
The Introverted Intestine

Pathophysiology and future treatment  
of microvillus inclusion disease

Kerstin Schneeberger



Beoordelingscommissie:

Prof.dr. J. Klumperman
Prof.dr. H.C. Clevers
Prof.dr. A.B.J. Prakken
Prof.dr. E.H.H.M. Rings
Dr. A.R. Janecke

© Kerstin Schneeberger, 2015

The copyright of the articles that have been published has been transferred to the respective 
journals.

All rights reserved. No part of this publication may be reproduced, stored in a retrieval 
system or transmitted in any form or by any means without prior permission of the author.

Cover, layout design and printing: Proefschriftmaken.nl || Uitgeverij BOXPress

ISBN: 978-94-6295-283-6

Printing of this thesis was financially supported by: BD Biosciences, ChipSoft en Medizorg, 
onderdeel van Eurocept.



The Introverted Intestine

Pathophysiology and future treatment  
of microvillus inclusion disease

De introverte darm
Pathofysiologie en toekomstige behandeling van microvillus inclusieziekte

(met een samenvatting in het Nederlands)

Der introvertierte Darm

Pathophysiologie und zukünftige Behandlung der Mikrovillus Einschlusserkrankung
(mit einer Zusammenfassung in deutscher Sprache)

Proefschrift

ter verkrijging van de graad van doctor aan de Universiteit Utrecht op gezag van de
 rector magnificus, prof.dr. G.J. van der Zwaan, ingevolge het besluit van het

 college voor promoties in het openbaar te verdedigen op maandag 
7 september 2015 des middags te 12.45 uur

door

Kerstin Schneeberger

geboren op 4 augustus 1983

te Ludwigsburg, Duitsland



Promotor: 
Copromotor: 

Prof.dr. E.E.S. Nieuwenhuis
Dr. S. Middendorp



CONTENTS

Chapter 1 General introduction 7

Chapter 2 (Mis)regulation of polarity in the intestinal epithelium 23

Chapter 3 Loss of syntaxin 3 causes variant microvillus inclusion disease 39

Chapter 4 Apical and intracellular trafficking proteins are mislocalized in 
enterocytes from syntaxin 3-mutant patients with variant microvillus 
inclusion disease 

59

Chapter 5 A novel mouse model for microvillus inclusion disease reveals a role 
for myosin Vb in apical and basolateral polarity 

79

Chapter 6 Setting the stage for organoid transplantations in the small intestine 99

Chapter 7 Adult stem cells in the small intestine are intrinsically programmed 
with their location-specific function

117

Chapter 8 Peyer’s Patch M cells derived from Lgr5+ stem cells require SpiB and 
are Induced by RankL in cultured “miniguts”

143

Chapter 9 General discussion 163

Appendix  Scientific abstract
Samenvatting
Zusammenfassung
Curriculum Vitae
List of publications
Dankwoord

179
180
184
188
189
190





Chapter 1

GENERAL INTRODUCTION
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The small intestine is with approximately 6 meters the longest organ in our body. It has a 
tube shape and consists of different tissue layers: the serosa and the muscularis externa on 
the outside, the submucosa (stromal layer) in the middle, and the mucosa in the inside of 
the intestinal tube. The mucosa is composed of the muscularis mucosae (smooth muscle 
layer), the lamina propria (connective tissue), and a single layer of epithelial cells facing the 
lumen of the intestine. This epithelial sheet is responsible for digestion and nutrient uptake. 
To perform its function properly, the epithelium is highly organized and contains protrusions 
on several levels (called villi and microvilli), which allow for a tremendous increase of the 
surface. If flattened out, the epithelium of an adult person could cover a 30m2 area [1]. 
In many intestinal diseases (enteropathies), the function of this epithelial lining is impaired 
[2]. One of those enteropathies is Microvillus inclusion disease (MVID), which affects 
newborns and leads to persistent severe diarrhoea and malabsorption [3]. Since no nutrients 
can be taken up by the intestine, children with MVID can only survive through life-long total 
parenteral nutrition (intravenous feeding) or small bowel transplantation.
This thesis describes a new genetic cause for MVID, provides better insight into the 
pathophysiology of MVID, and introduces new opportunities for future treatment of MVID. 
This first chapter begins with a description of the organization and function of the healthy 
small intestinal epithelium. Furthermore, background information about MVID patients and 
disease manifestation is provided. Finally, a recently developed in vitro culture system for 
intestinal epithelial cells (organoids) is explained. This “general introduction” is concluded 
with an outline of the thesis.

ThE INTESTINal EpIThElIum
The epithelial cell layer in the small intestine is organized into proliferative compartments 
and differentiated compartments. The proliferative compartments, which also contain the 
stem cells, are known as the crypts of Lieberkuehn, and are embedded into the submucosa 
[4]. Several crypts surround and fuel one differentiated compartment, known as a villus [5, 
6]. The villi protrude into the lumen of the small intestine, where they form a dense layer.
The organization of the epithelium is the same throughout the whole small intestine, 
however the morphology varies a bit: The duodenum, which is the most proximal part of 
the small intestine, shows a high abundance of very long villi, with the number and lengths 
of the villi decreasing towards the jejunum (the middle part) and the ileum (the most distal 
part of the small intestine) [7]. The colonic epithelium has a similar organization as the 
small intestine, but contains a flat differentiated compartment rather than villi. In this thesis, 
focus was laid on the small intestine.

Intestinal epithelial cell types and homeostasis

The intestinal epithelium is constantly regenerating, with an enormous cellular turnover. 
New cells are generated in the crypts. They proliferate, migrate and differentiate, undergo 
anoikis (cell-detachment-induced apoptosis) at the tip of the villi, and are then shed into the 
lumen of the small intestine [8]. In humans, approximately 100 billion cells are estimated to 
be replaced every day [9]. 
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The intestinal stem cells

The self-renewing capacity of the intestinal epithelium depends on the presence of 
intestinal stem cells. Multipotent adult tissue stem cells are defined as cells that give rise to 
all differentiated cell types of an organ, and are at the same time capable of self-renewal. 
Actively cycling intestinal stem cells are located at the bottom of the crypts. Those cells 
were first mentioned in 1887, in a publication by Josef Paneth, who termed them “schmale 
Zellen” (=slender cells) [10]. In 1974, Cheng and Leblond characterized those cells as crypt 
base columnar cells (CBC cells), and proposed them as intestinal stem cells [11, 12]. In 2007, 
Barker et al. showed by lineage-tracing experiments that CBC cells are actively cycling, 
undergo self-renewal and generate all mature intestinal epithelial cell types, proving they 
were multipotent stem cells [13]. The CBC stem cells express several unique markers, such 
as LGR5, among others. Upon injury and stem cell loss, cells from a quiescent stem cell 
pool higher up in the crypt (known as +4 stem cells or label retaining cells), and secretory 
progenitor cells can dedifferentiate to replace the pool of active cycling LGR5-positive 
CBC stem cells [14-18]. The CBC stem cells symmetrically divide once every 24 hours and 
produce new stem cells and daughter cells in a stochastic manner [19, 20]. The daughter 
cells are termed transit amplifying  (TA) cells, are highly proliferative and line the flanks of 
the crypts. They migrate, differentiate and give rise to the 6 differentiated cell types of the 
small intestinal epithelium.

Differentiated intestinal cells

The differentiated cell types of the small intestinal epithelium each have a specialized 
function in nutrient digestion and absorption, immune response or as supportive niche cells.

The mucus-secreting Goblet cells have a goblet (cup-like) shape due to the numerous mucin 
granules in their cytoplasm. The secreted mucus covers the epithelium and thereby exhibits 
several functions. The mucus layer protects intestinal epithelial cells from physical and 
mechanical stress, forms a line of innate immune defence, and provides lubrication for the 
passage of stool [21, 22].

Enteroendocrine cells are scattered throughout the villi and make up about 1% of the 
mucosal cells. They can be classified into different subtypes, based on the secretion of 
specific hormones, such as somatostatin, serotonin, or substance P, among others [23].

Tuft cells display thick tufts of microvilli on the apical surface, which might mediate the 
chemical sensation of luminal contents. They also produce opioids, however their exact 
function is still poorly understood [24-26].

paneth cells reside at the bottom of the crypts, in close contact with the stem cells. They live 
up to three weeks, contain big granules and have two main functions. First, they produce 
and release antimicrobial proteins such as α-defensins and lysozyme, thereby regulating 
the microbiota and ensuring that the crypt remains free of microbes [27, 28]. Second, they 
constitute the niche for the stem cells, and secrete several signalling proteins, such as WNT, 
EGF and Notch ligands [29, 30].
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m cells (microfold cells) are a special intestinal epithelial cell type, the only one not being 
localized in the crypts or the villi. Instead, they reside in the follicle-associated epithelium 
(FAE) of the intestinal Peyer’s Patches. Their main function is antigen uptake and transcytosis 
towards the underlying immune cells, thereby regulating immune responses [31, 32].

The absorptive enterocytes are the most prominent cell type in the small intestinal 
epithelium. Their main function is nutrient absorption, which is mediated by transporters, 
channels and enzymes on the plasma membranes. The apical plasma membrane of the 
enterocytes (facing the intestinal lumen) contains finger-like protrusions, called microvilli. 
The densely packed microvilli together form the brush border. This leads to an increase of 
the apical surface, thereby facilitating optimal nutrient digestion and absorption [33].

Specification towards either the secretory lineage (Goblet cells, enteroendocrine cells, Tuft 
cells, Paneth cells) or the absorptive lineage (enterocytes) occurs in the TA lineage and is 
mediated by the selective activation or repression of transcription factors.
An overview of intestinal homeostasis, cell types, and cell hierarchy is provided in Figure 1. 

Figure 1. Organization and cell types of the small intestinal epithelium. Left: Scanning electron microscopy 
showing crypts and a villus. Middle: Schematic drawing of intestinal epithelial ho meostasis. The proliferative crypts 
harbour Paneth cells, intestinal stem cells, and their direct daughters, the transit amplifying (TA) cells. TA cells 
migrate upwards and undergo migration-associated differentiation into Tuft cells, Goblet cells, enteroendocrine 
cells or enterocytes. At the tip of the villus, cells undergo anoikis and are shed into the intestinal lumen. Right: 
Intestinal epithelial cell hierarchy. Differentiation into the different cell types is determined by transcription factors. 
Secretory progenitors and label retaining cells (LRC) can replace the LGR5 positive pool of intestinal stem cells (ISCs) 
upon damage. Adapted from [21] (original source [34]) and [6].

Regulation of stemness, proliferation and differentiation

In order to maintain the tissue homeostasis, several cellular processes need to be coordinated, 
including cell proliferation, migration, differentiation and finally apoptosis (programmed cell 
death) [8]. Several regulatory pathways play an important role in this tight balance:

Canonical Wnt signalling plays a crucial role in the maintenance of stemness, the regulation 
of proliferation, and the differentiation of Paneth cells [30, 35-37]. Wnt ligands (being 
secreted by Paneth cells and mesenchymal cells in vivo [30]) bind to cell surface receptors 
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(Frizzled and LRP5/6) and thereby initiate a complex intracellular signalling cascade. This 
ultimately results in the accumulation of free β-catenin in the cytoplasm and its translocation 
to the nucleus [38]. In the nucleus, β-catenin associates with members of the TCF family of 
transcription factors, thereby activating a transcriptional program that maintains stem cells 
in their undifferentiated state [35]. Upon binding of the ligand R-spondin to its cell surface 
receptors LGR4/5, this signalling cascade is further amplified [39, 40].

Epidermal growth factor (EGF) signalling maintains stemness and induces proliferation. The 
EGF ligand is secreted by Paneth cells. Upon binding to its receptor (EGFR), a downstream 
signalling cascade is induced that consecutively activates the kinases Ras/Raf/MEK/ERK [41, 
42].

Notch signalling is also involved in the maintenance of stemness. Furthermore, it plays 
a decisive role in differentiation fates. When Notch signalling is active, progenitor cells 
adopt an absorptive fate and become enterocytes. In contrast, when Notch signalling is 
switched off, cells differentiate towards the secretory lineage and become Goblet cells, 
enteroendocrine cells, Tuft cells or Paneth cells [43, 44].

Bone morphogenetic protein (Bmp) signalling negatively regulates stemness and is the 
main pathway driving differentiation of progenitor cells while migrating upwards to the villi. 
Accordingly, BMP signalling is only active in the villus compartment, and not in the crypts 
[45, 46].
An overview of the activity of these four pathways along the crypt-villus axis, and their main 
function is illustrated in Figure 2.
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Figure 2. Regulation of intestinal homeostasis by signalling pathways. (A) Spatial gradients of regulatory signalling 
pathways along the crypt-villus axis. Wnt and EGF signalling are active in the crypt, whereas BMP signalling is 
switched on in the villus.  (B) The intestinal stem cell niche in the bottom of the crypt. LGR5-CBC are intermingled 
between Paneth cells which provide important niche signals. (C) EGF, Notch, and Wnt signalling maintain stemness, 
whereas BMP signalling negatively regulates stemness. Binding of R-spondin to LGR4/5 enhances Wnt signalling. 
Adapted from [42].
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In addition to this tightly regulated tissue organization, each cell itself is also highly 
organized. It has three plasma membrane domains, one facing the intestinal lumen (the 
apical plasma membrane), one facing the neighbouring cells (the lateral domain), and one 
facing the underlying tissue (the basal domain). Establishment and maintenance of those 
distinct domains with specialized functions are crucial for proper cell functioning. A detailed 
review about enterocyte polarization can be found in chapter 2. 
If polarization is disturbed, intestinal diseases can occur as a consequence. One of those 
intestinal epithelial diseases is microvillus inclusion disease (MVID), which has been 
researched in this thesis, and which will be introduced in the following paragraph.

mICROvIlluS INCluSION DISEaSE
Microvillus inclusion disease (MVID, OMIM #251850) is a very rare (orphan) disease 
that affects newborns. An online database describes approximately 140 registered cases 
worldwide [47]. The disease was first described in 1978 by Davidson, who termed it familial 
enteropathy [48]. 

Clinical presentation and treatment

Patients with microvillus inclusion disease are usually hospitalized a few days (early onset) 
or weeks (late onset) after birth due to persistent watery diarrhoea. This intractable 
diarrhoea is accompanied by a failure to absorb nutrients, metabolic acidosis and failure to 
thrive. Patients are currently treated with intravenous feeding (total parenteral nutrition, 
TPN), which often leads to complications such as clogged veins, liver failure or sepsis. The 
only treatment so far is bowel transplantation, a complicated operation that is not always 
performed due to accompanying risks and a shortage of donor organs. As such, the prognosis 
for MVID is very poor, and most patients die at a young age. Extra-intestinal manifestations 
have also been reported, including cardiac [49], renal [50, 51], and liver [51-54] problems, 
but it is still under debate if those are primary or secondary defects.

histological hallmarks

The diagnosis of MVID is established based on several histological hallmarks of the 
disease: Patient biopsies display atrophic villi, and in some cases crypt hyperplasia [55]. 
Most importantly, the enterocytes of MVID patients lack a normal brush border [3, 56]. 
Microvilli are reduced in number and size, or are completely absent on the apical membrane 
of patient enterocytes. Apical proteins such as CD10 and alkaline phosphatase accumulate 
subapically, and some enterocytes contain intracellular microvillus inclusions (Fig. 3) [57-
59]. Those inclusions can reach a diameter of 5 µm, are lined by microvilli on the inside, and 
represent the pathognomonic sign of MVID [60].
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Figure 3. histological hallmarks of mvID. Healthy enterocytes (left) have distinct apical (purple) and basolateral 
(blue) membrane domains, separated by tight junctions. The apical membrane domain contains densely packed 
microvilli, which form the brush border. Enterocytes of MVID patients (right) display loss of microvilli on the apical 
membrane, subapical accumulation of secretory vesicles, and cytoplasmic microvillus inclusion bodies.

Genetic cause

In the great majority of MVID patients, homozygous or compound heterozygous mutations 
in the MYO5B gene are the genetic cause of the disease [61-63]. MYO5B is located on 
chromosome 18 and encodes the myosin Vb motor protein. Myosin Vb contains an 
N-terminal head domain that binds to actin filaments, and a C-terminal tail domain that 
binds to endosomes through association with RAB8A or RAB11A [64]. MYO5B thereby 
functions as a tether and mediates transport of endosomal cargo to the apical plasma 
membrane. To date, 41 unique MYO5B mutations have been identified in MVID patients, 
including missense, splice and nonsense mutations, insertions and deletions [47]. They are 
located all along the gene, affecting either the actin-binding head domain or the cargo-
binding tail domain [47, 65]. Figure 4 depicts the localizations of all known mutations in the 
MYO5B gene, and their effects on protein function.

variant mvID

In addition to the above-described classic (or typical) form of MVID, a variant (or atypical) 
form of MVID has been described [66]. These patients usually have a milder phenotype 
and tolerate partial enteral nutrition [67]. Histologically, the intestine of variant and typical 
MVID patients resemble each other, but microvillus inclusions seem to be less frequent in 
variant MVID, and microvilli were found on the basolateral membrane of enterocytes [66, 
68, 69]. In chapter 3 of this thesis, we report two patients with variant MVID without a 
mutation in MYO5B, and identify a new gene causing variant MVID.
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INTESTINal ORGaNOIDS
Recently, an epithelial culture system was developed, which mimics the architecture and 
homoeostasis of the intestinal epithelium in vitro [70]. Those organoids self-organize into a 
three-dimensional “mini-intestine” [42]. They contain all intestinal epithelial cell types that 
are found in vivo, and can be expanded for years without genetic instabilities [71]. As such, 
they defeat the Hayflick limit, which states that somatic cells have a limited proliferative 
potential in vitro [72].

A

B

Figure 4. Structure and function of myosin vb, and localization of mutations in mvID patients. (A) Schematic 
representation of the myosin Vb protein, its functional domains, and the location of known homozygous (hom), 
heterozygous (het), and compound heterozygous (c-het) mutations (missense in black, nonsense in red, and 
insertions/deletions/duplications in blue text color). The colored boxes in the domains represent the predicted 
consequences for the protein. PMT=premature termination. (B) Schematic representation of the structure and 
function of myosin Vb. Adapted from [47].
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mouse organoids

Mouse small intestinal organoids can be established from isolated crypts, or from single 
LGR5 positive stem cells [71]. They form a central lumen that is flanked by a differentiated 
villus-like epithelium. Crypt-like budding structures extrude from the cystic lumen. They 
harbour the small intestinal stem cells intermingled between Paneth cells at the bottom, and 
a TA compartment higher up in the crypts. From there, cells migrate towards the villus-like 
compartments while differentiating, and are finally shed into the lumen of the organoids. As 
such, the hierarchy and homeostasis of organoids highly resembles the in vivo situation (Fig. 
5). Mouse intestinal organoids are grown in matrigel, a laminin- and collagen-rich matrix, 
and require the growth factors EGF, noggin and R-spondin in the medium [71].

human organoids

Intestinal organoids of human origin can be established from a single biopsy. Crypts or single 
stem cells are isolated from the biopsy and cultured in matrigel, similar to mouse organoids 
[73, 74]. For long-term culture, human organoids require expansion medium (EM), which 
contains WNT3A, nicotinamide, A83 (a TGFb inhibitor) and SB202190 (an inhibitor of 

Figure 5. Intestinal epithelial architecture and homeostasis in vivo and in vitro. (A) Architecture of the small 
intestinal epithelium with the proliferative crypt compartment and the differentiated villus compartment. LGR5 
positive intestinal stem cells (indicated in green) reside at the bottom of the crypt. (B) Confocal image of an isolated 
small intestinal crypt of an Lgr5-eGFP-ires-CreERT2 mouse. (C) Schematic representation of a mouse small intestinal 
organoid, consisting of a central lumen lined by villus-like epithelium and extruding crypt-like compartments. 
R-spondin, noggin and EGF are required for the organoid culture. (D) Confocal image of an intestinal organoid 
derived from an isolated crypt of an Lgr5-eGFP-ires-CreERT2 mouse. Adapted from [70].
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the kinase p38). Under these conditions, the organoids occur as cysts, mainly consist of 
proliferating cells and can be expanded infinitely. Upon withdrawal of WNT3A, nicotinamide 
and SB202190, differentiation into all mature intestinal epithelial cells is induced, and a 
folded structure of the organoids becomes apparent [74].

Thus, organoids represent an unlimited source of intestinal epithelium, which is genetically 
stable and closely reflects the in vivo situation. As such, organoids hold great potential as 
experimental tools, disease models, and as a stem cell source for transplantation purposes.

OuTlINE OF ThE ThESIS
In chapter 2, we review how polarity is established and maintained in the intestinal 
epithelium. Furthermore, disturbances of the polarity as a cause of diseases such as MVID 
are outlined. Finally, we discuss several in vitro models for the use of polarity studies.
Chapter 3 describes two patients with an MVID phenotype who did not have a mutation in 
MYO5B, the gene known to cause MVID in the great majority of patients.
Here we identify a new gene, syntaxin 3 (STX3), which causes a variant form of MVID. 
In chapter 4, we further investigate the function of STX3 by analysing healthy and diseased 
intestinal epithelium. We show that loss of function of STX3 leads to polarity defects in 
biopsies and organoids derived from variant MVID patients.
A novel Myo5b-deficient mouse model for MVID is described in chapter 5. We confirm 
that this mouse model recapitulates the patient phenotype, and use it to elaborate on the 
pathophysiology of MVID. 
Chapter 6 describes our efforts of applying organoid transplantations for intestinal epithelial 
regeneration. Organoid transplantations could ultimately be applied as a treatment of MVID. 
In chapter 7, we show that the specialized location-specific function of the intestinal 
epithelium is programmed in the stem cells. This implicates that in case of organoid 
transplantation, donor organoids have to be derived from different parts of the intestine to 
restore the different functions of the intestine in a patient.
Chapter 8 shows that differentiation of organoids towards a certain cell type (in this case M 
cells) can be forced in vitro. SpiB is identified as a transcription factor being crucial for M-cell 
development.
In chapter 9, our findings and their future implications are discussed. In particular, the 
differences of MVID pathophysiology in patients with a mutation in STX3 or MYO5B, and 
their therapeutic perspectives are outlined. Finally, we elaborate on the feasibility of 
organoids for transplantation purposes and as a future treatment for MVID.
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aBSTRaCT
The small intestinal epithelium mediates nutrient digestion and uptake, and exhibits a 
barrier function. For proper performance of these functions, cells are polarized and contain 
an apical and a basolateral membrane domain with different protein and lipid compositions. 
In order to transport proteins to their distinct target membrane, polarized trafficking is 
necessary. The trafficking machinery involves a complex interplay of protein sorting into 
vesicles, trafficking along microtubules and actin filaments, endocytosis and recycling. 
Disturbances in the trafficking machinery lead to disturbed apical and basolateral polarity. 
This critically impacts the function of a polarized cell, and causes diseases such as microvillus 
inclusion disease, a severe paediatric enteropathy.
Recent research has shown that polarized trafficking pathways can differ between tissues 
and cell types. Therefore, it is crucial to understand the cell-specific trafficking mechanisms 
in order to understand and potentially treat polarity-associated diseases. We here review 
the trafficking machinery in intestinal epithelial cells, and the pathophysiology of microvillus 
inclusion disease. Furthermore, a new culture system of primary intestinal epithelial cells 
will be discussed, which opens new avenues for research on intestinal epithelial polarity. 
Specifically, this novel model provides a more physiological approach to study the complex 
processes of epithelial intracellular trafficking and polarization.
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Introduction

The intestinal epithelium is a highly organized and rapidly self-renewing tissue with a 
proliferative crypt compartment, and a differentiated villus compartment [1]. The constant 
cellular turnover of the intestinal epithelium is maintained by LGR5 positive stem cells, which 
reside at the bottom of the crypt and generate rapidly dividing daughter cells, the transit 
amplifying (TA) cells [2]. The TA cells differentiate into cells of the secretory lineage (Paneth 
cells, goblet cells, enteroendocrine cells and Tuft cells) or into absorptive enterocytes, the 
most prominent intestinal epithelial cell type [3].
Forming a continuous single-layered sheet, the intestinal epithelial cells separate the 
external environment from the internal one. The establishment of epithelial cell polarity 
with distinct apical and basolateral plasma membrane domains is pivotal for both barrier 
formation and vectorial uptake and transport of nutrients. The apical membrane of a cell 
faces the intestinal lumen, whereas the basolateral membrane borders neighbouring cells 
and the underlying basement membrane, which covers the lamina propria. Both membrane 
domains are composed of distinct proteins and lipids.
The asymmetric distribution of plasma membrane proteins and lipids is achieved by sorting 
and transport in different intracellular routes. The organization of the cytoskeleton plays an 
important role in mediating the transport [4, 5].

Many studies of epithelial polarity in mammals were carried out using the polarized Madin-
Darby Canine Kidney (MDCK) cell line [6-9]. Knowledge gained from those studies has been 
fundamental in understanding the trafficking and polarization machinery of epithelial cells. 
However, different cell types express different cargoes according to their in vivo functions, 
and therefore must reorganize trafficking pathways to facilitate such functions. For instance, 
mutations in MYO5B, encoding the motor protein myosin Vb have a dramatic effect on 
polarization of intestinal enterocytes and cause malabsorption and intractable diarrhoea, 
whereas renal tubular cells are not affected by a loss of MYO5B [10]. Furthermore, RAB8A is 
involved in basolateral trafficking in MDCK cells [11, 12], whereas in intestinal cells, RAB8A 
has been found to regulate apical protein localization [13, 14].

In this review, we specifically focus on polarity in the adult mammalian intestine. We discuss 
how intestinal epithelial polarity is established and maintained, and how disturbances in 
the trafficking machinery can lead to diseases such as microvillus inclusion disease (MVID), 
a severe paediatric enteropathy. Finally, we discuss a recently developed primary intestinal 
epithelial culture system (organoids) and its use for fundamental and applied polarity-
related research.

The apical membrane domain and brush border formation

The apical and basolateral membrane of intestinal epithelial cells are two biochemically and 
functionally distinct domains. As such, they contain different protein and lipid compositions, 
mediating the specialized functions of each domain.

The apical plasma membrane of intestinal epithelial cells faces the intestinal lumen and 
has two main functions: the formation of a defensive barrier for pathogens [15], and the 
processing and uptake of nutrients. It comprises two leaflets, the inner one being rich in 
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phosphatidylinositol-4,5-biphosphate (PtdIns(4,5)P2), whereas the outer one contains 
glycosphingolipids and cholesterol. The latter is able to form microdomains, also known as 
lipid rafts [16]. Proteins that have to be transported to the apical plasma membrane contain 
sorting signals such as N-glycans and O-glycans, and glycosol phosphatidyl-inositol (GPI) 
anchors [17-19]. The affinity of apical proteins and their sorting signals for the lipid rafts is 
necessary for correct apical sorting [20, 21].

Characteristic for intestinal enterocytes are the microvilli, which are finger-like protrusions of 
the apical membrane, extending into the intestinal lumen. Each mature enterocyte contains 
about 1000 microvilli, which are densely packed and together form the brush border [22]. 
The brush border dramatically increases the apical surface area, thereby facilitating nutrient 
absorption and host defence against the luminal microbiota [23-25].
The core of the microvilli consists of bundles of actin filaments, which are interconnected 
by villin, plastin (fimbrin), espin and epidermal growth factor receptor kinase substrate 8 
(EPS8) [26-28]. The actin bundles are connected to the tips of the microvilli by myosin VIIb, 
which also mediates intervillar adhesion [28, 29].  They extend as rootlets into the subapical 
terminal web, to which they are connected by myosin II [26]. The adhesion of the apical 
plasma membrane to the actin bundles in the core of the microvilli is established by myosin 
Ia [30], myosin VI [31], and by members of the ezrin-radixin-moesin (ERM) family [32]. Ezrin, 
the only ERM protein in the small intestine, exists in two conformations: the inactive or 
closed form, and the active or open conformation, which is initiated by phosphorylation of 
threonine 567 [33, 34]. Upon activation, ezrin connects the plasma membrane with the actin 
bundles, through binding of its N-terminal 4.1 ERM (FERM) domain to lipids, and through 
binding with its C-terminal domain, respectively [33, 35, 36]. Strikingly, several cytoskeletal 
genes, including villin, plastin and actin, are temporarily upregulated during enterocyte 
differentiation [37], and animal models lacking myosin Ia, myosin VI, EPS8, ezrin, espin, villin 
and/or plastin, display defects in brush border formation [27, 31, 38-43].

The basolateral membrane 

The basolateral plasma membrane of intestinal epithelial cells is rich in phosphatidylinositol-
3,4,5-triphosphate (PtdIns(3,4,5)P3) and is critical for cell-cell interactions of adjacent cells 
and interactions with the basement membrane. Proteins that have to be transported to the 
basolateral plasma membrane contain basolateral sorting signals, which are distinct from 
apical sorting signals and mostly consist of simple peptide motifs in the cytoplasmic domain 
of a protein [44].
The lateral part of the basolateral membrane contains junctional complexes, which tightly 
fuse adjacent cells to each other and control the paracellular transport in epithelia [45]. 
The junctional complexes consist of three parts: the tight junctions, which are located 
just below the apical membrane and contain proteins of the claudin family; the adherens 
junctions with its major component E-cadherin, and the desmosomal junctions containing 
other members of the cadherin family [46-48]. The basal part of the basolateral membrane 
contains hemidesmosomes, composed of dystroglycans and integrin receptors, which 
facilitate attachment to the basement membrane [49]. 
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vectorial trafficking and membrane recycling in intestinal epithelial cells

The establishment and maintenance of these distinct apical and basolateral membrane 
domains requires a highly specialized subcellular machinery, ensuring transport and recycling 
of proteins to their appropriate location. Apical proteins use a direct (biosynthetic) or indirect 
(transcytotic) pathway to reach their target membrane, whereas basolateral proteins only 
use the direct pathway [50, 51]. Additionally, proteins from both plasma membrane domains 
can be endocytosed and transported back to their respective membranes via the recycling 
pathway [52, 53] (Fig. 1A).

In the biosynthetic or direct route (Fig. 1A, pathway 1), proteins that are synthesized in 
the endoplasmatic reticulum (ER) are transferred via the Golgi to the trans Golgi network 
(TGN). Here, proteins are sorted into distinct apical and basolateral carrier vesicles and then 
enter the direct route to the apical or basolateral plasma membrane [5]. The transport 
to the plasma membrane may occur through endosomal compartments. Apical targeted 
proteins may passage through the common recycling endosome (CRE) or the apical recycling 
endosome (ARE). Basolateral targeted proteins may traffic through the CRE before reaching 
the plasma membrane [50, 51].

In the transcytotic route (Fig. 1A, pathway 2), newly synthesized apically destined proteins 
are first delivered to the basolateral plasma membrane. After a variable halftime on the 
basolateral membrane, they are endocytosed and delivered to their apical target membrane 
by transcytosis. Again, this may happen by passaging though intermediate compartments 
[51].

In the recycling pathway (Fig. 1A, pathway 3), membrane proteins are endocytosed into 
apical early endosomes (AEE) or basolateral early endosomes (BEE) [54]. Subsequently, three 
different fates are possible. First, the proteins may be targeted for degradation, where cargo 
is transferred to lysosomes via multivesicular bodies, which fuse to form late endosomes [55]. 
A second fate of endocytosed proteins is fast recycling back to their respective membranes, 
which generally happens via RAB4 positive compartments [56, 57]. A third route involves 
slow recycling of endocytosed proteins to their respective membranes. In this pathway, 
apical and basolateral endocytosed cargo is first redirected to the CRE, where it is sorted 
again. Proteins are then directed into distinct apical and basolateral trafficking pathways, 
and apical proteins may passage through the ARE as an intermediate compartment [52, 57].

Cytoskeletal organization in intestinal epithelial cells

In all trafficking routes, transport of the distinct apical and basolateral carrier vesicles is 
dependent on the cytoskeleton and occurs along microtubules and actin filaments [58, 
59] (Fig 1B). Microtubules run through the cytoplasm of the cells from the apical to the 
basal side, and interact with actin filaments at the periphery [58, 60]. The minus ends of 
microtubules face the apex of the cell, and the plus ends face the basal side near the Golgi 
[61, 62]. Long-distance transport along microtubules is mainly driven by dyneins, which 
are minus-end directed motor proteins, and proteins of the kinesin motor family, which 
are plus-end directed [58, 63, 64] (Fig. 1B). Disassembly of microtubules by colchicine 
treatment leads to polarity defects in intestinal epithelial cells in vivo and in vitro [58, 62]. 
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The actin cytoskeleton is made up of shorter filaments that form a dense network, and is 
located underneath the plasma membranes. Short-distance transport along actin filaments 
is mediated by myosin motor proteins [63] (Fig. 1B). Myosin VI is the only myosin motor 
that moves towards the minus ends of actin filaments, which are anchored in the terminal 
web, a dense network of actin filaments in the subapical compartment. It mediates clathrin-
dependent endocytosis of several apical proteins and trafficking to the subapical endosome 
[31, 65]. Myosin V is present in the terminal web and at the distal ends of the microvilli 
[66] and has three subclasses (myosin Va, Vb an Vc). Myosin Vb (MYO5B) plays a particular 
important role in the intestine. It works as a tether, mediating transport of endosomes 
toward the plus ends of actin filaments in the tip of the microvilli, and thereby has a crucial 
role in establishment and maintenance of intestinal epithelial polarity [67, 68]. Mutations in 
MYO5B cause microvillus inclusion disease (MVID), a lethal congenital condition that will be 
discussed later in this review [69, 70].

Proteins of the RAB family further regulate the trafficking through the different cytoplasmic 
compartments. RAB GTPases control vectorial vesicle transport, fusion with their target 
membrane through cargo selection and the recruitment of effector proteins, such as 
tethering proteins and motor proteins [71]. For instance, RAB25 regulates integrin expression 
and localization, and loss of RAB25 slightly alters the apical brush border [72, 73]. RAB8A 
regulates apical protein localization by its interaction with MYO5B [13, 14, 68, 70]. RAB11A 
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Figure 1. Schematic overview of the intestinal trafficking machinery. (A) Apically and basolaterally destined 
proteins can follow different pathways to reach their target membrane. The biosynthetic route (route 1) is indicated 
in black, the transcytotic route (route 2) in grey, and the recycling pathway (route 3) in blue. (B) Transport of 
vesicles is mediated by the cytoskeleton. Long-distance transport occurs along microtubules, and is mediated by 
kinesin and dynein motor proteins. Short-distance transport occurs along actin filaments and is mediated by motor 
proteins of the myosin family.
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can also interact with MYO5B [68], and is present on the ARE, modulating trafficking and 
recycling of apical membrane proteins [68, 70, 74, 75]. 

membrane fusion

Once the vesicles are in close proximity to their target membrane, through transport 
along the microtubule and actin cytoskeleton, their protein contents have to be released 
or incorporated into the membrane. This process involves docking to and subsequently 
fusion with the target membrane, which is mediated by soluble N-ethylmaleimide-sensitive 
factor attachment receptor (SNARE) complexes [76]. SNARE complexes are composed of 
vesicle-SNAREs (v-SNAREs), being associated with the cargo-loaded vesicle, and target-
SNAREs (t-SNAREs), which are transmembrane proteins. T-SNAREs comprise syntaxins 
and synaptosomal-associated proteins (SNAPs), whereas v-SNAREs comprise a family of 
vesicle-associated membrane proteins (VAMPs). In intestinal epithelial cells, fusion to the 
apical membrane is mediated by the t-SNAREs syntaxin 3 (STX3) and SNAP-23, and the 
v-SNAREs VAMP7/ti-VAMP (tetanus-insensitive vesicle associated membrane protein) and 
VAMP3/cellubrevin [77-81]. Furthermore, the Sec1-related protein syntaxin binding protein 
2 (STXBP2), also known as Munc-18-2, co-localizes with syntaxin 3 at the apical plasma 
membrane of intestinal epithelial cells, where it regulates the accessibility of its SNARE 
partners [80]. As such, knockdown of syntaxin 3 abrogated cyclic nucleotide-stimulated 
exocytosis of CFTR in intestinal epithelial cells [82]. On the other hand, overexpression of 
syntaxin 3 also disturbed apical polarity, indicated by reduced delivery of sucrose-isomaltase 
to the membrane [79]. Fusion of basolateral vesicles with their target membrane is 
mediated by the t-SNARE syntaxin 4 and the v-SNAREs VAMP3/cellubrevin and VAMP8 in 
several epithelial cells [8, 83-86]. In the intestine, syntaxin 4 also localizes to the basolateral 
membrane [79], however, to our knowledge, the function and binding partners of syntaxin 
4 in the intestine have not been studied yet. 

microvillus inclusion disease (mvID) 

MVID is a rare autosomal recessive enteropathy (OMIM #251850), characterized by 
intractable secretory diarrhoea and malabsorption with an onset shortly after birth [87]. 
MVID patients are dependent on total parenteral nutrition (TPN), and ultimately require 
small bowel transplantation [88]. On histology, microvillus atrophy, intracellular microvillus 
inclusion bodies, and mislocalization of apical and basolateral proteins are observed [89-
92]. This epithelial dysfunction is a result of mutations in the trafficking machinery [93, 
94]. The majority of patients have homozygous or compound heterozygous mutations 
in the MYO5B gene [69, 95-97], coding for the motor protein myosin Vb. As discussed 
above, myosin Vb mediates trafficking of RAB8A- and RAB11A-positive vesicles along actin 
filaments. Accordingly, accumulation of apical proteins in the subapical cytoplasm, and 
mislocalization of RAB8A and RAB11A are observed in enterocytes of MVID patients [52, 
92]. Strikingly, Rab8a and Rab11a knockout mice also display an MVID phenotype, although 
the disturbances in enterocyte polarity and the clinical phenotype are less severe than in 
MVID patients [13, 14, 74, 75].
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Recently, we reported two variant MVID patients who had no mutations in MYO5B. Instead, 
both patients had homozygous mutations in STX3, resulting in a premature stop codon and 
leading to a truncated syntaxin 3 protein [77]. As discussed above, syntaxin 3 mediated 
vesicle fusion to the membrane represents the last step of apical membrane trafficking in 
intestinal epithelial cells. Interestingly, patients with a mutation in STXBP2 also present with 
persistent diarrhoea, loss of microvilli, and subapical accumulation of apical proteins in 
enterocytes [98]. Together, these findings identify disturbances of polarized trafficking and 
membrane fusion as the drivers of microvillus inclusion disease [99].

