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Foreword

Eukaryotic cells have evolved over time to face and adapt to diverse changing environments 
and yet maintain functional equilibrium. Most of the cells in a multi-cellular, eukaryotic 
organism show some sort of polarity, defined as the anisotropic distribution of cellular 
components to perform distinct cellular functions. It refers to the asymmetric distribution 
of intracellular organelles, cytoskeleton, or the cell surface components. This asymmetry 
confers unique properties to cells helping them multi-task in specific niches of multi-
cellular body.  The polarization of the cell is tightly regulated and is connected to many 
aspects of cell biology including cell differentiation, intracellular signal transduction, 
cytoskeletal reorganization, migration, and cell division.   

The interface between the outside world and a multi-cellular organism is largely 
protected universally by a lining of epithelial cells. Epithelial tissues line the cavities and 
surfaces of organs throughout the body and also form many glands. Though there is an 
enormous diversity within the epithelial cells of higher organisms, they are united by the 
fact that they are all apico-basally polarized cells, i.e. they can differentiate their surfaces 
between what is above and what is below / adjacent. Such a sophisticated arrangement 
confers differential functions to surface domains which face varying environments. That 
is why it does not come as a surprise that functions like polarized secretion, selective 
absorption, mechano-transduction, chemo-transduction, trans-cellular transport, are 
performed by epithelial cells.  

One of the greatest expansions of the cell surface area is needed in gut, where 
small and large intestines are intensively challenged to absorb nutrients, ions, and water 
for efficient utilization of food. Enterocytes - intestinal epithelial cells - that cover the 
outer lining of the intestine allow for this efficient passage of food and water. Finger-like 
protrusions of the intestine (called villi, Latin for shaggy hair) significantly enhance the 
absorptive surface, but a second order of expansion happens occurs at the microscopic 
level by means of protrusions on the lumen-facing surface of the cell, called micro-villi 
(a.k.a brush border).  Most of the absorptive enzymes and ion transporters that need to 
be apically localized are positioned on these membrane protrusions and, hence, the brush 
border greatly increases the potential of the intestine to absorb nutrients.  

These microvilli are very dynamic and are finely regulated by intracellular processes.   
Deregulation of the dynamics, and maintenance or formation of the brush border have 
significant repercussions on the ability to absorb nutrients and are implicated as major 
cause of diarrhea.  Thus, a plethora of enteric pathogens use these organelles for entry / 
exit and, while taking the cell hostage, disturb the pathways in the cell that affect brush 
border function. Moreover, in several cases of non-pathogen mediated diarrhea, apart 
from toxins and chemicals, genetic origins have been discovered which cause osmotic 
or secretory diarrhea, many of which also affect brush border organization and function.   



Though the composition of microvilli is well studied, relatively little is known about how 
microvilli develop, organize, and which genes and intra-cellular factors regulate microvilli 
dynamics.   

In the pursuit of studying how brush border develops, we have focussed our attention 
on a rare form of a lethal congenital diarrheal disorder: Microvillus inclusion disease 
(Davidson’s disease). Patients with this disease show chronic secretory diarrhea that 
starts soon after birth. Intestinal epithelia show a drastic loss of brush border at the 
apical surface.  Some of the cells have microvilli stuck inside the cytoplasm in the form of 
dense inclusion bodies seen by electron microscopy (hence the name).  Mutations in the 
gene MYO5B associated with this disease were discovered in 2008 but how the disease 
develops is still unknown.  With the study of the pathogenesis of this disease, our aim is to 
contribute towards understanding of the connecting pathways involved in the formation 
of a healthy, organized brush border and gain ground in moving towards a therapy for 
brush border related diseases.  



Contents

Chapter 1  Introduction to the brush border 
development at the apical membrane and 
scope of the thesis 13

Chapter 2 An overview and online registry of the 
microvillus inclusion disease patients and 
their MYO5B  mutations 31

Chapter 3 Myosin Vb and Rab11a regulate ezrin 
phosphorylation in enterocytes 51

Chapter 4  Rac1 regulates ezrin phosphorylation and 
microvillus organization  81

Chapter 5 Defects in the brush border fusion machinery 
cause microvillus inclusion disease 101

Chapter 6
  

Loss of intestinal Myosin Vb function impairs 
Claudin-1 trafficking in microvillus inclusion  
disease 111

Chapter 7  Summary and future perspectives 125

Nederlandse samenvatting 131

Summary in Marathi 137

Acknowledgements 141



 



Chapter 1

INtRODuCtION tO BRuSH 
BORDER DEvELOPMENt At tHE 

APICAL MEMBRANE

&

SCOPE OF tHE tHESIS

H. S. Dhekne and S. C. D. van IJzendoorn 

Department of Cell Biology, University Medical Center Groningen, 
the Netherlands 



CHAPTER 114

Abstract
 

Polarized epithelial cells have their surfaces differentiated into apical and basolateral membrane 
domains separated by tight junctions. Several mechanisms work in concert to ensure that this 
apico-basal polarity is established and maintained, one of the most important factors being 
intracellular trafficking of cargo. The apical membrane is constantly restructured and maintained 
by regulated endocytosis and recycling, sorting of the apical directed cargo, selective retention 
of apical proteins, and displacement from the basolateral membrane. These polarity cues also 
play a role in development of the structural aspect of the apical membrane, called microvilli. The 
composition of the microvilli has been well studied but the elucidation of their formation and 
dynamic nature remains elusive. Cytoskeletal proteins and their associated factors contribute to 
providing rigidity and structure to the apical domain but whether they contribute in initiating 
this unique morphology is yet uncertain. Intra-cellular signaling cascades of cytosolic kinases and 
adaptor proteins also contribute to the dynamic nature of the brush border. Some of these signaling 
pathways are important for both, the establishment of apico-basal polarity and the formation of 
microvilli. Yet microvilli formation is not an inevitable outcome of apico-basal polarity in epithelia 
and can be de-coupled at the molecular level.  Importantly, the presence of regulators of vesicular 
trafficking in microvilli-related signaling cascades makes one wonder whether endo-membranes’ 
flow have a bigger role than previously thought of in microvilli assembly. This chapter reviews the 
recent advances in the molecular cross-talk of microvilli-related signaling cascades and touches on 
novel roles for microvilli, apart from the commonly known role in expanding the apical surface area. 

  

Introduction to general epithlelium:

Epithelial cells line the interface between the organism and the exterior world in the form of 
monolayers covering the vast areas of the digestive, respiratory, urinary and reproductive 
tracts. Epithelia are important in maintaining the homeostasis by vectorial transport 
of nutrients, ions, and waste and, therefore, are intrinsically asymmetrical or polarized 
(Rodriguez-Boulan, 2008). Cell polarity can be defined as the anisotropic distribution of 
cellular components to perform distinct functions. The epithelial cell membrane is divided 
into the apical domain which faces the “outside” luminal space and basolateral domain 
which faces “inside” tissue contacting the basement membrane, extracellular matrix, blood 
capillaries, as well as the basolateral domain of the neighbouring cell. The two domains 
are physically separated by tight junctions (TJs), a critical component in the establishment 
of epithelial cell polarity. TJs are typically situated at the apical-most region of the lateral 
membrane and serve as an intercellular barrier that limits paracellular permeability (Keith 
Mostov et al, 2008) and intra-membranous fence that limits lateral diffusion of apical 
and basolateral membrane proteins (Giepmans and van IJzendoorn, 2009). The apical 
and basolateral membranes face different environments and have distinct functions that 
are accompanied by dissimilar lipid and protein compositions. With the polarization of 
the cell, there is also an asymmetric distribution of intracellular organelles (e.g. apically 
oriented Golgi stacks), cytoskeleton arrangement (e.g. enrichment of filamentous actin in 
subapical zone), and pools of other intracellular proteins.



INTRODUCTION TO BRUSH BORDER DEVELOPMENT AT THE APICAL MEMBRANE 15

Composition and apical sorting

The apical domain faces varying, often harsh, environments and needs to protect itself 
from such a hostile exterior. By selective inclusion of lipids, proteins and carbohydrates, 
the apical domain has to protect the cell from the hostile exterior, yet needs to be flexible 
to allow passage of nutrients and, in some cell types, allow secretory capacity. The outer 
leaflet of the apical plasma membrane domain is enriched in glycosylated proteins, 
glycosphingolipids, and sterols. Such a detergent-resistant membrane domain phase-
separates into sub-domain called lipid rafts which help cluster apical proteins and certain 
lipids (Simons, 1998). An ordinary mammalian plasma membrane contains 20% cholesterol, 
15% sphingomyelin, and 5% glycolipids but, in polarized kidney epithelia, the combined 
cholesterol plus sphingomyelin proportion goes up to 60%. This lipid raft composition varies 
between different epithelia, e.g. intestinal epithelium have modest cholesterol proportion 
but >30% raft-promoting glycolipids (Gert Hansen, 2006). Such compositional differences 
allow for a robust lipid platform which in one case promotes ion exchange while in another 
case helps counter the action of detergent-like bile salts, without compromising the 
dynamic nature of both membranes. The unusual high proportion of lipid rafts makes the 
apical domain a continuous large lipid raft with patches of non-raft embedded (Schuk and 
Simons, 2004). This apical raft domain is replenished by exocytic delivery of Golgi-derived 
vesicles rich in lipid-micro domains. Lipid rafts help cluster proteins for apical delivery 
and shape apical sorting signals. Clustering, together with the association of proteolipids 
stimulates larger oligomers causing phase separation and efficient formation of apical 
directed vesicles (Schuk and Simons, 2004; Rescher and Gerke, 2004; Klemm et al, 2009). 
Lipid rafts are associated with the outer leaflet of the apical bilayer. The inner leaflet is 
enriched in phosphatidylinositides, especially phosphatidyl inositol-4, 5 bisphosphate 
(PIP2) which is continuously being generated by cytosolic kinases (such as phosphatidyl 
inositol-5 kinase) or cytosolic phosphatases (such as PTEN). The basolateral membrane is 
in enriched phosphatidyl inositol-3, 4, 5 triphosphate (PIP3) generated by local activity of 
the inositide kinases (such as phosphatidyl inositol-3 Kinase). This lipid gradient of PIP2 
and PIP3 in the inner leaflet is important in the maintenance of cell polarity. PIP2 is also a 
secondary messenger and, by binding to structural proteins under the apical membrane, 
acts as a polarized signaling lipid. Since the composition of the luminal membrane is 
essential for epithelial function, several redundant mechanisms co-exist making apico-
basal sorting a robust mechanism for maintaining the apical membrane. A detailed 
overview of the apical membrane sorting and clustering signals was recently provided in 
a review by Rodriguez-Boulan in 2009.  

Retention of apical proteins

Polarised trafficking contributes to the establishment of the polarity program and helps 
maintain different domain identities. There are various mechanisms to ensure selective 
accumulation of the proteins on the apical domain. Differential trafficking of integral 
membrane proteins to the apical surface is coordinated with their selective sorting at trans-
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golgi network (Weisz and Rodriguez-Boulan, 2009; Nelson, 2001; Apodaca, 2007). The 
delivered proteins are continuously endocytosed and recycled to the plasma membrane 
or sent into the lysosomal degradative pathway. Apical and basolateral recycling thus 
handle distinct cargoes which may temporarily mix in common recycling endosome (CRE). 
The route from the TGN to apical surface is not always direct. En route Apical Recycling 
Endosomes (ARE) can act as sorting stations for post-Golgi and post-endocytic vesicles. (van 
IJzendoorn, 1999). Some membrane proteins are not sorted by but selectively retained 
on the apical membrane. Mechanisms include: i) binding to PDZ-domains exemplified by 
binding of proteins to NHERF/EBP50, ii) actin-linked proteins, like villin, or iii) binding to 
specific lipid moieties such as the local capture of ezrin by PIP2 (Bretscher, 1999; Swiatecka-
Urban, 2002). Other mechanisms include displacement of membrane proteins from 
the basolateral surface by endocytosis and further apical transcytosis (Hoekstra, 2002). 
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The apical membrane is 
a special part of plasma 
membrane distinct from the 
basolateral membrane. Specific 
lipids like PIP2 and PIP3 enrich 
to either membranes. Domain-
specific fusion machinery, like 
Syntaxins, plays a major role 
in protein targeting. Recycling 
endosomes marked by rab11 
are differentially located in 
unpolarised and polarised cells 
regulated by motor proteins 
Myosin Vb. Differential 
trafficking of proteins 
contributes to establishment 
of polarity. 

Stability of the apical domains also relies on the lateral diffusions in the membrane. 
The lateral diffusion of proteins and lipids residing in the outer leaflet of the membrane 
bilayer is limited by the presence of intra-membranous molecular fencing by tight 
junctions (Hoekstra, 2003). The TJ-associated proteins like cingulins, zona-occludens form 
macromolecular platforms linking the membranes to apical signaling machinery. Claudins 
and junctional adhesion molecules connect membranes from adjacent cells and reduce 
the paracellular flow of molecules. Localization of the conserved aPKC-PAR polarity 
complex at the TJ suggests the close knit association of tight junction formation and signal 
transduction driving polarity (reviewed by B. Margolis in 2006. 

In conclusion, the apical plasma membrane is a lipid raft-rich domain displaying 
unusual structural aspects and distinct macromolecular composition which is generated by 
dynamic sorting, trafficking and local retention by membrane proteins. With the advent of 
newer biochemical and genetic tools, we are beginning to understand the organizational 
complexity and unique structural aspects of the apical plasma membrane.  
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Microvilli – the apical boundary

The apical membrane is divided into sub-domains. One of the unifying features of 
polarized epithelia is the formation of distinct protrusions of 80nm thickness and 1-2µm 
long forming the apical domain called microvilli (a.k.a brush border). Such organized, 
actin-rich, membrane protrusions substantially increase the absorptive surface area 
of the cells, especially in the liver, kidney and intestinal epithelia. Each microvillus is 
supported at its roots by a dense packing of cytoskeleton called the terminal web (TW). 
The TW and protrusions are enriched in cytoskeletal elements like intermediate filaments, 
microfilaments, and associated motor proteins. This unique structure of MV has been 
studied for a long time in terms of its composition and structural features but there is 
relatively little known on the signaling and trafficking mechanisms which lead to the 
formation of the MV. Some of the recent developments on the individual contributions 
of (1) Cytoskeletal proteins, (2) Cytoskeleton-membrane linker proteins, 3) intra-cellular 
trafficking pathways and how these contribute to microvilli development in a coordinated 
fashion are reviewed in this part of the chapter. 

a) Cytoskeletal elements 

MV are supported by parallel arrays of actin filaments that create a paracrystalline 
arrangement: the ac tin bundle. Individual actin filaments within the bundle are unipolar 
with their barbed,plus-ends at the top of the MV. Actin filaments constantly polymerise at 
the tip of each bundle (Mooseker, 1975; Revenu et al, 2012; McKnight and Brown, 2012). 
Specific proteins bundle and crosslink individual actin microfilaments to help form regular, 
tight, parallel arrays. This is needed to form uniform arrays seen in membrane protrusions 
like filopodia, bristles, stereocilia, rhabdomeres, and MV. Three important actin-bundling 
proteins, espin, plastin-1 (or fimbrin), and villin, are present in the MV. Absence of espin 
as seen in Jerker mice as well as mutations in the human espin gene cause autosomal 
recessive deafness and vestibular dysfunctions possibly by destabilizing actin in stereocilia 
(MV-like structures in the inner ear) (Donaudy F. et al, 2006). Surprisingly, espin knock-out 
mouse showed no effects in enterocyte BB formation (Sekerkova and Bartles, 2011). Villin, 
an actin-capping / actin-bundling protein present mainly in epithelia which have dense 
MV, when over-expressed in fibroblast-like cells, induces tufts of MV structures (Freiderich 
E, 1989); but a villin knockout mouse yielded no significant alteration of the MV structure 
(Pinson et al, 1998). Surprisingly, the triple knockout mouse of villin, espin, and plastin-1 
also showed MV, albeit reduced in length, with disbundled actin. The actin bundlers 
seemingly work together in a concerted fashion and contribute only in the MV length 
but not initiation, thus explaining the rather mild effect of their individual depletions.  
As yet unknown robust actin nucleation signals and actin-linker proteins (myosins, ERMs, 
membrane-bending proteins, formins) must guide the initial arrangement of longitudinal 
actin filaments to make the membrane protrusion (Revenu et al, 2012).  

In addition to actin, Intermediate filaments (IF) form a thick periluminal network 
below the apical membrane which connects the terminal web to the adherence junctions 
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(Brunser and Luft, 1970; Bossinger et al, 2004) which is important for epithelial integrity 
and apical domain organization. Mutations in intermediate filament-organising protein 
IFO-1 in C.elegans model leads to dis-organization of apical microvilli as well as loss of 
epithelial integrity (Carberry et al, 2012).  Keratin-19 interacts with Ca2+dependent lipid 
binding protein Annexin-II, the knockdown of which hampers microvilli development 
(Hein et al, 2011). The IF component, Keratin-8, binds ezrin, an ERM-protein, in its 
inactive form and thus regulates microvilli actin assembly. Keratin-8 also recruits 
phosphoinositide-dependent kinase-1 (PDK1) which activates the polarity complex kinase 
aPKCiota which, in turn, is important for enterocyte brush border (BB) (Wald et al, 2005; 
Salas et al, 2012). Moreover, loss of actin-bundling protein plastin1 caused disruption 
of the apical IF network leading to shortened intestinal microvilli (Grimm-Gunter, 2009). 
Desmosomal proteins, including desmoplakins and plakoglobins connect IFs to adhesion 
junctions and control the length of the MV in intestinal epithelium, but independent of 
their role in IF organization or terminal web assembly and possibly by signaling towards 
actin reorganization (Sumigray, 2012). Even IF keratin-binding protein Albatross, which 
connects the apical IFs with adhesion junction proteins, binds polarity complex protein 
Par3 and thereby regulates epithelial polarization does not play a role in MV organisation 
(Sugimato et al, 2008).  In spite of the enrichment of various IF proteins in the terminal web 
and with their established roles as scaffolding proteins, how they contribute to signaling in 
the brush border formation is still unclear. 

The dense cytoskeleton network underlying the MV provides a dynamic platform 
for the regulation of MV organisation and maintenance. Cytoskeleton too is in contact 
with the apical membrane and thus shapes membrane architecture. Such proteins that 
facilitate cytoskeleton-membrane interactions are linker proteins, some of which are 
reviewed in the next section.

b) Cytoskeleton-membrane linker proteins

The arrays of actin bundles are linked to the apical plasma membrane by various actin 
motor proteins including myosins. The head domain of myosin 1a, plus-end-directed motor, 
binds actin while its tail domain interacts with MV membrane lipids to induce tension 
on the protruded membrane so powering movement towards the MV tips. This outward 
push on the membrane has been studied by use of optical tweezers and live imaging on 
isolated BB (Tyska, 2007). The tread milling of actin filaments connected by myosin 1a 
propels the membrane over actin and causes shedding of microvillus membranes into the 
lumen environment in the form of micron sized vesicles. Myosin 2, which forms an acto-
myosin contractile ring along the cell cortex and contributes to brush border dynamics 
by connecting actin rootlets, has no role in the outward force generated on MV. The 
knockout mouse for myosin 1a has modest effect on BB density but causes irregular MV 
packing, disorganization, and length. The modest phenotype on myo1a knockout BB is 
possibly a result of myosin complementation. Several related myosins like Myo1b, Myo1c, 
and Myo1d are ubiquitously expressed in various cell types where they localize to the 
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MV tips. In fact, Myosin 1c specifically redistributes to the apical domain from basolateral 
domain to compensate for Myosin 1a (Benesh et al, 2010). Apical resident proteins such 
as CFTR that are involved in maintaining steep ion gradients are also dependent on this 
myosin (Ameen, 2012). Shotgun mass spectrometry on isolated brush borders identified, 
in addition to membrane bending machineries and adhesion proteins, low abundance 
myosins like myosins Va, Vb, VI, VIIa, VIIb and even previously undetected myosin XV 
(important in stereocilia) (McConnell et al, 2011). Myosin VI, the only minus-end-directed 
actin motor is also implicated in hearing loss in humans and mouse model (Snell’s 
Waltzer mouse which has a mutation in the MYO6 gene causing loss of motor function) 
due to irregular organization of stereocilia formation. Myosin VI is expressed throughout 
the intestine and is specifically located in the inter-microvillar apical membrane and 
subapical recycling endosomes. Snell-waltzer mouse also shows terminal web defects and 
disorganized fused MV in the intestine. The dependence of minus-end-directed myosin 
VI on activity of plus-ended-directed myosin 1a in the same niche shows the functional 
synergy between two motors and maintaining the protein composition of the apical 
membrane. Also myosins Va and 1e are up-regulated in these cells suggesting functional 
redundancy between various myosins. (Hegan et al, 2012; Buss et al, 2004; Apodaca, 
2007; Benesh et al, 2010). A related motor protein myosin Vb, a regulator of recycling 
endosomes, is highly expressed in intestinal epithelium and mutations in the MYO5B gene 
also lead to disorganized villi and almost complete loss of MV in enterocytes of patients 
diagnosed with microvillus inclusion disease. Thus, the presence of myosins known for 
their roles in vesicular trafficking, indicates the overlapping and compensatory trafficking 
mechanisms which together lead to a healthy brush border organisation (Ameen, 2012).

Another major membrane-actin linker family present in the BB proteome is Ezrin-
Radixin-Moesin (ERM) family of proteins. These proteins have an N-terminal membrane 
binding FERM (4.1, Ezrin, Radixin, Moesin) domain and a C-terminal actin binding 
domain (C-ERMAD) creating a functional link between apical membrane and the 
underlying cytoskeleton. Their expression is regulated in a developmental and tissue-
specific manner and varies within different cell types. Many epithelial cells express 
ezrin, endothelial and neuronal cells prefer moesin, while radixin is majorly produced 
by hepatocytes (Fehon et al, 2010). Initially in an inactive state, FERM and C-ERMAD 
domains in ERM proteins are bound to each other yielding a closed conformation to 
the protein. In a concerted process of binding to the apical lipid moiety (mainly PIP2) 
and phosphorylation by kinases at Thr567 residue for ezrin (Radixin Thr564, Moesin 
Thr558), the intermolecular interaction is disrupted (Fievet et al, 2004; Matsui et al, 
1998). This unmasks an alternate conformation which allows the direct interaction of 
C-ERMAD to actin and FERM to membrane / membrane-associated proteins (Figure 2).    

Ezrin deficient mice show severe abnormalities in the shape of intestinal villi, fail to 
thrive, and die within 3 weeks (Saotome et al, 2004). In addition, intestinal absorptive cells in 
ezrin knockout mice cause disorganization of the actin terminal web and show short, sparse 
and immature MV (Louvard et al, 1992; Saotome et al, 2004). Ezrin knockout mice lose the 
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intestinal epithelial organization but do not manage to completely lose the brush border. 
The binding partners of ezrin CD43/44, ICAM1/2, NHE1/3, Syndecan 2, beta-dystrophin on 
the apical membrane and cytosolic adaptor proteins like EBP50, E3KARP, and others have a 
significant contribution in the disruption of the FERM-C-ERMAD interaction (Terawaki et al, 
2006). Knockdown or introducing mutation that causes ezrin-binding defect in EBP50 leads 
to MV defects as well (Hanono et al, 2006). EBP50 in turn binds various other apical trans-
membrane proteins with their PDZ domains like NHE3, CFTR, Crumbs-3, podocalyxin, PDGFR, 
etc. Phosphorylation of EBP50 by PKC is necessary to augment the binding of PDZ domains 
to their respective ligands (Garbett et al, 2010). Thus ezrin and its binding partners provide 
complex networks to connect apical membrane and cytoskeleton driving BB formation.

Figure 2  
Illustration displaying important apical proteins such 
as ICAMs, CD44, EBP50, NHERF (EBP50) and its binding 
partners NHE3, Crumbs-3, that regulate the dynamics of 
microvilli organization  by influencing the localization and 
activation of ezrin, one of the key membrane-cytoskeleton 
linker proteins present at the brush border. 

Ezrin activation occurs at the apical membrane by the recruitment of local threonine 
kinases (Fievet et al, 2004). The kinases that activate ezrin are diverse and have been 
the topics of recent studies. Earlier, Matsui et al (in 1998) showed Rho-kinases to play a 
role in phosphorylating ezrin in the apical domain. But this was questioned later (Matsui 
et al, 1999) and several other ERM kinases have been proposed in various cell models. 
Myotonic dystrophy kinase related cdc42-binding kinase (Nakamura et al, 2000), isoforms 
of protein kinase C (Pietromonaco et al, 1998) in fibroblasts, Ste20-like MST4 kinases, 
atypical protein kinase C and Akt2 (Ten klooster et al, 2009; Fidalgo et al, 2012, Wald et 
al, 2008, Shiue et al, 2005) in epithelial cells, and Lymphocyte-oriented kinase (LOK) in 
lymphocytes (Belkina et al, 2009). Recently, Vishwanathan et al (in 2012) have shown that 
in Jeg3 cells, Ste-20 like kinase (Slk) and LOK localize and activate ezrin at the microvillar 
tips. This form travels retrograde to the base to be eventually inactivated by cytoplasmic 
phosphatases ensuring a constant cycle of phosphorylation-dephosphorylation of 
ezrin. Too much phosphorylation causes its redistribution to the basolateral side, too 
little causes its mislocalization to the cytoplasm. Ezrin phosphocycling contributes to 
its apical localization and could be one of the important factors that make MV dynamic 
(Vishwanathan et al, 2012). The Presence of a handful of such kinases that are involved 
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in activating ezrin and regulating BB development could reflect variability in cell models 
as well as spatio-temporal differences in ezrin activation events at sub-domains along the 
MV. Studying how these kinases traffic to the MV would be useful to understand intra-
microvilli dynamics and downstream processes.    

An important gap in our understanding of BB development is how BB development is 
controlled by intracellular signaling. One might imagine a linker plus a scaffolding platform 
which organizes a macro-molecular signaling network in the apical niche. The molecular 
cues which originate from such ezrin complexes are yet to be determined. Ezrin regulates 
activity of Rho GTPase possibly using RhoGAP activity of its binding partners (Nadrin, 
ARHGAP18, PLEKHG6, RhoGDI) (Garbett et al, 2013). The intestines of ezrin KO mice show 
upregulated Rho activity affecting apical membrane rigidity (Casaletto et al, 2011). Other 
ERMs are known to contribute to membrane rigidity as shown by the blebbing phenotype 
in mitotic cells downregulated for moesin (Kunda et al, 2008). Apart from scaffold proteins 
like EBP50, ezrin also exerts its downstream signaling via actin capping factors like 
Epidermal growth factor receptor substrate 8 (Eps8). Ezrin-Eps8 interaction stimulates the 
bundling and capping activities of Eps8 and Eps8-like proteins during the initial budding of 
the BB (a basis of the “tip complex” proposed by in Mooseker in 1982 (Zwaenepoel et al, 
2012). This is in line with the fact that Eps8 knockout mice show defects in fat absorption, 
possibly due to shorter MV length (Tochetti et al, 2010).          

