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Chapter 1

Introduction

A fundamental property of eukaryotic cells is the ability to compartmentalize bio-
chemical processes into specific areas within the cell. Cells form various enclosed 
structures, separate from the cytosol, which we refer to as organelles. These spe-
cialized compartments provide the environments required for specific biochem-
ical reactions or the storage of proteins, small molecules or ions. A related form 
of compartmentalization is the separation of membranes into distinct domains, 
such as the apical and basolateral domains of the plasma membrane. The proper 
functioning of many cell types relies on the asymmetric specialization of these 
two membrane domains. In addition,  the formation and proper orientation of an 
apico-basal polarity axis is essential for the building of multicellular tissues from 
individual cells. The underlying theoretical bedrock of the work presented in this 
thesis relies heavily on previous research relating to cell polarity, and an in-depth 
discussion on this topic is warranted. Therefore,  Chapter 2 of this thesis will pro-
vide a review of our current understanding of how cells establish and maintain an 
apical-basal polarity axis. 

Maintaining the distinct membrane compartments depends on, incorporating into 
the membrane domains, the specific transmembrane proteins that make it unique. 
Vice versa, the correct functioning of many transmembrane-proteins (e.g. trans-
porters or ion channels) is usually tied to their localization on a particular mem-
brane domain.  The mislocalization of such proteins to the wrong domain  or to 
ectopic locations inside of the cell, can disrupt the capacity of a tissue to absorb 
and excrete metabolites (e.g. nutrient absorption in the intestine or excretion of 
biliary metabolites in the liver) or maintain the correct ion concentration gradient 
across the membrane. In this regard, it is not surprising that a multitude of dis-
eases are associated with defects in polarity and the proper polarized trafficking 
of (transmembrane)proteins (Overeem et al., 2016; Stein et al., 2002; Treyer and 
Müsch, 2013; Wodarz and Näthke, 2007).

The primary focus of this thesis are two diseases in which defective protein trans-
port to the apical membrane is the root cause of the symptoms of both diseases. 
These two diseases are microvillus inclusion disease (MVID) and Wilson disease. 
The majority of chapters are  dedicated to improving our understanding of the 
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pathophysiological mechanisms  underlying the development of MVID (Chapter 
3-6). MVID is an autosomal recessive genetic disorder that is caused by mutations 
in the MYO5B gene, encoding the myosin Vb protein (Müller et al., 2008; Szperl 
et al., 2011). Myosin Vb  is a motor protein that interacts with membrane vesicles 
through a specialized cargo-binding protein domain, and transports these ves-
icles by binding and detaching actin filaments in a processive manner (Velde et 
al., 2013). The cargo domain binds directly to the GTPases rab8 and rab11, which 
are bound to vesicles of recycling endosomes (albeit not exclusively in the case of 
rab8). Thus, myosin Vb is thought to primarily affect protein transport pathways 
that involve the recycling endosome.   

The enterocytes of the intestine are most strongly affected by loss of myosin Vb. 
The trafficking of certain apical and basolateral proteins is mistargeted in myosin 
Vb deficient enterocytes (Overeem et al., 2016). Transmission electron microsco-
py of MVID intestinal samples reveals atrophy of the microvilli and the presence 
of cytoplasmic vacuoles lined with microvilli, which are referred to as microvil-
lus inclusions. At the multicellular level, the small intestinal mucosa of patients 
show a variable degree of villus atrophy. These intestinal defects result in the main 
symptom of the disease: intractable chronic diarrhoea. The onset of this diarrhoea 
usually starts within the first days after birth, but in some cases it manifests later 
at around 3-4 months. Currently, an intestinal transplantation is the only viable 
treatment option. Without transplantation, patients are completely dependent on 
parental nutrition, which can cause severe complications over prolonged periods 
(e.g. sepsis). As a result, children suffering from this terrible disease have a short 
life expectancy, and better treatment options are direly needed. An increased un-
derstanding of this disease will be required to devise new treatment strategies. A 
more in-depth review of our current understanding of the disease mechanism of 
MVID, and several related chronic diarrheal disorders, is provided in Chapter 3.

The type and severity of symptoms can vary greatly between individual MVID 
patients (Dhekne et al., 2018; Halac et al., 2011).  Differences in the type of myosin 
Vb mutation are a potential cause, but it is hard to confirm such genotype-pheno-
type correlations by examining patient samples alone, as there are multiple con-
founding variables that could affect the disease outcome. First, treatment given to 
MVID patients can be highly iatrogenic (e.g. liver cholestasis caused by parental 
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nutrition). Second, it can be hard to differentiate secondary effects of the disease 
from the ones directly caused by myosin Vb mutations. For example, patients do 
not eat, which is likely to have profound effects on the composition of the micro-
biota in the gut, which in turn could affect the cells of the intestinal tract.  Third, 
it is difficult to exclude the influence of genetic variation between patients, which 
might sensitize or desensitize patients for the symptoms caused by MVID.

Chapter 4 describes the generation and characterization of a new MVID disease 
model through knock-out of the MyoVb gene in mice. This new model allows 
us to overcome some of the previously raised variability issues in studying the 
effect of Myosin Vb deficiency. MyoVb KO mice express no mutant protein, and 
any symptoms can be directly attributed to myosin Vb deficiency. Such a baseline 
understanding of what happens in the case of complete deficiency is important to 
interpret the possible effects of mutant myosin Vb variants that are expressed in 
MVID patients. In addition, a mouse model allows for examining relevant organ 
tissues postpartum or  even earlier at an embryonic stage,  removing the second-
ary disease effects and iatrogenic issues that affect human patient samples.

Additional methods are needed to understand the correlation between specific 
myosin Vb mutations and the outcome of the disease. An obvious is approach is to 
compile patient data and see if any correlations can be made between the type of 
mutations and the progression of the disease. Since MVID is such a rare disease, it 
is important to document and categorize data from as much patients as possible. 
Previously, our research group  has documented all MVID patient mutations re-
ported in literature in an online database (Velde et al., 2013).  Chapter 5 expands 
on this work, updating the database with all new patients reported since that 
time. We discuss the recent identification of two variant forms of MVID, which 
are caused by mutations in STX3 and STXBP2,  rather than in MYO5B. Several 
in vitro studies have suggested a common disease mechanism that unifies these 
enteropathies (Knowles et al., 2015; Stepensky et al., 2013; Vogel et al., 2015; Weis 
et al., 2016; Wiegerinck et al., 2014).  We provide new data from patient samples 
that supports this hypothesis. In addition, we discuss the recent identification of a 
group of patients suffering from intrahepatic cholestasis, which carry mutations in 
MYO5B, but without any of the conventional intestinal symptoms seen in MVID 
(Gonzales et al., 2017). 
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The aim of Chapter 6 is to elucidate the link between myosin Vb and intrahepatic 
cholestasis. This link had been suspected for some time, as a significant amount of 
MVID patients (approximately 25%) develop cholestasis in addition to intestinal 
symptoms (Halac et al., 2011). In many cases, cholestasis specifically developed 
after receiving an intestinal transplant, suggesting the introduction of a functional 
bowel revealed a previously hidden cholestatic condition. However, it could not 
be ruled out that this cholestasis has iatrogenic origins, since parental nutrition is 
a known cause of cholestasis. Since then, the  aforementioned discovery of a group 
of intrahepatic cholestasis patients carrying MYO5B mutations without conven-
tional MVID symptoms,  confirmed the causal link between myosin Vb deficiency 
and cholestasis. It is unlear why cholestasis only occurs in a subset of individuals 
carrying mutations in MYO5B, as is the mechanism through which myosin Vb 
deficiency disrupts bile acid metabolism.

Finding answers to these questions is important for deciding the correct course of 
action in treating MVID patients with organ transplantation.  Patients who devel-
op cholestasis specifically after a bowel transplantation, may need to have their 
transplant removed due to incompatibility of the treatment for cholestasis, with 
the immunosuppressive drugs that prevent transplant rejection. The solution for 
this is to perform a co-transplantation of both a bowel and a liver, for all patients. 
However, since not all patients develop cholestasis,  a majority of patients would 
not have needed this liver in the first place. In such cases, the liver could have been 
used to treat a child suffering from another severe liver disease. Thus, if we know 
how patient mutations are related to cholestasis, we can prevent cholestasis from 
occurring following bowel transplantation, and make sure that only patients who 
need it receive a liver co-transplant.

From previous work, we know that overexpression of the cargo binding tail do-
main of myosin Vb in hepatic WIF-B9 cells, results in disrupted trafficking of bile 
acid transporters BSEP and ABBC2/MRP2 (Wakabayashi et al., 2005).  This cargo 
domain-mutant is thought to act in a dominant negative manner,  by competing 
with functional endogenous myosin Vb , and thereby disrupting myosin Vb me-
diated transport (Lapierre et al., 2001). In patient liver samples, ABCC2/MRP and 
BSEP were found to be mislocalized (Girard et al., 2014; Schlegel et al., 2018). These 
studies point towards a mechanism in which myosin vb deficiency disrupts the 



14

Chapter 1

delivery of important bile acid transporters to the plasma membrane. Much of 
the precise mechanism remains unclear however. In particular, these studies do 
not explain why cholestasis only occurs in a subset of patients. We investigate this 
issue in Chapter 6, where we employ multiple methods to interfere with myosin 
Vb function in hepatic cells. These methods include CRISPR-induced knock-out 
of MYO5B in the HepG2 hepatic cancer cell line, combined with overexpression 
of myosin Vb mutant variants. Moreover, several key findings from these HepG2 
experiments are replicated in hepatocytes generated from pluripotent stem cells, 
and using MyoVb KO mice. The combination of these methods results in the most 
in depth analysis of the role of myosin Vb in hepatocytes yet, and provides a novel 
explanation for the variation in cholestasis development between MVID patients. 

In the case of microvillus inclusion disease, symptoms are the result of the mislo-
calization of multiple proteins, due to a defect in the protein trafficking machinery. 
But the faulty delivery of a trans-membrane protein can also occur more directly, 
when a mutation in that protein directly affects its ability to be trafficked. This is 
the case with certain patients suffering from Wilson disease (WD), which is the 
focus of Chapter 7 of this thesis.  Wilson disease is an autosomal recessive dis-
order caused by mutation in the ATP7B gene, encoding the copper transporter 
protein ATP7B (Członkowska et al., 2018). In the liver, ATP7B is responsible for 
transporting copper taken up by hepatocytes from the bloodstream, into the bile 
canaliculi, thereby reducing the concentration of copper in the body. This process 
is disrupted in WD patients, which leads to accumulation of copper in the liver, 
and eventually also in other organs such as brain, kidneys and cornea. Accumulat-
ed copper in these organs then gives rise to a wide variety of symptoms,  primarily 
hepatic and neurological.  The symptoms of liver disease can vary greatly between 
patients, ranging from asymptomatic to acute liver failure. Similarly, neurological 
and psychiatric symptoms are variable, and can include: movement disorders (e.g. 
tremor), dystonia, headaches, insomnia and depression.  Neurological symptoms 
typically manifest later than hepatic ones, and can occur without apparent hepatic 
symptoms. In the past, Wilson disease was fatal in all cases, leading inevitably to 
liver failure. Since then, great progression has been made in the pharmacological 
treatment of this disease through administration of copper chelating compounds. 
Treatment now typically consists of lifelong pharmacological treatment. Liver 
transplantation is reserved for severe or resistant cases. 
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ATP7B normally resides in the Golgi apparatus of hepatocytes, and is transported 
to the apical domain (which forms the bile canaliculi) in response to an increased 
concentration of copper in the body (Polishchuk et al., 2014). It was reported that a 
number of patient ATP7B mutations result in the ectopic localization of ATP7B in 
the endoplasmatic reticulum, including the H1069Q mutation, which is the most 
frequent mutation in the European and North American WD patient population 
(Payne et al., 1998). Interestingly, the H1069Q mutant retains (partial) functional-
ity (van den Berghe et al., 2009; Iida et al., 1998; Payne et al., 1998), and thus it is 
thought that ATP7B mislocalization, not a lack of functional ATP7B,  is the cause 
of the disease . Strategies to restore mutant ATP7B to the plasma membrane have 
shown some promising results (van den Berghe et al., 2009; Chesi et al., 2016). 
Compounds which aid protein folding, or prevent protein degradation, were 
capable of improving the copper-induced transport of ATP7B to bile canaliculi. 
These studies have been done using artificial overexpression of ATP7B mutants 
however, and further investigation using methods that more closely resemble the 
in vivo situation are necessary. In Chapter 8, we describe the development of a new 
WD model, by in vitro differentiation of induced pluripotent stemcells derived 
from WD patients to hepatocytes. For this purpose we first characterize the capa-
bility of human iPS derived hepatocytes (hiHeps) to polarize and form bile cana-
liculi in vitro, which is essential to study the polarized trafficking of ATP7B. This 
capability  has been an overlooked aspect in the field, and our work provides the 
first extensive characterization of hiHep polarization. Using this novel model, we 
discover novel insights on the trafficking deficiencies of the mutant H1069Q-AT-
P7B protein.
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Abstract

In epithelial cells, the polarized orientation of the apical–basal axis determines the 
position of the apical lumen and, thereby, the collective tubular tissue architec-
ture. From recent studies employing 3D cell cultures, animal models, and patient 
material, a model is emerging in which the orientation and positioning of the api-
cal surface and lumen is controlled by the relationships between the extracellular 
matrix (ECM), Rho family GTPase signaling, recycling endosome dynamics, and 
cell division. Different epithelial cells adjust these relationships to establish their 
specific cell polarity orientation and lumen positioning, according to physiologic 
need. We provide an overview of the molecular mechanisms required to construct 
and orient the apical lumen.
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Mechanisms of apical–basal axis orientation

The orientation of the apical–basal polarity axis

The establishment and orientation of an apical–basal polarity axis is instrumen-
tal for the functional shaping of a lumen in a tube-forming epithelial cell mass. 
Columnar epithelial cells that are arranged in monolayers typically position their 
apical domain and lumen opposite their basal domain. While the ectopic position 
of apical lumens at the lateral surface gives rise to defects in columnar epithelium 
architecture, hepatocytes deliberately position their apical lumens amidst their 
lateral surfaces to give rise to a canalicular network. Further, while apical lumens 
in the cytoplasm of epithelial cells are associated with cancer and a fatal disorder 
(microvillus inclusion disease), other cells deliberately develop apical lumens in 
their cytoplasm to establish their unique tubular architecture (Figure 1). Much of 
our understanding of the mechanisms that control the orientation of apical–basal 
polarity in epithelial cells and the spatial positioning of de novo-formed lumens 
comes from studies with cultured epithelial cells. These include – but are not lim-
ited to – the simple epithelial Madin–Darby canine kidney (MDCK) cell line, intes-
tinal epithelial Caco-2, and mammary epithelial cell lines (MEC), embedded in 3D 
matrices [1, 2, 3, 4, 5, 6, 7], as well as hepatocellular HepG2, WIF-B9, Can-10 cells 
[8, 9], and primary hepatocytes [8, 10, 11, 12, 13]. With the exception of primary 
hepatocytes, these culture systems allow one dividing cell to give rise to a solitary 
central lumen-forming cyst (the structural unit of exocrine glandular epithelia in 
vivo) or, in the case of hepatic cell lines, to a multiple lumen-forming cell mass. 
More recent work has shown that some, although not all, of these mechanisms are 
conserved in different cell types and in vivo during early stages of embryogenesis 
[5, 14]. We examine data from different model systems – supplemented with data 
from animal models and patients – to identify core molecular mechanisms and key 
players that determine the spatial orientation of the apical domain and positioning 
of the apical lumen.

Signaling at the cell–ECM interface controls the orientation of 
the apical–basal axis

Single MDCK or Caco-2 cells, embedded in an isotropic 3D ECM, randomly dis-
tribute apical and basolateral proteins at their plasma membrane. When these cells 
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Figure 1. Four examples (I–IV) of distinct apical lumen positioning phenotypes in normal 
and abnormal settings. It should be noted that, in situation II, enterocytes of microvillus 
inclusion disease patients do show lateral microvilli that are normally only found at the 
apical domain, but the apical identity of these microvilli requires further investigation. 
Apical membranes are denoted by green lines; basolateral membranes are denoted by 
red lines.

enter mitosis, at least two transmembrane proteins that play an important role in 
apical domain and lumen development in kidney epithelial cells, crumbs-3a and 
podocalyxin [15, 16], are internalized into Rab11a-positive recycling endosomes 
[7], which concentrate around mitotic spindle poles [7, 17]. Following the first cell 
division, basolateral proteins such as E-cadherin and Na/K-ATPase are seques-
tered at the lateral surfaces between daughter cells. By contrast, crumbs-3a and 
podocalyxin accumulate at surface domains facing the ECM [1, 2]. High signaling 
activity by the small GTPase RhoA and its effector Rho kinase-associated protein 
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kinase (ROCK)I at the ECM-facing cell surface promotes the phosphorylation 
and, thereby, activation of ezrin at this domain [2, 18]. Activated ezrin stabilizes a 
complex consisting of podocalyxin, NHERF1/EBP50, and ezrin at the ECM-facing 
surface by linking the complex to the F-actin cytoskeleton. Other ezrin-binding 
apical proteins may similarly be stabilized. Thus, following the first cell division 
and before the formation of a lumen, the daughter cells establish RhoA activi-
ty-mediated apical–basal cell surface polarity with their apical domains facing 
the ECM. For the de novo generation of an apical lumen in between the cells, 
a subsequent reorientation of the apical–basal polarity axis is required. This oc-
curs via a mechanism that may involve quorum sensing of the ECM by integrin 
receptors. At the ECM interface, activated β1-integrin receptors form complexes 
with α2- and α3-integrin pairs [2, 19, 20, 21]. The ECM, likely via α2β1-integrins, 
phosphatidylinositol (PI)3 kinase and its subunit p110δ, and/or Arf6, promotes the 
activation of the GTPase Rac1 [20, 21, 22, 23, 24, 25] (Figure 2). Rac1 activity then 
promotes the assembly of laminin, possibly via α3β1-integrins, at the ECM-facing 
cell surface [20, 21, 22]. Indeed, the expression of a dominant-negative mutant of 
Rac1 in collagen type I-embedded MDCK cells inhibits laminin assembly, and this 
results in the formation of cysts that maintain inverted apical polarity (i.e., apical 
domains facing the ECM [21]) and that cannot establish a central apical lumen. The 
downstream mechanism via which Rac1 promotes laminin assembly is not clear, 
and Rac1 is dispensable for polarity orientation in some cells [14], suggesting that 
Rac1 may have a tissue-specific function [14]. Laminin assembly and the formation 
of a basal lamina at the ECM-facing cell surface require the polarized secretion of 
laminin and the polarized delivery of laminin-binding receptors to the cell surface 
[26]. The intracellular polarity protein Par1b is required for the polarized local-
ization of the laminin-binding dystroglycan complex to the basal cell surface of 
MDCK cell [27]. In MECs, Par1b regulates the basolateral localization of laminin-
111-binding integrins via the phosphorylation of the E3 ubiquitin ligase RNF41 
[28]. Consistent with the role of dystroglycans and integrins in ECM remodeling, 
Par1b regulates focal adhesions [29] and extracellular laminin assembly [27]. The 
knockdown of Par1b or RNF41 results in cysts with perturbed apical polarity and 
inhibits ECM-directed central apical lumen formation [30]. Par1b also regulates 
polarized basal lamina assembly in 3D cultured mouse submandibular salivary 
glands to coordinate tissue polarity [31]. Interestingly, Par1b can also phospho-



rylate the insulin receptor substrate p53 (IRSp53). In its non-phosphorylated state, 
IRSp53 binds to GTP-bound Rac1 and Cdc42, and serves as an adaptor to recruit 
additional proteins [29]. Phosphorylation of IRSp53 by Par1b recruits 14-3-3 pro-
teins and inactivates IRSp53. IRSp53-depleted MDCK cysts are defective in the 
assembly of laminin [29], akin to MDCK cysts that overexpress Par1b [29] or a 
dominant-negative Rac1 mutant [21]. Possibly, Par1b activity may need to be kept 
within limits to promote the assembly of laminin at the ECM-facing surface and 
the subsequent development of a central apical lumen. The assembly of laminin 

Figure 2. Cartoon depicting the different stages in cell–extracellular matrix (ECM) 
signaling-mediated apical–basal polarity axis orientation (Inserts 1,2), and recycling 
endosome- and cell division-mediated lumen formation and positioning (Inserts 3,4). 
Insert 1 illustrates the consequences of collagen signaling via integrins to Rac1, result-
ing in laminin assembly. Insert 2 illustrates the subsequent consequences of laminin 
signaling via integrins and focal adhesion kinase (FAK) to RhoA and ezrin. This results in 
the internalization of podocalyxin (Podxl) from the ECM-facing cell surface, which is a 
prerequisite for the subsequent formation of a central apical lumen. Insert 3 illustrates 
the molecular machinery associated with apical recycling endosomes (RE) that deliver 
Podxl to the apical membrane initiation site (AMIS), leading to the establishment of the 
apical lumen. Insert 4 illustrates the role of the orientation of the mitotic spindle, and 
the site of cytokinesis/position of the midbody, in the microtubule (MT)-mediated guid-
ance of apical vesicles and the maintenance and expansion of a central apical lumen. 
Apical membranes are denoted by green lines; basolateral membranes are denoted by 
red lines. Abbreviations: DG, dystroglycan; LN, laminin; COL, collagen.
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at the ECM-abutting cell surface attenuates RhoA-ROCKI activity (Figure 2). In 
MDCK cells, activated β1-integrins reduce RhoA activity through the focal adhe-
sion kinase (FAK)-dependent recruitment of a GTP-activating protein (GAP) for 
RhoA, p190A-RhoGAP [2, 18]. Reduced RhoA-ROCKI activity reduces the phos-
phorylation status, and thereby the activity, of ezrin at the cell–ECM interface. 
This allows the phosphorylation of the podocalyxin–NHERF1/EBP50–ezrin com-
plex by classical protein kinase C (PKC), and the endocytosis of podocalyxin, and 
possibly other apical proteins, from the ECM-facing surface [2, 18]. The endocy-
tosis of apical proteins from the ECM-facing cell surface appears to be a common 
requirement for apical polarity reorientation because inhibition of endocytosis in 
other epithelial cell types including mammary spheroids [14] and hepatocytes [32, 
33] disrupts polarization and apical lumen formation.

