrial electron 
transport chain (Cycs, Cox6a1) and cardiac development (Mef2a, Tnni1) (Figure 3I and Dataset 
S3). Genes upregulated in adult homoeostatic cardiomyocytes included sarcomere assembly 
(Tnni3) and classical myosin marker (Myh6) (Figure 3J and Dataset S3). Adult injury-associated 
cardiomyocytes upregulated genes involved in oxidative damage response (Gpx4) and damage-
induced cell cycle arrest (Ccng1) (Figure 3K and Dataset S3). Taken together, these data provide 
no evidence for the existence of a distinct CSC population in neonatal or adult (homoeostatic 
or post-damage) murine hearts and demonstrate that immature neonatal cardiomyocytes 
are readily proliferative. Yet, presence of proliferative cardiomyocytes in adult murine hearts 
remains low even after ischaemic injury, as indicated by the rare Ki67-RFP+ cardiomyocyte 
found in our single-cell dataset collected from adult hearts (SI Appendix, Figure S4A).

Ki67 lineage tracing demonstrates de novo generation of 
cardiomyocytes in the neonatal murine heart
To identify the progeny of all proliferative cardiac cell types, we performed genetic lineage 
tracing of Mki67-expressing cells (Kretzschmar and Watt 2012). We used mice in which an 
internal ribosome entry site-Cre recombinase is fused to a tamoxifen-inducible version of 
the human oestrogen receptor (IRES-CreERT2) expression cassette, inserted downstream of 
the Mki67 protein coding region (Mki67IRES-CreERT2) (Basak et al. 2018). We crossed these mice 
with Rosa26-CAG-loxP-stop-loxP-(LSL)-tdTomato reporter mice (hereafter LSL-tdTomato 
mice; Figure 4A) (Madisen et al. 2010). To assess initial labelling of proliferating Mki67-
expressing cardiac cells, we first treated 1-week old (postnatal day 7, P7) Mki67IRES-CreERT2 ×  
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LSL-tdTomato mice with tamoxifen and collected tissue after 1 day (1 dpt) (Figure 4B). We 
found many tdTomato+ cardiomyocytes 1 dpt (51.75 ± 0.77% of all tdTomato+ cells, i.e. 568 of 
an estimated 4,000 cardiomyocytes analysed were tdTomato+; Figure 4C and F), confirming 
our single-cell transcriptome data. To trace the progeny of proliferating cells, we also collected 
hearts 1 week (7 dpt) and 2 months (2 mpt) after tamoxifen treatment at P7 (Figure 4B). At 7 dpt, 
21.23 ± 2.32% of all tdTomato+ cells were cardiomyocytes (Figure 4D and F), while tdTomato+ 
cardiomyocytes represented 13.01 ± 0.87% of all reporter-labelled cells at 2 mpt (Figure 4E and 
F). This demonstrated that our approach also readily labels proliferative cardiomyocytes, but 
that the bulk of the cells produced from P7 proliferative (non-cardiomyocyte) cells long-term 
represented non-cardiomyocyte lineages.

Cardiac cells of non-cardiomyocyte lineages are continuously 
replenished during adult homoeostasis in murine hearts
To trace proliferating cardiac cells during adult homoeostasis, we next treated 8-week old 
Mki67IRES-CreERT2 × LSL-tdTomato mice with tamoxifen and collected hearts 1 dpt and 1.5 year 
following tamoxifen exposure (1.5 ypt; Figure 5A). Reporter labelling in heart tissue was similar 
in mice injected 1 or 5 times with tamoxifen, with approximately 30 tdTomato+ cells per 20× 
field (Figure 5B and C). In agreement with previous studies and a recent consensus statement 
describing modest cardiomyocyte turnover in adult mouse hearts (Alkass et al. 2015; Senyo et al. 
2013; Eschenhagen et al. 2017), we found no tdTomato+ cardiomyocytes 1 dpt and only very few 
tdTomato+ cardiomyocytes 1.5 ypt (0.16% of all tdTomato+ cells or 11 of an estimated 8 million 
cardiomyocytes analysed were tdTomato+; Figure 5B and C). The vast majority of proliferative 
cardiac cells labelled with tdTomato 1 day after tamoxifen injection were CD31+ endothelial 
cells (Figure 5D), while the remaining tdTomato+ cells were either PDGFRa+ fibroblasts  
(Figure 5E) or CD45+ haematopoietic cells (Figure 5F). We found a similar abundance of these 
cell types among all tdTomato+ cells 1.5 ypt (Figure 5D–F), suggesting a continuous cellular 
turnover of these non-cardiomyocyte lineages in the adult homoeostatic murine heart.

Figure 3. Expression patterns of putative cardiac stem cell markers and cardiomyocytes. (A) t-SNE 
map displaying stem cell marker (Abcg2, Kit and Ly6a) expressing cells in major cell type clusters; CM, 
cardiomyocytes; HC, haematopoietic cells; EC, endothelial cells; SMC, smooth muscle cells; CF, cardiac 
fibroblasts. (B) Quantification of marker-based cell fraction per cell type reveals most stem cell markers 
cover endothelial cells but can be found in all resident populations. (C) Quantification of marker-
based cell fraction in sorted populations (unlabelled, Ki67-RFP+ and Ki67-RFP–). (D) t-SNE map of 
cardiomyocyte subclusters (n = 6) identified using the RaceID2 algorithm. (E) Heatmap representation of 
the transcriptome similarities between cardiomyocytes from the 6 identified subclusters combined into 3 
main groups of cardiomyocytes. (F) t-SNE map highlighting the cells assigned to each of the 3 main groups 
of cardiomyocyte subclusters. (G) Expression profile of representative proliferation markers in neonatal 
and adult (homoeostatic or injury-associated) cardiomyocytes. Gene expression is shown on the y-axis as 
transcript counts per cell on x-axis with the running mean in black. (H) Heatmap representation of top 100 
upregulated genes in neonatal and adult homoeostatic or injury-associated) cardiomyocytes. (I, J, K) Violin 
plots showing the expression of representative genes upregulated in neonatal cardiomyocytes (I), adult 
homoeostatic cardiomyocytes (J), adult injury-associated cardiomyocytes (K). 
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Figure 4. Ki67 lineage tracing demonstrates de novo generation of cardiomyocytes in the neonatal murine 
heart. (A) Genetic cross between Mki67IRES-CreERT2 and LSL-tdTomato reporter mice to lineage trace Mki67-
expressing cells. TAM, tamoxifen. (B) Neonatal hearts were collected 1 and 7 days as well as 8 weeks post 
tamoxifen (dpt) injection. Tamoxifen was injected at the age of 1 week. IP, intraperitoneal injection. (C, D, 
E) tdTomato-labelling 1 day (C), 7 days (D) and 2 months (E) after tamoxifen injection at postnatal day 7 
(P7); months post tamoxifen (mpt). Nuclei were stained with DAPI (blue). Phalloidin (green or grey) was 
used to stain polymerised F-actin. Scale bars: 500 mm. (F) Percentage of tdTomato+ cardiomyocytes of all 
tdTomato+ cells at 1 dpt (P8; n = 3 mice), 7 dpt (P14; n = 2 mice) and 2 mpt (n = 3 mice). Asterisks indicate 
significance (Student’s t test: * p < 0.05; *** p < 0.001).

Ki67 lineage tracing reveals proliferative response by  
non-cardiomyocyte cell lineages following ischaemic injury
It has been proposed that endogenous quiescent CSCs re-enter the cell cycle in response 
to cardiac injury and subsequently regenerate the myocardium (Ellison et al. 2013). To 
trace such proliferating cells following ischaemic injury, we performed MI surgery on 
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Figure 5. Continuous cellular turnover of non-cardiomyocyte lineages during adult homoeostasis 
of the murine heart. (A) Timeline of tamoxifen injection and tissue collection in adult  
Mki67IRES-CreERT2 × LSL-tdTomato mice. (B, C) Representative images of stained paraffin sections (B) and 
corresponding quantification (C) of tdTomato labelling 1.5 year after tamoxifen exposure (1.5 ypt). 
Mice were either injected once with 5 mg tamoxifen (n = 4 mice) or 5 times with 5 mg tamoxifen (n = 2 
mice). Non-injected mice were used as control (n = 1 mouse). Scale bars: 100 mm. (D-F) Representative 
images and quantification of co-stainings of tdTomato-traced cells (red) at 1 dpt and 1.5 ypt and CD31+ 
(D), PDGFRα+ (E) or CD45+ cells (F) (green) (n = 2-3 mice), years post tamoxifen (ypt).  White arrows 
point at double-positive cells. The yellow arrow shows one of the tdTomato-labelled cardiomyocytes we 
found across sections. Nuclei were counterstained with DAPI (blue). Phalloidin (grey) was used to stain 
polymerised F-actin. Scale bars: 50 mm (top panels) and 30 mm (bottom panels).
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8-week old adult Mki67IRES-CreERT2 × LSL-tdTomato mice that received tamoxifen every other 
day for a total of 3 doses following the MI surgery (Figure 6A). We chose these injection 
time points to label proliferative cardiac cells in the acute phase of the injury response of 
the myocardium, when proliferation of CSCs and de novo generation of cardiomyocytes 
had been described in previous studies (Ellison et al. 2013; Smart et al. 2011). Sham control 
hearts displayed tdTomato-labelling similar to tracings found in homoeostatic adult hearts, 
while hearts collected 1 week following MI showed abundant tdTomato+ cells in the infarcted 
area (Figure 6B and C). One month following MI, scar tissue was almost entirely composed 
of tdTomato+ cells and robust tdTomato-labelling was present in the border zone (Figure 
6D and E). No tdTomato+ cardiomyocytes were found in the infarct zone, and we found no 
significant difference in the percentage of tdTomato+ cardiomyocytes in the MI border zone 
compared to the remote area, or to the hearts of sham mice (Figures 6F–I; Student’s t test, 
p ≥ 0.05). Thus, ischaemic injury triggers a dramatic proliferative response in the infarcted 
myocardium including in the border zone, but does not stimulate significant generation of 
new cardiomyocytes.

FSTL1 expression is characteristic to a population of injury-activated 
cardiac fibroblasts
To more carefully document the role of cardiac fibroblasts in post-damage repair, we went back 
to our single-cell transcriptome dataset and performed refined cell-type-specific subclustering. 
We first extracted the cardiac fibroblast fraction from our initial analysis (257 cells) and re-ran 
these through the RaceID2 algorithm with a higher cut-off of 2,000 transcripts per cell to allow 
for refined cell clustering (as done for the cardiomyocyte subclustering). After filtering, the 243 
remaining cardiac fibroblasts clustered into 11 subclusters (SI Appendix, Figure S6A). Cardiac 
fibroblasts purified from homoeostatic adult heart were mainly found in clusters 1, 3, 5 and 7, 
while neonatal fibroblasts and in the neonatal-like injury-associated fibroblasts were enriched in 
clusters 2, 4, 8-11 (SI Appendix, Figure S6A and B). We combined these clusters and performed 
differential gene-expression analysis (Figure 7A). Lineage markers Pdgfra and Vim were 
robustly expressed in all fibroblasts (Figure 7B) (Tallquist and Molkentin 2017; Pinto et al. 2016; 
Zeisberg and Kalluri 2010), while Gsn, a gene previously associated with cardiac remodelling 
after MI (Li et al. 2009), was upregulated in clusters enriched for adult homoeostatic fibroblasts 
(Figure 7C and Dataset S4). Fibroblasts also robustly expressed Fstl1, a marker that was recently 
described as a cardiomyogenic factor of epicardial origin expressed in the adult murine heart 
(Wei et al. 2015). Expression of Fstl1 was significantly upregulated in the clusters containing 
neonatal fibroblasts and neonatal-like injury-associated fibroblasts, but Fstl1 was also expressed 
by the fibroblasts in the healthy adult heart (Figure 7C and Dataset S4).

To further explore this observation, we utilised a mouse model carrying an eGFP-IRES-
CreERT2 expression cassette inserted into the Fstl1 locus (Sylva et al. 2011) (Figure 7D). As 
suggested by our single-cell RNA-sequencing dataset, eGFP+ cells in the neonatal hearts of 
these mice were cardiac fibroblasts residing in the myocardium (SI Appendix, Figure S6C–I). 
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In contrast to previous reports (Wei et al. 2015), we did not find any eGFP expression in 
the epicardium (SI Appendix, Figure S6H), eGFP+ cells in the adult heart were PDGFRa+ 
cardiac fibroblasts (SI Appendix, Figure S6J).

Next, we asked whether Fstl1-eGFP+ fibroblasts residing in the myocardium were a source for 
the fibroblast populations that appear in the infarcted area following cardiac ischaemic injury. 
We therefore generated Fstl1eGFP-IRES-CreERT2 × LSL-tdTomato mice to enable genetic lineage tracing 
of FSTL1+ cells (Figure 7D). To exclusively label cardiac fibroblasts residing in the homoeostatic 
myocardium and thereby avoid possible Cre-induced recombination in cells expressing Fstl1 

in response to ischaemic injury, we injected tamoxifen 1 week before induction of the MI and 
collected the tissue 2 weeks following surgery (Figure 7E). In mice undergoing sham surgery, no 
significant numbers of tdTomato+ cells were found. We made similar observations in the remote 
myocardium of injured hearts (Figure 7F and G). However, robust numbers of tdTomato+ 
fibroblasts were found in the infarcted region of injured hearts (Figure 7F, H and I) confirming 
that these cells are indeed derived from pre-existing cardiac fibroblasts infiltrating the infarct 
following cardiomyocyte apoptosis. Finally, we stained tissue sections from infarcted hearts 
with an antibody specific to FSTL1. As expected, confocal microscopy revealed that most FSTL1 
immunoreactivity was present in the infarcted region of the myocardium and the border zone 
(SI Appendix, Figure S6K–N).

Collagens such as Col1a1 and Col3a1 were robustly expressed by cardiac fibroblasts 
(Figure 7J) and were strongly upregulated in response to cardiac injury (Dataset S4). 
Fibroblasts expressing these collagens made up a large fraction of the fibrotic scar (Figure 
7K). To elucidate the functional role of FSTL1 in the formation of the fibrotic scar, we 
generated Col1a1-CreERT2 × Fstl1flox/flox mice to enable conditional knockout (cKO) of 
Fstl1 in cardiac fibroblasts (Figure 7L) (Sylva et al. 2011). We injected cKO and control 
mice with tamoxifen 2 weeks prior to LAD occlusion to specifically remove Fstl1 from 
the Col1a1-expressing fibroblast population. While loss of Fstl1 did not seem to have an 
effect under homoeostatic conditions (Figure 7M), it resulted in a high mortality rate within 
the first 5 days following LAD occlusion with all cKO mice dying due to cardiac rupture, 
a rupture of the left ventricular-free wall (Figure 7M). Heterozygous cKO or wild-type 
control animals, with 1 or 2 remaining functional Fstl1 alleles, had a significantly lower 
mortality rate (Figure 7M; log-rank test, p = 0.0004). Characterisation of the fibrotic scar 
in homozygous cKO mice demonstrated fewer Ki67+ proliferating cells in both the border 
and the infarct zones compared to control (Figure 7N). Collectively, these data imply that 
FSTL1 is a marker of injury-activated fibroblasts that –in an autocrine fashion– signals to 
preventing cardiac rupture upon damage.

DISCUSSION
We have generated an exhaustive map of proliferative cardiac cells and their progeny during three 
critical conditions of postnatal life. Here we assessed cardiac cell proliferation in an unbiased 
fashion. Most studies on cardiac regeneration focus on cell cycle re-entry of cardiomyocytes or 
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Figure 6. Ki67 lineage tracing reveals proliferative response following ischaemic injury. (A) Experimental 
timeline. (B, C) Visualisation of rare tdTomato+ cells in cryosections of sham control mice 28 dpi (n = 
1 mouse). (D-G) Large accumulation of tdTomato+ cells in the infarct zone 7 dpi (D-E, n = 2 mice) and 
28 dpi (F-G, n = 3 mice). The myocardium was visualised using cardiomyocyte autofluorescence; CM 
(green), nuclei were counterstained with DAPI (blue). (H) Quantification of tdTomato+ cardiomyocytes 
(CMs) per section scored (n = 3-4 mice). Student’s t test: n.s., not significant. (I) Percentage of tdTomato+ 
cardiomyocytes (n = 3-4 mice). Student’s t test: n.s. Scale bars: 1 mm (B, D, F) and 200 mm (C, E, G).

Figure 7. FSTL1 expression is characteristic to a population of injury-activated fibroblasts and is crucial 
in preventing cardiac rupture upon damage. (A) t-SNE map of cardiac fibroblast subclusters identified 
using the RaceID2 algorithm projecting the different experimental conditions. (B, C) Violin plots showing 
the expression of Pdgfra, Vim (B), Gsn and Fstl1 (C) in neonatal and injury-activated fibroblasts (light 
green) and homoeostatic adult fibroblasts (dark green). (D) Schematic representation of the generation of 
mice expressing eGFP and CreERT2 by cassette insertion within the Fstl1 protein coding region, enabling 
lineage tracing by crossing it with LSL-tdTomato mice. (E) Experimental timeline. (F-I) Progeny (red) 
of Fstl1-expressing fibroblasts is enriched in the scar tissue 14 dpi (H-I), while tdTomato-labelling in 
the remote area remains low (G). Nuclei were counterstained with DAPI (blue) and F-actin visualised 
by Phalloidin (green). (J, K) In situ hybridisation of Col1a1 and Col3a1 in adult homoeostatic heart (J) 
and 5 days after myocardial infarction (K). (L) Schematic representation of the generation of conditional 
knockout (cKO) mice by crossing Col1a1-CreERT2 mice with Fstl1flox/flox mice. Resulting in the depletion 
of Fstl1 exon2 upon tamoxifen induction. (M) Kaplan-Meier survival curve of homozygous cKO mice 
after MI (red), homozygous cKO mice after sham surgery (blue) and heterozygous cKO mice after MI 
(green) over the course of 30 days. (N) Immunofluorescence stainings of FSTL1 (green), Ki67 (red) and TnI 
(white) in damaged control and homozygous cKO hearts in remote, border and infarct zone. Nuclei were 
counterstained with DAPI (blue). Scale bars: 100 mm.
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the existence of resident stem cells, thereby restricting the analysis by the use of generic stem cell 
markers or of DNA label retention as a surrogate stem cell marker (Beltrami et al. 2003; Ellison 
et al. 2013; Uchida et al. 2013; Senyo et al. 2013; Kimura et al. 2015). Hence, we think that our 
dataset allows resolution of current controversies on cardiac regeneration (Cai and Molkentin 
2017; Uygur and Lee 2016; van Berlo and Molkentin 2014; van Berlo et al. 2018; Vicinanza  
et al. 2018).

While our data demonstrate that neonatal murine cardiomyocytes are actively cycling 
(Figure 1 and 2), we did not find evidence for significant de novo generation of cardiomyocytes 
in the homoeostatic or regenerating adult murine heart through cell division (Figure 4 and 5). 
In accordance with this, recent studies by the laboratories of Jonas Frisén and Olaf Bergmann 
used radiocarbon dating to demonstrate that the number of cardiomyocytes in human and mice 
is mainly established in the perinatal period and turnover rates decrease throughout life (Alkass 
et al. 2015; Bergmann et al. 2015). These data were confirmed by other means (Soonpaa et al. 
2015; Kimura et al. 2015). Of note, significant induction of proliferation of adult post-mitotic 
cardiomyocytes has only been achieved in vivo  by overexpressing cell-cycle regulators that are 
usually solely expressed by foetal cardiomyocytes (Mohamed et al. 2018).

It has been proposed that endogenous quiescent CSCs re-enter the cell cycle in response 
to cardiac injury (Ellison et al. 2013; Vicinanza et al. 2017; Vicinanza et al. 2018). We find 
no evidence for such CSCs that would contribute to the myocardial lineage upon damage. 
Further, we find that proposed CSC markers are widely expressed by non-cardiomyocyte 
cardiac lineages (Figure 3). Putative c-KIT+ CSCs, for example, are often purified by removing 
CD45+ haematopoietic cells and CD31+ endothelial cells (Beltrami et al. 2003; Ellison et al. 2013; 
Vicinanza et al. 2017). However, cardiac fibroblasts in our single-cell transcriptome dataset also 
express Kit transcripts. This demonstrates that Kit is expressed by a wide range of cardiac cell 
populations, which may explain some of the opposing results published on the role c-KIT+ cells 
for cardiac regeneration (Beltrami et al. 2003; Ellison et al. 2013; Vicinanza et al. 2017; van Berlo 
et al. 2014; van Berlo et al. 2018; Vicinanza et al. 2018).