ERM proteins have thus emerged as important but not sufficient components of the 
apical BB assembly machinery and their phosphocycling, trafficking and downstream 
signaling regulate brush border development.   

c) uncoupling brush border signaling from polarity 

Establishment of polarity is an underlying factor that stimulates MV formation. The 
polarized sorting and trafficking in time and space facilitates MV formation by providing 
the necessary machinery. Recently, several molecular links have emerged that define 
pathways that connect as well as disconnect the two. These include several small GtPase 
from the family of Arf, Rab, Ras, and Rho GTPases responsible for vesicular trafficking. 
GTPase Cdc42, belonging to the Rho GTPase family, is a critical component of epithelial cell 
polarity and has a role in cell differentiation and tissue morphogenesis. Its depletion (or 
over expression of a GTP-locked mutant) affects the permeability of intestinal epithelium, 
disturbs polarity (presumably by affecting the PAR-PKC-Cdc42 complex) and results 
in occasional cytoplasmic vacuoles that contain microvilli. Cdc42 displays a functional 
interaction with another GTPase, Rab8a, which is a regulator of apical recycling endosome 
network. This molecular cross talk controls each others’ GTPase activities to generate 
healthy brush border (Sakamori et al, 2012; Melendez et al, 2013). An important link is the 
protein EPI64 (Figure 3A), which connects MV assembly and apical endosomal machinery 
by binding both, EBP50 and GTP-Arf6 (PIP2-dependent regulator of endocytosis and 
membrane recycling). GDP-Arf6 or EBP50 mutants that are unable to functionally couple 
with EPI64 give rise to a reduced number of MV and the appearance of actin-rich vacuoles 
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in the cytoplasm (Hanono et al, 2006). Moreover, EPI64 displays RabGAP activity towards 
GTP-rab8a, a regulator of polarized trafficking. By reducing levels of GTP-Rab8a, EPI64 
may limit the apical membrane recycling and stimulate actin nucleation / polymerization 
driving membrane protrusions (Hokanson and Bretscher, 2012). Thus, some of the cellular 
signaling pathways that coordinate epithelial polarity program and polarized protein 
trafficking also contribute in downstream events such as MV formation and maintenance.  
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A) Pathway showing a functional 
interaction between proteins 
involved in membrane trafficking 
(cdc42, rab8a, arf6) and brush 
border formation (NHERF/EBP50, 
ezrin) connected by scaffolding 
protein EPI64 which? regulates 
the dynamics of the brush border. 
B) Tumor suppressor and polarity 
proteins (lkb1) form a complex 
pseudokinase and adaptor 
proteins (strad-α, mo25) and 
trigger downstream signaling 
via lipids (phosphatidyl inositol, 
phosphatidic acid) and GTPases 
(rap2a) to recruit key apical kinases 
(MST4) to activate ezrin

Perturbing regulators of the endosomal system can also disturb epithelial polarity 
program (Weisz and Rodriguez-Boulan, 2009) including MV. Established cell lines like 
MDCK, CaCo2, LLC-PK1 and Jeg3 have been useful in investigating whether MV formation 
is an inevitable downstream effect of polarity. These cells spontaneously polarize and 
develop an apical BB after establishing cell-cell contact in monolayer cultures. Ls174t-W4 
is an intestinal epithelial cell model in which apical polarity and BB formation can be 
stimulated in single cells by doxycycline controlled over-expression of Strad-α. A molecular 
pathway has emerged where adaptor protein Strad-α triggers the export of kinase Lkb1,  
a polarity and oncogenic protein, from the nucleus to the cytoplasm allowing the formation 
of a tripartite complex of Mo25-Strada-Lkb1 at the cis-Golgi (Figure 3B). This may have 
a direct effect on Golgi trafficking by activating the Ste20-like kinase MST4 at the Golgi 
membranes. Activated MST4 translocates to the subapical zone of the cell via an unknown 
mechanism and phosphorylates the locally retained ezrin thereby helping brush border 
formation independent of apico-basal polarity establishment (Ten Klooster et al, 2009). 
This suggests that microvilli development program can be separated at the molecular level 
from general cell polarity program. This implies that a cell can maintain major aspects of 
polarity but independently of the characteristic BB organization of the apical surface.    

This hypothesis is reinforced by the study on Rap2a which is involved in cell-cell 
adhesion and cell polarity. By use of cell-adhesion deficient LS174T-W4 cell line, Rap2a 
was shown to have a novel role in MV formation distinct from its established role 
in polarity. Rap2a is recruited to the apical plasma membrane by a series of signaling 
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cascades originating from the cleavage of PIP2 by phospholipase D (PLD1). The product, 
phosphatidic acid can then activate the GTPase cycle of Rap2a by binding PDZGEF.  
The PIP2-PDZGEF-Rap2a pathway recruits the effector TNIK (TRAF2 and NCK-interacting 
kinase) and induces actin reorganization. The signaling cascade merges with the above 
described Strada-Lkb1-Mo25 pathway to allow the phosphorylation of ezrin by recruiting 
its kinase MST4 (Gloerich et al, 2012). This road seems to be crucial to stimulate MV 
as tampering with the kinase activities or effectors leads to loss of BB by losing ezrin 
phosphorylation, but not loss of polarity. This underscores the uncoupling of pathways 
that drive BB from those that drive apico-basal polarity. 

d) New perspectives on Mv and open questions

Microvilli are traditionally considered as structures needed to expand the surface area of 
the cell.  However, several recent studies have demonstrated that microvilli contribute to 
additional physiological functions.   

Disruption of cell polarity is a major feature in the epithelial to mesenchymal transition 
leading to oncogenic transformation. Colon cancer cells often show inactivated myosin 1a 
by genetic or epigenetic mechanisms. Myosin 1a knockout mice have more aggressive 
tumors. The expression pattern of BB myosin 1a is an important prognostic marker for 
tumor progression (Mazollini et al, 2013). Surprisingly, another BB myosin, Myosin VI 
which together with Myosin 1a maintains the MV membrane tension, is also implicated 
in prostate cancer. Myosin VI is over-expressed in the medium-grade prostate cancers 
and is critical in maintaining the malignant properties of most diagnosed human prostate 
cancers (Dunn et al, 2006). This demonstrates that structural components of MV display 
tumor suppressor ability.    

Another structural protein of MV also regulates migratory behavior of enterocytes 
during injury and wound healing. In addition to actin-binding, villin also displays an actin-
severing function favored by calcium dependent phosphorylation at several tyrosine 
residues. Villin regulates actin plasticity that allows cells to migrate laterally within  
a monolayer. Actin severing deficiency in villin prevents the breakdown of microvilli and 
inhibits cell migration during wound healing. Thus without changing the polarity program, 
epithelial cells can control their migratory behavior simply by regulating MV dynamics. MV 
are not just a structural marker of polarity, but their components inhibit dedifferentiation 
in intestinal epithelium (Ubelmann et al, 2013). Another form of migration displayed 
by enterocytes is their movement from crypts to the tips of the villi. Their orientation 
relative to crypt-villus axis is critical in tissue morphogenesis and planar polarity.  
The critical microvillus component ezrin was shown to regulate spindle orientation during 
cell division. In ezrin knockout mice, the mitotic spindle angles relative to the crypt-villus 
axis was random while those in control mice were typically 30o (Casaletto et al, 2011). 
Such spindle orientation is important in maintaining the planar polarity during tissue 
homeostasis (Fraser et al, 2004; Slim et al, 2013) and is regulated by the BB components 
of the dividing cells in the intestinal crypt.  
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The BB of epithelia is responsive to external stimuli and thus is very dynamic. 
Membranes that are shed from the BB in the form of vesicles by myosin 1a controlled 
membrane-sliding mechanism also carry important enzymes on the external leaflet of their 
membrane bilayer. These vesicles can bind the gut microbes such as entero-pathogenic 
E.Coli and reduce their adherence to the epithelial cell surfaces. The surface enzymes 
include alkaline phosphatase that helps detoxify the bacteria by de-phosphorylating the 
pro-inflammatory lipo-polysaccharides in the cell wall. In fact, the epithelial cells up-
regulate shedding of micro-vesicles in the presence of pathogenic bacteria. Conditioning 
the lumen environment and helping in the innate immune response by generating vesicles 
seems to be an important role of microvilli. (McConnell et al, 2009). This phenomenon 
is common to many other cell types having MV, but their intra-cellular signaling is yet 
elusive. In addition, pore-forming toxins secreted by pathogenic bacteria in the gut injure 
the MV and apical membrane. Regulators of endocytosis and membrane recycling (GTPase 
rab5 and rab11) repair this insult by formation of a membrane patch and expulsion of the 
damaged MV to heal the injury to the apical membrane (Los et al, 2011). Such instances of 
a supply of membrane towards the injured MV region, or of shedding micro-vesicles from 
MV points towards a need for an uninterrupted supply of BB-targeted endo-membranes. 

The mechanisms via which apical membrane dynamics regulates MV development 
are yet not well understood. In the secretory gastric parietal cells, upon stimulation by 
PKA agonists, a massive reorganisation of internal tubulo-vesicular membranes (TVM) 
and rapid increase in the apical surface area of these cells occur. The relatively short MV 
and canaliculi at the apical membrane are transformed into long MV, 5-10 fold increase 
in the surface area and the redistribution of the TVM from the cytoplasm to the apical 
membrane, thus facilitating the apical positioning of important anionic transporters 
(Forte and Zhu, 2010). Similarly, membrane fusion machinery such as Munc-18 and 
Syntaxins are upregulated at the apical membrane assisting fusion of endo-membranes 
and increase in surface area (Karvar et al, 2005; Liu et al, 2007). These TVMs also contain 
GTPase rab11, known for its dual role in apical membrane recycling and TGN-Apical 
membrane trafficking, to be upregulated and activity of which is required for stimulation 
of parietal cells. Activity of rab11a is shown to be required also in post-fertilized eggs of 
sea urchins to position membrane transporter to MV membrane (Whalen et al, 2012). 
Moreover, another regulator of apical membrane recycling, GTPase Rab8a, is implicated 
in regulation of MV. Depletion of GTPase Rab8a in a mouse model showed redistribution 
of apical peptidases and transporters to lysosomes, presence of microvillus inclusions as 
well as defects in apical MV elongation (Sato et al, 2007). Although the signaling pathways 
that coordinate endo-membrane trafficking and BB development is still unclear, the above 
examples suggest a strong molecular link with the apical endosomal system.

The involvement of membrane trafficking in MV development is exemplified  
in patients with microvillus inclusion disease (MVID), a rare and fatal trafficking disorder  
in the new born children. MVID patients carry mutations in the effector protein of GTPases 
rab11a (and rab8a), called myosin Vb, a motor protein that is important in regulating 
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the dynamics of recycling endosomes. These patients suffer from a persistent diarrheal 
disorder and a severe absorption problem. Mutations in MYO5B are associated with MV 
atrophy, cytoplasmic MV inclusions (Muller et al, 2008), and re-distributed rab11a in MVID 
enterocytes (Szperl et al, 2011). This suggests that a functional membrane trafficking 
pathway correlates with the organisation of a healthy BB. Whether and how signaling for 
BB assembly may be regulated by a flow of endo-membranes is yet unclear and has been 
investigated in this thesis. 

Conclusion

To summarize, there are identifiable distinct links between the molecular events 
necessary for MV organization and apical protein trafficking machinery which 
maintains cell polarity. Apical recycling endosomes are the most recent and crucial 
link between polarity, MV dynamics and polarised vesicular trafficking. The AREs 
themselves have been crucial in contributing to polarized cell trafficking. Microvillus 
inclusion disease, (detailed in the next chapter) is a disorder characterized by 
defects in trafficking towards the apical membrane of intestinal epithelial cells. 
Because of the pronounced defect in the apical surface development, endosomal 
recycling system and loss of brush border, the study of the pathogenic mechanisms 
in microvillus inclusion disease provides a unique opportunity to gain insight into 
the molecular mechanisms that link intracellular trafficking and MV development 
and organization. 
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SCOPE OF tHE tHESIS 

This thesis, titled “Pathogenic mechanism in microvillus inclusion disease – Focus on apical 
brush border”, investigates the cellular and molecular mechanisms that underlie the 
pathogenesis of MVID, a congenital diarrheal disorder. In this way, we aim to understand 
the mechanisms that shape the apical membrane landscape, with emphasis on the 
microvilli brush border. Since the disease causing gene leads to trafficking defects, we 
focused on the contribution of the endo-membrane system to the development and 
organization of the brush border and epithelial monolayer. 

Chapter 1 introduced the concept of polarity, distinct features of the apical membrane 
and later dwells on the advances in the understanding of the molecular cues needed for 
microvilli development. 

Chapter 2 is a review on microvillus inclusions disease from a clinical and basic research 
perspective.  This chapter introduces the MVID patient registry and mutation database. 
The structure-function relationship of myosin Vb protein and the role of myosin Vb in cell 
biological processes are discussed.  Mutations in other myosins which lead to diseases 
have also been compared. 

Chapter 3 provides a mechanism for how myosin Vb loss-of-function leads to microvillar 
atrophy and not earlier observed defects in villi organization of MVID. A model as to how 
subapical endosomes, regulated by myosin Vb assemble machinery needed for brush 
border organization, is proposed. 

Chapter 4 introduces a novel role for small GTPase Rac1 in microvilli organization.  
The apical localisation of Rac1, its role independent of cell-cell adhesion and polarity and 
irrespective of activity status in the brush border organisation is studied in this chapter. 

Chapter 5 examines microvilli atrophy in two apparently unconnected congenital 
gastrointestinal disorders, MVID and FHL5, and how their paths meet at the apical 
recycling endosomes.  The hypothesis that apical fusion machinery can contribute, directly 
or indirectly, in brush border organization is tested.  

Chapter 6 touches on the role of paracellular permeability (leaky gut), one of the well-
known contributing factors in causing secretory diarrhea, in MVID pathogenesis.  Given 
the constitutive nature of diarrhea in the patients, inquiry into whether tight junctions 
contribute to the pathogenesis of the disease is made. 
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Abstract

Microvillus inclusion disease (MVID) is one of the most severe congenital intestinal disorders and is 
characterized by neonatal secretory diarrhea and the inability to absorb nutrients from the intestinal 
lumen. MVID is associated with patient-, family- and ancestry-unique mutations in the MYO5B 
gene, encoding the actin-based motor protein myosin Vb. Here we review the MYO5B gene and all 
currently known MYO5B mutations and for the first time methodologically categorize these with 
regard to functional protein domains and recurrence in MYO7A associated with Usher syndrome 
and other myosins. We also review animal models for MVID and the latest data on functional 
studies related to the myosin Vb protein. To congregate existing and future information on MVID 
geno-/phenotypes and facilitate its quick and easy sharing among clinicians and researchers, we 
have constructed an online MOLGENIS-based international patient registry (www.MVID-central.
org). This easily accessible registry currently contains detailed information of 137 MVID patients 
together with reported clinical/phenotypic details and 41 unique MYO5B mutations, of which 
several unpublished. The future expansion and prospective nature of this registry is expected to 
improve disease diagnosis, prognosis and genetic counseling. 

An introduction to microvillus inclusion disease

Microvillus inclusion disease (MVID; Online Mendelian Inheritance In Man 251850), 
previously known as familial protracted enteropathy (Davidson’s disease) or congenital 
microvillus atrophy, is a rare but life-threatening autosomal recessive enteropathy (Davidson 
et al, 1978; Cutz et al, 1989; Ruemmele et al, 2006). MVID is associated with patient- or 
family-specific mutations in the MYO5B gene, encoding the ubiquitously expressed myosin 
Vb protein (Erickson et al, 2008; Müller et al, 2008; Ruemmele et al, 2010; Chen et al, 2011; 
Szperl et al, 2011). The clinical presentation of MVID is characterized by intractable, severe, 
watery diarrhea beginning in early infancy, failure to absorb nutrients, and failure to thrive. 
The prognosis is generally poor and depends on total parenteral nutrition (TPN) and bowel 
transplantation. MVID is the leading cause of neonatal secretory diarrhoea and accounts 
for ~7% of paediatric bowel transplantations worldwide. Most patients die at a young age 
as a consequence of total parenteral nutrition-induced liver failure or sepsis. Histological 
hallmarks of MVID small intestinal biopsies are hypoplastic atrophic or disorganized villi 
without crypt hypertrophy or immune cell infiltrate and, at the intestinal cellular level, 
microvillus atrophy, intracellular accumulation of brush border enzymes, and microvillus 
inclusions in the cytoplasm (Cutz et al, 1989; Ruemmele et al, 2006). Each of these 
hallmarks severely limits the absorptive capacity of the intestine. Diagnosis is established 
with light microscopy showing accumulation of periodic acid Schiff (PAS) reactivity and/or 
the brush border enzyme CD10 in the cytoplasm of the enterocytes (Groisman et al, 2002; 
Koepsell and Talmon, 2010) and, ultimately, with electron microscopy showing microvillus 
inclusions (Phillips et al, 1985). 

Two forms of MVID are distinguished: an early-onset and late-onset form in which 
symptoms start within hours or 1-3 months after birth, respectively. Notably, considerable 
enterocyte-to-enterocyte variation exists with respect to the extent of microvillus atrophy, 
number of microvillus inclusions, and the accumulation of electron-dense ‘granules’, 
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without a clear correlation between these phenotypes (Iancu et al, 2007). It is also relevant 
to note that the percentage of enterocytes with microvillus inclusions varies greatly 
between patients and in single patients as a function of time. An atypical form of MVID, 
i.e., without detectable microvillus inclusions, has been proposed (Mierau et al, 2001; 
Weeks et al, 2003). However, because of the sparse distribution of microvillus inclusions 
and sampling issues, the absence of microvillus inclusions is difficult to confirm (Cutz et al, 
1997). A useful marker for these inclusions at the light microscopic level is villin (Sherman 
et al, 2004). In one patient spontaneous passage of detached long bowel segments has 
been reported (Chiang et al, 2013). Furthermore, extra-intestinal manifestations have 
been reported in MVID patients, including obesity and cushingoid fat distribution without 
demonstrated endocrine disease (Gambarara et al, 2003), hematuria (Siahanidou et al, 
2013), pneumocystis jiroveci pneumonia (Siahanidou et al, 2013), dihydropyrimidinase 
deficiency (Assmann et al, 1997), autosomal dominant hypochondroplasia (Heinz-Erian 
et al, 1999), microcephaly, renal Fanconi syndrome (Golachowska et al, 2012) or other 
renal problems (Halac et al, 2011), hypophosphatemic rickets (Kagitani et al, 1998), 
diabetes (Oatman et al, 2013), cardiac (Gathungu et al, 2008) and pulmonary (Halac 
et al, 2011) problems, and liver dysfunction (Halac et al, 2011; Siahanidou et al, 2013) 
including multiple hepatic adenomas (Burgis et al, 2013). Several children with MVID 
have been reported to require special education care or display psychiatric problems 
(Halac et al, 2011). It is unclear to what extent these extra-intestinal phenotypes may 
be iatrogenic or linked to the MYO5B mutations, and patient-specific disease model are 
eagerly awaited. In some patients non TPN-related liver dysfunction presented only after 
intestinal transplantation (Halac et al, 2011). It can thus be anticipated that more complex 
phenotypic manifestations will evolve with therapeutic interventions and, as improved 
health care will increase the life span of children with MVID, also with age. 

An online registry for MvID patients and their MyO5B 
mutations

To gain insight in the intestinal and extra-intestinal clinical manifestations of MVID and 
how these evolve with therapeutic interventions and age, a detailed understanding of 
the spectrum of MYO5B mutations, and the ability to establish genotype-phenotype 
correlations as a function of time is needed. Therefore, we have thoroughly reviewed 
the literature on MVID and MYO5B and constructed an international Microvillus Inclusion 
Disease (MVID) Patient Registry, accessible at http://www.MVID-central.org, to aid 
all clinicians and scientists working in the field of Microvillus Inclusion Disease and the 
MYO5B gene. 

The registry, the initiative of which is supported by the International Transplantation 
Association, contains all MVID patients who have been published in the medical literature. 
Information has been collected with regard to 1) patient/family details (including gender, 
consanguinity, and ancestry), 2) genetic details (including MYO5B cDNA change, paternal 
origin, exon/intron, homozygous/(compound) heterozygous, type of mutation), 3) protein 
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details (including protein change, protein domain, predicted functional consequence), and 
4) clinical details (including early/late onset, (age at) transplantation, cause of death, other 
clinical manifestations). The MVID Registry can be searched for patients or mutations, and 
each by several categories, and thus can be used as a central, quick reference for all who 
work in the MVID field. The inclusion of unpublished patient information improves the 
quality of the data and the use of the registry. Therefore, anyone can upload new data via 
the “Submit data” button using a provided excel sheet in order to standardize the data. 
Submitted data will be inserted in the registry after review by the data curator. User login 
is required as this generates a unique user ID that is attached to each patient submitted, 
enabling the user to come back at a later stage and edit or enter additional information 
to the submitted data and, as such, thereby also offering longitudinal and prospective 
studies in which patients and disease / phenotype progression can be followed in time. 

The database has been build using the Molecular Genetics Information System 
(MOLGENIS) software framework (Swertz et al, 2004; Swertz and Jansen, 2007; Swertz 
et al, 2010) and the Observation Object Model (Observ-OM) data structure (Adamusiak 
et al, 2012) which has been used before for patient registries (van den Akker et al, 2011; 
Janssen et al, 2012) and can be downloaded as open source for any research group that 
wants to set up a patient registry (http://www.molgenis.org, http://www.github.com). 
MOLGENIS comes with an easy to use text file format to upload data, and provides users 
with search options and genome browser to navigate the data.

A first analysis of the MvID patient registry

Since its first description in 1978 (Davidson et al, 1978), we could retrieve 137 cases 
world-wide from the literature (Medline database) and medical centres and collected 
information about ancestry, consanguinity, and gender, coupled to genotype and 
phenotype data. Of all patients with available information 95% and 5% display an early 
and late onset of clinical symptoms, respectively. One patient with late-onset MVID 
recovered from the disease (Croft et al, 2000). There is a 1.54 male/female ratio (77 males 
(61% of patients with known sex) and 50 females (39%); the gender of 12 patients (9% 
of total) is not reported). Consanguinity was reported in 38 patients (41% of all patients 
with consanguinity information) with a gender preference. Thus, 76% of progeny from 
reportedly consanguineous parents were male, while 71% of all female patients are 
from reportedly non-consanguineous parents (Chi-squared test, p=0.026). The reason 
for this unexpected gender-bias is unclear and the identification of more patients will 
determine whether this holds true. Of 48 patients (34%) in the registry, consanguinity is 
not known or reported. Geographically, there is a relatively high prevalence of MVID in 
the Mediterranean region (49% of all patients with reported geographical information) 
and in Navajo Indians in the US (14%), which fits well with the current global prevalence 
of consanguineous marriages (Bittles and Black, 2010) (www.consang.net).  

Consanguinity allowed the identification of MYO5B as the mutated gene in MVID by 
homozygosity mapping (Müller et al, 2008). Mutations in the MYO5B gene have been 
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associated with all but one (Müller et al, 2008) MVID patients. The MYO5B gene (OMIM# 
606540) is located at chromosome 18 (18q21.1) between 47,349,156 bp and 47,721,451 
bp from the p-arm telomere. MYO5B has a genomic size of 372,296 bases, consists of 42 
exons, and encodes the myosin Vb protein (1,848 amino acids, 213,672 Da; pI 6.77; Figure 
1). MYO5B is ubiquitously expressed in various tissues (Rodriguez and Cheney, 2002). 
MYO5B is epigenetically silenced in human gastric cancer (Dong et al, 2013) and GWAS 
studies have associated MYO5B with bipolar disorder (Howrigan et al, 2011) and platelet 
function (Guerrero et al, 2011), but no gastric cancer nor symptoms of pediatric bipolar 
disorder or platelet dysfunction have (yet) been reported in children with MVID. Of the 137 
MVID patients that are currently included in the registry, 40 patients have been linked to in 
total 41 unique MYO5B mutations (Figure 1). Attempts to identify more MYO5B mutations 
retrospectively are hampered by the fact that many children that were previously reported 
in the literature have died and by the limited availability of patient material. The known 
MYO5B mutations include 16 unique homozygous mutations in 25 patients (all but 1 from 
reportedly consanguineous parents), and 25 heterozygous mutations in 15 patients (all 
from reportedly non-consanguineous parents) (Figure 1). In 6 out of these 15 patients 
(40%) the second mutation was not found and, as such, the contribution of additional 
genes giving rise to MVID in some of the patients cannot be formally excluded. One patient 
with compound heterozygous MYO5B mutations developed one MYO5B mutation de 
novo as a paternal inheritance was ruled out (Szperl et al, 2011). One unpublished patient 
inherited one maternal and two paternal MYO5B mutations, and one patient carried one 
heterozygous MYO5B single nucleotide polymorphism. The pathological authenticity of 
identified MYO5B mutations is evidenced by the absence of these mutations in non-MVID 
controls (Müller et al, 2008; Szperl et al, 2011), the co-segregation of MYO5B mutations 
and disease through family pedigrees (Erickson et al, 2008; Müller et al, 2008; Chen et al, 
2011; Szperl et al, 2011) (our unpublished data), and the reproduction of some of the 
cellular phenotypes associated with MVID upon reduction of myosin Vb expression in 
cultured intestinal epithelial cell lines (Ruemmele et al, 2010). An important additional 
line of evidence is the location of the mutations in protein regions of known structural or 
functional importance. This has received little attention but likely has implications for the 
precise cellular processes that will be affected and thus on phenotypic variations, as will be 
discussed below. In order to appreciate the implications of MYO5B mutations for protein 
function and cellular consequences, the latest data on structure-function relationship of 
the myosin Vb protein and on the role of myosin Vb in cell biological processes are briefly 
discussed.
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van der Velde et al. – figure 1

Figure 1 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). Protein data are deduced 
from GenBank RefSeq-file accession number NG_012925.1 for the human MYO5B gene. Nucleotide 
numbering reflects cDNA numbering with +1 corresponding to the A of the ATG translation initiation codon in 
the reference sequence, according to journal guidelines (www.hgvs.org/mutnomen). The initiation codon is 
codon 1. The differently colored boxes in the domains represent the predicted consequences for the protein 
(see article text). B) Schematic representation of a myosin Vb dimer and the organization of the myosin motor 
domain in functional subdomains. Represented in colours are the four subdomains (N-terminal: grey, U50: 
marine blue, L50: sand, Converter: green), the central-b-sheet in cyan, the lever arm (pale cyan helix, with 
a calmodulin light chain (light pink). The nucleotide-binding elements (P-loop: pale green, Switch I: magenta 
and switch II: orange) surrounding the nucleotide (represented in sticks), the connectors (Relay: yellow, SH1 
helix: red, Strut: hot pink) between subdomains and elements of the transducer (loop I: light purple) are also 
depicted. The 50 kDa cleft that separates elements of the actin-binding interface is also indicated.  From the 
Myosin Va post-rigor structure with nucleotide bound (PDB: 1W7J). C-D) The missense mutations found in the 
motor domain of Myosin V are depicted with the following colour code: (Green: mutations in domains that 
are important for actin interactions, Red: mutations in the ATP binding site, Magenta: mutations in regions of 
importance for the allosteric rearrangements of the myosin head during the kinetic cycle, Orange: mutations 
that may lead to protein misfolding
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A)     
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Figure 2 A) MYO5B missense mutations recurring in other myosins. Protein data are deduced from GenBank 
RefSeq-file accession number NG_012925.1 for the human MYO5B gene, NG_009086.1 for the human MYO7A 
gene, NG_023444.1 for the human MYH6 gene, NG_011537.1 for the MYH3 gene, NG_007884.1 for the MYH7 
gene, and NG_013015.1 for the MYH8 gene. B) Conserved residues in the MYO5B motor domain of which the 
equivalent residues in other myosins have been found to be mutated in relation to human disease

the Myosin v motor protein

All myosins share a common organization in functional regions (Figure 1). The N-terminal 
motor domain contains conserved regions able to bind the nucleotide and more variable 
structural elements defining the actin-binding interface (Sweeney and Houdusse 
2010). The C-terminal part of the motor domain is constituted by a subdomain named 
converter, which rotates in response to conformational changes linked to the motor cycle.  
The converter swing is transmitted to the adjacent elongated region and they both 
constitute the lever arm of the motor, which amplifies the structural rearrangements 
of the motor domain and produces nanometre displacements along the actin filament. 
Myosin V has a particular long lever arm that contains six consecutive IQ motifs to which 
calmodulin can bind. It is followed by a tail region, which is highly variable, both in length 
and sequence, among different classes of myosins. For myosin V, a long coil-coiled region 
dimerizes the motor after the lever arm and is followed by a globular C-terminal tail 
domain known as the cargo-binding domain.
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the motor domain

The myosin motor domain undergoes a characteristic cyclic interaction with actin by 
exploring a series of different conformations characterized by either weak or strong actin-
binding states. The key steps of the kinetic cycle include the detachment of nucleotide-
free actin-bound myosin (rigor state) from the track upon ATP binding, the hydrolysis 
of ATP and the steps of the working stroke that occur upon reattachment to F-actin 
which promotes the sequential release of phosphate (Pi) and ADP, leading to the rigor 
state. The next cycle can begin with ATP rebinding. The rates of phosphate (Pi) and ADP 
release determine the duty ratio (fractional occupancy of strong actin-binding states) and 
ultimately dictate the kinetic properties of a specific class of myosin, and thus its particular 
motility function (Bloemink and Geeves, 2011). Myosin Vb has been characterized as  
a high duty-ratio, two-headed processive motor, similarly to Myosin Va (Watanabe et al, 
2006). Myosin Va has been extensively studied and shown to walk with 36 nm steps upon 
multiple sequential interactions with actin without detaching (Mehta et al, 1999; Yildiz 
et al, 2003). Fluorescence imaging at one nanometer accuracy (FIONA) showed that the 
two heads step using a hand-over-hand mechanism (Yildiz et al, 2003; Snyder et al, 2004). 
The similarity in the kinetics of Myosin Va and Vb (Watanabe et al, 2006) and the fact that 
the length of the lever arm is conserved for these myosin isoforms allows to predict that 
Myosin Vb also walks with a hand over hand processive mechanism.

The motor domain, highly conserved in all classes of myosins, is made up of four 
major subdomains: the N-terminal subdomain, the Upper 50 (U50), the Lower 50 (L50) 
and the Converter (Figure 2B). These subdomains are linked together by highly conserved 
linkers that can rapidly change their conformation in concert with the movements of the 
subdomains that are at the basis of the allosteric rearrangements of the entire head upon 
the motor cycle. A large cleft named 50 kDa cleft separates the U50 and L50 subdomains, 
which both participate in the actin binding interface. The inner part of the cleft is adjacent 
to the position where the ATP γ-phosphate is bound and is close to the Switch II connector. 
The residues of the P-loop (part of the N-terminal subdomain), switch I (part of the U50) 
and Switch II compose the ATP-binding site. 