In conclusion, signaling at the cell–ECM interface keeps a balance between RhoA 
and Rac1 activities, which cells may use as a rheostat to organize the ECM and 
determine a cell polarity axis orientation that allows the development of an apical 
lumen and functional epithelial tissue. Interestingly, intestinal organoid cultures 
from multiple intestinal atresia patient biopsies displayed an inversion of apical–
basal polarity of the epithelial cells that was normalized by pharmacological in-
hibition of Rho kinase [34]. These findings are likely relevant to cancer, which 
is highly related to perturbed cell polarity and altered Rho GTPase and integrin 
signaling. Notably, sustained inversion of apical polarity can lead to drastically 
different forms of cell polarization and behavior (Box 1). 

Recycling endosomes and apical trafficking establish the apical 
plasma membrane domain

Apical proteins, when internalized from the MDCK cell periphery, are rapidly 
transcytosed to an apical membrane initiation site (AMIS), which is marked by the 
polarity protein Par3 and forms at a coordinated position at the ECM-free lateral 
surface between the neighboring cells, typically at a position that is maximally 
distant from the ECM [1, 4, 7]. The delivery of apical proteins to the AMIS requires 
microtubules and F-actin, and is controlled by the GTPase Rab11a [1, 7, 35] (Figure 
2). Rab11a associates with apical recycling endosomes that concentrate around 
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the centrosome [36]. The centrosome reorients from the ECM-facing cell surface 
towards the lateral cell surface upon laminin-mediated loss of RhoA/ROCK/myo-
sin-II activity and cell contractility [37, 38]. Rab11a binds to and directs Rabin8, a 
guanine nucleotide exchange factor (GEF), to activate Rab8a on apical protein-con-
taining recycling endosomes [1]. Rab8a/11a cooperatively bind the actin-based 
motor protein myosin-Vb to transport these vesicles to the AMIS [39]. Rab8a/11a 
also associate with the exocyst complex subunit Sec15A to tether vesicles to the 
AMIS [1, 40]. The expression of dominant-negative mutants of Rab11a or myo-
sin-Vb similarly inhibits the formation of apical lumens in hepatocytes [41]. The 
knockout of Rab8 or Rab11a in the mouse intestine leads to defective trafficking of 
apical proteins [42, 43], illustrating the importance of the Rab11a/Rab8 recycling 
endosome system in vivo. Rab11a-directed Rab8a activation is also required to es-
tablish the orientation of Cdc42 activation [1]. Cdc42 becomes transiently enriched 
on apically destined vesicles and, probably in cooperation with the atypical formin 
IFN2 and MAL2, mediates vesicle delivery to the AMIS [32, 44]. Cdc42 also forms a 
complex with Par6 and Par3, the latter of which is one of the first polarity proteins 
found at the AMIS. Notably, Par3 also directs apical trafficking to the AMIS. Thus, 

Box1
Apical–basal versus front–rear polarity

Inverted polarity is not a loss of polarity: the apical and basolateral domains 
are still asymmetrically polarized. Although the mechanisms controlling api-
cal–basal polarity orientation are beginning to emerge, the consequence of 
misoriented or inverted polarity are less clear. Tumors with inverted polarity 
have been observed in breast cancer [95], although the functional signifi-
cance or prevalence of such events is unknown. One possible explanation 
is that the inversion of apical–basal polarity may allow invasive behaviors to 
develop by allowing proteins normally sequestered at or in the lumen, such 
as FGFs [96], to interact with or be secreted into the ECM. In MDCK cysts, at 
least, inversion of polarity is associated with increased migration and inva-
sion in 3D culture [2]. Notably, this is associated with the development of 
collective front–rear polarization, whereby collective cell invasion is led by 
an apical membrane ‘front’ and a basolateral ‘rear’. This topology is distinct 
from the typical view of invasion, which is generally considered to be led by 
integrins at the leading edge of cells. How and why apical-membrane-driven 
front–rear polarity occurs in MDCK 3D culture upon inversion of polarity re-
mains to be elucidated.
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Rab11a vesicles and the Cdc42–Par6–Par3 complex engage in a feedback loop that 
ensures the establishment and expansion of the apical plasma membrane domain 
specifically at the AMIS. Rab11a-positive vesicles also carry atypical protein ki-
nase C (aPKC)-iota, the aPKC-iota activator phosphoinositide-dependent protein 
kinase 1 (PDK1) [45, 46], and the Ste20-like protein kinase Mst4 [45], which con-
tributes to the further structural differentiation of the apical domain by promoting 
microvilli development through phosphorylation of ezrin [45].

In addition to Rab11a, Rab27a/b and Rab3b on apically destined vesicles cooper-
ate with Rab8a to bind to synaptotagmin-like protein (Slp)-2a and -4a, respective-
ly [47]. This links apical vesicles to syntaxin-3 for vesicle fusion with a singular 
AMIS. Thus, the knockdown of Slp proteins results in the formation of multiple 
apical membrane domains and lumens per cell [47]. Interestingly, hepatocytes, 
which are the predominant epithelial cells in the liver, and which develop multi-
ple apical lumens per cell in vitro and in vivo [48], do not express Slp2a and -4a 
[49]; we speculate that this may contribute to their multi-lumen phenotype. The 
apical trafficking via Rab11a-positive recycling endosomes and polarization is reg-
ulated by liver kinase B1 (LKB1) – the mammalian ortholog of the C. elegans po-
larity protein Par4 [50, 51], and LKB1 knockdown in 3D MDCK cultures causes the 
formation of multiple apical domains per cell [37]. Perturbation of the individual 
components of the recycling endosome or apical membrane fusion machinery in 
MDCK and Caco-2 cells results in the formation of multiple, mispositioned apical 
lumens and, in some cases, intracytoplasmic apical lumen-like vacuoles. In intes-
tinal epithelial cells of the nematode C. elegans, deletion of the polarity protein 
Par5 triggers mispositioning of Rab11a-positive recycling endosomes and results 
in the formation of ectopic apical domains along the lateral surfaces of intesti-
nal epithelial cells [52]. A similar phenotype in C. elegans occurs when the apical 
trafficking machinery, regulated by glycosphingolipids and the clathrin–adaptor 
complex 1 (AP1) complex, or the apical cargo and its scaffold, aquaporin-8 and 
ERM-1, is disrupted [53, 54, 55, 56]. The collective data suggest that the positioning 
of, and trafficking from, Rab11a-positive endosomes, determines where the apical 
domain and lumen or lumina will form.

The human physiological relevance of the apical recycling endosome-centered ma-
chinery for apical domain positioning is best exemplified by microvillus inclusion 
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Box2
Microvillus inclusion disease (MVID)

MVID is a rare enteropathy that is clinically characterized by severe diarrhea and 
nutrient malabsorption within days after birth (early onset; 95% of cases) or at 2 
months after birth (late onset) [60]. If left untreated, patients die as a result of de-
hydration. MVID prognosis depends on total parenteral nutrition (TPN) and intestine 
transplantation. Most patients die at young age because of TPN-related complica-
tions. Extraintestinal symptoms have also been reported [97]. MVID is associated 
with mutations in the MYO5B gene, encoding the actin-based motor protein myosin 
Vb [57, 58]. An atypical MVID variant has been associated with mutations in the STX3 
gene, encoding the apical membrane fusion protein syntaxin 3 [59]. To date, over 40 
different MYO5B mutations have been identified, which are predicted to yield no or 
functionally defective myosin Vb proteins (http://www.mvid-central-org) [97]. At the 
cellular level, intracellular accumulation of apical membrane proteins, microvillus 
atrophy, and intracytoplasmic microvilli-lined inclusions that contain apical but not 
basolateral proteins are observed in the enterocytes of all MYO5B mutation-carrying 
patients [60]. The percentage of enterocytes with microvillus inclusion varies con-
siderably between patients and with age, and can be very low. Cellular defects are 
predominantly found in the villus enterocytes and not in crypt enterocytes, which 
may reflect a differentiation-related defect. MVID patients carrying STX3 mutations 
do not develop microvillus inclusions [59]. Rab11a-positive recycling endosomes are 
mispositioned from a subapical distribution in normal enterocytes to a supranuclear 
position in MYO5B-associated MVID enterocytes [45, 58], but not in kidney epithelial 
cells [67] At the tissue level, normal-appearing crypts and atrophic intestinal villi are 
observed [45, 60]. Villus–villus fusion can also be observed [45], similarly to in ez-
rin- or crumbs3-depleted mouse intestines [98, 99]. MVID villus fusions are causally 
linked to loss of ezrin localization and phosphorylation at the lumen-facing surface 
of MVID intestinal epithelial cells (enterocytes) [45]. Notably, overall monolayer or-
ganization and columnar cell morphology are not affected, and there are no signs 
of increased intestinal cell apoptosis, proliferation, or inflammation in the MVID in-
testine. Deletion of the myosin V ortholog Hum-2 in C. elegans does not phenocopy 
MVID [52], and a Myo5B KO mouse has not been reported. However, several condi-
tional knockout (KO) mice develop hallmarks of MVID, including Rab8 KO [43], Ra-
b11a KO [42, 100], and Cdc42 KO mice [101, 102], which suggest a fundamental role 
of these recycling endosome-associated proteins in MVID pathogenesis [45, 58, 64].
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disease (MVID), which is associated with mutations in the genes encoding myo-
sin-Vb or syntaxin-3 [57, 58, 59] (Box 2). The most distinctive feature of MVID is 
the appearance of apical microvilli-lined vacuoles, termed microvillus inclusions, 
in the cytoplasm of villus enterocytes [60] (Box 2). Similar inclusions are observed 
in epithelial cancers, as well as in cultured epithelial cells that cannot assemble 
microtubules [61] or cannot establish cell–cell adhesion [62, 63]. These so-called 
vacuolar apical compartments (VACs), similarly to microvillus inclusions, contain 
apical proteins and microvilli and exclude basolateral proteins, and therefore rep-
resent bona fide apical membrane domains. The re-establishment of the microtu-
bule network or cell–cell adhesion triggers the exocytosis of the apical vacuoles to 
the lateral surface and the establishment of an intercellular lumen [61, 62]. It has 
been proposed, but not experimentally proven, that homotypic fusions of apical 
vesicles that accumulate in the cytoplasm may give rise to the apical vacuoles [61]. 
Microvillus inclusions in MVID enterocytes contain sorting nexin (SNX)18 [64] and 
are accessible to apically internalized tracers, indicating that these inclusions are 
closely related to the recycling endosome system. Importantly, MVID enterocytes 
are normally arranged in a cell monolayer with planar polarity, and distinguish 
a luminal and basolateral surface domain separated by the presence of tight junc-
tions. Although several apical proteins, as well as the basolateral transferrin re-
ceptor, are retained intracellularly [57], neither apical nor basolateral proteins are 
missorted to their corresponding alternative surfaces of MVID enterocytes [57, 65] 
(Figure 3). Therefore, MVID enterocytes are not defective in establishing apical–
basal membrane polarity per se, but instead lack the machinery that guides apical 
vesicles to the cell surface and, thereby, provide apical identity to the lumen-facing 
surface domain. Notably, not all enterocytes show microvillus inclusions, proba-
bly reflecting a varying balance between the time it takes to develop a microvillus 
inclusion, its possible degradation, and the relatively short lifespan (3 days) of 
enterocytes in vivo [66]. That crypt enterocytes and other epithelial cells such as 
kidney tubule epithelial cells [67] do not show the hallmarks of MVID may point 
to the existence of compensatory mechanisms, possibly involving myosin-Va ex-
pression [68]. Interestingly, some cell types, such as the C. elegans excretory cells 
[56, 69], endothelial cells [70], and cells in Drosophila tracheal termini [69], form 
intracytoplasmic apical lumens via intracellular vesicle fusion as a fundamental 
step in the development of seamless intracellular tubes and angiogenesis, respec-



tively. Little is known about the mechanisms via which the intracellular lumen is 
established in these cells. It would be of interest to examine whether these cells 
have developed adaptations of the machineries involved in cell–cell adhesion, cy-
toskeleton organization, and/or recycling endosome dynamics to position their 
AMIS and apical membrane domain in the intracellular space.

Figure 3. Epithelial cell polarity in intestinal epithelial cells under normal and microvillus 
inclusion disease (MVID) conditions. Normal cells develop an apical microvilli (MV)-rich 
surface facing the lumen, and a basolateral surface domain at the opposite side of the 
cell monolayer. MVID cells show atrophic microvilli and intracellular accumulation of 
apical vesicles (av) and, in some cells, microvillus inclusions (MI). In addition, some baso-
lateral proteins such as transferrin receptor (TfR) show intracellular accumulation. Note 
that MVID cells maintain a monolayer organization, with distinguishable basolateral and 
luminal membrane domains separated by tight junctions (TJ), and do not mix apical and 
basolateral proteins at their surface. Inserts illustrate the organization of the trafficking 
routes towards and from the apical/luminal surface domain, involving the Golgi appara-
tus, apical recycling endosome (ARE), common recycling endosome (CRE), apical early 
endosome (AEE), late endosome (LE), and lysosome (LYS). In MVID cells, functional 
mutations in the MYO5B gene encoding the Rab11a/Rab8-interacting myosin Vb protein 
(MyoVB) block trafficking towards the apical domain (illustrated by the ‘no entry’ traffic 
sign). This results in increased degradative trafficking and the accumulation of apical ves-
icles (av), but not basolateral vesicles (bv), which may give rise to a microvillus inclusion 
(MI; see text). Apical membranes are denoted by green lines; basolateral membranes 
are denoted by red lines.
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Cytokinesis specifies where the AMIS and apical lumen form

The AMIS provides a spatial landmark that pinpoints where the apical plasma 
membrane domain and lumen will form, but what defines where the AMIS forms? 
Recent work indicates that the site of cytokinesis (the final step in the process of 
cell division) can provide a spatial landmark for the de novo formation of the 
AMIS and apical lumen [5, 7, 10, 12, 40, 71]. In telophase, Rab11a-positive endo-
cytic carriers concentrate at the site of cytokinesis. Rab11a interacts with Rab11a 
family-interacting protein (FIP)5 which, in turn, interacts with the microtubule-as-
sociated kinesin-2 to direct apical endocytic carriers along the central spindle mi-
crotubules to the cleavage furrow during apical lumen initiation [71]. The fidelity 
of apical carrier trafficking to the midbody is controlled by the phosphorylation 
status of FIP5. Glycogen synthase kinase (GSK)-3β phosphorylates FIP5 during 
metaphase and anaphase. Phosphorylation of FIP5 blocks the formation of apical 
carriers by inhibiting the interaction between FIP5 and the sorting nexin (SNX)18, 
the latter being required for the generation of Rab11a-positive apical carriers from 
recycling endosomes [72]. During late telophase, FIP5 is dephosphorylated, and 
this allows the generation of apical carriers from recycling endosomes and trans-
portation along central spindle microtubules to the midbody site where the apical 
lumen forms [40]. Loss of Rab11a, FIP5, or kinesin-2 prevents the development of 
a solitary apical lumen and leads to cysts with multiple lumens [7, 71, 73]. Hepat-
ocyte cell lines show de novo lumen formation at the site of cytokinesis [10, 12]. 
The first sign of apical domain formation in these cells is the relocation of the 
polarity protein Par3 from the microtubule plus-ends of the mitotic spindle to the 
plasma membrane at the division site during the late-midbody stage [12]. Follow-
ing Par3, tight junction proteins, the exocyst complex, and apical resident proteins 
accumulate at the site of cytokinesis, whereas basolateral proteins are excluded 
[1]. An array of microtubules originating from nearby centrosomes is thought to 
facilitate exocyst-mediated apical exocytosis to drive apical lumen formation [12]. 
In MDCK cysts, Par3 is the earliest known AMIS marker, and its depletion leads to 
poor coordination of apical vesicle delivery to the lateral surface between neigh-
boring cells, eventually giving rise to multiple lumens [1]. The mispositioning of 
the midbody to the basal side in dividing follicular epithelial cells in D. mela-
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nogaster causes mispositioning of the apical interface between nascent daughter 
cells [74]. That phosphatidylinositol (4,5)-bis-phosphate, a key determinant of the 
apical surface [6, 75], is also enriched at the midbody [76] lends further support 
for the midbody acting as a potential latent apical domain. These data indicate 
that the formation of the midbody during cytokinesis is a symmetry-breaking 
event that acts by establishing AMIS localization, orientation of the apical–basal 
polarity axis, direction of apical vesicle trafficking, and, thereby, de novo forma-
tion of the apical lumen. However, it is important to note that cell division is not 
the only mechanism to position the de novo formed lumen [3, 77]. For instance, 
neighboring epithelial cells (e.g., MDCK or HepG2) can establish a lateral lumen 
when establishing cell–cell adhesion or undergoing shape changes without the 
need for prior cytokinesis. This is more likely to be the case during in vivo lumen 
formation, such as in mouse epiblast cells undergoing initial lumenogenesis [78]. 
Moreover, when epithelial MDCK cells are cultured under conditions that prevent 
cell–cell adhesion, VACs containing apical membrane components arise in the 
cytoplasm. When cell–cell adhesion is subsequently restored, the VACs rapidly 
translocate to the site of cell–cell adhesion where they fuse and establish a lateral 
lumen [62]. Thus, cell–cell adhesions, irrespective of prior cell division, provide 
instructive cues to guide apical trafficking and specify the position for the apical 
plasma membrane domain and lumen.