In vitro systems to study intestinal epithelial polarity

In vitro systems used to study intestinal polarity and trafficking are mostly derived from 
human colorectal adenocarcinomas. Caco-2 cells and their daughter cell line Caco-2BBE 
spontaneously polarize in vitro, when cultured in a tight monolayer for over two weeks 
[100-102]. They form a mature brush border, express small intestine-specific enzymes such 
as sucrose-isomaltase, and use trafficking routes specific for polarized cells, including direct 
biosynthetic trafficking and transcytosis [50, 51, 58, 103, 104]. The cell line LS174 W4 cells is 
also suitable to study intestinal epithelial polarization. The parental LS174T cells are derived 
from a human colon adenocarcinoma [105] and have been manipulated to stably express 
liver kinase B1 (Lkb1) and inducibly express the pseudokinase strad-a, both being required 
for ezrin phosphorylation [106]. Induction of these LS174 W4 cells with doxycyclin induces 
polarization of individual cells, including formation of a brush border and distinct apical 
and basolateral membrane domains [106, 107]. Knockdown of MYO5B in LS174 W4 cells 
recapitulated polarity defects as observed in enterocytes of MVID patients [108]. Other 
epithelial cell lines of human intestinal origin that are able to polarize in vitro include HT-29, 
HCT-EB, and HCT-GEO cells [103]. The use of these cell lines for in vitro research has greatly 
advanced our understanding of the trafficking and polarization machinery in intestinal 
epithelial cells. 
Recently, new exciting opportunities for studying intestinal epithelial cell polarity arose with 
the establishment of intestinal organoids, a three-dimensional primary intestinal culture 
system. Organoids can be grown from a single intestinal epithelial stem cell, both from mouse 
and human origin [109, 110]. When seeded in an extracellular matrix, such as matrigel, and 
supplemented with the right growth factors, the stem cells grow out to a three-dimensional 
mini-intestine. This pure epithelial structure highly resembles the in vivo tissue [109-111], 
contains all main epithelial cell types and can be infinitely expanded without acquiring 
phenotypic or genetic abnormalities. Enterocytes form a mature brush border, and express 
apical and basolateral proteins on their respective membranes. Recently, a new technique 
to culture organoids in a two-dimensional system has been established [112, 113]. In this 
system, cells form a monolayer with distinct apical and basolateral membrane domains, 
allowing easy access and manipulation of both domains.
We anticipate that organoids will be of great importance for studying epithelial trafficking, 
cytoskeleton dynamics and polarity in two ways. First, time-laps live imaging and genetic 
manipulation of organoids by viral transductions, BAC transfections or CRISPR/Cas9 system 
is possible [114-117]. This provides easy tools for knockdown, overexpression or even repair 



31

Ch
ap

te
r 

2

of genes, and the study of their function in space and time in a polarized epithelial system 
closely resembling the in vivo environment. Second, organoids can be derived from patients 
with a polarity-associated disease such as MVID, multiple intestinal atresia (MIA) or cystic 
fibrosis (CF) [77, 118, 119]. We, and others, have previously shown that those patient-
derived organoids faithfully recapitulate the in vivo phenotype in vitro [77, 118, 119]. As 
such, organoids provide a promising new tool for basic research of the intestinal epithelial 
trafficking and polarity machinery in healthy tissue, and for research about polarity-
associated diseases in a patient-specific manner.

Concluding remarks

The plasma membrane of polarized epithelial cells differs from other cell types, since they 
contain distinct apical and basolateral domains with specialized functions. Much of our 
knowledge on how those distinct membrane domains are established, and maintained 
has been gained from MDCK cells, which represent an excellent in vitro model for polarity 
studies. However, it becomes more and more evident that trafficking pathways and the 
polarity machinery are tissue specific and may differ between different polarized cell types. 
Intestine-specific studies are therefore required in order to enhance our understanding of 
intestinal polarity and polarity-associated diseases. We foresee that the use of primary cells 
such as intestinal organoids will play an important role in intestinal polarity studies in the 
near future.
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aBSTRaCT
Microvillus inclusion disease (MVID) is a disorder of intestinal epithelial differentiation 
characterized by life-threatening intractable diarrhoea. MVID can be diagnosed based 
on loss of microvilli, microvillus inclusions, and accumulation of subapical vesicles. Most 
patients with MVID have mutations in myosin Vb that cause defects in recycling of apical 
vesicles. Whole-exome sequencing of DNA from patients with variant MVID showed 
homozygous truncating mutations in syntaxin 3 (STX3). STX3 is an apical receptor involved 
in membrane fusion of apical vesicles in enterocytes. Patient-derived organoid cultures 
and overexpression of truncated STX3 in Caco-2 cells recapitulated most characteristics of 
variant MVID. We conclude that loss of STX3 function causes variant MVID.
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Microvillus inclusion disease (MVID) represents a form of congenital diarrhoea. Patients 
typically present with persistent diarrhoea within a few days, weeks, or months after birth, 
resulting in severe dehydration and metabolic acidosis. Current treatment comprises life-
long total parenteral nutrition (TPN) and eventual small-bowel and/or liver transplantation 
[1]. The pathologic hallmarks of MVID are variable loss of brush-border microvilli, microvillus 
inclusions, and numerous subapical vesicles (secretory granules) in villus enterocytes [2]. In 
parallel, variant cases of MVID are described with milder clinical phenotypes permitting 
partial or complete weaning from TPN [3, 4].

Mutations in myosin Vb (MYO5B) have been found to cause classic MVID and our mutation 
detection rate exceeded 90% in more than 60 MVID patients [5, 6] (and unpublished data). 
MYO5B is a motor protein that facilitates protein trafficking and recycling in polarized cells 
by Rab11-dependent mechanisms. MYO5B mutations result in mislocalization of apical 
proteins and disrupted enterocyte polarization, leading to MVID [5, 7]. Interestingly, MYO5B 
mutations were absent in 2 referrals classified as variant MVID on the basis of clinical 
presentation.

Patient 1 was a 1-year-old Dutch girl born as the third child of a niece-uncle marriage, who 
developed watery diarrhoea and severe metabolic acidosis from the second day of life. 
Currently, she receives daily intravenous sodium bicarbonate supplementation and is TPN-
dependent but tolerates minimal enteral feeding for varying periods.

Patient 2 was an 18-month-old boy from Pakistan, the first child of a first-cousin marriage, 
who presented with frequent watery stools in the second week of life and several episodes 
of severe acidosis. The frequency of loose stools decreased after the early introduction of 
hydrolysate formula. Pulmonary infections occur frequently and he persistently suffers from 
mild acidosis, renal tubulopathy, and episodic vomiting. Despite increasing tolerance of 
enteral nutrition, he still requires partial parenteral nutrition and daily sodium bicarbonate 
supplementation for adequate growth.

Light and electron microscopy on duodenal and rectal biopsy specimens from both patients 
showed the histologic characteristics of MVID (Figure 1A-D and Supplementary Figure 1): 
accumulation of periodic acid–Schiff–positive subapical vesicles, intracellular microvillus 
inclusions, and variable loss of brush border. In contrast to classic MVID, we observed 
multiple microvilli at the basolateral membranes.

After the exclusion of MYO5B mutations by Sanger sequencing, we performed whole-exome 
sequencing - independently for patients 1 and 2 - for identifying the causal gene. One 
single gene, syntaxin 3 (STX3), harboured supposedly disease-causing mutations in both 
patients. We identified a homozygous nonsense mutation (c.739C>T, p.Arg247*, Ensembl 
COSM193004) in exon 9 and a homozygous frame-shifting 2-bp insertion (c.372_373dup, 
p.Arg125Leufs*7) in exon 6 of STX3 in patients 1 and 2, respectively (Supplementary Figure 
2A and B). Both mutations were confirmed by Sanger sequencing, co-segregated with the 
disease in the families, and were predicted to cause cellular STX3 protein depletion and 
truncation (Figure 1E), which was supported by Western blotting (Supplementary Figure 
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2C). Sanger sequencing of 5 additional MYO5B-negative MVID samples did not show STX3 
mutations.

E

D

Figure 1. histology of duodenal biopsy specimens from patients with variant mvID. (A) Toluidine blue staining 
shows mild focal villus atrophy. (B) Subapical accumulation of periodic acid–Schiff–positive vesicles in crypt 
epithelium (double arrows). (C) Secretory granules (double arrows) and microvillus inclusions (arrowhead). (D) 
Transmission electron microscopy shows basolateral microvilli (arrowheads), subapical vesicles (double arrows), 
atrophic brush border (arrows), and local cell shedding. (E) STX3 protein is predicted to be truncated in patient 
1 (premature stop at Arg247) and patient 2 (2-bp insertion at Arg125 and premature stop after Arg130). TMD, 
transmembrane domain.
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Stable expression of truncated versions of STX3, corresponding to the patients’ mutations, 
recapitulated all histologic hallmarks of MVID in Caco-2 cell cultures (Figure 2 and 
Supplementary Figure 3A-E), including a statistically significant increase of both microvillus 
inclusions and basolateral microvilli (Supplementary Table 1).

Disruption of cell polarity was reflected further by the formation of intercellular lumina 
within the cell multilayer (Figure 2 and Supplementary Figure 3C and D). Confocal laser-
scanning microscopy showed mislocalization of STX3 (Supplementary Figure 3F), and 
Western blotting confirmed a reduction of endogenous STX3 levels by overexpression of 
truncated - but not full-length - STX3 protein (Supplementary Figure 4).

Together, these data suggest a dominant-negative effect of truncated STX3, disturbing 
epithelial polarity.

In addition, we used a recently established 3-dimensional culture of intestinal stem cells 
(organoids) [8]. Differentiated organoids from duodenal biopsy specimens of MVID patient 
1 were devoid of syntaxin 3 staining and recapitulated most morphologic characteristics of 
the disease (Supplementary Figure 5).

* *

+
Figure 2. Scanning electron microscopy (SEm) and transmission electron microscopy of Caco-2 cells overexpressing 
full-length or truncated STx3 (STx3:Fl, and STx3:aa1-125 or STx3:aa1-247). (A and B) Polarized monolayer with 
intact brush border (arrow). (C and D) Impaired brush border. Note wide intercellular lumen (asterisk) with scarce 
microvilli within the cell multilayer. (E and F) Cell multilayer with highly eroded brush border and intercellular 
lumen. n, nuclei; +, cell culture filter membrane.
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The maintenance of epithelial cell function requires the establishment and continuous 
renewal of differentiated apical and basolateral plasma membrane domains with distinct 
lipid and protein compositions. STX3, an apically targeted N-ethylmaleimide-sensitive factor 
attachment protein receptor (SNARE) establishes and maintains polarity, which is necessary 
for protein trafficking, vesicle fusion, and exocytosis in intestinal, liver, kidney, and gastric 
parietal cells [9-11]. Target-SNAREs assemble into complexes with vesicle SNAREs, attached 
to recycling or biosynthetic vesicles [12]. In enterocytes, the apical SNARE complex including 
STX3 facilitates fusion of the target membrane and vesicles that have been trafficked into 
close apposition by the Rab11-regulated effector protein MYO5B [11].

Here, we have identified STX3 mutations in 2 patients with variant MVID, in whom MYO5B 
mutations had been excluded. We were able to mimic the human MVID phenotype by 
overexpression of truncated STX3 in vitro, indicating loss of STX3 causes variant MVID. 
Consistent with our findings, it was reported that disruption of STX3 function or ablation of 
its apical targeting signal impairs delivery of apical markers in vitro, emphasizing syntaxin 3 
is likely to act as a key regulatory SNARE in intestinal epithelium [10, 13].

Disturbed delivery of apical constituents is a common defect in both classic and variant 
MVID. In classic MVID, MYO5B deficiency disrupts trafficking between apical recycling 
endosomes and the apical membrane [14]. In variant MVID, a traffic arrest of apically 
destined vesicles results from STX3 loss-of-function owing to defective apical docking and 
exocytosis. Both classic and variant MVID enterocytes display characteristic microvillus 
inclusions, which might arise from the fusion of apical transport or recycling vesicles under 
conditions of reduced delivery to the apical plasma membrane. The appearance of microvilli 
at the basolateral membrane in variant MVID might result from the binding of vesicles to the 
basolateral syntaxin 4 protein, which is highly homologous to STX3 [13].

Interestingly, patients with mutations in the STX3 binding protein STXBP2/Munc18-2, 
causing familial hemophagocytic lymphohistiocytosis type 5, who have persistent chronic 
diarrhoea after hematopoietic stem cell transplantation, also showed microvillus atrophy 
and histologic findings reminiscent of MVID [15].

In conclusion, these data provide a conceptual advance in MVID research because the newly 
identified causal gene STX3 will improve the diagnosis, prognosis, genetic counselling, and 
prenatal screening for MVID.

acknowledgments

The authors thank members of the Clevers lab (Hubrecht Institute); The Cell Microscopy 
Center (University Medical Center Utrecht); B. Witting, K. Gutleben, C. Herrmann (Innsbruck), 
and Y. Meng Heng (Toronto) for technical assistance; and K. Biermann (Pathology, Erasmus 
MC) for biopsy specimens of patient 1.



45

Ch
ap

te
r 

3

REFERENCES 
1. Ruemmele, F.M., J. Schmitz, and O. Goulet, Microvillous inclusion disease (microvillous atrophy). Orphanet J 

Rare Dis, 2006. 1: p. 22.

2. Sherman, P.M., D.J. Mitchell, and E. Cutz, Neonatal enteropathies: defining the causes of protracted diarrhea 
of infancy. J Pediatr Gastroenterol Nutr, 2004. 38(1): p. 16-26.

3. Croft, N.M., et al., Microvillous inclusion disease: an evolving condition. J Pediatr Gastroenterol Nutr, 2000. 
31(2): p. 185-9.

4. Iancu, T.C., et al., Microvillous inclusion disease: ultrastructural variability. Ultrastruct Pathol, 2007. 31(3): p. 
173-88.

5. Muller, T., et al., MYO5B mutations cause microvillus inclusion disease and disrupt epithelial cell polarity. Nat 
Genet, 2008. 40(10): p. 1163-5.

6. Ruemmele, F.M., et al., Loss-of-function of MYO5B is the main cause of microvillus inclusion disease: 15 novel 
mutations and a CaCo-2 RNAi cell model. Hum Mutat, 2010. 31(5): p. 544-51.

7. Szperl, A.M., et al., Functional characterization of mutations in the myosin Vb gene associated with microvillus 
inclusion disease. J Pediatr Gastroenterol Nutr, 2011. 52(3): p. 307-13.

8. Sato, T., et al., Single Lgr5 stem cells build crypt-villus structures in vitro without a mesenchymal niche. Nature, 
2009. 459(7244): p. 262-5.

9. Delgrossi, M.H., et al., Human syntaxin 3 is localized apically in human intestinal cells. J Cell Sci, 1997. 110 ( pt 
18): p. 2207-14.

10. Sharma, N., et al., Apical targeting of syntaxin 3 is essential for epithelial cell polarity. J Cell Biol, 2006. 173(6): 
p. 937-48.

11. Carmosino, M., et al., Polarized traffic towards the cell surface: how to find the route. Biol Cell, 2010. 102(2): 
p. 75-91.

12. Jahn, R. and R.H. Scheller, SNAREs--engines for membrane fusion. Nat Rev Mol Cell Biol, 2006. 7(9): p. 631-43.

13. ter Beest, M.B., et al., The role of syntaxins in the specificity of vesicle targeting in polarized epithelial cells. 
Mol Biol Cell, 2005. 16(12): p. 5784-92.

14. Thoeni, C.E., et al., Microvillus inclusion disease: loss of Myosin vb disrupts intracellular traffic and cell polarity. 
Traffic, 2014. 15(1): p. 22-42.

15. Stepensky, P., et al., Persistent defective membrane trafficking in epithelial cells of patients with familial 
hemophagocytic lymphohistiocytosis type 5 due to STXBP2/MUNC18-2 mutations. Pediatr Blood Cancer, 
2013. 60(7): p. 1215-22.



46

SupplEmENTaRy maTERIalS aND mEThODS
human material

All participants provided written informed consent to participate in this study according to 
a protocol reviewed and approved by our institutional review boards. Duodenal organoids 
from 3 healthy controls and patient 1 were generated from duodenal biopsy specimens 
obtained during duodenoscopy for diagnostic purposes. Whole blood was collected for 
genetic analysis. The healthy control group included patients susceptible for celiac disease 
or inflammatory bowel disease with normal pathology.

Whole-Exome Sequencing

Genomic DNA was isolated from whole-blood samples using standard manual or robotic 
procedures. Exome sequencing on patient 1 and her parents was performed as reported 
previously [1] with the exception that the Agilent (Santa Clara, CA) SureSelect Human All 
Exon 50Mb Kit V4 was used for enrichment, and sequencing was performed according to 
the manufacturer’s protocol on the Solid5500 (Life technologies, Carlsbad, CA) sequencing 
platform. We obtained an average coverage of 59-, 63-, and 59-fold for the mother, father, 
and patient, respectively. Alignment and variant annotation was performed as reported 
previously [1]. Filtering of rare variants (allele frequency, <0.1; seen <10 times in our in-
house database consisting of exome data from 150 individuals and never seen in the 
homozygous state in our in-house database) with a predicted effect at the protein level for 
a recessive inheritance model left us with 2 variants, of which the nonsense variant in STX3 
was the strongest candidate based on the literature.

The exome of patient 2 was enriched from genomic DNA using Roche-Nimblegen’s SeqCap 
EZ Exome v2 (35-Mb capture region) Exome Enrichment Kit and sequenced using the 
Illumina HiSeq2000 to a median coverage of 74× according to the manufacturer’s protocol, 
producing approximately 10 gigabases of paired-end 101-bp sequence reads by analysis with 
CASAVA v1.8 (Illumina, Inc). Sequencing reads were aligned to the human genome (hg19) 
with Burrows–Wheeler transformation. Polymerase chain reaction duplicates were removed 
with PICARD (available: http://picard.sourceforge.net) and single-nucleotide substitutions 
(SNPs), and small indels were identified with the samtools mpileup software and quality-
filtered with the Genome Analysis Toolkit (Dice Holdings, New York, NY). All variants were 
submitted to SeattleSeq (available: http://snp.gs.washington.edu/SeattleSeqAnnotation/) 
for annotation, categorization into synonymous and nonsynonymous SNPs or indels, and 
for filtering using the data from the Single Nucleotide Polymorphism database (dbSNP137), 
the 1000 Genomes Project, the National Heart, Lung, and Blood Institute Exome Sequencing 
Project Exome Variant Server. The identified mutation was absent from an in-house database 
of 70 sequenced individuals. Where applicable, variants were classified by predicted 
protein effects with Polymorphism Phenotyping v2 (PolyPhen 2) and Scale-invariant feature 
transform (SIFT).
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A spreadsheet-based comparison of all nonconservative and rare homozygous exomic 
variants of patients 1 and 2 showed a single gene, STX3, which harboured supposedly 
deleterious mutations in both patients.

Sanger Sequencing

The STX3 mutations from patients 1 and 2 and their parents were verified using Sanger 
sequencing. Exons 9 and 6 of STX3 were polymerase chain reaction-amplified in total genomic 
DNA isolated from peripheral blood lymphocytes of patients 1 and 2 and their parents, 
respectively, using intronic primers (all sequences available on request). Purified with the 
Exonuclease I-shrimp alkaline phosphatase enzymes (USB, Cleveland, OH), polymerase 
chain reaction products were sequenced bidirectionally using the BigDye Terminator v3.1 
Cycle Sequencing Kit (Applied Biosystems, Foster City, CA). Fragments were separated 
electrophoretically on an ABI3730xl DNA Analyzer (Applied Biosystems) and analyzed with 
JSI SeqPilot software (Kippenheim, Germany). Codon numbering was based on the published 
online amino acid and messenger RNA sequences of STX3 (available: http://www.ncbi.nlm.
nih.gov.proxy.library.uu.nl/) using the first methionine as an initiation codon.

Organoid Culture

Crypts were isolated from duodenal biopsy specimens of patient 1 and 3 healthy controls 
and cultured as described previously [2]. The organoids were maintained in expansion 
medium (containing epidermal growth factor, noggin, R-spondin1, WNT3A, nicotinamide, 
SB202190, and A83-01) and passaged weekly for 5-10 weeks. To induce differentiation, 
organoids were cultured in differentiation medium (which is expansion medium without 
SB202190, nicotinamide, and WNT3A) for 5 days.

plasmids

Human full-length and truncated STX3 complementary DNA was polymerase chain reaction-
amplified from Caco-2 complementary DNA and ligated into a pENTR4-mCitrine vector using 
EcoRI and XbaI restriction sites, c-terminally, and in frame with the mCitrine fluorescent 
protein. The fusion constructs were cloned into the lentiviral expression vector pCCL-EF1a-
BlastiR-DEST using the Gateway multicloning technology (Life technologies).

Cell Culture

Caco-2 cells (American Type Culture Collection, Manassas, VA) were grown under standard 
conditions in Dulbecco’s modified Eagle medium containing high glucose, 10% heat-
inactivated fetal bovine serum, 100 U/mL penicillin, 100 μg/mL streptomycin, and 1mM 
sodium pyruvate. For lentiviral transduction of Caco-2 cells, Hek293LTV cells were transfected 
using Lipofectamine LTX (Invitrogen) with the lentiviral expression plasmids together with 
the vesicular stomatitis virus-G plasmid and the lentiviral gag-pol packaging vector PAX2. 
Forty-eight and 72 hours after transfection, the viral particle containing supernatant was 
harvested and directly used for Caco-2 cell infection. Six days after infection, Caco-2 cells 
were selected with 10 μg/mL BlasticidinS (Invitrogen). For biochemical and microscopical 
analyses, untreated and genetically modified Caco-2 cells were grown for 14 days on 24-
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mm Costar Transwell polycarbonate filters (Corning, NY). Three biological replicates from 2 
independent experiments were analysed.

Western Blotting

Western blotting after 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis 
and transfer onto polyvinylidene difluoride membranes (GE Healthcare, Little Chalfont, 
United Kingdom) of Caco-2 lysates was performed as previously described [3]. Incubation 
with primary antibodies was performed overnight at 4°C. Blots were developed using 
a chemiluminescence detection system (Santa Cruz). Mouse monoclonal antitubulin 
(1:5000; Sigma Aldrich, Cambridge, United Kingdom), mouse monoclonal anti-enhanced 
green fluorescent protein (1:1000; Roche, Penzberg, Germany), and rabbit monoclonal 
anti-syntaxin 3 (1:1000; Abcam ab133750) were used. Secondary horseradish-peroxidase-
conjugated anti-rabbit and anti-mouse antibodies (Sigma Aldrich) were used at a dilution of 
1:5000.

Organoids were lysed in Laemmli buffer (0.12 mol/L Tris-HCl, pH 6.8, 4% sodium dodecyl 
sulfate, 20% glycerol, 0.05 μg/μL bromphenol blue, and 35 mmol/L β-mercaptoethanol) and 
incubated at 100°C for 5 minutes. Detection of syntaxin 3 and tubulin was performed using 
the Odyssey system (LI-COR, Lincoln, NE) by incubating the blots with donkey anti-rabbit 
IgG IRDye 680RD (926-68073; LI-COR) and donkey anti-mouse IgG IRDye 680 (926-32222; 
LI-COR).

histology

Paraffin slides were generated from biopsy material and organoids. Tissues were fixed in 4% 
formalin overnight and 4% neutral buffered formalin for 45 minutes at room temperature, 
respectively. Sections (3-μm thick) were subjected to periodic acid–Schiff staining according 
to standard techniques. Semithin resin sections (see later) were stained with 1% toluidine 
blue to illustrate gross morphology of the intestinal mucosa.

Immunofluorescence and Immunohistochemistry

Duodenal biopsy specimens were embedded in Tissue-Tek optimum cutting temperature 
Compound and frozen at -80°C. Sections were fixed for 20 minutes in 4% PFA in phosphate-
buffered saline without calcium and magnesium, and permeabilized for 5 minutes with 
0.3% Triton X-100 (Sigma Aldrich). After washing with phosphate-buffered saline, slides 
were blocked for 1 hour at room temperature with 5% bovine serum albumin and 15% goat 
serum in phosphate-buffered saline. Incubation with primary antibodies was performed 
overnight at 4°C with rabbit monoclonal anti-syntaxin 3 (Abcam) or mouse monoclonal anti-
CD10 (ImmunoTools, Germany). Alexa568 goat anti-rabbit, Alexa568 goat anti-mouse and 
Alexa488 phalloidin (Life technologies) were used for fluorescence and actin cytoskeleton 
labeling, respectively.

Caco-2 cells grown for 14 days on filters were fixed with 4% buffered paraformaldehyde 
solution and processed essentially as previously described [4]. Briefly, fixed Caco-2 
cells were permeabilized with 0.3% Triton X-100 (Sigma-Aldrich) for 30 minutes and 
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subsequently blocked with phosphate-buffered saline containing 15% goat serum for 1 hour 
at room temperature. Mouse monoclonal anti-CD26/dipeptidylpeptidase IV (HBB3/775/42, 
obtained from the Developmental Studies Hybridoma Bank, created by the National 
Institute of Child Health and Human Development of the National Institutes of Health, 
and maintained at the Department of Biology, University of Iowa, Iowa City, IA) and rabbit 
monoclonal anti-syntaxin 3 (Abcam) primary antibody was incubated overnight at 4°C and 
labelled with secondary antibody Alexa568 goat anti-mouse and anti-rabbit (Invitrogen), 
respectively. Actin filaments were stained with phalloidin-Alexa568 (1:500; Invitrogen) in 
blocking solution for 1 hour at room temperature.

Both biopsy material and Caco-2 cells were incubated with Hoechst 33342 (1:10000; 
Thermo Scientific, Waltham, MA) to stain nuclei and mounted in Mowiol (Sigma-Aldrich). 
Epifluorescence images were recorded with an Axio Imager M1 (Carl Zeiss; Oberkochen, 
Germany) fluorescent microscope equipped with a charge-coupled device camera (SPOT 
Xplorer; Visitron Systems, Puchheim, Germany) and analysed with ImageJ, version 1.49a 
software (National Institutes of Health, Bethesda, MD). Confocal image stacks were recorded 
with a Leica SP5 confocal fluorescence microscope (Leica Microsystems), deconvolved using 
Huygens Professional Deconvolution and AnalysisSoftware (Scientific Volume Imaging, 
Hilversum, The Netherlands), exported using Imaris 3D rendering (Bitplane AG, Zürich, 
Switzerland), and afterward adjusted for brightness, contrast, and pixel size in GNU Image 
Manipulation Program version 2.8.10 (GIMP) open source software.

Organoids were cultured for 5 days in expansion medium and fixed in 4% buffered 
paraformaldehyde solution for 30 minutes at room temperature. Immunofluorescent 
labelling was performed as described [5]. Primary monoclonal antibodies used were rabbit 
anti-human syntaxin 3 (clone EPR8543, 1:100; Abcam) and rat anti-human α6-integrin (clone 
GoH3, 1:200; BD Pharmingen). Secondary antibodies used were Alexa488-conjugated goat 
anti-rabbit (Life Technologies) and Dylight649-conjugated goat anti-rat (Biolegend). F-actin 
was stained with phalloidin-Tetramethylrhodamine (TRITC) (Sigma-Aldrich). Confocal image 
stacks were recorded with a LSM 710 confocal fluorescent microscope (Carl Zeiss) and 
analysed with Volocity software version 6.3 (Perkin Elmer).

Transmission Electron microscopy

Intestinal biopsy specimens, organoids, and Caco-2 cell cultures were processed according 
to standard procedures [4]. Briefly, biopsy specimens and Caco-2 cells were fixed with 4% 
buffered paraformaldehyde solution overnight at room temperature and organoids in 0.1 
mol/L PHEM buffer (60 mmol/L 1,4-piperazinediethanesulfonic acid, 25 mmol/L HEPES, 2 
mmol/L MgCl2, 10 mmol/L ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic 
acid, pH 6.9) for 3.5 hours at room temperature and then stored in 1% paraformaldehyde 
in 0.1 mol/L PHEM buffer at 4°C. Before embedding, the specimens were postfixed with 
1% OsO4 (optionally followed by 1.5% K3Fe[CN]6, and subsequently 0.5% uranyl acetate). 
Samples then were dehydrated and embedded into Epon epoxy resin (Polysciences GmbH, 
Eppelheim, Germany). Ultrathin sections of 60 nm were contrasted with uranyl acetate and 
lead citrate.
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Scanning Electron microscopy

Caco-2 cell cultures were processed according to standard procedures [6].

morphometry and Statistics

The frequency of microvillus inclusions and sites of basolateral microvilli in Caco-2 cells, 
stably expressing mCitrine-STX3:FL, mCitrine-STX3:AA1-125, and mCitrine-STX3:AA1-247, 
was estimated by quantitative epifluorescence microscopy and transmission electron 
microscopy of thin sections cut perpendicularly to the cell culture surface (3 samples from 
2 independent experiments, 460–650 cells per condition). The significance of differences 
between mCitrine-STX3:FL controls and the truncating mutations was tested using 2-sided 
(2-tailed) P values using the Fisher exact test. Epifluorescence microscopy was used to count 
the number of ring- and dot-like structures, positive either for actin or the apical marker 
CD26/dipeptidylpeptidase IV as compared with the cell number; thus, these structures 
comprised intracellular microvillus inclusions, as well as sites of basolateral microvilli. 
Transmission electron microscopy was used to further distinguish intracellular microvillus 
inclusions from sites of basolateral microvilli (Supplementary Table 1).
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SupplEmENTaRy FIGuRES

Supplementary Figure 1. (A–C) Ultrastructural details from MVID patient 1 (as described in Figure 1D). (A) Subapical 
vesicle accumulations, representing secretory granules (double arrows). (B) Basolateral microvilli (arrowheads). 
(C) Basolateral microvilli (arrowhead) (black arrowheads show cell junctions). bm, basement membrane. (D–F) 
Histology and transmission electron microscopy of duodenal biopsy specimens from patient 2 with variant MVID. 
(D) Toluidine blue staining shows mild focal villus atrophy. (E) Subapical accumulation of periodic acid–Schiff–
positive vesicles in crypt epithelium (double arrows). (F) Microvillus inclusion (arrowhead). (G–L) Fluorescence 
microscopy showing villus epithelium of duodenal biopsy specimens from (G–I) healthy control and (J–L) MVID 
patient 2. Controls display proper distribution of (G) actin, (H) STX3, and (I) the apical marker CD10. Biopsy samples 
from patient 2 show (J) dot- and ring-like actin-rich inclusions (arrowheads), and (K) absence of STX3-staining and 
(L) cytoplasmic mislocalization of CD10. The apical plasma membrane is marked by arrows, microvillus inclusions 
are highlighted by arrowheads, and nuclei are counterstained with Hoechst dye.
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Supplementary Figure 2. Sanger sequencing of STx3 in peripheral blood of healthy controls, parents, and patients. 
(A) Patient 1: c.739C>T mutation leads to a premature stop at Arg247. (B) Patient 2: 2-bp insertion (c.372_373dup) 
leads to frameshift and premature stop after Arg130. (C) Western blot for STX3 on organoids from healthy control 
and patient 1 cultured in expansion medium (EM) or differentiation medium (DM). Representative of 2 samples 
from patient 1 and 2 controls. HC, healthy control; M, marker.
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Supplementary Figure 3. (A–E) Transmission electron microscopy of Caco-2 cells stably expressing truncated 
STX3 (STX3:AA1-247). Cytologic details of STX3:AA1-247. (A) Denuded, shedding cell. (B) Cytoplasmic microvillus 
inclusion (arrowhead). (C) Pleomorphic intercellular lumen (asterisk) and associated basolateral microvilli (white 
arrowhead) (black arrowheads show cell junctions). (D) Basolateral microvilli (white arrowhead) (black arrowheads 
show cell junctions). (E) Subapical vesicles, resembling secretory granules (arrow shows plasma membrane). 
(F) Confocal fluorescence microscopy of Caco-2 cells, stably expressing mCitrine-STX3:FL (upper), mCitrine-
STX3:AA1-125 (middle), and mCitrine-STX3:AA1-247 (lower) fusion proteins in xy and xz projections. Fluorescent 
signal of mCitrine (left), filamentous actin (middle), and merged channels including nuclear counterstaining (right). 
STX3:FL and endogenous STX3 localize strictly apically, whereas STX3:AA1-125 and STX3:AA1-247 are found 
throughout the cytoplasm. Expression of the truncated forms of STX3 results in multilayered growth of Caco-2 
cells. Arrowheads on the left side indicate the optical section planes of xy and xz, respectively. Note the reduced 
apical actin signal in mCitrine-STX3:AA1-247.



54

*
Tubulin

EGFP

EGFP

STX3

endogenous
STX3

W
T

m
Ci

tri
ne

-S
TX

3:
FL

m
Ci

tri
ne

-S
TX

3:
AA

1-
12

5

m
Ci

tri
ne

-S
TX

3:
AA

1-
24

7

Supplementary Figure 4. Western blot illustrating the overexpression of mCitrine-STX3:FL, mCitrineSTX3:AA1-125, 
and mCitrineSTX3:AA1-247 in Caco-2 cells, compared with untransduced cells (WT). EGFP shows the overexpression 
via detection of the mCitrine tag. Rabbit anti-STX3 antibody confirms overexpression of the STX3-mCitrine 
fusion construct (upper STX3 band) as well as endogenous STX3. Endogenous STX3 levels clearly decrease upon 
overexpression of STX3:AA1-25 and 1-247. Rabbit anti-STX3 antibody does not detect the short STX3:AA1-125. 
Tubulin was used as loading control (asterisk, unspecific band).
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Supplementary Figure 5. Organoids derived from duodenal biopsy specimens from (A, C, and E) healthy control 
and (B, D, and F) patient 1 were incubated in differentiation medium for 5 days before harvesting. (A) Periodic 
acid–Schiff staining of apical brush border in the control sample, and (B) subapically accumulating material (double 
arrows) in the patient sample. Normal brush-border microvilli in (C) control sample contrast with partial loss of 
microvilli (arrow) and subapical accumulation of vesicles (double arrows) in (D) patient sample. (E and F) Confocal 
immunofluorescence microscopy shows the localization of STX3 (green) and integrin α6 (basolateral marker; white) 
in organoids from (E) healthy control and loss of STX3 in (F) patient 1.
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Supplementary Table 1. Summary of the statistical analyses of Caco-2 cells with full-length or truncated STx3 
expression.
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aBSTRaCT
Microvillus inclusion disease (MVID) is a congenital enteropathy characterized by severe 
diarrhoea and dependence on total parenteral nutrition (TPN). The disease is often caused 
by a loss-of-function mutation in myosin Vb (MYO5B), which results in defective intracellular 
trafficking in enterocytes and disturbed cell polarity. Some patients with a milder clinical 
phenotype and variable periods of weaning from parenteral nutrition carry mutations in 
syntaxin 3 (STX3). STX3 is a t-SNARE protein involved in fusion and exocytosis of vesicles to 
the apical membrane of enterocytes. However, the precise role of STX3 in the pathogenesis 
of MVID is unknown. Here we show that duodenum of STX3-mutant patients exhibits a 
disturbed cell organization with multi-layering of enterocytes and presence of inclusion 
bodies in the cytoplasm or at the basolateral membrane. We found that apical membrane 
proteins, such as sucrase-isomaltase (SI), were mislocalized in biopsies and patient-derived 
organoids, while the basolateral proteins Na/K-ATPase and E-cadherin were localized 
correctly. Notably, the distribution of the intracellular trafficking protein RAB11A and the 
lysosomal marker LAMP1 was also disturbed in these patients. Our results show that in STX3-
mutant patients, variant MVID is caused by disturbed apical membrane protein trafficking 
in intestinal epithelial cells. 
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INTRODUCTION
Microvillus inclusion disease (MVID) is a severe congenital enteropathy. Patients present with 
failure to thrive and persistent diarrhoea that results in metabolic acidosis and dehydration 
[1]. For survival, MVID patients need parenteral nutrition, which is often accompanied with 
severe complications, such as venal obstruction, sepsis and liver failure. Ultimately, these 
complications could lead to the necessity of intestinal bowel transplantation [2]. MVID 
is histologically characterized by villus atrophy and subapical accumulation of Periodic 
Acid Schiff (PAS) positive secretory-like granules in intestinal epithelial cells. On electron 
microscopy, loss of apical microvilli and cytoplasmic inclusion bodies lined with microvilli are 
identified in villus enterocytes [1, 3-8]. Immunohistochemistry on biopsies of these patients 
shows mislocalization of apical brush border proteins such as CD10, villin-1 and sucrase 
isomaltase (SI) [9-12]. 
MVID can be classified into two types based on the clinical presentation: classic MVID, which 
requires total parenteral nutrition (TPN) and a variant form, which allows variable periods of 
partial weaning of parenteral nutrition [13-16]. Classic MVID has been associated with loss-
of-function mutations in myosin Vb (MYO5B), an accessory motor protein that facilitates 
vesicle trafficking on F-actin strands [17, 18]. MYO5B can bind to the small GTPases RAB8A 
and RAB11A, which are associated with intracellular vesicle trafficking [19-21]. Previously, it 
has been shown that villus enterocytes of MVID patients have a disturbed cell polarity due 
to mislocalization of apical proteins and intracellular trafficking proteins, such as RAB8A, 
RAB11A, the early endosomal marker EEA1 and the late endosomal marker LAMP2 [9-11]. 
More recently, mislocalization of basolateral proteins such as Na/K-ATPase, E-cadherin and 
transferrin has also been demonstrated in MYO5B-mutant MVID patients [9, 10].
Recently, we reported that mutations in STX3 caused variant MVID in two patients [15]. 
STX3 is a target- soluble N-ethylmaleimide-sensitive factor attachment protein receptor 
(t-SNARE) that is involved in docking and fusion of vesicles to the apical plasma membrane 
[22-25]. The STX3-mutant patients featured similar histological hallmarks as classic MVID 
patients, including variable loss of microvilli, subapical accumulation of PAS-positive vesicles 
and microvillus inclusions. Additionally, we have shown that microvilli were located on the 
basolateral membrane of enterocytes [15], a hallmark of variant MVID [14, 26]. Apical brush 
border proteins were mislocalized to the cytoplasm, and F-actin positive inclusions were 
detected in MVID patient biopsies [15]. However, cell polarity and distribution of intracellular 
trafficking components were not yet studied in these patients. To better understand the 
role of STX3 in the pathogenesis of MVID, we analysed patient biopsies and generated in 
vitro patient-derived intestinal organoids from the two previously described patients with 
STX3 mutations. We have grown organoids in monolayers [27] and induced differentiation 
to assess cell polarity, and performed two functional assays: assessment of tight junction 
assembly by measuring trans epithelial electrical resistance (TEER) and assessment of 
enzymatic activity of SI at the apical membrane.
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Study approval

This study was approved by the local medical ethics committee. Written informed consent 
from participating families was received prior to inclusion. Additional duodenal biopsies 
for this study were obtained during a diagnostic endoscopy. Healthy control biopsies (n=2) 
were collected from patients that had an endoscopy for a suspected intestinal disease such 
as celiac disease, however, showed normal pathology.

patient description and material

MVID patients included in this study have been extensively described in our previous study 
[15]. In short, patient 1 is a microvillus inclusion disease patient with a homozygous nonsense 
mutation in (c.739C>T, p.Arg247*, Ensembl COSM193004) in exon 9 of STX3. Patient 2 has 
a homozygous frame-shifting 2-bp insertion (c.372_373dup, p.Arg125Leufs*7) in exon 6 of 
STX3.  Both patients presented with congenital diarrhoea within the first two weeks after 
birth and have variable dependency on parenteral nutrition.