Changes in the closure of the cleft coordinate the actin and nucleotide binding sites. 
In the rigor state, full closure of the cleft creates an interface of strong affinity for actin 
but separates the different elements of the nucleotide-binding site, which cannot bind 
strongly the nucleotide. Upon ATP binding, the active site rearranges and the cleft opens, 
weakening the affinity of the motor for actin and allowing its detachment from the track. 
The transducer at the centre of the motor domain close to the ATP binding site is central 
for these rearrangements. It includes the last three strands of the central beta sheet as 
well as associated structural elements such as loop1, the beta-bulge (at the end of the last 
two strands) and the HO linker (that connects, via the HO helix, the actin binding interface 
and the nucleotide binding site). The transducer undergoes distortion to allow movements 
of the N-terminal and U50 subdomains, which are essential for track detachment, but it 
also plays key roles upon the force production events (Coureux et al, 2003; Coureux et al, 
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2004). These events occur on actin upon release of the hydrolysis products and control 
the swing of the lever arm and the duration of the force bearing states of the motor on 
actin. The lever arm swing is controlled by rearrangements of two connectors, the Relay 
and the SH1 helix, that connect the converter to the L50 and the N-terminal subdomains, 
respectively, substantially allowing direct communication between the nucleotide binding 
site, the actin binding interface and the lever arm. 

the tail domain

In contrast to the conserved motor domain, the myosin tail domain is highly variable within 
different myosins of the superfamily and determines to a large extent the precise function 
of the motor protein in cells. Indeed, the tail domain contains targeting sites for different 
cellular partners that allow the motor to be recruited specifically and to carry cargoes. 
More precisely, via its tail domain myosin Vb dimers are recruited to a subpopulation of 
endosomes called recycling endosomes (RE) by directly binding to specific RE receptors 
including GTP-loaded (activated) small GTPases rab11a, rab11b, rab25, rab8a, rab10, and 
rab11-familiy of interacting proteins 2 (rab11-FIP2) (Lapierre et al, 2001). An alternatively 
spliced exon D/exon 31 in myosin Vb is required for binding to rab10 (Roland et al, 2009; 
2011). Notably, exon D is less ubiquitously expressed across tissues and, importantly, it 
does not appear in the intestine (Roland et al, 2009) suggesting that myosin Vb-rab10 
interactions are not relevant for MVID. Binding sites in myosin Vb for rab11a have been 
mapped to residues Y1714 and Q1748 which are highly conserved in human MYO5A and 
MYO5B but not in MYO5C (Roland et al, 2011). Binding sites in myosin Vb for rab8a have 
been mapped to Q1300L and Y1307C in exon C/ exon 30 that abolishes binding to rab8a 
but not Rab11a (Roland et al, 2011). Not only myosin Vb but also myosin Va and myosin Vc 
have been reported to bind to rab8a, while myosin Va but not myosin Vc can bind to rab11a 
(Roland et al, 2011). Myosin Va and myosin Vc mRNAs are also expressed in the human 
small intestine (Rodriguez and Cheney, 2002). At the moment, the temporal and spatial 
regulation of these interactions are not yet understood, and may involve phosphorylation 
of myosin Vb, as has been shown for other myosins (Karcher et al, 2001).

MvID-associated MYO5B mutations in relation to myosin vb 
structure and function

Forty-one distinct MYO5B mutations have been reported in 40 patients to date including 
16 missense mutations, 20 nonsense mutations or splicing type, 4 deletions/insertions 
and 1 duplication (Erickson et al, 2008; Müller et al, 2008; Ruemmele et al, 2010; Chen et 
al, 2011; Szperl et al, 2011) (Figure 1A). Interestingly while nonsense, splice and deletions/
insertions can be found either in the head or in the tail domain, all reported missense 
mutations – with the exception of one – are segregated to the myosin Vb motor domain. 
This is in striking contrast to the randomly distributed missense mutations identified in 
other myosins (www.hgmd.com). There is no direct experimental evidence to this date that 
demonstrates the consequence of MVID-associated MYO5B mutations for the functioning 
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of the motor protein. Such data is eagerly awaited as understanding whether the motor 
function is totally impaired or whether the motor is just less efficient might be important to 
understand and describe how the phenotype, impact or on-set of the disease might differ 
depending on the mutation. The current knowledge of myosin structures in the motor 
cycle and the role of specific domains and residues allows for some of the point mutations 
to be localized to domains with established roles in myosin protein function. Based on 
the crystal structures of the motor domain of chicken Myosin Va in the nucleotide-free 
((Coureux et al, 2003); PDB code: 1OE9) or the Mg-ATP bound states ((Coureux et al, 2004); 
PDB 1W7J), we have modelled the reported mutations in the three-dimensional protein 
structure and categorized these in relation to the myosin Vb structural/functional domains 
(Figure 1C, D). We can distinguish five categories: 1) missense mutations in domains that 
are important for actin interactions, 2) missense mutations in the ATP-binding site, 3) 
missense mutations in domains of importance to allosteric rearrangements of the motor, 
4) mutations that may lead to protein misfolding, and 5) mutations leading to a Premature 
Terminated Protein (PMT). The categorized MYO5B mutations, described according to 
the latest checklist provided by the Human Genome Variation Society (www.hgvs.org)  
(den Dunnen and Antonarakis, 2000), are briefly discussed below.   

Missense mutations in domains important for actin 
interactions 

In the motor domain, three currently identified Myosin Vb missense mutations are located 
near or in the actin-binding interface: c.1540C>T (p.Cys514Arg) (Szperl et al,2011), and two 
that we report in this article: namely c.1591C>T (p.Arg531Trp) and c.1856C>T (p.Pro619Leu), 
from a Dutch male and Dutch female patient, respectively). Cys514 is an internal residue 
of L50, close to the actin-binding interface. Transitions in this region are necessary for the 
myosin to change its affinity for actin along the motor cycle. Arg531 in the L50 is part of the 
actin interface, near the activation loop which plays a major role in the early transitions 
of force production (Várkuti et al, 2012). Pro619 is located in Loop2, which is of primary 
importance for actin binding, notably upon re-association of the motor to its track. Of 
interest the p.Arg531Trp and p.Pro619Leu mutations were found in a single MYO5B gene.

Missense mutations in the AtP-binding site

Missense mutations c.502G>A (p.Gly168Arg) and c.656G>A (p.Arg219His) are substituting 
conserved residues in the nucleotide-binding site which, like GTPases, comprises three 
nucleotide binding elements: P-loop, Switch I and Switch II. Gly168 lies in the P-loop, 
which is an essential element of the ATP-binding site, strictly conserved in the sequence 
of all myosins. The equivalent missense mutation, c.487G>C (p.Gly163Arg) in Myosin VIIa, 
has also been described to account for Usher 1B syndrome leading to the retinal pigment 
epithelium disease in humans (Jacobson et al, 2008). Arg219 is a very conserved residue 
belonging to Switch I. It is involved in a salt bridge with Switch II in the structural state that 
promotes ATP hydrolysis. Interestingly, mutations for the equivalent residue in Myosin 
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VIIa, c.635G>A (p.Arg212His) and c.634C>T (p.Arg212Cys), have also been reported in 
Usher 1B syndrome patients (Weston et al, 1996). 

Missense mutations in domains that are important for 
allosteric rearrangements of the motor 

Five missense mutations (c.323T>G (p.Val108Gly), c.946G>A (Gly316Arg), c.1202G>A 
(pArg401His), c.1367A>G (p.Asn456Ser), c.1966C>T (p.Arg656Cys)) affect residues 
localized in critical regions of the motor domain, important for allosteric rearrangements. 
The insertion (c.1355_1363dupAGTTCTGTA (p.Cys454insKFC)) is located in the helix that 
follows switch II, which is important for the coupling of the rearrangements between the 
nucleotide binding site, the actin interface and the lever arm. p.Gly316Arg substitutes  
a small aliphatic residue with a large charged arginine in a loop between two helices 
of the U50 interacting with the transducer. p.Arg401 is located in the HO helix and the 
aliphatic part of the side chain contributes to the buried interactions that stabilize the U50.  
These interactions are important for the communication between the nucleotide- and the 
actin-binding site that are essential for the force bearing states of the motor. Interestingly, 
the equivalent mutation c.1184G>A (p.Arg395His) in Myosin VIIa has been recently 
described in a Pakistani DFNB2 family affected by non-syndromic severe low frequency 
hearing loss (Borck et al,2011). Asn456 is strictly conserved in the myosin superfamily 
and it lies in the L50 close to Switch II and to the nucleotide-binding site. It has a key 
role in transferring the allosteric changes of Switch II to the L50. The missense mutation 
p.Arg656Cys affects an important conserved residue belonging to the central beta-sheet, 
at the interface with both the SH1 helix and the Relay, which is important for the allosteric 
conformational changes of the motor. The late-onset homozygous MVID-associated 
p.Val108Gly, located in the middle of the second strand of the central beta sheet, 
corresponds to a region that is near the SH1 helix whose rearrangement contributes to 
the lever arm swing and regulates the ability of the motor to bear force.

Mutations that may lead to protein misfolding

The occurrence of three missense mutations (c428C>A (p.Ala143Glu), c.1303G>A 
(p.Gly435Arg), c.1979C>T (p.Pro660Leu)) that affect conserved residues localized in the 
motor domain might lead to protein instability and misfolding, thus affecting myosin Vb 
function. The p.Ala143Glu mutation introduces a polar and charged Glutamate in the 
N-terminal subdomain and involves a buried residue of this subdomain. The p.Gly435Arg 
mutation introduces a bulky charged side chain in a buried position at the core of the 
transducer, this would at the minimum perturb the transitions that the transducer undergo 
and may even prevent correct protein folding. 

Mutations leading to a Premature terminated Protein (PMt)

A number of nonsense mutations, deletion and splicing type mutations (Trp14Ter, Gln149Ter, 
Ser186Ter, Ser289Ter, Gln341Ter, Arg363Ter, Ser370ArgfsTer27, Trp375Ter, Arg749Ter, 
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Gly777AsnfsTer6, Gln891Ter) correspond to premature truncated head fragments that would 
not be able to incorporate in dimers since the coiled-coil starts at residue 910. Other mutations 
(Arg1016Ter, Gln1456Ter, Asp1586Ter, Gln1614Ter, Arg1795Ter) would generate truncated 
molecules without a cargo-binding tail domain, which is necessary for the binding to RE-
associated small GTPases and other putative partners. Indeed, consistent with the reported 
requirement for myosin Vb to apical RE-associated rab11a and rab8 for concentrating apical 
RE below the apical surface in MDCK cells, the subapical accumulation of rab11a is lost in 
the enterocytes - from duodenum to colon - of MYO5B mutation-carrying MVID patients 
(Szperl et al, 2011; Golachowska et al, 2012; Talmon et al, 2012). Of interest, the Gln1456Ter, 
Asp1586Ter and Gln1614Ter mutations are located distal to the rab8a-binding residues but 
proximal to the rab11a-binding residues (Roland et al, 2011). Due to the limited structural 
data and folding characteristics of the myosin Vb tail domain currently available, it is not easy 
to predict how these truncations would affect the general folding of the tail domain (Wei et al, 
2013). However these different mutant forms of Myosin Vb could lead to partial functionality if 
some of the interactions with other the partners binding in these regions are conserved while 
others are affected. This may provide a basis for the phenotypic variations in MVID. In addition, 
mutations that delete the tail domain or mutations that result in reduced protein expression, 
both of which leave the recycling endosome-associated GTPase receptors free to interact 
with other proteins, may cause distinct cellular phenotypes in comparison to motor domain 
mutations which would occupy the recycling endosome-associated GTPase receptors and thus 
may produce dominant-negative effects on other GTPase-binding proteins. It should be noted 
that, as nonsense-mediated mRNA decay in mammalian cells generally degrades mRNAs that 
terminate translation more than 50-55 nucleotides upstream of the next exon (Nagy and 
Maquat, 1998; Maquat, 2004), it is predicted that of the MYO5B mutations leading to PMT 
only Gln149Ter, Gln341Ter, Arg1015Ter, Gln1614Ter and Arg1795Ter produce a (truncated) 
protein.

MYO5B mutations recurring in other myosin genes 
associated with human disease

When examining the mutated residues in MYO5B, we found that of ~30% of the conserved 
residues that are substituted in the myosin Vb motor domain, mutations in the equivalent 
residues or position have been found in other myosins spread over different phylogenetic 
classes (i.e., MYO7A, MYH7, MYH6, MYH3) in patients suffering from other rare diseases 
(Figure 2A). Of these, the equivalent residue of the mutated Arg656 in MYO5B is mutated 
in three other myosins. Interestingly, myosin Vb and these other myosins have in common 
that they play a role in actin-rich cellular protrusions, i.e. microvilli in epithelial cells and 
stereocilia in the hair cells of the inner ear, or play a role in endomembrane organization 
(Hartman and Spudich, 2012). The comparison of clinical and experimental information 
of these myosins and diseases may expedite the thus far limited understanding of 
the pathogenesis of these diseases, and lead to a better understanding of how the 
different myosins cooperate to organize cellular function (Hartman and Spudich, 2012).  
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Given the high conservation of the motor domain in the myosin family it can be expected 
that more of these recurrent mutations will be found. To facilitate their identification, we 
have retrieved from literature 361 mutated residues in 18 different myosins associated 
with human diseases. 165 of these residues were found to be conserved in MYO5B and the 
equivalent residues in the MYO5B gene were annotated for future reference (Figure 2B).         

MvID-associated MYO5B mutations in relation to 
morphological changes in MvID enterocytes

The identification of mutations in the MYO5B gene strongly support the earlier suggestions 
that defects in intracellular trafficking underlie the disease and are responsible for the 
morphological changes in MVID enterocytes (Cutz et al, 1989; Ameen and Salas, 2000; 
Golachowska et al, 2010). Indeed, RNAi-mediated knockdown of myosin Vb or overexpression 
of a dominant-negative MYO5B tail fragment has demonstrated the involvement of myosin 
Vb in the plasma membrane recycling or exocytosis of many proteins in a variety of cultured 
primary cells and cell lines, including kidney-derived epithelial cell (Hales et al, 2002; 
Nedvetsky et al, 2007; Roland et al, 2011), human airway epithelial cells (Swiatecka-Urban 
et al, 2007), lacrimal gland acinar cells (Xu et al, 2011), bladder umbrella cells (Khandelwal 
et al, 2013), muscle cells (Ishikura and Klip, 2008), hepatocytes (Wakabayashi et al, 2005), 
neurons (Lisé et al, 2006; Wang et al, 2008), and intestinal epithelial cells (Ruemmele et al, 
2010). Directed mutagenesis and analysis in Madin-Darby canine kidney (MDCK) epithelial 
cells revealed that different myosin Vb/rab GTPase combinations control distinct protein 
trafficking steps between RE and the apical plasma membrane (Roland et al, 2011). In 
agreement with the only partially overlapping distribution patterns of rab11a and rab8a 
in epithelial cells, myosin Vb likely acts at multiple protein trafficking steps (Xu et al, 2011; 
Gidon et al, 2012). Based on these results it is likely that myosin Vb loss-of-function in MVID 
enterocytes impairs apical recycling and consequently results in a reduced expression of 
apical proteins at the brush border membrane. Microvillus inclusions may in a stochastic or 
mutation-dependent manner arise from the homotypic fusion of transport vesicles containing 
newly synthesized brush border proteins that have accumulated in the cytoplasm (Cutz et 
al, 1989; Gilbert and Rodriguez-Boulan, 1991), or arise when cell polarity is lost (Low et al, 
2000). Of interest, microvillus inclusions have been reported in myosin Vb-depleted intestinal 
epithelial Caco-2 cells (Ruemmele et al, 2010) but are not typically observed following the 
perturbation of myosin Vb in cultured kidney-derived epithelial cell lines (Roland et al, 2011).  
This suggests that loss of myosin Vb function differentially affects epithelial cells of different 
organs (Golachowska et al, 2012), and underscores the need for specific model systems to 
study MVID pathogenesis.

Cellular and animal models for the study of MvID

Knockdown of myosin Vb expression in human intestinal epithelial Caco-2 cells using 
short- hairpin (sh)RNA technology was shown to recapitulate several of the morphological 
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hallmarks of MVID (Ruemmele et al, 2010). This will thus be a valuable cell model system to 
investigate the cellular mechanism underlying MVID and, by reintroducing shRNA-resistant 
MYO5B mutants, investigate the functional consequence of specific MVID-associated 
myosin Vb mutations. A MYO5B knockout mouse has not yet been reported and is eagerly 
awaited. Interestingly, two alternative mouse models for MVID have been reported. 
RAB8A knock-out (KO) mice exhibit the key symptoms and cellular defects observed in 
human MVID shortly after birth (Sato et al, 2007), and this seems consistent with the 
known interaction between rab8a-GTP and myosin Vb in epithelial cells (Roland et al, 
2011). Microvilli in RAB8A KO enterocytes are shortened but not as much disorganized 
when compared to MVID enterocytes. RAB8A mutations have not been reported in MVID 
patients, although some MVID patients show reduced Rab8a mRNA expression (Sato et al, 
2007). RAB8A KO mice do not develop defects in the kidney (Sato et al, 2007), which is 
in agreement the normal brush border morphology and Rab11a-positive RE distribution 
in kidney epithelial cells in at least two MVID patients with known MYO5B mutations 
(Golachowska et al, 2012). In addition to RAB8A knockout mice, intestine-specific CDC42 
knockout mice also develop signs of MVID (Sakamori et al,2012; Melendez et al, 2013), 
i.e., nutrient malabsorption, intracellular retention of the brush border protein alkaline 
phosphatase, and appearance of microvillus inclusions, albeit with very late onset 
(Sakamori et al, 2012). Rab8a activation is reduced in CDC42 KO enterocytes (Sakamori 
et al, 2012), suggesting that cdc42 can act upstream of rab8a. It is important to note that 
CDC42 KO intestines show prominent additional features, including loss of Paneth cells 
and mislocalization of the basolateral sodium-potassium ATPase (Sakamori et al, 2012; 
Melendez et al, 2013) and the adhesion proteins E-cadherin and beta-catenin (Sakamori 
et al, 2012), that are not typically seen in MVID patients (Ameen and Salas, 2000), and 
there is no evidence that cdc42 plays a role in the pathogenesis of MVID patients. It is also 
important to realize that microvillus inclusions are not unique to MVID and they can be 
seen also in epithelial cancers (Eusebi et al, 1977; Alroy et al, 1979; Remy, 1986; Hagiwara 
et al, 1997) and in cell-cell adhesion-deficient epithelial cells in culture (Vega-Salas 
et al,1987; Vega-Salas et al, 1988; Vega-Salas et al, 1993). Likely, microvillus inclusions 
are a more general yet extreme trait reflecting impaired epithelial cell differentiation/
polarization (Low et al, 2000). Nevertheless, the similarities in the CDC42 KO intestine and 
MVID/MYO5B mutant intestine, and the notion that cdc42, rab11a, rab8a and myosin Vb 
are all components of an intricate molecular pathway involved in apical plasma membrane 
development (Bryant et al, 2010) (Figure 4), advocate a screening for mutations in CDC42, 
RAB8A or other components of this machinery in (heterozygous) MVID patients. 

Diagnostic and clinical relevance

The diagnosis of MVID on the basis of biopsy histology can be challenging (Mierau et al, 
2001; Weeks et al, 2003; Iancu et al, 2007). MYO5B mutation analysis can be of value in 
the differential diagnosis of the expanding collection of rare congenital diarrheal disorders. 
The identification of MYO5B gene mutations allows for reliable genetic counselling 



AN OVERVIEW AND ONLINE REGISTRY OF MICROVILLUS INCLUSION DISEASE PATIENTS AND THEIR  
MYOSIN VB MUTATIONS

45

and prenatal screening, which is currently offered at different medical centres world-
wide including the University Medical Center Groningen. Successful prenatal screening 
for MYO5B has been reported in MVID (Chen et al, 2011). The expansion of the MVID/
MYO5B registry will facilitate the future association of distinct MYO5B mutations to extra-
intestinal clinical manifestations which, in turn, will be invaluable in the management of 
the course of the disease. 

Future prospects

Different homozygous and heterozygous MYO5B mutations have been identified in MVID 
patients that can be categorized into distinct structural and functional properties of the 
myosin Vb motor protein. Myosin Vb, in turn, can interact with multiple components 
of recycling endosome-associated machinery involved in apical plasma membrane 
development. Together with the progressing knowledge of the workings of this machinery, 
understanding how the different MYO5B mutations precisely interfere with this machinery 
is expected to provide the necessary insights in genotype-phenotype relations and 
improve the diagnosis, prognosis and genetic counseling of this devastating disease.  
We hope that this prospective registry for microvillus inclusion disease patients and their 
MYO5B mutations and accompanying review contribute to this goal.
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Abstract 

Microvilli at the apical surface of enterocytes allow the efficient absorption of nutrients in the 
intestine. Ezrin activation by its phosphorylation at T567 is important for microvilli development, 
but how ezrin phosphorylation is controlled is not well understood. We demonstrate that a subset 
of kinases that phosphorylate ezrin closely co-distributes with apical recycling endosome marker 
rab11a in the subapical domain. Expression of dominant-negative rab11a mutant or depletion of 
the rab11a-binding motor protein myosin Vb prevents the subapical enrichment of rab11a and 
these kinases and inhibits ezrin phosphorylation and microvilli development, without affecting the 
polarized distribution of ezrin itself. We observe a similar loss of the subapical enrichment of rab11a 
and the kinases and reduced phosphorylation of ezrin in Microvillus inclusion disease, which is 
associated with MYO5B mutations, intestinal microvilli atrophy and mal-absorption. Thus, part of 
the machinery for ezrin activation depends on myosin Vb/rab11a-controlled recycling endosomes 
which, as we propose, may act as subapical signaling platforms that enterocytes use to regulate 
microvilli development and maintain human intestinal function. 

Introduction

The establishment of apical-basal cell surface asymmetry, or cell polarity, is a crucial 
step in the development and maintenance of functional epithelial tissues. In parallel 
with the establishment of the apical plasma membrane domain, organelles also adopt 
a polarized distribution in epithelial cells. Well-known is the Golgi apparatus, which in 
polarized epithelial cells is typically positioned between the nucleus and the apical plasma 
membrane domain. In addition, a subpopulation of the recycling endosomal system, 
characterized by the presence of the small guanosine triphosphatase (GTPase) rab11a, 
is enriched in close proximity to the apical surface (Goldenring et al, 1996). Recent work 
has demonstrated that these rab11a-positive recycling endosomes play an important role 
in the biogenesis of the apical plasma membrane domain and, in particular, ensure its 
specific macromolecular composition (Apodaca et al, 2012; Bryant et al, 2010; Gálvez-
Santisteban et al, 2012; Golachowska et al, 2010; Winter et al, 2012). 

In addition to its specific protein and lipid composition, numerous densely and 
uniformly packed finger-like projections filled with actin filament bundles that are tethered 
to the subapical actin web, called microvilli, represent a prominent structural feature 
of the apical plasma membrane. Microvilli are highly dynamic and can grow and shrink, 
proteins move up and down the microvilli membrane in response to signals, and microvilli 
generate vesicles that are shed into the apical lumen (McConnell et al,  2009) where they 
regulate epithelial-microbial interactions (Shifrin et al,  2012). Interestingly, (part of) the 
molecular pathway(s) of microvilli development has been demonstrated to constitute  
a separate branch of the epithelial cell polarity program driven by the serine/threonine 
liver kinase B1 (LKB1) (Gloerich et al,  2012; ten Klooster et al,  2009). Whether the apically 
enriched rab11a-positive recycling endosomes play a direct role in the development and 
organization of microvilli at the apical plasma membrane is not known. 

Members of the ezrin-radixin-moesin (ERM) protein family and some of their 
interaction partners play a key role in the organization of the apical plasma membrane 
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and microvilli development in various types of epithelial cells (Fehon et al,  2010; LaLonde 
et al,  2010; Wang et al,  2006). Of these, ezrin is a protein-threonine kinase substrate and 
the only ERM protein expressed in the enterocytes of the small intestine (Berryman et al,  
1993; Saotome et al,  2004). Loss of ezrin expression in the embryonic and adult mouse 
intestine causes microvillus atrophy and villus fusions (Casaletto et al,  2011; Saotome 
et al,  2004). Ezrin is present in a closed/inactive and an open/active conformation.  
In its active conformation, the N-terminal domain of ezrin binds integral proteins of 
the apical plasma membrane and peripheral proteins at the cytosolic side of the apical 
surface, while its C-terminal domain binds actin filaments (Bretscher et al,  1997). The 
conversion from an inactive to an active conformation and the exclusive apical localization 
of ezrin requires T567-phosphorylation (Bretscher et al,  1997; Fehon et al,  2010; Matsui 
et al,  1998). Microvilli abundance and/or length correlate well with the extent of ezrin 
phosphorylation. Several kinases have been implicated in the direct T567 phosphorylation 
of ezrin in intestinal epithelial cells, including protein kinase B2/Akt2 (Shiue et al,  2005), 
atypical protein kinase C-iota (aPKCi) (Wald et al,  2008), mammalian Sterile 20 (Ste20)-
like kinase-4 (MST4) (Gloerich et al,  2012; ten Klooster et al,  2009), lymphocyte-oriented 
kinase (LOK) and Ste20-like kinase (SLK) (Viswanatha et al,  2012). Knockdown of each of 
these kinases in various intestinal epithelial cell models inhibits microvillus development 
at the apical plasma membrane (Gloerich et al,  2012; Shiue et al,  2005; ten Klooster et al, 
2009; Viswanatha et al,  2012; Wald et al,  2008). Some of these kinases have been 
reported to localize to the apical microvillus membrane (Shiue et al,  2005; Viswanatha 
et al,  2012). In contrast, other ezrin-phosphorylating kinases appear to, at least partially, 
localize to undefined intracellular compartments. For instance, following the activation of 
the polarity protein LKB1, MST4 phosphorylates T567 in ezrin after being translocated to 
the enterocytes’ subapical domain by an unknown mechanism (ten Klooster et al,  2009).  
Also the location of the active aPKCi is not clear while its activating kinase phosphoinositide-
dependent kinase-1 (PDK1) associates with apical endosomes (Mashukova et al,  2012).

Here we investigated the contribution of the apical endosomal system to ezrin 
activation and the development of microvilli in intestinal epithelial cells. We demonstrate 
that i) aPKCi and MST4 closely co-distribute with rab11a and are enriched beneath the 
apical surface, ii) that rab11a activity and the rab11a effector and actin-based motor protein 
myosin Vb maintain this subapical position of rab11a-positive recycling endosomes, and 
iii) that myosin Vb loss-of-function in intestinal epithelial cell lines as well as in patients 
carrying MYO5B mutations causes an aberrant localization of rab11a-positive recycling 
endosomes with and a concomitant inhibition of ezrin phosphorylation and microvilli 
development.   
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Results

the ezrin-phosphorylating kinases MSt4 and aPKCi codistribute 
with rab11a in the subapical domain of intestinal epithelial cells

Phosphorylation of ezrin at T567 is a critical step in its activation required for apical 
microvillus development and organization. The kinases Akt2, LOK and SLK that were 
implicated in ezrin phosphorylation localize to the apical plasma membrane domain 
(Shiue et al,  2005; Viswanatha et al,  2012). For other kinases, the localization is less clear. 
We examined the subcellular distribution of two kinases, the Ste20 family kinase MST4 of 
the germinal center kinase III (GCKIII) family of kinases and atypical protein kinase C iota 
(aPKCi), which have been demonstrated to function in ezrin phosphorylation and microvilli 
development at the apical plasma membrane of intestinal epithelial LS174T-W4 and Caco-2 
cells, respectively (Gloerich et al,  2012; ten Klooster et al,  2009; Wald et al,  2008).  
In villus intestinal epithelial cells in human duodenal biopsies endogenous MST4 localized 
just below the apical actin-rich microfilament zone at the apical aspect of the  enterocytes.
Line plots confirmed that the fluorescence intensity of MST4 (green line) peaked subjacent 
to the (filamentous actin-marked; red line) apical surface (fig. 1A), indicating that MST4 
localized to intracellular compartments. Double-labeling experiments demonstrated that a 
significant fraction of MST4 closely codistributed with rab11a in the apical cytoplasm (Fig. 1B, 
MST4 labeling was pseudo-colored magenta in panel 3 and the white color in panel 5 
is indicative for colocalization; Mander’s coefficient 0.82). Equally, a significant fraction 
of rab11a codistributed with MST4 (Mander’s coefficient 0.74). Fluorescence intensity 
plots of enlarged regions shown in figure 1B5 demonstrate that MST4 and rab11a closely 
codistribute in discrete structures (Fig. 1C and D). Quantification analyses of the double 
labelings were done by intensity correlation analysis (ICA). ICA addresses the staining 
relationship between two probes which is represented as the product of the differences 
from the mean (PDM) for each pixel (Li et al,  2004) (Fig 1B6). PDM values are positive when 
in an image the intensity of two fluorescent probes varies together (dependently), whereas 
negative PDM values reflect pixel intensities that vary asynchronously. The visibly subcellular 
co-appearance of MST4 and rab11a in conjunction with the quantitative analyses (Fig. 1B-D) 
demonstrated that significant fractions of the kinases and rab11a codistributed at the 
light microscopic level in discrete structures in the subapical domain of the enterocytes. 
Double labeling and intensity correlation analysis showed less colocalization of MST4 with 
rab8, another marker of recycling endosomes that appeared more scattered throughout 
the cytoplasm (Supplementary Fig. 1). Similar to MST4, endogenous T555-phosphorylated 
(activated) aPKCι was also enriched at the apical domain of human enterocytes, whereas 
total endogenous aPKCι was distributed more throughout the cytoplasm (Supplementary 
Fig. 2). As seen in line plots, the fluorescence intensity of (T555-phosphorylated) aPKCi 
(red line) peaked subjacent to the (F-actin-marked; green line) apical surface (Fig. 1E), 
where it partly colocalized with the recycling endosome marker rab11a (Fig. 1F-H; 
white color in panel F5 and PDM images in panel F6 are indicative for colocalization). 
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These data demonstrate that significant pools of MST4 and T555-phosphorylated 
aPKCi codistributed with subapically enriched rab11a in intestinal epithelial cells.  

the enrichment of MSt4 and rab11a in the subapical domain 
is required for ezrin-t567 phosphorylation 

Given that two kinases previously implicated in ezrin phosphorylation and microvillus 
development at the apical surface of enterocytes (Gloerich et al,  2012; ten Klooster et al, 
  2009; Wald et al,  2008) closely codistributed with the apical recycling endosome 
marker rab11a, we hypothesized that the subcellular position of these endosomes in 
close proximity to the apical plasma membrane (c.f., Fig. 1) could contribute to ezrin 
phosphorylation and microvilli development at the apical surface. In order to test this 
hypothesis, we employed intestinal epithelial LS174T-W4 cells in which doxycycline-
induced expression of the pseudo-kinase STRAD and resultant activation of the polarity 
protein LKB1 stimulates the overnight development of single cell apical-basolateral polarity 
(Baas et al,  2004; Gloerich et al,  2012; ten Klooster et al,  2009). It is well-established

Figure1. 