The orientation of cell division controls apical lumen position-
ing

In simple epithelial cells, the first cell divisions and ECM remodeling define the 
location of the AMIS and the apical plasma membrane domain. Next, tightly reg-
ulated orientation of the mitotic spindle and the positioning of the site of abscis-
sion during the subsequent cell divisions secure the apical domain at the center 
of the developing cell mass [5] (Figure 2, insert 4). During metaphase of a second 
or later division round, simple epithelial cells orientate their mitotic spindle per-
pendicular to the apical–basal axis and parallel to the basal lamina. This requires 
a protein complex consisting of Gαi, LGN (leu-gly-asn repeat protein, also known 
as GPSM2 – G protein signaling modulator 2), and NuMA (nuclear mitotic appa-
ratus protein) which, in a Par3/aPKC-dependent manner [79, 80], controls spin-



2

dle orientation by anchoring astral microtubules to the lateral cell cortex [79, 80]. 
During anaphase, when chromosomes move to opposite spindle poles, a cleavage 
furrow is formed, which ingresses in an asymmetric fashion from the basal sur-
face towards the apical surface [5]. Conceivably, the subapical position of the mid-
body and associated central spindle microtubules directs the trafficking of Rab11a/

Figure 4. The orientation of cell division controls apical lumen positioning. Simple 
epithelial cells orientate the mitotic spindle and cell division perpendicular to the apical 
basal axis, giving rise to symmetric cell division and generating daughter cells that both 
align their apical–basal axis towards to the central lumen. Perturbation to midbody posi-
tioning (I) or spindle orientation (II) gives rise to the formation of ectopic apical lumens. 
Hepatocytes orientate the mitotic spindle and cell division such that the apical lumen 
is asymmetrically segregated to one daughter cell. The nascent non-polarized daughter 
cell forms a new lumen de novo with other neighbor cells. Perturbation to this particular 
orientation of the mitotic spindle gives rise to symmetric cell divisions and promotes the 
development of a cyst-like lumen phenotype, often associated with liver disease. Spindle 
orientation is regulated in part by the polarized recruitment of Gαi, LGN, and NuMA to 
the cell cortex (Inserts 1 and 2). The polarized recruitment of Gαi, LGN, and NuMA in 
hepatocytes is controlled by Par1b, and knockdown of Par1b in hepatocytes alters the 
orientation of the mitotic spindle (Insert 3), cell division orientation, and morphogene-
sis (see text). Abbreviations: LGN, leu-gly-asn repeat protein, also known as GPSM2 (G 
protein signaling modulator 2; NuMA, nuclear mitotic apparatus protein.

33



34

Chapter 2

Rab8-positive apical endosomes and vesicles to this site, and secures the expansion 
of a single apical plasma membrane domain and lumen at the center of the cell 
mass [1]. Several proteins regulate mitotic spindle orientation in simple epithelial 
cells, including Cdc42, its guanine nucleotide exchange factors (GEFs), and its ef-
fectors [5, 32, 81]. Cdc42 depletion causes both apical membrane traffic defects and 
spindle misorientation, leading to disruption of cleavage furrow orientation and 
mislocalization of the midbody during cytokinesis. Presumably because the apical 
domain is established at the site of abscission, Cdc42 depletion results in multi-
ple non-centrally located apical lumens [5] (Figure 4). Similarly, perturbation of 
the polarity and trafficking machineries associated with Cdc42 [atypical (a)PKC, 
Par6B, Par3, IQGAP1, and AP1B] results in spindle orientation defects and causes 
the formation of multiple apical lumens [80, 82, 83]. The occurrence of multiple ec-
topic lumens has been observed in epithelial pre-invasive carcinomas (reviewed in 
[84]). Interestingly, hepatocytes, which are the main epithelial cells in the liver, de-
liberately form multiple apical lumens in the midst of their lateral domains to cre-
ate a tubular architecture that is unique among the class of non-stratified epithelial 
cells [48]. Microscopy studies of the development of this bile canalicular network 
in embryonic rat livers showed the formation of an increasing number of small 
isolated apical lumens between proliferating hepatocytes. Later, these lumens ex-
tend in length along the lateral surface, merge, and form a complex branching 
canalicular network [85]. In cultures of isolated hepatocytes, this remodeling of 
isolated apical lumens towards a canalicular network requires a bile acid-mod-
ulated signaling pathway which involves cAMP, exchange proteins activated by 
cAMP (Epac), protein kinase A (PKA), LKB1, and AMP-activated kinase (AMPK). 
This suggests that coordinating apical trafficking with increased mitochondrial 
bioenergetics and autophagy may provide the necessary metabolic resources for 
the polarization process [8, 13, 86, 87]. Hepatocytes develop multiple apical lu-
mens via the asymmetric segregation of their apical plasma membrane domains 
to the daughter cells during cell division [10, 88]. Thus, one daughter hepatocyte 
inherits the apical domain and lumen, whereas the other daughter cell becomes 
non-polarized. The non-polarized daughter cells form de novo apical lumens with 
the new neighbors at the site of cytokinesis or through aforementioned processes 
with a non-daughter neighbor cell [10] (Figure 4). The asymmetric segregation 
of the apical domain is dictated by a distinct, polarized recruitment of the Gαi–
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LGN–NuMA complex during mitosis, both in rat liver hepatocytes in vivo and in 
polarized HepG2 and WIF-B9 cells in culture [10]. Par1b controls this polarized re-
cruitment of Gαi–LGN–NuMA, LGN-mediated spindle orientation, and resultant 
asymmetric lumen inheritance in a RhoA/ROCKI- and myosin II-dependent man-
ner [10, 11]. Thus, overexpression of Par1b in MDCK cells leads to hepatocyte-like 
cell division orientations and lumen inheritance, whereas knockdown of Par1b or 
the expression of a dominant-negative mutant of Par1b in hepatic cells leads to 
symmetric cell divisions and the development of a simple epithelial polarity phe-
notype [10, 11]. Par1b exerts these effects, at least in part, by suppressing polarized 
laminin secretion and the development of a basal lamina [11]. Notably, hepato-
cytes in vivo do not attach to a basal lamina, but face a loosely organized ECM 
that consists mostly of fibronectin and collagens and is typically devoid of laminin 
[48]. Conceivably, hepatic Par1b activity orchestrates ECM composition, spindle 
orientation, and lumen inheritance in proliferating hepatocytes to avoid the de-
velopment of a solitary central lumen and cyst phenotype. Simultaneously, Par1b 
activity in this way promotes the formation and dissemination of multiple apical 
lumens in the proliferating fetal liver cell mass, and these may serve to facilitate 
the development of the typical branching network of canaliculi in the liver [8, 10].

Concluding remarks

Much of our current knowledge on apical–basal axis orientation and lumen po-
sitioning comes from a relatively small number of model systems, mainly (can-
cer) cell lines. Recent advances in embryo, stem cell, and organoid culture [34, 59, 
78, 89, 90] provide promising new models that are more representative of the in 
vivo situation, while still retaining the experimental versatility of in vitro culture. 
Although cell polarity remains largely unexplored in these cultures, it appears 
that the general principles of polarity reorientation observed in cell lines are re-
capitulated in some of these systems [34, 59, 78]. We also know little about the 
mechanisms that balance stochastic differences in individual cells with the need 
of an entire tissue [91]. Widely used techniques such as RNA interference, protein 
overexpression, and inhibitory small molecules are often examined for their ef-
fect on cell populations. Emerging methodologies such as optogenetics allow the 
coupling of light-sensitive probes to a regulatory protein of interest to tightly con-
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trol spatiotemporal activity in single cells at a subcellular location [92]. Such ap-
proaches may help to determine how changes in individual cells affect the polarity 
of a tissue. The identification of mutated genes in human monogenetic diseases 
associated with defects in apical–basal axis orientation [34, 57, 93] will be instru-
mental to further elucidate the molecular mechanisms controlling polarity axis 
orientation, and the in vivo pathological relevance of polarity axis misorientation. 
An outstanding question is whether and, if so, how directional cues for lumen 
positioning are used in a flexible manner to drive tissue morphogenesis. For ex-
ample, the asymmetric cell division displayed by hepatocytes has been proposed 
to allow the liver to be the most extensively networked organ in terms of luminal 
branching [10, 88]. Following liver damage, proliferating hepatocytes instead form 
acinar-type, cystic lumens in a transient manner [94]. In the case of persistent dam-
aging insults, such remodeling is permanent. This suggests that plasticity exists 
in the aforementioned mechanisms controlling lumen positioning during tissue 
development and/or tissue repair. Implementation of the technological advances 
described here above will boost the exploration of the molecular dynamics and 
(patho-)physiological relevance of apical–basal polarity orientation.
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Abstract
Congenital diarrheal disorders are rare, often fatal, diseases that are difficult to 
diagnose and that manifest in the first few weeks of life with chronic diarrhea 
and the malabsorption of nutrients. The etiology of congenital diarrheal disorders 
is diverse, but several are associated with defects in the intestinal epithelial cells 
called enterocytes. These particular congenital diarrheal disorders (CDDENT) in-
clude microvillus inclusion disease and congenital tufting enteropathy, and can 
feature in other diseases, such as haemophagocytic lymphohistiocytosis-type 5 
and trichohepatoenteric syndrome. Treatment options for most of these disorders 
are limited and an improved understanding of their molecular bases may help to 
drive the development of better therapies. Recently, mutations in genes involved 
in normal intestinal epithelial physiology have been associated with different CD-
DENT. Here, we review recent progress in understanding the cellular mechanisms 
of CDDENT. We highlight the potential of animal models, patient-specific stem cell-
based organoid cultures, as well as patient registries for integrating basic and clini-
cal research, with the aim of clarifying the pathogenesis of CDDENT and expediting 
novel therapeutic strategies. 
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Introduction

Congenital diarrheal disorders (CDDs) are a group of rare, inherited intestinal 
disorders that are characterized by persistent life-threatening intractable diarrhea 
and nutrient malabsorption, which emerge during the first weeks of life. The ae-
tiology of CDDs is diverse, including defects in enteroendocrine cells, dysregula-
tion of the intestinal immune response, or defects in the predominant cell type of 
the intestinal epithelium, the enterocyte (Canani et al., 2015). 

CDDs associated with enterocyte defects (abbreviated as CDDENT) include disor-
ders that can be treated with nutrition therapy. Other CDDENT require life-long to-
tal parenteral nutrition (TPN, see Box 1 for a glossary of clinical terms used in this 
article) to receive adequate nutrition, and are a leading indication for paediatric 
intestinal transplantations (Halac et al., 2011). Most CDDENT are difficult to diag-
nose, and clinical management is restricted to the treatment of symptoms; there is 
currently no cure. If left untreated, CDDENT are invariably fatal. 

The consanguinity of parents of affected children has recently led to the identi-
fication of genetic defects associated with CDDENT. Some mutations affect specif-
ic transporter proteins or enzymes with clinical consequences that are relatively 
straightforward, such as in patients with  congenital lactase deficiency or su-
crase-isomaltase deficiency caused by loss-of-function mutations in lactase (Beh-
rendt et al., 2009; Kuokkanen et al., 2006) and sucrase-isomaltase (Ritz et al., 2003), 
respectively. Other mutations, however, are in genes that have less well-under-
stood functions in intestinal epithelial physiology, such as in patients with mi-
crovillus inclusion disease (MVID), congenital tufting enteropathy (CTE), famil-
ial haemophagocytic lymphohistiocytosis-type 5 (FHL5) and trichohepatoenteric 
syndrome (THES) (Fabre et al., 2012; Hartley et al., 2010; Heinz-Erian et al., 2009; 
Müller et al., 2008; Sivagnanam et al., 2008; Szperl et al., 2011; Wiegerinck et al., 
2014; zur Stadt et al., 2009). Table 1 summarizes CDDENT-associated genes, the pro-
teins they encode and their function. Understanding the mechanisms by which 
these mutations lead to disease should pinpoint targets for improved diagnosis 
and therapeutic intervention.
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The identification of genetic mutations in patients with CDDENT has confirmed the 
autosomal recessive inheritance pattern of these diseases; thus, genetic counseling 
and prenatal diagnosis are important tools for homozygote carriers. Because the 
histological hallmarks that characterize some CDDENT can be very subtle and easily 
missed, the identification of genetic defects contributes to a better and faster differ-
ential diagnosis, which is currently offered by several medical centers worldwide.   

Here, we discuss the different CDDENT, recent discoveries concerning their under-
lying molecular and genetic mechanisms, and the model systems used in research-
ing these disorders. Further, basic research is urgently needed to improve the di-
agnosis and management of these devastating diseases, and for developing new 
therapeutic strategies to combat them. 

Enterocytes: a brief overview.
Enterocytes are the absorptive cells in the lining of the intestinal mucosa. Entero-
cytes originate from the intestinal stem cells that reside in the intestinal crypts 
(Sato et al., 2009), and differentiate and migrate within 3-4 days from the crypt to 
the villus tip where they are extruded into the gut lumen. Enterocytes are arranged 
as a monolayer of polarized epithelial cells (Figure 1) (Massey-Harroche, 2000). 
Their plasma membrane consists of a basal and lateral domain facing the under-
lying tissue and neighboring cells, respectively, and an apical domain facing the 
gut lumen. Densely packed microvilli, supported by an actin filament meshwork, 
protrude from the apical surface, resulting in a brush border appearance. Micro-
villi increase the absorptive surface area of the cells and release small vesicles that 
contribute to epithelial-microbial interactions (Crawley et al., 2014; Shifrin et al., 
2012). The plasma membrane domains are equipped with distinct enzymes and 
transporter proteins that control the metabolism, absorption and/or secretion of 
nutrients, metabolites, and electrolytes between the gut lumen, cell interior and 
body tissue. The polarized distribution of these proteins at the different plasma 
membrane domains is secured by their intracellular sorting and trafficking via 
the Golgi apparatus and endosomes (van der Wouden et al., 2003; Weisz and Ro-
driguez-Boulan, 2009). Tight junctions between the apical and lateral surface do-
mains provide tight intercellular adhesion which limits protein diffusion between 
apical and lateral plasma membrane domains, and controls the paracellular trans-
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Box1. Clinical Glossary
Chronic diarrhea: The passage of three or more loose or liquid stools per day 
for more than 2-4 weeks.

Intractable diarrhea: Treatment resistant, non-infectious diarrhea with high 
mortality, need for total parenteral nutrition. Intractable diarrhea of infancy 
is a heterogeneous syndrome with different etiology.

Total parenteral nutrition: Intravenous feeding that provides patients with all 
the fluid and the essential nutrients they need when they are unable to feed 
themselves by mouth.

Hypercalciuria: The presence of abnormally high levels of calci-
um in the urine; usually the result of 

excessive bone loss in hyperparathyroidism or osteoporosis.

Aminoaciduria: A disorder of protein metabolism in which exces-
sive amounts of amino acids are excreted in the urine.  

Trichothiodystrophy: An autosomal recessive inherited disorder character-
ized by brittle hair and intellectual impairment. 

Metabolic acidosis: A clinical disturbance characterized by an increase in 
plasma acidity.

Hepatomegaly: Enlargement of the liver

Siderosis: A form of pneumoconiosis due to the inhalation of iron particles.

Hypocholesterolemia:The presence of abnormally small amounts of choles-
terol in the circulating blood.

Hypobetalipoproteinemia: A hereditary disorder characterized by low levels 
of beta-lipoproteins and lipids and cholesterol

woolly hair: Unusually curled hair

punctate keratitis:  A condition characterized by a breakdown or damage of 
the epithelium of the cornea in a pinpoint pattern

atresia: The congenital absence, or the pathologicalclosure, of an open-
ing, passage, or cavity

bowel rest: the intentional restriction of oral nutrition

intrahepatic cholestasis:  Obstruction within the liver that causes bile salts, 
bile pigments and lipids to accumulate in the blood stream



port of electrolytes and water (Giepmans and van Ijzendoorn, 2009; Marchiando 
et al., 2010). Adherens junctions in the lateral domain mediate cell-cell adhesion 
strength (Giepmans and van Ijzendoorn, 2009). Enterocyte polarity and cell-cell 
adhesion junctions together provide the selectively permeable barrier function of 
the intestinal epithelial monolayer. 

Diverse molecular mechanisms of CDDENTunderlying clinical 
presentation and diagnosis
Based on recent molecular and cell biological studies, enterocyte defects that un-

Healthy Enterocytes

H/K ATPase

Figure 1. Schematic overview of tissue and cellular characteristics of the intestinal epithelium and 
enterocytes. In healthy enterocytes, the apical recycling endosome (ARE, green) is located sub-api-
cally, and is important for transporting apically residing proteins (depicted in red) to the apical mem-
brane, via not well understood mechanisms that involve the small GTPase Rab11a and its effector 
protein myosin Vb (see text). At the apical membrane, syntaxin3 (Stx3) and Munc18-2 are involved in 
the fusion of membrane bound vesicles (orange). Beta-catenin (b-cat) and EpCAM mediate cell-cell 
adhesion. Other organelles and common trafficking routes are shown in grey. (AEE: apical early en-
dosome; Aquaporin-7 (AQP7); BEE: basolateral early endosome; CRE: common recycling endosome; 
LE: Late endosome; Lys: Lysosome; NHE: sodium/hydrogen exchanger; NIS: Na/I symporter; TJ: tight 
junction). 

50



3

51

Enterocyte defects in congenital diarrheal disorders

derlie CDDENT can be divided into defects of (i) brush border-associated enzymes 
and transporter proteins; (ii) intracellular protein transport; (iii) intracellular lipid 
transport and metabolism, and (iv) intestinal barrier function (Table 1). 

Defects of brush border-associated enzymes and transporter proteins

The majority of CDDENT are caused by autosomal recessive mutations in genes 
that encode brush border-associated enzymes and transporter proteins (Canani 
et al., 2015) (Table 1). Depending on the type of mutation, these proteins are not 
expressed, not correctly transported to the brush border membrane, or display de-
fects in their activity, resulting in defective digestion, absorption and/or transport 
of nutrients, metabolites and/or electrolytes at the enterocyte brush border. Sub-
sequent changes in the concentration of osmotically active compounds in the gut 
lumen cause diarrhea. Prototypical examples of these CDDENT are glucose-galac-
tose malabsorption (caused by mutations in the Na(+)/glucose cotransporter gene 
SGLT1) (Martín et al., 1996), congenital lactase deficiency (mutations in the lactase 
gene LCT) (Kuokkanen et al., 2006), sucrase-isomaltase (SI) deficiency (caused by 
mutations in the SI gene) (Ritz et al., 2003), congenital chloride diarrhea (caused by 
mutations in the solute carrier family 26 member 3 gene SLC26A3) (Wedenoja et 
al., 2011), and several other CDDENT can be included in this category (Canani and 
Terrin, 2011) (Table 1). 

Patients with familial diarrhea syndrome have activating mutations in GLUCY2C, 
which encodes the guanylate cyclase 2C protein. Mutated guanylate cyclase 2C 
enhances cellular cGMP levels (Fiskerstrand et al., 2012). cGMP stimulates cystic 
fibrosis transmembrane conductance regulator (CFTR) activity in the brush bor-
der of enterocytes by stimulating its proper translocation, resulting in enhanced 
chloride and water secretion (Golin-Bisello et al., 2005). CDDENT associated with 
functional defects of brush border-associated enzymes and transporter proteins 
are typically not associated with abnormal enterocyte organization, as examined 
by histology. 
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Defects in intracellular protein transport

In other CDDENT, apical brush border-associated enzymes and transporter proteins 
are collectively mislocalized in the enterocytes, indicative of general defects in in-
tracellular protein transport. Examples of CDDENT characterized by this class of 
defect are described below. 

Microvillus inclusion disease 

Patients with microvillus inclusion disease (MVID) suffer from persistent diar-
rhea, nutrient malabsorption and failure to thrive (Cutz et al., 1989). In most cases 
(95%) symptoms develop within days after birth, but a late-onset variant, which 
manifests 2-3 months postnatally, has also been described (Cutz et al., 1989). Vari-
able extra-intestinal symptoms include intrahepatic cholestasis  and renal Fanconi 
syndrome (van der Velde et al., 2013) (see MVID case study, Box 2). Some MVID 
patients present less severe digestive symptoms for reasons that are not clear (Per-
ry et al., 2014).