Cell culture

Intestinal organoids were established from isolated crypts derived from patient biopsies, 
as described previously [28]. In brief, biopsies were washed, incubated in EDTA for crypt 
detachment and isolated crypts were seeded in matrigel with expansion medium (EM) 
containing WNT3A, epidermal growth factor (EGF), noggin, R-spondin, A83, SB202190, 
nicotinamide, N-acetylcysteine and B27. Organoids were passaged weekly in a 1 to 4 ratio. 
For histological and functional analysis organoids were trypsinized and 2x10^5 cells were 
seeded in polycarbonate 0.4 mm pore-sized 24-well transwell inserts (Corning), according 
to an adapted protocol [27]. Organoids seeded for 2D monolayers were cultured in EM with 
10 μM Rho-associated protein kinase inhibitor Y-27632 (Sigma-Aldrich) for the first day. 
Hereafter, organoids were cultured in normal EM medium for 7 days and then harvested or 
induced for differentiation with differentiation medium (DM; which is EM medium without 
Wnt, SB202190 and nicotinamide) for 7 days. 

Immunofluorescence

Patient-derived paraffin embedded biopsies were provided by the pathology department. 
The organoids that were cultured in transwell inserts, were fixed in 4% PFA for 30 minutes at 
room temperature, dehydrated and embedded vertically into paraffin. 5 µm thick sections 
were generated for stainings. For immunofluorescent stainings, slides were deparaffanized 
to distilled water, subjected to the appropriate heat-mediated antigen retrieval method, 
Tris/EDTA pH 9.0 or citrate pH 6.0 (DAKO) depending on the antibody used, and blocked 
in 15% normal goat and/or 15% horse serum in 5% BSA at 4 °C overnight. Hereafter, slides 
were incubated with the primary antibody for 2 hours at room temperature, washed 
and incubated with the fluorescent conjugated secondary antibody for one hour at room 
temperature, washed in PBS, incubated with DAPI (Sigma) and mounted with Fluorsave 
mounting medium (Millipore). Some antibodies were labelled with the Zenon Rabbit IgG 
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labelling kit (Life technologies) according to manufacturers protocol in order to co-stain with 
multiple rabbit antibodies. Stained slides were analysed on a LSM 710 confocal fluorescent 
microscope (Carl Zeiss) and analyzed with Volocity software version 6.3 (Perkin Elmer). 
Primary antibodies and dilutions used in this study are listed in Suppl. Table 2.

Sucrose uptake assay

Sucrose uptake assay was performed according to adapted protocols from previous 
literature [29, 30]. Concisely, transwells with organoids monolayers were preincubated in 
PBS at 37 °C to ensure no glucose was left in cell cultures. Hereafter, sucrose was added to 
the apical compartment of the organoid monolayer. Sucrase enzyme activity was assessed 
by collecting the supernatant of the apical chamber at selected time points. Sucrose is 
converted to glucose by the sucrase enzyme.  The amount of glucose in the supernatant is 
measured by incubation with a glucose oxidase reagent for 1 hour at 37 °C. Oxidized glucose 
was measured with a Fluoroskan Ascent 2.5 with excitation and emission spectra of 544 nm 
and 590 nm, respectively. 

Cellular junction measurements and calcium-switch assay

In organoid 2D monolayers, trans-epithelial electric resistance (TEER) was measured with 
an epithelial volt/ohm meter (EVOM, World Precision Instruments, Inc) to measure cellular 
junction assembly. Ohm measurements were recalculated for cell surface per cm2. Cellular 
junctions were disassembled by adding 4 mM of the calcium-chelator EGTA to the cultures 
for 30 minutes at 37 °C. Re-assembly of junctions was induced by adding normal calcium-
containing expansion medium. TEER-values were measured every 10 minutes.

RESulTS
Disturbed enterocyte architecture and pERm/Ezrin-positive inclusion bodies in 
STx3-deficient patients

First, we studied the general cell architecture and cell polarity of STX3-deficient biopsies and 
organoids. Since we have shown previously that STX3-mutant patients show aberrancies in 
enterocytes located in both villi and crypts, we determined expression patterns of several 
proteins in both entities. Furthermore, organoid cultures were established from duodenal 
biopsies from STX3-mutant MVID patients 1 and 2 and maintained in expansion medium 
(EM) as described previously [15, 28]. For experiments, the organoids were seeded in a 
transwell to form a monolayer, and were cultured in EM for a week before organoids were 
induced to differentiate by incubation in differentiation medium (DM) for another 7 days. 
TEER measurements showed that monolayers that were maintained in EM for 7 days had 
TEERs of 90-150 W/cm2, which was increased to 700-1200 W/cm2 upon differentiation (Suppl. 
Fig. 1). Until day 11, TEER measurements were similar in organoid monolayers derived from 
patients and controls. After 11 days of culture, an increase in TEER was detected in STX3-
mutant MVID patients compared to healthy controls. Collectively, the TEER measurements 
confirmed that healthy control and patient organoids differentiated properly when seeded 
in a monolayer, and could thus be used for assessment of cellular polarity.
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To assess cellular polarity, we first looked at the localization of two apical proteins, ezrin and 
phosphorylated ezrin/radixin/moesin-complex (pERM), because of their structural role in 
polarity and brush border formation. Ezrin is an apical terminal web protein that provides 
a platform for microvilli, is linked to the actin-cytoskeleton and is involved in localization of 
several apical proteins [31]. The phosphorylated form of ezrin (pERM) binds F-actin and is 
essential for brush border formation of intestinal epithelial cells [32-34]. Additionally, the 
basolateral adherens junction protein E-cadherin was investigated due to its involvement in 
maintaining cell polarity [35].
We found that pERM and ezrin were co-localized at the apical membrane in healthy 
control and MVID patients 1 and 2, suggesting that crypt and villus enterocytes maintain a 
segregated apical membrane domain (Figure 1AB). However, we also observed ezrin/pERM-
positive ring structures in villus enterocytes of MVID patient 2 (Figure 1A).  Those rings and 
dots were located in the cytoplasm or in the close proximity of the basolateral membrane, 
presumably representing inclusion bodies or basolateral microvilli. Quantitative analysis 
revealed that differentiated organoids of patient 2 contained pERM/ezrin-positive rings/
dots in 5,7% of the enterocytes, whereas these were observed in only 0,3% of enterocytes 
in healthy controls and patient 1 (Figure 1C and Suppl. Table 1). 
Next, we determined the localisation of the adherens junction protein E-cadherin, and found 
that expression was confined to the basolateral membrane in healthy control and both 
patients. Yet, in the biopsy of patient 1, the intensity of E-cadherin staining was immensely 
diminished compared to patient 2 and healthy controls (Figure 1AB). However, in organoids 
derived from patient 1, E-cadherin intensity was comparable to controls (Figure 1C).  We 
concluded that the basolateral localisation of E-cadherin was not disturbed by loss of STX3. 

Remarkably, we also observed multi-layering of enterocytes in biopsies and monolayers 
of STX3-mutant MVID patients. We quantified multi-layering in 2D organoid cultures and 
found that this phenomenon was predominantly present in patient 2 (88% of cells) and 
less obvious in patient 1 (23% of cells), while only 12% of the cells in healthy control 2D 
organoids showed multi-layering (Suppl. Table 1).

altered localization of SI, but not Na/K-aTpase in STX3-mutant mvID patients

Previously, it has been shown that enterocytes of classic MYO5B-mutant MVID patients 
have various mislocalized proteins, such as lysosome-associated membrane protein 1 
(LAMP1), sucrase isomaltase (SI), RAB8A, RAB11A and Na/K-ATPase [9-11]. Therefore, we 
have assessed the localisation of these proteins in STX3-mutant MVID patients. 
Analysis of the apical protein SI showed that SI was expressed in the subapical compartments 
of duodenal patient biopsies and patient-derived organoids and only partially co-localized 
with the apical protein ezrin (Figure 2A-C). In contrast, healthy control organoids showed 
strict localization to the apical plasma membrane and full co-localization with ezrin (Figure 
2C). 
The basolateral marker NA/K-ATPase was previously shown to be both normally and 
abnormally distributed in different MYO5B-mutant MVID patients [9-11]. We observed 
normal distribution of Na/K-ATPase in the two STX3-mutant patients, although expression 
levels were markedly diminished in biopsies of patient 1 and 2, when compared to healthy 
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Figure 1. Disturbed cell architecture and inclusion bodies in STx3-deficient mvID patients. Duodenal biopsies 
and monolayers of duodenal organoids derived from healthy control (HC) and STX3-mutant MVID patients 1 
and 2 were stained for pERM (zenon Alexa488, green), ezrin (zenon Alexa555, red), E-cadherin (Alexa647, grey) 
and nuclei (DAPI, blue). Staining was determined in (A) the villus compartment and (B) crypt compartment of 
duodenal biopsies, and in (C) differentiated monolayers of duodenum-derived organoids. Patients 1 and 2 showed 
multilayered enterocytes (arrows). Enterocytes from patient 2 contained ezrin/pERM-positive dots/rings (white 
arrowheads) in the cytoplasm and at the basolateral membrane. Stainings in organoids were performed in 
duplicate; a representative of two healthy control organoids is shown. Scale bar = 20 mm.
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control (Figure 2AB). In contrast, Na/K-ATPase was expressed in normal levels in patient-
derived organoids and was similar to controls (Figure 2C). 

STx3-deficient mvID patients show altered distribution of lamp1

Since we had observed mislocalization of SI to the subapical compartment, we analysed if SI 
might be targeted to the lysosomal compartment in STX3-deficient patients. LAMP1, which 
marks lysosomes and normally accumulates in the subapical region, was distributed more 
diffusely in the cytoplasm and closer to the supranuclear region in the biopsy of patient 2 
(Figure 3AB), and in organoids of patient 1 and 2 (Figure 3C). Although both, SI and LAMP1 
showed altered expression in MVID patients, SI did not co-localize with the lysosomal marker 
LAMP1 (Figure 3A-C), indicating that SI was accumulated intracellularly but was not targeted 
to the lysosomal compartment. 

Intracellular SI partially co-localizes with RaB11a but not RaB8a in STx3-
deficient mvID patients

We then analysed if the intracellular SI aggregates co-localized with the small GTP-binding 
proteins RAB8A or RAB11A, which associate with endosomes and regulate apical transport 
and recycling in intestinal cells. Subapical accumulation of apical proteins such as SI had 
been demonstrated previously in RAB8A-deficient mice [36]. In the healthy control biopsy, 
the apical trafficking protein RAB8A was evenly distributed in the cytoplasm of enterocytes 
in crypts and villi with increased expression at the apical membrane in villus enterocytes. 
In healthy control and in patients, RAB8A partially co-localized with SI and ezrin on the 
apical membrane, whereas intracellular SI clusters did not co-localize with RAB8A (data not 
shown).
Another small GTP-binding protein that is well known for its role in apical membrane 
trafficking is RAB11A. It has been shown to be involved in maintenance of apical microvilli 
and apical localization of STX3 [37]. SI transport to the apical membrane has been 
demonstrated to involve RAB11A [38]. In healthy controls, RAB11A was distributed evenly 
in the cytoplasm, with intensified expression at the apical border in both crypts and villi 
(Figure 4AB). However, in biopsies of patient 1 and 2, RAB11A-positive clusters were located 
subapically of the plasma membrane (Figure 4AB). This phenomenon was also detected in 
patient-derived organoids, where RAB11A partially co-localized with subapical SI clusters 
(Figure 4C). 
Our data suggest that localization of RAB11A is disturbed upon STX3-deficiency, and that SI 
is partially transported by RAB11A trafficking proteins.

Sucrase activity and cellular junctions are not affected in organoids derived from 
STX3-mutant mvID patients

We used monolayer organoid cultures to assess the functional capacity of patient-derived 
intestinal epithelial cells. We chose to determine the function of one apical protein (SI), and 
one basolateral protein complex (the junctional complex).
In Figure 2A, we noticed subapically and occasionally apically located clusters of SI in 
STX3-mutant MVID patient-derived organoids. Additionally, STX3-mutant MVID patients 
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Figure 2. altered localization of apical, but not basolateral proteins in STX3-mutant mvID patients. (A-B) 
Immunofluorescent stainings of SI (Alexa488, green), Na/K-ATPase (zenon Alexa555, grey), ezrin (zenon Alexa647, 
red) and nuclei (DAPI, blue) in duodenum of healthy control (HC) and STX3-deficient MVID patients 1 and 2. Staining 
was determined in (A) the villus compartment, (B) the crypt compartment of duodenal biopsies and (C) duodenal 
differentiated monolayer organoids. Subapical staining of SI was noted in biopsies and organoids of patient 1 and 
2 (arrows). Patient 2 showed an ezrin-positive ring (white arrowhead). Note: Ezrin settings for patient 1 were 
adjusted to twice as bright as the healthy control and patient 2 to maintain a visible signal. Stainings in organoids 
were performed in duplicate; a representative of two healthy control organoids is shown. SI, sucrase isomaltase. 
Scale bar = 20 mm.



68

HC

A

C

Patient 2

DA
PI

 L
AM

P1

DA
PI

 L
AM

P1

DA
PI

 L
AM

P1
DA

PI
 S

I

DA
PI

 S
I

DA
PI

 S
I

m
er

ge
d

m
er

ge
d

m
er

ge
d

m
er

ge
d

Patient 2

HC Patient 1 Patient 2

B
HC

 

Figure 3. Disturbed localization of lamp1 in STX3-mutant mvID patients. Immunofluorescent stainings of LAMP1 
(Alexa488, green), SI (zenon Alexa647, red) and nuclei (DAPI, blue) in villi (A) and crypts (B) of healthy control (HC) 
and STX3-deficient MVID patient 2. Stainings were also performed on differentiated organoids derived from HC, 
and patients 1 and 2 (C). In patients 1 and 2, LAMP1 was more diffusely expressed in the cytoplasm (lengthened 
white bar). In patient-derived organoids, SI is located subapically (arrows). Stainings in organoids were performed 
in duplicate, a representative of two healthy control organoids is shown. SI, sucrase isomaltase. Scale bar = 20 mm.
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Figure 4. Subapically localized SI partially co-localizes with RaB11a in STX3-mutant mvID patients. (A-B) 
Immunofluorescence stainings of RAB11A (Alexa488, green), SI (zenon Alexa555, red), ezrin (zenon Alexa647, 
cyan blue) and nuclei (DAPI, blue) in duodenum of healthy control (HC) and STX3-deficient MVID patients 1 and 
2. Staining was determined in (A) the villus compartment and (B) the crypt compartment of duodenal biopsies. 
RAB11A showed a dispersed staining in patients 1 and 2 (arrows). Patient 2 showed a small ezrin/SI-positive ring 
that co-localized with RAB11A (white arrowhead). (C) Differentiated monolayer organoids were stained for RAB11A 
(Alexa488, green), SI (zenon Alexa555, red), and nuclei (DAPI, blue). Patient 1 and 2 showed subapical aggregates 
of RAB11A (white arrows), and subapical SI clusters (blue arrows), which partially co-localized (blue/white arrows). 
Patient 2 showed an SI-positive ring that co-localized with RAB11A (white arrowhead).  Stainings in organoids were 
performed in duplicate, a representative of two healthy control organoids is shown. SI, sucrase isomaltase. Scale 
bar = 20 mm.
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partially tolerate minimal enteral feeding next to parenteral nutrition [15]. To determine the 
potentially residual enzymatic activity of SI, we investigated the function of the apical brush 
border enzyme SI in organoid monolayers after adding sucrose to the apical compartment 
[29, 30]. To assess SI enzyme activity in STX3-mutant patients, we adapted the described 
assay for differentiated organoids. We found no differences in SI metabolism at the apical 
surface of enterocytes, indicating that the low amount of SI that is expressed on the apical 
membrane is sufficient to digest sucrose (Suppl. Figure 2A). We measured SI activity in 
undifferentiated organoids as a negative control.
Next, we assessed the disassembly and re-assembly of cellular junctions by means of a 
calcium-switch assay [23, 39-42] in healthy control and patient organoids. Cellular junctions 
are necessary to provide contact between neighbouring cells and also build up the 
paracellular barrier of epithelia and control the paracellular transport in epithelia. They are 
located at the junction between the apical and basolateral membranes and are involved in 
maintaining epithelial cell polarity. Recently, aberrant expression of tight junction proteins 
has been reported in MYO5B-mutant MVID patients [10]. 
In a calcium-switch assay, cellular junctions were disassembled by calcium-depletion through 
ethylene glycol tetra-acetic acid (EGTA) and re-established after adding normal calcium-
containing medium. Disassembly and re-assembly of cellular junctions were monitored 
by TEER measurements. We did not observe any difference in disassembly or re-assembly 
of cellular junctions in patient-derived organoids compared to controls (Suppl. Figure 2B), 
confirming again that basolateral cell polarity is not affected in STX3-mutant MVID patients.

DISCuSSION
In this study, we assessed if aberrations in intestinal epithelial polarity found in MYO5B-
mutant patients could also be identified in the MVID patients with mutations in STX3. 
We demonstrated that apical cell polarity is disturbed in STX3-deficient patients, shown 
by subapical accumulation of SI, and an increase in intracellular pERM/ezrin-positive rings 
(most evident in patient 2), which are suggestive for microvillus inclusion bodies. In contrast, 
basolateral localization of E-cadherin and Na/K-ATPase was not affected in STX3-deficient 
patients. In addition, a calcium switch assay, which represents cellular junction assembly, 
did not show any differences in organoids derived from healthy controls or STX3-mutant 
patients. 
Our data indicate that STX3 is involved in apical protein trafficking in human intestinal cells, 
which is in concordance with previous studies in Caco2 cell lines [22, 43] and Madin-Darby 
Canine Kidney cell lines [25]. Moreover, we observed altered distribution of the lysosomal 
compartment, which was also noted in MYO5B-deficient patients [9]. We found that STX3 
is involved in enterocyte polarity by means of preventing multi-layering of enterocytes. 
Moreover, subapical accumulations of SI partially co-localized with RAB11A, indicative for 
disturbed apical endosomal recycling in STX3-deficient enterocytes. Loss of function of 
STX3 results in formation of pERM/ezrin-containing inclusions either in the cytoplasm or on 
the basolateral membranes. However, STX3 is not involved in proper assembly of cellular 
junctions or localisation of the basolateral proteins E-cadherin and Na/K-ATPase. 
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Supplementary Figure 1. TEER measurements of cultured differentiated organoids. TEER levels are represented 
as mean ± SD of two independent wells per healthy control (HC) or patients 1 and 2.

Supplementary Table 1. Summary of the statistical analysis of organoids derived from healthy control or STX3-
mutant patients 1 and 2. Two healthy controls and patient 1 and 2 were analyzed for multilayered enterocytes 
and pERM/ezrin positive dots or rings suggestive for inclusion bodies. Experiments were performed in duplicate. P 
value is analyzed with fisher-exact test (2-tailed) relative to the healthy control organoids.
	  

	  

	  

%	  multilayer	  
nr	  of	  cells	  
analyzed	   P	  value	  	  

%	  pERM/ezrin+	  
dots/rings	   P	  value	  	  

healthy	  
control	  (n=2)	  

mean	  
12,12%	   1361	  

	  

mean	  0,29%	  

	  
patient	  1	  

mean	  
23,48%	   724	   <	  0,0001	   mean	  0,28%	   NS	  

patient	  2	  
mean	  
88,13%	   1019	   <	  0,0001	   mean	  5,69%	   <	  0,0001	  
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Supplementary Figure 2. Sucrase activity and cellular junction assembly in cultured organoids. (A) Sucrase 
activity was measured in organoids cultured in differentiation medium (DM) and expansion medium (EM). Sucrase 
activity is depicted as mean ± SD of two independent cultured organoid wells derived from healthy controls (HC) 
(n=2), and patients 1 and 2. (B) Response to calcium-switch assay was equal in all organoids derived from healthy 
controls compared to STX3-mutant patients. The TEER measured during the calcium-switch is represented as mean 
± SD of four independent wells derived from healthy controls (n=2) or patients 1 or 2.
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Supplementary Table 2. antibodies used for immunohistochemistry and immunofluorescence.

	  

	  

	   Company	   Catalogue	  
number	  

Antigen	  
retrieval	  

Dilution	   Incubation	  

Anti-‐ezrin	   Abcam	   ab41672	   Citrate	  pH6	   1/100	   2hrs;	  RT	  

Anti-‐pERM	   Cell	  Signalling	   3149S	   Citrate	  pH6	   1/200	   2hrs;	  RT	  

Anti-‐Rab8a	   BD	  	   610845	   Tris-‐EDTA	  pH9	   1/100	   2hrs;	  RT	  

Anti-‐Rab11a	   Invitrogen	   71-‐5300	   Citrate	  pH6	   1/50	   2hrs;	  RT	  

Anti-‐Lamp1	   Abcam	   ab24170	   Citrate	  pH6	   1/100	   2hrs;	  RT	  

Anti-‐Na/K-‐ATPase	   Millipore	   05-‐369	   Tris-‐EDTA	  pH9	  
or	  Citrate	  pH6	  

1/50	   2hrs;	  RT	  

Anti-‐E-‐cadherin-‐647	   BD	   560062	  

	  

Tris-‐EDTA	  pH9	  
or	  Citrate	  pH6	  

1/50	   2hrs;	  RT	  

Anti-‐SI	   Sigma	   HPA011897	   Citrate	  pH6	   1/100	   2hrs;	  RT	  

Goat	  anti-‐rabbit	  
AlexaFluor488	  

Life	  
technologies	  

A11070	   	   1/400	   1hr;	  RT	  

Donkey	  anti-‐mouse	  
AlexaFluor568	  

Life	  
technologies	  

A10037	   	   1/400	   1hr;	  RT	  
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aBSTRaCT
Microvillus inclusion disease (MVID) is a rare intestinal enteropathy with an onset within 
a few days to weeks after birth, resulting in persistent watery diarrhoea. Mutations in the 
myosin Vb (MYO5B) gene have been identified in the majority of MVID patients. However, 
the exact pathophysiology of MVID still remains unclear. To address the specific role of 
MYO5B in the intestine we generated an intestine-specific conditional MYO5B-deficient 
(Myo5bfl/fl;Vil-CreERT2) mouse model. We analysed intestinal tissues and cultured organoids 
of Myo5bfl/fl;Vil-CreERT2 mice by electron microscopy (EM), immunofluorescence and 
immunohistochemistry. 
Our data showed that Myo5bfl/fl;Vil-CreERT2 mice developed severe diarrhoea within 4 days 
after tamoxifen induction. Periodic Acid Schiff (PAS) and alkaline phosphatase (ALP) staining 
revealed subapical accumulation of intracellular vesicles in villus enterocytes. Analysis 
by EM confirmed an almost complete absence of apical microvilli and the appearance of 
microvillus inclusion bodies in induced Myo5bfl/fl;Vil-CreERT2 intestines. In addition, we 
determined that MYO5B is not only involved in apical, but also basolateral trafficking of 
proteins. The analysis of the intestine during the early onset of the disease revealed that 
subapical accumulation of secretory granules precedes entrapment of recycling endosomes, 
indicating involvement of MYO5B in early differentiation of epithelial cells.
In conclusion, our mouse model completely recapitulates the intestinal phenotype of human 
MVID, including severe diarrhoea, loss of microvilli, microvillus inclusions and accumulation 
of secretory granules. We conclude that loss of MYO5B disturbs both apical and basolateral 
trafficking of proteins and causes MVID in mice.
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INTRODUCTION
Microvillus Inclusion Disease (MVID) is a rare intestinal enteropathy with autosomal 
recessive inheritance, which was first described in 1978 [1]. MVID patients cannot take up 
any nutrients and are often completely dependent on parenteral feeding. The disease is 
characterized by villus atrophy, (partial) loss of microvilli on the apical plasma membrane 
of intestinal epithelial cells and accumulation of intracellular vesicles, containing apical 
proteins and microvilli [2, 3]. In addition, some studies also show mislocalization of apical 
and basolateral proteins, occasional crypt hyperplasia and villus fusion [4-6]. 
In the great majority of patients, MVID is caused by mutations in the MYO5B gene. More than 
41 unique mutations along the different regions in the MYO5B gene have been identified in 
MVID patients, including deletions, nonsense, missense and splice-site mutations [7-9]. The 
MYO5B gene is coding for the actin-based myosin 5b motor protein, which regulates apical 
membrane trafficking [5, 10]. MYO5B functions as a homodimer and has three functional 
domains: an N-terminal motor domain, a calmodulin-binding domain and a C-terminal tail, 
which binds endosomal cargo through association with the small GTPases RAB8A and/
or RAB11A [11, 12]. Altered expression of myosin Vb affects apical membrane trafficking 
mechanism in epithelial cells causing mislocalization of apical brush border proteins, such as 
villin, CD10 or alkaline phosphatase in the cytoplasm of duodenal enterocytes [2, 3, 5] and 
an increased apical localisation of transferrin receptor [5, 6]. This disturbance of epithelial 
cell polarity could explain the severe pathology of MVID, however, it is still unclear how loss 
of epithelial cell polarity contributes to watery diarrhoea.
Although mouse models for MVID have previously been described, such as Rab8 [13, 14], 
Cdc42 [15, 16] and Rab11a knockout (KO) mice [17, 18], no mutations in the coding regions 
of those genes have been reported in human MVID patients. Current in vitro models to 
study apical trafficking and polarization-associated diseases such as MVID, are the parental 
Caco2 cell line, Caco-BBE, and LS174 W4 cells, in which polarization can be induced in vitro 
[4, 7, 11, 19]. Although valuable knowledge about the function of MYO5B in polarization was 
gained in these models, the direct relevance of the colon cancer cell lines for the disease is 
questionable and contradictory results have been obtained with knockdown of MYO5B in 
the parental Caco2 cells compared to the more polarized Caco-BBE cells [7, 11, 19]. As such, 
we here present the first MVID mouse model that recapitulates the genetic defects in man, 
which for the first time allows analysis of the role of MYO5B in a physiological setting and 
the sequence of events in MVID pathophysiology. 

maTERIalS aND mEThODS
Generation of mice

We generated a conditional Myo5b allele by inserting two LoxP sites around exon 4. Exon 4, 
a 2kb 5’ homology arm and a 3,4-kb 3’ homology arm were generated by polymerase chain 
reaction (PCR) from a 129S7/AB2.2 derived BAC clone (clone bMQ110n22) and cloned into 
the adapted PL451 plasmid and sequence-verified. The targeting construct (100 µg) was 
linearized with SacII and transfected into 129/Ola-derived IB10 embryonic stem (ES) cells 
by electroporation (0,8 kV, 3 µF). Recombined clones were selected by addition of 200 µg/
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ml G418 (gentamycin sulphate) to the culture medium. DNA from ~300 ES cell clones was 
isolated, digested with KpnI, and analysed for homologous recombination by Southern blot. 
About 1 % of the isolated clones showed homologous recombination. Two independent 
correctly recombined clones were injected into C57BL/6 blastocysts using standard 
procedures and then transplanted into foster mothers (F1, C57BL/6 x CBA). Male chimaeras 
were subsequently crossed to C57BL/6 females, and germline transmission was confirmed 
by PCR. The neomycin expression cassette was excised in vivo by crossing the mice with 
Flp1 transgenic mice [20]. For intestinal epithelium-specific knockout, Myo5bfl/fl mice were 
crossed to a villin (Vil)-CreERT2 line [21], which allows gene deletion in all epithelial cells 
of the intestine upon tamoxifen administration. The histological analysis of the intestine of 
mice obtained of the two independent ES cell lines gave completely identical results. 

Generation, genotyping en induction of the Vil-CreERT2 Myo5bfl/fl compound 
mice

The transgenic line Vil-CreERT2 was crossed with Myo5bfl/fl mice to obtain the Vil-CreERT2 
Myo5bfl/fl as well as various genotypic controls. Primers used for genotyping PCR were as 
follows: Myo5b_fw: ACCCCCCAAACTCCTA; Myo5b_rev: GCACGGAAGCCTATGT; Vil-CreERT2_
fw: CAAGCCTGGCTCGACGGCC; Vil-CreERT2_rev: CGCGAACATCTTCAGGTTCT.
The Cre enzyme was induced by a single intraperitoneal injection of 4,5 mg tamoxifen (Sigma 
Aldrich) dissolved in sunflower oil (30 mg/ml). The 8-10 weeks old mice were sacrificed on 
day 1, 2, 3 and 4 after Cre induction and the intestines were isolated.
All animal procedures were performed in accordance with local animal welfare laws and 
guidelines and were reviewed by the Animal Ethics Committee of the Royal Dutch Academy 
of Sciences.

(Immuno)histochemistry and Immunofluorescence

Mouse intestines and organoids were fixed in 4% formalin overnight and 4% neutral 
buffered formalin for 45 minutes at room temperature (RT), respectively. The tissue was 
then embedded into paraffin and 4 μm sections were cut.
Stainings were performed as described previously [22]. An overview of all antibodies used, 
their dilutions, incubation times and antigen retrieval can be found in Table 1. 
For co-immunofluorescent stainings where both primary antibodies were raised in rabbit, 
the anti-pERM antibody was directly labelled using the Zenon Tricolor Rabbit IgG Labeling 
Kit #1 (Molecular Probes) before incubation on the tissue. Immunofluorescent slides 
were counterstained with 2 µg/ml DAPI (Sigma), and mounted with Fluorsafe (Millipore). 
Confocal images were recorded with a LSM 710 confocal fluorescent microscope (Carl Zeiss) 
and analyzed with Volocity software version 6.3 (Perkin Elmer) and Adobe Photoshop CS6.
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Table 1: antibodies used for Immunohistochemistry and immunofluorescence

	   Company	   Catalogue	  #	   Antigen	  retrieval	   Dilution	   Incubation	  
Anti-‐Myo5b	   Novus	  

Biologicals	  
NBP1-‐87746	   Citrate	  pH6	   1/5000	   Overnight;	  4C	  

Anti-‐pERM	   Cell	  Signalling	   3149S	   Citrate	  pH6	  or	  
Tris-‐EDTA	  pH9	  

1/200	   2hrs;	  RT	  

Anti-‐Rab8a	   BD	  	   610845	   Tris-‐EDTA	  pH9	   1/100	   Overnight;	  4C	  
Anti-‐Rab11a	   Invitrogen	   71-‐5300	   Tris-‐EDTA	  pH9	   1/50	   2hrs;	  RT	  
Anti-‐Lamp1	   Abcam	   ab24170	   Citrate	  pH6	   1/100	   2hrs;	  RT	  
Anti-‐Na/K-‐ATPase	   Millipore	   05-‐369	   Tris-‐EDTA	  pH9	   1/50	   2hrs;	  RT	  
Anti-‐E-‐cadherin-‐647	   BD	   560062	  

	  
Citrate	  pH6	   1/50	   Overnight;	  4C	  

Anti-‐Claudin1	   Abcam	   ab15098	   Citrate	  pH6	   1/100	   2hrs;	  RT	  
Anti-‐Ki67	   Monosan	   MONX10283	   Citrate	  pH6	   1/1000	   Overnight;	  RT	  
Anti-‐a2	  integrin	   Abcam	   ab133557	   Citrate	  pH6	   1/1000	   Overnight;	  4C	  
Goat	  anti-‐rabbit	  
AlexaFluor488	  

Life	  
technologies	  

A11070	   	   1/400	   1hr;	  RT	  

Donkey	  anti-‐mouse	  
AlexaFluor568	  

Life	  
technologies	  

A10037	   	   1/400	   1hr;	  RT	  

	  

Transmission Electron microscopy (TEm)

TEM was performed as described previously [23]. In short, 0,5 cm pieces of intestine were 
fixed in 2% formaldehyde and 2,5% glutaraldehyde in 0,1 M PHEM buffer (60 mM PIPES, 
25 mM HEPES, 2 mM MgCl2, 10 mM EDTA, pH 6.9) on ice for 2hrs, and then overnight at 
RT. Organoids were fixed with 4% paraformaldehyde (PFA) solution (Electron microscopy 
sciences) in 0.1 M PHEM buffer for 4 hours at RT. All samples were then stored in 1% PFA 
in 0.1 M PHEM buffer at 4°C. Samples were then post-fixed with 1% OsO4, dehydrated and 
embedded in Epon epoxy resin (Polysciences). Ultrathin sections of 60 nm were contrasted 
with uranyl acetate and lead citrate using the AC20 (Leica), and examined with a Jeol 1010 
electron microscope  (Jeol Europe).

Organoid culture

Small intestinal organoids were established from WT and Myo5bfl/fl;Vil-CreERT2 mice as 
described previously [24]. Organoids were maintained in medium containing 50 ng/ml 
murine recombinant EGF (Peprotech), R-spondin1 (conditioned medium, 5% final volume), 
and noggin (conditioned medium, 10% final volume), and were passaged weekly. For in 
vitro activation of Cre recombinase, organoids were treated for 15 hours with 1 µM 
4-hydroxytamoxifen (4-OHT; Sigma-Aldrich) dissolved in ethanol. Control organoids were 
treated with corresponding amounts of ethanol. All organoids were harvested for analysis 
by immunohistochemistry and TEM 3 days after in vitro induction.

Forskolin induced swelling (FIS) assay

Small intestinal mouse organoids (wild type and Myo5bfl/fl;Vil-creERT2) were cultured and 
in vitro activated as described above. 24 hours after removal of tamoxifen and ethanol, 
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the organoids were stained using 10 µM calcein green (Life Technologies). Upon forskolin 
stimulation (10 or 3 µM, Sellekchem) or DMSO, CFTR-dependent swelling of organoids was 
followed for 40 minutes, as previously described [25]. Each condition was measured in 
quadruple per experiment, and four independent experiments were performed. 

Statistics

We counted Ki67+ cells in 50 crypts from Myo5bfl+l;Vil-CreERT2 and Myo5bfl/fl;Vil-CreERT2 
mice and performed a 2-tailed, unpaired student’s t-test to determine the p-value.