Subcellular distribution of MST4 
and aPKCi in in vivo enterocytes. 
A) Line plots showing the relative 
distribution of MST4 versus 
actin along the apical-basal 
axis of in vivo enterocytes. B) 
Double labeling for MST4 (1,3 
[in 3 MST4 is pseudo-colored 
magenta]) and rab11a (2,4). 
Overlay image is shown in B5 
where white color is indicative for 
colocalization. Positive (+)PDM 
images represent quantitative 
analysis of colocalization are 
shown in B6. C, D) enlargements 
of the boxes indicated in B5 and 
indicated fluorescence intensity 
plots of MST4 and rab11a. E) 
Line plots showing the relative 
distribution of aPKCi versus actin 
along the apical-basal axis of 
in vivo enterocytes. F) Double 
labeling for aPKCi (1,3 [in 3 aPKCi 
is pseudo-colored magenta]) and 
rab11a (2,4). Overlay image is 
shown in F5 where white color 
is indicative for colocalization. 
Positive (+)PDM images 
represent quantitative analysis 
of colocalization are shown in F6. 
G, H) enlargements of the boxes 
indicated in F5 and indicated 
fluorescence intensity plots of 
aPKCi and rab11a
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Figure2. Local cortical enrichment of rab11a and ezrin kinases correlates with local ezrin phosphorylation. 
A)  Codistribution of MST4, aPKCi and T567-phospho-ERM (all in red) with rab11a (in green) in induced (+Dox)
s LS174T-W4 cells (arrows point to areas of codistribution). For MST4/rab11a and aPKCi-rab11a, PDM and 
positive (+) PDM images are presented. Dashed lines mark the outline of the cells. B) Nocodazole (noco; 33µM 
at 37°C for 1 hr disperses rab11 endosomes (in green) without inhibiting the polarized distribution of ezrin (in 
red) in Dox-induced cells when compared to non-treated control Dox-induced cells (arrows point to the apical 
domain). C) Nocodazole (noco) disperses MST4 (in green) without inhibiting the polarized distribution of 
cortical actin filaments (in red) in Dox-induced cells when compared to non-treated control Dox-induced cells 
(arrows point to the apical domains). D) Nocodazole (noco) inhibits local ezrin phosphorylation (in green) in 
Dox-induced cells when compared to non-treated control Dox-induced cells (arrows point to the apical domain).  
E) Brefeldin A (BFA; 100 ng/ml at 37°C for 1 h) causes accumulation of MST4 with rab11a in intracellular 
puncta while part of the rab11a maintains it local cortical accumulation (top row). Brefeldin A (BFA) inhibits 
local ezrin phosphorylation at the cortical site where rab11a accumulates (bottom row). Scale bars: 5µm. 
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in these cells that MST4 is important for ezrin phosphorylation and that the LKB1-triggered 
translocation of MST4 to the subapical domain correlates with ezrin phosphorylation 
and microvilli formation (Gloerich et al, 2012; ten Klooster et al, 2009). However, the 
intracellular compartments and machinery responsible for this translocation are unknown. 
In non-induced (i.e., non-polarized) LS174T-W4 cells MST4 and aPKCi (both in red) as 
well as rab11a (in green) appeared randomly distributed throughout the cytoplasm, 
and codistribution of the kinases and rab11a supported by PDM images was observed 
(Supplementary Fig. 3 [-dox], yellow arrows point to positive PDM puncta). aPKCi was also 
found in the nucleus, which has been reported previously in other cell types (Sabherwal et 
al, 2009). There was some T567-phosphorylated ezrin that appeared randomly localized 
at the cell cortex (Supplementary Fig. 3 [-dox], top row). In contrast, following doxycycline-
induced Stradα expression and LKB1 activation (c.f.,(ten Klooster et al, 2009)) aPKCi and 
MST4 (in red) translocated together with rab11a (in green) to sharply defined areas just 
beneath the cell cortex (Fig. 2A [+dox], arrows). PDM images supported the polarized 
codistribution of rab11a and the kinases (Fig. 2A). Notably, at those site(s) beneath the cell 
cortex where aPKCi, MST4 and rab11a co-accumulated, an increased phosphorylation of 
ezrin at T567 (in red) and development of microvilli was apparent (Fig. 2A [+dox], arrows).

To further investigate the apparent relationship between the subapical enrichment of 
rab11a and MST4 on the one hand and ezrin phosphorylation at the apical domain on the 
other hand, we disrupted the microtubule network in doxycycline-induced (i.e., polarized) 
cells with nocodazole. Microtubule disruption has previously been demonstrated to disperse 
rab11a-positive endosomes in polarized Madin-Darby canine kidney (MDCK) cells (Casanova 
et al, 1999). Nocodazole effectively disrupted the microtubule organization in LS174T-W4 
cells, as evidenced by a change from a filamentous to punctate beta-tubulin staining pattern 
(Supplementary Fig. 4A). Nocodazole did not inhibit the percentage of cells that displayed 
a clearly defined ezrin- (Fig. 2B; top row) or actin-enriched (Fig. 2C) surface cap. In contrast, 
nocodazole caused the dispersion of rab11a (Fig. 2B, bottom row) and MST4 (Fig. 2C, 
bottom row) and abolished their enrichment at the subapical domain. Concomitantly, 
nocodazole-treated cells displayed a significant reduction in the fluorescence intensity of 
phosphorylated ezrin labeling (Fig. 2D). The fluorescence intensity of phosphorylated ezrin 
was reduced with ~50% in nocodazole-treated cells, and the percentage of nocodazole-
treated cells that displayed a distinguishable T567-phosphorylated ezrin cap was 
reduced by ~30%, when compared to non-treated control cells (Supplementary Fig 4B). 

We then treated doxycycline-induced LS174T-W4 cells with brefeldin A, an inhibitor 
of ADP-ribosylating factors (Arfs), which have previously been shown to control the 
organization of rab11a-positive endosomes (Kondo et al, 2012; Shin et al, 2004).  
In brefeldin A-treated cells, MST4 was no longer enriched at the apical surface domain but 
accumulated with rab11a in distinct punctate structures (Fig. 2E, yellow arrows). Although 
a fraction of rab11a maintained its subapical enrichment, without the co-enrichment of 
MST4 in brefeldin A-treated cells (Fig. 2E, white arrow), this did not coincide with local 
stimulation of ezrin phosphorylation (Fig. 2E, white arrow, and supplementary Figure 4C). 
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These data indicate that it is the subapical enrichment of MST4 together with rab11a rather 
than that of rab11a as such that is required to stimulate local cortical ezrin phosphorylation.   

Taken together, these data demonstrate an intimate relationship between i) the 
translocation to and accumulation of rab11a, MST4, and aPKCi at defined regions of the 
cell cortex and ii) ezrin T567 phosphorylation at those regions.        

Rab11a and myosin vb control the subapical enrichment of 
MSt4 and ezrin phosphorylation at the apical surface 

The molecular mechanisms responsible for the apical enrichment of rab11a-positive 
recycling endosomes in polarized epithelial cells are not well understood (Winter et al,  
2012), but likely involves the interaction of rab11a-positive recycling endosomes with the 
cytoskeleton. rab11a at recycling endosomes when in its GTP-bound state interacts with 
its effector and actin filament-based motor protein myosin Vb (Lapierre et al, 2001) which, 
in non-polarized cells has been reported to function as a tether for peripheral endocytic 
compartments (Kapitein et al, 2013; Provance et al, 2008).

In order to determine whether myosin Vb was involved in the subapical enrichment 
of rab11a-positive recycling endosomes and, hence, that of MST4 and aPKCi in 
intestinal epithelial cells, we inhibited the expression of myosin Vb by RNA interference 
(supplementary Fig. 5). Infection of cells with short hairpin (sh) RNA against myosin Vb in 
LS174T-W4 cells (visualized by green fluorescent protein (GFP) expression; see Methods) 
did not reduce the percentage of cells that displayed a polarized ezrin-enriched cap 
(Fig. 3A, G). The inhibition of myosin Vb expression, however, effectively prevented the 
doxycycline-triggered polarized translocation of rab11a (Fig. 3B, C, in red), and aPKCi (Fig. 3B, 
 in green) and MST4 (Fig. 3C, in green) (and PDK1 (Supplementary Fig. 6) to the cell cortex, 
while non-infected GFP-negative cells appeared unaffected (Supplementary Fig. 6 and 
7; compare to Fig. 2A [+dox]). Moreover, knockdown of myosin Vb inhibited the local 
stimulation of T567-phosphorylation of ezrin at the plasma membrane as evidenced by 
immunofluorescence microscopy and Western blot analyses (Fig. 3D-H), and this effect was 
completely rescued by the reintroduction of shRNA-resistant full-length human myosin Vb 
(Fig. 3F). In support of these data, a dominant-negative GDP-locked mutant of EGFP-rab11a 
that cannot bind myosin Vb failed to translocate to the cell cortex and inhibited ezrin 
phosphorylation (Fig. 4A, top row) without inhibiting the polarized distribution of ezrin 
(Fig. 4A, top row; Fig. 4B). As a control we transfected cells with wild-type EGFP-rab11a 
(Fig. 4B) or a constitutively active EGFP-rab11a mutant (Fig. 4A, bottom row; Fig. 4B), 
which did not display inhibitory effects on the translocation and subapical enrichment of 
EGFP-rab11a and ezrin phosphorylation. Similar to our observations in single LS174T-W4 
cells, infection of monolayers of intestinal epithelial Caco-2 cells with lentivirus producing 
shRNA against myosin Vb (supplementary Fig. 4) resulted in a significant reduction of 
T567-phosphorylated ezrin at the apical domain when compared to control Caco-2 cells 
(Fig. 5B, C), as evidenced by immunofluorescence microscopy and Western blot analyses. 



RAB11A AND MYOSIN VB REGULATE EZRIN PHOSPHORYLATION IN ENTEROCYTES 59

Figure 3. Myosin Vb knockdown prevents the subapical enrichment of endosomes and kinases and inhibits 
local ezrin phosphorylation. A) Infection of LS174T-W4 cells with shRNA against myosin-Vb (GFP-positive 
cells) does not prevent the polarized distribution of ezrin at the plasma membrane.  B,C) Infection of 
LS174T-W4 cells with shRNA against myosin-Vb (GFP-positive cells) prevents the polarized translocation of 
T555-aPKCi (B) and MST4 (C) with Rab11a endosomes to the plasma membrane. D) Infection of LS174T-W4 
cells with shRNA against myosin-Vb (GFP-positive cells) inhibits local cortical ezrin phosphorylation. Compare 
all to uninfected (GFP-negative) cells or cells infected with shRNA against luciferase (Supplementary Fig 3). 
Arrows indicate the apical surface domain. E) pERM and ezrin expression in doxycyclin-induced control and 
myosin Vb knockdown LS174T-W4 cells. F) Calculated ratio (p-ERM/total ezrin) in doxycyclin-induced cells/ 
(pERM/total ezrin) in non-induced cells. G) Percentage of L S174T-W4 cells that show doxycyclin-stimulated 
ezrin-phosphorylation at the cortex. H) Percentage of cells that show an ezrin or actin-positive apical cap. 
Scale bars: 5µm. Asterisk indicates p<0.05; ns: not significant. KD: knockdown.   



CHAPTER 360

Figure 4. Effects of rab11a mutants on rab11a distribution and ezrin phosphorylation. A) Dominant negative 
EGFP-Rab11a (Rab11a-DN; green) fails to accumulate at the actin- (blue) or ezrin- (red) enriched apical 
domain (white arrows) and inhibits local cortical ezrin phosphorylation (red), whereas B) constitutively active 
EGFP-rab11a (rab11a-CA) is without inhibitory effect. C) Quantiifcation of the percentages of cells expressing 
EGFP-rab11a-WT, -DN, or –CA that show an ezrin- or actin-positive cap, or D) show a p-ERM-positive apical 
cap. Scale bars: 5µm. 

We did not observe these effects following the infection of cells with lentivirus producing 
shRNA against luciferase as a negative control (Fig. 5A, C). Knockdown of myosin Vb in 
Caco-2 cells resulted in generally more sparse and disorganized apical microvilli and an 
increase in the apical cell surface area that displayed virtually no microvilli, as evidenced 
by scanning electron microscopy (Fig. 5D-F). The monolayer organization of the cells was 
maintained under these conditions as evidenced by the unchanged distribution of the 
tight junction-associated zona occludens (ZO)-1 protein at the apex of the cells’ lateral 
surfaces (Supplementary Fig. 8). Collectively, these data demonstrate that myosin Vb 
and rab11a control the subapical enrichment of MST4 and aPKCi and, concomitantly, 
contribute to the extent of T567 phosphorylation in ezrin at the apical plasma membrane 
and brush border development in cultured intestinal epithelial cell lines. Furthermore, our 
data indicates that this process is uncoupled from the establishment and maintenance of 
a local enrichment of ezrin.    
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Figure 5. Effect of MYO5B shRNA on ezrin phosphorylation and microvilli organization in Caco-2 cells. A, B) 
Immunofluorescence labeling of T567-phosphorylated ERM (large tilted x-y and upper x-z image) and ezrin 
(lower x-z image) in control (D) and myosin Vb knockdown (E) cells. GFP (green) marks transduced cells. 
Arrows and asterisks in x-y and x-z images, respectively, show the presence (A) or absence (B) of T567-
phosphorylated ERM. C) Expression of ezrin, T567-phosphorylated ezrin, actin and GAPDH. D,E)  Scanning 
electron micrographs of the apical surface of control and knockdown cells. F) Semi-quantitative analysis of 
microvilli density per unit surface area, on a scale from ‘+++’ (very dense; see panel D for a representative 

‘+++’-marked surface area) to ‘–‘ (no icrovilli; see panel E for a representative ‘–‘-marked surface area). Scale 
bars: 5µm.

Redistribution of rab11a-positive recycling endosomes and 
inhibition of ezrin phosphorylation in enterocytes of patients 
with Microvillus inclusion disease with MyO5B mutations

Mutations in the gene encoding myosin Vb, MYO5B, have been identified in patients with 
microvillus inclusion disease (MVID) (Erickson et al, 2008; Müller et al, 2008; Szperl et al,  
2011), a rare and fatal disease characterized by intestinal malabsorption and microvillus 
atrophy (Cutz et al, 1989; Phillips and Schmitz, 1992; Ruemmele et al, 2006).

However, neither the T567 phosphorylation status of ezrin nor the distribution of 
MST4 and aPKCi has been examined in MVID enterocytes. This was investigated in tissue 
from a previously reported MVID patient carrying a homozygous MYO5B nonsense 
mutation (c.4366C>T, p.1456X) that results in reduced mRNA expression while resultant 
protein is predicted to lack rab11a-binding sites (Szperl et al, 2011). In contrast to the  



CHAPTER 362

Figure 6.
Subcellular distribution of 
Mst4 and aPKCi in in vivo 
MVID enterocytes. A) Line plots 
showing the relative distribution 
of MST4 versus actin along the 
apical-basal axis of in vivo MVID 
enterocytes. B) Double labeling 
for MST4 (1,3 [in 3 MST4 is 
pseudo-colored magenta]) and 
rab11a (2,4). Overlay image is 
shown in B5 where white color 
is indicative for colocalization. 
Positive (+)PDM images 
represent quantitative analysis 
of colocalization are shown 
in B6. C, D) enlargements of 
the boxes indicated in B5 and 
indicated fluorescence intensity 
plots of MST4 and rab11a. E) 
Line plots showing the relative 
distribution of aPKCi versus 
actin along the apical-basal axis 
of in vivo enterocytes. F) Double 
labeling for aPKCi (1,3 [in 3 aPKCi 
is pseudo-colored magenta]) 
and rab11a (2,4). Overlay 
image is shown in F5 where 
white color is indicative for 
colocalization. Positive (+)PDM 
images represent quantitative 
analysis of colocalization are 
shown in F6. G, H) enlargements 
of the boxes indicated in F5 and 
indicated fluorescence intensity 
plots of aPKCi and rab11a. 

subapical localization of MST4 in age-matched control human enterocytes (c.f., Fig. 1A), 
MST4 was not observed at the subapical domain of MVID enterocytes but, instead, was 
redistributed with rab11a to the supra-nuclear region (Fig. 6A, B). The apical cytoplasm of 
MVID enterocytes was largely devoid of rab11a, supporting the data from cultured cells 
that myosin Vb controls the translocation of rab11a-positive recycling endosomes to the 
apical plasma membrane domain (c.f, Fig. 3B). In MVID enterocytes, MST4 and rab11a both 
redistributed to the supra-nuclear region (Fig. 6A, B) where they showed considerable 
overlap (Fig. 6B3-6, C, D). MST4 co-localized at only few puncta with transferrin receptor 
(TfR) (Supplementary Fig. 9A) and some co-localization of MST4 with rab8 (Supplementary 
Fig. 9B) and with the cis-Golgi matrix protein GM130 (Supplementary Fig. 9C) was observed, 
the latter consistent with the previously reported interaction between both proteins. 
Similar to MST4, we did not observe T555-phosphorylated aPKCι at the apical domain 
of MVID enterocytes (c.f., Fig. 1E-H) but, instead, aPKCi-T555 and rab11a redistributed 
together to the supranuclear region (Fig. 6E-H). Total aPKCι remained uniformly and 
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diffusely distributed across the MVID enterocytes and overall fluorescence intensity of 
T555-phosphorylated aPKCι did not change (Supplementary Fig. 10A, B), suggesting that 
specifically the phosphorylation of aPKCι at T555 in recycling endosomes had occurred in 
a different location. Consistent with this, PDK1, the kinase responsible for phosphorylating 
aPKCι at T555 (Mashukova et al, 2012), displayed a similar supra-nuclear re-localization 
with rab11a in MVID enterocytes (Supplementary Fig. 10C).

Figure 7. 
Stainings in MVID tissues.  A) 
T567-phosphorylated ERM, 
actin and DNA in control and 
MVID enterocytes. B) ezrin, 
actin and DNA in control and 
MVID enterocytes. Lower 
inserts in A: actin/chromatin 
staining alone. Upper insert in 
right micrograph in panel A: 
actin and T567-phosphorylated 
ERM-decorated microvillus 
inclusion (arrow) observed 
in an other part of the same 
specimen. Insert in B: enlarged 
area highlighting the absence 
of colocalization of the two 
proteins (arrows). Arrows 
in B, A (left panel):areas 
of colocalization. Arrows 
in A (middle/right panel): 
subapically localized T567-
phosphorylated ERM.  Bars 
10 μm. Asterisks: lumen. C) 
Representative electron 
micrograph of MVID 
enterocytes. Insert shows an 
enlargement of the microvillus 
inclusion. Arrows point to 
the apical surface. D) CD10 
and hematoxylin staining in 
control and MVID intestine. 
Black and white arrows point 
to villi fusions and secondary 
apical lumens, respectively. Bar 
100μm.  
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When examining the phosphorylation status and localization of ezrin in MVID 
enterocytes we detected only minimal T567-phosphorylated ezrin in most of the MVID 
enterocytes, in contrast to the predominant expression of T567-phosphorylated ezrin at 
the apical surface of control enterocytes (Fig. 7A). While phosphorylated ezrin at the apical 
plasma membrane of MVID enterocytes was noticeably absent (Fig. 7A), some enterocytes 
showed phosphorylated ezrin in the subapical cytoplasm that co-localized with actin 
and therefore may represent microvillus inclusions (Fig. 7A, upper insert). In addition to  
a reduction in T567-phosphorylated ezrin, ezrin itself was mis-localized from a predominant 
apical surface localization to intracellular compartments (Fig. 7B). Furthermore, apical 
actin was disorganized (Fig. 5A (insert)) and a reduction in co-localization of ezrin and 
actin was observed. In agreement with these data, we observed severe microvillus atrophy 
by transmission electron microscopy analysis of duodenal biopsies (Fig. 7C). Finally, we 
observed in the MVID duodenum (not earlier recognized) fusions of villi (Fig. 7D, black 
arrows) and formation of secondary apical lumens (Fig. 7D, white arrows), which are 
prominent features of the intestine in ezrin knockout mice (Casaletto et al, 2011; Saotome 
et al, 2004). Together with the data in cultured cells, these data indicate that MYO5B 
mutations in the enterocytes of MVID patients cause the redistribution of rab11a-positive 
recycling endosomes and ezrin-phosphorylating kinases away from the apical plasma 
membrane domain and, concomitantly, inhibit the T567-phosphorylation of ezrin, brush 
border formation and possibly villus architecture. 

Discussion

The structural and compositional identity of the apical plasma membrane of intestinal 
epithelial cells is critical for the exchange of molecules with the gut lumen and essential 
for survival. As the predominant structural apical surface specializations, microvilli play 
an important role in intestinal epithelial function, and loss of apical microvilli correlates 
with several intestinal diseases involving mal-absorption and cancer. Many in vitro and 
in vivo studies have implicated the actin-organizing scaffold protein ezrin, its interacting 
proteins, and subapical actin filament organization as a pivotal component of the 
machinery controlling microvilli development and organization at the apical surface of 
epithelial cells (reviewed by Fehon et al, 2010). The activation of ezrin by phosphorylation 
at T567, which allows the protein to unfold and link actin filaments to the apical surface, is 
a prerequisite for proper microvilli development. Various kinases can phosphorylate ezrin 
and stimulate microvilli development in intestinal epithelial cells and, evidently, these 
kinases need to be in close proximity to ezrin. Some of these kinases, e.g. LOK, SLK, and 
Akt2 have been demonstrated to localize in the microvilli membrane at the apical surface 
(Shiue et al, 2005; Viswanatha et al, 2012), while the localization of other kinases, notably 
aPKCi and MST4, was not clear. Here, we demonstrated that aPKCi-T555 (as well as its 
activating kinase PDK1) and MST4, previously demonstrated to contribute to apical T567-
phosphorylation and localization of ezrin and consequently to apical microvilli formation 
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in intestinal epithelial cells (Ten Klooster et al, 2009, Gloerich et al, 2012), did not localize 
predominantly to the apical surface. Instead, these kinases co-distributed both in vivo 
and in vitro with rab11a, a small GTPase that predominantly decorates apical recycling 
endosomes, in discrete compartments beneath the apical plasma membrane domain. 

We reasoned that if the subapical enrichment of these rab11a-positive endosomes 
and the kinases contributed to the T567 phosphorylation of ezrin, then the misplacement 
of these endosomes would be predicted to inhibit ezrin phosphorylation and microvilli 
development at the apical domain. The molecular mechanisms that control the position of 
rab11a-positive recycling endosomes in intestinal epithelial cells are not well understood 
(Winter et al, 2012). Here, we demonstrated with shRNA-mediated knockdown and 
subsequent rescue experiments that loss of the actin-based motor and rab11a effector 
protein myosin Vb effectively prevented the subapical enrichment of rab11a-positive 
recycling endosomes, as well as that of MST4 and aPKCi, in intestinal epithelial cells 
without inhibiting the LKB1-induced cell polarization process. In agreement with these 
results, the expression of a dominant negative rab11a mutant that is unable to bind myosin 
Vb prevented in these cells the polarized positioning of rab11a-positive endosomes at the 
apical domain without perturbing the polarized enrichment of ezrin. Of interest, we did 
not observe a focused clustering of rab11a around the centrosome after loss of myosin 
Vb function as previously shown for ciliated cells (Lapierre et al, 2001; Roland et al, 2011), 
which suggests a different organization of the apical cytoplasm and cytoskeleton in the 
(non-ciliated) enterocytes. The loss of rab11a-positive endosomes from the apical domain 
of the cells following myosin Vb knockdown may reflect a defective tethering of the 
endosomes at the cell periphery (Kapitein et al, 2013; Provance et al, 2008) or a defect in 
the collective surface-directed movement of the recycling endosomal system, as has been 
proposed recently for the collective outward movement of rab11-recycling endosomes in 
oocytes (Schuh, 2011). In line with recent reports (Gloerich et al, 2012; ten Klooster et al, 
2009), the inhibition of MST4 positioning following the overexpression of dominant negative 
rab11a or knockdown of myosin Vb resulted in the inhibition of ezrin T567 phosphorylation 
and microvilli formation. It should be noted that this inhibition of ezrin phosphorylation 
was not complete, which may have been due to the presence of additional ezrin T567-
phosphorylating kinases such as LOK, SLK and/or Akt2 (Shiue et al, 2005; Viswanatha et al, 
2012). Possibly, multiple kinases act (together or in a spatiotemporal regulated manner) 
to control the extent of ezrin T567 phosphorylation, which directly relates to the density 
and uniformity of microvilli at brush border surfaces (Zhu et al, 2008). Our data suggest 
that rab11a and myosin Vb control the apical enrichment of MST4 and aPKCi and, in this 
way, contribute to the T567 phosphorylation of ezrin at the apical plasma membrane 
domain and brush border development. It should be noted that although quantitative 
image analyses clearly demonstrated that significant fractions of the kinases and rab11a 
colocalize at the light microscopic level, immuno-electron microscopy will be needed to 
unambiguously determine whether the kinases directly associate with the membrane of 
rab11a-decorated apical recycling endosomes or may be in a different way dependent 
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on rab11a/myosin Vb for their subapical enrichment. Nonetheless, the observation that 
experimental manipulation of the subcellular redistribution of rab11a (with myosin Vb 
shRNA, rab11a mutants, nocodazole) was closely matched by a similar redistribution of 
the kinases indicates their dependent localization. This process is uncoupled from the 
establishment and maintenance of apical surface polarity as such. It is of interest to 
note that loss of rab11a or myosin Vb function in hepatocytes did inhibit cell polarity 
(Wakabayashi et al, 2005), which raises intriguing questions about the role of the apical 
recycling endosomal system in relation to aspects of apical polarity in different types of 
epithelial cells (Golachowska et al, 2012).          

An important finding was that rab11a was similarly depleted from the apical cytoplasm 
and accumulated in the supranuclear region of enterocytes of a patient diagnosed with 
Microvillus inclusion disease (MVID) and carrying a homozygous mutation in the MYO5B 
gene (Szperl et al, 2011). In addition, MST4 and aPKCi were displaced with rab11a from 
the apical domain to the supranuclear region. These observations in MVID enterocytes 
are consistent with a defective subcellular positioning of rab11a-positive recycling 
endosomes and the kinases to the apical domain of the cells and in agreement with our 
myosin Vb knockdown experiments. Concomitant with the supranuclear retention of the 
kinases , the T567-phosphorylation and predominant apical localization of ezrin, the only 
ERM protein family member in the small intestine (Berryman et al, 1993; Saotome et al, 
2004), was inhibited in MVID enterocytes. These findings in MVID enterocytes underscore 
the (patho) physiological relevance of brush border control by recycling endosomes. 