MVID, which is diagnosed by intestinal biopsy, features villus atrophy, microvil-
lus atrophy and the redistribution of CD10 and periodic acid Schiff (PAS)-stained 
material from the brush border to intracellular sites (Phillips et al., 2000) in the 
enterocytes. Staining of the epithelial cell-cell adhesion protein EpCAM, aberrant 
in CTE, is normal (Martin et al., 2014). A definitive diagnosis is recommended 
prior to potential intestinal transplantation, and this includes analysis by electron 
microscopy (EM) for microvillus inclusions in the cytoplasm of enterocytes. The 
frequency of such inclusions can be very low and repeated rounds of EM anal-
yses can be required, although (semi-automated) EM may help to increase the 
efficiency of screening (de Boer et al., 2015). Immuno-based detection of villin, 
which marks microvillus inclusions, has been proposed to be a useful adjunct in 
MVID diagnosis (Shillingford et al., 2015). Notably, microvillus inclusions are also 
present in rectal biopsies, facilitating diagnosis if a duodenal biopsy is not feasible. 
Some patients with clinical symptoms typical of MVID show no microvillus inclu-
sions but do show the other enterocyte abnormalities, suggesting that MVID is a 
heterogeneous disease (Mierau et al., 2001). 
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MVID and variants of MVID are associated with MYO5B, STXBP2 and STX3 mu-
tations (Table 1) (Müller et al., 2008; Ruemmele et al., 2010; Stepensky et al., 2013; 
Szperl et al., 2011; Wiegerinck et al., 2014). Deletion of the Myo5B gene in mice 
causes the development of early-onset MVID (Cartón-García et al., 2015). MYO5B 
encodes the actin-based motor protein myosin Vb, which consists of an N-termi-
nal actin-binding motor domain and a C-terminal tail domain that includes the 
cargo-binding domain. Based on crystal structures of the myosin Vb protein, mu-
tations in MYO5B have been functionally categorized (van der Velde et al., 2013). 
The myosin Vb cargo-binding domain binds selectively to small Rab GTPases, in-
cluding Rab11a and Rab8a. Myosin Vb, Rab11a and Rab8a associate with apical 
recycling endosomes (ARE) in polarized epithelial cells where they control the 
activity of the small GTPase Cdc42 (Bryant et al., 2010), and both myosin Vb and 
Rab11a are mislocalized in MVID enterocytes (Figure 2) (Dhekne et al., 2014; Sz-

MVID

MIMI

atypical MVID & FHL5A B

Figure 2. Schematic overview of tissue and cellular defects associated with MVID and FHL5. A: In mi-
crovillus inclusion disease, villi are shortened and microvilli are shortened and fewer in number. The 
normally apically localized proteins, Ezrin, NHE3 and CD10 are mislocalized (arrows) in microvillus in-
clusions (MI) or in unknown intracellular compartments (grey, dotted lines). The ARE is localized near 
the nucleus instead of sub-apically. Loss of syntaxin 3 (as occurs in atypical MVID) or of munc18-2 (as 
occurs in FHL5) inhibits the fusion of vesicles with the apical membrane, resulting in the intracellular 
retention of apical proteins (currently this has only been shown for CD10). B: In FHL5, microvilli are 
shortened, while in atypical MVID, microvilli are both shortened and fewer in number. Additionally, 
the formation of microvillus inclusions and of lateral microvilli occurs in atypical MVID, but not in 
FHL5. (ARE: apical recycling endosome; β-cat: β-catenin; NHE: sodium/hydrogen exchanger; Stx3: 
syntaxin3; TJ: tight junction). 
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BOX 2. Case study: MVID presenting with renal Fanconi 
syndrome 
A boy born to unrelated parents, born at term by spontaneous vaginal de-
livery after an uncomplicated pregnancy, was hospitalized two months af-
ter birth because of dehydration, metabolic acidosis, feeding intolerance 
and intractable diarrhea. The diarrhea persisted during fasting and showed 
elevated stool sodium content consistent with secretory diarrhea. He was 
given total parenteral nutrition (TPN) via a central venous line. Exhaustive 
etiological investigations ruled out infectious or allergic etiologies. Duode-
num biopsies were taken and processed for light microscopy and EM-exam-
ination. A moderate degree of villus atrophy, and partial intracellular PAS 
and CD10 staining were observed. EM revealed moderate brush border at-
rophy but it took three rounds of examination before microvillus inclusions 
were found, and the diagnosis of MVID was accordingly made. The patient 
was discharged on home TPN. When hospitalized for the evaluation of 
growth failure, excessive urinary losses of phosphate were observed with-
out rapid catch-up of weight gain. Examination showed severely reduced 
tubular phosphate resorption, hypercalciuria, generalized aminoaciduria 
and severe rickets, which are characteristics of renal Fanconi syndrome. 
No disturbances in glomerular function were observed. Phosphorus in the 
parenteral nutrition was increased stepwise and treatment with oral phos-
phate was added. The parenteral and oral supplementation of phosphate 
resulted in a gradual increase in serum phosphate levels, a decrease of 
alkaline phosphatase, a normalization of the bone density, and resolution 
of his rickets. Also, catch-up growth was obtained. Laboratory results indi-
cated that the persistence of renal Fanconi syndrome gradually resolved 
after the patient received a multi-organ transplant (small intestine, large 
intestine, pancreas, and liver) at the age of 5 years, and enteral feeding was 
fully restored. Examination of kidney biopsies from this patient revealed 
no intracellular PAS staining in the proximal tubular epithelial cells, and at 
the ultrastructural level, proximal tubular epithelial cells showed a normal 
apical brush border. This patient illustrates the clinical complications and 
underscores the need for reliable genotype-phenotype correlations to un-
derstand the extra-intestinal clinical symptoms.
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perl et al., 2011). Accordingly, in addition to Myo5B knock-out (KO) mice (Cartón-
García et al., 2015), mice in which the intestinal Rab8a, Rab11a, or Cdc42 genes have 
been individually deleted also develop the cellular hallmarks of MVID (Melendez 
et al., 2013; Sakamori et al., 2012; Sato et al., 2007; Sobajima et al., 2014). However, 
diarrhea is not observed in Rab11a or Cdc42 KO mice, and Rab8a KO mice survive 
for approximately 5 weeks after birth, thus more closely resembling the phenotype 
of late-onset MVID. Mutagenesis of residues in myosin Vb that mediate this pro-
tein’s interaction with either Rab11a or Rab8a, and the subsequent introduction of 
these mutant forms into myosin Vb-silenced human Caco-2 cells (Caucasian colon 
adenocarcinoma), revealed that the uncoupling of myosin Vb from both Rab11a 
and Rab8a forms the basis of MVID pathogenesis (Knowles et al., 2014).

Rab11a- and Rab8a-positive ARE play a pivotal role in epithelial polarity de-
velopment (Bryant et al., 2010; Golachowska et al., 2010; Overeem et al., 2015; 
Wakabayashi et al., 2005). Rab11a-positive ARE localize in close proximity to 
the apical brush border surface in enterocytes and harbor signaling molecules, 
including: phosphoinositide-dependent protein kinase-1 (PDK1) (Dhekne et al., 
2014; Kravtsov et al., 2014); the PDK1 target, atypical protein kinase C-iota; and 
the ezrin-phosphorylating kinase, Mst4 (Dhekne et al., 2014). Myosin Vb is re-
quired for the polarized, sub-apical localization of Rab11a-positive ARE (Szperl et 
al., 2011), which, in turn, is required for efficient Mst4-mediated phosphorylation 
of ezrin and for ezrin-controlled microvilli development (Dhekne et al., 2014). My-
osin Vb-controlled ARE thus may function as a sub-apical signaling platform that 
regulates the absorptive surface area of enterocytes (Dhekne et al., 2014). Interest-
ingly, ezrin depletion in the mouse intestine leads to a disorganized sub-apical 
actin filament web and causes microvillus atrophy (Saotome et al., 2004), similar 
to that seen in MVID patients. The presence of ezrin at the intestinal brush border 
correlates with the expression and function of the Na(+)/H(+) hydrogen exchanger 
(NHE)-3, which regulates sodium absorption, and loss of Nhe-3 in mice leads to 
diarrhea (Ledoussal et al., 2001). MVID enterocytes show reduced NHE3 expres-
sion (Ameen and Salas, 2000) and MVID jejunal explants revealed they have a net 
secretory state (Rhoads et al., 1991).

The ectopic expression of the myosin Vb tail domain, which acts as a domi-
nant-negative mutant by competing with endogenous myosin Vb for the Rab pro-
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teins, can disrupt the delivery of proteins from Rab11a-positive ARE to the apical 
plasma membrane (Golachowska et al., 2010). The mechanism by which myosin 
Vb controls apical surface-directed transport of proteins from ARE is not fully un-
derstood. Interestingly, patients with mutations in either STX3 (Wiegerinck et al., 
2014) or STXBP2 /Munc18-2 (Stepensky et al., 2013) develop the clinical symptoms 
and cellular characteristics of MVID. The STX3 gene encodes the transmembrane 
protein syntaxin-3. In enterocytes, syntaxin-3 resides at the apical cell surface 
domain where it, in concert with SNAP23 and Munc18-2, mediates the fusion of 
transport vesicles with the apical plasma membrane (Riento et al., 2000). MVID-as-
sociated STX3 mutations cause the depletion of syntaxin-3 or the expression of a 
syntaxin-3 protein that lacks the transmembrane domain (Wiegerinck et al., 2014), 
disrupting its function. STXBP2 mutations abolish the interaction of Munc18-2 
with syntaxin proteins (zur Stadt et al., 2009). Interestingly, enterocytes of con-
ditional Rab11 KO mice show altered localization of syntaxin-3 (Knowles et al., 
2015). It is possible that myosin Vb mediates the apical trafficking of syntaxin-3 via 
ARE, and protein delivery to the apical cell surface. However, the effect of myosin 
Vb mutations on the apical membrane fusion machinery in MVID remains to be 
demonstrated. It should be noted that a homozygous mutation in STX3 was also 
reported in an individual with autosomal recessive congenital cataracts and intel-
lectual disability phenotype, without mention of intestinal symptoms (Chograni 
et al., 2015); thus, further investigation into genotype-phenotype correlation of the 
different STX3 mutations is warranted.

Taken together, the available data suggest that defects in ARE function result in 
brush border microvillus atrophy and in the intracellular retention of enzymes 
and transporters that are required for the absorption of nutrients and ions by vil-
lus enterocytes, leading to the clinical phenotype of malabsorption and diarrhea in 
MVID (Dhekne et al., 2014; Knowles et al., 2014) (Figure 2).  

Trichohepatoenteric syndrome 

Individuals with trichohepatoenteric syndrome (THES) present with intractable 
diarrhea in the first months of life accompanied by nutrient malabsorption and 
failure to thrive (Hartley et al., 2010). THES is associated with facial dysmorphism, 
hair abnormalities and, in some cases, skin abnormalities and immune disorders 
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(Goulet et al., 2008). Some THES patients display trichothiodystrophy, liver dis-
ease, hepatomegaly, and siderosis. Affected individuals are prone to infections, 
may fail to produce antibodies upon vaccination or present with low immuno-
globulin levels. Mild intellectual deficiency is a feature of ~50% of all cases. THES 
can present as very early-onset inflammatory bowel disease (Kammermeier et al., 
2014). It is diagnosed on the basis of its clinical features and via biopsies of the 
small intestine, which reveal villus atrophy, variable immune cell infiltration of 
the thin layer of loose connective tissue which lies beneath the epithelium (called 
the lamina propria), and no specific histological abnormalities of the epithelium.

THES is associated with TTC37 or SKIV2L mutations. TTC37 encodes the tetratrico-
peptide repeat protein 37. SKIV2L encodes SKI2 homolog, superkiller viralicidic 
activity 2-like protein, which may be involved in antiviral activity by blocking 

THES

Figure 3. Schematic overview of tissue and cellular defects associated with THES. In THES 
patients, villus or microvillus defects are not observed. Through an unknown mechanism 
(dashed arrow), defective TTC37 results in the intracellular localization of the normal-
ly apically localized  H(+)/K(+)-ATPase, the Na/I symporter (NIS), and the apical proteins 
NHE2and NHE3 (black arrow). It also results in the loss of certain apical proteins, such as 
Aquaporin-7 (AQP7). (NHE: sodium/hydrogen exchanger; TJ: tight junction).
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translation of poly(A) deficient mRNAs. In enterocytes with TTC37 mutations, the 
brush border-associated NHE2 and -3, Aquaporin-7, the Na(+)/I(-) symporter, and 
the H(+)/K(+)-ATPase show reduced expression or mislocalization to the apical cy-
toplasm, with different patterns of mislocalization relative to their normal pattern 
(Hartley et al., 2010). NHE2 and NHE3 play an important role in salt and water 
absorption from the intestinal tract, and loss of Nhe3 in the mouse intestine caus-
es mild diarrhea (Ledoussal et al., 2001). In THES enterocytes, the brush border 
appears normal at the ultra-structural level, as does the basolateral localization 
of Na(+)/K(+)-ATPase (Hartley et al., 2010). Loss of TTC37 results in the defec-
tive trafficking and/or decreased expression of apical transport proteins (Figure 3). 
The expression and distribution of apical transporters have not yet been analyzed 
for THES patients with SKIV2L mutations. The gene products of both TTC37 and 
SKIV2L are human homologues of components of the yeast Ski complex, which 
is involved in exosome-mediated degradation of aberrant mRNA and associates 
with transcriptionally active genes (Fabre et al., 2012). TTC37, but not SKIV2L, is 
highly co-expressed with two genes involved in apical trafficking (SCAMP1 and 
EXOC4; http://coxpresdb.jp/cgi-bin/coex_list.cgi?gene=9652&sp=Hsa2). Further 
studies are needed to elucidate potential relationships between TTC37/SKIV2L, 
the Ski complex, and the trafficking of apical transporter proteins. 

Interestingly, another tetratricopeptide repeat protein, TTC7A, is mutated in pa-
tients with multiple intestinal atresia (MIA). Stem cell-derived intestinal organoids 
from a MIA individual show enterocyte polarity defects that are rescued by phar-
macological inhibition of the small GTPase RhoA (Bigorgne et al., 2014; Overeem 
et al., 2015). Although MIA is not a CDD, these findings further accentuate the role 
of tetratricopeptide repeat proteins in functional enterocyte polarity and associat-
ed disorders. 

Defects in intracellular lipid transport and metabolism 

In addition to defects in the intracellular transport of proteins, defects in the intra-
cellular transport of lipids have been associated with congenital diarrheal disor-
ders. These are described below.  
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Chylomicron retention disease 

Individuals with chylomicron retention disease (CMRD) suffer from chronic diar-
rhea, severe lipid malabsorption, failure to thrive, and hypocholesterolemia as a 
result of by hypobetalipoproteinemia. Large lipid vacuoles and chylomicron-like 
particles retained within membrane-bound compartments, which may represent 
pre-chylomicron transport vesicles, are typically observed in the cytoplasm of 
CMRD enterocytes. Microvilli appear normal by EM examination (Mouzaki et al., 
2014).

CMRD is caused by mutations in SAR1B (Jones et al., 2003). The Sar1b protein is 
part of the Sar1-ADP-ribosylation factor family of small GTPases which triggers 
the formation of coat protein complex II (COPII)-coated transport vesicles from 
the endoplasmic reticulum. In CMRD, SAR1B mutations result in defective traf-
ficking of nascent chylomicrons in pre-chylomicron transport vesicles between the 
endoplasmic reticulum and the Golgi apparatus, thereby interfering with the suc-
cessful assembly of chylomicrons and their delivery to the lamina propria (Mans-
bach and Siddiqi, 2010) (Figure 4). It remains unclear how defective intracellular 
chylomicron trafficking results in intestinal lipid malabsorption and diarrhea. Sar1 
proteins are also involved in the trafficking of CFTR (Wang et al., 2004), which is a 
typical brush border protein in enterocytes. In the fruit fly Drosophila melanogaster, 
Sar1b is involved in the trafficking of Crumbs (Kumichel et al., 2015), a protein 
that controls apical-basal epithelial cell polarity also in the intestine (Whiteman et 
al., 2014). Whether SAR1B mutations in CMRD also affect the trafficking of apical 
brush border proteins in enterocytes and thereby contribute to impaired (lipid) 
absorption remains to be investigated.  

Familial hypobetalipoproteinemia and Abetaliproteinemia

Two other CDDENT have been associated with defects in intestinal fat absorption 
and chylomicron assembly. Familial hypobetalipoproteinemia (FHBL), the only 
CDDENT with dominant transmission, is associated with mutations in the APOB 
gene, encoding apolipoprotein B (Young et al., 1990), which together with tri-



glycerides and other lipids makes up the nascent chylomicron. Abetaliprotein-
emia is associated with mutations in the MTTP gene, which encodes microsomal 
triglyceride transfer protein MTTP. MTTP catalyzes the transfer of triglycerides to 
nascent ApoB particles in the endoplasmic reticulum. Abetaliproteinemia-associ-
ated mutations reduce MTTP activity, synthesis of very low density lipoproteins, 
and lipid absorption in the intestine. Two patients have been reported with con-
genital diarrhea associated with mutations in DGAT1, which encodes acyl CoA:-
diacylglycerol acyltransferase 1, an enzyme involved in triglyceride synthesis and 
highly expressed in the intestine (Haas et al., 2012). The mechanism via which 
DGAT1 mutations cause diarrhea is unclear, but is likely to involve the build-up of 
DGAT1 lipid substrates in the enterocytes or in the gut lumen (Haas et al., 2012). 

Lipid transport and metabolism

Figure 4. Schematic overview of the cellular processes involved in lipid transport and me-
tabolism in enterocytes. After uptake from the lumen, fatty acids and monoacylglycerol 
are transported to the ER (1). Here they are converted to triglycerides in several metabolic 
steps (not shown), of which the last step is dependent on DGAT1 (2). ApoB and MTTP act 
in concert to incorporate triglycerides into a chylomicron (yellow) (3). The newly formed 
chylomicron buds from the ER in a prechylomicron transport vesicle (4), which subse-
quently fuses with the Golgi, a process that is dependent on Sar1b (5). The chylomicron is 
then transported in a vesicle to the basal membrane, where it exits the cell (6). (FA: fatty 
acid; 2MG: sn-2-monoacylglycerol; CoA: coenzyme A; DG: diacylglycerol; TG: triglyceride; 
PCTV: prechylomicron transport vesicle; TJ: tight junction)
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Dgat1 KO mice do not develop diarrhea, which has been proposed to be due to 
compensatory Dgat2 expression in the mouse intestine (Buhman et al., 2002). The 
observation that the overexpression of Sar1B in human Caco-2 cells stimulated 
DGAT and MTTP activity (Levy et al., 2011), underscores that all currently known 
CDDENT that are associated with defective lipid absorption find their origin in de-
fects in the triglyceride-rich lipoprotein assembly pathway (Figure 4). 

Defects in intestinal barrier function

The barrier function is important for fluid homeostasis in the intestine and criti-
cally depends on cell-cell adhesions. Defects in the intestinal barrier function has 
been associated with at least one congenital diarrheal disorder.  

 

Congenital tufting enteropathy 

Congenital tufting enteropathy (CTE) is characterized by persistent diarrhea that 
presents immediately or shortly after birth, despite bowel rest and total parenteral 
nutrition (TPN) (Goulet et al., 2007). Some patients display a milder phenotype 
than others, and these can be sometimes be progressively weaned off TPN (Le-
male et al., 2011). A subset of CTE patients display a syndromic form of the dis-
ease (congenital sodium diarrhea; CSD) that includes dysmorphic features, woolly 
hair, punctate keratitis, atresias, reduced body size, and immune deficiency. Like 
THES, CTE can present as very early-onset inflammatory bowel disease (Kammer-
meier et al., 2014). 

Histological analysis reveals various degrees of villous atrophy, basement mem-
brane abnormalities, disorganization of enterocytes, and focal crowding at the 
villus tips, resembling tufts. There is no evidence for abnormalities in epithelial 
cell polarization; the enterocyte brush border appears normal, and the staining 
pattern of the brush border-associated metallopeptidase CD10 is normal (Martin 
et al., 2014), but expression of desmogleins, a family of cadherins, is enhanced 
(Goulet et al., 2007). The major diagnostic marker is the absence of the epithelial 
cell adhesion molecule (EpCAM) staining in CTE enterocytes (Martin et al., 2014). 
Furthermore, immune cell infiltration into the lamina propria is absent. In some 



cases however, increased numbers of inflammatory cells have been reported in the 
lamina propria, indicating that their presence does not preclude the diagnosis of 
CTE (Kammermeier et al., 2014). 