RESulTS
Generation of mice

To study the consequence of Myo5b ablation in an in vivo model, we generated a Cre-
inducible floxed Myo5b mouse in which LoxP sites were placed around exon 4 (Fig. 1A). 
Targeted ES cell clones were checked for homologous recombination by Southern Blot 
(Suppl. Fig. 1A). Cre-induced deletion of exon 4 in our mouse model results in a frame-
shift and a premature stop codon leading to a truncated protein of 111 amino acids (full 
length protein is 1818 amino acids) and loss of the MYO5B protein. In order to generate 
an intestine-specific inducible KO mouse model for Myo5b, we have crossed homozygous 
Myo5bfl/fl mice with a Villin (Vil)-CreERT2 mouse strain [21]. Vil-CreERT2 mice express the 
Cre enzyme under the control of the Villin promoter, which drives stable and homogeneous 
expression of the Cre recombinase in all epithelial cells of the small and large intestine. 
Since the Cre recombinase is fused to the estrogen receptor ERT2, it remains retained in the 
plasma membrane of the epithelial cells. Only upon induction with tamoxifen, the Cre-ERT2 
protein is translocated to the nucleus, where it can promote recombination of the LoxP sites 
and thereby inactivate the conditional Myo5b allele. The resulting Myo5bfl/fl;Vil-CreERT2 
mice were genotyped by polymerase chain reaction (PCR) (Suppl. Fig. 1B). 
To determine the intestine-specific phenotype of loss of MYO5B, we have injected Myo5bfl/

fl;Vil-CreERT2 mice and Myo5b+/+;Vil-CreERT2, Myo5bfl/+;Vil-CreERT2 and Myo5bfl/fl control 
mice with tamoxifen and measured their weight every day. Starting from day three after 
tamoxifen induction, only Myo5bfl/fl;Vil-CreERT2 mice displayed severe weight loss compared 
to controls (Fig. 1B). Mice were sacrificed no later than four days after induction, due to 
severe weight loss and dehydration as a result from watery diarrhoea (Suppl. Fig. 1C). We 
observed that Myo5b+/+;Vil-CreERT2, Myo5bfl/+;Vil-CreERT2 and Myo5bfl/fl control mice did 
not show any phenotype, as confirmed by weight curves and Periodic Acid Schiff (PAS) 
staining (Fig. 1B and Suppl. Fig. 1D). Absence of myosin Vb upon tamoxifen induction was 
confirmed at mRNA and protein level (Supplementary Fig. 2A and data not shown). 

loss of myo5b causes an mvID phenotype in mice

The histological analysis of the intestine of the tamoxifen-induced Myo5bfl/fl;Vil-CreERT2 
mice on day 4 showed villus atrophy and crypt hyperplasia, which was confirmed by a 
significantly (p<0.0001) increased amount of Ki67-positive crypt cells (Fig. 1CD and Suppl. 
Fig. 2BC). Furthermore, PAS and alkaline phosphatase (ALP) staining revealed subapical 
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accumulation of intracellular vesicles in villus enterocytes and fusion of villi, a feature of 
MVID, which was recently reported in MVID patients [4] (Fig. 1CD). 
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Figure 1. Myo5b deficiency causes an mvID phenotype in mice. (A) Diagram depicting the strategy for the 
conditional knockout of exon 4 of the Myo5b gene. The probe used for Southern Blot analysis (indicated in red) 
hybridizes with a 13,6-kb KpnI fragment from the wild type allele, and with a 6,7-kb KpnI fragment from the 
targeted allele. F and R indicate the location of the primers used for genotyping. Exons are indicated with yellow 
squares. LoxP sites and FRT sites are represented by red and green triangles, respectively. (B) Relative weight curves 
of homozygous Myo5bfl/fl;Vil-CreERT2 mice (n=2-8 per time point), heterozygous Myo5bfl/+;Vil-CreERT2 control mice 
(n=2-6 per time point), one Myo5b+/+;Vil-CreERT2 and one Myo5b+/+ control mouse. All mice were induced with 
4,5 mg tamoxifen at 8-10 weeks of age. Graph shows means + SEM. (C-E) At day four after induction, Myo5bfl/

fl;Vil-CreERT2 mice showed (C) subapical accumulation of Periodic acid Schiff (PAS) positive vesicles (small arrows) 
and villus fusion (white arrowheads, and (D) mislocalisation of the apical marker alkaline phosphatase (ALP) to the 
cytoplasm (arrows). (E) Transmission electron microscopy (TEM) revealed loss of apical microvilli (large arrows), 
subapical accumulation of vesicles (small arrows) and intracellular microvillus inclusions (black arrowhead) in 
epithelial cells of Myo5bfl/fl;Vil-CreERT2 mice.
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Pathognomonic features of MVID are the so-called microvillus inclusion bodies that are 
found in ~10% of mature enterocytes at the tips of the villi of these patients [3, 26]. Analysis 
of the intestines of induced Myo5bfl/fl;Vil-CreERT2 mice by electron microscopy (EM) 
showed an almost complete absence of apical microvilli on day 4 after induction with a high 
prevalence of intracellular accumulations of secretory granules, and microvillus inclusion 
bodies in mature villus enterocytes (Fig. 1E). All the features described above have also been 
reported to be the main clinical and pathological features of MVID patients [1, 3, 5-7, 10], 
indicating that our mouse model phenocopies human MVID. 

Inclusion bodies containing apical proteins result from disturbed apical recycling

Previously, it has been shown that MYO5B regulates localisation of apical proteins towards 
the plasma membrane [2, 4-8, 19, 27, 28]. In concordance with previous findings, ALP and 
Alcian Blue staining showed subapical accumulation in villus enterocytes of Myo5bfl/fl;Vil-
CreERT2 mice (Fig. 1D and data not shown).  Furthermore, phosphorylated Ezrin-Radixin-
Moesin (pERM) and Ezrin binding protein 50 (EBP50), which connect the apical plasma 
membrane to F-actin filaments to stabilize microvilli [29-31], were both markedly decreased 
at the apical membrane and were found in cytoplasmic vesicles in Myo5bfl/fl;Vil-CreERT2 
mice (Fig. 2 and data not shown). 
In order to perform its function, MYO5B associates with RAB8A and RAB11A, working as a 
tether and connecting Rab-associated vesicles to actin filaments [8, 11]. Depending on the 
association with either RAB8A or RAB11A, MYO5B is involved in distinct trafficking pathways 
[12]. MYO5B association with RAB8A has been linked to direct trafficking from the Golgi to 
the plasma membrane, whereas association of MYO5B with RAB11A is crucial for apical 
endosomal recycling. Recently, it was shown that only the specific loss of MYO5B-RAB11A 
interaction led to the formation of intracellular microvillus inclusion bodies in a Caco-BBE 
model [11].
Here, we show that control mice show diffuse staining of RAB8A and subapical staining of 
RAB11A. In contrast, Myo5bfl/fl;Vil-CreERT2 mice show reduced expression of RAB8A staining, 
which accumulated in few subapical foci (Fig. 2A). RAB11A was lost at the apical membrane 
and showed a more diffuse cytoplasmic staining. In addition, several subapical foci were 
RAB11A positive (Fig. 2B). Lysosome-associated membrane protein 1 (LAMP1), which marks 
lysosomes and normally accumulates subapically, was also reduced and diffusely localised 
in the cytoplasm of Myo5bfl/fl;Vil-CreERT2 enterocytes (data not shown). These data indicate 
a disturbed trafficking and recycling machinery in MYO5B-deficient cells.
Co-staining of pERM with RAB8A, RAB11A or LAMP1 revealed that pERM-positive inclusions 
were only co-localising with RAB11A and not with RAB8A or LAMP1, indicating that the 
inclusions represent recycling endosomes that contain apical proteins (Fig. 2B). 

loss of myo5b causes disturbed basolateral polarity

Data on basolateral markers in MVID patients or MYO5B-deficient cell lines are contradicting 
and basolateral polarity does not always seem to be disturbed [2, 5, 6, 11]. We analysed the 
localisation of several basolateral markers and found that 4 days after tamoxifen induction, 
Myo5bfl/fl;Vil-CreERT2 mice showed a slightly abnormal distribution of α2-integrin. This 
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Figure 2. apical proteins mislocalize to inclusions that co-localize with RaB11a. Co-immunofluorescence staining 
for pERM with (A) RAB8A and (B) RAB11A on day 4 after Cre induction revealed a loss of apical pERM (arrows) and 
pERM positive inclusions (arrowheads) in Myo5bfl/fl;Vil-CreERT2 mice, which co-stained with RAB11A. 
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integrin subunit is mainly expressed on basolateral membranes of lower villus enterocytes. 
However, Myo5bfl/fl;Vil-CreERT2 mice showed higher abundance of expression in enterocytes 
at the tip of the villus, which appeared to be accumulating intracellularly below the nucleus 
(Fig 3A). E-cadherin and Na/K-ATPase, which are normally only located at the basolateral 
membrane, were found on apical surfaces of some, but not all MYO5B-deficient cells (Fig. 
3BC). Furthermore, localisation of claudin1, a tight junction protein that is expressed at the 
basolateral membrane, was completely distorted and accumulated in intracellular vesicles 
in Myo5bfl/fl;Vil-CreERT2 mice (Fig. 3D). Interestingly, decreased expression of claudin1 was 
also found in IBD patients with increased intestinal permeability, and has been associated 
with diarrhoea in those patients [32]. Remarkably, the claudin1-containing inclusions we 
found in Myo5bfl/fl;Vil-CreERT2 mice, did not co-localize with pERM-positive inclusions, 
indicating for the first time that there are distinct apical and basolateral-derived inclusion 
bodies when MYO5B is absent (Fig. 3D). 
Our data indicate that myosin Vb is either directly or indirectly involved in the basolateral 
localization of claudin1 in intestinal epithelial cells. We suggest that mislocalisation of 
claudin1 might explain the secretory component of diarrhoea in MVID due to a disturbed 
barrier function. 

loss of myo5b first affects immature enterocytes and consecutively leads to 
disturbed recycling in mature enterocytes

In MVID patients, the most severe phenotype is observed in mature villus enterocytes at 
the tip of the villi, whereas crypt cells appear less affected [5, 6]. In our mouse model, we 
analysed the effects of loss of MYO5B in immature and mature epithelial cells over time. On 
day one after induction, we still observed MYO5B protein in the intestines, and as such we 
did not observe any phenotype (data not shown). 
We confirmed the loss of MYO5B protein expression from day two after induction 
onwards. On day two, cells in the upper part of the villus displayed a normal morphology, 
whereas the more immature cells at the crypt-villus junction and lower villus cells showed 
subapical accumulation of PAS-positive intracellular vesicles (Fig. 4A), cytoplasmic alkaline 
phosphatase staining (Fig. 4B) and accumulation of secretory granules (Fig. 4C). However, 
at this time point, we did not observe microvillus inclusion bodies or pERM/RAB11A-
positive intracellular vesicles (data not shown). In contrast, at day four after induction, all 
enterocytes along the villi were affected with respect to subapical accumulation of apical 
proteins. However, the most apical and basolateral inclusion bodies were found in epithelial 
cells at the tip of the villi.
Collectively, these data show that loss of MYO5B first affects differentiation at the crypt-
villus junctions, leading to subapical accumulation of secretory granules. Consecutively, 
MYO5B-deficiency disturbs localisation of claudin1 and affects RAB11A-dependent recycling 
of endosomes, which leads to entrapment of pERM-containing inclusions in mature 
enterocytes.
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Figure 3. Basolateral proteins are mislocalized and claudin1 inclusions are distinct from apical pERm inclusions. 
On day 4 after induction with tamoxifen, Myo5bfl/fl;Vil-CreERT2 intestines displayed mislocalisation of the basolateral 
markers (A) α2 integrin to the basolateral cytoplasm of enterocytes at the tip of the villus (arrowheads) and (B) 
E-cadherin and (C) Na/K-ATPase to the apical membrane (arrowheads). (D) The tight-junction protein claudin 1 was 
expressed on basolateral membranes in control mice and mislocalised to intracellular inclusions in Myo5bfl/fl;Vil-
CreERT2 mice (open arrowheads), which were distinct from pERM positive inclusions (white arrowheads).
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Figure 5. Myo5b-deficient organoids represent an in vitro model for mvID. Myo5bfl/fl and Myo5bfl/fl;Vil-CreERT2 
organoids were treated in vitro with 1µM 4-OHT or vehicle control (EtOH) for 15hrs, and analysed 3 days later 
for (A) morphology by Bright Field (BF) microscopy, (B) alkaline phosphatase (ALP) staining showing subapical 
accumulation (arrows) and (C) Transmission electron microscopy (TEM) showing subapical accumulation of 
secretory granules (small arrows), and intracellular microvillus inclusions (arrowhead) in 4-OHT-treated Myo5bfl/

fl;Vil-CreERT2 organoids. (D) Forskolin-induced swelling (FIS) assays were performed 24h after in vitro treatment 
with 4-OHT or EtOH. Organoids were visualised with calcein, and CFTR-mediated swelling of the organoids was 
measured after 40 minutes incubation with 10 or 3 mM forskolin. Swelling was calculated relative to the area under 
the curve (AUC) of Myo5bfl/fl;Vil-CreERT2 organoids that were treated with EtOH and 10 mM forskolin. Graph shows 
means ± SD of quadruplicate measurements of four independent experiments.  
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Myo5bfl/fl;Vil-CreERT2 organoids represent an in vitro model for mvID and reveal 
impaired functionality of intestinal epithelial cells

In order to perform detailed cellular and functional analysis of MYO5B-deficient intestinal 
epithelial cells, we established intestinal organoids from Myo5bfl/fl;Vil-CreERT2 mice [24]. 
Non-induced organoids from Myo5bfl/fl;Vil-CreERT2 mice showed the same morphology 
as wild type control organoids (Fig. 5A). Upon in vitro activation of Cre recombinase with 
4-hydroxytamoxifen (4-OHT) for 15 hours, the organoids changed morphology, displaying a 
denser phenotype with less budding structures and more cell death (Fig. 5A). We confirmed 
by histology and TEM that the induced organoids reflect MVID, including intracellular 
accumulation of apical proteins such as ALP (Fig. 5B), absence of microvilli and microvillus 
inclusion bodies (Fig. 5C). 
We applied this new in vitro model for MVID to assess the functional capacities of MYO5B-
deficient intestinal epithelial cells. It was previously shown that apical localisation of the 
Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) in polarized epithelial cells 
is MYO5B-dependent [2, 28]. As such, we have performed Forskolin-Induced Swelling 
(FIS) assays, which measure the functional activity of the CFTR anion channel [25]. Upon 
stimulation with forskolin, cAMP/protein kinase A-mediated phosphorylation of e.g. CFTR, 
enables opening of various ion channels, thereby facilitating transport of anions and fluids 
into the lumen of the organoids, which leads to swelling. Here we show that within one 
day upon Cre-induction, MYO5B-deficient organoids are less able to swell upon stimulation 
with forskolin compared to control organoids (Fig. 5D). These data indicate that myosin Vb 
is involved in the apical localisation of ion channels and loss of MYO5B affects functional 
capacities of intestinal epithelial cells.

DISCuSSION
In this study, we describe an intestine-specific conditional Myo5b KO mouse model, in which 
loss of MYO5B can be induced by tamoxifen injection. We showed that our model completely 
recapitulates the disease phenotype of human MVID patients carrying a MYO5B mutation. 
Patients usually present with severe diarrhoea within the first days after birth [3], and the 
MYO5B-deficient mice developed watery diarrhoea within four days after induction (Fig. 1B 
and Suppl. Fig. 1C). We demonstrated that loss of MYO5B led to an almost complete absence 
of apical proteins and microvilli on intestinal epithelial cells, accumulation of intracellular 
vesicles and microvillus inclusions (Fig. 1C-E). MYO5B is known to act as a tether, binding 
to recycling endosomes via the association with RAB8A or RAB11A [12]. Both GTPases are 
involved in polarity processes, and both Rab8a and Rab11a knockout mice displayed MVID-
like phenotypes [13, 14, 17, 18]. However, the phenotypes observed in both mouse models 
was less severe than in our MYO5B-deficient mice, with a shortening but no absence of 
apical microvilli, and mice dying only within two weeks (Rab11a KO) or five weeks (Rab8a 
KO) after birth [13, 17]. 
This suggests that MYO5B acts in different trafficking pathways, dependent on its association 
with either RAB8A or RAB11A, and that the severe phenotype observed in patients and in 
our mouse model results from the combined disturbance of both pathways. However, since 
both Rab8a and Rab11a KO models are germline knockouts, we cannot rule out the possible 
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adaptation to the lack of these proteins during their development, leading to compensatory 
mechanisms. 
In our inducible mouse model, we observed dispersal of both RAB8A and RAB11A from 
their normal subapical position (Fig. 2). However, in Myo5bfl/fl;Vil-CreERT2 mice, the pERM 
positive inclusions co-localized only with RAB11A and not with RAB8A (Fig. 2). This is in 
concordance with previous findings that only the loss of MYO5B binding to RAB11A caused 
the formation of microvillus inclusions in Caco-BBE cells [11]. Since normal apical recycling 
through the apical recycling endosome (ARE) is RAB11A dependent, we suggest that this 
process is disturbed in MVID. As such, we suggest that the pERM-positive inclusions result 
from an accumulation of apical recycling endosomes, which are trapped in the cytoplasm 
since they are unable to recycle back to the membrane due to the loss of MYO5B.
Despite the previously reported loss of apical polarity in MVID patients [2, 5, 6, 11], it 
remained unclear why MVID patients develop secretory diarrhoea, since a loss of apical 
microvilli would predict absorptive diarrhoea. Here, we show that not only apical proteins 
were mislocalized in Myo5bfl/fl;Vil-CreERT2 mice, but also some basolateral markers were 
affected (Fig. 3). Most importantly, the tight junction protein claudin 1 was almost absent 
from the basolateral membrane, and accumulated in intracellular inclusions (Fig. 3). This 
finding implies a new role for MYO5B in basolateral protein localization, and could also 
explain the secretory diarrhoea due to leaky tight junctions.
Recently, it was suggested that stabilization of initial cell polarity might be a future target 
for therapy of MVID patient [11, 18]. Here, we confirmed that a normal pERM-containing 
brush border was present at an early time point (day two) after induction, and microvillus 
inclusions were mainly formed in mature enterocytes at a late time point (day four). 
However, despite formation of brush border, apical polarity was already affected in the 
immature enterocytes at the crypt-villus junction on day two after induction, represented by 
subapical accumulation of ALP and PAS positive vesicles (Fig. 4). Moreover, using organoids 
from Myo5bfl/fl;Vil-CreERT2 mice, we show that already on day one after induction, the 
functionality of the epithelial cells was impaired, since they showed reduced swelling 
upon stimulation with forskolin (Fig. 5). Importantly, at that time point after splitting, the 
organoids do not contain mature enterocytes yet [24], confirming again that also immature 
enterocytes are affected in polarity and function upon loss of MYO5B. Stabilization of early 
brush border formation might therefore not be effective, and a stem cell based therapy 
might be necessary as a future treatment for MVID patients.  
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Supplementary Figure 1. analysis of conditional Myo5bfl/fl;Vil-CreERT2 mice. (A) Southern Blotting analysis of 
the targeted ES clones. Genomic DNA isolated from ES cell clones was digested with KpnI for hybridisation with 
the probe as indicated in Fig. 1A, showing a correctly recombined clone (neo) and a non-recombined wild type 
clone (+). (B) Genotyping PCRs of genomic DNA isolated from mouse tails. Primers indicated as ‘F’ and ‘R’ in Fig. 
1a were used to detect the floxed Myo5b allele, and Cre primers were used to detect the Vil-CreERT2 transgene. 
(C) Intestines of Myo5bfl/fl;Vil-CreERT2 at day 4 after injection with tamoxifen were swollen and filled with watery 
diarrhoea compared to control mice. (D) Periodic acid Schiff (PAS) staining showed a normal intestinal phenotype 
of tamoxifen-induced Myo5b+/+;Vil-CreERT2 mice, Myo5bfl/+;Vil-CreERT2 mice and Myo5bfl/fl mice on day 4 after 
tamoxifen injections. 
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Supplementary Figure 2. (Immuno)histochemical analysis of Myo5bfl/fl;Vil-CreERT2 intestines. On day 4 after 
induction with tamoxifen, Myo5bfl/fl;Vil-CreERT2 intestines displayed (A) loss of MYO5B protein in intestinal 
epithelial cells, and (B) elongated  crypts with an increased number of Ki67 positive proliferating cells. (C) Numbers 
of Ki67+ cells were counted in 50 distal crypts from one Myo5bfl/+;Vil-CreERT2 and one Myo5bfl/fl;Vil-CreERT2 
mouse. Only crypts with a clear perpendicular cut were counted. Graphs show means ± SD; ***, p<0.0001.
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aBSTRaCT
The recent establishment of a long-term in vitro culture system for epithelial stem cells of 
the small intestine (SI) and colon with a stable pheno- and karyotype promises a new tool 
for stem cell transplantations. Small intestinal and colonic mouse organoids were previously 
shown to functionally engraft into a damaged colon epithelium where they regenerated 
small patches of epithelium.
In this study, we investigated if intestinal organoids can be used for regeneration of the 
small intestinal epithelium. First, we established two different methods to create a niche 
for organoid engraftment in vivo. By using indomethacin injections or local hyperthermia, 
we successfully induced lesions in the small intestinal epithelium in mice. Importantly, both 
treatments left the underlying basement membrane and submucosa intact. After induction 
of small intestinal lesions, we confirmed organoid survival in the harsh small intestinal 
milieu. We then administered organoids in vivo in both damage models. However, we did 
not observe successful organoid engraftment. Therefore, we assessed several prerequisites 
for engraftment, such as, increased numbers of stem cells, and attachment of organoid 
cells to a basement membrane. By enhancing integrin activity, we improved organoid cell 
attachment in vitro and subsequently applied that same protocol in vivo. Despite all our 
efforts, we did not observe successful organoid engraftment in any of the settings. Hence, 
our findings provide important insight into prerequisites for future small intestinal organoid 
transplantations, although optimization of the current protocol is necessary for successful 
in vivo application. 
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INTRODUCTION
The intestinal epithelium is a rapidly self-renewing tissue, comprised of proliferative crypt 
compartments and differentiated villi. The constant cellular turnover is fuelled by rapidly 
cycling, long-lived, multipotent intestinal stem cells that reside at the bottom of the crypts 
and express the marker gene Lgr5 [1]. These stem cells symmetrically divide every 24 hours, 
and stochastically adopt the fate of a new somatic stem cell, or a direct daughter, the transit 
amplifying (TA) cell [2]. The TA cells rapidly divide, migrate upwards towards the villus 
and differentiate into absorptive enterocytes, cells of the secretory lineage (goblet cells, 
enteroendocrine cells, tuft cells and Paneth cells, which migrate towards the bottom of the 
crypt where they constitute the niche for the stem cells), or M cells of the Peyer’s patches 
[3].
Recently, a long-term in vitro culture system for epithelial stem cells of the small intestine 
(SI) and colon has been established [4-7]. Under the right culture conditions, a single isolated 
stem cell can grow out into a three dimensional organoid structure, an epithelial “mini-
intestine”. The architecture of these organoids closely resembles the in vivo crypt-villus 
architecture of the intestinal epithelium. The crypt-like budding structures contain LGR5-
positive stem cells interspersed with Paneth cells, as well as TA cells, while the villus-like 
body of the organoids harbours most differentiated cell types of the intestinal epithelium. 
In the organoids, LGR5-positive stem cells continuously generate new cells at the bottom of 
the budding structures. The daughter cells then proliferate, migrate, differentiate and are 
finally shed into the lumen of the organoids. The apical side of the cells faces the lumen 
and the basal side faces the matrigel, in which the organoids are embedded [4]. Matrigel is 
a laminin- and collagen-rich matrix, which mimics the basement membrane that underlies 
the intestinal epithelium in vivo [8]. The organoids are passaged every week in a 1:5 ratio, 
which allows the production of an indefinite amount of tissue, and can be kept in culture 
for at least 1.5 years with a stable pheno- and karyotype [4]. These features make intestinal 
organoids a promising tool for stem cell transplantations in intestinal epithelial diseases.
It was recently shown that adult colonic mouse organoids and foetal intestinal organoids 
were successfully engrafted into damaged colon epithelium in vivo, where they regenerated 
patches of epithelium, which contained all differentiated cell types and remained 
histologically and functionally stable for more than six months [9, 10].  Furthermore, small 
intestinal organoids, when heterotopically transplanted into damaged colon epithelium, 
functionally integrated and reconstituted epithelial tissue of a small intestinal phenotype, 
proving their potential as transplantable cells [11].
To potentially treat patients with hereditary small intestinal epithelial diseases, we aim 
to apply small intestinal organoids for transplantation purposes. Patients with intestinal 
enteropathies, such as microvillus inclusion disease (MVID), suffer from watery diarrhoea 
and severely impaired nutrient uptake due to dysfunctional small intestinal epithelial cells 
[12-14]. Patients are currently treated with life-long total parenteral nutrition (TPN), and 
ultimately small bowel transplantation. However, this is associated with many complications 
and a high morbidity and mortality. As such, patients with MVID would greatly benefit from 
a therapy in which specifically the small intestinal epithelium is regenerated, while leaving 
the (healthy) intestinal structure of the patient intact.
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In this study, we have determined several prerequisites for small intestinal organoid 
transplantations into the small intestine of mice. 

maTERIalS aND mEThODS
mice

C57BL/6 mice were obtained from the Jackson Laboratory. Rag2–/– mice were obtained 
from Taconic. Male and female mice were randomly used for all experiments at an age of 
8-14 weeks. All animal procedures were performed in accordance with local animal welfare 
laws and guidelines and were reviewed by the Animal Ethics Committee of the Royal Dutch 
Academy of Sciences.

Induction of epithelial lesions

For the induction of epithelial lesions by indomethacin, mice were subcutaneously injected 
with 5-20 mg/kg indomethacin (Sigma-Aldrich), dissolved in 50% EtOH. Control mice were 
injected with 50% EtOH.
For the induction of epithelial lesions by hyperthermia, mice were anaesthetized, placed in 
supine position and the abdominal surface was shaved and cleaned with antiseptic solution. 
A 3-4 cm loop of the distal small intestine was then exteriorized through a small incision, and 
was placed in a water bath containing sterile PBS at temperatures between 43.3°C and 43.5 
°C for 30 minutes. The intestines were then replaced into the intraperitoneal cavity and the 
abdominal wall and skin were closed with 5-0 silk sutures. 

Organoid culture

Small intestinal organoids were established from CMV-Cre_Rosa26-LacZ reporter mice 
as described previously [4]. Organoids were cultured in growth factor-reduced matrigel 
(BD Bioscience), and maintained in medium containing 50 ng/ml murine recombinant 
EGF (Peprotech), R-spondin1 (conditioned medium, 5-10% final volume), and Noggin 
(conditioned medium, 10% final volume), and were passaged weekly. If applicable, the 
culture medium was supplemented with 40% WNT3A conditioned medium and 10 mM 
nicotinamide (Sigma-Aldrich), 3 μM CHIR99021 (Stemgent) or 3 μM CHIR99021 and 1 mM 
valproic acid (Sigma-Aldrich) for one week. 
When cultures were established from single cells (e.g. after an in vitro adhesion assay), the 
culture medium was supplemented with 10 μM of the Rho kinase inhibitor Y-27632 (Sigma-
Aldrich).

(Immuno)histochemistry and Immunofluorescence

Mouse intestines or organoids were fixed in 4% formalin overnight or 4% neutral buffered 
formalin for 45 minutes at room temperature (RT), respectively. The tissue was then 
embedded into paraffin and 4 μm sections were cut.
H&E and immunohistochemical stainings were performed as described previously [15]. An 
overview of all antibodies used, their dilutions, incubation times and antigen retrieval can 
be found in Table 1. 
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Table 1. Overview of all antibodies used, their dilutions, incubation times and antigen retrieval protocols

	  

	  

	   Company	   Catalogue	  number	   Antigen	  retrieval	   Dilution	   Incubation	  
Anti-‐α2	  integrin	   Abcam	   ab133557	   Citrate	  pH6	   1/1000	   Overnight;	  4C	  
Anti-‐Collagen	  IV	  	   Abcam	  	  

	  
ab6586	   Citrate	  pH6	   1/500	  	   overnight;	  RT	  

Anti-‐LAMC1	   Abcam	   ab80580	  	   Pepsin,	  37°C	  	   1/500	   overnight;	  RT	  
	  

	  

In vitro cell adhesion assay

Basement membrane extract (BME, type 2; Pathclear) was diluted in cold serum-free 
DMEM/F12 medium (Gibco) to a concentration of 7.8 mg/ml. Flat-bottom 96-well plates 
(Corning) were coated with 10 μl of diluted BME for 1 hour at 37°C in 5% CO2. After coating, 
wells were washed once with PBS, blocked with 5 mg/ml bovine serum albumin (Sigma-
Aldrich) for 45 minutes at 37°C and then washed again three times with PBS. Single cells 
of small intestinal organoids were obtained by digestion of organoids with TrypLE Express 
(Gibco) for 5 minutes at 37°C following mechanical disruption of the organoids and an 
additional incubation at 37°C for 5 minutes. Trypsin activity was inhibited by the addition 
of DMEM medium supplemented with 10% fetal calf serum (FCS). The cell suspension was 
centrifuged at 300 RCF for 5 minutes, supernatant was removed, and cells were suspended 
in PBS containing 10 mM HEPES to a concentration of 150.000 cells/ml. Optionally, the cell 
suspension was supplemented with 1mM or 10 mM MgCl2 (final concentration) and/or with 
a blocking antibody against the integrin β1 subunit (Clone Ha2/5, BD Pharmingen). 100 μl 
cell suspension was then added per coated well and incubated for 30 minutes at 37°C. Next, 
non-adherent cells were removed by washing the wells three times with PBS. Remaining 
adherent cells were imaged with an EVOS digital inverted microscope. Each condition was 
assayed in quadruplicate, and at least three independent experiments were performed.

Organoid transplantations

Mice were anaesthetized and placed in supine position. The abdominal surface was shaved 
and cleaned with antiseptic solution. In some groups of mice, 0,5 mg/kg butylscopolamine 
(Buscopan) was injected intraperitonally to minimize peristalsis of the intestine. A loop of 
the small intestine was then exteriorized through a small incision in the abdominal wall. 
The donor cells were injected into the lumen of the small intestine by using a 25G needle. 
In some groups, the loop of the intestine was clamped for 30 minutes after injection of 
the organoids to allow organoids to settle down and attach at the site of the lesion. The 
intestines were then placed back into the intraperitoneal cavity and the abdominal wall 
and skin were closed with 5-0 silk sutures. One week, three weeks, or two months after the 
transplantation the mice were sacrificed and the intestines were removed for analysis. 

β-galactosidase (lacz) stainings

Small intestines were isolated, flushed with and immediately incubated with LacZ fixative 
(1% formaldehyde, 0.2% gluteraldehyde, 5 mM EGTA pH7.2, 20 mM MgCl2 and 0.02% NP40 
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in PBS) for 2 h at 4 °C while rotating. Intestines were then washed three times in PBS for 
20 min at room temperature while rotating. After washing, intestines were incubated in 
b-galactosidase substrate (5mM K3FE(CN)6, 5mM K4Fe(CN)6*3H2O, 2mM MgCl2, 0.02% 
NP40, 0.1% sodium deoxycholate and 1mg/ml X-gal in PBS) overnight in the dark at room 
temperature while rotating. The next day, the substrate was removed and the intestines 
were washed three times in PBS for 20 min at room temperature while rotating. The tissues 
were then fixed overnight in 4% formalin at 4 °C in the dark while rotating. The stained 
tissues were embedded into paraffin and tissue sections (5 μm) were counterstained with 
nuclear fast red solution (Vector laboratories) for 2 minutes.

RESulTS
Induction of small intestinal epithelial lesions

The small intestinal epithelium forms a continuous single-layered sheet in vivo, with tight cell-
cell contact. In order to create a niche for organoid engraftment, it is necessary to generate 
lesions in this epithelial sheet. For colonic organoid transplantations, the epithelium was 
damaged by dextran sulfate sodium (DSS) treatment [9].  In order to create a niche for 
organoid engraftment in the small intestine, we have applied two different methods. 
First, we treated mice with indomethacin, a nonsteroidal anti-inflammatory drug (NSAID), 
which as a side-effect induces small intestinal epithelial injuries [16, 17]. To determine 
the optimal dose, different concentrations of indomethacin or vehicle control were 
subcutaneously injected into C57BL/6 mice. 
Previously, it has been reported that intestinal lesions appear as early as 12 hours after 
indomethacin administration, and that the most severe lesions were apparent 24 hours after 
treatment [16, 17]. Therefore, we analyzed the intestinal effect of indomethacin at 24 hours 
after injection. Histological analysis revealed that multiple small intestinal epithelial lesions 
were induced by indomethacin, with the size of the lesions correlating with indomethacin 
concentrations (Fig. 1A). The number of lesions per intestine were variable between animals, 
with on average 5-10 lesions per section (data not shown). 
To perform a time course evaluation to select the best moment for organoid administration, 
we analysed additional mice at 3 days and 7 days after administration of indomethacin. At 
day 3 after indomethacin injections, the sites of lesions were apparent, but were already 
covered with a single layer of epithelial cells (Fig. 1B). At day 7 after indomethacin injections, 
the lesions were completely covered with 3-dimensional epithelium, although the normal 
crypt villus structure was not yet completely recovered (Fig. 1B). 
During the time course, we observed that mice treated with indomethacin showed a 
significant weight loss compared to vehicle controls, started to recover after 3-4 days, and 
were back to normal weight on day 7 after treatment (data not shown). Importantly, all mice 
treated with 5 or 10 mg/kg indomethacin survived the treatment and were in good physical 
condition throughout the experiment. In contrast, mice that were treated with 15 or 20 mg/
kg indomethacin suffered from discomfort and experiments with those concentrations of 
indomethacin were therefore discontinued.
Based on these findings, we concluded that a concentration of 10 mg/kg indomethacin, and 
the timepoint of 24 hours after indomethacin treatment represent the optimal conditions 
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for organoid administration. In these conditions, mice are in good health throughout the 
experiment, and lesions have reached their maximum size and are not yet covered with 
epithelium.

As an alternative method to induce small intestinal epithelial lesions, we exposed a loop of 
the small intestine of mice to moderate hyperthermia. Local hyperthermal treatment for 
20-30 minutes results in severe injury and epithelial loss in the intestine [18, 19]. Here, we 
assessed epithelial lesions using various heating times and temperatures. In concordance 
with previous publications [18, 19], we found that exposure of the small intestine to 43.5°C 
for 30 minutes resulted in complete epithelial destruction one day after the treatment 
without causing damage to the underlying tissue (data not shown and Fig. 1A). To undergo 
hyperthermal treatment, mice were operated to expose the small intestine, and required 
4 days of recovery before performing the next operation (necessary for organoid infusion). 
Therefore, we analyzed the damage on day 4 and 7 after the hyperthermal treatment 
to evaluate the best moment for organoid administration. At day 4 after exposure to 
hyperthermia, some lesions were already covered with a single epithelial layer, but the 
majority of the lesions were still devoid of epithelial cells (Fig. 1B). All lesions were covered 
with epithelium at day 7 (Fig. 1B). Based on these findings, we concluded that day 4 after 
hyperthermia represents the optimal time point for organoid administration, since mice are 
in good physical condition, and the majority of the lesions are still devoid of epithelium.

The small intestinal environment does not affect stem cell survival and organoid 
formation 

The small intestinal lumen represents a harsh environment with bile acids, digestive 
enzymes and a slightly acidic pH in the duodenum [20-22], which could affect cell survival. 
Furthermore, residual indomethacin in the intestines of the mice 24 hours after treatment 
could also impair organoid survival. Therefore, we determined whether small intestinal 
organoids were able to survive in the small intestinal environment, and after indomethacin 
treatment.
Small intestinal organoid cultures were established from CMV-Cre_Rosa26-LacZ reporter 
mice, which allowed identification of the donor cells by b-galactosidase staining [23]. 
Organoids were maintained in matrigel, and were cultured for 5-7 days under standard 
conditions consisting of EGF, noggin and R-spondin (ENR) in the culture medium [4]. 
Organoids were then released from the matrigel, mechanically disrupted into smaller 
clumps (comprising approximately 2-5 crypt-like structures), and resuspended in PBS. One 
group of mice (n=3) had received a single subcutaneous injection of 10 mg/kg indomethacin 
24 hours before the experiment. A small intestinal loop of the recipient mice was exposed, 
and the organoid suspension was injected intraluminally. 
In another group of mice (n=3) the organoid suspension was infused intrarectally into the 
colon to compare survival of the organoids in two different environments. After colon 
infusion, the anus was plugged to avoid immediate excretion of the suspension. Both groups 
of mice were sacrificed 5 hours after the organoid injections. The luminal contents were 
isolated, diluted with PBS, filtered through a cell strainer and taken in culture under standard 
organoid culture conditions. In cultures from both small intestinal and colonic-injected 
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Figure 1. Indomethacin and local hyperthermia induce small intestinal epithelial lesion. (A) H&E (HE) staining was 
performed on intestines from mice one day after indomethacin treatment or local hyperthermia. Subcutaneous 
injection of 12-14 week old mice with 5-20 mg/kg indomethacin (dissolved in 50% EtOH) results in small intestinal 
epithelial lesions. Control mice received 50% EtOH. The size of the lesions correlates with the indomethacin 
concentration. For hyperthermal treatment, a distal loop of the small intestine of 8 week old mice was exposed to 
43.5 °C for 30 minutes. (B) Upper panel: Time-course analysis of the effect of 10 mg/kg indomethacin on the small 
intestinal epithelium. On day 1, lesions were devoid of epithelium, but were covered by a single epithelial sheet 
on day 3, and were fully regenerated on day 7 after treatment. Lower panel: Time-course analysis of the effect of 
local exposure of the distal small intestine to hyperthermia (43.5 °C for 30 minutes) on the epithelium. On day 1, 
lesions were devoid of epithelium. On day 4, some lesions were covered by a single epithelial layer (arrow), while 
other lesions were devoid of epithelial cells (arrowhead). Lesions were regenerated on day 7 after treatment. Scale 
bar = 1mm.
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mice, we observed outgrowth of several LacZ-positive organoids (Fig. 2). We concluded that 
despite the harsh conditions in the small intestine, and the indomethacin treatment, the 
stem cells of the organoids were able to survive for several hours and maintained their 
organoid forming capacity. 

small intestine colonsmall intestine

La
cZ

Figure 2. Donor cells survive in the small intestine and maintain their organoid forming capacity. CMV-Cre_
Rosa26-LacZ organoids were injected into the small intestine (n=3) or colon (n=3) of recipient mice, and the 
intestinal content was isolated 5 hours later. Mice that received the organoid injections into their small intestines 
were treated with 10 mg/kg indomethacin 24 hours before the organoid injections. Isolated cells from the intestinal 
content were taken into organoid culture. After 5 days of culture, b-galactosidase (LacZ) staining was performed on 
the organoids. Bright field microscopy shows outgrowth of LacZ positive organoids.