In contrast to previous studies utilising label incorporation (i.e. BrdU) into the DNA of 
S-phase cells to assess proliferation of putative CSCs or cardiomyocytes (Ellison et al. 2013; 
Smart et al. 2011; Beltrami et al. 2003), we utilise genetic lineage tracing of Ki67+ cardiac cells 
to investigate evidence for de novo generation of cardiomyocytes in response to myocardial 
damage. Our data does not reveal significant numbers of newly formed cardiomyocytes 
(Figure 5), in line with a recent study assessing cardiomyocyte expansion during murine heart 
injury (Sereti et al. 2018). While we did not find evidence for cardiac regeneration through 
actively cycling cardiomyocytes or CSCs, we charted the robust injury response in the adult 
mammalian heart that essentially consists of proliferation of non-cardiomyocyte cardiac cell 
lineages (Figure 1, 2 and 5). The majority of proliferative cells in the adult homoeostatic heart 
are CD31+ cells of the vasculature (Figure 5). However, haematopoietic cells as well as cardiac 
fibroblasts robustly enter the cell cycle in the infarcted areas of the myocardium of injured 
adult mice (Figure 6 and 7). Cardiac fibroblasts proliferated in response to ischaemic injury and 
adopt a gene-expression profile similar to that of neonatal cardiac fibroblasts. This phenomenon 
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has previously been described for adult murine skin epidermis, where dermal fibroblasts are 
reprogrammed to a neonatal-like state in response to sustained activation of epidermal Wnt/b-
catenin signalling (Collins, Kretzschmar, and Watt 2011). A subsequent study showed that adult 
fibroblast remodelling significantly improved epidermal regeneration upon wounding of adult 
murine skin (Driskell et al. 2013). 

Our single-cell transcriptome dataset further showed that the proposed epicardial-specific 
cardiomyogenic factor FSTL1 (Wei et al. 2015) is prominently expressed by the cardiac fibroblast 
lineage. We do not find evidence for significant epicardial expression of FSTL1 under any of 
the conditions analysed. We confirmed our single-cell data using a Fstl1-eGFP reporter mouse 
as well as by histological staining (Figure 7 and SI Appendix, Figure S6) (Sylva et al. 2011). 
Using genetic lineage tracing, we subsequently demonstrate that Fstl1-expressing fibroblasts 
contribute principally to the myocardial remodelling occurring in response to cardiac injury. 
Finally, we show that the genetic deletion of Fstl1 in myocardial fibroblasts results in a severe 
phenotype with high mortality due to cardiac rupture upon injury (Figure 7M), a phenomenon 
similar to that described in another study with a less pronounced phenotype (Maruyama et al. 
2016) . This demonstrates the importance of autocrine FSTL1 signalling in scar formation.

Overall, our results imply that all markers used in previous studies to identify CSCs lack 
appropriate specificity in the heart. In addition, we find that post-infarct generation of new 
cardiomyocytes through proliferation of any type of cardiac cells is negligible, when compared 
to the proliferative response of non-cardiomyocytes. We find proliferating cells within all 
other cardiac-cell lineages, suggesting that these lineages are not maintained by distinct stem 
cells, but rather through cell division within the cell lineage. The proliferative response of 
cardiac fibroblasts in particular is important for infarct healing, yet it does not generate new 
cardiomyocytes, but rather a post-infarction fibrotic scar. 

METHODS
Mice
Generation and genotyping of Mki67IRES-CreERT2 (Basak et al. 2018), Mki67TagRFP (Basak 
et al. 2014), Fstl1eGFP-IRES-CreERT2 and Fstl1flox/flox (Sylva et al. 2011). LSL-tdTomato  
(B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J) (Madisen et al. 2010) and Col1a1-CreERT2  
(B6.Cg-Tg(Col1a1cre/ERT2)1Crm/J) (Kim, Nakashima, and de Crombrugghe 2004) were 
described elsewhere. All alleles were maintained on a mixed C57BL/6 background. All mouse 
experiments were conducted under a project license granted by the Central Committee Animal 
Experimentation (CCD) of the Dutch government and approved by the Hubrecht Institute 
Animal Welfare Body (IvD) and by the Animal Experimental Committee of the Academic Medical 
Center, Amsterdam. Littermates were used as controls, as indicated for each experiment. Both 
male and female mice were used in all experiments, except for mRNA-sequencing experiments, 
which were preferentially performed with male mice. 
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Surgical Procedures
Myocardial infarction (MI) was induced by permanent occlusion of the left anterior descending 
coronary artery (LAD). Ischaemia/reperfusion (I/R) was performed by LAD occlusion for 1 
hour (ischaemic period), followed by LAD reperfusion. Detailed surgical procedures are 
described in the SI Appendix, Materials and Methods.

Genetic Lineage-Tracing Experiments
Genetics lineage tracing of Mki67-expressing cells or Fstl1-expressing cells was induced by 
treating, respectively, Mki67IRES-CreERT2 × LSL-tdTomato or Fstl1eGFP-IRES-CreERT2 × LSL-tdTomato 
with tamoxifen (Sigma-Aldrich) dissolved in sunflower oil via the IP route. Details on 
the experimental procedures, treatment regime and tamoxifen dosage injected are provided in 
the SI Appendix, Materials and Methods.

Conditional Knockout Experiment
For conditional knockout of Fstl1 in cardiac fibroblasts 8-week-old Col1a1CreERT2 × Fstl1flox/flox 
mice were injected with 10 mg/kg tamoxifen for 4 consecutive days. Two weeks after the start of 
tamoxifen injection, mice underwent permanent ligation of the left anterior descending (LAD) 
artery. Survival rate was monitored or mice were sedated with CO2 and sacrificed up to 30 days 
after surgery.

Cardiac Cell Isolation
Mouse hearts were dissected, the atria were removed and, when suitable, hearts were divided 
up into remote and apex (i.e. for MI or I/R surgery, borderzone and infarcted zone). Whole 
ventricles were prepped from dissected hearts of neonatal mice. Tissue dissection was either 
performed as recently described (Gladka et al. 2018) or as detailed in the SI Appendix, Materials 
and Methods.

Flow Cytometric Purification
4’,6-diamidino-2-phenylindole (DAPI) was added immediately prior to flow sorting. DAPI-
negative and MitoTracker-positive living cells were either sorted into TRIzol reagent (Thermo 
Scientific) for bulk mRNA-sequencing or into 384-well plates containing 96 or 384 unique 
molecular identifier (UMI) barcode primer-sets, ERCC92 spike-ins (Agilent) and dNTPs 
(Promega) for single-cell mRNA-sequencing (SORT-seq) (Muraro et al. 2016) using a flow 
sorter (FACSAriaII, FACSFusion or FACSJazz, all BD). Sorted samples were stored at -80 °C 
until further processing.

Messenger RNA Sequencing
Samples were lysed and RNA from each bulk sort sample or single cell was barcoded and 
processed using the CEL-Seq2 technique (Hashimshony et al. 2016; Grün et al. 2016; Muraro 
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et al. 2016). Details on the sequencings performed are described in the SI Appendix, Materials 
and Methods. Bioinformatics analysis of sequenced libraries was performed as described below. 

Histology
Histology on cryosections and Paraffin sections was performed using standard methods as 
detailed in the in the SI Appendix, Materials and Methods.

The following antibodies or labelling agents were used for immunostainings: rat anti-CD45 
(30F11, eBiosciences), goat anti-mFSTL1 (R&D Systems, AF1738), goat anti-mouse PDGFRα 
(R&D Systems, AF1062), Phalloidin Alexa Fluor 488 (Life Technologies, A12379), Phalloidin 
Atto 647N (Sigma), rabbit anti-RFP/tdTomato (Rockland, 600-401-379), mouse anti-Ki67 (BD 
Bioscience, 556003), Alexa Fluor 568 donkey anti-rabbit IgG (Life Technologies, A10042) and 
Alexa Fluor 568 donkey anti-goat IgG (Life Technologies, A11057).

In Situ Hybridisation
In situ hybridisation (ISH) was performed on 8 mm paraffin sections of mouse hearts, as 
described (Sylva et al. 2011). Details ISH procedures are described in the SI Appendix, Materials 
and Methods.

Imaging
Images of cryosections were acquired on an inverted confocal laser scanning microscope 
(Leica SP8X and SP8). Paraffin sections were imaged using a Leica DM4000 or DM6000 optical 
microscope. ISH sections were imaged using a Leica DM5000 microscope.

Bioinformatics Analysis
DNA library sequencing, mapping to the mouse reference genome and quantification of transcript 
abundance were performed as described elsewhere (Muraro et al. 2016). Bulk sequencing 
libraries were analysed using the DESeq2 package (Love, Huber, and Anders 2014). Cell 
clusters and gene expression levels across clusters were generated using the RaceID2 algorithm 
(Grün et al. 2016) from single-cell libraries. All bioinformatics analysis was performed using R 
version 3.4.0 (R Foundation, https://www.r-project.org) and RStudio version 1.0.143 (https://
www.rstudio.com). Detailed bioinformatics analysis is described in the SI Appendix, Materials  
and Methods.

Statistics
No statistical methods were used to predetermine sample size. The experiments were not 
randomized and the investigators were not blinded to the sample allocation during experiments 
and outcome assessment. No animals were excluded from analysis. All data are presented as mean 
± standard deviation (SD), unless stated otherwise. Statistically significant differences between 
the mean of two conditions or experimental groups were determined using an unpaired two-
tailed Student’s t-test. A Chi-square test (c2) was performed to determine statistical significance 
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for the data presented in Figure 2F. A log-rank (Mantel-Cox) test was performed to determine 
statistical significance for the data presented in Figure 7M. Data was obtained from at least two 
biological replicates per condition and from at least two independent experiments to ensure 
reproducibility. Kaplan-Meier survival curves were generated and all statistical analyses were 
performed using GraphPad Prism version 7.0 software.

Data Resources
Differentially expressed genes of the initial cardiac-cell clustering, of the cardiomyocyte 
subclustering, of the main cardiomyocyte clusters and of the cardiac fibroblast subclustering 
are provided in Datasets S1-S4, respectively. RNA-sequencing data are deposited in the Gene 
Expression Omnibus (GEO), accession number GSE102048, except for some single-cell 
transcriptome data of cardiac cells isolated from wildtype (Mki67wt/wt) mice, which were 
published elsewhere (Gladka et al. 2018). All source data supporting the findings of this study 
are available from the corresponding author on request.
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SUPPLEMENTARY INFORMATION
Surgical Procedures
For sham, myocardial infarction (MI) and ischaemia/reperfusion (I/R) surgeries, 8-week old 
mice were anesthetised with mixture of ketamine and xylazine by intra-peritoneal (IP) injection. 
The fur was removed from the ventral surface of the neck and thorax with Nair hair removal 
cream (Church & Dwight). Mice were then artificially ventilated via a tracheal tube connected 
to a ventilator. After cleaning the surgical site with iodine and 70% ethanol, the skin was incised 
left of the midline with allowing access to the third intercostal space. Next, the pectoral muscles 
were retracted, the intercostal muscles were cut caudal to the third rib and a rib spreader was 
applied to allow access to the heart. The pericardium was incised longitudinally and the left 
anterior descending coronary artery (LAD) was identified. 

For the sham control surgery, the rib cage was then closed with 5-0 silk suture without 
placing a ligature around the LAD and the skin was closed with tissue adhesive. 

For the MI injury, a 7-0 silk suture was placed beneath the LAD to permanently occlude 
the artery. The rib cage was closed with 5-0 silk suture and the skin was closed with  
tissue adhesive. 

For the I/R injury, a 2-3 mm piece of PE 10 tubing was placed over the LAD and the ligature 
secured around the LAD and PE tubing. The rib cage was closed with 5-0 silk suture and the skin 
was closed with tissue adhesive. Following 1-hour ischaemic period, the PE tubing was removed 
and the ligature was cut to allow for reperfusion via the LAD. Again, the rib cage was closed with 
5-0 silk suture and the skin was closed with tissue adhesive. 

After these surgical procedures, the mice were disconnected from the ventilator, the tracheal 
tube was removed and the animal was placed unrestrained on a nose cone with 100% oxygen 
in a warm recovery cage until fully ambulatory, at which point the oxygen was turned off. To 
alleviate pain or distress Buprenorphine was injected subcutaneously as analgesic (0.05-0.1 
mg·kg-1 bodyweight), given once at completion of surgery. Mice were killed at time points 
indicated below or in the main text.

Genetic Lineage-Tracing Experiments
For genetic lineage tracing of Mki67-expressing cells in neonatal hearts, 1-week old  
Mki67IRES-CreERT2 × LSL-tdTomato mice were treated once with 150 µg tamoxifen (Sigma-Aldrich) 
dissolved in sunflower oil via the IP route. Mice were killed 1 day and 7 days after tamoxifen 
injection and tissue was collected for histological analysis. 

For genetic lineage tracing of Mki67-expressing cells in adult homoeostatic hearts, 8-week 
old Mki67IRES-CreERT2 × LSL-tdTomato mice were treated either once or five consecutive times 
with 5 mg tamoxifen dissolved in sunflower oil via IP injection. Mice were killed (1 day after 
tamoxifen injection or at 1.3-1.5 years of age) and tissue was collected for histological analysis. 

For genetic lineage tracing of Mki67-expressing cells in upon myocardial infarction 
surgery, 8-week old Mki67IRES-CreERT2 × LSL-tdTomato mice that had undergone sham or MI 
surgery were IP injected with 5 mg tamoxifen dissolved in sunflower oil every other day for 
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3 doses in total. Mice were killed 7 and 28 days following surgery and tissue was collected for  
histological analysis.

For genetic lineage tracing of Fstl1-expressing cells in upon myocardial infarction surgery, 
7-week old Fstl1eGFP-IRES-CreERT2 × LSL-tdTomato were IP injected once with 5 mg tamoxifen 
dissolved in sunflower oil. One week later, MI surgery was performed. Mice were killed 2 weeks 
following MI surgery and tissue was collected for histological analysis.

Cardiac Cell Isolation
Mouse hearts were dissected, the atria were removed and, when suitable, hearts were divided 
up into remote and apex (i.e. for MI or I/R surgery, borderzone and infarcted zone). Whole 
ventricles were prepped from dissected hearts of neonatal mice. Dissected tissue was minced 
into small pieces (<1 mm) and incubated for 15 minutes at 37 °C (water bath) in 0.5 mM 
ethylenediaminetetraacetic acid (EDTA) in phosphate buffered saline without Ca²+ and Mg²+ 
(PBSO). Incubated pieces were disrupted using pre-wetted glass Pasteur pipettes by repeatedly 
pipetting up and down (>10 times). Pieces were centrifuged at 100×g for 5 minutes at 4 °C and 
the supernatant was carefully aspirated. Tissue pieces were washed in PBS and again centrifuged 
at 100×g for 5 minutes at 4 °C. After supernatant removal, tissue pieces were resuspended in 
dissociation buffer: Advanced DMEM/F12 containing collagenase II (1 mg·mL-1; Thermo 
Scientific), DNase I (10 U·mL-1; Sigma-Aldrich) and hyaluronidase (10 μg·mL-1; Sigma-Aldrich). 
Samples were incubated for 20-30 minutes at 37 °C on a rocker and then further disrupted 
using pre-wetted glass Pasteur pipettes by repeatedly pipetting up and down (>10 times). To 
inactivate enzymatic activity, foetal calf serum (FCS) was added to the cell suspension, which 
was then centrifuged at 300×g for 5 minutes at 4 °C. After supernatant removal, the cell pellet 
was incubated in 1× red blood cell (RBC) lysis solution (freshly prepared from a 10× stock 
solution containing 1.55M NH4Cl, 100 mM KHCO3 and 0.1 mM EDTA dissolved in MilliQ 
water) for 5 minutes at room temperature. Upon RBC lysis, cells were centrifuged at 300×g for 5 
minutes at 4 °C and washed in PBS, followed by another centrifugation at 300×g for 5 minutes at 
4 °C. Cells were stained with MitoTracker Deep Red (Cell Signaling) for 10 minutes at 37 °C on 
a shaker. Cells were resuspended in cold flow cytometry buffer (PBS, 5% FCS, 2 mM EDTA) and 
filtered through a 70-μm cell strainer (Greiner) before proceeding with flow sorting. Cardiac 
cell isolation from some wildtype (Mki67wt/wt) mice was performed as recently described (1).

Messenger RNA Sequencing
Samples were lysed and RNA from each bulk sort sample or single cell was barcoded and 
processed using the CEL-Seq2 technique (2-4). Briefly, for bulk sequencing, samples sorted 
into TRIzol were extracted following the manufacturer’s instruction, except, total RNA was 
precipitated with 2 μg GlycoBlue (Ambion) overnight at -80 °C. RNA pellets were dissolved in 
reverse transcription reaction mix (Invitrogen) containing UMI barcode primers and dNTPs 
(Promega) and incubated at 70 °C for 2 minutes. For single-cell mRNA-sequencing, cells were 
directly lysed at 65 °C for 5 minutes, followed by first and second strand synthesis (Invitrogen). 
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Sequencing samples were pooled into single library prior to in vitro transcription (Ambion). 
Amplified RNA was used as template to generate complementary DNA (cDNA) libraries 
using Illumina TruSeq primers. Libraries were sequenced on an Illumina NextSeq500 using 
75-bp pair-end sequencing. Bioinformatics analysis of sequenced libraries was performed as  
described below. 

Histology
Tissues were fixed in 4% paraformaldehyde (PFA) in PBS at room temperature for 2 hours. 
After fixation, the hearts were incubated in cryoprotective solution (30% sucrose in PBS) at  
4 °C overnight, then frozen blocks were prepared in tissue freezing medium (Leica) and stored 
at -80 °C. Ten μm thick cryosections were cut and mounted on cover glass. Dried sections were 
fixed using 4% paraformaldehyde for 15 minutes, permeabilised with 0.5% Triton X-100 in PBS 
for 5 min and blocked for 2 hours in PBS containing 10% FCS, 3% bovine serum albumin and 
0.5% fish skin gelatin (Sigma-Aldrich). Next, sections were incubated overnight with primary 
antibody in blocking solution, washed and incubated with secondary antibody for 2 hours 
at room temperature. Finally, sections were washed and mounted in ProLong Gold Antifade 
Mounting Medium with DAPI (Life Technologies). For paraffin blocks, hearts were fixed using 
4% PFA, dehydrated using ethanol and embedded in paraffin. Five mm-sections were processed 
using standard methods and antigen retrieval was performed using pH 6 citrate buffer. Dewaxed 
sections were incubated with primary antibody overnight at 4 °C and then incubated for 1 hour at 
room temperature with BrightVision poly-HRT anti-rabbit (Immunologic). Immunoreactivity 
was visualized using 3,3’-diaminobenzidine (DAB).

In Situ Hybridisation
In situ hybridisation (ISH) was performed on 8 mm paraffin sections of mouse hearts, as 
described (5). Sections were deparaffinised, rehydrated in a series of alcohol and incubated 
for 15 minutes in 20 mg/mL proteinase K in PBS for 15 minutes at 37 °C. Proteinase K was 
inactivated using 0.2% glycine in PBS, after which the sections were washed in PBS, fixed in 
4% PFA and 0.2% glutaraldehyde in PBS. Sections were incubated overnight with the following 
probes in hybridization mix: Col1a1 (0.5 ng·mL-1) and Col3a1 (0.5 ng·mL-1) After hybridisation, 
the sections were washed in 2× SSC (150mM NaCl, 15mM Na-citrate, pH 7), 50% formamide in 
2× SSC pH 7 and TNT (150 mM NaCl, 100 mM Tris-HCl, 0.05% Tween-20, pH 7.5). Blocking 
was done in MABT (150 mM NaCl, 100 mM maleic acid, 0.1% Tween-20, pH 7.4) plus 2% 
Block Reagent (Roche 1096176), followed by 2 hours incubation with anti-DIG-alkaline in 
MABT-Block 2% (1:1500), washed in TNT and NTM (100 mM NaCl, 100 mM Tris-HCl, 50 mM 
MgCl2, pH9.2), and subsequently followed by incubation with NBT/BCIP (1:50). After colour 
development the sections were rinsed with double distilled water, dehydrated in a graded series 
of ethanol, washed in xylene and mounted in Entellan. 
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Bioinformatics Analysis
DNA library sequencing, mapping to the mouse reference genome and quantification of 
transcript abundance were performed as described elsewhere (4). Bulk sequencing libraries 
were analysed using the DESeq2 package (6). Cell clusters and gene expression levels across 
clusters were generated using the RaceID2 algorithm (3) from single-cell libraries. For initial 
cell type analysis, ERCC92 spike-ins and mitochondrial genes and cell transcriptomes with less 
than 1,000 uniquely expressed transcripts were removed from the single-cell dataset. Single-
cell sequencing libraries were normalised by downsampling to a minimum number of 1,000 
transcripts. After first running RaceID2, 2,144 cells making the 1,000-transcript threshold 
separated into 14 cell clusters. Subsequently, cell clusters enriched for Kcnq1ot1 (cluster 5) and 
Rn45s (cluster 13), markers of necrotic cells with low quality RNA, were removed followed by 
running RaceID2 again to generate the cell clusters presented in this paper (7, 8). For refined 
analysis of cardiac cell subpopulations, cells assigned to the five main cardiac cell types were 
extracted and, subsequently, cells with more than 2,000 transcript counts assigned to the lineages 
of cardiomyocytes and cardiac fibroblasts were used for further analysis. To increase robustness, 
clusters containing less than 10 cells were removed from further analysis (8): this applied to 
the initial subclustering of cardiomyocytes, where clusters 5, 7 and 9 (of a total of 11 clusters) 
were not considered for the subsequent differentially gene-expression analysis. After removal of 
these clusters, RaceID2 was run again, which resulted in 6 clusters. All bioinformatics analysis 
was performed using R version 3.4.0 (R Foundation, https://www.r-project.org) and RStudio 
version 1.0.143 (https://www.rstudio.com).
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Dataset S1. Differentially expressed genes of the initial cardiac cell clustering.