CTE is associated with EPCAM or SPINT2 mutations. EpCAM is a multifunctional 
transmembrane glycoprotein involved in cell-cell adhesion, proliferation and dif-
ferentiation (Schnell et al., 2013b). In individuals with CTE, EpCAM protein levels 
in the intestine are decreased (Sivagnanam et al., 2008) and all CTE-associated EP-
CAM  mutations lead to loss of cell-surface EpCAM (Schnell et al., 2013a), either 
because of impaired plasma membrane targeting or because of truncation of the 
protein that result in its secretion (Figure 5). Epcam KO mice and mice in which 
exon 4 of Epcam is deleted both develop CTE (Guerra et al., 2012; Kozan et al., 
2015). In the Epcam KO mouse intestine, E-cadherin and β-catenin, two adherens 
junction-associated proteins, are mislocalized, leading to disorganized transition 
from crypts to villi (Guerra et al., 2012). Mice with reduced EpCAM levels and 

CTE

Figure 5. Schematic overview of tissue and cellular defects associated with CTE. In CTE, 
villi are shortened and are disorganized, with focal crowding of enterocytes (tufts). Mutat-
ed Epcam is mislocalized intracellularly (black arrow), which results, through an unknown 
mechanism (dashed arrows), in the loss of tight junction (TJ) integrity and a concomitant 
increase in permeability (red arrows). (TJ: tight junction; β-cat: β-catenin).
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Caco-2 cells depleted of EpCAM show decreased expression of tight junction pro-
teins, increased permeability, and decreased ion transport (Kozan et al., 2015). Ep-
CAM interacts with the tight junction proteins Claudin-7 and Claudin-1 (reviewed 
in Schnell et al., 2013b). Conceivably, loss of EpCAM expression and/or function 
leads to the increased permeability of the intestinal barrier by disrupting tight 
junctions (Figure 3), resulting in diarrhea. 

The mechanism by which mutations in SPINT2 lead to CTE phenotypes, however, 
is not clear. SPINT2 encodes the transmembrane Kunitz-type 2 serine protease 
inhibitor. Spint2 KO mice are embryonically lethal due to developmental defects 
that are unrelated to the intestine (Szabo et al., 2009), and therefore unsuitable 
for studying the intestinal symptoms of CTE. Interestingly, two of the target en-
zymes of Spint2 are the serine protease matriptase and prostasin (Szabo et al., 
2009), which are primary effector proteases of tight junction assembly in intestinal 
epithelial cells (Buzza et al., 2010). The Y163C mutation in Spint2 results in a com-
plete loss of the ability of Spint2 to inhibit prostasin and another intestinal prote-
ase, the transmembrane protease, serine 13 (Tmprss13) (Faller et al., 2014). Further 
investigation is needed to determine the role of Spint2 and other proteases in the 
regulation of cell-cell junctions in the pathogenesis of CTE. 

The inhibition of trypsin-family serine peptidases, such as those encoded by 
SPINT2, abolishes the constitutive stimulation of apical Na(+) transport by the 
nonvoltage-gated sodium channel-1-alpha (Scnn1a) in polarized intestinal epithe-
lial cells (Planès and Caughey, 2007), which could contribute to secretory diarrhea. 
It is possible that such a mechanism lies at the basis of the syndromic form of 
congenital sodium diarrhea that is associated with SPINT2 mutations (Faller et al., 
2014; Heinz-Erian et al., 2009).

Publically available bioinformatics gene co-expression databases show that the 
EPCAM and SPINT2-coding genes are strongly co-expressed in humans (http://
coxpresdb.jp/cgi-bin/coex_list.cgi?gene=4072&sp=Hsa, and http://coxpresdb.jp/
cgi-bin/coex_list.cgi?gene=10653&sp=Hsa),  which suggests that they either share 
a transcriptional regulatory program, are functionally related, or are members of 
the same pathway or protein complex. Interestingly, ST14, the gene that encodes 
Matriptase, is strongly co-expressed with both EPCAM and SPINT2, further un-
derscoring the need to study its involvement in the pathogenesis of CTE. 
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Outlook and future perspectives
Establishing a molecular diagnosis for CDDENT is becoming feasible in most cases, 
and may influence clinical decision making. At the moment, the prognosis and 
survival of CDDENT patients depend on early TPN and successful bowel transplan-
tation, but survival is generally poor. A variety of extra-intestinal symptoms are as-
sociated with CDDENT. Of these, renal Fanconi syndrome in MVID disappears after 
bowel transplantation (Golachowska et al., 2012), whereas intrahepatic cholestasis 
in MVID is aggravated after bowel transplantation (Girard et al., 2014; Halac et al., 
2011). It remains unclear whether these symptoms are iatrogenic i.e. complications 
of treatment, and/or are linked to particular CDDENT-associated gene mutations or 
the genetic background of the patient. Prospective patient registries, animal mod-
els, and stem cell-based organoid technology combined with novel gene editing 
tools, such as CRISPR will address these current shortcomings in our knowledge, 
as discussed below. 

Patient registries and databases

Dedicated patient registries are crucial resources for correlating the genotype, 
phenotype, and clinical presentation of CDDENT patients. Thus far, only a regis-
try of patients with MVID and associated MYO5B mutations has been established 
(http://www.mvid-central.org) (van der Velde et al., 2013). Given that CDDENT pa-
tients display partially overlapping phenotypes, the expansion of such a database 
to include other CDDENT patients, including a prospective set-up that allows the 
course of disease to be recorded together with the influence of therapeutic inter-
ventions, is expected to improve disease diagnosis, prognosis, and counseling. 

Vertebrate and invertebrate model organisms for CCDENT

Intestinal epithelial cell lines cannot recapitulate all of the phenotypes associated 
with CDDENT, such as those related to the different states of proliferation and dif-
ferentiation in enterocytes as they migrate from the crypts to the villus tips in the 
intestine. This is important for understanding the cellular defects seen in MVID 
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and CTE, which are more pronounced in the villus than they are in the crypt re-
gion (Groisman et al., 1993; Phillips et al., 2000; Thoeni et al., 2014). Cell lines also 
do not form villi, precluding the study of villi defects, villus atrophy and villus 
tufts. Finally, studies in intestinal cell lines do not take into account effects beyond 
the intestine. 

Animal models offer a useful system for determining causal relationships between 
genes and CDDENT, for investigating disease pathogenesis, and for evaluating treat-
ment options preclinically. Knockout animals are useful for studying the function 
of the targeted gene and for modelling CDDENT patients with homozygous muta-
tions, and gene editing techniques such as CRISPR-Cas can be used to introduce 
patient-relevant homozygous and compound heterozygous missense mutations 
in both animal and cell line models. 

The potential use of model organisms other than mice for CDDENT research has 
not been fully explored. Intestinal brush border proteins are normally apically 
localized in invertebrate nematode Caenorhabditis elegans worms that lack Hum2, 
the orthologue of MYO5 (Winter et al., 2012). Conceivably, this reflects the distinct 
physiology and cellular architecture of the worm intestine. In developing larvae of 
the fly Drosophila melanogaster, myosin V deficiency interferes with apical protein 
secretion in the hindgut (Massarwa et al., 2009). This suggests a problem with 
apical protein delivery and warrants further research to examine the potential of 
myosin V-deficient flies as a model for CDDENT. Other CDDENT-associated genes 
have not yet been examined in worms or flies. 

The ability to perform high-throughput assays and intravital imaging in verte-
brate zebrafish (van Ham et al., 2014) make these animals a promising model for 
studying the effect of genetic manipulations and pharmacological treatment. In-
testinal anatomy and architecture in zebrafish closely resembles the anatomy and 
architecture of the mammalian small intestine (Yang et al., 2014) and have been 
used to study enteropathies such as congenital short bowel syndrome (Van Der 
Werf et al., 2012). It could therefore make a useful addition to current CDDENT 
models. Indeed, Sar1b-deficient zebrafish display phenotypes resembling chylo-
micron retention disease (Levic et al., 2015). The absence of the myosin V ortho-
logue in zebrafish results in an abnormal epidermal tissue structure. In the study 
reporting this mutant, inclusion bodies in the intestine are mentioned (Sonal et al., 
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2014). Epcam-deficient zebrafish have aberrant epidermal development; however, 
intestinal defects have not been reported (Slanchev et al., 2009). 

Stem cell-based organoids

Advances in stem cell technology provide new models for studying CDDENT. Gen-
erating three-dimensional cultures of stem cell-derived intestinal cells that resem-
ble to some extent the intestinal tissue (so-called organoids) enables disease mod-
eling that better resembles the in vivo situation while still retaining experimental 
versatility and the ability to genetically manipulate cells. Organoids allow for 
patient-specific personalized disease modeling. Promisingly, intestinal organoids 
generated from STX3 mutation-carrying MVID patients recapitulated most of the 
in vivo phenotypes (Wiegerinck et al., 2014). 

Intestinal organoids can be generated from adult stem cells and by differentiating 
induced pluripotent stem cells (iPSCs) into intestinal cell types (Forster et al., 2014; 
Sato et al., 2009; Spence et al., 2011). Although both adult and iPSC-derived intesti-
nal tissue structures are referred to as organoids, notable differences exist between 
the two. Organoids obtained from iPSCs, but not from adult stem cells, contain 
supporting mesenchymal cells. Moreover, iPSC-derived organoids are relatively 
immature with fetal-like characteristics, although transplantation of iPSC-derived 
immature organoids under the kidney capsule of mice results in the development 
of mature, engrafted intestinal tissue that develops villi and crypts (Watson et al., 
2014). From adult stem cells, only genomically engineered organoids that contain 
tumorigenic mutations have undergone successful engraftment under the mouse 
kidney capsule, suggesting that mesenchymal cells are required for organoid mat-
uration outside of the intestinal niche (Matano et al., 2015). However, adult stem 
cell-derived organoids have been reported to engraft in chemically-injured mouse 
colon, to contribute to tissue regeneration, and are indiscernible from host epithe-
lium (Yui et al., 2012).

These differences are important to consider when organoids are used to study CD-
DENT. The investigation of phenotypes that manifest at a multicellular level, such 
as the structural villi abnormalities in MVID and CTE, requires a model that forms 
villi and crypts. The maturity of organoids is also relevant as CDDENT phenotypes 
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do not always manifest immediately after birth (e.g., late-onset forms). A practical 
consideration is that adult stem cell-derived organoid culture requires invasive 
biopsies, whereas the somatic cells to generate iPSCs can be non-invasively ac-
quired.

Organoid technology uniquely allows the creation of patient-specific disease mod-
els. Despite harboring mutations in the same protein, many CDDENT patients of-
ten vary in the range and severity of their symptoms. This suggests that different 
mutations could have a varying effect on protein function, and thus on disease 
outcome. Other potential factors that could influence such variation are the ge-
netic background of a patient and any adverse effects of treatment. Organoids 
from patients with varying symptoms exclude confounding environmental fac-
tors and provide a model in which phenotypes are tissue autonomous and solely 
dependent on patient genotype. The use of gene editing tools, such as CRISPR, 
in organoid cultures could provide a valuable tool for making definitive geno-
type-phenotype correlations. Finally, organoids created from different organs of 
the same patient could provide additional insights into the genetic relationship of 
extra-intestinal symptoms associated with CCDENT.

Although diagnostic tools for CCDENT have improved over the last few years, a 
cure for CDDENT is desperately needed. Organoid transplantation/cell replacement 
strategies can lead to the restoration of the intestinal epithelium in mice (Yui et al., 
2012). This raises the exciting possibility of investigating whether CRISPR-based 
correction of mutations in patient stem cells and transplantation of genetically cor-
rected organoids could represent a regenerative medicine approach to cure CD-
DENT. 
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Abstract

Inherited MYO5B mutations have recently been associated with microvillus in-

clusion disease (MVID), an autosomal recessive syndrome characterized by in-

tractable, life-threatening, watery diarrhea appearing shortly after birth. Charac-

terization of the molecular mechanisms underlying this disease and development 

of novel therapeutic approaches is hampered by the lack of animal models. In this 

study we describe the phenotype of a novel mouse model with targeted inactiva-

tion of Myo5b. Myo5b knockout mice show perinatal mortality, diarrhea and the 

characteristic mislocalization of apical and basolateral plasma membrane markers 

in enterocytes. Moreover, in transmission electron preparations, we observed mi-

crovillus atrophy and the presence of microvillus inclusion bodies. Importantly, 

Myo5b knockout embryos at day 20 of gestation already display all these structural 

defects, indicating that they are tissue autonomous rather than secondary to envi-

ronmental cues, such as the long-term absence of nutrients in the intestine. Myo5b 

knockout mice closely resemble the phenotype of MVID patients and constitute a 

useful model to further investigate the underlying molecular mechanism of this 

disease and to preclinically assess the efficacy of novel therapeutic approaches.

Introduction

Microvillus inclusion disease (MVID) is an autosomal recessive syndrome affect-

ing the intestinal epithelium1,2. It was first described in 1978 and it is characterized 

by the onset of abundant neonatal watery diarrhea that most commonly starts 

within the first days of life, and can cause the loss of up to 30% of body weight 

within 24 h1,2. In some cases (<20%), MVID manifests at later times, within the first 

3–4 months of life.

The diagnosis of MVID is based on the detection of morphological abnormalities 

in the intestinal epithelium using a combination of light and electron microscopy. 

Histological examination of the small intestinal mucosa reveals a variable degree 
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of villus atrophy. In addition, there is a characteristic accumulation of periodic 

acid–Schiff (PAS)-positive cytoplasmic granules in intestinal epithelial cells3,4. 

Transmission electron microscopy (TEM) of intestinal epithelial biopsies is used 

to confirm the diagnosis. Ultrastructural defects in small intestinal enterocytes 

include the shortening of microvilli and the presence of distinctive cytoplasmic 

vacuoles lined by microvilli, known as microvillus inclusion bodies5.

Inactivating mutations in MYO5B have recently been associated with the major-

ity of cases of MVID6,7. MYO5B codes for the unconventional myosin Vb, an ac-

Figure 1. Immunostaining showing Myosin Vb levels in the small (A,B) and large (C,D) 
intestine of Myo5b wild type (A and C) and knockout (B and D) newborn mice. Scale bar: 
50 μm.



tin-based motor involved in plasma membrane recycling through its interactions 

with RAB GTPases8. The loss of a functional Myosin Vb protein results in pro-

found protein trafficking defects in enterocytes leading to the mistargeting of api-

Figure 2. Size (A) and weight (B) of E20 embryos by Myo5b genotype. The mean ± SEM 
is shown. N = number of animals per group. (C) Genotype of 99 mice born from crossing 
heterozygous male and female mice. (D) Percentage of these 99 mice that were alive 
12 h after birth. Size (E) and weight (F) of newborn mice by Myo5b genotype (mean ± 
SEM). Newborn wild type (G) and Myo5b knockout (H) mice showing the presence of the 
milk spot (white arrowhead), wrinkled skin (black arrowhead) and evidence of diarrhea 
(arrow). (I) Histogram showing average (±SEM) blood glucose levels in Myo5b wild type, 
heterozygous and newborn mice. *p < 0.05; ***p < 0.001 (Student’s T-test)
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cal and basolateral proteins9,10. These abnormalities in the structure of the apical 

brush border and the mislocalization of membrane proteins are likely responsible 

for the absorption defects and the watery diarrhea observed in these patients, but 

the detailed molecular mechanisms remain to be fully elucidated. Currently, the 

only treatment options available for this uniformly fatal disease are total parenter-

al nutrition and intestinal transplant11.

Here we describe the phenotype of the first animal model with targeted inactiva-

tion of Myo5b. Mice deficient for this myosin show perinatal mortality, watery di-

arrhea and the characteristic structural defects of patients with MVID. This study 

provides formal demonstration of MYO5B mutations as the cause of microvillus 

inclusion disease. Moreover, the availability of this mouse model will decisively 

contribute to shed new light on the underlying molecular mechanisms of this dis-

ease and the development and testing of new therapeutic approaches for MVID 

patients.

Results

Survival of Myo5b knockout mice

Homologous recombination was used to introduce a targeting cassette including 

the mouse En2 splice acceptor and the SV40 polyadenylation sequences after exon 

4 of Myo5b, which is predicted to generate a null allele through splicing to a lacZ 

“gene trap” element (Supplementary Figure 1)12. As expected, mice homozygous 

Figure 3. Periodic acid–Schiff (PAS) staining (A,B), alkaline phosphatase (ALP) stain-
ing (C,D; arrowheads indicate the subapical accumulation of ALP in Myo5b knockout 
mice), immunostaining of 5’-Nucleotidase (5’NT; E,F; arrowheads indicate the apical 
distribution of 5’NT in wild type mice), ezrin (G,H; arrowhead indicates an intracellular 
ezrin-coated vesicle in Myo5b knockout mice), transferrin receptor (TfR; I,J; arrowheads 
indicate the basal accumulation of TfR in Myo5b knockout mice), E-Cadherin (K,L), β-cat-
enin (M,N) and actin (O,P; arrowheads indicate intracellular actin-coated vesicles in My-
o5b knockout mice) in Myo5b wild type and knockout newborn mice. Scale bar: 25 μm.
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for the trapped allele showed no Myosin Vb expression in their intestine (hence-

forth referred to as Myo5b knockout mice; Fig. 1). Wild type, heterozygous or My-

o5b knockout embryos at day 20 of gestation (E20) showed no difference in their 

size or weight (Fig. 2A,B). Animals were born at Mendelian ratios (n = 99; Chi-

square test, p = 0.14; Fig. 2C), but Myo5b knockout mice invariably died within the 

first 12 h after being born (Fig. 2D). No differences were observed between wild 

type and knockout newborn mice in their body size (Fig. 2E) or the gross histolo-

gy of the gastrointestinal tract (Supplementary Figure 2) or other organs studied, 

including the lungs, liver, central nervous system, heart, pancreas and spleen. No 

cyanotic episodes or respiratory distress was observed in Myo5b knockout mice. 

However, newborn Myo5b knockout mice showed reduced bodyweight compared 

to wild type and heterozygous mice (Fig. 2F). Moreover, knockout mice showed 

signs of diarrhea and wrinkled skin, possibly due to dehydration (Fig. 2G,H). Al-

though newborn Myo5b knockout mice showed no suckling defects (presence of 

a milk spot; Fig. 2G,H), they had significantly reduced blood glucose levels com-

pared to wild type and heterozygous littermates (Fig. 2I). This is consistent with 

the watery diarrhea and absorption defects observed in patients with MVID1,2 and 

likely contributed to the death of the Myo5b knockout mice within hours of birth13.

Mislocalization of apical brush border proteins in the enterocytes of Myo5b 

knockout mice

At the ultrastructural level, the intestinal enterocytes of Myo5b knockout new-

born mice showed the characteristic cytoplasmic accumulation of periodic-acid 

Schiff (PAS) staining observed in MVID patients3,4 (Fig. 3A,B). Moreover, proteins 

normally expressed in the apical membrane of intestinal enterocytes such as al-

kaline phosphatase (ALP; Fig. 3C,D), 5’-Nucleotidase (5’NT; Fig. 3E,F) and ezrin 

(Fig. 3G,H) mislocalized to the basolateral membrane or the cytoplasm. Transfer-

rin receptor (TfR) accumulated in the basal cytoplasm of enterocytes from My-

o5b knockout mice (Fig. 3I,J), while other basolateral markers such as E-cadherin 



Figure 4. (A) TEM micrograph showing microvillus inclusion bodies in Myo5b knockout 
E20 embryos (scale bar 0.5 μm). (B) Apical microvilli of enterocytes in Myo5b wild type 
and knockout E20 embryos (scale bar 0.5 μm). MV: microvilli; White arrowheads: subap-
ical microvesicles; asterisk indicates a subapical region devoid of microvesicles. (C) Aver-
age (±SEM) length of microvilli projecting into the lumen and actin rootlets. (D) Number 
of microvilli observed per micrometer in transverse sections of the brush border. The 
normal junction between enterocytes in wild type Myo5b E20 embryos is shown in (E). 
Scale bar 1 μm. Microvilli-like structures could be observed in the lateral membrane of 
enterocytes in Myo5b knockout mice (F). Scale bar 1 μm. **p < 0.01 (Student’s T-test).
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(Fig. 3K,L) and β-catenin (Fig. 3M,N) were unaffected. Notably, in some epithelial cells of 

Myo5b knockout mice ezrin (Fig. 3G,H) and actin (Fig. 3O,P) were found in circular cyto-

plasmic structures, closely resembling microvillus inclusions. These findings are in good 

agreement with the protein sorting defects observed in the intestinal epithelium of patients 

with MVID3,6,14,15. Importantly, these structural defects were also observed in E20 embryos 

(Supplementary Figure 3A–L).