In vivo organoid transplantations

Small intestinal organoids from CMV-Cre_Rosa26-LacZ reporter mice were maintained in 
matrigel, and were cultured in ENR medium unless indicated otherwise. 
Retained LacZ expression in the organoids was repeatedly confirmed throughout the 
transplantation experiments by β-galactosidase staining on the organoids (data not shown).
We administered LacZ-positive organoids in vivo and compared several procedures. In 
short, mice were treated with 10 mg/kg indomethacin or local hyperthermia (43.5°C for 30 
minutes). Organoids were infused 24 hours after indomethacin treatment or 4 days after 
local hyperthermal treatment into the small intestinal lumen of the mice. The intestines 
were isolated one week, three weeks or two months after organoid infusion and analysed 
for donor cell engraftment by LacZ staining.
The number of infused organoids varied between 800 and 3000 per mouse, which exceeded 
the amount of organoids used for colon transplantations [9]. Organoids were injected as 
whole organoids, mechanically dissociated into smaller “organoid clumps”, or enzymatically 
dissociated into single cells. In some cases, the buffer in which the organoids were suspended 
was supplemented with 5% or 10% matrigel. 
Also, most mice were starved for 6-16 hours before transplantations in order to clear the 
intestines of faeces. Some groups of mice were treated with 0.5 mg/kg butylscopolamine 
at the time of transplantations, to minimalize peristalsis of the intestine. Since the donor 
organoids were derived from transgenic mice in a C57BL/6 background, we used C57BL/6 
mice as recipients in order to prevent immune rejection. In one experiment, immunodeficient 
Rag2–/– mice (n=9) were used as recipients.
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In summary, as a proof op principle, we have subjected the recipient C57BL/6 mice to 
either indomethacin or hyperthermia treatment and injected the small intestines of these 
mice with various organoid preparations as described above. Unfortunately, despite all our 
efforts, we did not observe organoid engraftment in any of the mice.

In vivo organoid transplantations with increased numbers of stem cells

Since our efforts were not successful, we assessed several prerequisites for organoid 
engraftment. Previously, it has been shown that the expansion of stem cells during pre-
transplantation organoid culture was associated with a higher success rate of engraftment 
in colon transplantations [9]. Therefore, we investigated whether a higher number of stem 
cells in the transplanted organoids improved engraftment. 
First, we supplemented the standard ENR medium with 40% WNT3A and nicotinamide 
(ENR+WN). This induces proliferation of stem- and TA cells and inhibits their differentiation, 
which results in a changed organoid morphology towards a cystic structure [24]. We also 
supplemented the ENR medium with the inhibitor of glycogen synthase kinase 3 (GSK3) 
CHIR99021 (ENR+C) before transplantations. Under these conditions the cultures mainly 
consist of stem cells and Paneth cells which constitute the stem cell niche [24-26]. In a 
third attempt, organoids were cultured in ENR+C that was additionally supplemented with 
valproic acid (ENR+CV), which results in a almost pure stem cell culture [25]. 
Organoids were cultured for at least one passage in ENR+WN, ENR+C or ENR+CV, and then 
transplanted into recipient mice as described above. However, we could not detect LacZ 
positive engrafted donor cells in any of the transplanted mice (data not shown). 

Basement membrane proteins are present in lesions and integrins are expressed 
at the basolateral membrane of organoids

Another prerequisite for organoid engraftment is the adhesion of organoids to the site 
of the lesion. The in vivo intestinal epithelium is supported by an underlying specialized 
extracellular matrix, known as the basement membrane. The basement membrane is rich 
in type IV collagens and laminins (Fig. 3A, left panel), which can interact with proteins of the 
integrin receptor superfamily that are present on the basolateral membrane of intestinal 
epithelial cells [27-30]. The main receptor expressed on the basolateral side of small 
intestinal crypts is the α2β1 integrin (Fig. 3B, left panel), which can anchor the epithelial 
cells to the basement membrane by interactions with laminin and collagen IV [30, 31]. 
Therefore, we assessed the presence of collagen IV and laminin on the site of the lesions, 
and the presence of α2β1 integrin on the organoids since both are a crucial prerequisite for 
organoid engraftment in vivo.
Immunohistochemical analysis of the indomethacin-induced lesions on day 1, and the 
hyperthermia-induced lesions on day 4 revealed a high abundance of collagen IV and laminin 
gamma 1 (LAMC1) on the site of the lesions (Fig. 3A), indicating that both indomethacin and 
hyperthermal treatment specifically destroy the epithelium, while leaving the underlying 
basement membrane unaffected.
Next, we determined integrin expression on the organoids by staining for the α2 integrin 
subunit.  Organoids were cultured for one week under standard conditions in ENR, or in ENR 
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supplemented with 40% WNT3A conditioned medium (ENR+W). We found that organoids 
cultured in either ENR or in ENR+W medium both expressed the integrin α2 subunit on the 
basolateral side of the epithelial cells (Fig. 3B). 
These data indicate that organoids are technically able to attach to the basement membrane 
at the site of a lesion induced by either indomethacin injections or local hyperthermia. 
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Figure 3. Basement membrane is present in lesions and integrins are expressed at the basolateral membrane of 
organoids. (A) Immunohistological analysis of the major basement membrane components laminin and collagen IV 
in native small intestine (untreated, left panel) and epithelial lesions induced by indomethacin treatment (middle 
panel) or hyperthermia (right panel). Scale bar = 0.5 mm. (B) The integrin α2 subunit is expressed basolaterally in 
epithelial cells of the small intestine (left panel). Organoids cultured in the absence (middle panel) or presence 
(right panel) of WNT3A express the integrin α2 subunit on their basolateral membrane. Scale bar = 0.5 mm.
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Integrin activity is increased by mgCl2

Although we detected the expression of integrins on organoids, integrins can only bind 
collagens or laminins in an active state.  Therefore, we assessed the activation state of 
integrins expressed on organoids. 
The interaction of integrins with the basement membrane is highly influenced by the 
presence of divalent cations, such as Ca2+, Mg2+ and Mn2+ [31, 32]. As long as Ca2+ occupies 
the ligand-binding pocket of integrins, they remain in a bent, inactive conformation. Only 
upon displacement of Ca2+ with Mg2+ or Mn2+, integrins adopt an active conformation and 
ligand binding is initiated [31, 32].
To assess the activation state of the integrins on organoid cells, we developed an in vitro 
adhesion assay. Organoids were enzymatically dissociated into single cells and their adhesion 
potential to a basement membrane extract (BME) was assessed in the presence or absence 
of different concentrations of MgCl2. Interestingly, we found that only a low number of 
organoid-derived cells attached to the BME without the supplementation of MgCl2 (Fig. 4A). 
This suggests that the integrins that are expressed on the organoids remain in an inactive 
conformation under normal culture conditions. When we supplemented the cell suspension 
with MgCl2, we observed a concentration-dependent increase of attachment to the BME 
in a 30-minute assay (Fig. 4A). We confirmed that this increase of adhesion was integrin-
mediated, since addition of an integrin β1 blocking antibody prior to the adhesion assay 
completely inhibited cell attachment to the BME in the presence of MgCl2 (data not shown).
Next, we also assessed the cell adhesion properties of organoids containing high numbers 
of stem cells. For that purpose, organoids were cultured for one passage in ENR+WN or in 
ENR+C before performing the in vitro adhesion assay. Both stem cell-enriched conditions 
showed a similar MgCl2-dependent adhesion pattern compared to cells cultured in ENR. 
We concluded that the addition of WNT3A and nicotinamide or the addition of CHIR99021 
to the ENR medium are both suitable for stem cell expansion prior to transplantations, and 
might potentiate cell engraftment in vivo.

Organoid formation capacity is retained in cells upon integrin activation 

For successful tissue regeneration in vivo, it is essential that specifically the stem cells adhere 
to the lesions, and that they retain their tissue forming capacity. We therefore investigated 
if there were stem cells amongst the cells that adhered to the BME in our in vitro assay, and 
if integrin activation by MgCl2 supplementation affected organoid formation capacity. As 
such, after the adhesion assay, we cultured the adhered cells in ENR medium. Since single 
intestinal cells undergo anoikis outside their normal tissue niche [33], we supplemented the 
medium with the Rho-kinase inhibitor Y-27632 to prevent cell death [24].
After several days, we observed outgrowth of cystic structures in all conditions. The number 
of cysts correlated with the number of adhered cells. In concordance with increased 
stem cell numbers, organoid formation capacity was highest in both ENR+WN and ENR+C 
conditions (Fig. 4B).
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Figure 4. mgCl2 increases integrin activity and does not affect organoid formation capacity. (A) Organoids 
cultured in ENR medium, ENR medium supplemented with WNT3A and nicotinamide (ENR+WN), and ENR medium 
supplemented with CHIR99021 (ENR+C) were enzymatically dissociated into single cells, and resuspended in 
HEPES/PBS. The cell suspension was supplemented with 0 mM, 1 mM or 10 mM MgCl2. Brightfield images show 
cell attachment to basement membrane extract after 30 minutes incubation time followed by three washes with 
PBS. Single organoid cell attachment was low under normal culture conditions, and increased in a concentration-
dependent manner upon supplementation with MgCl2.  Each condition was assayed in quadruplicate, and at least 
three independent experiments were performed. Scale bar = 0.5 mm. (B) After the adhesion assays, adhered cells 
were cultured in ENR medium supplemented with the Rho-kinase inhibitor Y27632. Brightfield pictures show 
outgrowth of the cells into cystic structures after 4 days of culture. Note that in the WNT3A and nicotinamide 
condition supplemented with 10 mM MgCl2, cysts were fused to form an epithelial layer. Each condition was 
assayed in quadruplicate, and at least three independent experiments were performed. Scale bar = 0.2 mm. 
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In vivo organoid transplantations with increased integrin activity

After having defined conditions to increase integrin activity, we again performed organoid 
transplantations. Organoids were cultured in ENR+C for one passage in order to enrich for 
stem and Paneth cells in the culture. Organoids were then released from the matrigel and 
dissociated into single cells by enzymatical digestion with trypsin. About 3000 organoids were 
used per recipient mouse. Single cells were resuspended in HEPES/PBS, and supplemented 
with 2 mM MgCl2 or 10 mM MgCl2 to increase integrin activity. The cells were then 
transplanted into C57BL/6 recipient mice as described above. In case of the hyperthermia 
model, the damaged area was clamped for 30 minutes, and the organoids were infused 
into the clamped part to allow the cells to settle down in that area. The intestines were 
isolated one week after organoid infusion and analysed for donor cell engraftment by LacZ 
staining. Unfortunately, also the addition of MgCl2 to the organoid suspension did not result 
in engraftment of organoids in the small intestine (data not shown).  

In summary, table 2 gives an overview of all transplantation procedures that we performed 
so far. In total, 173 mice were transplanted without any detectable engraftment.

Table 2. Summary of variations in organoid transplantation procedures

	  

	  

Organoid	  
culture	  

Organoid	  
administration	  

Organoid	  
suspension	  

Mouse	  
strain	  

Damage	  
model	  

Timepoint	  of	  
analysis	  

ENR	   Whole	  
organoids	  

PBS	   C57BL/6	   Hyperthermia	   1	  week	  after	  
transplantations	  

ENR+WN	   Mechanically	  
disrupted	  
(clumps)	  

PBS	  +	  5%	  matrigel	   Rag2–/–	   Indomethacin	   3	  weeks	  after	  
transplantations	  

ENR+C	   Enzymatically	  
dissociated	  
(single	  cells)	  

PBS	  +	  10%	  matrigel	   	   	   2	  months	  after	  
transplantations	  

ENR+CV	   	   PBS	  +	  2	  mM	  MgCl2	   	   	   	  
	   	   PBS	  +	  10	  mM	  MgCl2	   	   	   	  
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DISCuSSION
In this study, we addressed the question whether intestinal organoids can be applied 
for small intestinal stem cell transplantations in vivo. Here, we established two different 
methods in order to create a niche in the small intestine, where transplanted donor 
organoid cells have the possibility to integrate into the submucosa. We showed that two 
different methods, the treatment with indomethacin, or the exposure of the small intestine 
to moderate hyperthermia, both led to epithelial lesions in a sub-lethal manner (Fig. 1). 
Importantly, laminin and collagen IV, the major components of the basement membrane 
were still present in the lesions (Fig. 3). 
The interaction of epithelial cells with the laminin- and collagen-rich basement membrane 
in vivo is mediated by integrin receptors on the basolateral side of the epithelial cells. In vivo, 
superficial injury of the intestinal epithelium is restored by migration of adjacent epithelial 
cells over the underlying matrix, and enterocyte attachment to collagen IV is influenced 
by local concentrations of divalent cations [31]. We showed that integrin activity on the 
organoid cells is low under standard culture conditions, but can be significantly upregulated 
by the addition of MgCl2 (Fig. 4A). In an in vitro adhesion assay, organoid cells adhered 
to a basement membrane extract within 30 minutes, and subsequently generated new 
organoid structures, confirming their retained tissue generating capacities (Fig. 4B). Despite 
these promising prerequisites, we were unable to confirm engraftment of transplanted 
donor cells in the small intestine in vivo. In contrast, small intestinal organoids did engraft 
into superficially damaged colon in vivo [11]. One could speculate that the unsuccessful 
engraftment in the small intestine arises from inherent differences between the small 
intestine and the colon. For example, the small intestine contains hydrochloric acid, bile 
acids and digestive enzymes, including pancreatic proteases that facilitate digestion [20, 
22]. Together, they create a harsh environment that could potentially affect intraluminal 
organoid survival. However, we isolated living cells with organoid forming potential from the 
small intestine 5 hours after injections, which confirms cell survival in the small intestinal 
milieu (Fig. 2). Another difference between the small and large intestine is the peristalsis. 
The small intestine shows much more movement than the colon, which indicates faster 
passage of the organoids through the small intestine compared to the colon. However, mice 
treated with butylscopolamine to slow down motility also did not show any engraftment. 
Furthermore, the small intestinal epithelium contains villi, which extend into the lumen of 
the small intestine. This could imply that the accessibility of the lesions for the organoids 
is more difficult as compared to the colon where the differentiated compartment is flat. 
However, this was no issue in the case of the preconditioning by hyperthermia, where we 
clamped the lesion-containing part of the small intestine for 30 minutes after organoid 
injections, to ensure their proximity and access to the lesions.
In conclusion, we do not have any evidence at the moment why organoids do not engraft 
in the small intestine. Further experiments and optimization of the current protocol are 
necessary for successful in vivo application of small intestinal organoid transplantations.
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aBSTRaCT
Differentiation and specialisation of epithelial cells in the small intestine are regulated in two 
ways. First, there is differentiation along the crypt-villus axis of the intestinal stem cells into 
absorptive enterocytes, Paneth, goblet, tuft, enteroendocrine, or M-cells, which is mainly 
regulated by WNT. Second, there is specialization along the cephalocaudal axis with different 
absorptive and digestive functions in duodenum, jejunum and ileum that is controlled by 
several transcription factors such as GATA4. However, so far it is unknown whether location-
specific functional properties are intrinsically programmed within stem cells or if continuous 
signalling from mesenchymal cells is necessary to maintain the location-specific identity of 
the small intestine. 
Using the pure epithelial organoid technique, we show that region-specific gene expression 
profiles are conserved throughout long-term cultures of both mouse and human intestinal 
stem cells and correlated with differential Gata4 expression. Furthermore, the human 
organoid culture system demonstrates that Gata4-regulated gene expression is only allowed 
in absence of WNT signalling. 
These data show that location-specific function is intrinsically programmed in the adult stem 
cells of the small intestine and that their differentiation fate is independent of location-
specific extracellular signals.  In light of the potential future clinical application of small 
intestine-derived organoids, our data imply that it is important to generate GATA4-positive 
and GATA4-negative cultures to regenerate all essential functions of the small intestine.
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INTRODUCTION
The mammalian intestine is responsible for the absorption of dietary nutrients and water, 
and the excretion of waste materials. The intestine also has an important barrier function in 
preventing direct contact with bacteria that reside in the lumen. To facilitate these diverse 
functions, the intestinal surface is covered by specialized epithelial cells that can take up 
nutrients from the lumen, but also form a continuous lining of cells that are linked close 
together by tight junctions. 
The intestinal epithelium is ordered into crypts of Lieberkühn that harbour the stem and 
Paneth cells and mainly constitute a proliferative compartment, and the villi that represent the 
differentiated compartment containing the enterocytes, goblet, tuft, and enteroendocrine 
cells. It has been shown that four signalling pathways control homeostasis of the intestinal 
epithelium: WNT, Notch, epidermal growth factor (EGF) and bone morphogenic protein 
(BMP) (reviewed in [1]). WNT and EGF signalling are active in a gradient from the bottom to 
the crypt-villus junction, while BMP signalling is active in the villus compartment and Notch 
signalling determines the differentiation toward the secretory lineage (reviewed in [2]). High 
expression of WNT induces stem cell survival and proliferation of transit amplifying (TA) 
cells, while low levels of WNT allow TA cells to fully differentiate into one of the various 
epithelial cell types[3].
In addition to differentiation along the crypt-villus axis, there are also structural differences 
along the length of the intestine, such as cell type distribution and expression of proteins 
with specialized functions [4-6]. These differences correlate with the functionality of the 
different regions of the intestine and are referred to as regional or spatial differences along 
the cephalocaudal axis. This structural organization is established during development and 
is maintained throughout adulthood [7]. 
The small intestine is roughly divided into three segments along the cephalocaudal axis: 
duodenum, jejunum and ileum [8]. In mice, the duodenum involves the proximal two 
centimetres directly after the gastric pylorus [8]. Its main function is the digestion and 
absorption of iron, calcium and water-soluble vitamins. The function of the jejunum is 
the digestion and uptake of nutrients, whereas the ileum absorbs residual nutrients and 
mediates transport of bile acids and vitamin B12 [8]. 
To facilitate these highly specialized functions, multiple proteins such as digestive enzymes, 
nutrient transporters, cytoplasmic carriers and antimicrobial peptides are differentially 
expressed along the cephalocaudal axis. For example, duodenal cytochrome b reductase 1 
(Cybrd1), involved in iron metabolism, is expressed only in duodenum [9], lactase-phlorizin 
hydrolase (Lct) is mainly expressed in jejunum [10] and apical sodium-dependent bile acid 
transporter (ASBT, Slc10a2) in ileum [11].
It has been shown that several transcription factors, for example, GATA4 and CDX2, control 
the expression of genes along the cephalocaudal axis [12, 13]. As such, GATA4 is expressed 
in proximal small intestine where it inhibits expression of ileum-specific genes [12], whereas 
CDX2 is expressed throughout small and large intestine and has an important role in 
formation of normal intestinal identity [13, 14]. Furthermore, syngeneic and xenogeneic 
transplantation of intestinal tissue into murine hosts have demonstrated that donor fetal 
intestine retains its positional information [15-18]. However, it is not known whether the 
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identity of the intestinal epithelium is a hard-wired program within the stem cells or if the 
microenvironment, such as surrounding mesenchymal cells or luminal content, provides 
location-specific signals to the stem cells. 
Recently, we developed a method to grow intestinal epithelial tissue in vitro from isolated 
crypts of both murine [19] and human origin [20].  We characterized the functional properties 
of organoids that were derived from different segments of the small intestine of mice 
and human. We found that the functional fate of both murine and human differentiated 
cell types is intrinsically programmed within location-specific stem cells as specific gene 
expression programs are maintained in the absence of location-specific external signals 
from mesenchyme or microbiota.

maTERIalS aND mEThODS
mice

C57BL/6 wild type mice (6-12 weeks old) were used for experiments. The mice were specific 
pathogen free and maintained in an environmentally controlled facility. Experiments were 
approved by the local Ethical Committee. Murine small intestines were dissected and cut 
into three equal parts. We isolated small parts of duodenum (proximal 2 cm of the proximal 
part), jejunum (proximal 2-4 cm of the middle part) and ileum (distal 2-4 cm of the distal 
part). Each segment was opened longitudinally, washed with cold phosphate buffered saline 
(PBS), and further processed for crypt isolation. From other mice, similar pieces of intestinal 
segments were used for ex vivo RNA isolation and histology. 

human material

Approval for this study was obtained by the Ethics Committee of the University Medical 
Centre Utrecht. Duodenal biopsies were obtained by flexible gastroduodenoscopy and 
ileal biopsies were obtained from the terminal ileum by colonoscopy. The biopsies 
were macroscopically and pathologically normal.

Crypt isolation and organoid culture

Murine organoids were generated from isolated small intestinal crypts and maintained in 
culture as described previously [19]. Crypt isolation and culture of human intestinal cells 
from biopsies have been described previously [20, 21]. In short, human organoids were 
maintained long-term in expansion medium (EM) containing RSPO1, noggin, EGF, A83-
01, nicotinamide, SB202190 and WNT3A. For induction of differentiation, cultures were 
maintained for 5 days in differentiation medium (DM), which is EM without nicotinamide, 
SB202190 and WNT3A. We used conditioned media for RSPO1 (stably transfected RSPO1 
HEK293T cells were kindly provided by Dr. C. J. Kuo, Department of Medicine, Stanford, CA), 
noggin and WNT3A. The medium was changed every 2-3 days and organoids were passaged 
1:6 every week. 
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RNa isolation and qpCR

From dissected tissue or cultured organoids, RNA was isolated with the RNeasy minikit or 
microkit (Qiagen, Venlo, the Netherlands), respectively, and quantified by optical density. 
cDNA was synthesized from 1 mg of RNA by performing reverse-transcription (Invitrogen, 
Carlsbad, CA or iScript, Biorad, Hercules, CA). Messenger RNA (mRNA) abundances were 
determined by real-time PCR using validated primer pairs (Suppl. Table S1) with the SYBR 
Green method (Bio-Rad, Hercules, CA). Glyceraldehyde-3-phosphate dehydrogenase (Gapdh) 
or ACTIN mRNA abundance was used to normalize mouse or human data, respectively.

RNa sequencing

Freshly isolated villi, crypts or organoids (cultured for 12 weeks) were used for mRNA 
sequencing. Total RNA was isolated using Trizol LS reagent (Invitrogen). Total RNA 
was purified using the Poly(A)Purist MAG Kit (Life Technologies, Ghent, Belgium) and 
subsequently re-purified using the mRNA-ONLY Eukaryotic mRNA Isolation Kit (Epicentre, 
Madison, Wisconsin) to obtain full length mRNA. Sequencing libraries were constructed 
using the SOLiD® Total RNA-Seq Kit (Life technologies, Ghent, Belgium) and sequenced on 
a SOLiD 4 sequencer to produce 50-bp long reads. Reads per 1,000 base pairs of transcript 
per million reads sequenced (RPKM) values were calculated for all RefSeq annotated genes 
and quantile normalized. A location-specific gene was defined as a gene with expression >10 
RPKM (crypt) or >5 RPKM (villi) in at least one part of the intestine and with >1.5-fold higher 
expression in a specific part compared to any other part separately in both replicates (crypt) 
or in single replicate (villi). The gene ontology analysis was performed using the ToppGene 
Suite website [22]. The mRNA-seq datasets can be accessed via GEO (http://www.ncbi.nlm.
nih.gov/geo) accession number GSE53297.

Immunohistochemistry

Intestinal segments and organoids were fixed in neutral buffered formalin and sectioned. 
After deparaffination and dehydration, epitope retrieval was performed by boiling for 15 
minutes at 120 °C in target retrieval solution pH = 6.0 (DAKO, Glostrup, Denmark). Slides 
were blocked for endogenous peroxidase with 3% H2O2/PBS for 20 min and blocked with 
1% bovine serum albumin (BSA)/PBS for 30 min at RT. Primary antibodies were diluted in 
0.05 % BSA/PBS and incubated for 1 hour at RT or o/n at 4°C. Next, slides were incubated 
with secondary antibody (Envision anti-Rabbit-HRP or Envision anti-mouse-HRP, DAKO) 
30min at RT, with Vector-Nova Red (Vector Labs, Burlingame, CA) to develop staining 
and counterstained with hematoxylin. Primary antibodies were monoclonal mouse anti-
human proliferating cell nuclear antigen (NCL-PCNA, Leica Biosystems, Wertzlar, Germany), 
polyclonal rabbit anti-human sucrose-isomaltase (SI, HPA011897, Sigma, St.Louis, MO), and 
polyclonal rabbit anti-human SLC10A2 (ASBT, HPA004795, Sigma). Alcian Blue - periodic acid 
Schiff (AB-PAS) staining was performed according to standard methods. 

Statistics 

Data were expressed as means ± SEM and analysed using one-way ANOVA and Tukey’s 
Multiple Comparison Post-Test.



122

RESulTS
location-specific signatures within the murine small intestinal crypts are 
maintained in long-term epithelial cell cultures

To obtain a systematic overview of location-specific gene expression, we performed mRNA 
sequencing on crypts and villi isolated from three equal parts of the small intestine. For 
analysis, we listed genes that were most strongly expressed in duodenum (A), jejunum (B) 
and ileum (C) or in two adjacent compartments (AB, BC). Next, we generated organoids 
from similar crypt preparations of the three small intestinal segments and cultured them 
for 12 weeks. mRNA sequencing profiles of these cultures were compared to their location-
specific crypt-derived (Figure 1A) and villus-derived (Figure 1B) ex vivo counterparts. For 
example, we found that from those genes that were specifically expressed in crypts or villi of 
duodenum, 78% or 43% of these genes was also specifically expressed in organoids derived 
from duodenum, respectively (Figure 1 and Table 1). Similarly, 87% versus 83% of duodenal-
jejunal, 70% versus 65% of jejunal, 77% versus 73% of jejunal-ileal and 65% versus 49% of 
ileal crypt- versus villi-specific genes were maintained in organoids derived from their ex 
vivo counterparts, respectively (Figure 1 and Table 1). 
GO analysis of the selected genes was performed (Suppl. Tables S2, S3) and showed that the 
location-specific crypt- or villus-derived genes are mainly involved in digestion, transport, 
and metabolic processes. The complete list of location-specific crypt- and villi-genes is 
deposited in the GEO database.
In summary, we confirmed differential expression of several genes that are known to be 
involved in location-specific function of the small intestine, such as genes coding for the 
proteins ferroportin (FPN) (Slc40a1) in duodenum, lactase (Lct) in jejunum, GATA4 (Gata4) 
in duodenum-jejunum, and ASBT (Slc10a2) in ileum (Figure 1). These data show that crypt-
derived genes were highly maintained in organoid cultures, indicating that mouse organoids 
are mainly crypt-based structures. However, organoids do contain differentiated cells that 
express villus-derived genes, albeit in low levels. As the organoids were cultured in the same 
conditions, that is, in Matrigel and in presence of EGF, noggin, and R-spondin-1, these data 
indicate that epithelial stem cells maintain their identity, without location-specific external 
signals from mesenchyme or luminal content. 

To validate the mRNA sequencing data, we determined expression of several location-specific 
genes by quantitative reverse transcription PCR (qRT-PCR). We used small pieces (~2cm) of 
each compartment of the small intestine for direct ex vivo RNA isolation or generation of 
organoid cultures that were maintained short term (3 weeks) or long-term (10-12 weeks). 
The transcription factor GATA4 has been shown to be a key regulator of location-specific 
gene expression in the mouse small intestine by repressing ileum-specific genes [12, 23]. 
In concordance, mRNA sequencing as well as qRT-PCR analysis confirmed that Gata4 
expression is high in duodenum and jejunum but almost absent in ileum. We found that this 
expression pattern was maintained in organoids that were cultured for 3 and 10-12 weeks 
(Figure 1 and 2A).
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Figure 1. RNa sequencing profiles in ex vivo crypts, villi, and in cultured organoids derived from mouse small 
intestine. Intestines were divided in three equal parts, A (duodenum), B (jejunum), and C (ileum). Crypts (n = 2) 
and villi (n = 1) were harvested for mRNA sequencing. Part of the crypts were used for generation of long-term (12 
weeks) organoid cultures (pool of n = 2). Since the absolute expression values can differ between crypts, villi, and 
organoids, mRNA RPKM values were normalized separately for (panel A) crypts and organoids and (panel B) villi 
and organoids with black as maximal expression and white as zero expression. In each compartment, genes are 
sorted by chromosomal location. Percentages of genes expressed in crypts (panel A) or villi (panel B) that were 
maintained in location-specific organoids and examples of genes are indicated per location. All mRNA-seq datasets 
are deposited in the GEO database.
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Duodenum-specific gene expression

The uptake of nutritional iron involves the reduction of Fe3+ into Fe2+ by ferric reductases such 
as CYBRD1 (encoded by Cybrd1) in the intestinal brush border and the subsequent transport 
of Fe2+ across the apical membrane of enterocytes by the divalent metal transporter 1 [9]. 
Iron is eventually exported across the basolateral membrane into the bloodstream via the 
solute carrier and Fe2+ transporter ferroportin (FPN, encoded by Slc40a1) [24]. Transcripts of 
these genes were only found in our villus-based mRNA sequencing data (Figure 1B) because 
they are expressed at the tips of the villi in vivo [9].
We determined mRNA expression levels of Cybrd1 and Slc40a1 by qRT-PCR and found 
that their expression ex vivo is indeed restricted to the duodenum and this cephalocaudal 
expression pattern remained stable in cultured organoids (Figure 2B).  

Jejunum-specific gene expression

It has been shown that disaccharidases, like lactase (encoded by Lct) and sucrase-isomaltase 
(encoded by Sis), show the highest expression and activity in the jejunum [25]. We confirmed 
these expression patterns in ex vivo tissue and for Lct we also found highest expression in 
jejunum-derived organoid cultures, whereas the specific expression pattern of Sis was less 
obvious (Figure 2C).

Table 1. Number of location-specific crypt (upper panel) and villus (lower panel) genes whose expression is 
maintained in organoids of the ex vivo counterpart duodenum, jejunum, or ileum.Organoid 

duodenum  
Organoid 
jejunum  

Organoid 
ileum  

31 (78%) 5 (13%) 3 (8%) 
23 (31%) 42 (56%) 9 (12%) 
6 (13%) 32 (70%) 7 (15%) 
17 (21%) 24 (30%) 38 (47%) 
23 (19%) 19 (16%) 79 (65%) 

   
   
   

Organoid 
duodenum  

Organoid 
jejunum  

Organoid 
ileum  

219 (43%) 146 (29%) 131 (26%) 
174 (38%) 190 (41%) 83 (18%) 
10 (20%) 33 (65%) 8 (16%) 
153 (28%) 215 (39%) 172 (31%) 
114 (26%) 102 (23%) 202 (46%) 

total number  
ex vivo location of crypt genes 

duodenum 40 
duodenum-jejunum 75 

jejunum 46 
jejunum-ileum 81 

ileum 121 
  
  
   

total number  
ex vivo location of villus genes 

duodenum 512 
duodenum-jejunum 462 

jejunum 51 
jejunum-ileum 554 

ileum 437 
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Figure 2. Relative expression of location-specific genes in murine intestine and organoid cultures. Quantitative 
reverse transcription PCR to measure relative expression of Gata4 (A) and genes involved in iron uptake (B), 
disaccharide digestion (C), and bile acid uptake (D) in ex vivo tissue and in cultured organoids derived from murine 
duodenum (white bars), jejunum (gray bars), and ileum (black bars). We have generated three independent 
organoid cultures, each pooled from two mice and have used 4–10 mice for ex vivo RNA isolation. Data were 
normalized to Gapdh housekeeping mRNA levels and are represented as means ± SEM; *, p < .01; and ***, p < .005.
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Ileum-specific gene expression

The bile acid transporter ASBT (encoded by Slc10a2) is expressed apically on enterocytes in the 
ileum and can take up bile from the intestinal lumen, while organic solute transporter (OST)
α/β form a pore at the basolateral side of the cell to export bile acids from the enterocytes 
to the blood [26]. We found by mRNA sequencing and qRT-PCR that the expression of both 
Slc10a2 and Ostb were highly specific for the ileum, and that expression was maintained 
throughout organoid culture (Figure 1 and 2D). We observed low Ostb expression in ex 
vivo jejunum, which was also reflected in the cultures.  Collectively, these data show that 
the functional fate of mature intestinal epithelial cells is intrinsically programmed within 
the stem cell niches of each location and that these signatures are maintained even after 
long-term organoid culture where stem cells are not exposed to exogenous signals from 
mesenchyme or luminal content. 

mouse organoids do not require exogenous WNT for long-term maintenance

We have shown that mouse stem cells maintain their location-specific origin during organoid 
culture by analysing expression patterns of genes that are involved in location-specific 
functions along the cephalocaudal axis of the small intestine. 
However, mouse organoids consist mainly of crypt compartments and contain only limited 
amounts of fully differentiated enterocytes that fulfil the location-specific function [19]. As 
such, the percentages of location-specific genes that were maintained in organoids were 
higher for crypt-derived genes compared to villus-derived genes (Figure 1 and Table 1). 
Furthermore, it has been shown that mouse small intestinal organoids have an intrinsic 
WNT gradient, which allows proliferation but limits differentiation [19], resulting in low 
levels of gene transcripts for the genes of interest. 
By adding WNT3A-conditioned media to the location-specific mouse cultures, we show that 
WNT inhibits the expression of differentiation markers, such as Sis and Slc10a2, whereas the 
expression of Gata4 remains unchanged (Suppl. Figure 1A). Morphologically, the addition 
of WNT results in more spherical organoids compared to the standard culture condition 
(Suppl. Figure 1B), an indication for induced proliferation. 

location-specific genes are induced upon differentiation of human organoid 
cultures 

In contrast to mouse small intestinal organoids, human small intestinal organoid cultures 
produce little endogenous WNT. Therefore, their proliferation is dependent on exogenous 
WNT and differentiation is only initiated upon withdrawal of WNT [20]. Here, we use the 
human organoid system to delineate the effects of WNT on human location-specific small 
intestinal organoid cultures and show the full differentiation capacity of location-specific 
stem cells.
Human organoid cultures were established from crypts that were isolated from duodenal 
and ileal small intestinal biopsies. The organoids were maintained in so-called EM, containing 
WNT3A conditioned medium, which induces expansion of stem cells and repression of 
differentiation. We cultured the organoids for 3 (data not shown) or 7 weeks in EM, after 
which the medium was replaced by so-called DM for 5 days. DM lacks WNT3A, Nicotinamide 



127

Ch
ap

te
r 

7

re
la

tiv
e 

ex
pr

es
sio

n
 

A  

B  

LGR5 GATA4 Duodenum-EM  

Ileum-EM  
Duodenum-DM  

Ileum-DM  

CYBRD1  

LCT SI 

OSTB

re
la

tiv
e 

ex
pr

es
sio

n
 

re
la

tiv
e 

ex
pr

es
sio

n
 

re
la

tiv
e 

ex
pr

es
sio

n
 

C  

D  

d-EM 
d-D

M 
i-E

M 
i-D

M 
0.000 
0.002 
0.004 
0.006 
0.008 

d-EM 
d-D

M 
i-E

M 
i-D

M 
0.000 
0.005 
0.010 
0.015 
0.020 
0.025 

SLC40A1 

d-EM 
d-D

M 
i-E

M 
i-D

M 
0.00 
0.05 
0.10 
0.15 
0.20 
0.25 

d-EM 
d-D

M 
i-E

M 
i-D

M 
0 
1 
2 
3 
4 
5 

d-EM 
d-D

M 
i-E

M 
i-D

M 
0.000 
0.002 
0.004 
0.006 
0.008 

d-EM 
d-D

M 
i-E

M 
i-D

M 
0.0 
0.1 
0.2 
0.3 
0.4 

d-EM 
d-D

M 
i-E

M 
i-D

M 
0.00 
0.02 
0.04 
0.06 
0.08 

* 

 

* ** 

* * 

** ** 

*** 
SLC10A2  

** 

** 

d-EM 
d-D

M 
i-E

M 
i-D

M 
0.0 
0.2 
0.4 
0.6 
0.8 
1.0 * 

*** ** 

Figure 3. Relative expression of location-specific genes in organoids derived from human duodenum and 
ileum. Organoids were generated from human duodenal and ileal biopsies and maintained in EM for 7 weeks. 
Differentiation was induced by incubation in DM for 5 days. Quantitative reverse transcription PCR was performed 
to measure relative expression ofLGR5 and GATA4 (A) and genes involved in iron uptake (B), disaccharide digestion 
(C), and bile acid uptake (D). Biopsies were obtained from four to five patients, in two cases biopsies from both 
duodenum and terminal ileum were obtained from the same patient. Data were normalized to ACTIN housekeeping 
mRNA levels and are represented as means ± SEM; *, p < .05; **, p < .01; and ***, p < .005. Abbreviations: DM, 
differentiation medium; EM, expansion medium.
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and SB202190 in order to inhibit expansion and induce differentiation, demonstrated by 
the loss of LGR5 mRNA (Figure 3A left), more dense morphology (Suppl. Figure 2) and loss 
of PCNA staining on immunohistochemistry (Figure 4). Incubation in DM also induced the 
differentiation of Goblet cells and production of glycoproteins as shown by AB-PAS staining 
of both duodenal and ileal organoids (Figure 4).   
We confirmed GATA4 as a specific marker for duodenum and found that the expression levels 
did not change in the absence of WNT3A (Figure 3A right). This was in concordance with the 
previously reported finding that GATA4 protein in proximal small intestine is expressed in all 
cells from crypt to tips of the villi [27].
We found that induction of CYBRD1 and SLC40A1 was equal or even higher in ileal organoids 
compared to duodenal organoids (Figure 3B) and that SI (coding for SI) expression was only 
induced in organoids derived from human ileum and not in duodenal organoids (Figure 
3C and 4). In contrast, LCT was induced in both duodenum and ileum, but expression was 
rather low. The ileal markers SLC10A2 and OSTB were highly restricted to differentiated 

duodenum
EM DM

PC
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A
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SL

C1
0A

2
ileum
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Figure 4. Immunohistochemical characterization of human organoids. Organoids were generated from human 
duodenal and ileal biopsies and maintained in EM for 7 weeks. Differentiation was induced by incubation in DM for 
5 days. Organoids were embedded in paraffin, sectioned, and stained for PCNA, AB-PAS, SI, and SLC10A2 (ASBT). 
Original magnification ×20, insets ×50. Abbreviations: AB-PAS, Alcian Blue periodic acid Schiff; DM, differentiation 
medium; EM, expansion medium; PCNA, proliferating cell nuclear antigen; SI, sucrase-isomaltase.



129

Ch
ap

te
r 

7

organoids derived from ileum (Figure 3D and 4). Notably, not all of the location-specific gene 
expression profiles in human intestinal organoids corresponded with the profiles in mice. 
Collectively, these data show that WNT signalling inhibits expression of genes involved in 
the function of differentiated cells (LCT, SLC10A2) but not those that are involved in spatial 
patterning (GATA4). Furthermore, by using the organoid technique we show that location-
specific stem cell fate is programmed within the stem cell niche, as the removal of WNT only 
induces expression of those genes that are not repressed by GATA4. 