Dataset S2. Differentially expressed genes of the cardiomyocyte subclustering.

Dataset S3. TOP 100 differentially expressed genes in neonatal cardiomyocytes, adult injured-
associated cardiomyocytes and adult homeostatic cardiomyocytes.

Dataset S4. Differentially expressed genes of the cardiac fibroblast subclustering.



66

SUPPLEMENTARY FIGURES

Figure S1. Gating and sorting strategy for the purification of Ki67-RFP+ cells. Representative dot plots 
showing the gating and sorting strategy (from left to right, from top to bottom). Area scaling, A; forward 
scatter, FSC; height scaling, H; side scatter, SSC.
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Figure S2. Principal component analysis (PCA) of bulk mRNA-sequencing of Ki67-RFP+ cells. Principal 
component analysis (PCA) plot of mRNA expression profiles of Ki67-RFP+ cells isolated at 7 days of age 
(Neonatal), 3, 7 and 14 days after myocardial infarction (dpi) and or 14 days after sham surgery (Ctrl).
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Figure S3. Cell clustering. (A) Clustering of cardiac cells and cell-to-cell distances visualized by  
t- distributed stochastic neighbour-embedding (t-SNE) map, highlighting 9 identified clusters. (B) Heatmap 
representation of the transcriptome similarities between 1,939 single cells from the 9 identified clusters. (C) 
k-medoids clustering. If the change of the within-cluster dispersion upon increasing the cluster number 
(ki+1 = ki + 1) is within the error of the average change upon further increase (ki+2, …, kmax), ki is chosen 
as input. The average change across cluster numbers ki+2, …, kmax and its error is computed from a linear 
regression. Within-cluster dispersion (see Figure below, left) and change of the within-cluster dispersion 
(see Figure below, right) as a function of the number of clusters. The average change at cluster number k 
upon further increase is shown in red. In both panels the selected cluster number is circled in blue.
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Figure S4. Expression patterns of cardiac lineage genes in sequenced cardiac single cells. (A) Ki67-RFP+ 
cells per experimental group assigned to cell types based on marker genes enriched in each major cell cluster. 
(B) t-SNE map representation of the experimental condition for each sequenced cell. (C) Quantification of 
the conditions of origin shown on B within each cell cluster (colour  of  the  frame around the cell cluster 
number corresponds to the cell types shown in panel A).
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Figure S5. Expression (normalised transcript counts) of putative cardiac stem cell markers in the dataset. 
mRNA transcript counts of Abcg2, Gata4, Isl1, Kit (c-KIT), Ly6a (SCA-1) and Nkx2-5.
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Figure S6. Fstl1 is highly expressed in fibroblasts from neonatal mice and after MI. (A) Clustering of cardiac 
fibroblasts and cell-to-cell distances visualised by t-distributed stochastic neighbour-embedding (t-SNE) 
map, highlighting 11 identified clusters. (B) Projection of the experimental conditions over the fibroblast 
sub-clusters. (C-J) eGFP+ cells (green) in hearts of neonatal (C) and homoeostatic (D-J) Fstl1eGFP-IRES-
CreERT2 mice overlap with fibroblast marker PDGFRα (J, red) and no eGFP+ were found in the epicardium 
(H). Nuclei were counterstained with DAPI (blue) and cell borders visualized by Phalloidin (as indicated, 
either red or white). (K-N) Validation of FSTL1 expression in the borderzone and in the infarcted region 
of wildtype mice two after weeks after MI using a specific anti- FSTL1 antibody (green) and cell border 
visualised by Phalloidin (red). Scale bars: 100 m (C, E-J, K-N) and 1 mm (D).
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ABSTRACT
The lacrimal gland is essential for lubrication and protection of the eye. Disruption of lacrimal 
fluid production, composition or release results in dry eye, causing discomfort and damage to 
the eye surface. Here, we provide a single-cell RNA expression atlas of the human tear gland 
and unveil its cellular heterogeneity. We describe the establishment of a long-term 3D organoid 
culture system for mouse and human lacrimal gland. Organoids can be expanded for multiple 
months and recapitulate morphological and transcriptional features of the primary tissue. 
CRISPR/Cas9 mediated genome editing reveals the master control gene for eye development 
Pax6 to be required for differentiation of adult lacrimal gland cells. A functional swelling assay 
of human organoids in response to neurotransmitters phenocopies the process of tear secretion. 
This study provides an experimental platform to study the (patho-)physiology of the tear gland.

Keywords
Lacrimal gland, adult stem cell, tears, organoids, single-cell sequening
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INTRODUCTION
Lacrimal glands are exocrine organs that secrete the aqueous layer of the tear film, one for each 
eye. Tears consists of water, mucins, electrolytes and antibacterial proteins. Different types of 
tears exist: basal tears are constitutively secreted to lubricate and moisten the eye. Reflex tears 
are produced by external stimuli to flush away irritants, while emotional tears are triggered 
by strong positive or negative emotions (Murube 2009). Tear fluid is secreted by the epithelial 
cells of the main lacrimal gland, which consists of acini and intralobular ducts (Hodges and 
Dartt 2003). Dysfunction in tear production or secretion potentially results in - or can be 
a consequence of - pathologies of the eye, such as Sjogren’s syndrome (Brito-Zeron et al. 2016). 
The versatile function of tears is reflected in its complex chemical composition (de Souza, 
Godoy, and Mann 2006). Tear fluid contains many different proteins that are described to reflect 
normal and disease states (Perumal et al. 2016). The cellular heterogeneity of lacrimal gland 
epithelium, underlying tear components, have remained largely unexplored.

RESULTS
While cultures of primary tear gland cells have been described, they are either short-lived 
(Lin, Liu, and Yiu 2019), the growth medium not chemically defined (Tiwari et al. 2012) or 
derived from embryonic material (Hirayama et al. 2013). We have previously defined 3D 
culture conditions that allow long-term expansion of mouse and human organoids from 
multiple adult organs (Clevers 2016). To generate lacrimal gland organoids, we applied our 
adult stem cell-based organoid protocol from other organs (Drost et al. 2016; Hu et al. 2018; 
Sato et al. 2009; Schutgens et al. 2019) to mouse tissue isolates. Wild type murine lacrimal 
glands were dissociated into small fragments and embedded in basement membrane extract 
(BME) (Figure 1A). Supplying a ‘generic’ organoid medium containing R-spondin 3, Noggin, 
FGF10, TGF beta inhibitor A83-01 and cAMP/PKA activators PGE2 and FSK resulted in 
the most robust organoid outgrowth (Figure S1A, B). Addition of Nicotinamide slightly 
reduced initial outgrowth from primary tissue but is described to increase the lifespan 
of established organoids and therefore retained in the cocktail (Sato et al. 2011). Using this 
‘expansion medium’, organoids expanded to a diameter of ~200 µm within the first ten days 
(Figure 1B). Thereafter, organoids could be passaged by mechanical disruption at a ratio of 1:4 
every 7 days, for multiple months (>20 passages) without significant changes in growth kinetics 
or morphology (Figure 1B). To investigate the similarity between lacrimal gland organoids and 
the tissue of origin, we performed bulk mRNA sequencing of established organoid lines (n=3), 
lacrimal gland tissue (n=3) and the adjacent salivary gland tissue (n=2) as a reference (Figure 
S1C). To establish a lacrimal gland gene-expression signature, we compared both organoids and 
tissue with the salivary gland. We found 100 genes commonly upregulated (fold-change > 1.5, 
padj < 0.05) in the samples originating from the lacrimal gland compared to the salivary gland  
(Figure 1C). Overlapping differentially expressed genes included epithelial marker (Krt6a), 
ocular transcription factor (Foxc2, (Smith et al. 2000)), aquaporin (Aqp4), secreted tear proteins 
(Ltf, Muc4), a nonvolatile peptide described to direct sociosexual communication in rodent tear 
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fluid (Esp6, (Kimoto et al. 2007)) and the master regulator of eye development (Pax6, (Gehring 
1996)) (Figure 1D). Among the commonly upregulated genes we did not find acinar cell markers 
Sox10 and Mist1 (Farmer et al. 2017), suggesting the organoids represent the ductal compartment 
of the lacrimal gland. Mapping protein expression using immunohistochemistry we confirmed 
nuclear expression of transcription factor Pax6 in all organoid cells and in epithelial cells of 
the tissue  (Figure 1E). The Pax6 gene is expressed in different tissues of the eye, including 
the lacrimal gland epithelium (Makarenkova et al. 2000). In both vertebrates and invertebrates, 
Pax6 can direct the formation of ectopic eyes (Chow et al. 1999; Halder, Callaerts, and Gehring 
1995). We detected a polarized apical expression pattern of aquaporin in the organoids, as seen 
in the ducts and acini in vivo (Figure 1E). Defects in apical distribution of AQP5 have been 
implicated with decreased lacrimation and dry eye in patients with Sjogren’s syndrome (Tsubota 
et al. 2001). Lactotransferrin (Ltf), described to have antimicrobial activity in various secretory 
fluids (Jenssen and Hancock 2009), accumulated in the lumen of the organoids. In the tissue we 

Figure 1. Establishment of organoid culture conditions for murine lacrimal gland. (A) Schematic 
representation of deriving organoids from murine lacrimal glands. (B) Organoid outgrowth in BME 
from plating primary tissue to late-passage. (C) Venn diagram showing overlap of 100 significantly 
upregulated genes (fc ≥ 1.5, p ≤ 0.05) lacrimal gland tissue and lacrimal gland organoids compared to 
salivary gland tissue. (D) Clustered heatmap of 100 upregulated genes from c. (E) Immunohistochemistry 
for lacrimal gland genes identified in bulk RNA sequencing (Pax6, Aqp5, Ltf) in tissue and organoids. (F) 
Immunofluorescent staining for Lcn2 (red) in lacrimal gland organoids.
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found Ltf to be highly enriched in the ducts of the lacrimal gland, in contrast to other reports 
in human (Flanagan and Willcox 2009) (Figure 1E). A tear lactotransferrin assay determining 
protein concentration serves as a test for lacrimal gland function in both healthy and diseased 
individuals (Janssen and van Bijsterveld 1983). Tear component lipocalin 2 (Lcn2), an iron-
sequestering protein in the antibacterial innate immune response, accumulated in luminal cells 
of the organoids (Figure 1F). The detectable concentration of lipocalin in tears is decreased in 
patients with Sjogren’s syndrome (Caffery et al. 2008). 

We noticed that larger organoids tended to differentiate into collapsed thicker-walled 
structures when fresh medium was not added frequently enough or cells were not split in time. 
This phenotype could be reproduced on a broader scale when withdrawing most growth factors 
and small molecules (R-spondin, Noggin, A83-01, PGE2, Nicotinamide and N-acetylcysteine) 
from the expansion medium (Figure 2A). Organoids became less proliferative, denser and 
remained viable for several days. Based on these morphological features we defined this as 
our ‘differentiation medium’. Direct comparison of organoids in expansion medium (n=3) 
and organoids in differentiation medium (n=3) for 5 days using bulk mRNA sequencing 
revealed a transcriptional separation between the two conditions (Figure S2A and B). Upon 
differentiation, organoids decreased the expression of Wnt pathway components Axin2, Fzd10 
and marker of epithelial cells with stem cell potential Tnfrsf19, encoding Troy (Stange et al. 
2013) (Figure 2B). Differentiated organoids upregulated the Wnt inhibitor Dkk3, luminal 
water channel Aqp5, marker of myoepithelium Acta2 (Figure 2B), but also Keratin 20 (Krt20), 
established as a marker of mature cells in the gastric and intestinal epithelium (Chan et al. 2009) 
(Figure 2B and S2B). Differentiation did not increase the expression of acinar cell markers but 
rather induced a signature of ductal cell maturation and the myoepithelium lineage. This is in 
line with a lineage tracing study reporting Krt5+ basal cells giving rise to basal and luminal duct 
cells as well as myoepithelial cells but not acini (Farmer et al. 2017). 

Transcription factor Pax6 is indispensable for lacrimal gland development in mouse 
(Makarenkova et al. 2000) and its overexpression crucial in the generation of lacrimal gland 
epithelium-like cells from human pluripotent stem cells (Hirayama et al. 2017). To decipher its 
role in adult lacrimal gland cells we utilized CRISPR/Cas9 technology for targeted deletion of 
Pax6 in our organoids (Figure 2C). Clonally expanded knockout lines had undetectable levels 
of Pax6 protein by immunohistochemistry and western blot (Figure 2D and E). In expansion 
medium, Pax6-knockout (Pax6-KO) lines were indistinguishable from their wild type 
counterparts in culture and maintained the capacity for repeated passaging (Figure 2F). Loss of 
Pax6 in adult lacrimal gland-derived organoids did not affect their viability, growth potential 
or cystic morphology (Figure 2F). Pax6-KO organoids decreased proliferation around 7 days 
after splitting but did not spontaneously differentiate. We next tested maturation capacity of 
Pax6-KO lines in response to differentiation medium. While wild type lines strongly reacted (as 
described above), Pax6-KO lines stopped proliferating but retained an undifferentiated cystic 
phenotype upon exposure to differentiation medium (Figure 2G). In line with the morphological 
phenotype, Pax6-KO lines did not upregulated Krt20 mRNA in differentiation medium  
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Figure 2. Differentiation of organoids depends on the expression of Pax6. (A) Representative brightfield 
images of organoid morphology in differentiation medium. (B) Volcano plot of differentially expressed 
genes in expansion and differentiation medium. (C) Schematic representation of targetting Pax6 exon 4 
with CRISPR/Cas9. (D) Immunofluorescent staiting for Pax6 protein in Wiltype and Pax6-KO lines. (E) 
Western blot for Pax6 and Hsp90 loading control in Wildtype and Pax6-KO lines. (F-G) Brightfield images 
and HE staining of Wildtype and Pax6-KO lines in expansion and differentiation. (H) Expression levels of 
Krt20 in Wildtype and Pax6-KO lines in differentiation medium.
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(Figure 2H). Thus, Pax6 appears to be dispensable for adult stem cell expansion but rather to be 
of importance in maturation of the adult lacrimal gland epithelial cells.

In recent years, single-cell sequencing technologies have revealed the cellular composition 
of various human organs (Regev et al. 2017). Along these lines, we performed single-cell mRNA 
sequencing on primary human lacrimal gland tissue. A total of 1,140 cells were sorted and 
processed using the SORT-seq method (Muraro et al. 2016). K-medoids-based clustering 
compartmentalized the 621 cells that passed the threshold (1,500 transcripts per cell) into 10 
different cell clusters, as visualized by t-distributed stochastic neighbor embedding (t-SNE) 
(Figure 3A). Mapping the expression of established lacrimal gland markers that we found in 
murine organoids (PAX6 and AQP5) revealed two distinct resident epithelial cell populations 
(clusters 2, 4, 6, 7 and 10 vs cluster 8) (Figure 3B). Other cell types in our dataset included 
myoepithelium (cluster 9 expressing ACTA2, MYLK, TPM2), endothelial cells (cluster 1: VWF, 
PECAM, CDH5) and lymphocytes (clusters 3 and 5: CD8A, CD2, PTPRC) (Figure 3C and 
S3A). Previous reports describe similar cell populations in 359 sequenced cells from a mouse 
lacrimal gland, postnatal day 4 (Farmer et al. 2017). A more detailed analysis of the epithelial 
populations uncovered that clusters 2, 4, 6, 7 and 10 (n=498) consisted of ductal cells, marked 
by the expression of TFCP2L1, a transcription factor implicated in the maturation of ducts in 
the salivary gland and kidney (Figure S3B) (Yamaguchi, Yonemura, and Takada 2006). Ductal 
cells also expressed TNFRSF19, encoding TROY, a receptor we found to be enriched in murine 
organoids in expansion medium (Figure 2B and S3B). Cluster 8 (n=42) comprised acinar cells 
that highly expressed PLA2G2A, encoding a phospholipase A2 protein (Figure S3B). PLA2G2A 
is expressed in intestinal Paneth cells, serving as a host defense molecule (Ouellette 2011). 
Pancreatic acinar cells express group 1a of the phospholipase A2 family of proteins (Friess et al. 
2001). A direct comparison (fc ≥ 1.5, p ≤ 0.05) of ductal and acinar cells revealed differential 
production of individual tear components. Ductal cells expressed HTN1, C4ORF40, LTF, LYZ, 
PROL1, ZG16B and SFRP1 (Figure 3D and 3E). Of note, decreased levels of Secreted Frizzled 
Related Protein 1 (SFRP1) in tear fluid has been implicated in keratoconus (You et al. 2013). 
The gene C4ORF40 encodes Proline-Rich Protein 27 (PRR27). While family members of this 
protein have been identified in saliva, a function for this particular variant in human tear 
fluid is unknown (Bennick 1982). Acinar cells highly expressed LACRT, SCGB2A1, SCGB1D1, 
CST4, PLA2G2A, PIP, CLU, CST1, DCD and HMGCS2 in our dataset (Figure 3D and 3F). 
Prolactin induced protein (PIP) is a component of human milk and saliva, detected in acinar 
cells of the parotid gland (Mirels, Hand, and Branin 1998), believed to directly bind to bacteria 
(Schenkels et al. 1997).

We noticed that the expression of some tear components was unequally distributed over 
the 5 ductal clusters (2, 4, 6, 7 and 10). In order to assess the heterogeneity within the ductal 
compartment, we extracted all 498 ductal cells from the dataset and performed subclustering. 
This resulted in 17 ductal subclusters, expressing different tear components (Figure S4A). 
The most striking differences were observed between clusters 6 and 12. Cluster 6 comprised cells 
enriched for transcripts of LACRT, CST4 and SCGB1D1 sharing some of the secreted proteins 
found in acinar cells (Figure S4B). The cells in cluster 12 and 8 were positive for WFDC2, 



80

Figure 3. Single cell atlas of the human lacrimal gland reveals cellular heterogeneity in tear component 
expression. (A) Single cell RNA sequencing: clustering of human lacrimal gland tissue cells (n=621) 
visualized by t-SNE map. Colors highlight different clusters (n=10). (B-C) Expression level of selected genes 
in t-SNE map. Color coded logarithmic scale of transcript expression. (D) Volcano plot of differentially 
expressed genes comparing ductal and acinar cells from the single cell sequencing dataset. (E-F) Expression 
level of selected genes in t-SNE map and violin plots visualizing the expression levels in selected cells of 
acinar (purple) and ductal (orange) identity. Color coded logarithmic scale of transcript expression.
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LCN2 and SCGB3A1 (Figure S4C). Of note, these cells have much lower expression of LTF, LYZ 
and AQP5 (Figure S4D). Secretoglobin 1D1 (SCGB1D1), also known as Lipophilin-A, has been 
identified in the proteome of human tears (Lehrer et al. 1998). Secretoglobin 3A1 (SCGB3A1), 
expressed in different ductal cells, has never been described in the context of human tears or 
lacrimal gland apparatus to our knowledge. Individual secretoglobin variants can be used to 
define secretory cell subsets in the mouse and human airways (Reynolds et al. 2002). Almost all 
differentially expressed genes are secreted proteins and are described to possess antimicrobial 
activity (McDermott 2013). Tear fluid plays an important role as an innate defense system, 
protecting the eye from pathogens. The loss of many of these proteins (from both ductal and 
acinar cells) in the tear proteome is a symptom of dry eye disease (Azharuddin et al. 2015). 