Figure 5. (A) Transmission electron microscopy pictures from a duodenum biopsy of a MVID 
patient carrying a homozygous MYO5B nonsense mutation (c.4366C > T, p.1456X). (B) Larger 
magnification of a region containing lateral microvilli-like structures (white arrowheads). (C) Detail 
of the apical region containing short/poorly packed microvilli (MV) and a subapical area devoid of 
microvesicles (asterisk).
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Ultrastructural defects in the brush border of the enterocytes of Myo5b knock-

out mice

Transmission electron microscopy (TEM) analysis of the intestinal epithelium re-

vealed the presence of microvillus inclusion bodies in the cytoplasm of absorptive 

cells from Myo5b knockout E20 embryos (Fig. 4A). In addition, the apical surface 

of the intestinal enterocytes showed widespread microvilli atrophy and reduced 

packing with areas with few/absent microvilli (Fig. 4B–D and Supplementary Fig-

ure 4) and presence of microvilli in the lateral plasma membrane (Fig. 4E,F). Vesi-

cles were frequently observed at the apical plasma membrane in Myo5b wild type 

mice but not in the Myo5b knockout animals, where a characteristic accumulation 

of vesicles could be observed underneath the terminal web (Fig. 4B and Supple-

mentary Figure 4). These ultrastructural abnormalities closely resemble the phe-

notype observed in the intestinal epithelium of patients with MVID (Fig. 5A–C)4,5.

Discussion

We describe here the phenotype of the first mouse model with targeted inactiva-

tion of Myo5b. Germline mutations in this gene are associated with microvillus in-

clusion disease (MVID)6, a congenital disorder of the intestinal epithelium causing 

persistent life-threatening watery diarrhea1,2. Myosin Vb is an actin-based molec-

ular motor with a key role in vesicle trafficking and plasma membrane recycling 

through its interaction with the small GTPases RAB11 and RAB8 8,9. It is not sur-

prising, therefore, that inactivation of either Rab11a or Rab8a in the mouse intestine 

resulted in nutrient malabsorption, intracellular accumulation of apical proteins in 

intestinal epithelial cells, shortening of microvilli and microvillus inclusion bod-

ies16,17. Interestingly, inactivation of the small GTPase Cdc42 also caused microvil-

li shortening and microvillus inclusions in intestinal epithelial cells18. However, 

diarrhea, one of the hallmarks of MVID patients, was not observed in Rab11 or 
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Cdc42 knockout mice17,18, and Rab8 knock out mice survived for approximately 

5 weeks after birth, more closely resembling the phenotype of late onset MVID. 

Importantly, no mutations in RAB8 or RAB11 GTPases have been identified in 

MYO5B mutation negative MVID patients19, suggesting that Myo5b deficient mice 

represent the optimal animal model for human microvillus inclusion disease.

Indeed, Myo5b knockout mice showed all the typical features observed in pa-

tients with early onset MVID, the most common form of this disease accounting 

for >80% of the cases4. Myo5b deficient mice showed no overt defects during em-

bryonic development, having normal size and weight. However, newborn Myo5b 

knockout mice showed watery diarrhea and died during the first 12 h of life, likely 

due to dehydration and/or reduced nutrient availability secondary to absorption 

defects, as exemplified by the low blood glucose levels observed, although the 

contribution of each of these symptoms to the death of Myo5b deficient mice can-

not be conclusively determined. The body weight reduction observed in Myo5b 

knockout mice (8% in approximately 6 h) is consistent with the fluid loss reported 

in early onset MVID patients (>30% of body weight in 24 h; i.e., 7.5% in 6 h)3. In 

previous studies, the perinatal mortality of Klf4 or Scd2 newborn knockout mice 

was attributed to a 5–10% reduction of body weight due to transepidermal water 

loss20,21. In humans, this rapid rate of dehydration would result in hypovolemic 

shock leading to death, as observed in Myo5b knockout mice. On the other hand, 

newborn mice have previously been shown to go through a transitory phase of 

severe hypoglycemia (about 10 mg/dL within 2 h of birth) until glucose levels are 

restored due to gluconeogenesis and eventually nutrient absorption of maternal 

milk13,22,23. Consistent with the phenotype observed in Myo5b knockout animals, 

the incapacity of newborn mice to overcome the postnatal hypoglycemia has been 

shown to be fatal within 18 h22. Moreover, although no reproducible defects have 

been reported in other organs of MVID patients and no histological abnormalities 

were observed in the Myo5b knockout mice, additional studies of the function of 

other organs and the possible contribution to the death of Myo5b deficient mice 

are warranted.
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Consistent with the changes observed in the intestinal epithelium of MVID pa-

tients1,2, important structural defects were observed in the enterocytes of Myo5b 

knockout newborn mice, including the mislocalization of apical and basolateral 

markers, microvillus atrophy and the presence of microvillus inclusion bodies. 

Collectively, this study provides formal demonstration of the inactivation of My-

o5b as the cause of microvillus inclusion disease. Moreover, these results indicate 

that the absence of a functional Myosin Vb protein, rather than the presence of 

pathogenic Myosin Vb mutations24, is responsible for the intestinal defects ob-

served in MVID patients. In addition, the presence of ultrastructural defects in the 

enterocytes of Myo5b-deficient E20 embryos indicates that this phenotype is tis-

sue-autonomous. However, the characteristic villus atrophy observed in patients 

with MVID was not observed in Myo5b knockout E20 embryos or newborn mice 

(Supplementary Figure 2E), suggesting that this phenotype is secondary to envi-

ronmental cues, such as the prolonged absence of nutrients in their gastrointesti-

nal tract25. The Myo5b knockout model described here will be instrumental for the 

characterization of the molecular mechanisms downstream of Myosin Vb respon-

sible for the phenotype observed in patients with MVID, and should significantly 

contribute to the identification of novel therapeutic approaches for these patients.

It has been reported that up to 75% of MVID patients die before 9 months of age4. 

Different pharmacological approaches have been used in an attempt to stop/re-

duce the severe diarrhea in these patients, but none of them has proven effective4. 

Patients are dependent on total parenteral nutrition, which over time often causes 

liver damage and sepsis. Small-bowel transplantation is the only option available 

to avoid parenteral nutrition and improve the quality of life and the long-term 

prognosis of these children11. However, intestinal transplantation is associated 

with high rates of rejection and/or mortality11, and additional therapeutic options 

are urgently needed for these patients. The Myo5b knockout model described here 

will constitute an ideal system to preclinically test the efficiency of possible new 

treatment options, including pharmacological or gene therapy using for example 

autologous reimplantation of intestinal epithelium grown ex vivo following resto-
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ration of functional Myosin Vb26.

In conclusion, we describe here the phenotype of Myo5b knockout mice, which 

closely phenocopies human early-onset microvillus inclusion disease. These ex-

periments confirm the important role of Myosin Vb in the formation of the apical 

brush border and the sorting of apical and basolateral proteins in intestinal ab-

sorptive cells, and formally demonstrate that the loss of a functional Myosin Vb 

protein is responsible for the phenotype observed in MVID patients. The availabil-

ity of this mouse model of MVID will not only contribute to the characterization 

of the molecular pathological mechanisms downstream of Myosin Vb leading to 

novel therapeutic approaches, but also provides an ideal system to preclinically 

test different treatment options.

Methods

Generation of Myo5b knockout mice

Myo5btm1a(KOMP)Wtsi targeted ES cells (C57BL/6N, agouti) were obtained from 

the KOMP repository at UC Davis12,27. After expansion, cells were injected into 

donor blastocysts and transplanted into pseudopregnant females. Chimeric male 

offspring were mated to C57BL/6N females to confirm germ line transmission. 

Animals were genotyped by PCR. The primers used were: Myo5b-F: 5’-CCA GTT 

CCT TGG GGA CAT AA-3’, loxP-F: 5’-GAG ATG GCG CAA CGC AAT TAA TG-

3’ and Myo5b-R: 5’-AGT GAT GCT GTC CTG AGT GTA CTG G-3’. The initial 

tm1a allele generates a null allele through splicing to a lacZ trapping element, 

including the mouse En2 splice acceptor and the SV40 polyadenylation sequences 

(Supplementary Figure 1). Heterozygous Myo5btm1a(KOMP)Wtsi mice were in-

tercrossed to obtain animals homozygous for the targeted Myo5b allele (knockout 

mice). All animal experiments were carried out according to procedures approved 

by the Ethics Committee for Animal Experimentation at Vall d´Hebron Research 

Institute.
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Transmission electron microscopy

Duodenal samples were collected from Myo5b wild type and Myo5b knockout 

E20 embryos (at least 3 animals per genotype). Samples were fixed with 2.5% glu-

taraldehyde and 2% paraformaldehyde and processed following standard proce-

dures. Ultra-thin sections were mounted on copper grids, contrasted with uranyle 

acetate/lead citrate double-staining, and observed in a Jeol JEM-1400 (Jeol LTD, 

Tokyo, Japan) transmission electron microscope equipped with a Gatan Ultrascan 

ES1000 CCD camera. The brush border architecture was evaluated on a minimum 

of 12 enterocytes per animal. Microvilli length (actin rootlet and actin core bun-

dles) and microvilli density (microvilli/μm) were measured using ImageJ software. 

Duodenum biopsy sample from a MVID patient carrying a homozygous MYO5B 

nonsense mutation (c.4366C > T, p.1456X) was obtained after removal of the dis-

eased intestine during the transplantation procedure10. The sample was fixed in 

2% glutaraldehyde in phosphate buffer, rinsed in 6.8% sucrose in phosphate buff-

er, and postfixed in a solution of 1% osmium tetroxide in 0.1 mol/L sodium caco-

dylate buffer containing 11.2% potassium ferrocyanide. Samples were dehydrated 

with ethanol and processed according to standard procedures upon embedding. 

Ultra-thin sections were mounted on copper grids and contrasted with uranyle 

acetate and lead citrate double-staining.

Histology and immunohistochemistry

Myo5b wild type and knockout embryos were obtained at day 20 of gestation 

(E20) and sacrificed by decapitation on ice-cold PBS. Newborns were collected 

within 6 hours of birth, and sacrificed by decapitation. Both embryos and newborn 

mice were weighted and measured using a caliper. Blood samples were obtained 

from tail clips of newborn mice. Glucose levels were measured with a Glucocard 

G+ meter (Menarini diagnostics, Barcelona). The small and large intestine were 

dissected from embryos or newborn mice, their length measured and then fixed 

overnight with 4% formalin, dehydrated by serial immersion in 50%, 70%, 96%, 
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100% ethanol and xylene and embedded in paraffin. In parallel, formalin-fixed 

duodenal samples obtained from newborns were cryoprotected in 15% sucrose in 

PBS overnight, then 30% sucrose overnight. Samples were then immersed in OCT 

(VWR) and frozen on dry-ice for cryosectioning.

For MYO5B, E-cadherin and β-catenin immunostaining, the NovoLink polymer 

detection system (Novocastra Laboratories) was used. Inmunostaining was carried 

out in 3 μm tissue sections, after deparaffination and antigen retrieval with 10 mM 

citrate buffer pH 6.0 in a pressure cooker for 4 min. The antibodies used were: 

anti-MYO5B (Atlas antibodies HPA040902; 1:800); anti-E-cadherin (BD Bioscience 

cat# 610181; 1:100) and β-catenin (BD Bioscience cat# 610154; 1:100). For Ezrin and 

Transferrin receptor inmunostaining, epitopes were retrieved at 100 °C for 20 min-

utes in 10 mM citric acid, 0.05% Tween 20 pH6.0. For 5’-nucleotidase, epitopes 

were retrieved with 10 mM Tris Base, 1 mM EDTA Solution, 0.05% Tween 20, pH 

9.0. Non-specific binding sites were blocked with 5% FCS and 1% BSA in PBS over-

night. Primary antibodies were diluted in blocking solution with 0.05% Tween 20 

at 37 °C for 2 hours followed by 1 hour incubation with Alexa-Fluor-488-conjugat-

ed (Ezrin and 5’-nucleotidase) or Alexa-Fluor-543-conjugated secondary antibody 

(Transferrin receptor). Primary antibodies used were: anti-Ezrin (Tebu Bio, 1:100), 

anti-Transferrin receptor (Invitrogen, 1:100), anti-5’-nucleotidase (Abgent, 1:50). 

Nuclei were stained with DAPI and slides were mounted with DAKO mount-

ing medium. For alkaline phosphatase activity detection, slides were incubated 

with staining solution for a maximum of 1 h at 37 °C. Then, counterstained with 

hematoxylin and washed with distilled water before mounting. Staining solution 

contains 0.4 mg/mL 5-Bromo-4-chloro-3-indolyl phosphate p-toluidine (Sigma), 

0.5 mg/mL of nitro blue tetrazolium (Sigma), 100 mM MgCl2 (Sigma), 2 mM Le-

vamisole hydrochloride (Santa cruz Biotechnology), 5 mM Sodium azide (Sigma) 

and 0.15 mM of 1-methoxy-5-methylphenazinium methyl sulphate in 100 mM Tris 

pH 9.5 (Sigma). Periodic acid-Schiff staining was performed after deparaffination. 

Briefly, the slides were immersed in 0.5% periodic acid solution (Sigma) for 5 min, 

washed in distilled water and placed in Schiff reagent (Sigma) for 15 min. Then 
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counterstain with hematoxylin and mounted. For F-Actin staining, 10 μm thick 

duodenal cryosections were stained with rhodamine phalloidin (Cytoeskeleton), 

nuclei were counterstained with DAPI and slides were mounted with Prolong an-

tifade reagent (Invitrogen). Fluorescence microscopy pictures were taken with a 

confocal microscope (FV1000 Olympus).
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Abstract

Microvillus inclusion disease (MVID) is a rare but fatal autosomal recessive con-
genital diarrheal disorder caused by MYO5B mutations. In 2013, we launched 
an open-access registry for MVID patients and their MYO5B mutations (www.
mvid-central.org). Since then, additional unique MYO5B mutations have been 
identified in MVID patients, but also in non-MVID patients. Animal models have 
been generated that formally prove the causality between MYO5B and MVID. 
Importantly, mutations in two other genes, STXBP2 and STX3, have since been 
associated with variants of MVID, shedding new light on the pathogenesis of this 
congenital diarrheal disorder. Here, we review these additional genes and their 
mutations. Furthermore, we discuss recent data from cell studies that indicate that 
the three genes are functionally linked and, therefore, may constitute a common 
disease mechanism that unifies a subset of phenotypically linked congenital diar-
rheal disorders. We present new data based on patient material to support this. 
To congregate existing and future information on MVID geno-/phenotypes, we 
have updated and expanded the MVID registry to include all currently known 
MVID-associated gene mutations, their demonstrated or predicted functional con-
sequences, and associated clinical information
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1. Microvillus inclusion disease: an expanding spectrum of 
genes and phenotypes

In 1978, Davidson and coworkers reported five infants that presented with an ap-
parent congenital enteropathy characterized by persistent diarrhea from birth, the 
inability to absorb nutrients, failure to thrive, and leading to death (Davidson, 
Cutz, Hamilton, & Gall, 1978). At the cellular level, atrophy of the apical brush 
border membrane of the enterocytes, intracellular accumulation of brush border 
enzymes, and occasional microvilli-lined inclusion bodies named microvillus in-
clusions were identified as characteristic features for this disease (Cutz et al., 1989; 
Davidson et al., 1978). This congenital enteropathy has been called Davidson Dis-
ease, intractable diarrhea of infancy, congenital familial protracted diarrhea with 
enterocyte brush border defects, congenital microvillus atrophy, or microvillus in-
clusion disease (MVID) (Cutz et al., 1989), and is listed in Online Mendelian Inher-
itance in Man (OMIM) as Diarrhea 2, with microvillus atrophy (DIAR2; #251850). 
To date, MVID is the most frequently used name for this disease in the scientific 
literature (source: Web of science).

The diagnosis of MVID is based on microscopical biopsy evaluation, and includes 
the detection of Periodic acid-Shiff (PAS) staining in the apical cytoplasm, immu-
nohistochemical detection of the brush border metallopeptidase CD10 in the api-
cal cytoplasm, and the detection of microvillus inclusions in the enterocytes with 
electron microscopy. A focal appearance of MVID-typical enterocyte defects has 
been reported, which seems associated with a late-onset or milder clinical course 
of the disease (Perry et al., 2014). Notably, phenotypic variations have been report-
ed in patients with clinical presentations that are entirely typical for MVID. These 
include for example microvilli at the lateral surface of MVID enterocytes (Croft et 
al., 2000; Morroni, Cangiotti, Guarino, & Cinti, 2006; Phillips & Schmitz, 1992; Wie-
gerinck et al., 2014) or aggregates of electron-lucent membranous vesicles (Weeks, 
Zuppan, Malott, & Mierau, 2003). In some cases, microvillus inclusions could not 
be detected (Iancu, Mahajnah, Manov, & Shaoul, 2007; Mierau, Wills, Wyatt-Ash-
mead, Hoffenberg, & Cutz, 2001) or only small ones could be detected after several 
attempts (Weeks et al., 2003). These phenotypic variations have led to suggest that 
MVID represents a heterogeneous disease (Iancu et al., 2007; Mierau et al., 2001; 
Weeks et al., 2003).

In 2008, mutations in the MYO5B gene (chromosome 18q21.1; MIM# 606540) were 
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identified in MVID patients (Erickson, Larson-Thomé, Valenzuela, Whitaker, & 
Shub, 2008; Müller et al., 2008), and confirmed MVID as an autosomal recessive 
disease. MYO5B encodes the myosin Vb protein, which belongs to the large my-
osin family of actin-based molecular motor proteins and controls intracellular 
trafficking. RNAi-mediated knockdown of myosin Vb in an intestinal cell line 
reproduced several of the disease phenotypes, supporting the causality between 
MYO5B and MVID (Ruemmele et al., 2010). Between 2008 and 2013, a total of 41 
unique MYO5B mutations were identified, which were systematically analyzed, 
categorized, and collected in an online registry for MVID patients (van der Vel-
de et al., 2013) (www.mvid-central.org). Since then, more unique homozygous 
and compound heterozygous MYO5B mutations have been identified in MVID 
patients. Furthermore, animal models for MVID have been developed, formally 
proving the connection between MYO5B and MVID. Notably, in some MVID pa-
tients, no MYO5B mutations, or only one heterozygous MYO5B mutation was de-
tected (Müller et al., 2008; Perry et al., 2014; Szperl et al., 2011), and the possibility 
that other genes are involved was suggested.