Ezrin knockout in the mouse intestine not only affected microvilli but also caused 
villus fusions (Casaletto et al, 2011; Saotome et al, 2004). Analysis of small intestinal 
biopsies of two MVID patients revealed villi fusions at discrete spots along their lateral 
domain. Secondary lumens, i.e. apical lumens that appeared not exposed to the gut 
lumen, accompanied the villus fusions in the MVID intestine. The combined villus and 
microvillus defects likely cause a severe reduction in the absorptive capacity of the 
intestine in MVID. The comparable defects in villus architecture in the intestine of ezrin 
knockout mice (Casaletto et al, 2011; Saotome et al, 2004) and MVID (this study) further 
support that ezrin loss-of-function as a downstream consequence of myosin Vb loss-of-
function is part of MVID pathogenesis. Notably, also phenotypic differences exist between 
the small intestine in ezrin knockout mice and MVID patients. Brush border enzymes such 
as alkaline phosphatase and sucrase isomaltase, for instance, accumulated intracellularly 
in MVID enterocytes (Cutz et al, 1989; Phillips et al, 1985; Phillips et al, 2004) but remained 
at the apical surface of intestinal epithelial cells in ezrin knockout mice (Casaletto et al, 
2011; Saotome et al, 2004). Furthermore, microvillus inclusions have not been reported 
in the enterocytes of ezrin-knockout mice (Saotome et al, 2004). Loss of apical ezrin 
phosphorylation may thus account for the microvillus atrophy but not for the intracellular 
retention of brush border proteins and microvillus inclusions in MVID enterocytes.  
In line with the demonstration that brush border development in intestinal epithelial cells 
constitutes a separate branch of the apical-basal polarity program (Gloerich et al, 2012; 
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ten Klooster et al, 2009), these phenotypic hallmarks of MVID may thus be uncoupled at 
the mechanistic level downstream of myosin Vb loss-of-function. 

Recently a novel function for recycling endosomes, in addition to their classical 
role in vesicular trafficking, as multifunctional platforms on which molecular machines 
are assembled to suit different cellular functions was proposed (Gould and Lippincott-
Schwartz, 2009). In line with this, our collective data support a model in which rab11a 
via its interaction with myosin Vb maintains a subapical signaling platform in the form of 
apical recycling endosomes that allows MST4 and aPKCi to contribute to the activation of 
ezrin and, in this way, contribute to the (dynamic) structural organization of the intestinal 
brush border membrane (see model in supplementary Fig. 11). 

Methods

Cell culture

LS417T-W4 and Caco-2 cell culture was as described previously (Gloerich et al, 2012; ten 
Klooster et al, 2009). 

Patients

Material of two MVID patients and one FHL5 patient was used in this study. MVID 
patient 1 is a Dutch-Moroccan boy from consanguineous parents who was born at term 
and admitted at the hospital three days after birth because of excessive diarrhea and 
dehydration. Introduction of oral feeding failed due to progression of diarrhea and total 
parenteral nutrition support was started. Jejunum biopsy showed almost total villous 
atrophy and microvillus inclusions, confirming the diagnosis of MVID. MYO5B gene 
sequencing revealed a homozygous stop codon in exon 33 (c.4366C>T). MVID patient 2 
is a Caucasian boy from non-consanguineous parents. At the age of two months he was 
admitted because of prolonged icterus. During the course of admittance he developed 
diarrhea, which progressed in severity. Enteral feeding failed as a result of progression 
of diarrhea upon introduction and total parenteral nutrition was started. MYO5B gene 
sequencing revealed compound heterozygous mutations including a de novo non-
conservative substitution mutation in exon 12 (c.1540T>C) and a maternally derived 
mutation in intron 33 (c.4460-1G>C) 2 (Szperl et al,2011))

Immunofluorescence labelling of tissues and cells

Cells were fixed with 3.7% PFA at room temperature for 20 min. Cells were incubated 
with 0.1M glycine in PBS for 20 min, permeabilized with 0.2% TritonX-100 for 10 min 
and blocked with 3% FCS in PBS for 1 h and incubated with primary antibodies at 37oC 
for 2 h, except for anti-rab11a antibodies (4oC for 16 h). Cells were incubated with Cy5- 
or AlexaFluor-543-conjugated secondary antibodies and DRAQ5/DAPI at 37oC for 30 
min. Sections of formalin-fixed samples were deparaffinised, rehydrated, washed with 
PBS and subjected to epitope retrieval with citric acid pH6.0 in a microwave for 20 min.  
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Non-specific binding sites were blocked with 5% FCS in PBS overnight. Primary antibodies 
(Table S1) were diluted in blocking solution with 0.05% Tween-20 at 37oC for 2h followed 
by incubation with AlexaFluor-488- or -543-conjugated secondary antibodies. Nuclei were 
stained with DRAQ5. All slides were mounted with DAKO mounting medium. 

Fluorescence microscopy and analysis:

Specimens were examined and images were taken with a TCS SP2 AOBS CLSM (Leica).  
Image analysis and histogram adjustments were performed with MacBiophotonics ImageJ. 
For tissues staining, images were processed by Huygens Pro deconvolution software using 
classical maximum likelihood estimation (CMLE) with a theoretical PSF calculated by 
feeding the microscope settings. The channel backgrounds/channel were set at 30 and 
quality change threshold at 0.3%, This helped in reducing background without losing 
resolution.  To isolate brighter features,  output images were  processed  using Gaussian 
Filter plugin (value  0.7) in MBP ImageJ. . For quantification of co-localization, the JACOP 
plugin for ImageJ was used. In brief, shot noise for each channel was arithmetically 
subtracted from raw images. Non-specific staining was arithmetically subtracted. Images 
were median filtered (value 1.5), and individual cells were analysed for co-localization 
using Mander’s correlation coefficient with threshold set as described earlier (Pollock 
et al,  2010). As a negative control the Mander’s coefficient was determined for co-
localization of the protein of interest with the nuclear stain DRAQ5. Positive control (set 
to 100% co-localization) for Mander’s coefficient was determined by using one primary 
antibody and two secondary antibodies tagged with AlexaFluor-488- and -543 against 
the primary antibody. Student’s t-test was used to determine statistical significance 
between conditions.  PDM images were obtained by processing raw images for shot noise, 
background subtraction by median filter, thresholding (as mentioned above) and using 
Intensity correlation analysis (ICA) plugin (with crosshair of 3 pixels).  Pseudo-colouring 
was done by changing LUTs to magenta and green.  Segmented line ROIs were drawn on 
linear structures on one channel and profile plots were made for corresponding channels.  
The line plots for indicating LS174T-W4 cells and tissue were made by connecting dots of 
means with SEM error bars in Graphpad prism.  Fluorescent intensities of pERM in apical 
brush borders were quantified by making ROIs around the caps in the corresponding actin 
channels and mean fluorescent intensity quantified.  

Electron microscopy

Freshly obtained biopsy samples were processed for transmission electron microscopy 
as described (Szperl et al,  2011). For scanning electron microscopy, cells were fixed with 
2% glutaraldehyde in 0,1M sodium cacodylate overnight at 4oC and post-fixed with 1% 
osmium tetroxide in 0,1M cacodylate buffer at room temperature for 1 h. After dehydration 
samples were critical-point dried from carbon dioxide and sputter-coated with 5 nm 
palladium/gold, and imaged at 2KV using a JEOL-JSM6301F scanning electron microscope.
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Myosin vb knockdown and rescue experiments

The shRNA target sequence, region 2333-2351 of human MYO5B cDNA (target sequence 
GGCTGCAGAAGGTGAAATA) was cloned into the shRNA expression vector. A target sequence 
in the Luciferase gene was used as a control. For rescue experiments, full length human 
MYO5B was cloned after which the shRNA target sequence was mutated (5’-ggctTcaAaa 
AgtTaaata-3’, mutations in capitals) by site-directed mutagenesis (QuickChange, Agilent 
Technologies). ShRNA-resistant MYO5B cDNA was introduced into the lentiviral expression 
vector pLenti-CMV/TO-Hygro-DEST, by recombination. DNA sequencing was performed 
at each step of cloning (ServiceXS, the Netherlands). PCR reactions were performed 
according to manufacturer’s instructions for Vent DNA polymerase (NEB). The cloned 
MYO5B gene does not contain ExonD.  

For the production of lentivirus HEK293T cells were plated onto poly-L-Lysine-
coated plates in DMEM supplemented with 10% FCS and 1% sodium pyruvate. Cells were 
transfected with CMVdR8.1, VSV-G, and pMID-i-2 using CaCl2 and Hank’s balanced salt 
solution. Medium was changed after 17 h. After 24 h virus-containing medium was collected, 
filtered and stored at -80oC. Caco-2 cells were transduced with lentivirus diluted in DMEM 
with 10% FCS. Expression of GFP in cells was indicative for successful transduction, as also 
evidenced by reduced myosin Vb mRNA. In other experiments, Caco-2 cells were plated 
on Transwell filters (Corning, 0.4-micron pore size) and 48 h later transduced with virus in 
the presence of polybrene for 16 h, and cultured for another 4 days. LS417T-W4 cells were 
transduced with lentivirus for knockdown (supplementary Fig. S1A) on two consecutive 
days and after 48 hours trypsinized and plated in the presence (or absence) of doxycycline 
for 16 h.  

Cell transfection

LS174T-W4 cells were transfected with EGFP-rab11a-WT, EGFP-rab11a-DN or EGFP-rab11a-
CA mutants (gift from dr. R.E. Pagano, Mayo Clinic and Foundation, Rochester, MN/USA, 
and described in (Choudhury et al,  2002)) using Lipofectamine2000 (Invitrogen) following 
the manufacturer’s protocols. 

qRt-PCR

RNA was extracted from cells following the manufacturer’s instructions (Invisorb Spin Cell 
RNA mini kit, Westburg). cDNA was synthesized using poly-dT primer and SuperscriptII 
reverse transcriptase (Invitrogen) following the manufacturer’s protocol. qRT primers 
were designed by using Primer-3 (http://frodo.wi.mit.edu) (Table S1). Reactions were run 
on an ABI7500 (Applied Biosystems). Cycling conditions comprised 15 min polymerase 
activation at 95°C and 40 cycles at 95°C for 15 sec and 60°C for 30 sec. 

western blot analysis

Cells were lysed using ice-cold lysis buffer (RIPA: 150mM sodium chloride, 1% Triton X 100, 
0.5% Sodium deoxycholate, 0.1% SDS, 50mM Tris pH 8.0) with protease inhibitors (Sigma). 
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Protein concentration was determined (Biorad). For Western blotting of phospho-ERM or 
phospho-aPKCi cells were lysed by directly adding 100ul of 2XSDS-Laemlli buffer on ice for 
10 min, after which the lysate was boiled for 5 min, centrifuged at 13.000 RPM and stored 
at -80oC. 30-50µg protein were separated on a 7.5% acrylamide gel and blotted onto 
nitrocellulose membrane. Blots were blocked with 3% bovine serum albumin blocking 
solution for 1 h, incubated with primary appropriate secondary antibodies, and analyzed 
on an Odyssey Licor infrared scanner.   
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Supplementary Information

 Supplementary Table 1

Primary antibody company dilution

Actin Sigma 1:1000

Ezrin TebuBio 1:200

T567-P ERM Cell Signalling 1:200

Mst4 Epitomics 1:100

Rab11a BD Bioscience 1:50

Rab8 Abnova 1:20

aPKCi BD Bioscience 1:100

T555-P PKCi Invitrogen 1:100

Giantin Covance 1:200

Transferrin receptor Invitrogen 1:200

GM130 BD Bioscience 1:200

Alexa Fluor 488- and -543-conjugated secondary 
antibodies

Invitrogen 1:1000

DRAQ5 was from Cell Signaling (1:5000).
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Supplementary Figure 1.

Analysis of colocalization 
between MST4 (red) and 
rab8 (green) in control 
patient. Enlargement of the 
boxed areas  are shown on 
the right. Mst was pseudo-
colored magenta. White 
color in the merged image is 
indicative for colocalization. 
Positive (+)PDM image is 
shown. Asterisk indicate the 
position of the intestinal 
lumen. Chromatin (blue) is 
stained with DRAQ5. Scale 
bar 10µm

Supplementary Figure 2.

Analysis of colocalization 
between aPKCi or 
aPKC1-T555 (red) with ezrin  
or actin (green), respectively, 
in control patient. Asterisk 
indicates the position of the 
intestinal lumen. Chromatin 
(blue) is stained with DRAQ5. 
Scale bar 10µm

Supplementary Figure 3.

Codistribution of MST4, 
aPKCi and T567-phospho-
ERM (all in red) with rab11a 
(in green) in non-induced 
(-Dox) LS174T-W4 cells 
(arrows point to areas of 
codistribution). For MST4/
rab11a and aPKCi-rab11a, 
PDM and positive (+)PDM 
images are presented. Scale 
bar 5µm
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Supplementary Figure 4. 

A) Immunolabeling for actin 
(red) and tubulin (green) and 
the merged images in control 
and nocodazole (noco)-treated 
docycycline (+dox)-induced 
LS174T-W4 cells. Insert shows high 
magnification of the boxed area. 
Arrows point to tubular tubulin 
staining (top row) and fragmented 
tubulin staining (bottom row). 
Scale bar 5µm. B) Quantification 
of the percentage of cells with a 
distinguishable p-ERM cap (left) 
and quantification of the intensity 
of pERM staining (normalized to 
actin) (right) in control (cont) and 
nocodazole (noco)-treated cells. C) 
Quantification of the percentage of 
cells with a distinguishable p-ERM 
cap in control and BFA-treated cells.

Supplementary Figure 5. 

Myosin Vb mRNA expression 
level in LS174T-W4 (A) and Caco-
2 (B) cells (parental, infected with 
lentivirus expressing shRNA against 
myosin Vb, and double infected 
with lentivirus expressing shRNA 
against myosin Vb and lentivirus 
expressing a shRNA-resistant wild 
type full length MYO5B). 
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Supplementary Figure 6. Analysis of colocalization between PDK1 and rab11a in LS174T-W4 cells. PDK1 (blue) 
and rab11a (red) in doxycycline-stimulated LS174T-W4 cells transduced with shRNA against myosin Vb. 
Infected cells (infect) and non-infected cells (uninfect) are GFP-positive (green) and GFP-negative, respectively. 
Arrow points to the area at the cortex where PDK1 and rab11a colocalize. Also PDM and positive (+)PDM 
images are shown. Scale bar 5µm.

Supplementary Figure 7. Shown are the control (GFP-negative) cells of cultures treated with shRNA against 
myosin Vb. In these cells the polarized distribution of rab11a, MST4 and aPKCi, and pERM are comparable to 
non-treated cells. Also PDM and positive (+)PDM images are shown. Scale bar 5µm.
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Supplementary Figure 8. Fluorescence intensity of rab11a, MST4, PDK1, aPKCi-T555 with p-ERM along the cell 
perimeter of GFP-negative (un-infected) and GFP-positive (infected) LS174T-W4 cells after lentivirus treatment. 
Line plots show average of minimal 5 cells per condition. Note the loss of the clear peak of fluorescence 
intensity in the infected (myosin Vb knockdown) cells as opposed to the un-infected (control) cells, indicating 
inhibition of the polarized distribution of the proteins at the cell cortex. 
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Supplementary Figure 9. Analysis of colocalization between MST4 and transferrin receptor (TfR, A), rab8a (B) 
or GM130 (C) in MVID enterocytes. A) MST4 (red) and TfR (green) in MVID patient. Enlargement of the boxed 
areas are shown on the right where MST4 is pseudo-colored magenta and also positive (+) PDM images are 
shown. B) MST4 (red) and rab8a (green) in MVID patient. Enlargement of the boxed areas are shown on the 
right where MST4 is pseudo-colored magenta and also positive (+) PDM images are shown. C) MST4 (red) 
and GM130 (green) in MVID patient. Enlargement of the boxed areas are shown on the right where MST4 is 
pseudo-colored magenta and also positive (+)PDM images are shown. Asterisks indicate the position of the 
intestinal lumen. Chromatin (blue) is stained with DRAQ5. 



Supplementary Figure 10. Distribution of aPKCi (red; A) and aPKCi-T555 (red; B) and ezrin or actin, 
respectively (green) in MVID patient enterocytes. C) Analysis of colocalization between Rab11a and PDK1 in 
MVID enterocytes. PDK1 (red, magenta) and Rab11a (green) in MVID patient. Enlargement of the boxed areas 
are shown on the right where PDK1 is pseudo-colored magenta. Positive (+) PDM images indicate areas of 
colocalization. Boxed area in the merged panel is enlarged and line plots show fluorescence intensity of the 
two proteins. Chromatin (blue) is stained with DRAQ5.

Supplementary Figure 11. Cartoon depicting model. See main text for full explanation.
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abstract 

The microvillus brush border allows the efficient uptake of nutrients from the intestinal lumen. 
Microvilli development is coupled to the epithelial cell polarity program. Here we demonstrate 
the involvement of apically targeted Ras-related C3 botulinum toxin substrate 1 (rac1) in the 
process of ezrin-mediated microvilli development downstream of cell polarity development.  
We found that rac1 was targeted to the ezrin-rich apical brush border of differentiated enterocytes, 
and this required the rab11a-interacting and recycling endosome-associated motor protein myosin 
Vb. Moreover, rac1 was mislocalized to rab11a-positive recycling endosomes in the supranuclear 
region of enterocytes in patients with microvillus inclusion disease (MVID), a fatal enteropathy 
characterized by MYO5B mutations and microvillus atrophy. We show that loss of rac1 expression 
in intestinal epithelial cells in vitro and in vivo inhibited apical microvilli development, without 
necessarily inhibiting apical plasma membrane polarity as such. As part of the underlying mechanism, 
loss of rac1 prevented the phosphorylation of Threonine-567 in ezrin at the apical cell surface. This 
occurred via a cell-cell adhesion- and nucleotide binding-independent mechanism that involved 
inhibition of the subapical enrichment of the germinal centre kinase III family member MST4, 
which is required to phosphorylate ezrin in intestinal epithelial cells downstream of apical-basal 
polarity establishment. Together, the data reveal a novel function for rac1 in intestinal epithelial 
brush border organization, and implicate rac1 in the poorly understood pathogenesis of MVID. 

introduction

Microvilli are actin-based finger-like cellular projections and densely packed at the 
apical plasma membrane domain of intestinal epithelial cells. Microvilli provide an expanded 
absorptive surface area. More recently, microvilli in these cells were shown to be vesicle 
generating organelles that play an important role in host-microbe interactions (McConnell 
et al, 2009; Shifrin et al, 2012) and plasma membrane repair, and microvilli regulatory 
proteins were shown to display tumour suppressing activities (Masssolini et al, 2012). 
The loss or atrophy of microvilli in the intestine is a defining feature for several disorders 
including enteric pathogen-induced diarrhoea (Iizumi et al, 2007; Dean et al, 2013) and in 
the rate and fatal congenital enteropathy microvillus inclusion disease (MVID, Davidson  
et al, 1978). The emerging functions of apical microvilli and their importance in physiology 
underscore the need to elucidate the mechanisms that control their development.  

The development and organization of microvilli is dynamically regulated by proteins that 
control the interaction of the apical plasma membrane with the cortical actin cytoskeleton. 
These include members of the ezrin-moesin-radixin (ERM) family. Ezrin is the only ERM 
family member expressed in intestinal epithelial cells and localizes exclusively to the apical 
plasma membrane domain (Berryman et al, 1993; Saotome et al, 2004). Loss of ezrin 
expression disrupts the organization of subapical actin cytoskeleton and apical microvilli 
in the mouse intestine (Saotome et al, 2004; Casaletto et al, 2012). The activity of ezrin is 
regulated by its phosphorylation status at Threonine-567 (Bretscher et al,  1997; Fehon 
et al, 2010; Matsui et al, 1998), and the phosphorylation status of ezrin correlates with 
the abundance of apical microvilli. Several kinases have been reported to phosphorylate 
Threonine-567 in ezrin in intestinal epithelial cells, including protein kinase B2/Akt2 (Shiue 
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et al, 2005), atypical protein kinase C (Wald et al, 2008), lymphocyte-oriented kinase (LOK) 
and Ste20-like kinase (SLK) (Viswanatha et al, 2012), and mammalian Ste20-like protein 
kinase 4 (MST4) (ten Klooster et al, 2008; Gloerich et al, 2012; Chapter-3). Some of these 
kinases are associated with the apical plasma membrane (Shiue et al, 2005; Viswanatha 
et al, 2012) whereas MST4 is enriched in the subapical region, presumably together with 
apical endosomes (Gloerich et al, 2012; Chapter 3). The spatial distribution of these kinases, 
ezrin phosphorylation, and microvilli development in the intestine appears intimately 
linked to the epithelial cell polarity program (ten Klooster et al, 2009; Gloerich et al, 
2012), but the molecular machineries that help coordinate this are not well understood. 

The Rho family of small GTPases, which includes Rho, Cdc42 and Rac1, are well 
known for their function in organizing actin-based plasma membrane protrusions 
as well as in epithelial cell polarity. Moreover, Rho and Cdc42 have been linked to 
ezrin phosphorylation and apical microvilli development. For instance, Rho signaling 
via Rho kinase is well-known to stimulate ezrin phosphorylation (Hughs and Fehon, 
2007), and ectopic expression of a constitutive active Rho mutant in fibroblasts - via 
phosphatidylinositol 4-phosphate 5-kinase - induces ezrin phosphorylation and the 
formation of microvilli (Matsui et al, 1999). The ectopic expression of Cdc42 did not 
stimulate the formation of microvilli in fibroblasts (Matsui et al, 1999), but loss of Cdc42 
expression in the mouse intestine resulted in microvillus atrophy and the appearance 
of microvillus inclusions in the cytoplasm (Sakamori et al, 2012; Melendez et al, 2013). 
This suggests that the function of Rho proteins with regard to actin-mediated plasma 
membrane remodelling may depend on the cellular context, e.g., fibroblast or epithelial 
cells. Whether rac1 also plays a role in apical microvilli development is not clear. As with 
Cdc42, the ectopic expression of constitutive active rac1 mutants in fibroblast did not 
induce microvilli (Matsui et al, 1999). However, the expression level of rac1 was shown to 
correlate with the terminal differentiation of small intestinal epithelial cells in adult mice 
(Stappenbeck and Gordon, 2001), and rac1 was recovered in brush border membrane 
vesicle preparations from the rat and human small intestine (Boucher and Rivard, 2003). 
Furthermore, enteropathic Escherichia coli, which secrete effector proteins (type III 
secretion) into the cytosol of enterocytes, disrupts microvilli (Lu and Walker, 2001) and 
targets rac1 (Stebbins and Galan, 2000; Keestra et al, 2013; Keestra and Baumler, 2013). 

These indirect associations between Rac1 and apical microvilli prompted us to 
investigate the potential involvement of Rac1 in the development of microvilli in intestinal 
epithelial cells. 

Results

Rac1 localization in polarized intestinal epithelial cells in 
vivo and in vitro

We first examined the subcellular distribution of Rac1 in intestinal epithelial cells. Rac1 
predominantly localized at the apical brush border membrane in intestinal epithelial cells 
in control duodenal biopsies (Fig. 1A), as well as in polarized intestinal epithelial Caco-2 cell 
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monolayers (Fig. 1B, C). In Caco-2 cells, Rac1 co-distributed with ezrin and Threonine-567 
phosphorylated ezrin in microvilli structures (Fig. 1C and D, respectively, yellow signal). 
The localization of Rac1 at the intestinal epithelial brush border is in agreement with 
the previously reported recovery of Rac1 in intestinal brush border membrane vesicle 
preparations (Boucher and Rivard, 2003). 
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Figure 1.  Localization of Rac1 in 
intestinal epithelial cells. 
A) Control human intestinal 
duodenum biopsy shows apical 
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nucleus (blue). Region of high 
magnification inset is indicated 
by box with dotted line.
B) Polarized inestinal epithelial 
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nucleus (blue). An orthogonal 
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section (x-z) view. 
D) Colocalization of Rac1 (D1 
green) and ezrin (D2 red) in the 
apical domain of polarized Caco2 
cells as seen from top view (x-y). 
High magnification inset (D4) 
from overlayed picture (D3) is 
marked with dotted white line.  
Scale 10µm

the rab11a effector protein myosin vb controls the apical 
localization of Rac1

In contrast to polarized Caco-2 cells, Rac1 localized to intracellular juxtanuclear 
compartments in nonpolarized Caco-2 cells (Fig. 2A). A fraction of these compartments co-
distributed with rab11a (Fig. 2A, yellow signal), which is a marker of recycling endosomes 
(RE) (Ullrich et al, 1996; Casanova et al, 1999; Sheff et al, 1999). Quantitative analysis of the 
double labeling was done by intensity correlation analysis (ICA). ICA addresses the staining 
relationship between two probes which is represented as the product of the differences 
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from the mean (PDM) for each pixel (Li et al, 2004) (Fig. 2A). PDM values are positive 
when in an image the intensity of two fluorescent probes vary together (dependently), 
whereas negative PDM values reflect pixel intensities that vary asynchronously. The visibly 
subcellular co-appearance of Rac1 and rab11a in conjunction with the quantitative analyses 
(Fig. 2A) demonstrated that significant fractions of Rac1 and rab11a co-distributed at the 
light microscopic level in discrete structures in the juxtanuclear domain of the enterocytes.
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Given the co-distribution of Rac1 with rab11a-positive RE in nonpolarized Caco-2 cells, 
together with the established role of rab11a-positive RE in apical plasma membrane-
directed trafficking (Golachowska et al, 2010), we hypothesized that these RE contributed 
to the polarized apical localization of Rac1 in polarized cell monolayers. To investigate 
this hypothesis we used a short hairpin (sh)RNA approach to reduce in Caco-2 cells the 
expression of myosin Vb, which is a key effector of recycling endosome-associated Rab 
proteins including rab11a (Lapierre et al, 2001). In myosin Vb knockdown Caco-2 cells, 
the expression of Rac1 at the apical plasma membrane was significantly reduced (Fig. 2B, 
compared GFP-positive [i.e., infected] cells with GFP-negative [i.e., uninfected cells]).  
The total expression of Rac1 was enhanced in myosin Vb knockdown cells. Importantly, in 
the villus and crypt intestinal epithelial cells of patients with microvillus inclusion disease 
(MVID; Online Mendelian Inheritance In Man 251850), which is a fatal enteropathy 
associated with loss-of-function mutations in the MYO5B gene (Müller et al, 2008; Szperl 
et al, 2011; Golachowska et al, 2012), Rac1 was similarly redistributed from the apical 
plasma membrane domain to intracellular compartments (Fig. 2D1-2 [villus] and D7-8 
[crypt]). Moreover, these intracellular compartments were positive for rab11a (Fig. 2D3-6 
[villus] and D9-12 [crypt]), which we (Szperl et al, 2011; Golachowska et al, 2012) and 
others (Talmon et al, 2012) have previously shown to be redistributed in MVID enterocytes. 
No or little co-localization was detected with the Golgi marker giantin (Fig. 2F). Similar to 
Caco-2 cells in which myosin Vb expression was reduced, in MVID intestinal tissues Rac1 
expression was enhanced when compared to an age-matched control sample (Fig. 2E). 
These combined in vitro and in vivo data suggested that myosin Vb-controlled rab11a-
positive RE mediated the polarized distribution of Rac1 at the apical plasma membrane 
of intestinal epithelial cells. We next addressed the function of Rac1 at the intestinal 
epithelial apical brush border membrane. 