DISCuSSION
It has been shown that WNT is expressed by Paneth cells in the crypt compartments of the 
small intestine to enable proliferation (and inhibit differentiation) in the crypt [28, 29]. WNT 
signalling activity tapers off toward the crypt-villus junction, thereby reducing proliferation 
and inducing the differentiation into enterocytes, goblet, tuft, or enteroendocrine cells. 
Conversely, spatial compartmentalisation of the small intestine along the cephalocaudal 
axis is regulated by expression gradients of transcription factors, such as GATA4 and CDX2 
[12, 13]. These transcription factors are expressed in epithelial cells and have been shown 
to regulate expression of genes that are involved in functional properties of differentiated 
enterocytes. 
As such, WNT expression is regulating differentiation along the crypt–villus axis, whereas 
GATA4 is regulating regional specification and the linked differentiation along the 
cephalocaudal axis.  To date, it was not known whether the expression of location-specific 
genes is programmed in a hard-wired fashion within the stem cells or if continuous signalling 
from mesenchymal cells is necessary to maintain the location-specific identity.
Using the organoid culturing technique, we now show that pure epithelial cell cultures that 
originated from location-specific stem cells are intrinsically programmed to differentiate into 
enterocytes with defined regional gene expression profiles. The organoid culture technique 
is based on the fact that Lgr5+ murine stem cells can be grown in laminin-rich Matrigel in 
the presence of the WNT-agonist and Lgr5-ligand R-spondin-1, the BMP-antagonist noggin, 
and EGF [2, 19]. In the presence of these extracellular signals, which are in vivo derived from 
Paneth cells and underlying mesenchyme, isolated crypts from the intestine can generate 
crypt-villus structures, which can be maintained in long-term culture [19]. Others have 
shown that mesenchymal cells are required for long-term culture of intestinal stem cells 
using myofibroblasts as well as stem cell niche signalling molecules to establish long-term 
cultures of intestine and colon [30].
Recently, it has been shown that in vivo, murine mesenchymal cells produce various WNT 
proteins [28], whereas Paneth cells produce EGF and WNT3A [31]. However, Paneth cells 
within organoids only produce WNT3A [28]. Endogenous Paneth cell-derived WNT3A is 
sufficient to maintain mouse small intestinal organoids in the presence of EGF, noggin and 
R-spondin-1 and allow generation of all differentiated epithelial cell types concomitant 
with stem cell self-renewal [28]. The addition of WNT3A to these mouse organoid cultures 
interferes with intestinal differentiation and yields organoids that largely consist of 
undifferentiated progenitors ([19] and Suppl. Figure 1).
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Previously, it has been shown that intestine-specific deletion of Gata4 results in expression 
of Slc10a2 in the proximal intestine. As such, GATA4 is normally restricting the expression 
of Slc10a2 to the distal small intestine by repressing its expression in the proximal part 
[12]. Furthermore, reduction of GATA4 activity in the small intestine results in an induction 
of bile acid absorption in the proximal small intestine that is sufficient to correct bile acid 
malabsorption associated with ileocecal resected mice [32]. In contrast, CDX2 has been 
shown to be a master regulator in the posterior endoderm by repressing the foregut 
differentiation program in the posterior gut [13, 33].
In the human organoid system, we demonstrate that GATA4 is expressed both under 
expansion and differentiation conditions, while the expression of differentiation genes, such 
as SLC10A2, is only induced in DM. We can explain this by the fact that EM contains WNT3-
conditioned medium, which is inhibiting differentiation.
Recently, these data were supported by the finding that genetic regulatory networks and 
compartment-specific stem cell differences direct regional diversity in the Drosophila 
midgut [34, 35]. Furthermore, the GATA4 transcription factor, a master regulator of midgut 
development, was shown to control compartment-specific gene expression along the length 
of the adult intestine, whereas gradients of WNT activity were shown to refine the location 
of boundaries [34].
As our key observation, we found differences in location-specific gene expression patterns, 
even though all cells were exposed to the same extracellular factors.  This suggests that the 
cephalocaudal programming in the small intestine is not dependent on mesenchymal or niche 
factors, but rather on the location-specific expression of patterning genes such as Gata4.

Conclusion

Here, we show that adult stem cells of the small intestine are regionally specified in a 
cell-autonomous fashion and retain their location-specific gene expression profiles even 
after long-term culture. Furthermore, our data are also of importance with respect to the 
differentiation of intestinal tissue from induced pluripotent stem cells [36, 37]. To date, 
there is a generally accepted tendency to define small intestinal tissue as CDX2+, but we 
here show that especially the expression of GATA4 will determine the functional fate of 
the established cultures. Moreover, in light of the potential future clinical application of 
organoids, either derived from iPS cells or intestinal adult stem cells [38, 39], our data imply 
that it is important to generate GATA4-positive and GATA4-negative cultures to regenerate 
all essential functions of the small intestine.

acknowledgements

We thank Stieneke van den Brink, Hans Teunissen and Joyce Blokker for practical guidance 
and providing noggin- and WNT3A-conditioned media; Akifumi Ootani for providing the 
R-spondin-1-producing cell line; the gastroenterologists of the Wilhelmina Children’s 
Hospital and the department of gastroenterology of the University Medical Center Utrecht 
for obtaining biopsies; Sylvia Brugman and Sabrina Roth for critically reading the manuscript. 
This work was supported by ZonMW (VIDI 91786322) to E.E.S.N., ZonMW (TAS 40–41400-
98–1108) to H.C. and E.E.S.N., and WKZ foundation (2011) to S.M.



131

Ch
ap

te
r 

7

REFERENCES
1. Clevers, H., The intestinal crypt, a prototype stem cell compartment. Cell, 2013. 154(2): p. 274-84.

2. Sato, T. and H. Clevers, Growing self-organizing mini-guts from a single intestinal stem cell: mechanism and 
applications. Science, 2013. 340(6137): p. 1190-4.

3. van der Flier, L.G. and H. Clevers, Stem cells, self-renewal, and differentiation in the intestinal epithelium. Annu 
Rev Physiol, 2009. 71: p. 241-60.

4. Anderle, P., et al., Changes in the transcriptional profile of transporters in the intestine along the anterior-
posterior and crypt-villus axes. BMC Genomics, 2005. 6: p. 69.

5. Bates, M.D., et al., Novel genes and functional relationships in the adult mouse gastrointestinal tract identified 
by microarray analysis. Gastroenterology, 2002. 122(5): p. 1467-82.

6. Comelli, E.M., et al., Biomarkers of human gastrointestinal tract regions. Mamm Genome, 2009. 20(8): p. 516-
27.

7. Shaw-Smith, C.J. and J.R. Walters, Regional expression of intestinal genes for nutrient absorption. Gut, 1997. 
40(1): p. 5-8.

8. Thomson, A.B., et al., Small bowel review: Normal physiology, part 1. Dig Dis Sci, 2003. 48(8): p. 1546-64.

9. McKie, A.T., et al., An iron-regulated ferric reductase associated with the absorption of dietary iron. Science, 
2001. 291(5509): p. 1755-9.

10. Krasinski, S.D., et al., Rat lactase-phlorizin hydrolase/human growth hormone transgene is expressed on small 
intestinal villi in transgenic mice. Gastroenterology, 1997. 113(3): p. 844-55.

11. Shneider, B.L., Intestinal bile acid transport: biology, physiology, and pathophysiology. J Pediatr Gastroenterol 
Nutr, 2001. 32(4): p. 407-17.

12. Bosse, T., et al., Gata4 is essential for the maintenance of jejunal-ileal identities in the adult mouse small 
intestine. Mol Cell Biol, 2006. 26(23): p. 9060-70.

13. Silberg, D.G., et al., Cdx1 and cdx2 expression during intestinal development. Gastroenterology, 2000. 119(4): 
p. 961-71.

14. Boyd, M., et al., Genome-wide analysis of CDX2 binding in intestinal epithelial cells (Caco-2). J Biol Chem. 
285(33): p. 25115-25.

15. Duluc, I., et al., Fetal endoderm primarily holds the temporal and positional information required for 
mammalian intestinal development. J Cell Biol, 1994. 126(1): p. 211-21.

16. Ratineau, C., et al., Endoderm- and mesenchyme-dependent commitment of the differentiated epithelial cell 
types in the developing intestine of rat. Differentiation, 2003. 71(2): p. 163-9.

17. Rubin, D.C., et al., Use of fetal intestinal isografts from normal and transgenic mice to study the programming 
of positional information along the duodenal-to-colonic axis. J Biol Chem, 1992. 267(21): p. 15122-33.

18. Savidge, T.C., et al., Human intestinal development in a severe-combined immunodeficient xenograft model. 
Differentiation, 1995. 58(5): p. 361-71.

19. Sato, T., et al., Single Lgr5 stem cells build crypt-villus structures in vitro without a mesenchymal niche. Nature, 
2009. 459(7244): p. 262-5.

20. Sato, T., et al., Long-term expansion of epithelial organoids from human colon, adenoma, adenocarcinoma, 
and Barrett’s epithelium. Gastroenterology, 2011. 141(5): p. 1762-72.

21. Dekkers, J.F., et al., A functional CFTR assay using primary cystic fibrosis intestinal organoids. Nat Med, 2013. 
19(7): p. 939-45.

22. Chen, J., et al., ToppGene Suite for gene list enrichment analysis and candidate gene prioritization. Nucleic 
Acids Res, 2009. 37(Web Server issue): p. W305-11.

23. Beuling, E., et al., GATA4 mediates gene repression in the mature mouse small intestine through interactions 
with friend of GATA (FOG) cofactors. Dev Biol, 2008. 322(1): p. 179-89.

24. Galy, B., et al., Iron regulatory proteins are essential for intestinal function and control key iron absorption 
molecules in the duodenum. Cell Metab, 2008. 7(1): p. 79-85.

25. Bosse, T., et al., Gata4 and Hnf1alpha are partially required for the expression of specific intestinal genes 
during development. Am J Physiol Gastrointest Liver Physiol, 2007. 292(5): p. G1302-14.

26. Dawson, P.A., T. Lan, and A. Rao, Bile acid transporters. J Lipid Res, 2009. 50(12): p. 2340-57.



132

27. Haveri, H., et al., Transcription factors GATA-4 and GATA-6 in normal and neoplastic human gastrointestinal 
mucosa. BMC Gastroenterol, 2008. 8: p. 9.

28. Farin, H.F., J.H. Van Es, and H. Clevers, Redundant sources of Wnt regulate intestinal stem cells and promote 
formation of Paneth cells. Gastroenterology, 2012. 143(6): p. 1518-1529 e7.

29. Korinek, V., et al., Depletion of epithelial stem-cell compartments in the small intestine of mice lacking Tcf-4. 
Nat Genet, 1998. 19(4): p. 379-83.

30. Ootani, A., et al., Sustained in vitro intestinal epithelial culture within a Wnt-dependent stem cell niche. Nat 
Med, 2009. 15(6): p. 701-6.

31. Sato, T., et al., Paneth cells constitute the niche for Lgr5 stem cells in intestinal crypts. Nature, 2011. 469(7330): 
p. 415-8.

32. Beuling, E., et al., Conditional Gata4 deletion in mice induces bile acid absorption in the proximal small 
intestine. Gut, 2010. 59(7): p. 888-95.

33. Gao, N., P. White, and K.H. Kaestner, Establishment of intestinal identity and epithelial-mesenchymal signaling 
by Cdx2. Dev Cell, 2009. 16(4): p. 588-99.

34. Buchon, N., et al., Morphological and molecular characterization of adult midgut compartmentalization in 
Drosophila. Cell Rep, 2013. 3(5): p. 1725-38.

35. Marianes, A. and A.C. Spradling, Physiological and stem cell compartmentalization within the Drosophila 
midgut. Elife, 2013. 2: p. e00886.

36. Finkbeiner, S.R. and J.R. Spence, A Gutsy Task: Generating Intestinal Tissue from Human Pluripotent Stem 
Cells. Dig Dis Sci, Epub ahead of print, 2013.

37. Spence, J.R., et al., Directed differentiation of human pluripotent stem cells into intestinal tissue in vitro. 
Nature, 2010. 470(7332): p. 105-9.

38. Howell, J.C. and J.M. Wells, Generating intestinal tissue from stem cells: potential for research and therapy. 
Regen Med, 2011. 6(6): p. 743-55.

39. Hynds, R.E. and A. Giangreco, Concise review: the relevance of human stem cell-derived organoid models for 
epithelial translational medicine. Stem Cells, 2013. 31(3): p. 417-22.



133

Ch
ap

te
r 

7

SupplEmENTaRy FIGuRES

A
fo

ld
in

du
ct

io
n

Sis  

duodeneum jejunum ileum
- + - + - +

Slc10a2 

duodeneum jejunum ileum
- + - + - +

Gata4 

duodeneum jejunum ileum

0.0

0.5

1.0

1.5

0.0

0.5

1.0

1.5

N.D.

- + - + - +WNT

*** *** ***

N.D. N.D.

***

B duodenum jejunum ileum 

- W
N

T
+ 

W
N

T

Supplementary Figure 1. addition of WNT3a to murine organoid cultures induces proliferation and inhibits 
differentiation. Murine organoids derived from duodenum, jejunum and ileum were grown for 2 weeks and then 
incubated with or without WNT3A for 7 days. (A) qRT-PCR for Gata4, Sis (sucrase isomaltase) and Slc10a2 (ASBT). 
Data from two independent experiments were normalized to Gapdh housekeeping mRNA levels and are 
represented as fold induction relative to cultures without WNT ± SEM; ***p < 0.005. (B) Differential interference 
contrast (DIC) pictures of the organoid cultures in presence or absence of WNT for 7 days after splitting. Original 
magnification 10x.
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Supplementary Figure 2. Differential interference contrast (DIC) pictures from human duodenum organoid 
cultures. Organoids were generated from human duodenal biopsies and maintained in expansion medium (EM) for 
7 weeks. Differentiation was induced by incubation in differentiation medium (DM) for 5 days.
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Table S1. Real time RT-pCR primer sequences.

	  

	   	   	   	  
mouse	  gene	   sequence	   human	  gene	   sequence	  
mGapdh-‐F	   GCCTTCCGTGTTCCTACCC	   hActin-‐F	   CATGTACGTTGCTATCCAGGC	  
mGapdh-‐R	   TGCCTGCTTCACCACCTTC	   hActin-‐R	   CTCCTTAATGTCACGCACGAT	  
mGata4-‐F	   TTTGAGCGAGTTGGG	   hGata4-‐F	   GCCTGGCCTGTCATCTCAC	  
mGata4-‐R	   GAATGCGGGTGTGC	  	   hGata4-‐R	   TTTGAGGAGGGAAGAGGGAA	  
mCybrd1-‐F	   AGGCTTTTTCGTCTTTCTGCT	   hCybrd1-‐F	   GGCCGTGTTTGAGAACCAC	  
mCybrd1-‐R	   GGTGGGAATGAATGGTACGAG	   hCybrd1-‐R	   CTGGCGGGAATGTACTGTATG	  
mSlc40a1-‐F	   CCGGTTGGAATTTGGTGTC	   hSlc40a1-‐F	   TTGGCCGACTACCTGACCT	  
mSlc40a1-‐R	   TTCACGGATGTTGGAGTCTTT	   hSlc40a1-‐R	   ACCACCAGCCCGTAGACTG	  
mSis-‐F	   CAGACCCGTAATCGTTTCC	   hSi-‐F	   GGACACTGGCTTGGAGACAAC	  
mSis-‐R	   AGACCTTGACATCATACAGTG	   hSi-‐R	   TCCAGCGGGTACAGAGATGAT	  
mLct-‐F	   CAGCGATGCCCACAGGAAAG	   hLct-‐F	   CACGGTCGATTTCCTCTCTCT	  
mLct-‐R	   ACGGAGCCCTTGACGAGAG	   hLct-‐R	   AACCCAATGGTGAGCACTTG	  
mSlc10a2-‐F	   TTGCCTCTTCGTCTACACC	   hSlc10a2-‐F	   TGGCCCCAAAAAGCAAA	  
mSlc10a2-‐R	   CCAAAGGAAACAGGAATAACAAG	   hSlc10a2-‐R	   AACCGTTCGGCACCTGTAC	  
mOstb-‐F	   CAGCCACAAGACAAAGAAA	   hOstb-‐F	   GGGGCTAAGGGGTCTAAGG	  
mOstb-‐R	   CTGGCAGAAAGACAAGTGA	   hOstb-‐R	   CAGGGCAAGGATGGAATGA	  
	   	  	   hLgr5-‐F	   GAATCCCCTGCCCAGTCTC	  
	   	  	   hLgr5-‐R	   ATTGAAGGCTTCGCAAATTCT	  
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Table S2. Gene ontology of Biological processes for location-specific crypt genes.
	   	   	  
GO	  number	   Biological	  Process	   P-‐value	  
GO:0007586	   digestion	   4.033E-‐12	  
GO:0031667	   response	  to	  nutrient	  levels	   2.168E-‐8	  
GO:0009991	   response	  to	  extracellular	  stimulus	   3.147E-‐8	  
GO:0006805	   xenobiotic	  metabolic	  process	   1.095E-‐7	  
GO:0071466	   cellular	  response	  to	  xenobiotic	  stimulus	   1.223E-‐7	  
GO:0019752	   carboxylic	  acid	  metabolic	  process	   2.904E-‐7	  
GO:0009725	   response	  to	  hormone	  stimulus	   6.091E-‐7	  
GO:0009410	   response	  to	  xenobiotic	  stimulus	   7.829E-‐7	  
GO:0043436	   oxoacid	  metabolic	  process	   1.089E-‐6	  
GO:0044255	   cellular	  lipid	  metabolic	  process	   1.825E-‐6	  
GO:0006082	   organic	  acid	  metabolic	  process	   1.917E-‐6	  
GO:0048545	   response	  to	  steroid	  hormone	  stimulus	   2.341E-‐6	  
GO:0014070	   response	  to	  organic	  cyclic	  compound	   3.764E-‐6	  
GO:1901615	   organic	  hydroxy	  compound	  metabolic	  process	   8.205E-‐6	  
GO:0033993	   response	  to	  lipid	   1.904E-‐5	  
GO:0006820	   anion	  transport	   2.089E-‐5	  
GO:0008202	   steroid	  metabolic	  process	   2.451E-‐5	  
GO:0006066	   alcohol	  metabolic	  process	   4.505E-‐5	  
GO:0032787	   monocarboxylic	  acid	  metabolic	  process	   5.023E-‐5	  
GO:0034284	   response	  to	  monosaccharide	  stimulus	   1.496E-‐4	  
GO:0042594	   response	  to	  starvation	   1.910E-‐4	  
GO:0034754	   cellular	  hormone	  metabolic	  process	   2.021E-‐4	  
GO:0009746	   response	  to	  hexose	  stimulus	   3.412E-‐4	  
GO:0051384	   response	  to	  glucocorticoid	  stimulus	   4.826E-‐4	  
GO:0050892	   intestinal	  absorption	   5.350E-‐4	  
GO:0046942	   carboxylic	  acid	  transport	   6.122E-‐4	  
GO:0015849	   organic	  acid	  transport	   6.122E-‐4	  
GO:0015711	   organic	  anion	  transport	   7.065E-‐4	  
GO:1901700	   response	  to	  oxygen-‐containing	  compound	   8.111E-‐4	  
GO:0006639	   acylglycerol	  metabolic	  process	   1.018E-‐3	  
GO:0031960	   response	  to	  corticosteroid	  stimulus	   1.064E-‐3	  
GO:0006638	   neutral	  lipid	  metabolic	  process	   1.116E-‐3	  
GO:0001101	   response	  to	  acid	   1.116E-‐3	  
GO:0071385	   cellular	  response	  to	  glucocorticoid	  stimulus	   1.254E-‐3	  
GO:0001523	   retinoid	  metabolic	  process	   1.254E-‐3	  
GO:0071384	   cellular	  response	  to	  corticosteroid	  stimulus	   1.472E-‐3	  
GO:0016042	   lipid	  catabolic	  process	   1.577E-‐3	  
GO:0010817	   regulation	  of	  hormone	  levels	   1.757E-‐3	  
GO:0006641	   triglyceride	  metabolic	  process	   2.920E-‐3	  
GO:0010243	   response	  to	  organonitrogen	  compound	   3.036E-‐3	  
GO:0001889	   liver	  development	   3.239E-‐3	  
GO:0006811	   ion	  transport	   3.463E-‐3	  
GO:0009743	   response	  to	  carbohydrate	  stimulus	   3.993E-‐3	  
GO:0061008	   hepaticobiliary	  system	  development	   4.026E-‐3	  
GO:0055114	   oxidation-‐reduction	  process	   4.027E-‐3	  
GO:0008610	   lipid	  biosynthetic	  process	   4.480E-‐3	  
GO:0022600	   digestive	  system	  process	   4.662E-‐3	  
GO:0016101	   diterpenoid	  metabolic	  process	   6.208E-‐3	  
GO:0042445	   hormone	  metabolic	  process	   7.614E-‐3	  
GO:0019585	   glucuronate	  metabolic	  process	   9.346E-‐3	  
GO:1901698	   response	  to	  nitrogen	  compound	   1.216E-‐2	  
GO:0043603	   cellular	  amide	  metabolic	  process	   1.225E-‐2	  
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GO:0006063	   uronic	  acid	  metabolic	  process	   1.383E-‐2	  
GO:0046466	   membrane	  lipid	  catabolic	  process	   1.517E-‐2	  
GO:0071383	   cellular	  response	  to	  steroid	  hormone	  stimulus	   1.545E-‐2	  
GO:0015718	   monocarboxylic	  acid	  transport	   1.545E-‐2	  
GO:0009611	   response	  to	  wounding	   1.676E-‐2	  
GO:0019400	   alditol	  metabolic	  process	   1.923E-‐2	  
GO:0017144	   drug	  metabolic	  process	   1.987E-‐2	  
GO:0006631	   fatty	  acid	  metabolic	  process	   2.920E-‐2	  
GO:0006720	   isoprenoid	  metabolic	  process	   3.915E-‐2	  
GO:0044106	   cellular	  amine	  metabolic	  process	   4.091E-‐2	  
GO:0044242	   cellular	  lipid	  catabolic	  process	   4.531E-‐2	  
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Table S3. Gene ontology of Biological processes for location-specific villus genes.	  
	   	   	  
GO	  number	   Biological	  Process	   P-‐value	  
GO:0006082	   organic	  acid	  metabolic	  process	   7.933E-‐31	  
GO:0043436	   oxoacid	  metabolic	  process	   1.636E-‐30	  
GO:0019752	   carboxylic	  acid	  metabolic	  process	   1.522E-‐29	  
GO:0044255	   cellular	  lipid	  metabolic	  process	   1.067E-‐25	  
GO:0008610	   lipid	  biosynthetic	  process	   3.061E-‐21	  
GO:0006066	   alcohol	  metabolic	  process	   9.006E-‐21	  

GO:0006614	  
SRP-‐dependent	  cotranslational	  protein	  targeting	  to	  
membrane	   2.893E-‐19	  

GO:0006613	   cotranslational	  protein	  targeting	  to	  membrane	   7.065E-‐19	  
GO:0045047	   protein	  targeting	  to	  ER	   1.722E-‐18	  
GO:0072599	   establishment	  of	  protein	  localization	  to	  ER	   1.722E-‐18	  
GO:1901615	   organic	  hydroxy	  compound	  metabolic	  process	   3.207E-‐18	  
GO:0044711	   single-‐organism	  biosynthetic	  process	   8.195E-‐18	  
GO:0010035	   response	  to	  inorganic	  substance	   3.427E-‐17	  
GO:0044283	   small	  molecule	  biosynthetic	  process	   3.583E-‐16	  
GO:0070972	   protein	  localization	  to	  endoplasmic	  reticulum	   7.414E-‐16	  
GO:0055114	   oxidation-‐reduction	  process	   7.673E-‐16	  
GO:0008202	   steroid	  metabolic	  process	   2.551E-‐15	  
GO:0010038	   response	  to	  metal	  ion	   5.120E-‐15	  
GO:0032787	   monocarboxylic	  acid	  metabolic	  process	   5.296E-‐15	  
GO:0006612	   protein	  targeting	  to	  membrane	   2.663E-‐14	  
GO:0016125	   sterol	  metabolic	  process	   2.883E-‐13	  
GO:0002181	   cytoplasmic	  translation	   4.999E-‐13	  
GO:0006415	   translational	  termination	   6.045E-‐13	  
GO:0006413	   translational	  initiation	   9.381E-‐13	  
GO:0006639	   acylglycerol	  metabolic	  process	   1.221E-‐12	  
GO:0006638	   neutral	  lipid	  metabolic	  process	   1.677E-‐12	  
GO:0006641	   triglyceride	  metabolic	  process	   1.785E-‐12	  
GO:0006414	   translational	  elongation	   2.612E-‐12	  
GO:0016126	   sterol	  biosynthetic	  process	   1.131E-‐11	  
GO:0006520	   cellular	  amino	  acid	  metabolic	  process	   2.006E-‐11	  
GO:0044703	   multi-‐organism	  reproductive	  process	   4.520E-‐11	  
GO:0008203	   cholesterol	  metabolic	  process	   5.344E-‐11	  
GO:0006695	   cholesterol	  biosynthetic	  process	   6.539E-‐11	  
GO:0006644	   phospholipid	  metabolic	  process	   8.345E-‐11	  
GO:0042493	   response	  to	  drug	   9.466E-‐11	  
GO:0000184	   nuclear-‐transcribed	  mRNA	  catabolic	  process,	  NMD	   1.340E-‐10	  
GO:0046486	   glycerolipid	  metabolic	  process	   1.413E-‐10	  
GO:0009725	   response	  to	  hormone	  stimulus	   3.130E-‐10	  
GO:0022415	   viral	  reproductive	  process	   8.757E-‐10	  
GO:0006575	   cellular	  modified	  amino	  acid	  metabolic	  process	   1.023E-‐9	  
GO:0016129	   phytosteroid	  biosynthetic	  process	   1.603E-‐9	  
GO:0006631	   fatty	  acid	  metabolic	  process	   2.099E-‐9	  
GO:0006694	   steroid	  biosynthetic	  process	   5.969E-‐9	  
GO:0016128	   phytosteroid	  metabolic	  process	   5.979E-‐9	  
GO:0009991	   response	  to	  extracellular	  stimulus	   9.218E-‐9	  
GO:0019080	   viral	  genome	  expression	   9.640E-‐9	  
GO:0019083	   viral	  transcription	   9.640E-‐9	  
GO:1901700	   response	  to	  oxygen-‐containing	  compound	   1.649E-‐8	  
GO:0046394	   carboxylic	  acid	  biosynthetic	  process	   2.977E-‐8	  
GO:0016053	   organic	  acid	  biosynthetic	  process	   2.977E-‐8	  
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GO:0019058	   viral	  infectious	  cycle	   3.577E-‐8	  
GO:0051186	   cofactor	  metabolic	  process	   3.717E-‐8	  
GO:0044108	   cellular	  alcohol	  biosynthetic	  process	   3.816E-‐8	  
GO:0008204	   ergosterol	  metabolic	  process	   3.816E-‐8	  
GO:0006696	   ergosterol	  biosynthetic	  process	   3.816E-‐8	  
GO:1901566	   organonitrogen	  compound	  biosynthetic	  process	   4.105E-‐8	  
GO:0031667	   response	  to	  nutrient	  levels	   4.681E-‐8	  
GO:0043603	   cellular	  amide	  metabolic	  process	   4.878E-‐8	  
GO:1901617	   organic	  hydroxy	  compound	  biosynthetic	  process	   8.363E-‐8	  
GO:0046165	   alcohol	  biosynthetic	  process	   8.942E-‐8	  
GO:0044107	   cellular	  alcohol	  metabolic	  process	   2.194E-‐7	  
GO:0006820	   anion	  transport	   2.362E-‐7	  
GO:0006732	   coenzyme	  metabolic	  process	   2.626E-‐7	  
GO:0006790	   sulfur	  compound	  metabolic	  process	   3.199E-‐7	  
GO:0006412	   translation	   3.247E-‐7	  
GO:0010243	   response	  to	  organonitrogen	  compound	   1.272E-‐6	  
GO:0006805	   xenobiotic	  metabolic	  process	   2.022E-‐6	  
GO:0071466	   cellular	  response	  to	  xenobiotic	  stimulus	   2.453E-‐6	  
GO:0007568	   aging	   2.473E-‐6	  
GO:0033993	   response	  to	  lipid	   3.941E-‐6	  
GO:0015711	   organic	  anion	  transport	   4.654E-‐6	  
GO:0009410	   response	  to	  xenobiotic	  stimulus	   4.872E-‐6	  
GO:0006518	   peptide	  metabolic	  process	   5.058E-‐6	  
GO:0006979	   response	  to	  oxidative	  stress	   5.674E-‐6	  
GO:0000022	   mitotic	  spindle	  elongation	   5.959E-‐6	  
GO:0000956	   nuclear-‐transcribed	  mRNA	  catabolic	  process	   6.188E-‐6	  
GO:0009607	   response	  to	  biotic	  stimulus	   6.706E-‐6	  
GO:0046460	   neutral	  lipid	  biosynthetic	  process	   7.116E-‐6	  
GO:0046463	   acylglycerol	  biosynthetic	  process	   7.116E-‐6	  
GO:1901698	   response	  to	  nitrogen	  compound	   7.159E-‐6	  
GO:0006576	   cellular	  biogenic	  amine	  metabolic	  process	   7.722E-‐6	  
GO:0051707	   response	  to	  other	  organism	   8.711E-‐6	  
GO:0051231	   spindle	  elongation	   1.130E-‐5	  
GO:0090407	   organophosphate	  biosynthetic	  process	   1.146E-‐5	  
GO:0009636	   response	  to	  toxic	  substance	   1.473E-‐5	  
GO:0045017	   glycerolipid	  biosynthetic	  process	   1.516E-‐5	  
GO:0006402	   mRNA	  catabolic	  process	   2.615E-‐5	  
GO:0006637	   acyl-‐CoA	  metabolic	  process	   2.896E-‐5	  
GO:0035383	   thioester	  metabolic	  process	   2.896E-‐5	  
GO:0043624	   cellular	  protein	  complex	  disassembly	   2.999E-‐5	  
GO:0042445	   hormone	  metabolic	  process	   3.849E-‐5	  
GO:0019432	   triglyceride	  biosynthetic	  process	   3.866E-‐5	  
GO:0046686	   response	  to	  cadmium	  ion	   4.343E-‐5	  
GO:0006665	   sphingolipid	  metabolic	  process	   5.245E-‐5	  
GO:0014070	   response	  to	  organic	  cyclic	  compound	   5.487E-‐5	  
GO:0006955	   immune	  response	   5.964E-‐5	  
GO:0015849	   organic	  acid	  transport	   6.265E-‐5	  
GO:0072330	   monocarboxylic	  acid	  biosynthetic	  process	   6.265E-‐5	  
GO:0046942	   carboxylic	  acid	  transport	   6.265E-‐5	  
GO:0006720	   isoprenoid	  metabolic	  process	   7.524E-‐5	  
GO:0006749	   glutathione	  metabolic	  process	   7.555E-‐5	  
GO:0006633	   fatty	  acid	  biosynthetic	  process	   9.789E-‐5	  
GO:0009743	   response	  to	  carbohydrate	  stimulus	   1.033E-‐4	  
GO:0006643	   membrane	  lipid	  metabolic	  process	   1.101E-‐4	  
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GO:0009651	   response	  to	  salt	  stress	   1.153E-‐4	  
GO:0043241	   protein	  complex	  disassembly	   1.301E-‐4	  
GO:0006952	   defense	  response	   1.319E-‐4	  
GO:0006721	   terpenoid	  metabolic	  process	   1.346E-‐4	  
GO:0072594	   establishment	  of	  protein	  localization	  to	  organelle	   1.383E-‐4	  
GO:0046890	   regulation	  of	  lipid	  biosynthetic	  process	   1.419E-‐4	  

GO:0042439	  
ethanolamine-‐containing	  compound	  metabolic	  
process	   1.443E-‐4	  

GO:0016032	   viral	  process	   1.645E-‐4	  
GO:1901652	   response	  to	  peptide	   1.666E-‐4	  
GO:0043434	   response	  to	  peptide	  hormone	  stimulus	   1.701E-‐4	  
GO:0048545	   response	  to	  steroid	  hormone	  stimulus	   2.148E-‐4	  
GO:0044282	   small	  molecule	  catabolic	  process	   2.343E-‐4	  
GO:0044712	   single-‐organism	  catabolic	  process	   2.343E-‐4	  
GO:0034284	   response	  to	  monosaccharide	  stimulus	   2.595E-‐4	  
GO:0032984	   macromolecular	  complex	  disassembly	   2.861E-‐4	  
GO:0044764	   multi-‐organism	  cellular	  process	   2.972E-‐4	  
GO:0019216	   regulation	  of	  lipid	  metabolic	  process	   3.313E-‐4	  
GO:0006401	   RNA	  catabolic	  process	   3.561E-‐4	  
GO:0010817	   regulation	  of	  hormone	  levels	   3.638E-‐4	  
GO:0042542	   response	  to	  hydrogen	  peroxide	   3.721E-‐4	  
GO:0009308	   amine	  metabolic	  process	   3.779E-‐4	  
GO:0009746	   response	  to	  hexose	  stimulus	   3.870E-‐4	  
GO:0042594	   response	  to	  starvation	   4.713E-‐4	  
GO:0044106	   cellular	  amine	  metabolic	  process	   4.961E-‐4	  
GO:0031347	   regulation	  of	  defense	  response	   5.839E-‐4	  
GO:0001510	   RNA	  methylation	   6.277E-‐4	  
GO:0055088	   lipid	  homeostasis	   6.665E-‐4	  
GO:1901361	   organic	  cyclic	  compound	  catabolic	  process	   7.264E-‐4	  
GO:0019439	   aromatic	  compound	  catabolic	  process	   7.519E-‐4	  
GO:0022411	   cellular	  component	  disassembly	   8.249E-‐4	  
GO:0008299	   isoprenoid	  biosynthetic	  process	   1.036E-‐3	  
GO:0006811	   ion	  transport	   1.089E-‐3	  
GO:0016104	   triterpenoid	  biosynthetic	  process	   1.229E-‐3	  
GO:0019745	   pentacyclic	  triterpenoid	  biosynthetic	  process	   1.229E-‐3	  
GO:0044270	   cellular	  nitrogen	  compound	  catabolic	  process	   1.318E-‐3	  
GO:0046700	   heterocycle	  catabolic	  process	   1.609E-‐3	  
GO:0071705	   nitrogen	  compound	  transport	   1.619E-‐3	  
GO:0001676	   long-‐chain	  fatty	  acid	  metabolic	  process	   1.881E-‐3	  
GO:0048878	   chemical	  homeostasis	   2.205E-‐3	  
GO:0016114	   terpenoid	  biosynthetic	  process	   2.464E-‐3	  
GO:0031668	   cellular	  response	  to	  extracellular	  stimulus	   2.559E-‐3	  
GO:0016132	   brassinosteroid	  biosynthetic	  process	   2.611E-‐3	  
GO:0042545	   cell	  wall	  modification	   2.694E-‐3	  
GO:0071496	   cellular	  response	  to	  external	  stimulus	   2.774E-‐3	  
GO:0009664	   plant-‐type	  cell	  wall	  organization	   3.113E-‐3	  
GO:0006970	   response	  to	  osmotic	  stress	   3.921E-‐3	  
GO:1901565	   organonitrogen	  compound	  catabolic	  process	   4.348E-‐3	  
GO:0044242	   cellular	  lipid	  catabolic	  process	   4.743E-‐3	  
GO:1901654	   response	  to	  ketone	   4.764E-‐3	  
GO:0010876	   lipid	  localization	   5.257E-‐3	  
GO:0016042	   lipid	  catabolic	  process	   6.413E-‐3	  
GO:0007052	   mitotic	  spindle	  organization	   6.846E-‐3	  
GO:0097305	   response	  to	  alcohol	   7.776E-‐3	  
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GO:0019742	   pentacyclic	  triterpenoid	  metabolic	  process	   8.330E-‐3	  
GO:0006722	   triterpenoid	  metabolic	  process	   8.330E-‐3	  
GO:0016131	   brassinosteroid	  metabolic	  process	   8.639E-‐3	  
GO:0080134	   regulation	  of	  response	  to	  stress	   8.858E-‐3	  
GO:0031669	   cellular	  response	  to	  nutrient	  levels	   9.131E-‐3	  
GO:0006084	   acetyl-‐CoA	  metabolic	  process	   9.326E-‐3	  
GO:0019748	   secondary	  metabolic	  process	   9.356E-‐3	  
GO:0042632	   cholesterol	  homeostasis	   9.363E-‐3	  
GO:0042953	   lipoprotein	  transport	   9.698E-‐3	  
GO:0000302	   response	  to	  reactive	  oxygen	  species	   9.902E-‐3	  
GO:0010259	   multicellular	  organismal	  aging	   1.009E-‐2	  
GO:0055092	   sterol	  homeostasis	   1.195E-‐2	  
GO:0010039	   response	  to	  iron	  ion	   1.243E-‐2	  
GO:0008340	   determination	  of	  adult	  lifespan	   1.266E-‐2	  
GO:0034655	   nucleobase-‐containing	  compound	  catabolic	  process	   1.304E-‐2	  
GO:0006672	   ceramide	  metabolic	  process	   1.341E-‐2	  
GO:0015718	   monocarboxylic	  acid	  transport	   1.390E-‐2	  
GO:0090181	   regulation	  of	  cholesterol	  metabolic	  process	   1.474E-‐2	  
GO:0045834	   positive	  regulation	  of	  lipid	  metabolic	  process	   1.553E-‐2	  
GO:0009617	   response	  to	  bacterium	   1.586E-‐2	  
GO:0008654	   phospholipid	  biosynthetic	  process	   1.599E-‐2	  
GO:0046464	   acylglycerol	  catabolic	  process	   1.692E-‐2	  
GO:0046461	   neutral	  lipid	  catabolic	  process	   1.692E-‐2	  
GO:0034599	   cellular	  response	  to	  oxidative	  stress	   1.694E-‐2	  
GO:0033194	   response	  to	  hydroperoxide	   1.812E-‐2	  
GO:0045540	   regulation	  of	  cholesterol	  biosynthetic	  process	   1.812E-‐2	  
GO:0006982	   response	  to	  lipid	  hydroperoxide	   2.038E-‐2	  
GO:0046503	   glycerolipid	  catabolic	  process	   2.097E-‐2	  
GO:0002682	   regulation	  of	  immune	  system	  process	   2.123E-‐2	  

GO:0044403	  
symbiosis,	  encompassing	  mutualism	  through	  
parasitism	   2.196E-‐2	  

GO:0001889	   liver	  development	   2.225E-‐2	  
GO:0006650	   glycerophospholipid	  metabolic	  process	   2.368E-‐2	  
GO:0044419	   interspecies	  interaction	  between	  organisms	   2.517E-‐2	  
GO:0009611	   response	  to	  wounding	   2.547E-‐2	  
GO:0046470	   phosphatidylcholine	  metabolic	  process	   2.579E-‐2	  
GO:0071248	   cellular	  response	  to	  metal	  ion	   2.922E-‐2	  
GO:0010044	   response	  to	  aluminum	  ion	   3.002E-‐2	  
GO:0009451	   RNA	  modification	   3.049E-‐2	  
GO:0032868	   response	  to	  insulin	  stimulus	   3.091E-‐2	  
GO:0009698	   phenylpropanoid	  metabolic	  process	   3.149E-‐2	  
GO:0070301	   cellular	  response	  to	  hydrogen	  peroxide	   3.178E-‐2	  
GO:0030148	   sphingolipid	  biosynthetic	  process	   3.236E-‐2	  
GO:0061008	   hepaticobiliary	  system	  development	   3.287E-‐2	  
GO:0007584	   response	  to	  nutrient	   4.131E-‐2	  
GO:0050727	   regulation	  of	  inflammatory	  response	   4.154E-‐2	  
GO:0009267	   cellular	  response	  to	  starvation	   4.521E-‐2	  
GO:0044262	   cellular	  carbohydrate	  metabolic	  process	   4.676E-‐2	  
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aBSTRaCT
Peyer’s patches consist of domains of specialized intestinal epithelium overlying gut-
associated lymphoid tissue (GALT). Luminal antigens reach the GALT by translocation through 
epithelial gatekeeper cells, the so-called M cells. We recently demonstrated that all epithelial 
cells required for the digestive functions of the intestine are generated from Lgr5-expressing 
stem cells. Here, we show that M cells also derive from these crypt-based Lgr5 stem cells. 
The Ets family transcription factor SpiB, known to control effector functions of bone marrow-
derived immune cells, is specifically expressed in M cells. In SpiB-/- mice, M cells are entirely 
absent, which occurs in a cell-autonomous fashion. It has been shown that Tnfsf11 (RankL) can 
induce M cell development in vivo. We show that in intestinal organoid (“minigut”) cultures, 
stimulation with RankL induces SpiB expression within 24 h and expression of other M cell 
markers subsequently. We conclude that RankL-induced expression of SpiB is essential for Lgr5 
stem cell-derived epithelial precursors to develop into M cells.
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INTRODUCTION
The self-renewing epithelium of the small intestine is organized into crypts and villi [1]. In 
the mouse, the epithelium is renewed every 5 days. Stem cells are located near crypt bottoms 
[2]. Two stem cell types have been described: cycling crypt base columnar cells, first 
described by Leblond and marked by Lgr5 [3], and quiescent stem cells, located at position 
+4 marked among others by Bmi1 [4], Hopx [5], and Lrig1 [6]. These stem cells generate 
highly proliferative, transit-amplifying daughter cells that subsequently differentiate into 
enterocytes, goblet cells, enteroendocrine cells, tuft cells [7], and Paneth cells [2]. The first 
four cell types migrate onto the villus, where they execute their physiological functions in 
nutrient digestion and uptake. They are lost by apoptosis upon reaching the top of the villus. 
Paneth cells reside at the bottom of the crypts, intermingled with the stem cells. The intestinal 
epithelium absorbs nutrients yet serves as a natural barrier to constrain the complex bacterial 
flora within the lumen [8]. Peyer’s patches (PPs) are secondary immune organs located in the 
mucosa of the gut [9]. They harbor follicles containing B lymphocytes and intrafollicular 
T lymphocyte areas. Over each follicle lies a dome region that contains mature B and T 
lymphocytes, macrophages, and dendritic cells. The outer rim of the dome region consists of a 
network of reticular cells that express Tnfsf11, also known as RankL, which is in direct contact 
with a specialized intestinal epithelial lining [10]. This follicle-associated epithelium (FAE) 
typically lacks goblet, Paneth, and enteroendocrine cells. Instead, it consists of enterocytes, 
the predominant cell type throughout the small intestine, and a unique sixth intestinal cell 
type, the M cell. RankL interaction with its receptors on this epithelial lining induces the M 
cell phenotype [10]. An important aspect of this relates to the expression of GP2, a receptor 
involved in recognition and transport of substances derived from potential pathogens within 
the lumen to the gut-associated lymphoid tissue (GALT), in order to stimulate mucosal and 
systemic immune reactions [11-13].