Recently, mutations in two other genes have been associated with variant forms 
of MVID: STX3 (chromosome 11q12.1; MIM# 600876) (Wiegerinck et al., 2014) and 
STXBP2 (chromosome 19p13.2; MIM# 601717) (Stepensky et al., 2013; Vogel et al., 
2017). STX3 encodes the syntaxin-3 protein, which is a member of the Qa-SNARE 
protein family that contributes a glutamine (Q) residue for the formation of the 
assembled core SNARE complex. STXBP2 encodes the syntaxin-binding protein-2 
also called the mammalian uncoupled munc18-2 protein, which belongs to the 
sec1/munc18-like protein family. Both syntaxin-3 and munc18-2 play a role in 
membrane fusion. STX3 mutations were identified by whole exome sequencing 
in two patients diagnosed with MVID based on clinical symptoms but without 
MYO5B mutations (Wiegerinck et al., 2014). Immunohistochemical analyses of 
intestinal biopsies revealed intra-cytoplasmic PAS staining, variable microvillus 
atrophy, microvillus inclusions and, unlike “classical” MVID, the appearance of 
microvilli at the basolateral plasma membrane (Wiegerinck et al., 2014). STXBP2 
mutations were identified in patients with familial hemophagocytic lymphohistio-
cytosis type 5 (FHL5, OMIM 613101). Although FHL5 is primarily regarded as a 
hyper-inflammatory immune disorder, ~40% of FHL5 patients show severe chron-
ic diarrhea starting shortly after birth without signs of infection and often preced-
ing the diagnosis of FHL5. Most of these patients require long-term total parenter-
al nutrition (TPN) for survival. Therapies targeted against FHL5 failed to resolve 
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the diarrhea which persisted even after full hematopoietic stem cell transplanta-
tion (Pagel et al., 2012), indicating that the intestinal symptoms are independent of 
immune cell defects. Immunohistochemical analyses of intestinal biopsies of these 
patients revealed the intracellular retention of apical brush border proteins such 
as CD10 and PAS-positive material, variable microvillus atrophy and microvillus 
inclusions (Stepensky et al., 2013; Vogel et al., 2017). Thus, these patients show all 
intestine-related clinical and cellular hallmarks of MVID (Stepensky et al., 2013; 
Vogel et al., 2017).

2. MVID-associated genes are functionally linked

The striking overlap in intestinal symptoms and cellular phenotypes between pa-
tients carrying either MYO5B, STX3, or STXBP2 mutations and the previously re-
ported roles of their encoded proteins in apical membrane trafficking in epithelial 
cells led to suggest that these three genes and their encoded proteins represent a 
common disease mechanism that unifies a subset of phenotypically linked congen-
ital diarrheal disorders (Posovszky, 2016; Stepensky et al., 2013; Vogel et al., 2017; 
Wiegerinck et al., 2014). MYO5B, STX3, and STXBP2 regulate protein trafficking 
to the apical brush border. Myosin Vb is an actin-based molecular motor protein 
that controls the trafficking of endosomes/transport vesicles to the apical brush 
border. Syntaxin-3 and munc18-2 are part of a protein complex that controls the 
membrane fusion of transport vesicles with the apical brush border. Indeed, the 
trafficking of proteins to the apical brush border membrane of intestinal epithelial 
Caco-2 cells is inhibited upon loss-of-function of either myosin Vb (Knowles et al., 
2014; Kravtsov et al., 2014, 2016; Ruemmele et al., 2010; Vogel et al., 2015), syn-
taxin-3 (Breuza, Fransen, & Le Bivic, 2000; Collaco, Marathe, Kohnke, Kravstov, 
& Ameen, 2010; Riento, Kauppi, Keranen, & Olkkonen, 2000; Vogel et al., 2015; 
Wiegerinck et al., 2014), or munc18-2 (Riento et al., 2000; Vogel et al., 2015, 2017). 
Also, apical microvillus atrophy was observed in Caco-2 cells upon loss-of-func-
tion of either myosin Vb (Dhekne et al., 2014; Knowles et al., 2014; Ruemmele et al., 
2010; Vogel et al., 2015) or syntaxin-3 (Vogel et al., 2015; Wiegerinck et al., 2014). 
Further, loss of myosin Vb function in enterocytes of MVID patients with MYO5B 
mutations (Dhekne et al., 2014; Szperl et al., 2011) and in enterocytes of Myo5B 
knockout mice (Weis et al., 2016) resulted in the mislocalization of the myosin 
Vb-binding protein rab11a (Szperl et al., 2011), and the loss of either myosin Vb or 
rab11a in murine enterocytes caused the mislocalization of syntaxin-3 (Knowles et 
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al., 2015; Weis et al., 2016). Moreover, myosin Vb—when bound to rab11a—was 
found to interact with syntaxin-3 in intestinal epithelial cells, and the knockdown 
of myosin Vb protein expression resulted in a strongly reduced interaction be-
tween syntaxin-3 and munc18-2 (Vogel et al., 2015).

To provide further support that myosin Vb, syntaxin-3 and munc18-2 are also 
linked in patient tissue, we have analyzed the subcellular distribution of syntax-
in-3 and munc18-2 in enterocytes of intestinal biopsies from patients with MYO5B 
or STXBP2 mutations. We found that munc18-2 and syntaxin-3 (and two addi-
tional members of the apical membrane fusion machinery, SNAP23 and cellubre-
vin; Galli, Brenna, Camilli de, & Meldolesi, 1976; Low et al., 1998; Riento et al., 
2000)) all localized to the apical brush border plasma membrane in control en-
terocytes, but accumulated in intracellular puncta in the enterocytes of two MVID 
patients (Szperl et al., 2011), one with a homozygous c.4366C > T (p.Gln1456*) 
MYO5B mutation (Figure 1A–D) and one with compound heterozygous c.1540T 
> C (p.Cys514Arg) and IVS33+3753G > T MYO5B mutations (Supp. Figure S1A). 
Furthermore, in a biopsy of an FLH5 patient with a variant MVID phenotype and 
a homozygous c.693_695delGAT (p.Ile232del) mutation in STXBP2 (Stepensky et 
al., 2013), we found that syntaxin-3 was mislocalized from the enterocyte brush 
border membrane to intracellular puncta (Figure 1E). This is in agreement with 
a previous study that demonstrated a function for munc18-2 in the subcellular 
distribution of syntaxin-3 in a different cell type (Hackmann et al., 2013). Investi-
gation of the subcellular distribution of myosin Vb was precluded by the lack of 
good quality antibodies for use on paraffin-embedded material.

Together, the published in vitro data and the patient-based data as shown in this 
study provide compelling evidence that myosin Vb, syntaxin-3, and munc18-2 are 
functionally linked in human enterocytes, and likely comprise a common molec-
ular pathway and disease mechanism that unifies a subgroup of congenital diar-
rheal disorders centered around MVID (Overeem, Bryant, & van IJzendoorn, 2015; 
Posovszky, 2016; Vogel et al., 2017).

Although most of the cell line-based studies involve the general knockdown of 
myosin Vb, syntaxin-3, or munc18-2, patients typically carry one or more of spe-
cific MYO5B, STX3, or STXBP2 mutations (van der Velde et al., 2013). These mu-
tations are likely to result in the expression of mutated proteins, however direct 
experimental evidence of the mutations functional consequence is missing. Such 
data are eagerly awaited in order to understand and describe how the phenotype, 
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Figure 1
The apical SNARE machinery in duodenal enterocytes of patients with MYO5B or STXBP2 
mutations. A: Labeling of munc18-2 (green) and nuclei (blue) in control (1) and MVID (2) 
enterocytes. B: Labeling of syntaxin-3 (green) and nuclei (blue) in control (1) and MVID 
(2) enterocytes. C: Labeling of SNAP23 (green) and DNA (blue) in control (1) and MVID (2) 
enterocytes. D: Labeling of cellubrevin (green) and DNA (blue) in control (1) and MVID (2) 
enterocytes. E: Labeling of syntaxin-3 (green) and DNA (blue) in control (1) and FHL5 (2) 
enterocytes. Asterisks indicate position of the lumen. Arrows in A2, B2, and C2 point to 
globular structures in the apical cytoplasm

impact, or onset of the disease might differ depending on the mutations. This is further em-
phasized by the fact that MYO5B, STX3, and STXBP2 mutations have also been identified 
in patients without intestinal symptoms (Chograni et al., 2015; Gonzales et al., 2017; Pagel 
et al., 2012; Qiu et al., 2017) (see below). Therefore, it is important to understand how the 
different MYO5B, STX3, and STXBP2 mutations and the affected residues may impact the 
function of the encoded proteins.
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3. MYO5B gene mutations

In 2013, we reviewed and categorized 41 reported MVID-associated MYO5B mu-
tations (van der Velde et al., 2013). Here we have retrieved from the literature all 
additional MVID patients reported between 2013 and 2017. Throughout this arti-
cle, we have used the DNA and protein variant numbering system following the 
guidelines of the journal and Human Genome Variation Society (HGVS). Twen-
ty of these additional patients were demonstrated to carry one or more MYO5B 
mutations, expanding the number of unique MVID-associated MYO5B mutations 
to 62 (Figure 2A and B and Supp. Table S1A). Myosin Vb generates force via its 
motor domain upon conformational rearrangements driven by F-actin binding 
coordinated with ATP hydrolysis. The motor domain is composed of four main 
subdomains: the N-terminal, upper 50 kDa (U50), lower 50 kDa (L50) subdomains, 
and the converter (Figure 2A and C). The myosin V elongated lever arm (which 
contains the converter and the 6 IQ-motifs bound to 6 light chains), swings and 
produces large displacements by amplifying small movements within the cata-
lytic motor domain during the chemo-mechanical acto-myosin cycle (Houdusse 
& Sweeney, 2016). Finally, the myosin V C-terminal tail binds several partners/
cargoes and is composed of a long coiled-coil region allowing motor dimerization 
and a terminal globular tail domain (Trybus, 2008). The localization of the conse-
quential amino acid substitutions in a homology model of the 3D structure of the 
myosin Vb motor domain (Figure 2C) is depicted in Figure 2D. For MYO5B muta-
tion analyses, reference sequence NM_001080467.2 was used.

Of the 25 MYO5B mutations found in these additional patients, four compound 
heterozygous MYO5B mutations and one homozygous MYO5B mutation pres-
ent in five patients of different families were previously reported in other MVID 
patients of unrelated families (this study). These patients were indeed found to 
carry either a heterozygous (c.3163-3165dupCTC (p.Leu1055dup) and c.445C > T 
(p.Gln149*)), compound heterozygous (c.3163-3165dupCTC (p.Leu1055dup)), or 
homozygous (c.656G > A (p.Arg219His), c.5383A > T (p.1795Leu) and c.1323-2A > 
G (IVS10-2A > G)) mutations (van der Velde et al., 2013). The homozygous patient 
with the c.656G > A (p.Arg219His) mutation displayed early onset MVID, whereas 
the patient who was compound heterozygous for this mutation displayed late-on-
set MVID. Furthermore, heterozygous c.656G > A (p.Arg219His) mutations have 
been associated with colon carcinoma in the COSMIC database (cancer.sanger.
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Figure 2
Schematic representation of the myosin Vb protein. A: A schematic overview of the myosin Vb 
protein and its functional domains. Protein data are deduced from Genbank RefSeq-file accession 
number NG_012925.1 for the human MYO5B gene. Nucleotide numbering reflects cDNA num-
bering with +1 corresponding to the A of the ATG translation initiation codon in the reference 
sequence, according to the journal guidelines (www.hgvs.org/mutnomen). The initiation codon is 
1. B: Overviews of the MVID-associated MYO5B mutations in the different domains of the myosin 
Vb protein. IQ1-6 refers to the six calmodulin-binding IQ domains that conform to the consensus 
sequence [I,L,V]QxxxRGxxx[R,K]. Mutations indicated in black, red, blue, and gray letter color repre-
sent missense, frameshift/nonsense, deletions/insertions, and splicing mutations, respectively. The 
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differently colored blocks associated with each mutation in the protein domains repre-
sent the predicted consequences for the protein (black: premature termination, magen-
ta: mutations in regions important for the allosteric rearrangements of the myosin motor 
head during the kinetic cycle, orange: mutations that may lead to protein misfolding, 
red: mutations in the ATP-binding site, green: mutations in regions that are important 
for actin interactions). Black lines between individual mutations indicate their combined 
presence in a single patient. C: Model of the myosin Vb motor domain. A. Homology 
model of myosin Vb based on myosin Va post-rigor structure with ATP nucleotide bound 
(PDB ID: 1W7J) is shown. The motor domain contains four subdomains (the N-terminal: 
gray, including the SH3: light gray, the U50: marine blue, the L50: sand, and the convert-
er: green). Conformational changes in the motor domain are amplified by the lever arm 
(converter, green; IQ motif 1, pale cyan helix associated with a calmodulin (light pink); 
the 5 other IQ motifs of the lever arm are not shown). These conformational changes 
are coordinated within the motor by elements of the transducer (loop 1: light purple, 
central beta sheet: cyan) as well as the connectors (Relay: yellow, SH1 helix: red, Strut: 
hot pink), which are linkers between subdomains. The nucleotide-binding elements (P-
loop: pale green, Switch I: magenta, and switch II: orange) surrounding the nucleotide 
(represented in black sticks) and the actin-binding elements (helix-loop-helix: brown, 
HCM loop: wheat) are also depicted. D: The MVID-associated missense mutations found 
in the motor domain of myosin Vb are depicted with the following color code: (green: 
mutations in regions that are important for actin interactions, red: mutations in the ATP-
binding site, Magenta: mutations in regions of importance for allosteric rearrangements 
of the myosin head during the motor cycle, orange: mutations that may lead to protein 
misfolding)

ac.uk). The compound heterozygous c.3163-3165dupCTC mutation (p.Leu1055d-
up) currently has been reported in three unrelated families of different ethnic or-
igin, also including patients with early-onset and patients with late-onset MVID. 
The c.3163-3165dupCTC (p.Leu1055dup) mutation (rs10625857)) is not likely 
to be pathogenic as such as it has been reported at least 41,262 times of which 
7,704 in a homozygous manner, and has the highest reported allele frequency 
(0.3420) in the ExAC database (exac.broadinstitute.org). One heterozygous pa-
tient carrying this c.3163-3165dupCTC (p.Leu1055dup) mutation and a c.1347delC 
(p.Phe450leufs*30) mutation displayed late onset MVID and could be weaned of 
TPN and moved to normal enteral feeding (Perry et al., 2014). Given the autosomal 
recessive inheritance pattern of MVID, this suggests that the c.3163-3165dupCTC 
(p.Leu1055dup) mutation may contribute to the onset of clinical symptoms.

The 21 new MVID-associated MYO5B mutations include seven nonsense, eight 
missense, and five splicing mutations and one small deletion. These mutations are 
found in both the N-terminal motor domain and in the C-terminal tail domain of 
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the myosin Vb protein (Figure 2A and B). We have examined these mutations in 
the light of current understanding of how myosin motors produce force, as previ-
ously reviewed (Houdusse & Sweeney, 2016) as well as based on the current struc-
tural data available for the myosin V tail (Nascimento et al., 2013; Pylypenko et al., 
2013; Velvarska & Niessing, 2013). The results of these examinations are summa-
rized in Supp. Table S1A. Interestingly, the three newly reported amino acid sub-
stitutions in the motor domain p.Leu528Phe, p.Phe538Ser, p.Ile550Phe, resulting 
from the c.1582C > T, c.1316T > C, and c. 1648A > T MYO5B mutations, respective-
ly, affect residues that interact with each other, forming a buried hydrophobic core 
of the lower part of the L50 subdomain (see model in Figure 2C and D). All three 
substitutions will have destabilizing effect in the folding of this region of the L50 
subdomain. The mutant side chains are also close to the activation loop and loop3 
that are both involved in actin binding; thus, these mutations likely affect filamen-
tous actin-binding and motility properties. Specifically, Phe538 is a part of loop-3 
that is involved in F-actin binding; the bulky hydrophobic side chain determines 
the relative orientation of the helix-loop-helix and loop-3. The Phe538 substitution 
to the small polar serine side chain will impact the conformational stability of the 
actin-binding elements and will thus likely affect the force produced by the motor 
on actin. Leu528 belongs to the second helix of the helix-loop-helix motif that plays 
an essential role in F-actin binding, while Ile550 is located on a beta strand pre-
ceding loop-3. Both aliphatic side chains are tightly packed in the L50 subdomain 
hydrophobic core and their substitution to a bulky phenylalanine aromatic side 
chain may change the relative orientation of the secondary structure elements of 
this actin-binding unit. In conclusion, these substitutions can be classified as both 
affecting the stability of the L50 fold and actin-binding properties of myosin Vb 
and thus the force produced by this myosin motor.

3.1. MYO5B mutations that are not associated with MVID

Some but not all MVID patients have been reported to develop intrahepatic 
cholestasis that results in high levels of plasma bile acids. It was suggested that the 
MYO5B mutations and consequential loss of myosin Vb protein function may lead 
to defective trafficking of the bile acid transporter ABCB11/BSEP to the apical bile 
canalicular surface of hepatocytes in the liver, thereby blocking the enterohepatic 
circulation of bile acids and leading to elevated plasma bile acid levels (Girard et 
al., 2014; Halac et al., 2011). Recently, 26 MYO5B mutations were reported in 17 
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patients with intrahepatic cholestasis but without symptoms of MVID (Gonzales 
et al., 2017; Qiu et al., 2017) (Supp. Table S1B). Interestingly, two MYO5B missense 
mutations which affect the same arginine residue at position 401 were identified 
in two unrelated patients presenting with either intrahepatic cholestasis without 
MVID (c.1201C > T, p.Arg401Cys), and with MVID (c.1202G > A, p.Arg401His), re-
spectively (Qiu et al., 2017; Ruemmele et al., 2010; van der Velde et al., 2013) (Supp. 
Table S1B). The previously described p.Arg401His substitution likely affects the 
motor U50 subdomain fold and thus the allosteric motor activity (van der Velde 
et al., 2013), whereas the p.Arg401Cys substitution is compatible with the motor 
structure in different states and might be less damaging (Supp. Table S1B and Fig-
ure 3A and B). Another MYO5B nonsense mutation (c.1021C > T (p.Gln341*)) was 
identified in a heterozygous patient with isolated intrahepatic cholestasis without 
MVID and also in an unrelated homozygous patient with MVID (Müller et al., 
2008; Qiu et al., 2017) (Supp. Table S1B). Additionally, the monoallelic c.1136G > 
C mutation (Qiu et al., 2017) leads to a p.Arg379Pro substitution at the beginning 
of the actin-binding HCM loop in the U50 subdomain (the name of this loop “hy-
pertrophic cardiomyopathy (HCM)” is linked to the deadly disease caused by the 
Arg403Gln substitution in beta-cardiac myosin (Nag et al., 2015)). While a proline 
is a naturally occurring residue at this position for some myosin II, whether the 
p.Arg379Pro substitution can alter the performance of myosin V and its processiv-
ity requires further investigations. Further, we found that the heterozygous p.Gl-
n1079His substitution in the coiled-coil region of the myosin Vb protein, resulting 
from the heterozygous c.3237G > C mutation (Qiu et al., 2017), naturally occurs 
in the myosin Vb sequence of the platypus (Ornithorhynchus anatinus), and is 
thus unlikely to have much influence on motor function. Patients with isolated 
cholestasis and MYO5B mutations are more often heterozygous (82% (14 out of 
17)) when compared to patients with MVID and MYO5B mutations (67% hetero-
zygosity (35 out of 52)), although this is not statistically significant (Fisher Exact 
test P = 0.35). The myosin VB homology protein structure-based analyses (summa-
rized in Supp. Table S1B, Figures 2A and  and3)3) show that the compound hetero-
zygous patients with isolated cholestasis and MYO5B mutations often carry in one 
allele a mutation that corresponds to more peripheral residues of the motor do-
main that are predicted to be less damaging for motor function. It is possible that 
this results in sufficient activity for at least one of the mutated myosin Vb proteins. 
Qiu and colleagues noted that biallelic severe MYO5B mutations (that is, trunca-
tions and splicing mutations) and biallelic MYO5B mutations that were predicted 
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Figure 3
A and B: Overview of the non-MVID/intrahepatic cholestasis-associated MYO5B mutations 
in the different domains of the myosin Vb protein. Mutations indicated in black, red, blue, 
and gray letter color represent missense, frameshift/nonsense, deletions/insertions, and 
splicing mutations, respectively. The differently colored blocks associated with each muta-
tion in the protein domains represent the predicted consequences for the protein (black: 
premature termination, magenta: mutations in regions important for the allosteric rear-
rangements of the myosin motor head during the kinetic cycle, orange: mutations that 
may lead to protein misfolding, red: mutations in the ATP-binding site, green: mutations in 
regions that are important for actin interactions. Black lines between individual mutations 
indicate their combined presence in a single patient. B: The missense mutations found 
in the motor domain of myosin Vb associated with non-MVID patients with intrahepatic 
cholestasis are depicted with the following color code: green: mutations in regions that 
are important for actin interactions, red: mutations in the ATP-binding site, magenta: mu-
tations in regions of importance for allosteric rearrangements of the myosin head during 
the motor cycle, orange: mutations that may lead to protein misfolding)
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to affect the myosin Vb-rab11a interaction domains were less frequent in patients 
with isolated cholestasis when compared to patients with MVID (Figures 2B and  
and3A).3A). This led to suggest that the severity of the (combined) MYO5B mu-
tations contributes to the clinical phenotype (that is, isolated MVID, MVID with 
cholestasis or isolated cholestasis). However, as siblings with the same mutations 
were reported to show differential age-of-onset and course of liver symptoms a 
modifying role of other genes, epigenetics or environmental factors should also be 
considered (Qiu et al., 2017).