Rac1 controls t567-phosphorylation of ezrin and apical 
microvilli development in vitro and in vivo

Patients with microvillus inclusion disease (MVID) cannot absorb nutrients from the 
intestinal lumen (Cutz et al, 1989). Their intestinal epithelial cells show microvillus 
atrophy, microvillus inclusions, and intracellular retention of apical membrane proteins 
(Cutz et al, 1989; Phillips and Schmitz, 1992). Given the established role of Rac1 as an 
organizer of the actin cytoskeleton, we investigated the role of Rac1 in apical microvilli 
organization. Knockdown of Rac1 in Caco-2 cells with shRNA (Fig. 3A) reduced the apical 
expression of the microvillus-associated protein marker villin (Fig. 3B, compared GFP-
positive cells [i.e., infected] with the boxed GFP-negative [i.e., uninfected/ control] cells). 
Rac1 knockdown did not inhibit the typical monolayer architecture of the cells (Fig. 3B, C). 
The knockdown of Rac1 in Caco-2 cells inhibited the T567-phosphorylation of ezrin, a key 
event in microvillus development and organization in vivo and in vitro (Soatome et al, 2004; 
Wald et al, 2008; ten Klooster et al, 2010; Casaletto et al, 2012), as evidenced by both 
immunofluorescence (Fig. 3C) and Western blot (Fig. 3D) analyses. Importantly, these results 
with RNA interference in Caco-2 cells were corroborated in mice in which the RAC1 gene 
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was selectively knocked out in the intestine (see Methods). Thus, duodenal enterocytes of 
homozygous RAC1-/- (Fig. 4B) but not heterozygous RAC1-/+ mice (Fig. 4A) showed loss of 
ezrin T567 phosphorylation at the apical surface and brush border atrophy (Fig. 4C). These 
effects of Rac1 loss-of-function phenocopied the impaired apical ezrin phosphorylation 
and microvilli development in Caco-2 cells after knockdown of myosin Vb and in MVID 
enterocytes (Chapter 3). We next addressed the mechanism via which loss of Rac1 function 
impaired the phosphorylation of ezrin and the organization of microvilli at the apical surface.
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Rac1 controls apical ezrin phosphorylation and microvilli 
development independently of cell-cell adhesion

Rac1 is well known to regulate E-cadherin-mediated cell-cell adhesion (Takaishi et al, 
1997; Fukuta and Kaibuchi, 2001; Ehrich et al, 2002; Lindqvist et al, 2010; van Duijn et al, 
2010; Nethke et al, 2012). E-cadherin-mediated cell-cell adhesion, in turn, is involved in 
apical plasma membrane polarity development (Nejsum and Nelson, 2009; Kaplan et al, 
2009). In order to investigate to what extent the role of Rac1 in microvilli development 
was linked to the role of Rac1 in cell-cell adhesion, we used the genetically engineered 
intestinal epithelial cell line LS471T-W4 (Baas et al, 2004; ten Klooster et al, 2009; Gloerich 
et al, 2012). LS174T-W4 cells can be induced with doxycycline (Dox) to express STRADα 
(Baas et al, 2004). STRADα in complex with the scaffolding protein MO25 is stabilized in 
a conformation that can activate the polarity protein LKB1 (Filippi et al, 2011) which, in 
turn, leads to the development of apical-basal polarity and apical brush borders even 
in the absence of cell-cell adhesion (Baas et al, 2004; ten Klooster et al, 2009; Gloerich 
et al, 2012). In doxycycline-induced LS174T-W4 cells, Rac1 prominently localized to the 
basal cell cortex of LS174T-W4 cells (Fig. 5A) but a fraction of Rac1 also localized with 
T567-phosphorylated ezrin at the apical plasma membrane (Fig. 5A, positive PDM images 
show colocalization in apical domain). Knockdown of Rac1 in LS174T-W4 cells (Fig. 5B) 

Figure 4. Intestine specific rac1 knockout 
mouse. A) Staining of ezrin or phospo-
ERM (green) and actin (red) in dueodenum 
section in RAC1+/+ control mice and in 
RAC1-/- mice (B). C) Transission electron 
micrograph of enterocytes in RAC1+/+ 
and RAC1-/- mice showing microvilli 
disorganisation. Scale 500 nm
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ShRNA compared to controls. C) Loss of apical phospho-ERM (red) but not rab11 (blue) in LS174T-W4 cells 
having lentivirus infection indicated by GFP (green). White arrows indicate the position of the apical domain. 
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The graph is plotted shows reduction of fold increase in phosphor-ERM in rac1 knock-down cells. G)  Apical 
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inhibited the T567-phosphorylation of ezrin, as evidenced by both immunofluorescence 
microscopy (Fig. 5C, compared GFP-positive cell [i.e., infected] with GFP-negative cell  
[i.e., uninfected/ control], 5D (quantification of 5C) and 5E, fluorescence intensity line plots 
of cell perimeter), and Western blot (Fig. 5F) analyses. Notably, the knockdown of Rac1 
did not inhibit apical polarity development as evidenced by the restricted localization of 
ezrin itself (Fig. 5G), that of the resident apical plasma membrane protein 5’-nucleotidase 
(NT) (Fig. 5G), and that of the apical RE marker Rab11a (Fig. 5C, E, H) to the apical domain. 
Furthermore, expression of guanine nucleotide cycling-deficient Rac1 mutants did not 
inhibit ezrin phosphorylation in LS174T-W4 cells (Fig. 6). These data demonstrated that 
Rac1 regulated ezrin T567 phosphorylation at the apical plasma membrane domain in  
a manner that was independent of guanine nucleotide cycling, cell-cell adhesion and apical 
plasma membrane polarity. Therefore, we hypothesized that the role of Rac1 in ezrin 
phosphorylation likely involved the regulation of a local event at the apical plasma membrane 
domain. We next addressed the potential involvement of ezrin-phosphorylating kinases.    
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with rac1CA-GFP and rac1DN-GFP showing phospho-ERM as percentage to control (GFP). 

Rac1 controls the subapical enrichment of the ezrin-
phosphorylating kinase mst4

Ezrin phosphorylation is achieved by kinases. It was recently demonstrated that, in 
LS174T-W4 cells, the Mo25-binding Ste20 protein kinase MST4 is required for ezrin 
phosphorylation and the development of apical microvilli (ten Klooster et al, 2009; Gloerich 
et al, 2012). The induction of apical-basal polarity and microvilli development in LS174T-W4 
cells upon STRADα expression correlated with the enrichment of rab11a-positive RE in the 
subapical domain (Fig. 5C). In polarized LS174T-W4 cells, MST4 co-distributed with rab11a 
at the apical domain of the cells (Fig. 7A, GFP-negative [i.e., uninfected/ control] cells).  
The knockdown of Rac1 in LS174T-W4 cells did not prevent the enrichment of rab11a-

A B



RAC1 REGULATES EZRIN PHOSPHORYLATION AND MICROVILLI ORGANIAZATION IN ENTEROCYTES 91

 

 

Rab11 GFP Mst4Rab11 Mst4 GFP merge

Rab11 Mst4 GFP Rab11 / 
Mst4 / GFP  

apical

un
in

fe
ct

ed
(G

FP
-n

eg
at

iv
e)

in
fe

ct
ed

(G
FP

-p
os

iti
ve

)
LS174T-W4 / shRNA rac1

0

20

40

60

80

100

Pe
rc

en
ta

ge
 o

f c
el

ls
w

ith
po

al
riz

ed
M

st
4 

ca
p

A

C

rac1

Mst4

pMst4

E

rab11/pERM/nuc

Control Mst4 KD

0

20

40

60

80

100

120

M
st

4 
ex

pr
es

si
onMst4

actin

rab11/pERM/nuc

GFD

B

Figure 7.  Rac1 regulates subapical enrichment of MST4. A) Colocalization of MST4 (green) with subapical 
rab11a (red) is inhibited in cells infected with lentivirus having rac1 ShRNA (blue). Yellow arrows indicate 
colocalization of rab11a and MST4. White arrows indicate apical rab11a that does not colocalize with MST4. 
Blue dotted lines from apical to basal are the paths used in polarized cells to draw fluorescence intensity 
line plots as seen in (B) where rab11 (green plot) and MST4 (blue plot) both are apical in uninfected (upper) 
and MST4 is not apical in infected cells (lower). C) Quantification showing lower percentage of cells that 
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quantification showing reduced MST4 protein after downregulation with ShRNA. G) LS174T-W4 cells with 
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positive RE at the apical domain (Fig. 7A, GFP-positive [i.e., infected] cells, and line plots), 
consistent with the notion that Rac1 knockdown did not inhibit apical plasma membrane 
development as such (c.f., Fig. 5G, H). However, in contrast to control cells, in Rac1-
depleted cells MST4 failed to co-distribute with rab11a in the apical domain and appeared 
to be localized to the cytoplasm (Fig. 7A). Analyses of the fluorescence intensity profiles 
along apical-basal line plots confirmed that MST4 fluorescence was shifted away from the 
clearly apical peak of rab11a fluorescence (Fig. 7B). Quantification of the percentage of 
cells with an clear apical peak of MST4 fluorescence revealed a significant reduction of his 
percentage after Rac1 knockdown (Fig. 7C). The impaired apical delivery of MST4 did not 
coincide with a reduction in the fraction of (auto) phosphorylated (i.e., active (Preisinger 
et al, 2004)) MST4 (Fig. 7D). Also in Caco-2 cells, MST4 was also redistributed from  
a mostly apical distribution pattern in control cells (Fig. 8A, parental/control on the left side 
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and in the boxed area highlighting the GFP-negative/uninfected cells on the right side) to 
a diffuse staining pattern in Rac1 knockdown cells (Fig. 8A, right panel, GFP-positive cells). 
Knockdown of MST4 in LS174T-W4 cells (Fig. 7E, F) confirmed that MST4 contributed 
to ezrin T567 phosphorylation at the apical domain of LS174T-W4 cells, as evidenced 
by immunofluorescence microscopy (Fig. 7G). Also in Caco-2 cells, knockdown of MST4  
(Fig. 8B) inhibited ezrin phosphorylation at the apical surface (Fig. 8C). Together these data 
indicate that Rac1 is required for the subapical enrichment of the ezrin-phosphorylating 
kinase MST4 in polarized intestinal epithelial cells. 
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of MST4 (red). Nucleus is costained by DAPI (blue) B-C) Western blot quantification showing downregulation of 
MST4 (B) relative to GAPDH and reduction of phospho-ERM (green) in MST4 knockdown Caco2 cells (C) as seen 
by top view (x-y image) and side view (x-z). Cells are costained with actin (red) and nucleus (blue). Scale 10µm

discussion

Our results demonstrate that Rac1, a member of the Rho family of small GTPases, displayed 
a strikingly polarized localization at the apical plasma membrane of intestinal epithelial 
cells, both in vivo in human and mouse duodenal biopsies and in vitro in cultured intestinal 
epithelial Caco-2 cells. Our data suggest that during intestinal epithelial cell polarization  
a fraction of Rac1 co-distributed with rab11a-positive recycling endosomes and, in  
a myosin Vb-dependent manner, was delivered to the apical plasma membrane domain. 
This is in line with earlier studies that have implicated the recycling endosomal system 
in the local, polarized distribution of the small GTPase cdc42 and Rac1 in migrating 
fibroblasts (Osmani et al, 2010), and extends this emerging concept to polarized epithelial 
cells. Importantly, loss-of-function of myosin Vb in MVID patients correlated with the 
absence of Rac1 at the apical plasma membrane and the retention of Rac1 in rab11a-
positve recycling endosomes, thus underscoring a functional link between the endosomal 
system and the polarized distribution of Rac1 in these cells.  

The subapical enrichment of rab11a-positive recycling endosomes is important for the 
targeted delivery of resident apical plasma membrane components and the (developing) 
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apical plasma membrane domain (reviewed in Golachowska et al, 2010). Consistent 
with the defect in apical protein delivery in MVID enterocytes, rab11a-positive recycling 
endosomes are redistributed from a subapical to a supranuclear position in these cells 
(Szperl et al, 2011; Golachowska et al, 2012; Chapter-3). The knockdown of Rac1 in 
intestinal epithelial cells when cultured on a solid substratum did not prevent the subapical 
enrichment of rab11a and did not inhibit apical plasma membrane polarity. Therefore 
under these conditions Rac1 does not appear to be required for the subapical position of 
rab11a-positive recycling endosomes and apical polarity as such, and likely has another 
function once delivered to the apical domain. It should be noted here that interfering 
with Rac1 expression or activity was previously shown to perturb the development of 
a central apical lumen and apical-basal polarity orientation in three-dimensional Madin 
Darby canine kidney (MDCK) cell cultures (O-Brien et al, 2001; Yagi et al, 2012), whereas 
no gross defects in cell polarity or monolayer organization were observed when these 
cells were cultured on a solid substratum (Jou et al, 2000; O-Brien et al, 2001). Although 
three-dimensional cultures are believed to more accurately reflect the in vivo situation 
(Baker and Chen, 2012), gross defects in epithelial cell monolayer organization, formation 
of compositionally distinct lumenal and basal surface domains in the epithelial cell lining, 
or defects in gut lumen development are not observed the intestines of MVID patients, 
mice expresssing Rac1 guanine nucleotide cycling mutants in the intestine (Stappenbeck 
and Gordon, 2000), or in intestine-specific Rac1 knockout mice (this study; Myant et al, 
2013) display. Caco-2 cell monolayers on a solid substratum thus represent a more reliable 
model for investigating the function of Rac1 and myosin Vb, at least in the intestine.           

We hypothesized that the function of Rac1 at the apical domain could be related 
to the development of apical plasma membrane microvilli. Indeed, our immunolabeling 
experiments revealed that Rac1 co-localized with microvilli markers in Caco-2 cells, 
and a characteristic feature of MVID enterocytes other than the intracellular retention 
of resident apical proteins is microvillus atrophy (Davidson et al, 1978). Moreover, the 
molecular mechanism that mediates the development of apical plasma membrane 
microvilli can be uncoupled from the development of apical-basal polarity as such (ten 
Klooster et al, 2009; Gloerich et al, 2012). In other words, epithelial cells can form apical 
plasma membrane domains that include resident apical proteins and exclude basolateral 
proteins yet are devoid of microvilli. The phosphorylation of Threonine-567 in the actin-
plasma membrane linker protein ezrin is a key event in its activation and in the proper 
organization of apical microvilli in intestinal epithelial cells (Saotome et al, 2004; Casaletto 
et al, 2012). In intestinal epithelial cells, the phosphorylation of ezrin at the apical surface 
was shown to require the delivery of the kinase MST4 from the Golgi apparatus, where 
MST4 was reported to be activated through auto-phosphorylation of a conserved threonine 
(Preisinger et al, 2004), to the apical domain (ten Klooster et al, 2009; Gloerich et al, 
2012) where it co-distributes with rab11a (Chapter 3). Indeed, the observed inhibition of 
ezrin phosphorylation following the knockdown of MST4 in two intestinal epithelial cell 
lines used in our study confirmed the role of MST4 in ezrin phosphorylation. Furthermore, 
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our data demonstrate that Rac1 played a critical role in the enrichment of MST4 in the 
apical domain of intestinal epithelial cells and, accordingly, significantly contributed to 
the phosphorylation of Threonine-567 in ezrin at the apical surface. This was confirmed 
in small intestinal epithelial cells of conditional intestine-specific homozygous Rac1 
knockout mice in which, when compared to heterozygous mice, a clear reduction in ezrin 
phosphorylation and atrophic and disorganized apical microvilli was observed. Also in 
MVID enterocytes, where we found Rac1 to be mislocalized away from the apical domain 
(this study), ezrin phosphorylation was significantly reduced (Chapter 3). The exact 
mechanism by which Rac1 mediates the subapical enrichment of MST4 remains to be 
elucidated. Our results in single polarized intestinal epithelial LS174T-W4 cells demonstrate 
that the effect of Rac1 is independent on cell-cell adhesion, a process in which Rac1 also 
plays an important role (O’brien et al 2001; Wu et al 2008). Furthermore, expression of 
nucleotide-binding mutants of Rac1 did not reproduce the effect on MST4 distribution 
and ezrin phosphorylation that was observed after Rac1 knockdown, suggesting that it is 
the expression/ presence of Rac1 at the apical domain rather than its nucleotide cycling 
that is important. Our data indicate that MST4 was not retained in the Golgi apparatus or 
other distinguishable intracellular structures, and the phosphorylation status of MST4 was 
not affected. Rather, MST4 displayed a diffuse cytoplasmic staining pattern following the 
knockdown of Rac1. Possibly, Rac1 mediates the (stable) recruitment of MST4 to subapical 
rab11a-positive endosomes. Future work should be aimed at the identification of proteins 
that localize at the apical domain and bind Rac1 independently of its nucleotide binding 
status (Lam and Hordijk, 2012), and investigate a potential action of Rac1 and MST4 in  
a protein complex at rab11a-positive subapical recycling endosomes.     

Taken together, our data demonstrate an important role for Rac1 at the apical domain 
of intestinal epithelial cells in the development of apical microvilli independent of apical 
plasma membrane formation as such, and implicate Rac1 as a new player involved in 
a specific phenotypic hallmark of the MVID enterocyte and in the poorly understood 
pathogenesis of MVID.   

methods

cell culture

LS417T-W4 and Caco-2 cell culture was as described previously (Gloerich et al,  2012; ten 
Klooster et al,  2009). 

immunofluorescence labelling of tissues and cells

Cells were fixed with 3.7% PFA at room temperature for 20 min. Cells were incubated 
with 0.1M glycine in PBS for 20 min, permeabilized with 0.2% TritonX-100 for 10 min and 
blocked with 3% FCS in PBS for 1 h and incubated with primary antibodies at 37oC for 
2 h, except for anti-rab11a antibodies (4oC for 16 h). Cells were incubated with Cy5- or 
AlexaFluor-488/543-conjugated secondary antibodies and DRAQ5/DAPI at 37oC for 30 
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min. Sections of formalin-fixed samples were deparaffinised, rehydrated, washed with 
PBS and subjected to epitope retrieval with citric acid pH6.0 in a microwave for 20 min. 
Non-specific binding sites were blocked with 5% FCS in PBS overnight. Primary antibodies 
(Table S1) were diluted in blocking solution with 0.05% Tween-20 at 37oC for 2h followed 
by incubation with AlexaFluor-488- or -543-conjugated secondary antibodies. All slides 
were mounted with DAKO mounting medium. 

Fluorescence microscopy and analysis:

Specimens were examined and images were taken with a TCS SP2 AOBS CLSM (Leica).  
Image analysis and histogram adjustments were performed with MacBiophotonics ImageJ. 
To isolate brighter features, output images were processed using Gaussian Filter plugin 
(value 0.7) in MBP ImageJ. Student’s t-test was used to determine statistical significance 
between conditions.  PDM images were obtained by processing raw images for shot noise, 
background subtraction by median filter, thresholding (as shown in Pollock et al 2010) 
and using Intensity correlation analysis (ICA) plugin (with crosshair of 3 pixels). Line plots 
for W4 cells were measured btw drawing a straight line from apical cap to the opposite 
basolateral membrane via the nucleus. Fluorescent intensities of phosphorylated ERM 
/ rab11a in apical domain were quantified by generating segmented line ROIs along the 
periphery of the cells starting from basolateral region opposite the apical cap. The line 
plots for LS174t-W4 cells were made by connecting dots of means with SEM error bars in 
Graphpad prism.  

Knockdown experiments

The shRNA target sequence of human MYO5B cDNA (target sequence 
GGCTGCAGAAGGTGAAATA) and targeting RAC1 (AACCTTTGTACGCTTTGCTCA) was ligated 
into pHR’trip vector using AcsI and SbfI restriction sites. Gene MST4 was targeted using 
GATCCAAAGAAAGTACAGAAT sequence by ligating into the pLKO vector. A target sequence 
in the Luciferase gene was used as a control. HEK 293T were transfected using FuGENE6 
(Roche) with 3 µg pCMV Δ8.91, 0.7 µg VSV-G, and 3 µg of knockdown vector constructs. 
After 24 hours medium was changed with complete DMEM medium and after 12 hours 
supernatant containing lentiviral particles was harvested and either stored at -80°C. Caco-
2 and W4 cells were transduced with lentivirus diluted in DMEM with 10% FCS. Expression 
of GFP in cells was indicative for successful transduction, as also evidenced by reduced 
myosin Vb mRNA or reduced Rac1 protein on the western blot. In other experiments, 
Caco-2 cells were plated on Transwell filters (Corning, 0.4-micron pore size) and 48 h later 
transduced with knockdown virus in the presence of polybrene for 16 h, and cultured 
for another 4 days. LS417T-W4 cells were transduced with lentivirus for knockdown 
(supplementary Fig. S1A) on two consecutive days and after 48 hours, trypsinized and 
plated in the presence (or absence) of doxycycline for 16 h.  
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cell transfection

LS174T-W4 cells were transfected with pcDNA-eGFP-Rac1-CA (Addgene 12981), pcDNA-
eGFP-Rac1-DN (Addgene 12982) using Lipofectamine2000 (Invitrogen) following the 
manufacturer’s protocols. The cells were split the next day and plated with doxycycline.   

qRt-pcR

RNA was extracted from cells following the manufacturer’s instructions (Invisorb Spin Cell 
RNA mini kit, Westburg). cDNA was synthesized using poly-dT primer and SuperscriptII 
reverse transcriptase (Invitrogen) following the manufacturer’s protocol. qRT primers 
were designed by using Primer-3 (http://frodo.wi.mit.edu) (Table S1). Reactions were run 
on an ABI7500 (Applied Biosystems). Cycling conditions comprised 15 min polymerase 
activation at 95°C and 40 cycles at 95°C for 15 sec and 60°C for 30 sec. 

Western blot analysis

Cells were lysed using ice-cold lysis buffer (RIPA: 150mM sodium chloride, 1% Triton X 100, 
0.5% Sodium deoxycholate, 0.1% SDS, 50mM Tris pH 8.0) with protease inhibitors (Sigma). 
Protein concentration was determined (Biorad). For Western blotting of phospho-ERM, 
cells were lysed by directly adding 100ul of 2XSDS-Laemlli buffer on ice for 10 min, after 
which the lysate was boiled for 5 min, centrifuged at 13.000 RPM and stored at -80oC. 
30µg protein were separated on a 12% polyacrylamide gel and blotted onto nitrocellulose 
membrane. Blots were blocked with 3% bovine serum albumin blocking solution for 1 h, 
incubated with primary appropriate secondary antibodies, and analyzed on an Odyssey 
Licor infrared scanner.   
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abstract 

Mutations in  munc18-2 cause the immune disorder Familial Hemophagocytic Lymphohistiocytosis 
type 5 (FHL5). Some FHL5 patients also suffer from enterocyte abnormalities that are characteristic 
of microvillus inclusion disease (MVID). The mechanism for this phenotype is not understood. 
We show that loss of myosin Vb, munc18-2, or syntaxin-3 function in patient enterocytes, and 
complementary knockdown experiments in intestinal epithelial Caco-2 cells, all inhibit ezrin-
dependent development of brush border microvili. Our data define a essential role of the vesicle 
fusion machinery in the pathogenesis of MYO5B-associated MVID, and reveal a common molecular 
pathway that unifies a subset of congenital diarrheal disorders.

introduction

MVID is a rare and fatal autosomal disease characterized by intractable diarrhea and 
nutrient malabsorption. Cellular hallmarks of MVID are microvillus atrophy, intracellular 
retention of apical brush border membrane (BB) proteins, and microvillus inclusions in the 
enterocytes’ cytoplasm (Cutz et al, 1989; Philips et al, 1992). MVID is caused by mutations 
in MYO5B which encodes myosin Vb, an actin motor that together with rab11a regulates 
protein transport from endosomes to the plasma membrane (Muller et al, 2008; Erickson 
et al, 2008; Szperl et al, 2011). Progress in understanding how mutations in MYO5B cause 
the dramatic defects in humans has been hampered by the limited availability of patient 
material and the absence of suitable animal models (van der Welde et al, 2013). Possibly, 
clues could be obtained from analysis of other congenital diarrheal disorders (CDDs). CDDs 
have been classified based on the genes and cellular processes involved. MVID has been 
assigned to the category of enterocyte differentiation and polarization (Canani and Terrin, 
2011). FHL5 is a rare immunological disorder, not typically perceived as a CDD. Interestingly, 
a subset of FHL5 patients suffers from enterocyte abnormalities that are remarkably  
similar  to  MVID 8 and  which  persist  after  hemopoietic  stem  cell transplantation 
(Stepensky et al, 2013). FHL5 is defined by mutations in STXBP2 (Zur Stadt, 2009, Cote 
et al, 2009), encoding syntaxin-binding protein-2/munc18-2. Munc18-2 forms a complex 
with (the major apical syntaxin) syntaxin-3, SNAP23 and cellubrevin that is responsible 
for fusion of docked transport vesicles at the BB (Galli et al, 1998; Riento et al, 1998). 

In terms of a CDD, FHL5 would thus best be assigned to the category of enterocyte 
differentiation and polarization, like MVID. Given the striking gut-related similarities 
between MVID and FHL5, we explored functional relationships between MVID-associated 
MYO5B mutations and the BB vesicle fusion machinery in enterocytes. 

Results and discussion

Munc18-2, syntaxin-3, SNAP23 and cellubrevin-positive transport vesicles were absent 
from their location at the BB (Figure 1A1-D1) in MVID enterocytes. Instead, the proteins 
were retained intra-cellularly (Figure 1A2-D2, S1A). A fraction of syntaxin-3 co-distributed 
with rab11a (Figure 1E1-3) suggesting that the regulatory complex is in part held up in 
recycling endosomes. In accord, knockdown of myosin Vb in Caco-2 cells (FigureS1E) 
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Figure 1. Myosin Vb loss-of-function perturbs the subcellular distribution of the BB vesicle fusion machinery. 
A-D) Localization of munc18, syntaxin-3, SNAP23 and cellubrevin at the BB (A1-D1, respectively) of control 
enterocytes and in intracellular compartments in MVID enterocytes (A2-D2 [arrows], respectively, dotted line: 
cell surface). E) Distribution of syntaxin-3 with rab11a in MVID enterocytes. Box on E1 is enlarged in E2. E3 
shows PDM values of E2 (see Methods). Asterisks in A-E indicate gut lumen. F) Syntaxin-3 is at the BB in control 
Caco-2 cells (F1-4) and mislocalized after myosin Vb knockdown (F5-8). In all images nuclei represent DAPI 
staining. G) Western blot of syntaxin-3 (syn3) in myosin Vb KD Caco-2 cells. H) Distribution of syntaxin-3 with 
actin-rich microvillus inclusions in MVID enterocytes. H2-4) enlargement of box in H1. H5) PDM values of H4 
(seemethods).
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Figure 2. Syntaxin-3 loss-of-function perturbs BB microvilli development. A,B) Syntaxin-3 localizes to actin-
rich BB microvilli in Caco-2 cells (A). Actin-rich microvilli appearance in control (B1,2) and myosin Vb-KD Caco-2 
cells (B3,4). C, D) T567 phosphorylation of ezrin at the BB of control (C, D1-2) and myosin Vb KD Caco-2 cells 
(C, D3-4); (C [side views], D [top views of BB domain]). E) FHL5 munc18-2(/STXBP2) mutants are impaired 
in syntaxin (STX)-11 and syntaxin (STX)-3 binding. F) Distribution of syntaxin-3 (1, 4), T567-phosphorylated 
ezrin (2, 5) and ezrin (3, 6) in FHL5 crypts (1-3) and villi (4- 8 6). G, H) Quantitative image analysis of D and F, 
respectively. I) Protein interaction network around myosin Vb and munc18-2

similarly changed the distribution of munc18-2 (Figure S1 B,C) and syntaxin-3 (Figure 1F5-8, 
compare) to control in 1F1-4) and increased expression of syntaxin-3 (Figure 1G). Thus, myosin 
Vb regulates the distribution of key components of the BB vesicle fusion machinery between 
the endosomal system and BB, and the faithful BB targeting of cellubrevin-positive transport 
vesicles. Syntaxin-3 also associated with actin-rich microvillus inclusions in MVID enterocytes 
(Figure 1H1-5), like in Madin-Darby canine kidney cells where loss of cell polarity induced the 
association of syntaxin-3 with microvillus inclusions and mistargeting of apical membrane-
directed trafficking to the inclusions (Low SH et al, 2000). These data strongly suggest that 
retention of syntaxin-3 in endosomes of MVID enterocytes diverts BB enzyme-carrying 
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transport vesicles for fusion with the syntaxin-3 endosomes thereby creating microvillus 
inclusion bodies. Since microvillus inclusions in intestinal biopsies of MVID patients contain 
endocytosed tracers, they qualify as bonafide endocytic organelles (Reinshagen et al, 2002). 

The molecular mechanisms that regulate the development of BB microvilli can be 
uncoupled from the general apical-basolateral polarity program (Ten klooster et al, 2009), 
both of which are affected in MVID enterocytes (Muller et al, 2008). While syntaxin-3 serves 
to deliver apical proteins to the BB (Breunza et al, 2000; Low et al, 2000), a potential role in 
BB microvilli development has not been explored. Syntaxin-3 localized to the BB (Figure 2A-C) 
and at tips of BB microvilli in Caco2 cells (Figure 2B1-2, arrows). Knockdown of syntaxin-3 
(Figure 2A, S1E) reduced the number of actin-rich microvilli (Figure 2A, B3-4, c.f., and 2B1-2), 
expression of munc18-2 and the microvillus protein villin (Figure S1B, D and F, respectively). 
Importantly, syntaxin-3 knockdown also inhibited Threonine-567 phosphorylation of the 
actin-plasma membrane linker protein ezrin (Figure 2C, 2D1-4, 2), which is required for 
microvilli development (Saotome et al, 2004). Ezrin itself maintained its localization at the BB 
(Figure S1F). Ubiquitously expressed munc18-2 binds syntaxin-11 and regulates exocytosis in 
cytotoxic T lymphocytes and Natural Killer cells (Zur Stadt et al, 2009), a process that shares 
features with epithelial polarity and BB morphogenesis in enterocytes (Gao et al, 2010). 
Conceivably, munc18-2 could functionally associate with syntaxin-3 in enterocytes. Indeed, 
FHL5/munc18-2 mutants that did not interact with syntaxin-11 (zur Stadt et al, 2009; Cote et al, 
2009) also were impaired in binding syntaxin-3 (Figure 2E). Moreover, in FHL5 enterocytes, 
syntaxin-3 was redistributed from the BB to intracellular compartments in the crypts (Figure 
2F1, compare to control crypts in supplementary-Figure 1G), but not in the villi (Figure 2F4). 
Coinciding with the re-distribution of syntaxin-3, phosphorylation of Threonine-567 in ezrin 
was inhibited in the crypts (Figure 2F2, compare to control crypts in supplementary-Figure 
1G) but not in the villi (Figure 2F5), whereas ezrin itself was present at the BB in both crypt 
and villi (Figure 2F3 and F6, respectively). Quantification revealed a significant reduction 
in the fraction of Threonine-567 phosphorylated ezrin at the FHL5 crypt BB (Figure 2H), 
showing that BB syntaxin-3 is required for microvilli development presumably through 
phosphorylation of ezrin. Thus, loss of munc18-2 and syntaxin-3 function phenocopies 
decreased ezrin Threonine-567 phosphorylation seen in MVID enterocytes and in Caco-2 
cells after knockdown of myosin Vb, by inhibiting the targeting of ezrin-phosphorylating 
kinases to the BB (chapter 3).