We next pursued the establishment of human lacrimal gland organoids. Starting from 
surplus material from diagnostic lacrimal gland biopsies (n=3), we modified the mouse protocol  
(Figure 4A and S5A). Plating of dissociated tissue fragments resulted in the initial expansion 
of human organoids within nine days (Figure 4B). We observed best outgrowth and long-term 
expansion of cystic organoids in a growth factor medium containing R-spondin 3, Noggin, FSK, 
FGF10, N-acetylcysteine and A83-01 (Figure S5B). Human organoids could be passaged by 
mechanical disruption at a ratio of 1:3 every 10 days, for multiple months (>10 passages) without 
significant changes in growth kinetics or morphology (Figure 4B). Immunohistochemistry 
confirmed epithelial lacrimal gland identity of the organoids, matching the reference primary 
tissue by nuclear expression of PAX6 (Figure 4C).

All organoid cells were positive for Epithelial Cell Adhesion Molecule (EPCAM)  
(Figure S5C). Detection of AQP5 at the apical membrane indicates functional water movement 
into the lumen of the organoids (Figure 4C). Luminal accumulation of fluids, often following 
an electrochemical gradient, results in the swelling of organoids. Organoid swelling has been 
applied by us previously to monitor CFTR function in intestinal tract organoids of patients 
with cystic fibrosis (Dekkers et al. 2013). Using lacrimal gland organoid swelling as a proxy for 
tear fluid secretion, we tested this functional platform to monitor chemical inducers of crying. 
The secretion of water, electrolytes and proteins from the lacrimal gland are controlled by 
different neural mechanisms. Neurotransmitters (acetylcholine, VIP, Noradrenaline) released 
from stimulated parasympathetic and sympathetic nerves act on ductal cells, acinar cells 
and the myoepithelium. As expanding organoids (both mouse and human) are constitutively 
swollen, presumably through the presence of cAMP activator FSK in expansion medium, we first 
cultured organoids in a basal medium containing Advanced DMEM, B27 supplement and FGF10  
(Figure 1B and 4B). In this basal medium, without cAMP/PKA activation, organoids shrunk 
resulting in an undetectable lumen. In a small screening setup, non-swollen organoids were 
exposed to the following compounds: cAMP/PKA activators PGE2/FSK, neurotransmitter 
Noradrenaline, acetylcholine receptor activator Carbachol and muscarinic receptor activator 
Pilocarpine. Of those, only PGE2/FSK and Noradrenaline were potent activators of secretion, 
as evidenced by swelling up to 300% of the initial size compared to control (Figure 4D). 
FSK directly increases cAMP levels upon administration as a cell permeable adenylyl cyclase  
activator. Noradrenaline requires ligand-receptor interaction. Functional adrenergic receptor 
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Figure 4. Human lacrimal gland organoids as a functional model for tear secretion. (A) Schematic 
representation of experimental setup for human lacrimal gland organoids and immunohistochemistry 
validation using biopsy samples. (B) Human organoid outgrowth from plating primary tissue to late-
passage. (C) Immunohistochemistry of lacrimal gland markers (AQP5 and PAX6) in tissue and organoids. 
(D) Swelling assay of human organoids exposed to different chemical stimuli. Swelling is quantified as 
organoid diameter (n=25) before and 24h after exposure. Normalized to t0. (E) Schematic representation 
of organoid ‘tearing’ in response to noradrenaline.

mediated pathways alpha 1 (Adra1a) and beta 1 (Adrb1) have been described in the mouse 
lacrimal gland (Ding, Walcott, and Keyser 2007) (Figure 4E). Also, sympathetic nerves in 
the lacrimal gland act as a local source of noradrenaline, regulating secretion in vivo (Dartt 
2009). Water secretion, and thereby swelling, will only take place upon functional ion channel 
expression, such as CFTR, CLCN3, LRRC26 or SLC12A4 (Ubels et al. 2006). Both carbachol 
and pilocarpine stimulate tear fluid secretion in vivo but not in organoids (Fonseca et al. 2015; 
Vivino et al. 1999). A number of possible explanations exist for this difference and require 
further investigation; (1) These agonists target receptors that are not or too lowly expressed 
in organoids. (2) The mechanism of action in vivo is indirect by stimulating the contraction of 
myoepithelial cells. As is described for guinea pig lacrimal gland myoepithelial cells in response 
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to carbachol (Satoh et al. 1997). (3) The compounds stimulate protein secretion rather than 
electrolyte/water secretion. This will have a limited effect on organoid swelling. The molecular 
mechanism for fluid secretion by lacrimal gland duct cells remains largely understudied  
(Katona et al. 2014).

CONCLUSION
Here, we describe an adult stem cell-based organoid protocol for the long-term expansion of 
mouse and human lacrimal gland. Organoids morphologically and transcriptionally recapitulate 
the lacrimal gland epithelium in vivo. CRISPR-Cas9 mediated genome editing reveals Pax6 
to be crucial in the differentiation capacity of murine organoids, without affecting expansion 
potential or self-organization in vitro. Human organoids can be maintained and expanded in 
a very similar culture medium, activating signaling pathways also found to be essential for other 
organs. Human organoids are responsive to compounds that induce tearing in vivo. Our single-
cell sequencing data demonstrate that ductal and acinar cells in the human lacrimal gland secrete 
a different repertoire of tear components. The organoids predominantly resemble the ductal 
cell state, as seen in the pancreas (Boj et al. 2015) and salivary gland (Maimets et al. 2016) 
organoid systems. The ductal and acinar lineages are described to have their own progenitors 
in the postnatal murine lacrimal gland (Farmer et al. 2017). In vitro transdifferentiation or 
optimized culture conditions for both populations may be further explored. Patient-derived 
organoids open up new avenues to study lacrimal gland diseases in a personalized-fashion, 
by following a similar biobanking approach we have used in the field of oncology (van de 
Wetering et al. 2015), has been done for cystic fibrosis (Berkers et al. 2019) or targeting relevant 
genes utilizing genome editing tools (Drost et al. 2015). Given that Sjogren’s syndrome is an 
autoimmune disease, it would be relevant to explore co-cultures of resident immune cells with 
epithelial organoids, as previously illustrated with tumor-derived organoids (Dijkstra et al. 
2018). In conclusion, organoids make a tractable model to better understand the lacrimal gland 
and study the pathologies of tearing.
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METHODS
Patient samples
Human lacrimal gland biopsies were obtained from Rachel Kalmann and Saskia M. Imhoff 
at the University Medical Center Utrecht (UMCU) from patients undergoing surgery at 
the UMCU. The use of sample for research was approved by the medical ethical committee 
(TCBio) of the UMCU as protocol 18-740. Samples were kept in Advanced DMEM solution 
(Gibco) with Pen/Strep (Thermo-Fisher) at 4°C until further processing.

Mice
All animal experiments were performed after institutional review by the Animal Ethics 
Committee of the Royal Netherlands Academy of Arts and Sciences (KNAW) with project 
license AVD8010020151. Surplus material from female C57BL/6 was used in this study.

Lacrimal gland organoid cultures, reagents
For both mouse and human, complete or part of the gland was chopped into small pieces of 
approximately 1 mm using a scalpel. Muscle and connective tissue was removed and discarded 
as much as possible. Epithelial tissue pieces were enzymatically digested in 5 mL collagenase 
(Sigma-Aldrich, C9407, 1 mg/mL) with 10 µM ROCK inhibitor Y-27632 (Abmole, M1817) in 
AdDMEM/F12 (Gibco) for about 15 minutes shaking (120 RPM) at 37 °C. The homogenous 
cell suspension was pelleted and washed twice with AdDMEM/F12 prior to plating. Cells from 
a single murine lacrimal gland were plated in approximately 75 uL Cultrex Pathclear Reduced 
Growth Factor Basement Membrane Extract (BME) (3533-001, Amsbio). For human biopsies 
the volume of BME was determined based on the size of the final pellet. After BME solidification, 
culture medium was added. 

Mouse expansion culture medium was based on AdDMEM/F12 (Gibco) supplemented with 
B27, Glutamax, HEPES, 100 U/mL Penicillin-Streptomycin (all Thermo-Fisher), 100 mg/mL 
Primocin (Invivogen), 1.25 mM N-acetylcysteine, 10 mM Nicotinamide (both Sigma-Aldrich) 
and the following growth factors: 1% Noggin conditioned medium (U-Protein Express), 1% 
R-spondin 3 conditioned medium (U-Protein Express), 0.5 µM A83-01 (Tocris), 1 µM PGE2 
(Tocris), 1 µM FSK (Tocris) and 100 ng/mL FGF10 (Peprotech). For mouse differentiation 
medium we removed R-spondin, Noggin, A83-01, PGE2, Nicotinamide and N-acetylcysteine 
from the medium for five days.

Human expansion culture medium was based on AdDMEM/F12 (Gibco) supplemented with 
B27, Glutamax, HEPES, 100 U/mL Penicillin-Streptomycin (all Thermo-Fisher), 100 mg/mL 
Primocin (Invivogen), 1.25 mM N-acetylcysteine (Sigma-Aldrich) and the following growth 
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factors: 2% Noggin conditioned medium (U-Protein Express), 2% R-spondin 3 conditioned 
medium (U-Protein Express), 0.5 µM A83-01 (Tocris), 1 µM FSK (Tocris) and 100 ng/mL 
FGF10 (Peprotech).

Ten days after seeding, human and mouse organoids were removed from the BME, 
mechanically dissociated into small fragments using a narrowed Pasteur pipette and re-seeded 
in fresh BME. Passage was performed in 1:3 – 1:5 split ratio once every 7 - 10 days for at 
least 2 months. After initial seeding (passage 0) or after splitting the expansion medium was 
supplemented with 10 µM Y-27632 (Abmole). During culturing, medium was refreshed at most 
every three days. Images of organoid cultures were taken on EVOS FL Cell Imaging System 
(Thermo Fisher).

Functional swelling assay
Functional swelling of human organoids was performed with established organoid lines (> 
passage 5). Organoids were mechanically split as usual at a ratio of 1:3 in expansion medium. 
After 48 - 72 hours, the expansion medium was washed away with PBS and replaced with basal 
medium containing AdDMEM/F12 (Gibco) supplemented with B27, Glutamax, HEPES, 100 U/
mL Penicillin-Streptomycin (all Thermo-Fisher) and 100 ng/mL FGF10 (Peprotech) to prevent 
pre-swelling. After 48 hours in basal medium, organoids were shrunk/solid without a lumen and 
ready to be exposed to the different compounds and neurotransmitters. For exposure, the basal 
medium was supplemented with 1 µM PGE and 1 µM FSK, 100 µM Noradrenaline (Sigma), 
500 µM Carbachol (Sigma), 100 µM Pilocarpine (Sigma) or control (basal medium). Individual 
organoids were imaged and followed using EVOS FL Auto 2 (Thermo Fisher) before exposure 
and 2 hours and 24 hours after exposure. For quantification, individual organoid (n=25 per 
condition) diameter was measured before exposure and 24 hours after exposure using ImageJ. 
Swelling ratio was determined by normalizing to the diameter of the organoids before exposure.

CRISPR/Cas9 mediated Pax6 knockout
Guide RNA targeting mouse Pax6 exon 4 (sgPax6: CCCGGCAGAAGATCGTAGAG) was  
cloned into the pSpCas9(BB)-2A-GFP (PX458) plasmid as described elsewhere (Ran 2013). 
Murine organoids were mechanically dissociated into small pieces and electroporated with 
10 µg plasmid using the NEPA21 electroporator (Nepagene) as previously described (Fujii 
2015). Electroporated cells were plated in BME and cultured in expansion medium. After 3 
days cells were dissociated into a single cell suspension and GFP-positive cells were sorted out 
using the BD FACSAria (BD Biosciences). Single sorted cells that formed an organoid were 
picked and expanded as clonal organoid lines for further characterization. Pax6 genotype 
sequence was investigated by PCR (Pax6_F1: TCCAGTGGGCAGGTTCAAAT, Pax6_R1: 
GGAAGGGCACTCCCGTTTAT, Pax6_F2: ATCATAGACGCGCTCCTTCC, Pax6_R2: 
CACAAGCGTGATGGATGCAA). If evidence was found for genomic disruption around 
the sgRNA targeting region the organoid was further characterized for Pax6 protein using 
imaging and western blot.
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Western blot
Organoids were collected from the BME using cold Cell Recovery Solution (Corning)  for 30 
min at 4⁰C.Total protein was isolated using RIPA Buffer (50 mMTris-HCl pH 8.0, 150 mMNaCl, 
0.1% SDS, 0.5% Na-Deoxycholate, 1% NP-40, 1X Complete protease inhibitors (Roche) and 
the protein extract was sonicated (how many times?)onication. Samples were prepared for gel 
loading by measuring the concentration with a Bradford Assay (Bio-rad reagent). Samples 
were loaded on a pre-cast gradient SDS-PAGE gel 12% (Biorad) and run for 1-2 h at 100 V, for 
subsequent transfer onto a PVDF membrane (Millipore) overnight at 100 mA and at 4⁰C. 

Membrane was blocked with 5% milk in PBST for 1h prior to incubation with primary 
antibody. Antibodies were rabbit anti-Pax6 (1:1000, Biolegend 901301) and goat anti-Hsp90 
(1:1000, OrigeneTA500494) as a loading control. Secondary antibodies used were swine anti-
rabbit-HRP (1:1000, Dako) and rabbit anti-goat/HRP (1:1000, Dako). After washing with PBS, 
revealing of the membrane was performed by exposing it to a mixture of 500 μl of Luminol 
and 500 μl of Peroxide (Western blot detection reagent kit, GE Healthcare) and imaged using 
ImageQuant LAS 4000 ECL western blot imager.

Immunohistochemistry and imaging
Organoids were harvested in cell recovery solution (354253, Corning) and fixed in 4% 
paraformaldehyde (Sigma-Aldrich) for at least 2 hours at room temperature. Lacrimal gland 
tissue used for immunohistochemistry was directly embedded in 4% paraformaldehyde 
upon dissection and fixed for at least 2 hours at room temperature. Samples were washed and 
dehydrated by an increasing ethanol gradient before embedding in paraffin. Sections were 
cut and hydrated before staining. Hematoxylin and eosin (H&E) staining on organoids and 
tissue was performed as previously described (Sato et al., 2009). Antibody stainings on paraffin 
sections included PAX6 (Biolegend 901301), AQP5 (Origene TA307525), Ltf (Millipore 07-685) 
according to manufacturer’s instructions. Slides were imaged using a Leica DM4000 microscope.

For immunofluorescence organoids were harvested, fixed and permeabilized using 0,2% 
Triton X-100. Whole-mount staining was performed overnight in 2% donkey serum using 
the following reagents: anti-Pax6 (Biolegend, 901301), anti-Lcn2 (R&D systems AF1757), Alexa-
fluor-647 Phalloidin (1:1000, Thermo Fisher Scientific) and DAPI (Invitrogen). Secondary 
antibodies included Alexa Fluor 568 donkey anti-rabbit IgG (Life Technologies, A10042) and 
Alexa Fluor 568 donkey anti-goat IgG (Life Technologies, A11057). Organoids were imaged on 
a Leica SP8X microscope.

qPCR and bulk mRNA sequencing
RNA isolations of organoids and tissue for bulk RNA sequencing and qPCR were performed 
with RNeasy Mini Kit (Qiagen) following the manufacturer’s instructions. Quantitative PCR 
analysis was performed using the SYBR Green and Bio-Rad systems. Changes in expression 
relative to beta-Actin were calculated using CFX manager software (Bio-Rad). Primers were 
designed using NCBI primer design tool: Krt20_F: ACAGTTCGAGAGACAGAGTCA, 
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Krt20_R: GGTTCTGGTAGGTGCGTCTC, Actb_F: ATGCTCCCCGGGCTGTAT, Actb_R: 
CATAGGAGTCCTTCTGACCCATTC.

Bulk RNA sequencing was performed with the Utrecht Sequencing Facility (USEQ). In 
short, polyA enriched RNA was reverse transcribed and paired-end reads mapped to the mouse 
genome. Expression data was analyzed using DESeq2 (Love et al., 2014).

Single cell RNA sequencing
Human lacrimal gland was dissociated with collagenase I as described above and subsequently 
resuspended in TrypLE Express (Gibco) pre-heated to 37°C and dissociated under repeated 
pipetting. When the gland was fully dissociated into single cells, samples were pelleted, washed, 
resuspended in FACS buffer (advanced DMEM, 10 mM Y-27632 and DAPI) and strained (35 
µm). Cells were immediately sorted into 384-well plates containing ERCC spike-ins (Agilent), 
RT primers and dNTPs (Promega) using a BD FACSJazz (BD Biosciences). Plates were prepared 
using Mosquito HTS (TTPlabtech). Single-cell RNA sequencing libraries were prepared 
following the SORT-seq protocol (Muraro et al., 2016), which is based on the CEL-seq2 method 
(Hashimshony et al., 2016). In short, cells were first lysed for 5 min at 65 °C, and RT and second-
strand mixes were dispensed by the Nanodrop II liquid handling platform (GC Biotech). 
Single-cell double-stranded cDNAs were pooled together and in vitro transcribed for linear 
amplification. Illumina sequencing libraries were prepared using the TruSeq small RNA primers 
(Illumina) and these DNA libraries were sequenced paired-end, respectively, on the Illumina 
NextSeq. Cells with fewer than 1,500 transcripts were filtered out. The dataset was analysed 
using RaceID3 (Herman et al., 2018).
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SUPPLEMENTARY FIGURES

Supplementary Figure 1. Culture conditions for murine lacrimal gland organoids. (A) Representative 
images of organoid outgrowth from primary mouse lacrimal gland tissue in 12 differenent conditions 
(mentioned in b). (B) Quantification of (a) using Cell Titer Glo. Scheme of 12 media compositions. (C) 
PCA plot of bulk RNA sequencing lacrimal gland tissue, organoids and salivary gland tissue.
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Supplementary Figure 2. Murine lacrimal gland organoids change gene expression signature upon growth 
factor withdrawal. (A) PCA plot of bulk mRNA sequencing of organoids in differentiation and expansion 
medium. (B) Heatmap of differentially expressed genes in differentiation and expansion medium.
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Supplementary Figure 3. Single cell transcriptome analysis of the human lacrimal gland. (A) Expression 
level of selected genes in t-SNE map. (B) Bar plots of expression levels (y-axis) of selected genes in epithelial 
cell (x-axis) clusters. (C) Expression level of selected genes in t-SNE map and violin plots visualizing 
the expression levels in selected cells of acinar (purple) and ductal (orange) identity. Color coded 
logarithmic scale of transcript expression.
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Supplementary Figure 4. Subclustering reveals ductal cell heterogeneity. (A) Subclustering of all ductal 
cells into 17 different clusters, as visualized by t-SNE map.(B-D) Expression level of selected genes 
differentially expressed in ductal subclusters, visualized in t-SNE map (color coded logarithmic scale of 
transcript expression).
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Supplementary Figure 5. Culture conditions for human lacrimal gland organoids. (A) Representative 
image of lacrimal gland biopsy material used for organoid culture. Before tissue dissociation and plating.
(B) Brightfield images of organoid outgrowth in complete medium or medium without A83-01 or FSK. (C) 
Human organoids stained for EPCAM (in green).  
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ABSTRACT
Wnt dependency and Lgr5 expression define multiple mammalian epithelial stem cell types.   
Under defined growth factor conditions, such Adult Stem Cells (ASCs) grow as 3D organoids that 
recapitulate essential features of the pertinent epithelium. Here, we establish long-term expanding 
venom gland organoids from several snake species. The newly assembled transcriptome of 
the Cape coral snake reveals that organoids express high levels of toxin transcripts.  Single cell 
RNA sequencing of both organoids and primary tissue identifies distinct venom-expressing cell 
types as well as proliferative cells expressing homologs of known mammalian stem cell markers. 
A hard-wired regional heterogeneity in the expression of individual venom components is 
maintained in organoid cultures.  Harvested venom peptides reflect crude venom composition 
and display biological activity. This study extends organoid technology to reptilian tissues and 
describes an experimentally tractable model system representing the snake venom gland.