Although several indirect observations suggest that FAE derives from crypt-borne stem 
cells [14], this has never been definitively established. In particular, the origin of the unique 
M cells within the FAE has remained unknown. Here, we identify the Lgr5 stem cell as the 
origin of M cells. We further define the SpiB transcription factor as a critical factor in the 
determination of the fate of these cells. We finally show that RankL also induces the M cell 
phenotype in cultured intestinal organoids, also referred to as enteroids [15]. Not only 
does RankL induce the specific M cell markers UEA-1, annexin V, and GP2, it also strongly 
upregulates SpiB expression.

maTERIalS aND mEThODS
mice 

Generation of the LGR-5–enhanced green fluorescent protein (EGFP)-Ires-CreERT2 allele 
has been described previously [3], as have SpiB targeted mice and their genotyping [16]. 
Rosa26RlacZ reporter mice were obtained from Jackson Labs. Wild-type bone marrow cells 
for transplantation were obtained from F1 animals, derived from a 129SV X C57BL/6 
(Jackson Labs) cross.
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lgr5 lineage tracing

Rosa26-LacZ [17] reporter mice were crossed with mice carrying an Lgr5-activatable CreERT 
[3]. Mice >8 weeks old were injected intraperitoneally with 200 µl tamoxifen in sunflower 
oil at 10 mg ml-1. Three days later and 6 months later, Peyer’s patch-containing regions of the 
small intestine were isolated, fixed with 4% formalin, and embedded in paraffin. Analysis for 
LacZ activity was as previously described [2].

preparation of intestinal sections for in situ hybridization and 
immunohistochemistry

Intestinal sections were prepared for in situ hybridization and immunohistochemistry as 
previously described [18]. A T3 RNA polymerase in vitro-transcribed digoxigenin (DIG)-
labeled probe for SpiB was prepared from IMAGE cDNA clone 382307. PU.1 was detected 
immunohistochemically (antibody from Santa Cruz).

Whole-mount in situ hybridization on mouse embryos

Whole-mount in situ hybridization was essentially performed as previously described [19]. 
In vitro DIG-labeled antisense RNA probes for SpiB and VCAM were prepared using IMAGE 
clones 382307 and 4196681 as templates, respectively.

high-resolution immunofluorescence staining semithin sections of peyer’s 
patches

Cryosectioning was performed as previously described [20]. The FAE area was visualized 
using rat anti-LAMP-1 antibody (CD107a; BD Pharmingen) in combination with goat anti-rat 
antibody-Alexa Fluor 488 (Invitrogen). For the combination of GP2 with Lamp1 we used rat 
anti GP2 (MBL) combined with goat anti-rat antibody-Texas Red X (Invitrogen T-6392), and 
rabbit anti-Lamp1 (ab24170; Abcam) followed by goat anti-rabbit antibody-Alexa Fluor 488 
(Invitrogen). For M cell detection, biotin-conjugated UEA-1 lectin (Sigma) was used, followed 
by rabbit anti-biotin (Rockland) and goat anti-rabbit antibody-Texas Red X (Invitrogen). 
Rabbit anti-annexin V antibody (Abcam) was followed by goat anti-rabbit antibody-Texas 
Red X (Invitrogen) or, alternatively, by a rat anti-GP2 antibody (MBL) in combination with 
goat anti-rat antibody-Alexa Fluor 488 (Invitrogen). All incubations were for 1 h at room 
temperature (RT) in phosphate-buffered saline-0.1% bovine serum albumin (BSA). Sections 
were mounted in Vectashield containing 1 ng/ml 4=,6=-diamidino-2-phenylindole (DAPI). 
Images were acquired on an Axiovert 100 microscope (Zeiss).

Cryo-immunogold electron microscopy

Peyer’s patches were dissected from the intestine and perfuse-fixed in 2% paraformaldehyde 
plus 0.2% glutaraldehyde in 0.1 M PHEM buffer (60 mM PIPES, 25 mM HEPES, 2 mM 
MgCl2, 10 mM EGTA; pH 6.9) embedded in gelatin, cryoprotected in 2.3 M sucrose, and 
frozen in liquid nitrogen. Sample blocks were first trimmed using a diamond Cryotrim 90 
knife (Diatome, Switzerland) at -100°C, and ultrathin sections of 70 nm were cut at -120°C 
with a Cryoimmuno knife (Diatome, Switzerland). Samples were cryosectioned with a Leica 
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FCS cryoultratome and labeled with biotin-conjugated Ulex europaeus agglutinin 1 (UEA-1; 
Sigma). Bound lectin was detected with rabbit antibiotin (Rockland) followed by protein A 
conjugated to 15-nm gold particles (UMC, Utrecht, The Netherlands).

Scanning electron microscopy

The pieces of small intestine containing Peyer’s patches were fixed in 4% glutaraldehyde in 
0.2 M PIPES (pH 7.2) for 1 h and dehydrated in ethanol and hexamethyldisilazane (Fluka, 
Switzerland) at RT. The dissected Peyer’s patches were then coated thinly with platinum using 
a JEOL (Tokyo, Japan) fine-coat JFC-11000 sputtering device and examined with a Zeiss 962 
digital scanning microscope.

Bone marrow reconstitution

Mouse wild-type donor bone marrow cells were isolated from femora and tibias. The cell 
concentration was adjusted to 4 X 107 cells/ml in medium containing 0.2% BSA and 10 U 
heparin. Recipient SpiB mutant animals were irradiated with 10 MeV photons (equivalent 
to 7.0 Gy irradiation) delivered by a linear accelerator (Elekta, Crawley, United Kingdom). 
After 6 h, 107 donor cells were intravenously injected into the lateral tail vein of recipient 
mice.

Rankl stimulation

Small intestinal organoids were derived from WT and SpiB mutant mice as described 
previously [21]. Recombinant mouse RankL (BioLegend) was added to the organoid culture 
medium at concentrations of 50 to 200 ng/ml, and fresh medium was added at day 2 and day 
5. At various time points, organoids were harvested, and RNA was isolated with an RNeasy 
minikit (Qiagen) and quantified by optical density. cDNA was synthesized from 1 µg RNA by 
reverse-transcription PCR (iScript; Bio-Rad). mRNA abundances were determined by real-
time reverse transcription-PCR using validated primer pairs (Table 1) by the SYBR green 
method (Bio-Rad). Glyceraldehyde-3-phosphate dehydrogenase (GADPH) mRNA abundance 
was used to normalize the data.

Table 1. primers

	  

	  

Primer	   Sequence	  
mGapdh-‐F	   GCCTTCCGTGTTCCTACCC	  
mGapdh-‐R	   TGCCTGCTTCACCACCTTC	  
mSpiB-‐F	   GGGGGCCTTGACTCTA	  
mSpiB-‐R	   CTCTGGGGGGTACACC	  
mGP2-‐F	   CCTGCGTTCTGACACTG	  
mGP2-‐R	   GCCGTGCAGGTTATCA	  
mRank-‐F	   ATGCGAACCAGGAAAGT	  
mRank-‐R	   TGCCTGCATCACAGACT	  
mAnnexinV-‐F	   AGGGCTGATGCAGAAGT	  
mAnnexinV-‐R	   TCCCTGCCAAACACAG	  
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Bead uptake assay

Polystyrene nanoparticles 500 nm in diameter were microinjected into the lumens of mouse 
small intestinal wild-type and SpiB mutant organoids, cultured in the presence or absence 
of RankL (100 ng/ml). After a 2-h culture period, the portion of nanoparticles endocytosed 
from the organoid lumen into the cytoplasm of organoid cells was quantified. For each 
condition, three histological sections were analyzed. Each section contained on average 
300 beads (±10). Organoids were processed for cryo-immunogold EM as described above. 
Polyclonal annexin V antibody (Abcam) labeling was detected with 15-nm gold particles 
conjugated to protein A.

microarray analysis

Agilent microarrays (44K whole-mouse-genome dual-color arrays; G4122F) were used. 
Two replicates were performed in dye swaps to compensate for dye bias. Array data were 
normalized using Feature Extraction (v.9.5.3; Agilent), and data analysis was performed 
using Excel (Microsoft). Features were flagged and not further analyzed if signal intensities 
for both the Cy3 and Cy5 channels did not pass the Feature Extraction filter “Significant and 
Positive” or “Well above Background.”

RESulTS
m cells derive from lgr5 stem cells

We previously generated mice carrying an Lgr5 knock-in allele expressing an enhanced 
green fluorescent protein (EGFP)-ires-creERT2 cassette [3]. In these mice, EGFP and creERT2 
are specifically expressed in Lgr5 stem cells. These mice were crossed with Rosa26-LacZ 
Cre reporter mice [3]. In the adult offspring, tamoxifen injection induces excision of a 
roadblock sequence at the Rosa26-LacZ locus uniquely in Lgr5-expressing cells. This leads 
to an irreversible activation of LacZ expression in the pertinent Lgr5 stem cell and all its 
subsequent Lgr5-negative descendants. Three days after a tamoxifen pulse, mice were 
sacrificed and the intestines fixed. Regions of the small intestine containing PPs were isolated, 
and paraffin sections were prepared. Microscopic analysis showed ribbons of LacZ+ cells in 
the epithelium emanating from crypts adjacent to the PP and extending into the FAE of the 
dome (Fig. 1). A similar analysis, performed approximately 6 months after Cre induction, 
showed that the FAE retained LacZ+ cells. To detect M cells within these ribbons of blue cells, 
sections were stained with the lectin Ulex europaeus agglutinin 1 (UEA-1), a specific M cell 
marker [22, 23]. Although the lectin also detects glycoproteins on Paneth and goblet cell 
membranes, these cell types are never seen in the FAE when sections are stained for lysozyme 
or periodic acid Schiff’s, respectively. Multiple M cells were observed within the blue LacZ+  

FAE ribbons, implying that M cells derive from crypt-based Lgr5 stem cells. Of note, no LacZ 
expression was seen in uninduced mice of the same genotype.
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Figure 1. m cells are lGR-5 stem cell derived. (A) Lineage tracing of LGR-5-EGFP-IRES-creERT2 knock-in mice 
crossed with Rosa26 LacZ reporter mice 3 days after tamoxifen injection. The section shows that the LGR-5+ 

stem cell-derived LacZ genetic mark is inherited by all epithelial cells in the induced crypt. The immediate neighboring 
follicle-associated epithelial (FAE) cells of a Peyer’s patch also stain blue (dashed line) and are therefore descendants 
of the same induced clone. (B) Analysis of a similar lineage-tracing experiment 6 months postinduction reveals 
continuous renewal of all FAE cells by crypt- resident LGR-5+ stem cells (dashed line). (C) Costaining for activity of 
LacZ (blue) and the presence of substrate for the lectin UEA-1 (dark brown [ar- rows]) within the FAE confirms the 
presence of M cells within the progeny of LGR-5+ crypt stem cells.

SpiB is expressed in m cells of adult wild-type animals and in prospective peyer’s 
patches during embryonic development

To determine if any known transcriptional regulator is involved in the M cell phenotype, we 
evaluated reported microarray data derived from small intestinal M cells that had undergone 
fluorescence-activated cell-sorting (FACS) [24]. We observed significant expression of 
SpiB, an Ets transcription factor closely related to PU.1. SpiB is expressed in lymphoid and 
myeloid cell types but is not known to be expressed outside the immune system [25]. Of 
note, while the hematopoietic system is of mesodermal origin, the intestinal epithelium is 
of endodermal origin. Constitutive knockout of SpiB causes subtle defects in B cell receptor 
signaling but no major developmental abnormalities [16]. By in situ hybridization (ISH) and 
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immunohistochemistry (IHC), we compared SpiB expression (Fig. 2) to that of PU.1 (data not 
shown). The latter is a well-established marker for lymphocytes (Fig. 2A). This experiment  
consistently  detected  SpiB  and  PU.1  expression  in  the GALT. Moreover, it revealed 
expression in a subset of cells within the FAE, most likely M cells. In contrast, PU.1 yielded a 
signal exclusively in the immune cells of the follicles.

We then documented the onset of SpiB expression in the intestine during embryonic 
development. Current models for the ontogeny of PPs, based mainly on knockout 

Figure 2. SpiB is expressed in m cells of adult wild-type animals and in peyer’s patches during normal embryonic 
development. (A) In situ hybridization for SpiB mRNA demonstrates expression in part of the follicle-associated 
epithelial cells (FAE) (arrow) in addition to the predicted presence in lymphoid cells (GALT). (B) Whole-mount in 
situ hybridization on E15.5 mouse small intestines for expression of SpiB suggests a role for this transcription factor 
during early Peyer’s patch organogenesis.
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experiments, involve a lymphoid initiator cell (LTin), inducer cells (LTi), and organizer (LTo) 
cells [9]. LTin cells secrete lymphotoxin (LT), whereas LTo cells respond to LT by upregulating 
VCAM expression. This adhesion molecule is the earliest detectable marker for PPs [26]. We 
tested SpiB expression in the embryonic intestine at embryonic day 14.5 (E14.5), E15.5, 
and E16.5 by whole mount in situ hybridization (Fig. 2), and compared it to VCAM (data 
not shown). Clear patches of SpiB+ cells were first detected at E15.5. These patches are 
strikingly similar in appearance and number to VCAM+ patches, also detectable at this stage, 
which represent the earliest signs of PP development.

SpiB mutant animals lack m cells

The observed epithelial expression of SpiB in the FAE cells of adult animals suggested a role in 
M cell fate determination. To investigate this, we studied PPs and their M cells in intestinal 
samples from SpiB-/- animals [16]. Whereas in wild-type (WT) littermates, 5 to 10 PPs were 
found, 0 to 3  PPs  were  macroscopically  detectable  in  mutant  animals. Moreover, the 
few PPs in mutant animals were much smaller than those in WT mice. To test the putative 
absence of M cells in SpiB mutant  animals,  we  performed  scanning  electron  microscopy 
(SEM) and transmission electron microscopy (TEM) in WT and SpiB mutant Peyer’s patches. 
Individual M cells could be easily identified in WT mice as “holes” in the regular brush border 
lawn, with fewer, short, and somewhat irregular microvilli (Fig. 3). Of note, FAE enterocytes 
are characterized by a very well-developed brush border. No M cells could be detected in the 
remaining small PPs of SpiB mutant mice by SEM or TEM (Fig. 3). The absence of M cells, based 
on these morphological criteria, was confirmed by incubation of EM sections with gold-labeled 
UEA-1 lectin (Fig. 3). The observed absence of M cells in SpiB mutant animals could represent 
a cell-autonomous effect of the mutation in the epithelial progenitor cell. Alternatively, it 
could be the indirect consequence of the absence of SpiB in the underlying lymphoid tissue. 
To address this issue, we generated bone marrow-chimeric mice. Twelve-week-old SpiB-/-  

animals were irradiated (7.0 Gy) and reconstituted with WT bone marrow. Twelve weeks 
after transplantation, a Southern blot analysis of the SpiB locus on genomic DNA derived 
from tail and spleen revealed a nearly complete reconstitution of the hematopoietic system 
of the SpiB-/- recipients (three animals) with WT donor immune cells (Fig. 3). Macroscopic 
analysis of the intestines revealed no change in number or size of the mutant PPs compared 
to animals without transplantation; i.e., no more than three small PPs were observed 
in each transplanted animal. In addition, neither SEM analysis (Fig. 3) nor TEM (data not 
shown) showed any recurrence of M cells.

We then performed an immunofluorescence (IF) analysis on semithin cryosections (Fig. 
4). We used three independent markers to distinguish M cells within the FAE: the classical 
membrane marker UEA-1 lectin [22, 23] and the more recently identified intracellular 
markers annexin V [27] and GP2 [11]. Lamp1 staining (green), revealing a characteristic 
pattern of lysosomes in FAE, was used to visualize enterocytes on the domes [28]. Lectin 
incubation  resulted  in  a  strong  apical  membrane  signal  of  M  cells within the FAE of WT 
PPs but not in the FAE of mutant animals or of  mutant  animals  reconstituted  with  wild-
type  bone  marrow. The total lack of M cells in these situations was further underscored 
by the simultaneous disappearance of the annexin V and GP2 markers. Together, these 
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experiments indicated that introduction of WT SpiB+ immune cells did not restore M cell 
numbers in SpiB-/- epithelium.

Rankl induces m cells in cultured small intestinal organoids

Knoop et al. recently reported that mice mutant for the cytokine RankL fail to develop M 
cells in their PPs [10]. This defect could be restored by systemic administration of exogenous 
RankL [10] . While intestinal epithelial cells express the Rank receptor irrespective of their 
position in the intestinal tract, expression of RankL is detected only in the reticular cells lining 
the outer rim of the PP dome. These reticular cells are in direct contact with the FAE [10]. 
These observations support a model in which RankL, secreted from within the PP dome, 
instructs newly emerged epithelial cells that emanate from flanking crypts to adopt an 
M cell fate. To determine whether RankL signaling on its own is sufficient to induce 
the M cell fate in non-FAE intestinal epithelium, we utilized a recently developed in vitro 

Figure 3. SpiB mutant animals and wild-type bone marrow chimeras derived from them lack m cells. M cells are 
morphologically characterized by short microvilli, an aspect easily detectable in scanning electron micrographs of 
the follicle-associated epithelium of normal Peyer’s patches (arrows). Such cells were not detected in SpiB mutant 
animals. Transmission electron microscopy (TEM) combined with gold-labeled lectin (UEA-1) staining for 01-L-fucose 
on wild-type and SpiB mutant PPs further validated the absence of M cells in the latter. Reconstitution of mutant 
animals (three examples shown) with wild-type bone marrow (BM chimeric) cells was monitored by Southern blot 
analysis detecting a 6.5-kb mutant allele in tail DNA and a 5.5-kb wild-type allele for SpiB in spleen (Spl) DNA. No 
recurrence of M cells was detected in these chimeras upon extensive analysis by SEM or TEM (data not shown).
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culture system [21]. In this culture system, crypts or single Lgr5 stem cells expand into or- 
ganoids that recapitulate stem cell-driven crypt-villus self-renewal. Intestinal organoids can 
be expanded by weekly 1:5 passaging for at least a year. In these organoids, basic crypt-villus 
architecture and self-renewal kinetics are retained, while all cell types of the crypt-villus 
units are produced at approximately normal ratios.  Importantly, intestinal organoids are 
grown under sterile conditions and contain only epithelial elements. This technology thus 
allows the study of intestinal epithelium in the absence of confounding effects deriving from 
the gut microbiome, the intestinal stroma, or the immune system.

First, we confirmed Rank expression in the organoids. The epithelial cells showed a low 
level of expression, which was upregulated in response to RankL (Fig. 5A). We then incubated 

Figure 4. Immunofluorescent detection of two independent m cell-specific markers, uEa-1 and annexin v, 
establishes the absence of m cells in SpiB mutant animals and bone marrow chimeras. Incubation of 200- to 
300-nm cryosections of Peyer’s patches (PP) with the lectin UEA-1 (red) and the recently identified intracellular 
M cell-specific marker annexin V (red) shows that M cells are present in WT-derived PPs but absent in the follicle-
associated epithelium (FAE) of mutant animals. Immunofluorescent staining for M cell markers in SpiB mutant 
animals, reconstituted with wild-type bone marrow (BM chimeric) cells (Fig. 3), shows that restoring SpiB expression 
in the follicle immune cells is insufficient to enable M cell differentiation in the FAE layer. Staining for LAMP-1 (late 
endosomal marker) was performed to determine the location of the FAE. FAE enterocytes have large Lamp1+ late 
endosomes that are absent in villus epithelial enterocytes.
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WT organoids with RankL and measured mRNA levels for SpiB and the newly described M 
cell markers annexin V and GP2 [11, 24]. SpiB mRNA appeared within 24 h of stimulation, 
whereas GP2 mRNA was first seen after 3 days. Expression levels of SpiB, annexin V, and 
GP2 were maximal at 3 days of stimulation (Fig. 5A). When RankL was added to organoids 
derived from SpiB-null mice, annexin V induction was strongly reduced and GP2 induction 
completely absent (Fig. 5A), despite normal upregulation of Rank. Expression of the lectin 
UEA-1, annexin V, and the GP2 receptor was confirmed by immunofluorescent staining on 
organoids that were cultured for 7 days in medium containing 100 ng/ml of RankL (Fig. 5B). 
Proteins posttranslationally modified with UEA-1-reactive sugars were massively increased, 
aberrantly leading to secretion of UEA-1+ proteins also at the basal side. GP2 staining was 
confined to the apical membranes, in accordance with its transcytotic role of FimH+ 

bacteria [11]. Annexin V localized to the cytoplasm, as was seen in M cells in vivo (Fig. 4). 
These data implicated SpiB as an essential component in the RankL-induced conversion 
of FAE enterocytes to M cells.

To functionally test the in vitro-generated M cells, we performed a bead uptake 
experiment. This assay reflects the typical transcytotic ability of M cells. Polystyrene beads 
were microinjected into the lumen of cultured organoids, and uptake of beads into annexin 
V+ cells was monitored using EM. Figure 5C shows that the amount of beads endocytosed 
by RankL-stimulated WT organoids is significantly increased compared to the amount 
endocytosed by unstimulated organoids. The SpiB mutant or- ganoids proved completely 
insensitive to incubation with RankL.

The gene profile of intestinal organoid m cells resembles that of in vivo m cells

The transcriptome of isolated PP M cells was recently described [24]. To determine to what 
extent the RANKL-induced in vitro M cell phenotype is similar, we performed a microarray 
analysis of RankL-stimulated organoids. The results obtained were compared to microarray 
data obtained from PP-derived M cells [24]. A total of 164 genes were found to be upregulated 
in RankL-activated organoids as well as in vivo M cells (data not shown). This array data set 
can be viewed at http://www.ncbi.nlm.nih.gov/geo under accession no. GSE38785. Strikingly, 
within this list, the SpiB gene is seen among the 25 genes showing the greatest change, 
together with the genes for the M cell markers annexin V and GP2 (Table 2).
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Figure 5. Incubation of WT organoids, but not SpiB mutant-derived organoids, with Rankl induces functional m 
cells that express SpiB and the m cell-specific markers annexin v, Gp2, and uEa-1. (A) Standard minigut cultures 
containing WT and SpiB mutant organoids were supplemented with 0, 50, 100, or 200 ng/ml of RankL for 72 h. 
Expression, as determined by qPCR, at 72 h is shown. (B) RankL-treated (7 days) and control organoids were stained 
for expression of the annexin V and GP2 receptors and for the lectin UEA-1 by immunofluorescence on semithin 
cryosections (right columns). Phase-contrast images of studied organoids are shown in the left column. (C) WT 
and SpiB mutant organoids were cultured in the presence and absence of 100 ng/ml RankL. Two hours after 
microinjection of 500 nm beads into the lumens of organoids, endocytosis was quantified by scoring the number of 
beads inside cells using EM. To visualize M cells, the sections were immunogold labeled for the marker annexin V. 
Typical examples of WT organoids are shown. (D) To quantify the endocytosis ability of in vitro-induced M cells, three 
EM sections containing approximately 300 beads (±10) were analyzed for each condition.
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DISCuSSION
In this study, we document the origin of M cells, a cell type contained within the follicle-
associated epithelium of Peyer’s patches. The FAE is a continuation of the epithelium that 
forms the luminal lining of the small intestine and the colon. Outside the FAE, this lining 
consists of repeating crypt-villus units. At the bottoms of crypts, Lgr5+ stem cells are 
intermingled with Paneth cells. These cycling Lgr5 stem cells give rise to all epithelial cell 
types of the small intestine: enterocytes and much smaller numbers of accessory goblet, 
enteroendocrine, tuft, and Paneth cells [2]. The quiescent +4 stem cell population, not 
studied here, is also capable of producing all cell types of the epithelium and appears to be 
directly connected to the Lgr5 stem cell population [4, 5].

The FAE clearly differs in composition from the epithelial lining that is organized into crypts 
and villi. Differentiation in the FAE is limited to two morphologically and functionally 
distinguishable cell types: FAE-specific enterocytes and so-called M cells. The M cells 
specialize in monitoring the content of the intestinal lumen for immunogenic substances and 
deliver antigens at their basal side to the immune cells of the follicles. We asked whether the 
crypt-based Lgr5 stem cells are able to generate the typical FAE cell types. Lineage-tracing 
experiments [3], based on Lgr5-driven activation of the Rosa26-LacZ locus, demonstrate 
that Lgr5 stem cells residing in crypts adjacent to PP generate the FAE cells. A subset of the 
epithelial cells within the LacZ+ ribbons overlying PPs, moreover, are decorated with the M 
cell-specific substrate for the lectin UAE-1. This clearly shows that M cells constitute the 
sixth cell type derived from Lgr5 stem cells.

From our studies on SpiB null mice, it appears that this Ets family transcription factor 
is essential for development of M cells in a cell-autonomous fashion. SpiB, like the closely 
related PU.1 gene product, was known to induce effector functions in mesodermally derived 
lymphoid and myeloid cells [29, 30]. In situ hybridizations on small intestinal sections 
showed expression of SpiB in M cells. The assumed role of SpiB in generating these 
immune-regulating endodermal cells is consistent with microarray data from FACS-sorted 
M cells [24]. A complete absence of M cells, based on extensive EM analysis and staining 
for the lectin UEA-1, annexin V, and GP2, in SpiB mutant mice demonstrated the absolute 
requirement of this transcription factor in M cell development in adult animals. Wild-type 
bone marrow transplantations into SpiB-null mice did not rescue the M cell defect, showing 
that it is specifically due to the lack of SpiB expression in the epithelial layer.

The notion that M cells arise from Lgr5 stem cells and that the transcriptional regulator SpiB 
turns on M cell-specific genes could be confirmed in our recently developed 3-dimensional 
intestinal organoid culture system. We exploited the previously reported dependence of 
M cell development on the cytokine RankL [10]. First, we found that the mere addition 
of this cytokine to the standard three-growth-factor (Rspondin1, epithelial growth factor, 
and Noggin) cocktail resulted in organoids in which the majority of the differentiated cells 
expressed M cell markers. Of note, M cells never appear in standard minigut cultures. 
Increase in the levels of mRNA for SpiB and Rank occurred within 24 h under these 
conditions. A concomitant increase of mRNA for the M cell marker annexin V was detected. 
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GP2 messengers were first detected at day 3. When SpiB mutant organoids were exposed 
to RankL, M cell marker expression did not occur. The in vitro-induced M cells appeared to be 
functionally competent, as measured in a bead uptake experiment. In the absence of SpiB, no 
RankL-induced bead uptake was detected. Microarray analysis of RankL-activated organoids 
convincingly confirmed the upregulation of SpiB and the known M cell markers GP2 and 
annexin V. Moreover, it generated a list of 161 other genes whose expression was previously 
reported to be specifically enhanced in PP-derived M cells [24]. Thus, SpiB is necessary for M 
cell differentiation. Unlike RankL, it appears not to be sufficient for M cell differentiation, as 
forced retroviral expression of SpiB in organoids did not induce GP2 expression (data not 
shown).

Taken together, these observations sketch the following scenario. Lgr5 stem cells at crypt 
bottoms generate naïve progenitors. When leaving the crypts, these progenitors adopt one 
of six differentiated cell fates. Only when progenitors move into FAE rather than a villus flank 
will these cells sense RankL secreted by underlying reticular cells. Exposure to this cytokine 
suffices for these cells to adopt the M cell fate. An early downstream regulator in this process 
is the SpiB transcription factor. If its expression cannot be induced, no M cells are formed. We 
predict that RankL will induce, parallel to SpiB, one or more regulator genes.
M cells have been difficult to study, based on their exceedingly low numbers within the 
intestinal epithelium and their presence in architecturally complex structures, i.e., the PPs. 
In this study, we describe a simple method to produce large numbers of M cells in vitro and in 
isolation of all nonepithelial elements of PPs. This technology will allow detailed functional 
studies on the mechanism of antigen recognition, processing, and transport by M cells.
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This thesis aimed to provide new insights into the pathophysiology of microvillus inclusion 
disease, and to evaluate organoids as a potential future treatment for intestinal epithelial 
diseases. We analysed biopsies and organoids derived from two variant MVID patients 
(chapter 3 and 4), and we established a novel mouse model for classic MVID (chapter 5). 
Furthermore, we evaluated prerequisites for small intestinal organoid transplantations 
(chapter 6). To this end, we also investigated the fate of location-specific stem cells (chapter 
7), and showed that the differentiation towards a certain cell type can be directed in vitro 
(chapter 8). In this final chapter, the relevance and future implications of our findings are 
discussed. Specifically, the biological and clinical phenotype of variant MVID (caused by 
mutations in STX3) and classic MVID (caused by mutations in MYO5B) are compared, and 
future directions for the MYO5B-deficient mouse model are discussed. Finally, we elaborate 
on the feasibility of using organoids for future treatment of MVID and the implications of 
organoids as a stem cell source for transplantation purposes.

ClaSSIC aND vaRIaNT mvID
mutations in syntaxin 3 as a cause of variant mvID

In chapter 3 of this thesis, two toddlers with microvillus inclusion disease are described. 
Both patients presented with watery diarrhoea and severe metabolic acidosis at the age of 
two days and two weeks, respectively. Although still being dependent on supplementation 
with parenteral nutrition at the age of 12 months and 18 months, both patients started to 
tolerate partial enteral feeding, and were therefore classified as variant MVID patients. 
Although disturbances of (apical) polarity in enterocytes of MVID patients was already 
described around 1980 [1, 2], the genetic cause of MVID remained elusive for a long time. 
In 2007, Sato et al published a Rab8a knockout (KO) mouse model, which exhibited cellular 
features of MVID, including disturbed apical polarity and microvillus inclusions [3]. RAB8A 
is a GTPase that associates with endosomes and thereby mediates intracellular transport 
[3-6]. As such, the authors of this study provided the first evidence that the intracellular 
trafficking machinery might be involved in the pathophysiology of the disease. However, 
the phenotype observed in the mice was much less severe than the phenotype of MVID 
patients, and no mutations in the RAB8A gene were found in the three MVID patients that 
were sequenced.

Shortly after that, two independent studies identified mutations in the MYO5B gene as the 
cause of MVID in several patients [7, 8]. Myosin 5b is a motor protein that facilitates transport 
of endosomes along actin filaments [5]. Thus, these studies confirmed that aberrations in 
the intracellular trafficking machinery, which is responsible for establishment of intestinal 
epithelial polarization, caused MVID.

STX3 is a t-SNARE protein, which mediates fusion of endosomes to the apical membrane. 
Our identification of STX3 as an important player in variant MVID thus substantiates the role 
of the intracellular trafficking and polarity machinery in the pathophysiology of (classic and 
variant) MVID. Of note, we could not identify mutations in STX3 in five other MVID patients 
with an absence of MYO5B mutations, which were sequenced for our study. This indicates 
that there might be more, yet undiscovered genes, causing MVID. In future analysis of MVID 
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patients with absence of mutations in both MYO5B and STX3, focus should be laid on other 
players of the (apical) trafficking and recycling machinery.

Furthermore, in families with cases of MVID, prenatal genetic screening might be suggested 
for future pregnancies. Successful prenatal screening for mutations in MYO5B has been 
reported for a family where a child had died from MVID [9]. The discovery of STX3 as an 
additional MVID-causing gene will allow for prenatal screenings for mutations in STX3 in 
predisposed families.

Biological differences of STx3- and myO5B-deficient mvID patients

In chapter 4 of this thesis, we show that mutations in STX3 lead to disturbed apical polarity 
in enterocytes, including subapical localization of sucrase-isomaltase (SI) and intracellular 
pERM/ezrin positive inclusions. Mislocalization of apical proteins has also been described 
in MYO5B-deficient classic MVID patients [7, 10-12] and was confirmed in our MYO5B-
deficient mouse model (chapter 5).

In contrast, basolateral polarity seems to be unaffected in STX3-mutant patients, indicated 
by correct localization of E-cadherin and Na/K-ATPase, and normal assembly of cellular 
junctions. Opposed to that, we did observe mislocalization of basolateral markers, and a 
dramatic intracellular accumulation of the tight junction protein claudin1 in the MYO5B-
deficient mouse model. Recent analysis of MVID patients with MYO5B mutations also 
showed mislocalization of several basolateral markers, and reduced expression of claudin1 
on the basolateral membrane [13, 14].

As such, the loss of polarity in STX3-mutant variant MVID patients seems to be confined to 
the apical membrane, whereas in classic MVID patients with mutations in MYO5B, apical 
and basolateral polarity are affected (illustrated in Figure 1), which was also confirmed in our 
Myo5b conditional KO (cKO) mouse model. This is likely to be attributed to the function of 
both proteins. As discussed in more detail in chapter 2 of this thesis, both, STX3 and MYO5B 
are part of the intracellular trafficking machinery. MYO5B mediates intracellular transport 
along the actin cytoskeleton [15] that underlies the plasma membrane in enterocytes. 
Dependent on its binding to RAB8A- or RAB11A-associated vesicles, MYO5B is involved in 
several trafficking routes [14], which likely accounts for the severe phenotype observed 
upon loss-of-function of MYO5B. Our observation that also basolateral polarity is disturbed 
in a MYO5B-deficient mouse model might indicate a new role for MYO5B in basolateral 
trafficking, although at this point we can not rule out that mislocalization of basolateral 
proteins is a secondary effect of an overall loss of polarity. 