Together, the data implicate intracellular retention of the BB membrane fusion 
machinery as a causative factor in the pathogenesis of MVID. Since all known BB proteins 
require syntaxin-3 for delivery to the BB, the intracellular retention of just syntaxin-3 due to 
the loss of myosin Vb function explains the global defect in the delivery of proteins to the 
BB. It also provides a mechanism for the appearance of microvillus inclusions and atrophy 
of BB and reveals a common molecular pathway that unifies a subset of congenital diarrheal 
disorders. Not all CDD and MVID patients have MYO5B mutations. It might be interesting 
therefore to focus on the pathway we uncovered here to identify mutated genes in CDD with 
unknown genetic etiology. Such information will also contribute in an important manner 
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to understanding basic molecular aspects of enterocyte function. For future reference 
we have included an author-unbiased protein interaction network around myosin Vb 
and munc18-2 (Figure 2I). This network includes, besides BB fusion proteins syntaxin-3, 
SNAP23 and cellubrevin, also components of the apical endosome targeting machinery 
including rab8a, the knockout of which causes MVID-like features in mice (Sato et al, 2007).

Methods

Patient material

Material was from previously described MVID patient (chapter 3) and FHL5 patients. 
The FHL5 patient carrying a homozygous STXBP2 mutation (c.693_695del3bp) in Exon 9 
was described in Stepensky et al 2013. This mutation hampers the binding to syntaxin 
11 completely as described in zur Stadt et al 2009. He is now 13 years old and one of 
the oldest FHL Type 5 patients with gastrointestinal manifestation alive after stem cell 
transplantation, but still needs total parental nutrition due to chronic diarrhea.

Immunolabeling, microscopy and quantification

Immunolabeling was performed as described previously (Chapter 3, 4). Images were 
made on Leica TCS Sp8 confocal microscope. Quantitative image analyses were done 
using ImageJ plugins as described previously. To quantify the T567 phosphorylation status 
of ezrin in Caco-2 cells, images were stacked in 3D, median filtered (3x3) and maximum 
intensity projections were generated from the top 10 microns. Mean fluorescence values 
from 4 areas were calculated. For FHL5 tissues, images of ezrin and T567-phosphorylated 
ezrin were taken at identical confocal settings. Mean fluorescence values for T567-
phosphorylated ezrin and ezrin per cell were calculated in four crypt and five villus regions 
from separate images.

Antibodies 

A cDNA fragment encoding the second domain of human munc18-2 was generated by 
PCR and ligated in the BamH1 site of pGEX5X2. An antibody against munc18-2 was made 
by immunizing rabbits with GST-munc18-2(161-229). The antibody immune-precipitated 
a band of ~70 kDa, that was not seen in lysates of cells that were treated with siRNA 
against munc18-2 or by pre-immune serum. The antibody against Cherry was made by 
immunizing rabbits with GST-Cherry. Other antibodies used were Ezrin (Tebu bio) 1:100), 
pERM (Cell Signaling 1:100), Actin (Sigma 1:1000), Syntaxin 3 (Synaptic Systems 1:200), 
Cellubrevin (Synaptic systems 1:200), rab11 (BD bioscience 1:50), Villin (BD Bioscience 
1:100), Snap23 (Synaptic systems 1:200), munc 18-2 (this study). 

DNA methods

pEGFP-munc18-2 was generously provided by Genevieve de Saint Basile (Necker Hospital 
Paris) and subcloned in pCherry using BamHI and EcoRI sites. FHL5 point mutants were 
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generated by site-directed mutagenesis on pCherry-munc18-2, transferred by Gateway 
cloning to the lentiviral expression plasmid pLNT-WPRE-SFFV and used to generate 
lentiviruses as before (Elstak et al, 2011). The shRNA target sequence of human MYO5B 
cDNA was made as described previously in chapter 3 and 4. Sequence for human syntaxin-3 
was used from Day P. et al, 2011 and (target sequence AAGGGCCAACAACGTCCGGAA) was 
cloned into the shRNA expression vector pLKO.1 TRC. A scrambled sequence was used as 
controls. Lentivirus was made in HEK 293 cells as described previously. In pLKO system, 
cells were selected on puromycin (5µg/ml) and knockdown tested with western blot and 
qRT-PCR. qPCR on knockdown was performed as described before using primers (Fw 
TTGAGATTGCTATCGACAACAC, rw GTCAAGTTAAGCCGAGTTTCC) for syntaxin-3. In experiments, 
Caco-2 cells were plated on Transwell filters (Corning, 0.4-micron pore size) and 48 h later 
transduced with virus in the presence of polybrene for 16 h, and cultured for another 4 days.

Co-immunoprecipitation

HEK293T cell lines expressing wild type and mutant Cherry-munc18-2 were established 
by lentiviral transduction. Cells were transiently transfected with pGW1-Myc-syntaxin-3 
or pGW1-myc-syntaxin-11 constructs using the calcium-phosphate procedure. Cells 
expressing myc-syntaxin-3 were lysed in 20 mM HEPES pH 7.5, 1% TX-100, 100 mM NaCl, 
while myc-syntaxin-11 lysates were prepared with RIPA buffer, both supplemented with 
Complete mini protease inhibitor cocktail (Roche). Cherry-tagged protein was immune-
precipitated with Cherry antibodies and detection was with the monoclonal 9E10 against 
myc or the polyclonal 5 antibody against munc18-2 as described (Hoogenraad et al, 2010). 

Protein interaction network

A protein interaction network around human myosin Vb and munc18-2 was constructed 
using STRING 9.05 at http://string-db.org. Used parameters: all active prediction methods, 
highert confidence (0.900) score, no more than 10 interactions shown, 20 additional 
(white) nodes. A confidence view was selected.

Cell experiments

Caco-2 cells were cultured as described previously 20. Short-hairpin target sequences for 
myosin Vb and syntaxin-3 and primers used for polymerase chain reactions are listed in 
supplementary-Table 2. Short-hairpin (Sh)RNAs were introduced into cells using a lentiviral 
system (supplementary-Methods).
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Supplementary Information

Supplementary figure 1. A) Sub-cellular redistribution of munc18-2, syntaxin-3, SNAP23 and cellubrevin 
in MVID enterocytes (solid and dashed arrows show intracellular and residual BB staining, respectively). B) 
Cartoon depicting the process of acquiring a maximum intensity projection (MIP) of staining in the apical 
domain of the cells. C) Top view MIP of munc18-2 labeling in control and myosin Vb KD Caco-2 cells. D) Top 
view MIP of munc18-2 labeling in control and syntaxin-3 KD Caco-2 cells. E) Myosin Vb and syntaxin-3 mRNA 
expression after knockdown of the respective genes in Caco-2 cells. F) Expression of villin and ezrin at the BB 
of control and syntaxin-3 KD Caco-2 cells, shown as x-z side views and top view MIPs of the apical domain of 
control and syntaxin-3 KD Caco-2 cells. G) Localization of T567-phosphorylated ezrin at the BB of control crypts 
in the small intestine. In all images nuclei are stained by DAPI (blue).
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Abstract 

Microvillus inclusion disease (MVID) is one of the most severe congenital diarrheal disorder affecting 
young children and is characterized by MYO5B mutations, impaired brush border development 
and severe chronic secretory diarrhea. The aim of this study was to investigate the link between 
the loss of myosin Vb function and intestinal epithelial barrier function. We found that loss of 
myosin Vb expression or function in the epithelial cells of MVID duodenum and colon and in human 
intestinal epithelial Caco-2 cells impaired the trafficking of claudin-1 to tight junctions, but did 
not affect other examined tight junction- or adherens junction-associated proteins. The resultant 
intracellular retention of claudin-1 was not accompanied by an enhanced paracellular permeability 
to macromolecules. These data indicate that myosin Vb controls the trafficking of claudin-1, but 
that an intestinal epithelial barrier defect by means of a macromolecular leak flux mechanism is not 
likely to account for the chronic diarrhea in MVID patients.   

Introduction

Mutations in the MYO5B gene, encoding the recycling endosome associated motor protein 
myosin Vb, have recently been associated with Microvillus Inclusion Disease (MVID) 
(Muller et al, 2008; Erickson et al, 2008; Szperl et al, 2011). To date, 41 distinct homozygous 
and (compound) heterozygous mutations have been identified in forty MVID patients (van 
der Velde et al, 2013). MVID patients develop nutrient malabsorption and intractable 
neonatal secretory diarrhea which is aggravated upon oral food intake (Davidson et al, 
1978; Philips et al, 1985; Cutz et al, 1989). Patients depend on total parenteral nutrition 
for survival. At the cellular level, MVID is characterized by microvillus atrophy, and the 
intracellular retention of brush border proteins (Davidson et al, 1978; Cutz et al, 1989; 
Philips et al, 1992) including the main brush border anion transporter cystic fibrosis trans-
membrane conductance regulator and the NHE-2 and -3 Na+/H+ exchangers (Ameen et al, 
2007) and some basolateral proteins (Muller et al, 2008; Thoeni et al, 2013). MYO5B 
mutations have been correlated to, at least in some patients, reduced expression of the 
myosin Vb protein in the MVID intestine (Szperl et al, 2011) Despite the identification 
of the affected gene, the underlying disease mechanism, in particular the cause of the 
chronic diarrhea, remains unclear. So far, small bowel/colon transplantation is the only 
way to end the secretory diarrhea in MVID.   

The intestinal epithelial cells form a tight monolayer along the crypt-villus axis of the 
intestine, and serve as a permeability barrier between luminal contents and the tissue 
(Flier et al, 2009). Tight junctions form a physical intercellular and intramembraneous 
barrier at the apex of the lateral (contacting) surfaces in epithelial cell monolayers that 
control the paracellular transport of ions and water. In addition, tight junctions are tightly 
associated with apical-basal polarity and prevent the lateral diffusion of membrane 
proteins between the apical and basolateral plasma membrane domains (reviewed in 
Giepmans and van IJzendoorn, 2009; Sawada N, 2013; Suzuki T, 2013). When tight junctions 
of intestinal epithelial cells are disrupted, uncontrolled paracellular leakage of solutes 
and water occurs, resulting in diarrhea (Suzuki T, 2013; Aiyaz et al, 2006; Laukoetter et al, 
2006). Tight junctions consist of transmembrane and associated cytoplasmic proteins. 
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Transmembrane proteins include occludin, junction-associated membrane protein A, 
and various members of the claudin family (Chiba et al, 2008). TJ-associated cytoplasmic 
proteins include Zona Occludens (ZO)-1, -2 and -3, cingulin, and others. The development 
and maintenance of tight junctions is linked at the molecular level to that of other cell-cell 
junctions (Ceriejido et al, 2000; Contreras et al, 2002) and Epcam (Ladwein et al, 2005; Lei 
et al, 2012) although in at least some cell types the formation of functional tight junctions 
is not strictly dependent on adherens junctions (Theard et al, 2007).

Tight junctions are dynamic structures and some tight junction proteins undergo 
endocytosis and recycling back to the plasma membrane (Yu and Turner, 2008; Chalmer 
and Whitney, 2012; Dukes et al, 2011). Interestingly, recycling endosomes have been 
shown to control the intracellular trafficking of key protein components of tight junctions 
as well as adherens junctions (Lock et al, 2005; Langewin et al, 2005; Desclozeau et al, 
2008; Utech et al, 2010). Whether myosin Vb is involved in the regulation of trafficking 
of tight junction proteins is not known. We hypothesized that defects in tight junction 
function caused by loss of myosin Vb function could help explain the chronic diarrhea 
in MVID patients in the absence of brush border (an) ion transporters and oral food 
intake. Therefore, we investigated the involvement of myosin Vb, as a key regulator of 
recycling endosome function (Lapierre et al, 2001), in the organization and function of 
tight junctions in intestinal epithelial cells in the context of MVID.

Results and Discussion

Loss of myosin Vb function causes the redistribution of claudin-1 
but not of claudin-7, Zo-1 and cingulin in MVID enterocytes

We first determined the subcellular distribution of tight junction proteins (i.e., the sealing 
claudin-1, the channel-forming claudin-7, cingulin, and ZO-1) in two patients diagnosed 
with MVID by confocal laser scanning microscopy. Patient 1 carried a homozygous 
c.4366C>T mutation in the MYO5B gene, and patient 2 carried compound heterozygous 
c.1540T>C and IVS33+3753G>C mutations in the MYO5B gene (Szperl et al, 2011). Both 
patients presented persistent secretory diarrhoea from birth on and this disappeared 
after receiving a bowel transplantation (Golachowska et al, 2012). Immunolabeling was 
performed on both duodenal and colonic material of both MVID patients. 

Claudin-1 localized at the apical domain of epithelial cells in control duodenum (Figure 1A) 
and colon (supplementary Figure 1) and some intracellular staining was observed.  
In contrast, in epithelial cells in MVID duodenum (Figure 1A) and colon (supplementary Figure 1) 
claudin-1 was absent from the apical domain and displayed a pronounced intracellular 
accumulation close to the nucleus. A difference in the intracellular distribution of claudin-1 
was noted between the two patients, as claudin-1 in MVID [c.1540T>C and IVS33+3753G>C] 
displayed a more condensed supranuclear appearance when compared to MVID [c.4255C>T]. 

In contrast to the strikingly different distribution pattern of claudin-1 between control 
and MVID enterocytes, claudin-7, cingulin and ZO-1 predominantly localized at the lateral 
plasma membrane and/or apical aspect of the lateral plasma membrane domains in 
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duodenal biopsies (Figure 1A) and colon biopsies (supplementary Figure 1) from both 
control and MVID patients, consistent with their distribution profiles reported in other 
studies (Ding et al, 2012). It was noted that a larger fraction of claudin-7 appeared in 
vesicular structures in the cytoplasm of control duodenum when compared to both 
MVID samples, while in MVID [c.1540T>C and IVS33+3753G>C] duodenum claudin-7 
accumulated more to the apical side of the lateral plasma membrane (Figure 1A). 
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Figure 1. Loss of myosin Vb causes redistributionof claudin-1 A) Sub-cellular distribution of Claudin-1, 
Claudin-7, Cingulin and Zo1 in Control and enterocytes of two MVID patients with distinct mutations. Solid 
white arrows show TJ or lateral staining of these proteins. Yellow arrows show intracellular mislocalisation of 
these proteins. Asterisk indicates the apical lumen in the picture. The dotted line indicates the apical surface 
in the tissue. Nuclei are stained with DAPI and shown in blue. B) Sub-cellular distribution of claudin-7, cingulin, 
Zo1 and claudin-1 in Caco2 cells is depicted in the x-z axis as side views in red. The cells transduced with 
lentiviral virus express GFP shown in green while non-transduced cells are controls and do not show GFP.  
White arrows indicate TJ or lateral junction and normal distribution. Yellow arrows indicate intracellular mis-
localisation of these proteins due to the knockdown. Nuclei are stained blue. 

To establish a causal relationship between myosin Vb function and claudin-1 distribution, 
we used human Caco-2 cells, which can be cultured as differentiated and polarized cells 
such that their phenotype resembles the enterocytes of the small intestine (Hidalgo et al, 
1989; Halbleib et al, 2007). The knockdown of myosin Vb in Caco-2 cells using lentiviral 
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tranduction of shRNA against myosin Vb, which has been shown to reproduce phenotypic 
hallmarks of MVID enterocytes (Ruemelle et al, 2010), replicated our observations in the 
MVID intestine (Figure 1B). Thus, no overt differences were observed in the subcellular 
distribution of claudin-7, cingulin and ZO-1 in GFP-negative (uninfected/control) and 
GFP-positive (infected) Caco-2 cells. (Figure 1B, side view/x-z images, white arrows).  
In contrast, claudin-1 was clearly redistributed from the lateral surface in control cells to 
the intracellular, supranuclear region in myosin Vb knockdown cells (Figure 1B).

Together, these data demonstrate that loss of myosin Vb function can be causally 
linked to the redistribution of claudin-1 in MVID enterocytes. 

Loss of myosin Vb function impairs trafficking of claudin-1 
to tight junctions

The intracellular accumulation of claudin-1 in myosin Vb knockdown Caco-2 cells and 
MVID enterocytes suggested that myosin Vb regulated the trafficking of claudin-1 to the 
tight junctions. In order to investigate this further, we used an experimental approach in 
which endocytosis of tight junction proteins is first triggered in a confluent monolayer of 
cells by treatment with the Ca2+-chelator ethylenediaminetetraacetic acid (EDTA) (Ivanov 
et al, 2004) and after subsequent washout of the EDTA, the trafficking of these proteins is 
followed while they form new tight junctions as function of time. Treatment of control and 
myosin Vb knockdown Caco-2 cell monolayers with EDTA resulted in the redistribution of 
ZO-1 and of claudin-1 from the apex of the lateral plasma membrane to vesicular structures 
in the apical cytosol (Figure 2). In EDTA-treated myosin Vb knockdown cells, intracellular 
claudin-1 displayed a more condensed accumulation in the apical cytoplasm and also 
residual plasma membrane associated claudin-1 disappeared (Figure 2), suggesting that 
myosin Vb was not required for the endocytosis of claudin-1. After 120 min of EDTA 
washout, ZO-1 reappeared at the apex of the lateral plasma membrane, indistinguishable 
from the situation before EDTA treatment, in both control and myosin Vb knockdown cells 
(Figure 2). At this time, a fraction of claudin-1 had also reappeared at the lateral surface 
of control cells although a significant fraction of intracellular claudin-1 was still observed 
(Figure 2). In myosin Vb knockdown cells, in contrast, claudin-1 was mainly intracellular 
and no claudin-1 had appeared at the cell surface (Figure 2). After 240 min in control 
cells, claudin-1 localized at the lateral surface indistinguishable from the situation before 
EDTA treatment, whereas in myosin Vb knockdown cells claudin-1 remained intracellular 
(Figure 2). Together these data demonstrate that myosin Vb regulates the trafficking of 
claudin-1 to the tight junctions, and that claudin-1 at tight junctions is dispensable for the 
recruitment of ZO-1 and cingulin at tight junctions in human enterocytes. 

Loss of myosin Vb function does not affect the lateral 
distribution of beta-catenin and epCam or the monolayer 
organization of intestinal epithelial cells

The establishment and maintenance of tight junctions is linked to that of adherens junctions 
(Ladwein et al, 2005; Lei et al, 2012). We found that the key adherens junction-associated 
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Figure 2) Myosin Vb impairs trafficking of claudin-1. White arrows indicate normal localization of claudin-1 at 
the cell periphery. Yellow arrows indicate abnormal intracellular accumulation of Claudin-1. A) Localization of 
claudin-1 (red) and Zo1 (blue) in confluent monolayer of Caco2 cells which are un-infected lentivirus for 
Myosin Vb knockdown. B) Localization Claudin-1 in cells transduced with lentiviral for Myosin Vb knockdown 
and expressing GFP (green). C-D) Cells treated with calcium chelator EDTA and then allowed to recover for 
time points 5 min to 240 min post EDTA treatment and stained for Claudin-1 (red). Non-green cells are control 
cells without viral transduction while green cells are lentivirus transduced cells with GFP (green). Yellow 
arrows indicate the enlarged intracellular accumulation while white arrows indicate normal distribution of 
Claudin-1 and Zo-1. 

protein beta-catenin displayed a normal distribution along the lateral plasma membrane in 
MVID enterocytes and/or shRNA-treated Caco-2 cells (Figure 3A). Also the lateral plasma 
membrane localization of the cell-cell adhesion protein EpCam mutated forms of which 
fail to reach the plasma membrane and cause congenital tufting enteropathy (Sivagnanam 
et al, 2008; Schnell et al, 2013; Goulet et al, 2007) was maintained in shRNA-treated Caco-
2 cells (Supplementary Figure 2; the EpCam antibody did not work properly on our paraffin 
coupes). It was noted that in control Caco-2 cells EpCam in addition localized to the apical 
surface, and this apical (but not the lateral) fraction of EpCam was depleted in myosin Vb 
knockdown cells (supplementary Figure 2). In agreement with the localization of most 
cell-cell adhesion proteins at the lateral surface, the intestinal epithelial cell monolayer 
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Figure 3) Loss of myosin Vb does not affect adhesion, monolayer organization and permeability. A) Beta-
catenin (green) localization in control and MVID patient enterocytes. Nuclei stained with DAPI (blue). Asterisk 
indicates the apical lumen and dotted line is the apical plasma membrane.  B) MVID patient intestinal tissue 
stained with giemsa indicates the organisationof the tissue and enterocyte monolayer. C) Transmission 
electron micrographs indicate microvillus inclusion (MI) in MVID enterocyte. Black dotted box is blown up 
on right. Black arrows indicate the electron dense tight junctions. Blue arrows indicate cell-cell adhesions 
and red arrows indicate desmosomal junctions. D) Cartoon depicting the arrangement for the flux assay to 
establish paracellular permeability coefficient in confluent Caco2 cells. Green is FITC-Dextran 4kda, red show 
tight junctions. Cells are grown on porous polycarbonate filter. Bottom chamber is the receiving chamber for 
diffusing FD4 gradient. Apparent coefficient is calculated by the given formula. E) Papp plotted for control 
uninfected cells, knockdown cells, EDTA treated cells and empty filter. Student’s t-test was performed between 
two samples. p<0.05 was considered significant. The graph was plotted as an inverted plot with Y-axis on log 
scale to the base 10. 
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arrangement in MVID, despite the fusion of villi, appeared normal by hematoxylin and 
eosin staining (Figure 3B), and also Caco-2 cells that were treated with shRNA against 
myosin Vb displayed a normal monolayer arrangement (Figure 1B and 2). Moreover, cell-
cell junctions in MVID intestinal epithelial cells displayed a normal morphology when 
evaluated by transmission electron microscopy (Figure 3C). Indeed, typical electron-dense 
desmosomes (blue arrows) and tight junctions seen as characteristic electron-dense areas 
of closely opposing membranes between cells were easily distinguishable at the apex 
of the lateral membrane (double black arrow, Figure 3C; red arrows indicate areas with 
visible space between the opposing lateral plasma membranes). 

Loss of myosin Vb function does not increase paracellular 
permeability to macromolecules

Because loss of myosin Vb function in vivo and in vitro led to the redistribution of claudin-1, 
we next addressed the consequences of myosin Vb loss of function for the epithelial 
barrier function. For this, control and myosin Vb knockdown Caco-2 cells were cultured 
as confluent monolayers on semi-permeable filters. Fluorescein isothiocyanate -labelled 
4 kDa dextran (FD4) was added to the apical side of the monolayer and the FD4 that 
leaked to the basolateral compartment was calculated as a function of time (Figure 3D). 
As a positive control, cells were treated with EDTA to disrupt the tight junctions (Figure 2). 
Whereas treatment with EDTA caused a significant increase in paracellular leakage of the 
FD4 (Figure 3E), no significant difference in FD4 leakage was observed between control 
and myosin Vb knockdown cells (Figure 3E). These data demonstrated that in Caco-2 cells, 
the reduced expression of myosin Vb and resultant redistribution of claudin-1 did not 
lead to an impaired tight junction and barrier integrity. In agreement with this, also the 
knockdown of claudin-1 itself in Madin-Darby canine kidney epithelial cells did not result 
in increased paracellular leakage (Goulet et al, 2007). 

Our data indicate that although loss of myosin Vb expression or function causes 
impaired trafficking and intracellular retention of the sealing tight junctional protein 
claudin-1, it is not paralleled by an increase in the paracellular leakage of macromolecules. 
This contrasts an earlier reported increase in paracellular transport of the 4.4 kDa 
horseradish peroxidase in duodenal biopsies of MVID patients (Bijlsman et al, 2000).  
The reason for this inconsistency is not clear. MYO5B mutations have been confirmed in 
the patients in our study, whereas the MYO5B genes in the patients in the Bijlsma study 
have not been analysed. As at least one MVID patient without MYO5B mutations has been 
reported (Muller et al, 2008), it is possible that the biopsies used in the Bijlsma study were 
from patients with a different genetic cause and, therefore, pathogenesis. Furthermore, in 
support of our findings, MVID is not associated with intestinal inflammation or immune 
cell infiltration, which would be expected if the intestinal epithelial barrier function was 
compromised. In light of the redistribution of tight junction proteins including claudin-1 that 
accompanies intestinal inflammatory conditions (Ivanov et al, 2004), our data also argues 
against a causative role of claudin-1 redistribution in intestinal inflammation. Finally, the 
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presence of functional tight junctions in MVID intestinal epithelial cells also explain why 
apical and basolateral membrane proteins do not intermix in the plasma membrane of MVID 
enterocytes, and underscores that MVID is caused by impairment of plasma membrane-
directed trafficking and not due to defects in the epithelial cell polarity program as such. 

All together, we conclude that - despite the impaired trafficking and redistribution of 
claudin-1 - cell-cell adhesion and tight junction function is maintained upon loss of myosin 
Vb function. Consequently, a substantial intestinal epithelial barrier defect by means of  
a macromolecular leak flux mechanism is not likely to account for the chronic diarrhoea 
in MVID patients.

Methods

Cell culture

Caco-2 cells were cultured in DMEM with non-essential amino acids (Sigma) and 10% 
foetal calf serum (FCS) as described in earlier chapters.  

knockdown in CaCo2 cells

The shRNA target sequence, region 2333-2351 of human MYO5B cDNA (target sequence 
GGCTGCAGAAGGTGAAATA) was cloned into the shRNA expression vector described 
previously. A target sequence in the Luciferase gene was used as a control. For the 
production of lentivirus HEK293T cells were plated onto poly-L-Lysine-coated plates in 
DMEM supplemented with 10% FCS and 1% sodium pyruvate. Cells were transfected with 
CMVdR8.1, VSV-G, and pMID-i-2 using CaCl2 and Hank’s balanced salt solution. Medium 
was changed after 17 h. After 24 h virus-containing medium was collected, filtered and 
stored at -80oC. Caco-2 cells were transduced with lentivirus diluted in DMEM with 10% 
FCS. Expression of GFP in cells was indicative for successful transduction, as also evidenced 
by reduced myosin Vb mRNA. In other experiments, Caco-2 cells/Transwell filter (Corning, 
0.4 micron pore size) were plated and 48 h later transduced with virus in the presence of 
polybrene (1:1000) for 16 h, and cultured for another 4 days. 

Calcium switch assay

CaCo2 cells were plated on transwel filters and transduced with lentivirus on day 2 post 
seeding. The cells were allowed to grow for six days in total. The cells were washed with 
phosphate buffered saline (PBS) without calcium and magnesium thrice before adding 
2.5mM EDTA in PBS. The cells were incubated in EDTA for 8 mins, washed twice with PBS 
and later fixed with 4% PFA in PBS at various time points.  