Keywords
Adult stem cells, snake venom gland, organoids, reptiles, venom, toxins, single-cell sequencing.
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INTRODUCTION
Snakebite envenoming is a neglected tropical disease estimated to be responsible for >100,000 
deaths worldwide each year (Gutierrez et al., 2017). Upon injection through specialized fangs, 
venomous snakes primarily use their venom to immobilize prey. For numerous snake species, 
the venom delivered by a single bite is enough to kill prey that is many times larger than the snake. 
During vertebrate evolution, the snake venom gland has been adapted from the salivary gland 
(Kochva 1987). Secretory columnar cells in the gland epithelium secrete a complex mixture of 
peptides and proteins, stored in the lumen and channeled to the fangs through connecting ducts. 
Venom toxins are classified into distinct protein families with diverse modes-of-action (Fry et 
al., 2009), which makes them a rich source for drugs targeting human proteins (Clark et al., 
2019). Snake venoms differ greatly in toxin composition and the architecture of the machinery 
involved in its production and release. Venom from viperid snakes (such as the rattlesnake) 
mainly consists of hemotoxic enzymes (Ainsworth et al., 2018), whereas elapids (such as the king 
cobra) typically produce smaller peptides with neurotoxic effects (Vonk et al., 2013). Three-
finger toxins (3FTx) constitute a diverse and highly expressed class of toxins that mainly exert 
a neurotoxic effect through interaction with acetylcholine receptors (Tsetlin 2015). Kunitz-type 
inhibitors (KUN) also exert neurotoxic activities, though some are anticoagulant (Harvey 2001; 
Millers et al., 2009). Phospholipase A2 (PLA2) proteins can act as myotoxins or neurotoxins and 
display antiplatelet activities (Guitiérrez and Lomonte 2013), whereas cysteine-rich secretory 
proteins (CRISP) block smooth muscle contraction (Yamazaki and Morita 2004). Finally, snake 
venom metalloproteinases (SVMP), L-amino acid oxidases (LAAO) and C-type lectins (CTL) 
mostly disrupt blood coagulation (Slagboom et al., 2017; Izidoro et al., 2014). Much still needs 
to be learned about toxin production- and release-cycles, heterogeneity of venom-producing 
cells and factors influencing venom composition.

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

Little is known about the biology of adult stem cells in reptiles. Different short-term culture 
systems have been described for snake venom glands (Sells et al., 1989; Carneiro et al., 2006), 
yet long-term cultures capturing structural and functional properties of the snake venom gland 
have not been developed. Here, we aim to establish long-term culture conditions for functional 
snake venom gland epithelium using R-spondin-based organoid technology.
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RESULTS
Epithelial organoid cultures derived from snake venom glands
Venom glands from nine different snake species, representing members of both the Elapidae 
(Naja pallida, Naja annulifera, Naja nivea, Naja atra and Aspidelaps lubricus cowlesi) and 
Viperidae (Echis ocellatus, Deinagkistrodon acutus, Crotalus atrox and Bitis arietans) families, 
were dissociated and embedded in basement membrane extract (BME) at 32°C (Figure 1A). 
Supplying a medium containing a ‘generic’ mammalian organoid cocktail (see below) resulted 
in initial expansion of organoids for all species (Figure 1B and S1A) (some were subsequently 
lost due to bacterial contamination, insensitive to the antibiotics used). Passaging yielded 
expanding organoids that histologically resembled the original gland epithelium (Figure 1C). 
The venom gland organoids could be expanded optimally using R-spondin (the Wnt signal-
amplifying ligand of Lgr5 (de Lau et al., 2011)), the BMP inhibitor Noggin, EGF, the small 
molecule TGF beta inhibitor A83-01, PGE2 and FGF10 (Figure 1D and S1B). This ‘expansion 
medium’ controls the same cellular signaling pathways that are required for mammalian 
epithelial organoids (Fatehullah et al., 2016). Reptilian organoid expansion was only successful at 
lower temperatures (Figure S1C), consistent with the average body temperature of poikilotherm 
species such as snakes. When cultured at 37°C, a heat shock response (HSPA8) was observed 
within two hours, that is described to preclude cell division and consequently prohibited 
organoid growth (Richter et al., 2010) (Figure S1D). The proliferating cells self-organized 
into cystic spheres lined by a simple polarized epithelium (Figure 1E and Video S1), while 
budding of organoids was occasionally observed. Under these conditions, organoids expanded 
exponentially for > 20 passages without significant changes in growth kinetics or morphology 
(Figure 1B). As demonstrated previously for mammalian organoids (Bolhaqueiro et al., 2018), 
a lentiviral construct encoding histone 2B coupled to a fluorescent protein (H2B-RFP) allowed 
visualization of the organoid chromatin (Figure S1E).

Newly assembled transcriptome reveals high toxin expression in 
organoids
Simultaneous withdrawal of all growth factors (with the exception of PGE2 to maintain cystic 
organoids) for 7 days resulted in less-proliferative organoids (Figure 2A). These organoids 
contained highly polarized cells with secretory vesicles, described previously as the main 
producers of venom in the snake venom gland (Mackessy 1991) (Figure 2B). Furthermore, 
ciliated cells could occasionally be observed by electron-microscopy (Figure S1F). High-speed 
imaging captured functionally beating cilia in a subset of organoids (Video S2). Based on these 
features of apparently mature and functional cell types, we defined this cultured condition as 
our ‘differentiation’ cocktail.

Snake venom contains dozens to hundreds of different bioactive compounds (Fox and 
Serrano 2008). No annotated genome exists for A. l. cowlesi. To gain deeper insight into 
the expression of individual toxin-encoding genes, we assembled a de novo transcriptome of A. 
l. cowlesi using Trinity (Haas et al., 2013) (Figure 2C). Libraries of contigs (311,948) generated 
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Figure 1. Establishment of organoid culture conditions for snake venom gland, see also Figure S1. (A) 
Schematic representation of the derivation of venom gland organoids from late embryonic (~7–2 days before 
hatching) A. l. cowlesi (n=7) (See also Figure S1A). (B) Time course of organoid expansion after seeding of 
cells from a single A. l. cowlesi venom gland in BME (passage 0) until passage 17. Scale bars, 1000 µm. (C) 
Haematoxylin and eosin (H&E) stain of late embryonic A. l. cowlesi venom gland and organoids. Scale bars, 
50 µm. (D) Schematic representation of medium component dropout screen on primary tissue outgrowth. 
Quantification of relative cell viability per condition after 14 days, normalized to complete expansion 
medium (See also Figure S1B). Data points represent biological replicates. (E) Immunofluorescent staining 
of organoid for DNA (DAPI), Tubulin (green) and Actin (blue). Scale bars, 50 µm

from late-embryonic liver, pancreas and venom gland as well as from venom gland organoids 
were used to determine gene-expression levels for each of the three tissues as well as the venom 
gland organoids. The organoid transcriptome showed toxins to represent the dominant class 
of expressed genes, while homologs of established markers of mammalian liver and pancreas 
were restricted to their corresponding organ (Figure 2D). Toxin expression in venom gland 
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Figure 2. Venom gland organoids express a near-normal spectrum of toxins, see also Figure S1. (A) 
Representative bright-field images of organoids after seven days expansion medium or differentiation 
medium. Scale bars, 200 µm. (B) Transmission electron microscopy (TEM) of organoids in expansion and 
differentiation medium shows simple epithelial cells and polarized exocrine cells with secretory vesicles 
oriented towards the lumen. Scale bars, 5 µm. (C) Schematic representation of de novo transcriptome 
assembly using Trinity. Input contained late embryonic A. l. cowlesi RNA isolated from venom gland tissue, 
pancreas tissue, liver tissue and three venom gland organoid samples (early passage expansion, late passage 
expansion, late passage differentiation). (D) Heatmap of organoid and tissue gene expression determined 
by mRNA sequencing mapped on de novo transcriptome. Highlighted are highly expressed toxin classes 
(3FTX, KUN, SVMP, CRISP), as well as liver and pancreas markers. (E) Contribution of toxin-encoding 
genes (orange) and non-toxin genes (grey) to the transcriptome per sample, and the contribution of toxin 
classes in expansion medium and differentiation medium compared to venom gland tissue mRNA and 
venom proteome (*dataset from Whiteley and Casewell et al., 2019) (3FTx = three-finger toxin, CRISP = 
cysteine-rich secretory protein, SVMP = snake venom metalloproteinase, Kunitz = Kunitz trypsin inhibitor, 
others include cobra venom factor (CVF), L-amino acid oxidase (LAOO) and phosphodiesterases (PDE)) 
(See also Figure S1G).
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tissue was markedly lower compared to organoids, most likely due to presence of non-epithelial 
cells in gland tissue. Amongst the toxins, three-finger toxins (3FTx) were most abundant  
(Figure 2E). We also detected expression of cysteine-rich secretory proteins (CRISP), snake 
venom metalloproteinases (SVMP) and kunitz type protease inhibitors (KUN) (Figure 2E 
and S1G). The relative abundance of these toxin classes matched the venom gland tissue at 
transcriptome level, and the crude venom composition at protein level (Whiteley et al., 2019) 
(Figure 2E). Of note, the seven-day differentiation protocol increased overall toxin gene 
expression but reduced the expression of CRISP (Figure 2D and E). We concluded that A. l. 
cowlesi organoids produced a near-normal spectrum of venom factors. 

Adult Naja nivea venom gland-derived organoids 
To further demonstrate the long-term propagation capacity of adult venom gland derived cells 
using our protocol, we expanded organoids from Naja nivea, the Cape cobra. Venom glands 
from a euthanized adult individual (>1-year-old) were dissociated and cultured using the same 
conditions as used above (Figure 3A). Organoids recapitulated the epithelial phenotype and 
were expanded for over 18 passages (Figure 3A and B). While cells were viable and proliferating 
in ‘expansion medium’, we noticed reduced swelling (smaller lumen) in N. nivea organoids 
making it more difficult to mechanically split these cultures. Upon additional activation of cyclic 
AMP using forskolin (FSK), organoids exhibited improved swelling allowing easier splitting 
(Figure 3C). For further passaging (after passage 5) of N. nivea organoids, we supplemented 
expansion medium with FSK. Forskolin-induced swelling is well known in primary human 
intestinal organoids, where it is used to monitor the ability to transport chloride ions (Dekkers 
et al., 2013). 
Exposure to ‘differentiation medium’, including the withdrawal of FSK resulted in the expected 
phenotype of less proliferative organoids (Figure 3D) accompanied by increased expression of 
3FTx and KUN by qPCR (Figure 3E). To establish a ‘deep’ gene expression profile, we performed 
bulk mRNA sequencing of N. nivea organoids in differentiation medium. PolyA enriched reads 
could be mapped to the de novo A. l. cowlesi transcriptome (Figure 2C). We thus identified 
a number of putative toxins enriched in organoids from N. nivea, such as beta-bungarotoxin-
like, kappa-bungarotoxin-like and sarafotoxin-like (Figure 3F). Three-finger toxins are the main 
venom components of elapid snakes. Utilizing the high sequence conservation of 3FTX, we were 
able to PCR-amplify the coding sequence of several variants starting from A. l. cowlesi and N. 
nivea organoid cDNA (Figure 3G). When translating these 3FTX coding sequences in silico we 
detected peptide sequences that have not been described before in the NCBI database and are 
specific to the individual species (Figure 3H).

As our access to A. l. cowlesi venom gland material was more regular (one clutch a year), we 
focused our further characterization on organoid lines derived from A. l. cowlesi.

Organoids display cellular heterogeneity in toxin expression
The cellular heterogeneity of the venom gland epithelium has largely been described 
morphologically. We have recently demonstrated the usefulness of organoids for the detailed 
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Figure 3. Naja nivea organoids derived from adult venom gland reveal species-specific toxins. (A) Adult 
Naja nivea venom gland (n=2) and organoid outgrowth after seeding of primary cells (passage 0) until 
passage 18 (Related to Figure S1A). Scale bars, 200 µm. (B) HE and PAS staining of Naja nivea organoids 
derived from an adult venom gland. Scale bars, 50 µm. (C) Brightfield images and quantification of Naja 
nivea organoids grown in complete expansion medium with or without supplementation of forskolin 
(FSK) and matching quantification. Data points represent individual organoids. Scale bars, 2000 um. (D) 
Brightfield images of Naja nivea organoids after 7 day expansion or differentiation protocol. Scale bars, 200 
µm. (E) Gene expression of toxins (3FTX and KUN) in N. nivea organoids upon exposure to expansion 
or differentiation medium (7 days). Determined by qPCR, normalized to ACTB and relative to expansion 
medium. Data points represent biological replicates. (F) Plot of normalized read count of three selected 
toxins for N. nivea and A. l. cowlesi organoid bulk mRNA sequencing after 7 days of differentiation. N. 
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delineation of cell lineages in the enteroendocrine compartment of the gut (Beumer et al., 2018). 
Using a similar strategy, we performed single cell RNA sequencing of organoids in expansion and 
differentiation medium and compared it to their primary tissue counterparts obtained from A. l. 
cowlesi late embryonic venom gland. From organoids, a total of 1,536 cells were sorted, processed 
using the SORT-seq method (Muraro et al., 2016) and analyzed using the RaceID3 package 
(Herman et al., 2018). Reads were mapped to the de novo assembled A. l. cowlesi transcriptome, 
processed using a newly generated pipeline and filtered for >2,000 transcripts per cell. The 1,092 
cells which passed the thresholds displayed a median expression of 10,480 transcript counts 
per cell (Figure S2A and S2B). K-medoids-based clustering compartmentalized the cells into 
12 different cell clusters, as visualized by t-distributed stochastic neighbor embedding (t-SNE) 
(Figure 4A). Cells derived from expansion and differentiation medium clustered mostly 
separately (Figure 4B). Expression of one of the most abundant three-finger toxins (Pr-SNTX) 
(Figure S1G) revealed the presence of at least 4 cell clusters producing venom factors  
(Figure 4C). In line with the bulk transcriptome data, the vast majority of venom-producing 
cells were derived from differentiated organoids.

Single cell RNA sequencing of freshly isolated venom gland tissue (using the same pipeline 
as for the organoid cells) yielded 1,255 cells which passed the same threshold (Figure 4D). Based 
on their transcriptomic profile, these cells fell into 20 different cell clusters (Figure 4D). Using 
mammalian markers of cell types expected to be present in glandular organs, we determined 
the following composition of our dataset: 53% epithelial cells (EPCAM, KRT8) (Figure 4E and 
S2C), 27% stromal cells (COL3A1), 8% hematopoietic cells (HEMGN, LYZ), 7% smooth muscle 
cells (ACTA2) and 4% endothelium (CDH5) (Figure S2C). Expression of three-finger toxin 
Pr-SNTX was highest in two of the cell clusters of epithelial origin (Figure 4F). We also detected 
strong co-expression of protein disulfide isomerase (PDI) with 3FTx variants (Scutellatus toxin 
3) in the organoids (Figure 4G) as well as in the primary tissue cells (Figure 4H). This enzyme 
is a key factor to ensure correct disulfide bond folding (Wang and Tsou 1993), conceivably 
supporting the disulfide bond-rich structure of three finger toxins. A more detailed analysis of 
toxin-related gene expression per cluster uncovered that individual venom factors were strongly 
enriched in separate organoid clusters, suggesting the presence of specialized cells for some of 
the toxin families (Figure S2D). 
We the extracted all 670 epithelial cells from the dataset and performed reclustering (Figure 
S2E). This resulted in 10 different epithelial subclusters, each enriched for different venom 
factors. Comparing the heterogeneity in the expression of different toxin classes (3FTx, CRISP, 
KUN, SVMP and CTL) we concluded that organoids successfully recapitulate the cellular 
complexity of venom producing cells in vivo (Figure S2F).

nivea data generated from bulk RNA sequencing mapped on de novo A. l. cowlesi transcriptome (n=1). 
A. l cowlesi read count from differentiation data Figure 3 (n=1). (G) Schematic representation of PCR 
amplification of 3FTX coding sequence from cDNA obtained from organoids. Location of forward (F) and 
reverse (R) primer. (H) Peptide sequence of in silico translated 3FTX coding sequences of A. l. cowlesi and 
N. nivea. Highlighted in red species differences, green arrow conserved disulfide sites. BLASTP hit for best 
match with proteins in the NCBI database.
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Figure 4. Single cell transcriptome analysis of organoids and primary tissue reveals distinct venom gland 
cell types, see also Figure S2, S3, S4 and S5. (A) Single cell RNA sequencing: clustering of A. l. cowlesi 
venom gland organoid cells (n=1092) visualized by t-distributed stochastic neighbor-embedding (t-SNE) 
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Cluster 1 in organoids and cluster 6 in primary tissue comprised cells enriched for transcripts of 
3FTX genes (Figure S3A), a subset of these cells additionally expressed Kunitz variants (KUN) 
(Figure S3B). The cells in cluster 4 (organoids) and cluster 6 and 8 (tissue) were positive for 
SVMP (Figure S3C). Organoid cells expressing CRISP genes were enriched in cluster 11 and 
12; in the tissue these genes were found to be expressed in a larger number of cells enriched in 
cluster 3 (Figure S3D). Organoid cluster 3 consisted of cells co-expressing C-type lectin (CTL) 
and Waprin-related toxins (Figure S3E) (Torres et al., 2003; Ogawa et al., 2005). CTLs have 
not previously been detected in the Aspidelaps lubricus venom proteome and did not form an 
independent cluster in the tissue dataset (Whiteley et al., 2019). 
Cluster 5, containing cells exclusively derived from differentiated organoids, was devoid of 
any known toxin expression. Comparing this cluster with venom producing clusters 1, 2, 3 
and 4, we found these cells to be enriched in extracellular matrix component transcripts such 
as laminin (LAMA3) (Figure 4I). This transcriptomic separation is indicative of two different 
cellular lineages captured by the organoids, an “epithelial supportive cell” fate (EP-SUP) and 
a “toxin producing cell” fate (TOX) (Figure S4A). In the complete dataset of venom gland tissue 
cells, we found cluster 7, 15 and 19 to be enriched in LAMA3 expression, while these cells 
expressed much fewer toxin transcripts compared to the other epithelial cells (Figure 4J and 
S4B). In organoids as well as tissue, the EP-SUP lineage additionally expressed CTGF, COL7A1 
and FRZB (Figure S4C-E). Based on our single cell sequencing of the venom gland tissue, all 
epithelial lineage/cell types were represented in the organoids. Importantly, marker expression 
analysis of each of the 12 cell clusters in early and late passage organoids supported the notion 
that cellular composition of organoids was stable over time in culture (Figure S4F). 

Characterization of the Wnt-activated proliferative cells
Having identified the distribution of toxin expression in differentiated cells, we next focused 
on the expression patterns specific to cell clusters observed under expansion conditions. While 
some cells in expansion medium clustered together with toxin-expressing cells in cluster 1, 4, 
11 and 12, the vast majority fell within the expansion medium-specific clusters 6–10 (Figure 
4A and B). Cluster 10 was distinct in displaying high expression of phospholipase A2 inhibitor 
(PLI) (Figure S5A), previously described in other snake species as a self-protective mechanism 
against venom PLA2 toxins (Lima et al., 2011). Expression of PLI was also found in epithelial 
cells from primary tissue (Figure S5B). 

Cells in organoid clusters 7, 8 and 9 expressed the proliferation marker Ki-67 (MKI67) 
(Figure 5A). Transcripts for the snake homologs of the mammalian stem cell markers RNF43 
(Koo et al., 2012), ASCL2 (van der Flier et al., 2009) and LGR5 (Barker et al., 2007) were enriched 
in these clusters and were specifically observed under expansion conditions, while being rare 
in primary tissue (Figure 5A, 5B and S5C - F). This implied these clusters to represent reptilian 
adult stem/progenitor cells.

Addition of R-spondin 3 enhanced expression of the stem cell markers LGR5, ASCL2 and 
RNF43 together with the well-established Wnt targets TCF7L2 and AXIN2. Supplementation of 
exogenous Wnt3a further increased expression of these marker genes. As expected, stimulation 
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Figure 5. Non-venomous organoid cells include Wnt-active proliferating cells, see also Figure S5. 
(A) Expression levels of MKI67 and RNF43 in t-SNE map (color coded logarithmic scale of transcript 
expression). (B) Violin plot of MKI67 and RNF43 expression levels in cells from expansion medium 
(yellow) or differentiation medium (purple). (C) Changes in organoid gene expression levels after 10 day 
Wnt activation (addition of RSPO and RSPO plus exogenous Wnt3a). Expression levels were determined 
by qPCR and shown relative to ‘no RSPO and no Wnt3a exposure’, normalized to ACTB. (D) Schematic 
overview of A. l. cowlesi LGR5 protein and alignment of R-spondin-interacting residues with the human 
amino acid sequence. (E) Representative brightfield images of organoids grown for 14 days with (+RSPO3) 
or without (-RSPO3) R-spondin in culture medium. Scalebars, 2000 µm (upper panels) and 400 µm 
(lower panels). (F) Ordering of cells from single cell sequencing data along a pseudotemporal trajectory 
using Monocle. (G) Position of cells exposed to expansion medium (yellow) or differentiation medium 
(purple) for seven days along the pseudotemporal trajectory. (H) Position of cells belonging to the 12 
different clusters along the pseudotemporal trajectory. (I-J) Schematic overview of experimental setup and 
representative brightfield images of organoid outgrowth in expansion medium and differentiation medium 
starting from a near-single cell state. Circular images represent 20 µL BME droplets containing cells/
organoids. J is quantification of I. Data points represent individual organoids.
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of the Wnt pathway also induced the proliferation marker MKI67 (Figure 5C). A. l. cowlesi 
LGR5 shares the same leucine-rich repeats and transmembrane helices with high conservation 
in the R-spondin interacting residues (R144, D146, V213, V214 and H216) compared to 
the human protein (Figure 5D) (Chen et al., 2013). Indeed, human R-spondin 3 was found to be 
essential for organoid expansion (Figure 5E, 1D and S1B). 