STX3 is a t-SNARE protein mediating vesicle fusion to the apical membrane. Vesicle fusion 
represents the last step in polarized trafficking, and as such STX3 acts downstream of 
MYO5B. STX3 expression is confined to the apical membrane in intestinal epithelial cells 
[16], and accordingly we did not observe aberrations in basolateral polarity in STX3-mutant 
variant MVID patients.

In conclusion, loss-of-function of MYO5B in intestinal epithelial cells affects polarization 
more severely than loss-of-function of STX3. This is possibly attributed to the involvement 



167

Ch
ap

te
r 

9

of MYO5B in several intracellular trafficking pathways, whereas STX3 specifically mediates 
apical vesicle fusion. Furthermore, SNAP-23, another t-SNARE that is expressed on the 
apical (and basolateral) membrane of intestinal epithelial cells [17], might compensate for a 
loss-of-function of STX3. This could explain the milder apical phenotype observed in variant 
MVID patients compared to classic MVID patients.

In order to fully understand the function of MYO5B and STX3, and the consequences of their 
loss, it will be interesting to compare the here-described Myo5b cKO mouse model with an 
Stx3 cKO mouse model in the future. 

nucleus

apical 
membrane

claudin1 
inclusion

golgi

basolateral 
membrane

Variant MVID (STX3-deficiency)

tight 
junction

secretory 
vesicles

basolateral 
microvilli

microvillus 
inclusion

Classic MVID (MYO5B-deficiency)

Figure 1. Schematic illustration of cellular differences between variant and classic mvID patients. STX3-mutant 
variant MVID patients display loss of microvilli on the apical surface of enterocytes, subapical accumulation of 
apical proteins, microvillus inclusions, and basolateral microvilli. Basolateral proteins are not mislocalized. MYO5B-
deficiency in classic MVID and in a mouse model leads to loss of microvilli on the apical membrane, subapical 
accumulation of apical proteins in secretory granules, microvillus inclusions, mislocalization of basolateral proteins 
to the apical membrane domain, and mislocalization of the tight junction protein claudin1 from the basolateral 
membrane to cytoplasmic vesicles.

Clinical differences of STx3- and myO5B-deficient mvID patients

The two STX3-deficient variant MVID patients reported in chapter 3 were initially dependent 
on total parenteral nutrition (TPN), but could eventually tolerate partial enteral nutrition, 
although they remained dependent on intravenous supplementation for adequate growth.

Classic MVID patients with a homozygous or compound heterozygous mutation in the 
MYO5B gene usually have a more severe phenotype, and remain completely dependent 
on TPN. Of note, also other MVID patients have been reported, who could eventually be 
partially [18] or even completely [19] weaned from TPN, but the mutations in those patients 
are unknown. 
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Since mutations in MYO5B are very heterogeneous [20], the phenotypic effects might be 
variable between patients. It will be interesting to conduct long-term studies on the clinical 
presentation of different MVID patients with mutations in MYO5B, and correlate them 
to the detected mutations and potential residual function of the protein. Patients with a 
mutation that affects the protein function in a less severe manner might be able to tolerate 
(partial) enteral feeding eventually, comparable to the two variant MVID patients, which we 
reported in chapter 3 of this thesis. 

Decisions on therapeutic interventions might also be made based on the patient-specific 
mutation. In case of predicted complete absence or dysfunction of the protein, an early 
intervention by (stem cell) transplantation might be in place. In contrast, in patients where 
full-length protein is expressed but protein folding is disturbed, a therapeutic approach with 
small molecules that alter protein folding might be indicated.

Future directions of the Myo5b cKO mouse model

In chapter 5, we describe a novel mouse model, which recapitulates human MVID. It is 
noteworthy that the mice become severely ill as soon as day 4 after induction of MYO5B-
deficiency, comparable to the severe phenotype in MVID patients. This severe intestinal 
phenotype in patients is the main focus of current therapy. However, several extra-intestinal 
manifestations have also been reported in MVID patients, in particular kidney [21, 22] and 
liver [22-24] problems, among others. Studying the extra intestinal manifestations in MVID 
patients is difficult, due to the severe intestinal phenotype and the associated high mortality 
at a young age. It is therefore still largely unknown to what extent these extra-intestinal 
phenotypes are directly linked to the MYO5B mutations. Remarkably, in some patients, 
TPN-unrelated liver dysfunction evolved only after intestinal transplantation [22], and a 
recent report showed that cholestatic liver disorder in eight MVID patients was a direct 
consequence of disturbed MYO5B/RAB11A dependent apical recycling in hepatocytes [25]. 

It is therefore likely that mutations in MYO5B are directly linked to disease phenotypes in 
other organs, although the intestinal manifestation is clearly the most dramatic one. The 
inducible nature of our Myo5b knockout mouse model will allow studying the effects of a 
loss-of-function of MYO5B in an organ specific manner in the future.

ORGaNOID TRaNSplaNTaTIONS
Organoids – a safe stem cell source for transplantations?

Mouse and human small intestinal organoids can be established and expanded in vitro from 
a single biopsy [26, 27].  Importantly, the organoids remain genetically stable in culture, 
and do not require genetic manipulation for immortalization [27]. Furthermore, the growth 
factors used for organoid culture mimic the in vivo stem cell niche, and as such represent 
a physiological environment. It thus seems that organoids represent a safe source for stem 
cell transplantations, however for clinical application, adopted culture protocols that meet 
good clinical practice (GCP) standards have to be established.
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Both autologous and allogeneic organoid transplantations could possibly be applied to 
patients suffering from an intestinal epithelial disease. In the case of allogeneic sources, 
stem cells could be isolated from an HLA matched donor, possibly a close relative. Since 
a single intestinal donor biopsy is sufficient for stem cell isolation and amplification, this 
implicates a minimal invasive procedure for the donor. The recipient in that case has to be 
treated with immunosuppressive therapy upon transplantation, in order to prevent graft 
rejection.

As an alternative approach, autologous organoid transplantations in combination with gene 
therapy could be applied. In that case, organoids are grown up from a biopsy of the patient 
itself, preventing the need for immunosuppressive therapy. Recently, Schwank et al applied 
gene therapy in organoids of two cystic fibrosis patients. In this study, organoids were grown 
from patient biopsies. Subsequently, the mutant allele of the CFTR gene was corrected in 
vitro using CRISPR/Cas9 mediated homologous recombination. Organoids with the corrected 
allele regained full functionality [28]. Conventional gene therapy approaches usually imply 
virus-mediated gene transfer. This harbours the risk of random integration events of the 
recombinant virus in the host genome, which in turn might activate oncogenes in the host 
genome. In the gene therapy approach used by Schwank et al, plasmids were introduced 
into the host cells by transfection, which means they are only transiently expressed, and 
only the homologous target sequence is stably integrated into the genome. Still, the guiding 
RNA (gRNA) used in the CRISPR/Cas9 approach can potentially bind to sites with sequence 
homology to the target site, known as off-target sites, and induce insertions or deletions 
at those sites [29, 30]. However, since organoid cultures can be established from a single 

Figure 2. Schematic illustration of autologous organoid transplantations in combination with gene therapy. 
Stem cells are isolated from a biopsy of a patient with an intestinal epithelial disease, the mutation is corrected in 
vitro, repaired stem cells are clonally grown up to organoids and subsequently transplanted back into the patient. 
Adapted from [31].
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stem cell, multiple clones could be analysed for off-targets after the gene correction, and 
only clones with the single desired genetic change could then be expanded into large 
amounts of organoids for transplantation purposes. The procedure of autologous organoid 
transplantations in combination with gene therapy is illustrated in Figure 2.

Organoid transplantations – a realistic therapy for mvID patients?

Organoids can easily be established, can be grown in large amounts without immortalization, 
are genetically stable, and gene repair can be applied. As such, organoids represent a safe 
and realistic source of adult stem cells for transplantation purposes. However, as we show in 
chapter 6 of this thesis, organoid engraftment in vivo is a major hurdle. Two processes seem 
to be crucial for organoid transplantations. 

First, the pre-existing (diseased) crypts have to be removed efficiently. In the case of organoid 
transplantations in a mouse colon, this was achieved by DSS treatment and by mechanical 
damage of the epithelium using a cotton swab [32-34]. In this thesis, we presented two 
different methods for creating an epithelial niche in the small intestine. Both methods, 
indomethacin treatment and local hyperthermia, could potentially be applied to patients. 
Additionally, a “scraper” attached to an endoscope could be applied for mechanical removal 
of the pre-existing epithelium. Although protocols for removal of the diseased epithelium in 
a patient still have to be established, this step is - in my opinion - not the determining factor 
for a fail or success of organoid transplantations. 

The second crucial process is organoid engraftment into the lesions. Despite extensive 
efforts, we were not able to detect any engrafted donor organoids in the small intestines of 
transplanted mice. It is difficult to attribute this to a specific reason, since it is currently not 
possible to follow the fate of the organoids in vivo after the transplantations. In fact, it might 
be a combination of small intestine-specific suboptimal conditions that together prevent 
organoid engraftment. This is substantiated by the notion that small intestinal organoids did 
engraft into the colon [33], and intestinal organoid units generated from pluripotent stem 
cells formed a mature and functional intestinal epithelium in vivo when transplanted under 
the kidney capsule [35] or into the peritoneal cavity [36]. Factors that negatively influence 
organoid engraftment in the small intestine might be peristalsis of the small intestine, a 
continuous secretion of mucus that might inhibit cell attachment, and the high intrinsic 
regenerative capacity of the intestinal epithelium that limits the time window of open 
lesions. 

It might therefore be necessary to step away from the intraluminal infusion of organoids, 
which was used in all approaches described in this thesis. As an alternative method, organoids 
could be seeded onto a scaffold before transplantations. This would allow for an expansion 
of intestinal epithelial tissue in vitro, and the scaffold could also hold the organoids in place, 
and “pressed” against the denuded intestinal wall upon in vivo transplantations. Multiple 
biological and biocompatible synthetic scaffolds are available for tissue engineering purposes 
[37]. A scaffold of polyglycolic acid, collagen and poly-l-lactic acid has successfully been used 
for growth of mature intestinal epithelium, which was derived from dissociated rat foetal 
intestinal units. Such tissue-engineered small intestine (TESI) improved the symptoms of 
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rats with a short-bowel syndrome when anastomosed to the remaining native intestine 
(reviewed in [38]).

In conclusion, the engraftment of organoids in the small intestine in vivo seems to be the 
major hurdle to overcome in order to apply organoids as a stem cell therapy for intestinal 
epithelial diseases. In vitro tissue engineering, i.e. seeding of organoids onto a tube-shaped 
scaffold, and subsequent transplantation of the scaffold into the denuded small intestine 
might be a new approach for further studies.

Future considerations for organoid transplantations

In chapter 7 of this thesis, we showed that mouse and human organoids derived from 
different locations along the small intestine (duodenum, jejunum and ileum) maintained 
their location-specific identity over a period of 10–12 weeks in culture, implicating that the 
location-specific epithelial functions are programmed in the stem cells. This was substantiated 
by an in vivo study from Fukuda et al, where small intestinal organoids retained their small 
intestinal identity when heterotopically transplanted into the colon of recipient mice [33]. 
Together, these studies highlight a location-specific intrinsic program in the adult intestinal 
epithelial stem cells. This implicates that the different epithelial functions along the small 
intestine have to be restored separately in the case of organoid transplantations. Hence, 
donor material has to be established from duodenum, jejunum and ileum in order to restore 
proper intestinal function in the recipient. Alternatively, organoids could already in vitro be 
directed towards a certain fate and/or function prior to in vivo transplantations. In chapter 
8 of this thesis we show that the fate of small intestinal stem cells can be manipulated 
in vitro. Upon the addition of RANKL to the culture medium, organoids differentiated into 
functional M-cells. Likewise, L-cells could be induced in vitro by the addition of short chain 
fatty acids to the culture medium of small intestinal organoids [39]. However, it remains 
elusive if such an in vitro induced stem cell fate remains stable or converts back upon in 
vivo transplantations. Therefore, transplantations of stem cells derived from duodenum, 
jejunum and ileum of the donor would currently be the preferred method to restore all 
intestinal epithelial functions in a patient.

CONCluSION
MVID is a rare but very severe paediatric enteropathy, which is currently incurable. This thesis 
describes two variant MVID patients with a loss-of-function of STX3. The identification of 
mutations in STX3 as a cause of variant MVID substantiates the role of the apical trafficking 
machinery in the pathophysiology of MVID. It might also help in future prenatal screening 
in families with earlier MVID cases or consanguineous parents. Mutations in STX3 lead to 
disturbed apical, but not basolateral polarity. As such, the overall phenotype of patients with 
a STX3 mutation is less severe than in patients with a MYO5B mutation, both on histological 
and clinical level. 

We have generated a novel mouse model for classic MVID, which fully recapitulates the 
human MVID phenotype, and identifies a broad role for MYO5B both in apical and basolateral 
polarity. The inducible nature of the mouse model allows investigating the role of MYO5B 
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in extra-intestinal disease manifestations, and possible therapeutic approaches for MVID in 
the future. One of the future therapeutic approaches is a stem cell based therapy. Organoids 
are an interesting and presumably safe source of adult intestinal epithelial stem cells, but in 
vivo transplantation into the small intestine seems very challenging, and further studies are 
required to evaluate the potential of organoids for small intestinal regeneration. 
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SCIENTIFIC aBSTRaCT
The intestinal epithelium is responsible for digestion and nutrient uptake. It is highly 
organized with new cells being generated in the crypts, and differentiated cells occupying 
the villi. The most abundant differentiated cell type in the small intestine is the enterocyte. 
Enterocytes are polarized cells that contain an apical and a basolateral plasma membrane 
domain with distinct lipid and protein compositions. The apical membrane contains 
finger-like protrusions (microvilli). If polarization is disturbed, intestinal diseases such as 
microvillus inclusion disease (MVID) can occur as a consequence. MVID is an orphan disease 
that affects newborns. Patients present in the first weeks of life with intractable diarrhoea, 
which is accompanied by a failure to absorb nutrients, metabolic acidosis and failure to 
thrive. Current treatment options are limited to total parenteral nutrition and ultimately 
small bowel transplantation. In about 90% of the cases, MVID is caused by mutations in 
the MYO5B gene. MYO5B encodes the myosin Vb (MYO5B) motor protein, which mediates 
transport of endosomal vesicles along actin filaments. A loss of MYO5B in enterocytes leads 
to disturbed apical polarity, including microvillus atrophy, intracellular microvillus inclusions, 
and a subapical accumulation of secretory vesicles.
This thesis aimed to provide new insights into the genetic cause and the pathophysiology of 
microvillus inclusion disease, and to evaluate organoids as a potential future treatment for 
intestinal epithelial diseases. 
We analysed biopsies and intestinal organoids from two patients classified as variant MVID. 
We found that these patients did not have a mutation in MYO5B. Instead, we identified 
loss-of-function mutations in STX3 as the cause of the disease in both patients. Syntaxin 3 
(STX3) is a t-SNARE protein, which mediates fusion of endosomes to the apical membrane. 
Our identification of STX3 as an important player in variant MVID substantiates the role of 
the intracellular trafficking and polarity machinery in the pathophysiology of (classic and 
variant) MVID.
To analyse the pathophysiology of MVID in more detail, we have generated a novel MYO5B-
deficient mouse model, which recapitulates human MVID. The mice become severely ill as 
soon as day 4 after induction of MYO5B-deficiency, comparable to the severe phenotype 
in MVID patients. We identified that the intracellular accumulations of apical proteins and 
microvillus inclusions were a consequence of disturbed apical recycling. Furthermore, we 
showed mislocalization of basolateral markers, and an intracellular accumulation of the 
tight junction protein claudin1 in the MYO5B-deficient mouse model.
Next, we evaluated prerequisites for small intestinal organoid transplantations as a 
potential future treatment for MVID. To this end, we also showed that the location-specific 
function of the intestinal epithelium is intrinsically programmed in the stem cells, since 
intestinal organoids derived from a certain location retain their location-specific functional 
properties during culture. This implies that in case of organoid transplantations, organoids 
from duodenum, jejunum and ileum would have to be transplanted in order to restore 
all intestinal functions. Alternatively, the differentiation towards a certain cell type could 
be induced in vitro. As such, we directed the stem cells towards an M-cel phenotype, by 
the addition of RANK ligand to the organoid cultures. We showed that this induced M-cell 
differentiation was dependent on the transcription factor SpiB.
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SamENvaTTING
De dunne darm is een ongeveer zes meter lang buisvormig orgaan in het lichaam. De 
binnenkant van de buis is bekleed met een laag van epitheelcellen die strak met elkaar 
verbonden zijn. De cellaag is niet vlak, maar vormt instulpingen (crypten) en uitstulpingen 
(villi), die voor een vergroting van de oppervlakte zorgen. De crypten bevatten darm 
stamcellen die verantwoordelijk zijn voor een continue productie van nieuwe cellen.  Deze 
nieuwe cellen zijn in het begin niet gespecialiseerd (gedifferentieerd), maar tijdens hun 
migratie naar de villi gaan zij differentiëren en kunnen dan elk hun gespecialiseerde functie 
uitvoeren. De meest voorkomende gedifferentieerde celtype in de villi is de enterocyt. 
Enterocyten zijn gepolariseerde cellen die verantwoordelijk zijn voor de vertering en 
opname van voedingsstoffen uit de darm. Zij bevatten een apicaal membraan aan de zijde 
van de binnenkant van de darm (het darmlumen), en een basolateraal membraan tussen de 
cellen en aan de onderzijde van de cel. De apicale plasmamembraan bevat vinger-achtige 
uitstulpingen, de microvilli. De vele microvilli op het oppervlak van een cel lijken samen op 
een borstel en worden daarom de “brush border” genoemd. De “brush border” bevat veel 
transporters, kanalen en enzymen die verantwoordelijk zijn voor de vertering en opname 
van voedingsstoffen. Verschillende complexe sorteer- en transportmechanismen in de cel 
zorgen ervoor dat elk eiwit naar zijn juiste plaats op de apicale of de basolaterale membraan 
wordt getransporteerd, waar het zijn functie kan uitvoeren. Verstoringen in de sorteer- 
en transportmechanismen in de darmcel kunnen darmaandoeningen veroorzaken, zoals 
bijvoorbeeld microvillus inclusieziekte (MVID).
MVID is een zeldzame ziekte die bij pasgeborenen voorkomt. Patiënten met MVID hebben 
ernstige waterige diarree en zijn niet in staat voedingsstoffen door hun darmen op te 
nemen. Daarom kunnen deze patiënten alleen overleven als ze voedingsstoffen en water via 
een infuus toegediend krijgen. In dit proefschrift hebben we onderzocht wat de oorzaak van 
de ziekte is, wat er in de darmen van MVID patiënten tijdens de ziekte gebeurt, en hoe we 
patiënten in de toekomst mogelijk kunnen behandelen.

In hoofdstuk 3 onderzochten we twee patiënten met MVID, een 1-jaar oud Nederlands 
meisje, en een 18-maanden oude jongen uit Pakistan. In ongeveer 90% van de patiënten 
wordt de ziekte veroorzaakt door mutaties in het MYO5B gen. Echter, bij deze twee 
patiënten was het MYO5B gen normaal. We vonden dat in plaats hiervan beiden patiënten 
een mutatie in het STX3 gen hadden. Het STX3 gen codeert voor syntaxin 3, een eiwit dat 
betrokken is bij de sorteermechanismen in de cel. Zijn functie is om andere eiwitten op de 
apicale membraan te plaatsen. Wij toonden aan dat beide patiënten het syntaxin 3 eiwit 
misten, als gevolg van mutaties in het STX3 gen. De darmcellen van deze patiënten hadden 
geen goede brush border op hun apicale membraan. In plaats daarvan toonden zij grote 
vacuolen met microvilli (microvillus inclusies) in de cellen, en microvilli op de basolaterale 
membraan, waar ze in gezonde darmen niet voorkomen. Wanneer we in het laboratorium 
de patiënt-specifieke mutaties in een cellijn introduceerden, hadden deze cellen ook 
microvillus inclusies in de cel en microvilli op de basolaterale membraan. Dit bevestigde 
dat de mutaties in STX3 daadwerkelijk de oorzaak waren van de darmafwijkingen bij de 
patiënten.
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In hoofdstuk 4 hebben we in meer detail naar de darmcellen van de twee patiënten gekeken. 
We kregen darmbiopten van beide patiënten en hebben de stamcellen eruit geïsoleerd. 
De stamcellen kunnen in een kweekschaal in het lab een “mini-darm” (darm “organoïde”) 
vormen. Dit is een bruikbaar model om de patiënt-specifieke darmcellen in het laboratorium 
te kunnen bestuderen. Wanneer we de mini-darmen analyseerden zagen we dat sommige 
eiwitten die bij gezonde mensen op het apicale membraan zitten, in de patiënten binnenin 
de cel verblijven. Het ontbreken van bepaalde eiwitten op de apicale membraan van de 
enterocyten verklaart waarom patiënten geen voedingsstoffen uit het darmlumen kunnen 
opnemen. Daarnaast hebben we ook gekeken naar basolaterale eiwitten in de patiënten 
organoïden, en zagen dat deze op de juiste positie zaten. Figuur 1 laat de opbouw van een 
gezonde en een aangedane darmcel schematisch zien.

In hoofdstuk 5 beschrijven we een nieuw muismodel voor MVID. Wij genereerden muizen die 
onder normale omstandigheden gezond zijn. Echter, als we een bepaald stofje (tamoxifen) 
injecteren, kunnen we het MYO5B gen specifiek in darmcellen van deze muizen verwijderen. 
Als gevolg hiervan missen de muizen het myosin Vb (MYO5B) eiwit in alle darmcellen, zoals 
dat ook het geval is in ~90% van de MVID patiënten. MYO5B is een motor eiwit, dat andere 
eiwitten naar de apicale membraan transporteert. We zagen dat de muizen de menselijke 
ziekte nabootsten, en zeer ernstige diarree ontwikkelden nadat we het MYO5B gen 
verwijderden. We gebruikten de muizen om te analyseren welke delen van het sorteer- en 
transportmechanismen in de zieke cellen aangedaan waren. We toonden ook aan dat deze 
muizen een verstoorde lokalisatie van zowel apicale als basolaterale eiwitten hadden.
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basolaterale 
eiwitten
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Figuur 1: Schematische tekening van een gezonde darmcel, en een darmcel zonder STX3 of MYO5B.

In hoofdstuk 6 onderzochten wij of we MVID patiënten in de toekomst mogelijk zouden 
kunnen behandelen met behulp van de mini-darmen (organoïden) die we uit de stamcellen 
kunnen laten groeien. Het idee is om de zieke epitheelcellen van de darm van de patiënt  
deels te verwijderen, en dan gezonde organoïden te geven, die we bijvoorbeeld uit een 
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biopsie van de ouders kunnen laten groeien. De gezonde organoïden zouden dan een 
nieuwe, gezonde epitheellaag in de darmen van de patiënten vormen. Figuur 2 laat dit 
schematisch zien. Om te testen of dit zou kunnen werken, hebben we organoïden uit 
stamcellen van muizen met blauwe darmen opgegroeid. In andere – niet blauwe- muizen 
hebben wij de epitheellaag van de darm op een aantal plekken verwijderd. We gaven de 
muizen de blauwe organoïden en hebben gekeken of er een nieuwe, gezonde en blauwe 
cellaag in de darm van de muizen ontstond. Echter, ondanks diverse pogingen konden wij 
tot nu toe geen blauwe cellen in de darmen van de muizen terugvinden, en is er verder 
onderzoek naar deze mogelijke therapie nodig.

Gezonde vader

Kind met MVID

Isoleren van gezonde 
darm stamcellen uit 

een biopt Opgroeien van 
mini-darmen 
(organoïden) 

Transplantatie 
van organoïden 
in de darm van 

het kind

Verwijderen van de 
zieke epitheelcellen

Kind kan door de darm 
voedingsstoffen verteren en 

opnemen

Figuur 2. Organoïden transplantaties als mogelijke toekomstige therapie voor mvID.

In hoofdstuk 7 hebben wij de eigenschappen van de stamcellen op diverse locaties in de 
darm bekeken. Het is bekend dat in de 6 meter lange darm niet alle voedingsstoffen op 
dezelfde locatie opgenomen worden. Zo wordt ijzer opgenomen in het begin van de dunne 
darm (duodenum), suikers voornamelijk in het middendeel (jejunum) en vitamine B12 in 
het laatste deel (ileum). We vroegen ons af of deze verschillende functies langs de dunne 
darm geprogrammeerd zijn in de stamcellen (die alle andere cellen produceren), of dat zij 
ontstaan   vanwege andere factoren, zoals de microbiota in de darm. We hebben daarom 
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organoïden  van de verschillende delen van de darm (van muis en mens) opgekweekt, en de 
eigenschappen van deze mini-darmen geanalyseerd na een lange tijd in het laboratorium, 
zonder de aanwezigheid van andere factoren zoals de microbiota. We zagen dat, zelfs 
na drie maanden in het lab, de mini-darmen van het duodenum nog steeds de eiwitten 
maakten die nodig zijn voor ijzer opname, en de mini-darmen van het ileum maakten alleen 
ileum-specifiek eiwitten. Hieruit bleek dat de verschillende functies in de dunne darm in 
de stamcellen zelf geprogrammeerd waren. Dit betekent ook dat we, mochten we in de 
toekomst organoïden willen transplanteren, organoïden van alle locaties (het duodenum, 
jejunum en ileum) moeten transplanteren om alle nodige functies bij de patiënten te 
herstellen. Alternatief zouden we de geprogrammeerde informatie in de stamcellen reeds 
in het lab (voordat we gaan transplanteren) kunnen veranderen, zodat de cellen vervolgens 
een andere functie kunnen vervullen.

In hoofdstuk 8 toonden wij aan dat het veranderen van de geprogrammeerde informatie 
mogelijk is. In dit geval hebben wij de organoïden in het laboratorium met een bepaald stofje 
(RANKL) behandeld, waardoor de cellen een functie konden vervullen die oorspronkelijk 
niet in de cellen geprogrammeerd was.

Samenvattend geeft dit proefschrift nieuwe inzichten in de oorzaak van MVID, de 
pathofysiologie (de gebeurtenissen in de cel) van de ziekte, en laat eerste experimenten 
zien in de richting van een mogelijke nieuwe therapie (organoïden transplantaties) in de 
toekomst.
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zuSammENFaSSuNG
Der Dünndarm ist ein etwa sechs Meter langes schlauchförmiges Organ in unserem Körper. Das 
Innere des Schlauches ist mit einer Schicht spezieller Zellen (Epithelzellen) ausgekleidet, die 
fest miteinander verbunden sind. Die Zellschicht ist nicht flach, sondern bildet Vertiefungen 
(Krypten) und Ausstülpungen (Zotten oder Villi), die für eine Zunahme der Oberfläche sorgen. 
Die Krypten enthalten Stammzellen, die für eine kontinuierliche Produktion neuer Zellen 
verantwortlich sind. Diese neuen Zellen sind zunächst nicht spezialisiert (differenziert), aber 
während ihrer Wanderung nach oben, in die Villi, differenzieren sie und können dann ihre 
jeweilige spezielle Funktion ausführen. Der am häufigsten vorkommende differenzierte 
Zelltyp in den Villi sind die Enterozyten. Enterozyten sind für die Nährstoffverdauung und 
-aufnahme aus dem Darm verantwortlich. Sie enthalten eine apikale Membran, die zum 
Inneren des Darms (dem Darmlumen) gerichtet ist und eine basolaterale Membran, die den 
Nachbarzellen zugewandt ist. Die apikale Membran enthält fingerartige Ausstülpungen, die 
Mikrovilli. Die zahlreichen Mikrovilli auf der Oberfläche einer Zelle erscheinen zusammen 
wie eine Bürste und werden daher auch Bürstensaum genannt. Der Bürstensaum enthält 
viele Transporter, Kanäle und Enzyme, die für die Verdauung und Aufnahme von Nährstoffen 
verantwortlich sind. Mehrere komplexe Sortier- und Transportmechanismen in der Zelle 
stellen sicher, dass jedes Protein seinen richtigen Platz, entweder an der apikalen oder an 
der basolateralen Membran, erreicht, wo es seine jeweilige Funktion erfüllen kann. Fehler 
in den Sortier- oder Transportmechanismen innerhalb der Darmzelle können Krankheiten 
verursachen, zum Beispiel die Mikrovillus Einschlusserkrankung (MVID).
MVID ist eine seltene Erkrankung, die bei Neugeborenen auftreten kann. Patienten mit 
MVID haben heftigen wässrigen Durchfall und sind nicht in der Lage durch ihren Darm 
Nährstoffe aufzunehmen. Daher können diese Patienten nur überleben, wenn sie Nährstoffe 
und Wasser über Infusionen direkt in ihre Venen erhalten. In dieser Doktorarbeit wurde 
untersucht was die Krankheit verursacht, was im Darm von MVID Patienten während der 
Krankheit abläuft und wie wir in Zukunft möglicherweise Patienten behandeln können.

In Kapitel 3 haben wir zwei Patienten mit MVID analysiert, ein 1-jähriges niederländisches 
Mädchen und einen 18-Monate alten Jungen aus Pakistan. Bei 90% der Patienten wird die 
Krankheit durch Mutationen im MYO5B Gen verursacht. Allerdings war das MYO5B Gen 
bei diesen zwei Patienten normal. Wir haben herausgefunden, dass stattdessen beide eine 
Mutation im STX3 Gen hatten. Das STX3 Gen kodiert für Syntaxin 3, ein Protein, welches an 
den Sortiermechanismen in der Zelle beteiligt ist. Seine Funktion ist es, andere Proteine   an 
der apikalen Membran fest zu machen. Wir zeigten, dass beiden Patienten aufgrund der 
Mutationen in dem STX3 Gen das Syntaxin 3 Protein fehlte. Die Darmzellen dieser Patienten 
hatten keinen richtigen Bürstensaum auf ihrer apikalen Membran. Stattdessen hatten 
sie große Blasen mit Mikrovilli (Mikrovillus Einschlüsse) im Inneren der Zelle und auf der 
basolateralen Membran, Orte, an denen sie im gesunden Darm nicht vorkommen. Zelllinien 
im Labor bekamen ebenfalls Mikrovilli an der basolateralen Membran und im Zellinneren, 
nachdem wir die gleichen patientenspezifischen Mutationen eingebracht hatten. Dies 
bestätigte, dass die Mutationen wirklich die Ursache der Anomalien im Darm der Patienten 
waren.
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In Kapitel 4 haben wir uns die Darmzellen der beiden Patienten im Detail angeschaut. 
Wir erhielten Darmbiopsien beider Patienten und haben die Stammzellen aus den 
Biopsien isoliert. Die Stammzellen können in einer Kulturschale im Labor einen „Mini-
Darm“ („organoids“) bilden. Dies ist ein nützliches Modell, um die patientenspezifischen 
Darmzellen im Labor zu untersuchen ohne den Patienten selber zu involvieren. Als wir 
die Mini-Därme analysierten, sahen wir, dass einige Proteine, welche sich in gesunden 
Menschen an der apikalen Membran befinden, bei diesen Patienten in der Zelle blieben. Die 
Abwesenheit einiger Proteine auf der apikalen Membran der Patienten-Enterozyten erklärt, 
warum die Patienten keine Nährstoffe aus dem Darmlumen aufnehmen können. Wir haben 
auch basolaterale Proteine   in den Patienten-„organoids“ analysiert und festgestellt, dass 
diese an ihrer richtigen Position waren. Abbildung 1 zeigt die Struktur einer Darmzelle eines 
gesunden und eines an MVID erkrankten Menschen schematisch.

In Kapitel 5 beschreiben wir ein neues Mausmodell für MVID. Wir haben Mäuse gezüchtet, 
die unter normalen Bedingungen gesund sind. Wenn wir ihnen jedoch eine bestimmte 
Substanz (Tamoxifen) spritzen, können wir das MYO5B Gen in diesen Mäusen entfernen. 
Als Folge davon fehlt den Mäusen das Myosin Vb (MYO5B) Protein in allen Darmzellen, so 
wie es auch bei 90% der Patienten fehlt. MYO5B ist ein Motor-Protein, das andere Proteine 
zur apikalen Membran transportiert. Wir haben gesehen, dass die Mäuse die menschliche 
Krankheit imitieren und ebenfalls sehr schweren Durchfall bekommen, wenn wir das MYO5B 
Gen entfernen. Wir nutzten die Mäuse, um zu analysieren, welche Unterteile der Sortier- 
und Transportmechanismen in den kranken Zellen gestört sind. Wir zeigten auch, dass in 
den Mäusen sowohl apikale als auch basolaterale Proteine nicht auf ihrer richtigen Position 
auf der Zellmembran waren.

Zellkern

Apikale
Membran

Basolaterale 
Proteine

Golgi

Basolaterale 
Membran

Darmzelle ohne STX3

Apikale 
Proteine

Basolaterale 
Mikrovilli

Mikrovillus 
Einschluss

Gesunde Darmzelle

Nahrungsaufnahme NahrungsaufnahmeNahrungsaufnahme

Darmzelle ohne MYO5B

abbildung 1. Schematische abbildung einer gesunden Darmzelle, und einer Darmzelle ohne STx3 oder myO5B.

In Kapitel 6 untersuchten wir, ob wir in der Zukunft möglicherweise MVID Patienten mit 
Hilfe der Mini-Därme („organoids“) genesen können. Bei dieser Therapie würden wir 
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den Patienten die erkrankte Epithelschicht im Darm entfernen und ihnen dann gesunde 
„organoids“ geben, die wir beispielsweise aus einer Biopsie der Eltern wachsen lassen. Diese 
gesunden „organoids“ könnten dann eine neue gesunde Epithelzellschicht im Darm der 
Patienten bilden. Abbildung 2 zeigt dies schematisch. Um zu testen, ob dies funktionieren 
könnte, haben wir „organoids“ aus Stammzellen von Mäusen mit blauen Därmen gezüchtet. 
In anderen (nicht blauen) Mäusen haben wir einen Teil der Epithelschicht des Darms 
entfernt. Wir gaben ihnen dann die blauen „organoids“ und haben beobachtet, ob sich eine 
neue, gesunde und blaue Zellschicht im Darm der Mäuse bildet. Trotz vielfältiger Versuche 
haben wir bisher jedoch keine blauen Zellen in den Därmen der Empfängermäuse gesehen. 
Dies bedeutet, dass weitere Studien zu dieser potentiellen Therapie notwendig sind.

Gesunder Vater

Kind mit MVID

Isolierung gesunder 
Stammzellen aus 

Biopsie Aufzucht von 
Mini-Därmen 
(organoids)

Transplantation 
der organoids in 

den Darm des 
Kindes

Entfernung der 
erkrankten epithelialen 

Zellschicht

Kind kann durch den Darm 
Nährstoffe verwerten und 

aufnehmen

Abbildung 2. „Organoid“-Transplantationen als potentielle zukünftige Therapie für MVID.

In Kapitel 7 analysierten wir die Eigenschaften der Stammzellen von mehreren Plätzen im 
Darm. Es ist bekannt, dass in dem 6 Meter langen Darm nicht alle Nährstoffe an derselben 
Stelle verdaut und aufgenommen werden. Beispielsweise wird Eisen am Anfang des 
Dünndarms (im Duodenum) aufgenommen, während Zucker vor allem im mittleren Teil 
(dem Jejunum), und Vitamin B12 im letzten Teil (dem Ileum) des Schlauches aufgenommen 
werden. Wir haben uns gefragt, ob diese verschiedenen Funktionen entlang des Darmes 
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in den Stammzellen (die alle anderen Zellen erzeugen) programmiert sind, oder ob sie 
durch andere Einflüsse (zum Beispiel der Bakterien im Darm) entstehen. Daher haben 
wir „organoids“ aus den verschiedenen Teilen des Darms (von Mäusen und Menschen) 
hergestellt und analysiert wie diese Mini-Därme nach langer Zeit im Labor (wo keine anderen 
Einflüsse auftreten) funktionieren. Wir haben gesehen, dass selbst nach drei Monaten 
im Labor die Eisenaufnahme immer noch in den Mini-Därmen des Duodenums  und die 
Aufnahme von Vitamin B12 in den Mini-Därmen des Ileums erfolgte. Dies zeigte, dass die 
unterschiedlichen Funktionen entlang des Darmes in den Stammzellen programmiert sind. 
Dies bedeutet auch, dass wir, wenn wir in Zukunft „organoids“ transplantieren wollen, 
diese von allen Orten (Duodenum, Jejunum und Ileum) transplantieren müssen, um alle 
Funktionen in den Patienten wiederherzustellen.
Alternativ könnten wir die eingespeicherten Informationen in den Stammzellen bereits im 
Labor (vor der Transplantation) abändern, so dass die Zellen dann eine andere Funktion 
ausführen können.

In Kapitel 8 zeigten wir, dass eine solche Abänderung der eingespeicherten Informationen 
möglich ist. Wir haben die Mini-Därme im Labor mit einem bestimmten Stoff (RANKL) 
behandelt, und konnten dadurch erzielen dass die Zellen eine neue Funktion ausübten, 
welche ursprünglich nicht eingespeichert war.

Zusammengefasst bietet diese Arbeit neue Einblicke zur Ursache der Mikrovillus 
Einschlusserkrankung, zur Pathophysiologie (der Ereignisse in der Zelle) der Erkrankung, und 
lässt erste Versuche zu einer möglichen neuen Therapie („organoid“ Transplantationen) in 
der Zukunft sehen.
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