Immunofluorescence labeling and microscopy

Sections of formalin-fixed samples of MVID and control intestines were de-paraffinised, 
rehydrated, washed with PBS and subjected to epitope retrieval with citric acid pH 6.0 
in a microwave for 20 min. Non-specific binding sites were blocked with 5% FCS in PBS 
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overnight. Primary antibodies were diluted in blocking solution with 0.05% Tween-20 at 
37oC for 2h followed by incubation with AlexaFluor-488- or -543-conjugated secondary 
antibodies. Nuclei were stained with DRAQ5, and slides were mounted with DAKO 
mounting medium. Cultured cells were fixed with 3.7% PFA at room temperature for 20 
min. Cells were incubated with 0.1 M glycine in PBS for 20 min, permeabilized with 0.2% 
TritonX-100 for 10 min and blocked with 3% FCS in PBS for 1 h. 30 and primary antibodies 
were added to the basolateral and apical side of the filter and cells were incubated at 
37oC for 2 h. Cells were incubated with Cy5- or AlexaFluor-543-conjugated secondary 
antibodies and DRAQ5/DAPI at 37oC for 30 min. Filters were mounted in DAKO mounting 
medium. Specimens were examined and images were taken with a TCS SP8 CLSM (Leica). 
Claudin-1 (1:100 Invitrogen), claudin-7 (1:100 Sigma), cingulin (1:100 Novus Biologicals), 
zo-1 (Invitrogen 1:200), beta-catenin (1:100 Transduction lab).  

fD4 paracellular leakage assay

CaCo2 cells were plated on transwels, transduced with the virus and allowed to grow to 
form a monolayer as mentioned above. On day 6, all transwels were washed with PBS 
twice. Add 1.5ml PBS (or 2.5 mM EDTA in PBS as control) on the basal side and 250 µg/ml 
FD4 in PBS (or 250 µg/ml PBS + 2.5mM EDTA as control). The cells were incubated with 
FD4 for 20min and the basal medium was collected in a tube and replaced with fresh 
PBS (or PBS with EDTA). Subsequent samples were collected every 20 mins for 120 mins. 
As a blank, an empty transwel filter was used to calculate the basal rate of flux between 
the apical and basal chambers. The sequentially collected basal solutions were read on 
fluorimeter with a standard curve of fluorescence intensity to FD4 concentration. The 
apparent permeability coefficient (Papp) was calculated using the following formula: Papp 

(cm/s) = dQ/dt×1/A×Co   where dQ/dt (μg/s) is the rate of appearance of FD4 on the 
receiver side from 20 to 120 min after application of FD4. Co (μg/m) is the initial FD4 
concentration on the donor side, and A (cm2) is the effective surface area of the insert.
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Supplementary figure 1. Loss of 
myosin Vb causes redistribution of 
claudin-1. Sub-cellular distribution 
of Claudin-1, Claudin-7, Cingulin and 
Zo1 in biopsies of colon in two MVID 
patient samples with distinct 
mutations and  
a control sample. Solid white arrows 
show intracellular accumulation of 
claudin-1 in MVID colon staining. 
Asterisk indicates the apical lumen in 
the picture. The dotter line indicates 
the apical surface in the tissue. 
Nuclei are stained with DAPI (blue).
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Summary

The microvilli brush border in polarized epithelial cells is the most pronounced structural 
aspect of the apical plasma membrane and an important parameter regulating cell 
homeostasis. The development of the apical brush border is the pinnacle of morphological 
adaptation of cells in biological niches to suit their functions. Microvilli cover the apical 
surface of the intestinal epithelial cells and contribute to absorption (or secretion in  
a sub-type of epithelial cell) of water and nutrients. As the intestinal epithelial cells 
migrate from the crypts to the tips of the villi, gradually reaching terminal differentiation, 
microvilli too assemble, mature, elongate, and develop into a characteristic tightly packed 
organized organelle. (chapter 1). Disorganized microvilli accompany many pathologies 
of the gut underscoring their importance in gut homeostasis. The function of microvilli 
reaches beyond that of increasing absorptive surface area and include functions related to, 
among others, innate immunity, cell migration, and tumor suppression. The development 
of microvilli is still ill-understood and involves several intracellular signaling pathways and 
cytoskeletal proteins. How the endomembrane system contributes to apical microvilli 
development is not known. In this thesis we have studied the pathogenesis of an intestinal 
disorder, microvillus inclusion disease (MVID; OMIM 251850), that is characterized 
by mutations in the endomembrane system-regulating protein myosin Vb, and apical 
plasma membrane defects including microvillus brush border atrophy. Neonates suffer 
from severe diarrhoea and mal-absorption, and their generally poor prognosis depends 
on life-long total parenteral nutrition and intestinal transplantation. MVID is associated 
with mutations in the MYO5B gene, which codes for the actin motor protein myosin Vb.  
All the mutations known yet (published and some unpublished) in the various regions of the 
MYO5B gene and their possible biological implications have been reviewed in chapter 2. 
This has resulted in the construction and launch of an MVID patient registry and database, 
www.mvid-central.org, which tracks and maintains updated knowledge on MVID patients, 

their MYO5B mutations, and clinical course 
of their disease. Bringing such knowledge 
together is important to study the structure-
function relationship of myosin Vb and to 
perform genotype-phenotype correlation 
studies.  

An important protein implicated in the 
organization of the actin-rich brush border is 
ezrin.  The phosphorylation and thereby the 
activation of ezrin at Thr567 that allows the 
protein to unfold and link the actin filaments 
to the apical membrane and is a pivotal 
step in the machinery controlling microvilli 
organization. In chapter 3, we demonstrated 
that kinases that phosphorylate ezrin (MST4, 
aPKCi, and its activating partner PDK1) are 
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subapically localized. These kinases co-
distribute in vivo and in vitro with rab11a 
positive apical recycling endosomes. ShRNA-
mediated myosin Vb downregulation in 
enterocytes redistributes these rab11a-
recyclng endosomes and the kinases away 
from the apical region and thereby inhibits 
ezrin phosphorylation at the apical domain. 
Importantly, in enterocytes of MVID patients, 
rab11a and the kinases are similarly mis-
localized to supra-nuclear region, and ezrin 
phosphorylation is inhibited. We thus defined  
a new mode of brush border control by 
recycling endosomes arguing for a novel role 
for these endosomes as dynamic signaling 
platforms (Figure 1).

We found in chapter 4 that another GTPase Rac1, studied for its role in cell polarity, 
migration, and actin reorganisation, is present in vivo and in vitro at the apical membrane 
within the microvilli. This apical localization is dependent on myosin Vb expression.  
Importantly, Rac1 is absent from the apical domain in MVID enterocytes and enriched in 
supra-nuclear punctae that are also positive for rab11a.  This implies that Rac1 may be 
involved in the pathogenesis of MVID. We tested this hypothesis by down-regulating Rac1 
in enterocytes which led to reduced ezrin phosphorylation and disorganized microvilli on 
the apical surface.  This effect is independent of its role in cell-cell adhesion.  Regulation 
of ezrin activity did not depend on the GTPase cycling of Rac1 or on the localization of 
recycling endosomes. Rac1 controls the enrichment and subapical localization of the ezrin-
phosphorylating kinase MST4. An intestine specific Rac1 knockout mouse also displays a similar 
phenotype pointing towards a novel role of Rac1 as a scaffolding protein which maintains 
the apical enrichment of components needed for brush border maintenance (Figure 2). 

Familial histophagocytic lymphohistiosis type 5 (FHL5) is an immune disorder caused 
by mutations in fusion machinery protein 
munc18-2. Some patients show signs of  
a diarrheal disorder with cellular phenotypes 
comparable to MVID. Therefore, in chapter 5 
we investigated the functional relationship 
between MYO5B and the apical fusion 
machinery. We found that the apical 
targeting of the key brush border membrane 
fusion protein syntaxin-3, a t-SNARE that is 
important for general protein delivery to the 
brush border, is dependent on myosin Vb 
expression. Syntaxin-3 also contributes to 
MVID pathogenesis as its shRNA-mediated 
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downregulation affects brush border organization and ezrin phosphorylation. This 
functional link between syntaxin-3 and ezrin is reinforced by studying FHL5 intestine 
wherein crypts, but not villi, show intra-cellular mis-localized syntaxin-3 and inactive 
apical ezrin. Such cytoplasmic retention of the apical membrane fusion machinery explains 
the global defect in apical membrane organization in MVID enterocytes.  Thus, studying 
apparently unrelated congenital disorders led us towards identifying a unifying molecular 
pathway causing a subset of diarrheal disorders (Figure 3). 

Diarrhea in MVID patients is intractable and of secretory origin. We tested in chapter 6 
whether the epithelial lining was functional as a barrier to fluid. Analyses of the subcellular 
distribution of key tight junction proteins revealed that myosin Vb depletion affects the 
intra-cellular localization and trafficking of tight junction sealing protein, claudin-1, but not 
of any other examined tight junction / adhesion junction proteins in intestinal epithelial 
cells. This mis-localization and retention of claudin-1 does not increase the inter-cellular 
permeability of macromolecules. The correct localization of other junctional proteins helps 
maintain the apico-basal polarity and tissue-barrier integrity of the intestinal epithelia. 
The intractable secretory diarrhea is not caused by epithelial barrier defect and may have 
an alternative origin.  

In conclusion, we have elucidated novel mechanisms that contribute to brush border 
organization, implicated the endomembrane system as an important regulatory factor, and 
gained insights into the mechanism underlying the pathogenesis of microvillus inclusion disease.   

future perspectives

Prior to the knowledge of the role played by apical recycling machinery described in 
this thesis, there was limited knowledge on membrane trafficking pathways that could 
uncouple the brush border development from the general polarity program at the 
molecular level in epithelial cells. Our findings are supported by localization studies across 
intestinal epithelial cell culture models and in vivo models of intestinal tissues. The study 
of the apical plasma membrane recycling machinery and its co-distribution with important 
kinases and fusion machinery in the context of microvillus inclusion disease strengthen 
our in vitro observations.  

The next step would be to identify factors (specific lipids or proteins) that are 
necessary for the recruitment of the kinases to the recycling endosomes. Through 
our studies, there has emerged a novel role for recycling endosomes in the form of 
molecular platforms which harbour signaling proteins and regulate microvilli dynamics. 
Using advanced techniques like super-resolution microscopy and proteomics, individual 
molecular components could be identified and isolated events be visualized with regard to 
the assembly of supra-molecular complexes on apical recycling endosomes. Moreover, the 
role of endo-membranes in trafficking and oligomerization of cytoskeletal / membrane-
linker proteins such as actin / ezrin in the subapical niche is an open question yet to be 
answered. Our findings on the recycling, endosome-dependent, apical trafficking of Rac1 
and its role in microvilli organization by selectively regulating the subapical positioning of 



MST4, underscores the importance of identifying scaffold proteins at the apical recycling 
endosomes. Moreover, interaction studies between Rac1 and components such as 
rab11a and MST4 (or its recruiter TNIK) could provide mechanistic insight with respect 
to their recruitment to recycling endosomes. The observation that Rac1 regulates ezrin 
phosphorylation in the brush border in both GTP- or GDP-bound forms, demands further 
attention as, not often have roles been 

Our investigations into MVID pathogenesis have raised new questions on the regulated 
trafficking of cytosolic and membrane-bound apical fusion machinery. The discovery, 
that rab11a (apical endosome regulator) and syntaxin-3 (regulator of fusion at the brush 
border) are co-mislocalized in MVID enterocytes, raises the question as to whether the 
apical targeting and functioning of both proteins is inter-dependent. Visualizing apical-
directed cargo by live imaging in myosin Vb depleted cells might help answer a critical 
gap in our understanding of MVID: Is the trafficking problem a defect of biosynthetic 
delivery (mediated by syntaxin-3) or of membrane recycling (mediated by rab11a) or of 
both? Moreover, recent knowledge that degradative pathways connect to the recycling 
endosomes compels one to think about role of autophagy in the eventual degradation of 
the mislocalized brush border membrane proteins in MVID enterocytes.

The lack of suitable models has hampered our understanding of cause-effect relationship 
between mutations and the phenotype. The development of myosin Vb knockout mouse 
might help us unravel pathogenic mechanisms causing gross morphological changes in the 
MVID intestine, but also help us study the cause of fatal secretory diarrhea seen in MVID 
patients. We identified that junctional protein claudin-1, even if mis-positioned after 
myosin vb depletion, does not affect epithelial barrier function. But several other proteins 
such as claudin-2, -15, critical for regulating paracellular fluid flow might be de-regulated 
and contribute to this pathogenesis. Use of newer models such as intestinal organoids 
could also give us a handle to examine chronological events in brush border assembly 
along the life-time of a cell helping visualize intestinal morphogenesis, especially, if they 
were made from cells of MVID patients.  

In conclusion, polarity and microvilli is an emerging field in cell biology.  An improved 
understanding of regulated endosome networks, physiologically relevant model systems, 
protein interactomes, and the further integration and development of microscopic 
techniques are the way to identify key molecules that rescue the brush border atrophy in 
life-threatening disorders such as microvillus inclusion disease.   
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Het deel van het oppervlak van darmepitheelcellen dat in contact staat met de darmholte 
is van groot belang voor de opname van voedingstoffen en het tegenhouden van mogelijke 
ziekteverwekkende micro-organismen. Dit deel van het celoppervlak noemen we het 
apicale plasmamembraan. Het meest kenmerkende van de apicale plasmamembraan 
is dat deze geheel is bedekt met vingerachtige uitstulpingen, ofwel microvilli. Microvilli 
vergroten het oppervlak van de apicale plasmamembraan en dragen daarmee bij 
aan een efficiënte absorptie van voedingsstoffen. Daarnaast is uit recent onderzoek 
gebleken dat microvilli een belangrijke rol spelen in immuniteit, reparatie van beschadigd 
darmweefsel, en onderdrukking van tumorgroei. Stoornissen in de aanleg van microvilli 
of het verlies van microvilli gaat veelal gepaard met darmziektes. Ondanks het belang 
van microvilli voor het gezond functioneren van de mens is er relatief weinig bekend over 
de moleculaire mechanismen die ten grondslag liggen aan de vorming en het in stand 
houden van microvilli. Duidelijk is dat het skelet van de cel en verschillende intracellulaire 
signaaloverdrachtroutes van belang zijn, maar hoe deze in de tijd en ruimte binnen  
de individuele cel gereguleerd zijn is niet bekend. Intracellulaire membraangebonden 
compartimenten spelen een belangrijke rol in de organisatie van cellulaire functies. 

In dit proefschrift hebben we de ontstaanswijze van een zeer zeldzame en ernstige 
darmaandoening, ‘microvillus inclusion disease’ (MVID), bestudeerd. MVID uit zich  
in pasgeborenen met aanhoudende secretoire diarree en malabsorptie.  
De overlevingskansen zijn afhankelijk van totale parenterale voeding en uiteindelijk 
een darmtransplantatie. De darmepitheelcellen van MVID patiënten kenmerken zich 
onder andere door de afwezigheid van microvilli op het celoppervlak en de vorming van 
microvilli inclusies in het binnenste van de cel. In 2008 zijn in MVID patiënten mutaties 
in het MYO5B gen aangetoond. MYO5B codeert voor een eiwit dat de dynamiek van 
specifieke intracellulaire compartimenten reguleert. Hoe MYO5B mutaties leiden tot  
de ziekte is echter niet bekend. Het bestuderen van MVID biedt een unieke mogelijkheid 
om de moleculaire relatie tussen intracellulaire compartimenten en de ontwikkeling van 
microvilli op het celoppervlak te ontrafelen.

In hoofdstuk 2 categoriseren we alle tot op heden in de literatuur gerapporteerde 
MVID patiënten en hun MYO5B mutaties in het licht van de recent opgehelderde 
eiwitstructuur en de mogelijke biologische gevolgen. Dit heeft geresulteerd in de constructie  
en lancering van een online internationale MVID patiëntenregistratie en database  
(http:// www.mvid-central.org), waarin MVID patiënten, hun specifieke MYO5B mutaties, 
en hun klinische verloop worden bijgehouden. Met de tijd en het toenemen van het aantal 
MVID patiënten en MYO5B mutaties zal deze database bijdragen aan het begrijpen van de 
structuur-functie relatie van het myosine Vb eiwit en van de genotype-fenotype correlaties  
in de verschillende patiënten.

In hoofdstuk 3 beschrijven we de oorzaak waarom microvilli in de darmepitheelcellen 
van MVID patiënten niet goed aangelegd zijn. Een belangrijk eiwit dat waarvan reeds 
bekend was dat het betrokken is bij de organisatie van microvilli is ezrin. Door middel 
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van een enzymatische reactie (fosforylatie) op residu Thr567 door specifieke enzymen 
(kinases) wordt ezrin geactiveerd en medieert het vervolgens de interactie tussen de 
plasmamembraan en het cytoskelet. Dit is een belangrijke stap in de organisatie van 
microvilli op de apicale plasmamembraan van epitheelcellen. We ontdekten dat twee 
kinases die ezrin fosforyleren (te weten, Mst4 en aPKCi) zich bevinden op met het 
Rab11eiwit-gedecoreerde compartimenten vlak onder de apicale plasmamembraan. 
Rab11a bind aan myosine Vb. Het uitschakelen van myosine Vb in darmepitheelcellen 
resulteerde in een herverdeling van deze Rab11a-gedecoreerde compartimenten 
en de kinases in de cel, weg van de apicale plasmamembraan. Het gevolg was dat 
ezrin niet langer optimaal gefosforyleerd kon worden en dat microvilli verdwenen.  
In de darmepitheelcellen van MVID patiënten met MYO5B mutaties zagen we helzelfde. 
Dit werk toonde een nieuw mechanisme aan waarin een sub-cellulaire positionering van 
intracellulaire compartimenten en daarmee geassocieerde kinases , aangestuurd door 
Rab11a en myosine Vb, bijdraagt aan de activatie van ezrin en de ontwikkeling van apicale 
microvilli. 

In hoofdstuk 4 tonen we de betrokkenheid van een ander enzym, de GTPase 
Rac1, in de ontstaanswijze van MVID. We vonden dat Rac1 zich in gedifferentieerde 
darmepitheelcellen vrijwel exclusief op het apicale celoppervlak in de microvilli 
bevond. In ongedifferentieerde darmepitheelcellen bevond Rac1 zich echter in met 
Rab11a gedecoreerde intracellulaire compartimenten. Rab11a bindt aan myosine Vb. 
Uitschakeling van myosine Vb in de cel verstoorde het transport van Rac1 naar de apicale 
plasmamembraan en resulteerde in de retentie van Rac1 in het binnenste van de cel. 
Ook in de darmepitheelcellen van MVID patiënten met MYO5B mutaties vonden we Rac1 
in het binnenste van de cel op Rab11a-positieve compartimenten in plaats van op het 
apicale celoppervlak. We ontdekten vervolgens dat Rac1 op het apicale celoppervlak 
nodig is voor de fosforylatie van ezrin en de ontwikkeling van microvilli. Als onderliggend 
mechanisme vonden we dat de kinase Mst4, welke ezrin fosforyleert, Rac1 nodig heeft 
om zich te binden aan Rab11a-positive compartimenten onder het apicale celoppervlak. 
Deze nieuwe rol voor Rac1 bleek onafhankelijk te zijn van zijn eerder beschreven rol in 
het reguleren van de interactie tussen buurcellen. Ook bleek deze nieuwe rol voor rac1 
onafhankelijk te zijn van zijn GTPase enzymactiviteit. Een darm-specifieke Rac1 knock-out 
muis vertoonde een vergelijkbaar fenotype. Samengevat toonden deze resultaten een 
nieuwe rol voor Rac1 in de ontwikkeling van apicale microvilli. 

In hoofdstuk 5 beschrijven we een functionele relatie tussen twee op het oog niet 
gerelateerde zeldzame ziektes: MVID en familiaire histophagocytic lymphohistiosis type 5 
(FHL5). FHL5 is een immuunstoornis veroorzaakt door mutaties in munc18-2. Munc18-2 
speelt een belangrijke rol in de het afleveren van eiwitten aan de apicale plasmamembraan. 
Sommige FHL5 patiënten vertonen ook  symptomen die vrijwel identiek zijn aan die in 
MVID. We vonden dat myosine Vb nodig is voor de juiste lokalisatie van het munc18-2 
eiwit in darmepitheelcellen. Tevens bleek myosine Vb nodig voor de juiste lokalisatie 
van andere eiwitten die met munc18-2 een complex vormen, waaronder syntaxin-3.  
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Het uitschakelen van syntaxin-3 in darmepitheelcellen resulteerde in een sterk verminderde 
fosforylatie van ezrin en verlies van apicale microvilli. Ook in de darmepitheelcellen van 
FHL5 patiënten vonden we een sterke correlatie tussen de lokalisatie van syntaxin-3 en de 
fosforylatie van ezrin. Deze resultaten tonen aan dat fouten in de lokalisatie van munc18-2 
 en syntaxin-3, als gevolg van het niet functioneren van myosine Vb, een belangrijk 
onderdeel zijn van de ontstaanswijze van MVID. Tevens laat dit werk zien dat op zijn minst 
twee zeer zeldzame aangeboren diarreesyndromen (MVID en FHL5) verenigd zijn in één 
intracellulaire moleculair mechanisme bestaande uit myosine Vb, munc18-2 en syntaxin-3.    

In hoofdstuk 6 hebben we de oorzaak van de hardnekkige diarree bij MVID patiënten 
proberen te achterhalen. We hebben hiertoe de rol van myosine Vb in de barrièrefunctie 
van het darmepitheel onderzocht. We ontdekten dat myosine Vb nodig is voor het 
correct lokaliseren van het claudine-1 eiwit, een eiwit waarvan gedacht wordt dat het een 
belangrijke rol speelt in de barrièrefunctie van darmepitheel. Andere eiwitten die hiervoor 
ook van belang zijn bleken niet gereguleerd te worden door myosine Vb. Een verrassende 
vinding was dat, ondanks de onjuiste lokalisatie van claudine-1, het ontbreken van 
myosine Vb geen effect leek te hebben op de barrièrefunctie van het darmepitheel. Deze 
resultaten suggereren dat de hardnekkige diarree in MVID patiënten waarschijnlijk niet 
veroorzaakt wordt door een defect in de barrièrefunctie van het darmepitheel. Tevens 
tonen deze resultaten aan dat een onjuiste lokalisatie van claudine-1 geen consequenties 
heeft voor de barrièrefunctie van het darmepitheel als zodanig.    

Samenvattend hebben we nieuwe mechanismen en bijbehorende eiwitten 
geïdentificeerd die een belangrijke bijdrage leveren aan de ontwikkeling van microvilli 
in darmepitheelcellen. OInze resultaten tonen een belangrijke rol hierin voor specifieke 
intracellulaire membraangebonden compartimenten. Het ontrafelen van deze 
mechanismen heeft geleid tot een beter begrip van de ontstaanswijze van MVID, en 
kunnen in de toekomst mogelijk aanknopingspunten vormen voor nieuwe therapieën. 
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Marathi Summary 

कालानुरूप उत्क्रांती (evolution) होत गेल्याने आपल्या शरीरातील पेशी सभोवतालच्या 
बदलत्या, विविध परीस्थितींशी सामना करतात अथवा जुळवून घेतात आणि त्यांच्या 
कार्यातील समतोल राखून ठेवतात. बहुपेशीय जीवातील जि बहुतेक पेशिंच्या रचनेत 
व घटकांच्या मांडणीत ध्रुवीयता (polarity) आढळते. ध्रुवीयता असल्याने विशिष्ट 
पेशिंतर्गत अवयव, सांगाडा बनवणारे प्रथिन व मेद (lipids), इत्यादि हे बर्याच प्रमाणात 
दिशावलम्बित वितरण दर्शवितात. ह्यामुळे पेशी अप्रमाणबद्ध (asymmetric) बनतात. ही 
अप्रमाणबद्धता पेशिंना काही खास जागी बहुकार्यप्रवण (multitasking) बनण्याचे गुणधर्म 
प्रदान करते. पेशिंचे हे ध्रुवीकरण अतिशय नियंत्रित असते आणि ते पेशिभिन्नता, पेशिंचा 
आकार, पेशिंचे स्थलांतर, व पेशिविभाजन यासह अनेक जीवनावश्यक अंगांशी निगडीत 
असते.  

बहुपेशीय जीवांचा बाह्य जगाशी संबंध अन्तस्त्वचेतील एपिथेलिअल (epithelial) पेशिंच्या 
द्वारे होतो. विकसित जीवांच्या एपिथेलीअम् मध्ये प्रचंड विविधता जरी असली (उदा. 
फुफ्फुसे, यकृत, आतडे, मूत्रपिंड), तरी त्या मधील समान सूत्र म्हणजे त्या सर्व पेशी 
शिखर-पाया ध्रुविभूत (apico-basally polarized) असतात. अशा पेशी त्यांच्या खालील 
/ पायाकडील (basal) आणि वरील / शिखराकडील (apical) बाजूनुसार आपल्या रचनेत 
बदल घडवू शकतात. अशा प्रगत मांडणीमुळे, बदलत्या परिस्थितीशी सामना करिताना, 
पेशिंमध्ये वेगवेगळी कार्ये करण्याची क्षमता वाढते. ह्यामुळे एकाच दिशेने स्राव सोडणे, 
एकीकडूनच पोषक द्रव्यांचे शोषण करणे, एकाच दिशेला रासायनिक परिवर्तन आणणे, 
अशी अनेक कार्ये ह्या पेशी करू शकतात.  

अशा एपिथेलीअम् ची सर्वात जास्त गरज व प्रमाण दिसते ते आपल्या आतड्यात. अन्नाचा 
कार्यक्षम वापर होण्यासाठी लहान आणि मोठ्या आतड्याचा पोषक द्रव्य, आयन (ion), 
आणि पाणी शोषण्याच्या कामी चांगलाच कस लागतो. आतड्याच्या आतील आवरणावर 
असलेल्या एपिथेलिअल पेशी (enterocytes) अन्न-पाण्याचा असा वापर उत्कृष्टरीत्या 
करू शकतात. आतड्याच्या आत, हाताच्या बोटांप्रमाणे दिसणारे उंचवटे असतात, ज्यांना 
व्हिलस् / व्हिलाय् (villus / villi) म्हटले जाते. ह्या व्हिलाय् च्या प्रत्येक एपिथेलिअल 
पेशिच्या शिखरावर, अतिसूक्ष्म पातळीवर पाहिल्यास, ब्रश-सदृश उंचवटे दिसतात, ज्यांना 
मायक्रोव्हिलाय् (Microvilli) म्हटले जाते. शोषणासाठी पेशिंना लागणार्या पृष्ठभागाचा 
विस्तार त्यांच्यामुळे अधिकच वाढतो. एव्हढेच नव्हे, तर ह्या मायक्रोव्हिलाय् वर अनेक 
प्रथिने असतात जी आपले अन्न पचवितात, आयनांकरीता दरवाजे उघडतात, आणि सत्व 
शोषणाच्या क्षमतेत अनेक पटींनी वाढ घडवून आणतात.  

पेशिंच्या अंतर्गत प्रक्रियांचे मायक्रोव्हिलाय् वर बारकाईने नियंत्रण असते. मायक्रोव्हिलाय् 
अनियमित रित्या काम करू लागले, त्यांची घडण नीट झाली नाही अथवा बिघडली, त्यांचा 
आकार व उंची व्यवस्थित नसले, तर द्रव्य शोषणाच्या त्यांच्या क्षमतेवर लक्षणीय 
पडसाद उमटतात. बर्याचदा, हेच अतिसाराचे कारण असते. अशा प्रकारे, आतड्यातील 
अगणित विषाणु या मायक्रोव्हिलाय् चा वापर पेशिंच्या आत प्रवेश मिळवण्यासाठी 
करतात, पेशिंना ओलीस ठेवतात, आणि मायक्रोव्हिलाय् चे नियमन करणारे मार्गक्रम 
(pathway) विस्कळीत करतात. त्याशिवाय, विषाणू व रासायनिक कारणांव्यतिरिक्त, 
जनुकीय (genetic) कारणेही असू शकतात ज्यामुळे स्राविक (secretory) अतिसार होतो व 
काही मायक्रोव्हिलाय् चे कार्य, व्यवस्था, आणि घडण बिघडते.  
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मायक्रोव्हिलाय् ची जडण-घडण अद्याप पूर्णपणे अभ्यासिली गेली नाही, त्यामुळे त्यांच्या 
बनण्याची अथवा संघटीत राहण्याची जनुकीय कारणे अजून तरी अपरिचितच आहेत. 
मायक्रोव्हिलाय् कशा प्रकारे विकसित होतात ह्याच्या अभ्यासाचा पाठपुरावा करीत आम्ही 
आमचे लक्ष नवजात बालकांच्या, जन्मजात, जीवघेण्या, व दुर्मिळ अशा मायक्रोव्हिलस् 
इन्क्लुजन् डीजीज या अतिसाराच्या व्याधीवर केंद्रित केले.  असे रुग्ण जन्मानंतर पहिले 
दूध मिळताच स्राविक अतिसाराची लक्षणे दाखवितात.  

एंटेरोसाईटस् च्या शिख्ररावरचे मायक्रोव्हिलाय्, प्रचंड प्रमाणावर स्राव निघून, व्यापक 
प्रमाणात नष्ट होतात. ह्यापैकी काही पेशिंमध्ये मायक्रोव्हिलाय् पेशिंच्या आत रुतलेले 
आढळतात. ह्यावरील सध्याचे उपाय म्हणजे, अन्नपुरवठा जन्मभर शिरेतूनच देणे, किंवा 
आतड्याचे प्रत्यारोपण (transplant) करणे, एवढेच आहेत; नाहीतर रुग्णाचा मृत्यू अटळच. 
सन 2008 मध्ये MYO5B या जनुकातील म्युटेशनचा ह्या व्याधीशी संबंध सापडला. परंतु, 
ही व्याधी ह्या म्युटेशनमुळे का आणि कशी होते, हे अजूनही अज्ञात आहे.  

प्रस्तुत अभ्यासाचे लक्ष्य ह्या व्याधीतील रोग अभ्यासून, निरोगी व सुनियमित 
मायक्रोव्हिलाय् च्या निर्मितीतील मार्गक्रम शोधून, मायक्रोव्हिलाय् संबंधित इतर 
सर्वच व्याधी व रोगात (उदा. विषमज्वरातला अतिसार, सीलिआक डीजीज), उपचाराच्या 
दिशेने प्रगती साधण्यास साह्यभूत होणे, हा आहे.  
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