The non-epithelial niche is replaced in organoid culture by the addition of defined exogenous 
growth factors. Using the single cell sequencing dataset of venom gland tissue, we searched for 
expression of such secreted factors. We detected the EP-SUP cluster as an epithelial source of 
WTN10A expression (Figure S5G). Stromal cells (cluster 4, 6, 13 and 18) specifically expressed 
WNT9A, FGF7 and the BMP-antagonists CHRD (Piccolo et al., 1996) and FSTL1 (Sylva et al., 
2011) (Figure S5H - K). As expected, transcripts for these proteins with a stromal source in vivo 
were not detected in the organoids.

Pseudotemporal ordering of venom gland organoid cells grown in expansion- and 
differentiation medium using Monocle (Trapnell et al., 2014) was then applied to shed light on 
the venom gland stem cell hierarchy. Cells from the proliferative progenitor clusters 7, 8 and 9 
were placed at the start of the pseudotime axis, in agreement with their stem/progenitor state. 
A bifurcation was formed by the EP-SUP cells of cluster 5 and toxin-producing (TOX) cells 
from clusters 1, 2, 3 and 4 (Figure 5F - H). To confirm the lack of proliferative and stem cell 
capacity in the mature clusters (cluster 1 - 5, Figure 4A and B), we differentiated organoids using 
the growth factor depletion described above. This caused a dramatic reduction in outgrowth 
and proliferative capacity compared to expansion conditions (Figure 5I and J).

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

Next, we utilized RNA in situ hybridization to visualize the expression of these toxins in 
venom gland tissue. We found a strong enrichment of CTL transcripts in the proximal part 
of the gland, whereas KUN was predominantly expressed in the distal tissue, confirming our 
findings in organoids (Figure 6C, S5L and M). This is in line with a previous report of CTL 
expression in the proximally located accessory gland in the king cobra (Vonk et al., 2013). CRISP 
expression was homogenous along the proximal-distal axis of the gland, while displaying a bias 
towards basal over luminal cells (Figure 6C). These data highlighted regional heterogeneity 
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113

1

2

3

4

5

CONTENTS  
 
General introduction           x  
 
-  Chapter 1)  Defining adult stem cell function at its simplest:    x 

the ability to replace lost cells through mitosis  
 

 
-  Chapter 2) Profiling proliferative cells and their progeny in    x 

damaged murine hearts  
 
 
-  Chapter 3)  A human tear gland atlas and organoids that can cry  x 
 
 
-  Chapter 4)  Snake Venom Gland Organoids     x 
 
 
-  Chapter 5)  Summarizing Discussion      x  
 
 
 

in toxin expression in the snake venom gland  (Figure 6D). Long-term maintenance of this 
phenotype in organoid culture showed this not to be determined by extrinsic (non-epithelial) 
growth factors. 

Venom gland organoids secrete functionally active toxins
To investigate whether the stem cell-based organoids produced functionally active venom 
components, we analyzed organoid protein extracts after 7 days of differentiation. The presence 
of secretory vesicles and the apparent accumulation of proteins in the lumen of organoids 
suggested significant production of secretory proteins (Figure 7A and 2B). To validate 
functional translation and secretion of toxins, we generated a fluorescent three-finger toxin 
reporter organoid line. Using CRISPR-HOT (Artegiani et al., unpublished data), we tagged 
one of the endogenous three-finger toxins (NTX4) with a fluorescent protein (mNeon-Green) 
(Figure S6A). We detected the green fluorescent fusion protein inside the cells of the organoids 
and accumulating in the lumen (Figure S6A). 

We also directly compared organoid extract (Figure 7B) with A. l. cowlesi crude venom 
using liquid chromatography-mass spectrometry (LC-MS). This revealed three main peaks 
between 6-8 kDa of near identical mass between the two samples (Figure 7C). Tryptic digest 
analysis of these peptides yielded patterns compatible with several venom-related proteins such 
as 3FTx and CRISP (Figure S6B).

Snake venom neurotoxins are described to act primarily on acetylcholine receptors 
(nAChR and mAChR) (Nirthanan et al., 2004; Karlsson et al., 2000). As an initial assessment 
of the biological activity of organoid-secreted venom peptides, we exposed murine muscle 
cultures (endogenously expressing the nAChR) to the organoid supernatant and recorded 
signal propagation using calcium imaging in an OrganoPlate (Trietsch et al., 2013) (Figure 7D, 
S6C - F). This organ-on-a-chip platform allows live cell imaging during venom exposure in 96 
independent mature muscle cultures per plate. The venom peptides derived from differentiated 
organoids abolished the stimulatory effect of the acetylcholine receptor agonist carbachol 
on muscle cells, as did the positive control alpha-bungarotoxin (α-BTX). Supernatant from 
non-venom producing (human) organoids did not inhibit calcium wave propagation after 
addition of carbachol (Figure 7E, S6G - I).

In a similar set-up, we exposed rat cortical neurons grown on microelectrode array (MEA) 
plates to organoid supernatant and recorded neuronal activity (Figure S7A). Upon acute 
exposure, we noticed a marked increase in neuronal activity, following a similar trend observed 
with recombinant alpha-bungarotoxin (Figure S7B - D). This occurred most likely through an 
antagonistic effect on inhibitory GABAa-receptors (McCann et al., 2006), without affecting 
neuronal cell viability (Figure S7E - G).

DISCUSSION 
We report the establishment of reptilian adult stem cell-based organoids. Using a mammalian 
niche growth factor cocktail, these cells can be expanded seemingly indefinitely. The ability 
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to culture venom gland epithelial cells over long periods of time represents a platform for 
a comprehensive understanding of the biology of the venom gland and the various venom 
constituents. Short-term cultures of different Viperidae snakes have previously been reported, 
such as explants of Bothrops jararaca (Carneiro et al., 2006; Yamanouye et al., 2006), suspension 
cultures of Bitis gabonica (Sells et al., 1989) and unpolarized two-dimensional cell lines of 
Crotalus durissus terrificus (Duarte et al., 1999). The venom gland organoid cultures provides 
advantages in structural conservation (Figure 1C), cellular heterogeneity (Figure 4), regional 
heterogeneity (Figure 6), long-term expansion (Figure 1B and 3A), genetic modifiability 
(Figure S1E and S6A) and broad applicability across snake species (Figure S1A). With a de 
novo-generated transcriptome of A. l. cowlesi, we demonstrate that the venom gland organoid 
cells produce a diverse spectrum of venom factors over many passages (Figure 2).

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

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

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

Finally, the current study opens new avenues for bioprospecting of snake venom components 
and may be developed into a production platform for (modified) snake venom, allowing novel 
therapeutic strategies to tackle snakebite.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Snakes
All animal procedures complied with local ethical guidelines. Adult Crotalus atrox (n=2) venom 
glands were purchased from Natural Toxins Research Center in Texas, USA. Adult Echis ocellatus 
(n=1) and Deinagkistrodon acutus (n=1) venom glands were obtained from snakes maintained 
at the Liverpool School of Tropical Medicine, UK. Adult Naja pallida (n=1), Naja nivea (n=1) 
and Bitis arietans (n=2) venom glands were obtained from residual post-mortem material 
from Serpo, Rijswijk, The Netherlands. Embryonic Naja atra (n=2), Naja annulifera (n=3) 
and Aspidelaps lubricus cowlesi (n=7, two different nests) from eggs were obtained from local 
breeders in The Netherlands. All snakes were captive bred and maintained in individual cages 
within a temperature, humidity and light-controlled environment according to local protocols 
for husbandry of venomous snakes. Sex of the animals was not determined as it was presumed 
to have no biological impact on the experimental procedure or conclusion of the study. Non-
invasive venom extraction (‘milking’) was performed with adult Echis ocellatus, Deinagkistrodon 
acutus, Naja pallida, Naja nivea and Bitis arietans during lifetime prior to euthanizing and 
venom gland isolation for organoid culture.

Venom gland organoid cultures
Cells from a single gland were plated in approximately 100 µL Cultrex Pathclear Reduced Growth 
Factor Basement Membrane Extract (BME) (3533-001, Amsbio). After BME solidification, 
culture medium was added. Expansion culture medium was based on AdDMEM/F12 (Gibco) 
supplemented with B27, Glutamax, HEPES, 100 U/mL Penicillin-Streptomycin (all Thermo-
Fisher), 100 mg/mL Primocin (Invivogen), 1.25mM N-acetylcysteine, 10 mM Nicotinamide 
(both Sigma-Aldrich) and the following growth factors: 2% Noggin conditioned medium 
(U-Protein Express), 2% Rspo3 conditioned medium (U-Protein Express), 50 ng/mL EGF 
(Peprotech), 0.5 µM A83-01 (Tocris), 1 µM PGE2 (Tocris), 100 ng/mL FGF10 (Peprotech), 100 
nM Gastrin (Tocris). Naja nivea organoid cultures were supplemented with 1 µM FSK (Tocris). 
For the first seven days after seeding, the expansion medium was supplemented with 10 µM 
Y-27632 (Abmole). In case of bacterial contaminations following antibiotics were added: 50 
mg/mL Gentamicin (Sigma), 2.5 µg/ml Ciprofloxacin (Sigma-Aldrich), 20 µM Erythromycin 
(Sigma-Aldrich) and 100 nM Azithromycin (Sigma-Aldrich). Ten days after seeding organoids 
were removed from the BME, mechanically dissociated into small fragments using a Pasteur 
pipette and re-seeded in fresh BME. Passage was performed in 1:3 – 1:5 split ratio once every 
ten days for at least 6 months.

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

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

METHOD DETAILS
Venom gland isolation
In the last week of development (~day 53 – 58), snakes were removed from the egg by an 
incision in the shell. To avoid bacterial contamination, eggs were briefly rinsed with bleach and 
70% ethanol prior to opening in a laminar flow cabinet. Animals were directly euthanized by 
decapitation. The late-embryonic and adult venom glands were surgically removed and stored 
on ice in AdDMEM/F12 (Gibco) supplemented with penicillin/streptomycin. 

Venom gland organoid cultures
Isolated venom glands were chopped into small pieces of approximately 1 mm using a scalpel. 
Muscle and connective tissue were removed and discarded as much as possible. Epithelial tissue 
pieces were enzymatically digested in 5 mL collagenase (Sigma-Aldrich, C9407, 1 mg/mL) with 
10 µM ROCK inhibitor Y-27632 (Abmole, M1817) in AdDMEM/F12 (Gibco) for about 30 
minutes while shaking (120 RPM) at 32 °C. The homogenous cell suspension was pelleted and 
washed twice with AdDMEM/F12 prior to plating. 

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

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

Wnt-conditioned medium was produced as previously described, and used at 50% of 
the medium volume (Sato et al., 2011).

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

pLV lentiviral vector containing a CMV promoter driving the expression of TagRFP and 
Puro resistance gene (via IRES) was transduced in venom gland organoids.

Immunohistochemistry and imaging
Organoids were harvested in cell recovery solution (354253, Corning) and fixed in 4% 
formaldehyde solution (Sigma-Aldrich) for at least 2 hours at room temperature. Venom glands 
used for immunohistochemistry (n=3) were directly embedded in 4% paraformaldehyde upon 
dissection and fixed for at least 2 hours. Samples were washed and dehydrated by an increasing 
ethanol gradient before embedding in paraffin. Sections were cut and hydrated before staining. 
Hematoxylin and eosin (H&E) and periodic acid–Schiff (PAS) staining on organoids and tissue 
was performed as previously described (Sato et al., 2009). Slides were imaged using a Leica 
DM4000 microscope.

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

For immunofluorescence in the OrganoPlate, cultures were fixed and stained as previously 
described (Wevers et al., 2018). The following antibodies were used: anti-myosin (A4.1025, 
DSHB), anti-desmin (ab8470, Abcam), anti-dystrophin (ab15277, Abcam), goat anti-mouse 
AlexaFluor 555 (A21422, Thermo Fisher Scientific), goat anti-mouse AlexaFluor 647 (A21236, 
Thermo Fisher Scientific), goat anti-rabbit AlexaFluor 555 (A32732, Thermo Fisher Scientific) 
and donkey anti-rabbit 647 (SAB4600177, Sigma-Aldrich). The nicotinic acetylcholine receptor 
was visualized using α-bungarotoxin AlexaFluor 488 (B13422, Thermo Fisher Scientific). Nuclei 
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were stained using Hoechst (H3570, Thermo Fisher Scientific). All steps were performed at 
room temperature (RT). Cells were imaged using the Micro XLS-C HCI System (Molecular 
Devices). A 3D reconstruction of a myotube culture was made using Fiji.

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

Electron microscopic analysis
Aspidelaps lubricus organoid lines (n=2 organoid lines derived from different individuals) were 
harvested in cell recovery solution (354253, Corning) to remove BME and fixed by chemical 
fixation using 3% glutaraldehyde in cacodylate buffer. The fixation was followed by 1% osmium 
tetroxide plus 1.5% potassium ferrocyanide postfixation. Then, the organoids were dehydrated 
in series of ethanol and gradually embedded in Epon resin. Ultrathin sections were observed 
in a Tecnai Spirit T12 Electron Microscope equipped with an Eagle CCD camera (Thermo  
Fisher Scientific).

Organoid protein extraction
Aspidelaps lubricus organoids were grown and differentiated as described above. For LC-MS 
analysis, a minimum of 500 µL of organoid containing BME (~25 droplets) was harvested 
for protein extraction. In short, differentiation medium was removed and any residual liquid 
removed with PBS washes, organoids were collected and mechanically dissociated in 500 µL 
PBS using a glass Pasteur pipette in a 1.5 mL eppendorf tube. Tubes were sonicated for 15 cycles 
(30 sec on, 30 sec off) using the Bioruptor Plus (Diagnode). Any leftover debris was spun down 
at 12,000 rpm, the supernatant collected, snap frozen on dry ice and stored at -80 °C.
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For functional toxicity readout, a minimum of 500 µL of organoid containing BME was 
washed in the tissue culture plate with PBS and supplemented with C2C12 differentiation 
medium for two days prior to collection of supernatants. The same procedure was applied 
to harvest supernatant from human colon control organoid cultures as a negative control  
(Sato et al., 2011).

Liquid chromatography–mass spectrometry and Mascot database 
search
For comparison of A. l. cowlesi crude venom and organoid extracts, liquid chromatographic 
separation was performed with parallel at-line nanofractionation and mass spectrometry 
analysis. MS data of venom and organoid samples was analyzed for identical masses found in 
the samples to confirm production of venom toxins by organoids.

LC separation was performed using a Shimadzu UPLC system (‘s Hertogenbosch, 
The Netherlands), and a 250×4.6 mm Waters Xbridge Peptide BEH300 C18 analytical column 
with a 3,5-μm particle size combined with a 300-Å pore size. Separations were performed in 
a Shimadzu CTD-30A column oven at 30°C. Mobile phase A comprised of 98% H2O, 2% ACN 
and 0.1% FA, and mobile phase B comprised of 98% ACN, 2% H2O and 0.1% FA. A linear 
increase of mobile phase B from 0% to 50% in 20 min was followed by a linear increase from 
50% to 90% B in 4 min and a 5 min isocratic separation at 90% B. The starting conditions were 
reached again in 1 min and the column was then equilibrated for 10 min at 0% B. A post-column 
flow split in 1:9 ratio directed the larger fraction to a FractioMateTM FRM100 nanofraction 
collector (SPARK-Holland & VU, Netherlands, Emmen & Amsterdam) or a modified Gilson 
235P autosampler. To further confirm that venom toxins were present in the organoid extracts, 
crude organoid extracts were subjected to tryptic digestion after which these were analyzed 
with nanoLC-MS/MS. For this, 20 µL of each organoid sample was transferred to an Eppendorf 
tube containing 15 µl of digestion buffer (25 mM NH4HCO3, pH 8.2). Subsequently, 1.5 µl 
of reducing agent (0.5% β-mercaptoethanol) was added to each tube followed by a 10-min 
incubation step at 95°C. Post incubation, the samples were cooled to room temperature and 
centrifuged at 150 RCF for 10 seconds in a Himac CT 15RE centrifuge. Next, 3 µL of alkylating 
agent (55 mM iodoacetamide) was added to the tubes before incubation in the dark at room 
temperature for 30 min. Next, 3 µL of 0.1 μg/μL trypsin was added before incubation at 37°C 
for 3 h, and then an additional 3 µl of trypsin was added to the tubes and the samples were 
incubated overnight. Subsequently, 1 μL of 5% FA was added to quench the digestion, followed 
by brief centrifugation to remove any particulate matter. Finally, the samples were centrifuged 
for 10 s at 150 RCF and the supernatants were transferred to autosampler vials with glass inserts 
and analyzed with nanoLC-MS/MS. The data files obtained were run through the Mascot 
search engine (MASCOT; Matrix Science, London, United Kingdom) against the Swiss-Prot,  
NCBInr database.
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Myotube cultures
C2C12 cells were harvested and resuspended to obtain a cell suspension of 5,000 cells/µL in cold 
medium supplemented with 1:25 Matrigel-GFR (356231, Corning). The C2C12 cell suspension 
was seeded in the perfusion channel of an OrganoPlate 2-lane (9603-400B, Mimetas) against 
a collagen-I ECM gel as previously described (Wevers et al., 2018). The plate was incubated on 
a flat surface for 3 hours to allow cell attachment, after which medium perfusion was started 
with C2C12 differentiation medium composed of DMEM supplemented with 2% horse serum 
(26050-088, Thermo Fisher Scientific), 1 µM insulin (I9278, Sigma-Aldrich), 2 mM glutamine, 
and 1% penicillin/streptomycin. From day 2-5, the differentiation medium was supplemented 
with 10 µM cytarabine (C1768, Sigma-Aldrich) to inhibit cell proliferation.

For cell viability assay, C2C12 cells were exposed for 30 minutes to supernatant from 
Aspidelaps lubricus venom gland organoids, supernatant from human colon organoids, 
recombinant alpha bungarotoxin and a killing control. After that exposure was terminated and 
fresh medium added for 24h and 48h. WST8 assay was used according to the manufacturer’s 
protocol to quantify cell viability.

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

The calcium imaging recordings were processed using scripts developed in Fiji (Schindelin 
et al., 2012). Recordings were corrected for camera-induced noise via Kalman Filtering and 
corrected for bleaching. Movement of fluorescent signal was quantified via Gaussian Window 
MSE resulting in RGB-encoded videos showing movement of fluorescent signal to the left and 
right side in purple and green, respectively. The colored areas were measured per timeframe 
and averaged over time. All videos were processed to correct for flow-induced artefacts caused 
by movement of fluorescent cell debris. In the case of calcium wave propagation, movement 
was detected to a similar extent in both the left and right direction (<2 fold difference) and 
the average area of the two directions was determined. In the case of flow of fluorescent debris, 
the movement detected in one direction is dominant over the other (>=2 fold difference) and 
movement in the dominant direction was excluded.
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MEA recordings rat cortical neurons
Spontaneous electrical activity was recorded on the day of exposure (DIV9-11) as described 
previously (Nicolas et al., 2014; Tukker et al., 2018). In short, signals were recorded using 
a Maestro 768-channel amplifier with integrated heating system and temperature controller and 
a data acquisition interface (Axion BioSystems). Data acquisition was managed with Axion’s 
Integrated Studio (AxIS 2.4.2.13) and recorded as .RAW files. All channels were sampled at 
the same time with a gain of 1200x and a sampling frequency of 12.5kHz/channel with a 200-500 
Hz band-pass filter. Prior to the recording, MEA plates were allowed to equilibrate for ~10 min 
in the Maestro. 

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

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

For cell viability, rat cortical cells were cultured at a density of 3.0 x 104 cells/well. At DIV9-10, 
cells were exposed for 24 h to the test compounds, after which cell viability was assessed using 
a combined CFDA-AM / neutral red / alamar blue assay. In short, cells were incubated for 
30 minutes with 12.5 mM alamar blue and 4 mM CFDA-AM in FBS at 37 ˚C. Resorufin was 
measured spectrophotometrically at 540/590 nm (Infinite M200 microplate; Tecan), whereas 
hydrolyzed CFDA was measured spectrophotometrically at 493/541 nm. The aB/CFDA solution 
was then replaced by 200 mL neutral red solution (175 mM in PBS, Invitrogen) for 1 h at 37 
˚C. Next, cells were incubated for 30 min with 200 mL extraction solution (1% glacial acetic 
acid, 50% ethanol, and 49% H2O) during gentle shaking at room temperature. After 30 min 
extraction, fluorescence was measured spectrophotometrically at 530/645 nm. 

RNA extraction and de-novo transcriptome assembly
RNA isolations of organoids and tissues for de-novo transcriptome assembly and bulk 
RNA sequencing were performed using TRIzol (Invitrogen) following the manufacturer’s 
instructions. Organoid RNA isolations for quantitative PCR were performed with RNeasy 
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Mini Kit (Qiagen) following the manufacturer’s instructions. Quantitative PCR analysis was 
performed using the SYBR Green and Bio-Rad systems. Changes in expression were calculated 
using CFX manager software (Bio-Rad). Primers were designed using NCBI primer design 
tool with the coding sequence of annotated scaffolds of interest as input. Primers used in this  
study are;
ACTB, F_CTGGCCTAGGACACAGTACG,R_GCTCAGACTCCATTGCAACA
LGR5,F_GTTCCCCTTCCTGCATGTCT,R_ACCAAACTAGCATCTTTTGCCTT
ASCL2,F_CACTCGGCTTATTCGTCGGA,R_CTCCCGAACCAACTGGTGAA
AXIN2,F_GATAGAAGCTGAGGCAGCCC,R_CCCCTTCGCATGTCCTCTAC 
RNF43,F_TTCCCATGAGTTCCATCGGC,R_GGCGGTACCTGATGTTGACT 
TCF7L2,F_GCTATCACCGGGCACTGTAG,R_GGTCCTCACGAGATTGCCTG
MKI67,F_CAGGTGCATGAATCTGGTATTGAA,R_ATTTAGCGCTGCTTCTGTGACC
3FTX,F_GTGGTGGTGACAATCGTGTG,R_GGTTGCGATGACTGTTGGTT
KUN,F_GTCCAGGACTCTGTGAACTGC,R_GCATTGTTTTGCAGCCAGGTT
CTL,F_TACACCCCAGGAACCCTTCT,R_TATTGGTGACGGAGACGCAC
HSPA8,F_AGCAGTACAAAGCGGAGGAC,R_TCTGCCGTGCTCTTCATGTT

Sequencing and de-novo transcriptome assembly was performed by BaseClear B.V. as follows: 
PolyA enriched RNA from liver tissue, pancreas tissue, venom gland tissue, organoids early 
passage, organoids late passage expansion and organoids late passage differentiation was 
sequenced. Paired-end sequence reads were generated using the Illumina HiSeq2500 system. 
FASTQ sequence files were generated using bcl2fastq2 version 2.18. Initial quality assessment 
was based on data passing the Illumina Chastity filtering. Subsequently, reads containing PhiX 
control signal were removed using an in-house filtering protocol. The second quality assessment 
was based on the remaining reads using the FASTQC quality control tool version 0.11.5. 
The transcriptome assembly was performed with Trinity (version 2.4.0, Haas et al., 2013), using 
the combined data of all six samples. The resulting consensus assembly was filtered to remove all 
sequences shorter than 500bp, resulting in 311,948 remaining scaffolds. These were aligned with 
BLASTN (version 2.6.0) against a local copy of the NCBI-NT database (built in February 2018). 
Toxin-encoding contigs were validated by manual sequence analysis (e.g. ORF identification) of 
those exhibiting annotations consistent with known snake venom toxin proteins.

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

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

Bulk and single cell RNA sequencing analysis
Bulk paired-end reads of A. l. cowlesi and N. nivea tissue and organoids were mapped to 
the de novo assembled A. l. cowlesi transcriptome using STAR. When a read mapped to 
multiple scaffolds, a fractional count of 1/x was recorded, where x is the number of scaffolds 
the read maps to. To reduce the complexity of the count table, scaffolds with identical blast hits 
were merged by summation of their transcript counts. All scripts used for read counting are 
deposited at https://github.com/BuysDB/reptilianOrganoids. For single cell analysis, paired-end 
reads were demultiplexed on the cell barcode and UMI and adapters trimmed using Cutadapt 
2. Next, the reads were mapped and counted as described for the bulk samples, additionally 
we removed amplification duplicates by UMI-scaffold combinations. Scaffold annotations 
were filtered to exclude the terms (“mitochondrial”, “mitochondrion”, “ribosomal”, “rRNA”, 
“ribosomal”, “microsatellite”, “transposon”, “SINE”, “LINE repeat”, “noBlast”) and requiring them 
to be detected in at least 2 cells, resulting in 42,507 unique annotations. Subsequently, cells 
were filtered by requiring at least 2000 counts and at least 100 different genes to be expressed, 
leaving 1,092 cells (1,255 for tissue) to be included for dimensionality reduction and k-medoids-
based clustering using RaceID3 according to the vignette (Herman et al., 2018), starting with 
an expected cluster number of 10 (organoid) and 20 (tissue). Violin plots were generated using 
Seurat functions (Butler et al. 2018) (version 3.0.0.9000) on the dataset analyzed by RaceID3. 
Single cell trajectories were analyzed using Monocle (version 2.6.4) (Trapnell et al., 2014). In 
short, genes were selected as input features based on differential expression between expansion 
and differentiation medium and dimensionality was reduced for display using reverse  
graph embedding.

QUANTIFICATION AND STATISTICAL ANALYSIS
No statistical methods were used to predetermine sample size. The experiments were not 
randomized and the investigators were not blinded to the sample allocation during experiments 



126

and outcome assessment. All data are presented as mean ± standard error of the mean (SEM), 
unless stated otherwise. Value of n is always displayed in the figure as individual data points, 
more information can be found in the figure legends. Statistical tests included unpaired two-
tailed t-test for Figures 1D, S1C, S6I, S7E/F/G and paired two-tailed t-test for Figure S7B/C/D 
using GraphPad Prism. ns p > 0.05, * p ≤ 0.05 **, p ≤ 0.01 ***, p ≤ 0.001, **** p ≤ 0.0001.

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

SUPPLEMENTAL VIDEOS (ON CELL.COM)
Video S1. Three-dimensional imaging of Aspidelaps lubricus cowlesi 
organoids, related to Figure 1
Part 1; DAPI (orange), Beta-catenin (yellow), Tubulin (red) and Actin (blue).
Part 2; DAPI (orange), Beta-catenin (red), Tubulin (green) and Actin (blue).

Video S2. Functionally beating cilia in VGO (20x objective, 20 frames/
second), related to Figure 2 and S1
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Figure S1. Culture characteristics and toxins of venom gland organoids in mammalian growth factor 
medium, related to Figure 1 and 2. (A) Organoid outgrowth from venom gland tissue of different Elapidae 
(n=5) and Viperidae (n=4) snake species. Origin of tissue was from either adult venom glands (orange) 
or late embryonic venom glands (blue). Scale bars, 200 µm. (B) Representative images of organoid 
outgrowth in complete medium or medium without one of the indicated components for 14 days. This 
dropout screen was performed on established organoids (passage 3). Scale bars, 400 µm. (C) Brightfield 
images and quantification of A. l. cowlesi organoids grown in complete expansion medium at 32°C or 
37°C from the moment of splitting into a near single cell suspension to day 3 and day 10 after plating. 
Viability determined at day 10 using CellTiter-Glo, normalized to cells at 32°C. Scale bars, 2000 µm. Data 
points represent technical replicates. (D) Relative HSPA8 expression normalized to ACTB determined 
by qPCR. For A. l. cowlesi and N. nivea organoids at 32°C and 37°C for 2 hours. Data points represent 
biological replicates. (E) Images of successful lentiviral transduction of venom gland organoids. Detection 
of histone 2B-RFP (H2B-RFP) stable construct integration and nuclear expression in red. Scale bars, 200 
µm. (F) Transmission electron microscopy image of ciliated cell present in A. l. cowlesi organoid. Scale bar, 
5 µm. (G) Highest expressed toxin genes in A. l. cowlesi venom gland organoids. Table of de novo scaffold 
BLASTN hit and toxin class.
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Figure S2. Single cell transcriptome analysis of venom gland primary tissue and organoid cells, related 
to Figure 4. (A) Details on single cell sequencing analysis; transcript count per cell. (B) Details on single 
cell sequencing analysis; annotations per cell. (C) Single cell RNA sequencing: clustering of A. l. cowlesi 
primary venom gland tissue cells (n=1255) visualized by t-distributed stochastic neighbor-embedding 
(t-SNE) map. Expression level of cell type marker genes in t-SNE map (color coded logarithmic scale of 
transcript expression): epithelial cells, KRT8 (n=670); stromal cells, COL3A1 (n=342); hematopoietic cells, 
HEMGN, LYZ (n=103); smooth muscle cells, ACTA2 (n=90); endothelial cells, CDH5 (n=50). (D) Heatmap 
of toxin gene (y-axis) expression per individual cell (x-axis). All cells from toxin-expressing clusters 1, 3, 4, 
11 and 12 are displayed for expression of most abundant toxin genes, see Figure S2B. Color coded expansion 
medium, differentiation medium and cluster numbers. (E) Schematic representation of reclustering 
epithelial cells (10 clusters, n=670) from total venom gland tissue dataset (20 clusters, n=1255). Visualized 
by t-distributed stochastic neighbor-embedding (t-SNE) map. (F) Heatmap of expression per toxin class 
(3FTx, CRISP, KUN, SVMP and CTL) of highest expressed genes (NTX4, Opharin, Chymotrypsin inhibitor, 
K-like metalloprotease and CTL) (y-axis) per cell (x-axis) for both organoids and epithelial tissue cells.
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Figure S3. Dedicated venom gland epithelial cells express different classes of toxins, related to Figure 4. 
(A-E) Expression levels of selected toxin genes in t-SNE map (color coded logarithmic scale of transcript 
expression) and violin plots visualizing expression levels of cluster-enriched toxins. Left panels are venom 
gland organoid cells and right panels are venom gland tissue epithelial cells, both from A. l. cowlesi.
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Figure S4. Two different lineages of epithelial cells captured in organoids and primary tissue, related to 
Figure 4. (A) t-SNE map of organoid dataset, highlighted are the clusters that account for the EP-SUP and 
TOX lineage. (B) t-SNE map of tissue dataset, highlighted are the clusters that account for the EP-SUP and 
TOX lineage. (C-E) Expression levels of selected EP-SUP genes in t-SNE map (color coded logarithmic 
scale of transcript expression) and violin plots visualizing expression levels in the two distinct lineages. Left 
panels are organoid cells and right panels are tissue cells. (F) Heatmap of marker expression (12 clusters 
(3 to 5 genes per cluster) from organoid single cell sequencing dataset (Figure 4)) in bulk mRNA samples 
from venom gland organoids in differentiation (Diff) and expansion medium early (Early) and late (Late) 
and venom gland (VG), liver (LIV) and pancreas (PAN) tissue. Expression levels visualized as color coded 
Row Z-score.
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Figure S5. Non-venomous cells express stem cell markers and niche factors, regional heterogeneity in 
CTL and KUN expression in vivo, related to Figure 4, 5 and 6. (A-F) Expression levels of selected genes in 
t-SNE map (color coded logarithmic scale of transcript expression). Left panels are organoid cells and right 
panels are tissue cells. (G-K) Expression levels of selected niche signal genes in t-SNE map (color coded 
logarithmic scale of transcript expression) and violin plots visualizing expression levels in the distinct 
lineages. Left panels are organoid cells and right panels are tissue cells. (L-M) Representative images of 
venom gland proximal and distal sections. BM-purple stain of in situ hybridization. Lack of detectable 
CTL (slide 83, distal) and KUN (slide 25, proximal) signal in A. l. cowlesi venom gland tissue. Scale bars,  
200 µm, close up panels 50 µm.
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Figure S6. Venom gland organoids functionally secrete proteins that block calcium signals in muscle 
cells on OrganoPlate, Related to Figure 7. (A) Example of protein hits obtained with a Mascot search 
of the spectra measured from LC-MS analysis. Based on tryptic digest of an organoid supernatant. (B) 
Generation of an endogenous fluorescent tag of three-finger toxin NTX4 using CRISPR-HOT in A. l. 
cowlesi organoids (C) MIMETAS 2-lane OrganoPlate® (D) Schematic overview of OrganoPlate microfluidic 
network covering four wells of the 384-well-plate. (E) Representative immunofluorescent 3D reconstruction 
of myotubes forming a perfusable tube structure. Staining for Hoechst (blue) and Myosin (red). (F) 
Confocal image of mature myotubes stained for Desmin, Dystrophin (red) and Hoechst (blue). (G) Cultures 
were exposed to different supernatants in chips, after which calcium wave propagation was imaged before 
and after carbachol stimulation. Maximum projected images depict calcium wave propagation over all 
image frames after carbachol exposure, in which purple reflects activity to the left and green to the right. 
(H) Quantification of (F). The total calcium wave movement was calculated before and after carbachol 
stimulation based on total fluorescent signal. Data points represent biological replicates. (I) Cell viability 
assay (WST8) of C2C12 murine muscle cultures 24h and 48h after a 30-minute exposure to supernatants. 
Data points represent biological replicates.
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Figure S7. Venom gland organoid proteins increase neuronal activity in rat cortical neurons, related 
to Figure 7. (A) Schematic representation of experimental setup. Culture of neonatal rat cortical neurons 
on MEA plates. Exposure to organoid proteins and control is followed by recording of neuronal activity 
and cell viability assessment. (B-D) Quantification of neuronal activity measured as ‘mean spike rate’ (B), 
‘mean burst rate’ (C) and ‘mean network burst rate’ (D) normalized to culture well-matched vehicle control. 
Exposure to venom gland organoid supernatant and recombinant alpha bungarotoxin. Paired t-test: 
**** p<0.0001, *** p=0.0002, ** p=0.005. Data points represent biological replicates. (E-G) Cell viability 
assessment using CFDA, Neutral red and Alamar blue. Normalized to vehicle control (100%). Differences 
are not significant (n.s.). Data points represent biological replicates.
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INTRODUCTION
Adult stem cells are cells in the body that have the capacity to replace lost tissue through cell 
division (Chapter 1) (Post and Clevers, 2019). The stem cell field was able to reach this one 
and only generalizable definition after several decades of research and development of better 
model systems. We now understand that adult stem cells exhibit widely divergent mechanisms 
and phenotypes to replace lost tissue in a given organ. In addition, one organ can be populated 
by multiple adult stem cell populations, each responding to a different stimulus or replacing 
a specific subset of cells. Adult stem cell versatility highlights the importance to investigate 
every organ or stem cell population as individual study object rather than apply a stereotypic 
template to all adult stem cell biology.

Cells and tissues are lost through natural physiological turnover by the wear and tear of 
the organ. Some cells, like the epithelial lining of the intestine, are replaced approximately every 
five days (Barker et al., 2007). Cells from such organs are often exposed to external insults and 
are able to dispose of their dead cells directly to the outside world. High turn-over organs require 
an active proliferative compartment to keep up with the constant loss of cells. Other organs such 
as the heart, especially the muscle cells; cardiomyocytes, have very low or neglectable turn-over 
rates in homeostatic conditions in the adult (Eschenhagen et al., 2017). Low turn-over organs 
consist of long-lived cells and the demand for a proliferative population to replace these cells 
is therefore lower. The endogenous regenerative capacity of adult stem cells declines during 
adulthood, resulting in phenotypes associated with natural ageing and age-related disease. Cells 
with the capacity to proliferate do carry the risk to propagate disease causing mutations across 
an organ, for example in the case of cancer. Oncogenic alterations in an adult stem cell are of 
higher risk in fueling a cancer than a transformed terminally differentiated cell that will be 
expelled from the system.

Upon tissue damage, the cellular population balance within an organ can dramatically 
change. Because of a changing chemical niche, or different mechanical signals, proliferation 
is increased to compensate for the loss of cells. The type of damage can be of influence on 
the cellular damage response, depending on the cells are directly affected and the severity of 
the insult.  After the damage response, when cell numbers are restored, the proliferative activity 
returns back to normal. Of note, only a limited number of cell types will have the capacity to 
proliferate upon damage and take up the role as an adult stem cell. A cell’s potential to proliferate 
upon damage, and repopulate the organ, can cause an irreversible shift in cellular composition 
after damage exposure. In addition, a proliferating adult stem cell will have a limited repertoire 
of cell types it will be able to differentiate into or even be unipotent. The differentiation potential 
will always be within the resident cell types of the organ of origin. 

A better understanding of adult stem cells and their potential progeny is essential to 
interpret homeostatic organ function, cellular turnover and adult stem cell involvement in 
disease. After defining adult stem cell definition in Chapter 1, we applied different experimental 
models to tissues with remaining open questions. The existence of cardiac stem cells and 
the heart’s response to damage in Chapter 2. Adult stem cell derived organoids and a single 
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cell atlas of the human lacrimal gland to model tear secretion and composition in Chapter 3. 
We tested the applicability of mammalian models to reptilian adult stem cells and characterize 
the snake venom gland in Chapter 4. Here, in Chapter 5, we will summarize our findings, discuss 
the implications these results and explore potential next steps for future research.

PROLIFERATIVE CELLS IN THE HEART
Over the past fifteen years, intensive research on the adult mammalian heart’s capacity 
to regenerate itself has led to the general agreement that throughout life a small fraction of 
cardiomyocytes is replaced (Eschenhagen et al., 2017). The cellular turn-over rate and the cell 
source of new cardiomyocytes is still heavily debated. While some reports indicate the existence 
of an adult cardiac stem cell that is multipotent and support myocardial regeneration (Ellison 
et al., 2013), others deny such endogenous repair mechanism and describe an extremely low 
turnover of already existing cardiomyocytes (Li et al., 2018). Previous studies relied heavily 
on stem cell markers taken from unrelated tissues (SCA-1, c-KIT), or used ‘surrogate’ stem 
cell characteristics such as DNA label retention. To address this issue, we have not restricted 
ourselves by preformed concepts, but rather applied the broadest and most direct definition 
of stem cell function: the ability of any cell to replace lost tissue by cell division, described in 
chapter 1. 

In chapter 2, we have generated a map of proliferating cardiac cells and their progeny 
in growing murine neonatal hearts as well as homeostatic and injured murine adult hearts 
using single-cell messenger RNA-sequencing and genetic lineage tracing (Kretzschmar et 
al., 2018). For our mouse models, we have exploited the gene that is by far the most widely 
used proliferation marker in basic cell and developmental biology, in clinical oncology and in 
pathology: Ki67. With these models (Ki67-RFP and Ki67-Cre-ERT2) we marked every cell in 
the heart that becomes proliferative and were able to comprehensively determine the offspring. 
With single-cell sequencing of the Ki67-RFP mouse we purified and tracked down the identity 
of all cells in the heart that were in G1, S, G2 or M stage of the cell-cycle. In combination with 
the Ki67 lineage tracing mouse Ki67-Cre-ERT2 crossed with Rosa26-LSL-tdTomato we enabled 
the tracing of all proliferating cells at the time of tamoxifen injection with a fluorescent marker. 
The benefit of these models is that we were not limited or biased by cell type specific markers. 
If any new cardiomyocyte was formed, through proliferation, we would detect it. The downside 
would be that if we were to find traced tdTomato-positive cardiomyocytes we would not directly 
know its cellular origin. In other words, to distinguish between a proliferating cardiomyocyte 
or a proliferating stem cell that would differentiate into a cardiomyocyte during the time of 
the tracing experiment. 

We found that -while neonatal cardiomyocytes are actively cycling- no significant de novo 
generation of cardiomyocytes occurs from any cell source in the homeostatic or regenerating 
adult murine heart. Excluding the generation of new cardiomyocytes in the adult damaged heart 
1) from a quiescent CSC population that re-enters the cell cycle, 2) by transdifferentiation of 
fibroblasts towards cardiomyocytes, or 3) for increased cell cycle entry of cardiomyocytes in 
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response to cardiac injury. Of note, we measure this outcome at the specific timepoints post 
injury and the type of damage models we used in this study. This is in line with other reports, 
describing the proliferation of cardiomyocytes to be limited to a number of days after birth (Li 
et al., 2018). In the neonatal hearts, pre-existing cardiomyocytes function as adult stem cells by 
re-entering the cell cycle upon damage (Porrello et al., 2011). A few animals in nature, such as 
the zebrafish, retain this cardiac regenerative capacity as an adult and is therefore a much-used 
model organism (Poss et al., 2002).

The loss of cardiomyocytes turned out to be compensated by a strong increase in fibroblast 
proliferation. Injury activated cardiac fibroblasts acquired a gene-expression pattern similar to 
that of neonatal cardiac fibroblasts to form a fibrotic scar. Using lineage tracing, we demonstrate 
that this cardiac fibroblast population is marked by follistatin-like 1 (Fstl1). Fstl1-positive 
fibroblasts function as unipotent adult stem cells in the damage response of the heart. Without 
autocrine Fstl1 signalling (a BMP antagonist) a scar is not formed and the heart ruptures. While 
a non-contractile scar does not seem beneficial to cardiac function, it is actually crucial in 
the survival of a cardiac infarct. 

We believe that our data presented in this chapter serves as a comprehensive atlas for 
cardiac cell proliferation. This dataset can serve as an unbiased resolution in the cardiac 
stem cell debate. One could always argue more cells should have been sequenced or more 
experimental conditions tested. However, we believe if there was any significant contribution 
of de-novo cardiomyocytes in the adult heart, we would have detected it with the experimental 
setup presented here. The results we observe in mice should be validated in human tissue in 
the future. Soberingly, putative cardiac stem cells are still used in clinical trials today with 
patients suffering from myocardial infarction. More fundamental and clinical research should 
be devoted to the importance of fibrotic scar formation.

THE CELLULAR ORIGIN OF TEARS
Adult stem cell-derived organoids have been established of almost every epithelial organ. 
Examples include the intestinal lining (Sato et al., 2009), liver ductal cells (Huch et al., 2015) and 
hepatocytes (Hu et al., 2018), pancreas ductal cells (Boj et al., 2015), salivary gland (Maimets et al., 
2016) and many more (Clevers, 2016). In these cultures, it is always the epithelial compartment 
that can be long-term expanded, surrounding tissue such as fibroblasts, endothelial and immune 
cells are lost during the passaging. The organoids are a robust model to study organ specific 
epithelial biology. Examples of such studies include the elucidation of differentiated cell lineages 
from an adult stem cell and their secreted products, either endocrine or exocrine (Beumer et al., 
2018). One of the secretory epithelial tissues that is not completely understood and was lacking 
a robust organoid model is the lacrimal gland, also known as the tear gland.

In Chapter 3 of this thesis we set out to develop and characterize an organoid model 
of the human lacrimal gland. A Complete understanding of this organ in both healthy and 
diseased conditions is lacking, compared to other glandular organs, due to absence of insight 
into the cellular composition. It is largely unknown what adult stem cell populations are present 
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in the adult human lacrimal gland and what the function of their progeny is. As for almost 
all the other organoid cultures coming from our lab we started with mouse tissue. Murine 
lacrimal gland cells can be long-term expanded as organoids in a generic organoid growth factor 
medium of high Wnt activation, activation of FGF signaling and the inhibition of TGFbeta and 
BMP signaling. The organoids will self-organize as the classical cystic structures. The lacrimal 
gland origin and identity of these cultured cells was confirmed by nuclear expression of 
Pax6. The contamination of neighboring tissues during the dissection can be problematic in 
the expansion of organoid cultures, especially since culture media of different organs are rather 
similar. In the case of the lacrimal gland we had to rule out any outgrowth of salivary gland 
tissue given its anatomical location. Mouse lacrimal gland organoids expressed several tear 
components found in vivo and had the potential to differentiate upon the withdrawal of most 
growth factors. The withdrawal of growth factors from expansion medium mimics the absence 
of niche factors in vivo and results in the exit of the cell cycle and the start of differentiation. 
The timing and components added to the differentiation can be of influence on the cellular 
outcome (Beumer et al., 2018), this was not used in the murine lacrimal gland differentiation 
presented in Chapter 3. We next showed the applicability of CRISPR-Cas9 genome editing 
in organoids by knocking out Pax6, the master regulator of eye lineages (Makarenkova et al., 
2000). While the loss of transcription factor Pax6 did not affect cell viability, it blocked cells 
from fully differentiating upon exposure to differentiation medium. The use of genome editing 
techniques such as CRISPR-Cas9 mediated frame shifts enables genotype-phenotype studies in 
adult epithelial organs. To do this for Pax6 in vivo would require a different approach because of 
its role during embryonic development (Makarenkova et al., 2000).

The success we had with mouse lacrimal gland tissue encouraged us to attempt human 
lacrimal gland tissue as well. Surplus material from human lacrimal gland biopsies was 
successfully expanded as organoid for multiple passages. The human organoids grew slightly 
slower and had a more differentiated phenotype in expansion conditions compared to mouse. 
This can be due to intrinsic properties of the human epithelium, non-optimal growth medium 
or the condition of the tissue when the biopsy was taken. While the latter option would be 
interesting to link disease status to organoid phenotype, at this point we were not able to do 
that as the biopsy material is anonymized and disease status confidential. Since the organoid 
cells formed a polarized epithelium with the apical side towards the lumen of the organoid 
we developed a function secretion assay. We used functional organoid swelling (by increased 
luminal volume) as a proxy for tear secretion. With this assay we identified noradrenaline and 
a combination of FSK/PGE2 as potent stimulators of secretion. Future research can exploit 
this assay to identify novel inducers of tear secretion or study patient-derived organoids to 
better understand the effect of disease genotype on tear secretion. However, dry eye disease 
and Sjogren’s syndrome are disorders described to have an autoimmune background in 
the progression of the disease. In these cases, it will be relevant to explore organoid co-cultures 
with of resident immune cells, as previously illustrated with tumor-derived organoids.

We present the organoid dataset in this chapter together with a single-cell atlas of the human 
lacrimal gland. In all tissues it is very valuable to have a reference map of all the cells present 
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in vivo. Single-cell sequencing revealed the spread of individual tear components over ductal 
cells and acinar cells. Even within the ductal cells, heterogeneity exists in the most abundantly 
expressed tear components. This is the first transcriptional description of cell types for the human 
lacrimal gland. Of note, the lacrimal gland organoids, from both mouse and human, recapitulate 
the ductal compartment of the gland. This is also observed in organoids from pancreas and 
salivary gland tissue (Boj et al., 2015; Maimets et al., 2016). Future research should be focused 
on the expansion of acinar cells specifically, as it most likely requires a different protocol from 
the start of the cultures rather than the ability to differentiate ductal cells into acinar cells. 

The research presented in this chapter provides an experimental platform to study 
the (patho-)physiology of the tear gland.

FROM STEM CELLS TO VENOM
In the last decade organoids have revolutionized our toolbox to investigate development and 
disease of almost every human organ in the body (Clevers, 2016). The adult stem cell-derived 
organoid story took off with the establishment of murine small intestinal organoids in 2009 
(Sato et al., 2009). This was the first demonstration of long-term culture conditions that enable 
the formation of a ‘mini-organ’ in vitro from a single adult stem cell, marked by Lgr5. The mouse 
small intestinal organoids contain both stem cells and differentiated cells, and is up to date still 
one of the most complete organoid models published. The establishment of mouse organoids 
finds its origin in the easy accessibility to tissue and the conservation in organ biology between 
mouse and human. 

The research presented in chapter 4 originated from the question if we can expand organoid 
technology beyond mouse and human. There are at least two arguments to do this, 1) to study 
unique features of an organ that is shared between a model organism of interest and humans. For 
example, develop an organoid model of the regenerating adult zebrafish heart, to gain insight 
for a human clinical intervention. And 2) to use organoid technology to study an organ of 
interest that is not present in mouse or human. We decided to go with argument two, the snake 
venom gland. Venomous snakes are a major health threat to humans and kill more than 100,000 
people every year. Yet, snakes are also an incompletely explored gold mine for derivation of 
pharmacological drugs. One of the first anti-hypertension drugs for example was isolated from 
venom of the Brazilian pit viper. Many snakes are difficult to access and study due to their 
rarity or large variation in toxin composition between individuals. This poses challenges on 
harnessing the full potential of their pharmacological gold mine, but also for the production of 
anti-venom. 

We started the establishment of venom gland organoids off with late-embryonic tissue. We 
applied a nearly identical protocol our lab has used for different mouse and human organs; 
the digestion of tissue in small cellular fragments and plate these in a growth factor rich 
medium embedded in a matrix. The first hurdle to overcome was if the mammalian protein-
based culture medium was able to activate the cells from the reptilian venom gland. This is 
crucial in organoids cultures as you want to activate the resident cells to proliferate rather than 
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just cultivate surviving primary tissue. It turned out the reptilian receptor - mammalian ligand 
interaction is conserved enough for the components in our medium (FGF10, EGF, R-spondin, 
Noggin, etc.) to activate the snake cells. 

Using this protocol, we established long-term expanding venom gland organoids from 
several snake species. We focused our characterization on organoids from Aspidelaps lubricus, 
the Cape coral snake. Since there was no Cape coral snake genome published we generated 
a newly assembled de-novo transcriptome for the characterization of our organoids. This is 
something to keep in mind shifting to different animals for organoid cultures. Of course, one 
could pick a more characterized organism with more resources as a model of interest. The Cape 
coral snake organoids revealed to express high levels of toxin transcripts. As in the previous 
chapters, we set out to use single-cell mRNA sequencing to reveal the cellular composition of 
the venom gland and the organoids. The sequences were mapped on our new transcriptome. 
We identified distinct venom-expressing cell types as well as proliferative cells expressing 
homologs of known mammalian stem cell markers. Also, a hard-wired regional heterogeneity 
in the expression of individual venom components is maintained in organoid cultures. Venom 
peptides are complex in their tertiary structure and require several enzymes for correct folding. 

To determine whether the organoid cultures produced functionally active venom 
components we developed a protocol to harvest the luminal content of the organoids. Using 
LC-MS we determined that the harvested peptides reflect crude venom composition. Exposing 
murine muscle cells and rat cortical neurons to these peptides revealed the ‘organoid venom’ 
to be functionally active by disruption calcium signal propagation and control of spontaneous 
action potential firing. The production and secretion of functionally active venom components 
opens up several avenues for follow up research. For example, the production of venom in 
a chemically defined environment is of high interest in antivenom production, which is at 
the moment hampered by incomplete understanding of intraspecies heterogeneity of venom 
composition. Other in vitro systems used for protein expression and purification are not able 
to translate functionally active venom peptides upon the introduction of the gene, due to 
the complex machinery involved. Another research angle would be to study the mechanism by 
which venom gland cells control exposure to their own venom, as an endogenous antivenom. 
We have not noticed any effect of autocrine toxicity in our venom gland organoids. Some cells 
in the single-cell sequencing dataset transcribe genes that are described to have neutralizing 
properties against some venom components. This would require further validation. Of note, 
most successful and robust organoid propagation and characterization was performed with 
Elapid species. Viperidae snakes are described to have a more cytotoxic venom composition, 
potentially harming itself if not kept under control. It will be worthwhile to further investigate 
whether viper derived organoids produce functionally active cytotoxic components and how 
these are controlled. The increased applicability of genome editing tools such as CRISPR-Cas9 
also reached the field of organoids in recent years. We demonstrated the use of CRISPR-HOT 
in tagging a three-finger toxin in the Cape coral snake organoids. With the potential to apply 
changes to the genome or introduce exogenous genes, opportunities are endless. Of interest can 
be the expression of several medically relevant toxins (from different species) in one organoids 
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line. This “pan-venom” can be used for antivenom production. Or the introduction of point 
mutations in toxins to alter or specify its human target receptor or cell in an approach to 
pharmaceutically design potent molecules. 

In short, the research presented in Chapter 4 extends organoid technology to reptilian tissues 
and describes an experimentally tractable model system representing the snake venom gland. 
It opens up avenues to exploit these cultures to better understand the potential and danger of 
venom and to apply organoid technology to other animal species of interest 
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MODELLEREN VAN GEWERVELDEN VOLWASSEN 
STAMCELLEN EN HUN NAKOMELINGEN
Yorick Post
Het onderzoek beschreven in dit proefschrift is gericht op de ontwikkeling en het gebruik van 
modelsystemen voor volwassen stamcellen. Ons lichaam en alle organen zijn opgebouwd uit 
cellen, deze bouwstenen zijn ongeveer een honderdste van een millimeter groot en we hebben 
er zo’n 40 biljoen. Volwassen stamcellen bevinden zich in bijna ieder orgaan van een volwassen 
mens. Deze cellen zijn verantwoordelijk voor het onderhoud en herstel van onze organen. 
Dat doen ze door zichzelf te delen, van één naar twee cellen, de nakomelingen. Met deze 
verdubbeling kunnen verloren of beschadigde cellen in ons lichaam worden vervangen. Een 
volwassen stamcel beperkt zich tot de grenzen van het orgaan waar het gevonden kan worden; 
een darmstamcel maakt alleen maar darmcellen, een leverstamcel maakt alleen maar levercellen, 
enzovoort. Het natuurlijk verlies van cellen en weefsel gebeurd in ieder orgaan, echter wel op 
verschillende snelheden. Een extreem voorbeeld is de darm, alle cellen die de binnenkant van 
onze darm bekleden worden zo’n iedere vijf dagen compleet vervangen. De stamcellen in de darm 
vermenigvuldigen zich actief om voor de constante toevoer van nieuwe cellen te zorgen. Aan het 
andere uiteinde van het spectrum vind je de spiercellen van het hart. De spiercellen waarmee 
je geboren wordt doe je bijna de rest van je leven. Daarom kan een hartinfarct, schade aan 
het hart, levensgevaarlijk zijn en langdurige gevolgen hebben. De aanwezigheid van stamcellen 
of cellen die zichzelf de rol van een stamcel kunnen opleggen bepaalt vaak ook hoe snel en 
efficiënt een orgaan zichzelf kan repareren na schade. Denk bijvoorbeeld aan de stamcellen 
in je huid als je jezelf snijdt of de stamcellen in de lever als je een avond te veel alcohol hebt 
gedronken. Alhoewel ieder orgaan en ieder dier dit op een verschillende snelheid en met een 
andere strategie doet, het verlies en herstel van cellen vindt plaats in het hele dierenrijk.

Een beter begrip van volwassen stamcellen is cruciaal voor het begrijpen hoe organen zich 
in stand houden in gezondheid maar ook tijdens ziekte. In de laatste tientallen jaren heeft 
het volwassen stamcel onderzoek een vlucht genomen. De ontwikkeling van steeds betere 
onderzoeksmethoden heeft ons de gelegenheid gegeven om vrijwel alle cellen van ieder orgaan 
in kaart te brengen. Dus zowel de stamcellen als hun nakomelingen. In het onderzoek van dit 
proefschrift maken we gebruik van twee verschillende technieken om stamcellen te bestuderen 
in verschillende dieren en organen. 

De eerste is Lineage Tracing, letterlijk vertaald ‘afkomst traceren’. Met deze techniek kunnen 
we een cel in een muis een markering of een kleur geven. Deze markering is vaak een chemische 
stof die we kunnen kleuren of een fluorescerend eiwit dat oplicht onder de microscoop. Als 
deze cel zichzelf deelt en vermenigvuldigt, zoals een stamcel doet, hebben de nakomelingen 
van deze cel ook deze markering. Gebaseerd op de DNA-sequentie, de genetische code, kun je 
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heel nauwkeurig bepalen met welke cel je het traceren wilt beginnen. Op deze manier kunnen 
we stamcellen identificeren en precies volgen wat voor nakomelingen ze maken als ze zichzelf 
delen. Dit kunnen we doen in gezonde omstandigheden tijdens het ouder worden van de muis, 
of onderzoeken hoe stamcellen reageren op schade aan het orgaan. In dit proefschrift traceren 
we cellen met een fluorescerend eiwit in gezonde muizen en muizen met een hartinfarct. 

De tweede techniek is Organoid Technology, ofwel het kweken van organoïden. Organoïden 
worden ook wel mini-organen genoemd. Het zijn orgaan kweekjes die ontstaan uit volwassen 
stamcellen en hun nakomelingen. Als we de volwassen stamcellen in kweek brengen onder 
de juiste omstandigheden, vormen ze driedimensionale structuren bestaande uit cellen die 
zichzelf organiseren. Dit klompje van cellen, de organoïd, bevat de cellen van het orgaan en 
bereikt een grootte van ongeveer een halve millimeter. Vandaar de naam mini-orgaan. Deze 
techniek werd als eerste toegepast op de darm, darm organoïden, inmiddels zijn er lever, 
alvleesklier, maag, slokdarm, mondholte, nier, long, etc. organoïden. Net zoals “biologische 
wetten en regels” in het lichaam, zal een darmstamcel alleen maar een darm organoïd maken, 
een leverstamcel enkel een lever organoïd, etc. Ondanks dat het hele dierenrijk volwassen 
stamcellen bevat, zijn vrijwel alle beschreven organoïden verkregen van de muis en mens. 
Omdat de organoïden bestaan uit volwassen stamcellen en het orgaan zowel structureel als 
functioneel benaderen vormen ze een sterk en makkelijk hanteerbaar model. Het onderzoek in 
dit proefschrift maakt gebruik van volwassen stamcel verkregen organoïden van verschillende 
organen en dieren.

In de volgende hoofdstukken gaan we opzoek naar stamcel identiteit, stamcel functie 
en de rol van stamcel nakomelingen in verschillende weefsels van de muis, mens en slang. 
Gebruikmakend van lineage tracing en organoid technology.

In Hoofstuk 1 formuleren we de meest generaliseerbare definitie van een volwassen stamcel: 
het vermogen om verloren weefsel te vervangen door celdeling. De eerste wetenschappelijke 
onderzoeken die stamcellen beschreven waren vooral gebaseerd op de principes van 
de hematopoëtische stamcel van het bloed. We beschrijven de meest recente onderzoeken 
en conclusies in verschillende organen en vergelijken het met het oorspronkelijke model. Al 
het bewijs wijst erop dat stamcellen bijzonder heterogeen zijn en in velen vormen en maten 
komen. Elk weefsel lijkt zijn eigen cellulaire strategie te hebben. Toegewijde stamcellen kunnen 
zeldzaam zijn, in veelvoud voorkomen als voorgangers van het uiteindelijke celtype of zelfs als 
gedifferentieerde cel met de potentie weer een stamcel te worden. Daarom kan een stamcel enkel 
gedefinieerd worden aan de hand van zijn functie om weefsel te herstellen door celdeling.

In Hoofdstuk 2 passen we de definitie van een stamcel, beschreven in Hoofdstuk 1, toe op 
de vraag of het hart beschikt over een volwassen stamcel. Het bestaan van hartstamcellen in het 
hart heeft altijd onder zware discussie gestaan en het onderzoek gebaseerd op karakteristieken 
van andere weefsels. In dit onderzoek brengen we alle delende cellen in het neonatale, volwassen 
en beschadigde hart onpartijdig in kaart. Dit doen we aan de hand van een gen dat enkel tot 
expressie komt in delende cellen. Met het analyseren van al deze cellen (delend en niet-delend) 
komen we tot de conclusie dat er geen stamcel mechanisme bestaat voor de generatie van 
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nieuwe spiercellen. Echter, het littekenweefsel dat vormt na een hartinfarct is opgebouwd uit 
velen delende cellen, een reactie die cruciaal is om het hartweefsel bij elkaar te houden. 

Hoofstuk 3 beschrijft een nieuw organoïd model van de traanklier. Traanklier organoïden 
van de muis en mens kunnen langdurig worden vermenigvuldigd en lijken functioneel op het 
oorspronkelijke weefsel. De organoïden bestaan uit delende stamcellen en gedifferentieerde 
cellen die traancomponenten uitscheiden. De uitgescheiden eiwitten hebben veelal een 
antibacteriële functie, in het lichaam voorkomen deze componenten een ooginfectie. Al deze 
componenten hopen zich op aan de binnenkant van de organoïd en doen het zwellen als een 
ballon gevuld met tranen. In combinatie met een cel atlas van traanklier weefsel beschrijven we 
met de organoïden een nieuw experimenteel platform om de gezonde traanklier en mogelijke 
aandoeningen te bestuderen.

In Hoofdstuk 4 breiden we organoïd technologie uit van muis en mens naar reptielen, 
de gifklier van een slang. Volwassen stamcellen uit de gifklier kunnen gegroeid worden als 
organoïden met het gebruik van menselijke groeifactoren. Deze factoren bootsen de signalen 
na die de cellen in het lichaam van de slang normaal ontvangen. De gifklier organoïden 
bestaan uit zowel delende stamcellen als verschillende gif-producerende cellen. Het gif kan uit 
de organoïden geoogst worden en is functioneel. We beschrijven dat verschillende cellen en 
regio’s in de gifklier verschillende toxines produceren, dit fenomeen blijft bewaard en kunnen 
we nabootsen met de organoïden. De mini-gifklieren vormen een basis voor de productie van 
gif in het lab en opent de deur naar mogelijke toepassingen in de productie van antigif en gif-
geïnspireerde medicijnen. 

Hoofdstuk 5 vat de bevindingen van dit proefschrift samen en onderzoekt de implicaties 
voor toekomstig onderzoek naar volwassen stamcellen.
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