How can mild MYO5B mutations lead to isolated cholestasis without intesti-
nal symptoms while severe MYO5B mutations can lead to intestinal symptoms 
without cholestasis? As a possible explanation we propose that severe MYO5B 
mutations prevent the reabsorption of bile acids from the intestine via the apical 
sodium-dependent bile acid transporter ASBT/SLC10A2. Given that in a normal 
situation ~95% of the circulating bile acids are reabsorbed in the intestine and 
transported back to the liver via the portal vein, loss of ASBT/SLC10A2-mediated 
reabsorption would drastically limit the bile acid load on the liver and thereby 
the cholestasis phenotype. Importantly, such a scenario implies that physiological 
parameters co-determine the clinical outcome in patients with (a) given MYO5B 
mutation(s).

4. STX3 and STXBP2 mutations

We have retrieved three unique STX3 and 51 unique STXBP disease-relevant mu-
tations from the scientific literature. At least two and six of these STX3 and STXBP2 
mutations, respectively, have been reported to be associated with MVID-resem-
bling congenital diarrheal disorder (based on immunohistological biopsy inspec-
tion) (Stepensky et al., 2013; Wiegerinck et al., 2014) (Supp. Tables S2A and S3A), 
and nine more STXBP2 mutations have been associated with FLH5-independent 
chronic diarrhea (Supp. Table S3A).

The STX3 encoded syntaxin-3 is a member of the SNARE protein family. STX3 
contains a transmembrane C-terminal anchor (TMD) and cytoplasmic SNARE mo-
tif (also referred to as H3 domain), a three α-helix bundle (Habc domain), and a 
short N-terminal extension, known as N-peptide (Figure 4A). The SNARE motifs 
from different SNARE proteins assemble to form a parallel four-helix bundle that 
bridge membranes and mediate their fusion (Rizo & Südhof, 2012). The STXBP2 
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encoded munc18-2 belongs to the sec1/munc18-like protein family. Munc18-2 is 
composed of three domains (Figure 4B): the N-terminal domain 1 together with 
domain 2 forms one-half of the protein arch-shaped structure, whereas the other 
half of the arch is predominantly formed by domain 3 (Hackmann et al., 2013). 
Munc18-2 forms a complex with syntaxin-3 and other SNARE proteins, thereby 
regulating the specificity and productivity of SNARE-mediated membrane fusion 
at the brush border membrane (Rizo & Südhof, 2012).

The munc18-2 structure is known (Hackmann et al., 2013), but there is no structural 
information available for syntaxin-3. However, the structure of a homologous syn-
taxin-1A and its complex with syntaxin-binding protein 1 (STXBP1 or munc18-1) 
has been extensively characterized (Burkhardt, Hattendorf, Weis, & Fasshauer, 
2008; Colbert et al., 2013; Lerman, Robblee, Fairman, & Hughson, 2000). In the syn-
taxin-1A/munc18-1 crystal structure (Burkhardt et al., 2008), syntaxin-1A bound to 
munc18-1 adopts a closed conformation in which a regulatory Habc domain three 
helix bundle (Fernandez et al., 1998), interacts with H3 (SNARE motif) domain, 
and masks the SNARE motif required for SNARE complex assembly (Figure 4C). 
The closed syntaxin-1A binds within the munc18-1 cleft that is formed by two of 
the three domains (domain-1 and domain-3) (Figure 4D). The N-terminal region of 
syntaxin-1A also interacts with domain-1 and this serves as a second binding site 
in the syntaxin-1A:munc18-1 complex (Burkhardt et al., 2008). Munc13-1 MUN 

Figure 4. (next page)
Overview of mutations in STX3 and STXBP2. A: The syntaxin-3 protein with 
known domains and locations of STX3 mutations. B: Overview of the munc18-2 
protein with known domains and locations of STXBP2 mutations associated 
with chronic diarrhea in patients. C: A homology model of syntaxin-3-munc18-2 
complex based on syntaxin-1/munc18-1 and munc18-2 crystal structures (PDB 
ID 4JEU, 4CCA). In closed conformation of syntaxin-3 regulatory Habc domain 
(composed of three helixes a, b, c) interacts with H3 domain containing a SNARE 
motif. Munc18-2 domains 1 (dom 1) and 3 create a main syntaxin-3-binding sur-
face. Syntaxin-3 N-terminal peptide binds to the opposite surface of the domain 
1. Residues affected by MVID related mutations are shown in spheres and labe-
led. D: Overview of the munc18-2 protein with known domains and locations 
of STXBP2 mutations associated with absence of chronic diarrhea in patients. 
Mutations indicted in black, red, gray, and blue represent missense, frameshift/
nonsense, splicing, and deletions, respectively
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domain binding to the syntaxin-1A linker between Habc and H3 domains initi-
ates its conformational change favoring a transition from the munc18-1/syntaxin-1 
complex to the SNARE complex (Wang et al., 2017). Syntaxin-3 shares 63% se-
quence identity and 80% sequence homology with syntaxin-1A. Munc18-2 shares 
62% sequence identity and 80% sequence homology with syntaxin-1A and has a 
similar structure (Hackmann et al., 2013). This allowed us to model a putative syn-
taxin-3:munc18-2 complex structure (Figure 4C) in order to address the possible 
functional consequences of identified STX3 and STXBP2 mutations.

4.1. STX3

For STX3 mutation analyses, Genbank sequence (reference AJ002076.1) was used. 
The two homozygous STX3 mutations, which cosegregated with the disease in 
the families, included a nonsense mutation c.739C > T (p.Arg247*) in exon 9 and a 
frame-shifting insertion c.372_373dup (p.Arg125Leufs*7) in exon 6 (Wiegerinck et 
al., 2014) (Supp. Table S2A). The c.372_373dup (p.Arg125Leufs*7) mutation causes 
the introduction of a stop codon in the N-terminal syntaxin domain (HC) (Fig-
ure 4A) and resulted in the loss of syntaxin-3 protein expression, as evidenced by 
Western blot analysis (Wiegerinck et al., 2014). The c.739C > T (p.Arg247*) STX3 
mutation introduces a stop codon in the central SNARE domain (Figure 4A) and 
resulted in a truncated protein lacking part of the SNARE-motif and the entire 
C-terminal transmembrane domain (TMD) and extracellular part of the protein, 
rendering the protein cytosolic (Wiegerinck et al., 2014).

Notably, a homozygous missense STX3 mutation was also identified in a patient 
with autosomal recessive congenital cataract and intellectual disability phenotype 
without reported intestinal symptoms (Chograni et al., 2015). This c.122A > G mu-
tation is predicted to lead to the substitution of a glutamic acid with a glycine at 
position 41 which is on the surface of the first helix of the Habc regulatory domain 
of syntaxin-3 (Figure 4A and C). The residue is not involved in munc18-2 binding. 
Substitution of the residue to a glycine introduces flexibility in the protein main 
chain and may destabilize the helix. The Glu41 residue contributes to a negatively 
charged cluster on the surface of helix-a of syntaxin that overlaps with the apical 
membrane targeting motif (aa 31–36) at the beginning of the helix-a of syntaxin-3 
(Sharma, Low, Misra, Pallavi, & Weimbs, 2006). This suggests a potential contribu-
tion of the Glu41 residue to the correct membrane localization of syntaxin-3 (Supp. 
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Table S2B). While the retina and brain (both affected in this patient) differentially 
express the alternatively spliced syntaxin-3B and -3A variants, respectively (Cur-
tis et al., 2008), the Glu41 residue is conserved in all syntaxin-3 splice variants, 
which explains why both organs can be affected. However, the absence of intesti-
nal symptoms in this patient is not easily explained and will require further inves-
tigations to reveal whether the mutation indeed affects the stability of the protein 
and whether in the case of intestinal cells, the syntaxin-3 function is compensated 
by other proteins. The identification of disease-causing STX3 mutations in patients 
with completely different clinical features highlights the need for functional geno-
type–phenotype correlation studies.

4.2. STXBP2

For STXBP2 mutation analyses, nucleotide/protein sequence from Genbank 
(U63533.1) was used. In the munc18-2 protein architecture, domain-2 supports the 
relative orientation of the domains -1 and -3, forming a syntaxin-binding surface 
(Figure 4C). All the substituted residues resulting from the missense mutations 
(Supp. Table S3A) as well as the deletion mutations (p.Ile232del, p.Val367_Gln-
369del) in STXBP2 are buried in the protein core and would destabilize the folding 
of this protein and therefore perturb the integrity of the munc18-2 structure and its 
functions (Supp. Table S3A and Figure 4C). The substitutions in domain-2 include 
p.Pro477Leu (found in a buried environment within the protein core that cannot 
accommodate a bigger side chain), p.Leu534Pro (a critical residue in the central 
strand of the domain-2 beta sheet; its mutation to a proline would drastically de-
stabilize the fold), and p.Gly541Ser (the absence of a side-chain for this residue is 
critical for the fold of subdomain-2) (Hackmann et al., 2013). In addition, the p.Ar-
g405Trp substitution is localized in the interface between domain-2 and -3. The 
Arg405 residue maintains a salt bridge that stabilizes the arched domain-3 confor-
mation (Hackmann et al., 2013). Its substitution by a bulky tryptophan would de-
stabilize the relative orientation of domain-2 and -3 and therefore also the binding 
site for syntaxin that requires a precise relative positioning of subdomain -1 and -3.

In FHL5 families with more than one child affected, intestinal symptoms were 
either present or absent in all affected siblings, suggesting that the presence or ab-
sence of intestinal symptoms in FHL5 patients is related to family-specific STXBP2 
mutations. An important question therefore is whether and, if so how, specific 
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STXBP2 mutations can be correlated to intestinal symptoms. Pagel and colleagues 
noted that most FHL5 patients that carried the exon 15-skipping frameshift mu-
tation p.Val417Leufs*126 in STXBP2 (Figure 4D) on at least one allele appeared 
protected from intestinal symptoms (Pagel et al., 2012) (Supp. Table S3B, 11 out of 
13 patients). Nevertheless, two FHL5 patients, one heterozygous and one homo-
zygous for this p.Val417Leufs*126 mutation, were reported positive for intestinal 
symptoms (Figure 4B) (Supp. Table S3A). In the collected patient data, we also 
identified a male FHL5 patient with a homozygous p.Pro774Leu missense muta-
tion in STXBP2 with reported intestinal symptoms (Figure 4B), whereas two male 
siblings with the same homozygous mutation were reported without intestinal 
symptoms (Figure 4D and Supp. Table S3A and B). Further, a heterozygous p.Gly-
541Ser substitution in STXBP2 resulting from a c.1621G > A missense mutation 
was predicted in a male FHL5 patient with intestinal symptoms (Figure 4B) and 
in two female FHL5 patients without intestinal symptoms (Figure 4D and Supp. 
Table S3A and B). Substitution of the Gly541 residue with a glutamate in munc18-2 
inhibited its capacity to bind syntaxin-3 by 60% (Riento et al., 2000). Thus, at least 
for these three STXBP2 mutations, there is as yet no clear genotype–phenotype 
correlation with regard to the occurrence of intestinal symptoms in FHL5 patients.

Taken together, we conclude that in vitro and patient tissue-based data clearly 
indicate that myosin Vb, syntaxin-3, and munc18-2 are functionally linked in the 
process of brush border protein trafficking and brush border development, but 
that the precise disease mechanism associated with specific mutations in the in-
dividual proteins requires further study. Clearly, our structure–function analyses 
only provide predictions and supporting biochemical analyses are eagerly await-
ed. Our analyses may help to delineate which mutations would be most useful to 
study, for example MYO5B mutations that based on structural prediction should 
strongly impair the protein’s motor function but do not have much or highly vari-
able consequences for the disease in terms of clinical symptoms.

5. An expanded MVID patient registry and database of MVID-as-
sociated gene mutations

We have updated the dataset containing all known MYO5B mutations including 
information on gender, ancestry, consanguinity, the intron/exon involved and 
predicted consequence for the protein. In addition, we have expanded the registry 
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with a dataset that includes patients with (variant) MVID and STX3 mutations 
and a dataset that includes FLH-5 patients with (variant) MVID and their STXBP2 
mutations, together with clinical information with regard to their intestinal symp-
toms. The registry now includes 188 patients with (variant) MVID and 106 mu-
tations. The inclusion of patients with STX3 or STXBP2 mutations in the registry 
allows the future correlation and comparison of the clinical course of the disease 
and the genes involved.

6. Animal models for MVID: vertrebrates only?

Animal models have been developed which demonstrated that the germline or 
conditional deletion of the Myo5b gene in mice or its ortholog in zebrafish causes 
the clinical and cellular hallmarks of MVID (Cartón-García et al., 2015; Schnee-
berger et al., 2015; Sidhaye et al., 2016; Weis et al., 2016), thereby formally proving 
the causality between loss of myosin Vb function and MVID (Cartón-García et al., 
2015). There are no reported mouse models in which Stxbp2 or Stx3 is deleted.

In addition to Myo5b, mice in which Rab8a, Rab11a, or Cdc42 was deleted in the 
intestine also showed typical hallmarks of MVID. No mutations in RAB8, RA-
B11A, or CDC42 have thus far been reported in MVID patients, although RAB11A 
single nucleotide polymorphisms have been detected in at least two MVID pa-
tients (Szperl et al., 2011). Interestingly, rab8a expression was shown to be down-
regulated at the protein level in intestinal mucosa of at least one MVID patient 
(Sato et al., 2007), and rab11a was shown to be mislocalized in the enterocytes of 
MVID patient small intestinal biopsies (Dhekne et al., 2014; Golachowska et al., 
2012; Szperl et al., 2011). Likewise, cdc42 has been reported to be mislocalized in 
the enterocytes of MVID patient small intestine biopsies (Michaux et al., 2015). 
These and other data from cell lines (Knowles et al., 2014) suggest the functional 
involvement of rab8a, rab11a and cdc42 with myosin Vb in the pathogenesis of 
MVID. The animal models will be of great value for further elucidation of the 
cellular and molecular mechanisms that underlie congenital diarrheal disorders 
centered around MVID, and for the preclinical testing of therapeutic strategies. 
The zebrafish model for MVID may be particularly useful for high-throughput 
testing of potential therapeutic compounds.

Notably, in contrast to vertebrate mice and zebrafish, the invertebrate Drosophila 
melanogaster (fruit fly) in which the myosin V ortholog didum was deleted did 
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not show an intestinal phenotype, despite the abundant expression level of myo-
sin V in the wild-type digestive system and its distribution to punctate subapical 
vesicles (Mermall et al., 2005), which is very similar to its distribution to human 
epithelial cells (Dhekne et al., 2014; Goldenring et al., 1996). Similarly, the dele-
tion of the MYO5B ortholog Hum-2 in Caenorhabditis elegans (nematode) did not 
show an intestinal phenotype (Winter et al., 2012). In contrast to humans, mice, 
and zebrafish, which have three MYO5 family members (A–C), the invertebrate D. 
melanogaster and C. elegans have only a single MYO5 gene. Thus, it appears that 
the critical role of myosin V in the differentiation and function of enterocytes is re-
stricted to vertebrates and evolved with the appearance of multiple myosin V iso-
forms. There are no reports with regard to the function of syntaxin-3 or munc18-2 
in the invertebrate digestive system.

7. Future perspectives

Clearly, MVID presents as a heterogeneous disease with an expanding spectrum 
of genotypes and phenotypes. Diagnosis of MVID must include, besides the clin-
ical symptoms, immunohistochemistry analyses of CD10 and PAS staining ad 
electron microscopy in duodenal biopsies followed by mutation analyses of the 
MYO5B, STX3, and STXBP2 genes.    
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Abstract

background and rationale for the study: Missense MYO5B mutations have been 
associated with familial progressive intrahepatic cholestasis (PFIC)-type 6 and the 
mislocalization of bile canalicular proteins. Whether patient-specific MYO5B mu-
tations are causally related to defects in canalicular protein localization and, if so, 
via which mechanism is not known. 

Main results: We demonstrate that the cholestasis-associated P660L mutation in 
MyoVb caused the intracellular accumulation of bile canalicular proteins in ve-
sicular compartments. Remarkably, the knockout of MYO5B in vitro and in vivo 
produced no canalicular localization defects. In contrast, the expression of myoVb 
mutants consisting of only the tail domain phenocopied the effects of the Myo5b-
P660L mutation. Using additional myoVb and rab11a mutants, we demonstrate 
that motor domain-deficient myoVb inhibited the formation of specialized apical 
recycling endosomes, and that its disrupting effect on the localization of canalic-
ular proteins was dependent on its interaction with active rab11a and occurred at 
the trans-Golgi Network/recycling endosome interface. 

Conclusions: Our results reveal a mechanism via which MYO5B motor do-
main mutations cause the mislocalization of canalicular proteins in hepatocytes 
which, unexpectedly, does not involve myoVb loss-of-function but, as we pro-
pose, a rab11a-mediated gain-of-toxic function. The results explain why biallelic 
MYO5B mutations that affect the motor domain but not those that eliminate my-
oVb expression are associated with PFIC-type 6. 
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Introduction

Hepatocytes are polarized epithelial cells with basolateral/ sinusoidal plasma 
membrane domains that face the blood circulation and apical/ canalicular plasma 
membranes that form the bile canaliculi via which bile is safely moved out of the 
liver. Tight junctions separate the sinusoidal and canalicular domains and prevent 
the mixing of bile and blood. Defects in the polarized distribution or function of 
cell surface proteins can cause severe liver diseases (1). Of these, progressive famil-
ial intrahepatic cholestasis (PFIC) is characterized by the inability of hepatocytes 
to secrete bile into the canaliculi resulting in the buildup of bile components and 
liver failure. PFIC can be caused by mutations in different genes (2,3), including 
ATP8B1 (PFIC-1), ABCB11 (PFIC-2), ABCB4 (PFIC-3), TJP2 (PFIC-4) and NR1H4 
(PFIC-5). ATP8B1, ABCB11 and ABCB4 encode bile acid transporters. Mutations 
in these proteins affect their expression, canalicular localization or function and 
consequently impair bile salt secretion (ATP8B1, ABCB11/BSEP) or biliary phos-
pholipid secretion (MDR3). NR1H4 encodes the Farnesoid X receptor, a transcrip-
tion factor that regulates the expression of ABCB11/BSEP. TJP2 encodes the tight 
junction protein zona occludens (ZO)-2 and mutations in these presumably leads 
to the leaking of bile out of the canaliculi. 

Recently, mutations in the MYO5B gene were reported in a group of PFIC patients 
who presented elevated bilirubin and bile acid levels with normal gamma-glutam-
yl transpeptidase (CGT) levels and did not have mutations in any of the other PFIC 
genes (4,5). MYO5B encodes the actin-filament based motor protein myoVb. My-
oVb binds selected small GTPase rab proteins including the trans-Golgi Network 
(TGN)- and/ or recycling endosome-associated rab8 and rab11a, and has been im-
plicated in apical plasma membrane protein trafficking. Mutations in MYO5B can 
also cause microvillus inclusion disease (MVID) (6–9), a congenital enteropathy 
characterized by intractable diarrhea and malabsorption and, at the cellular level, 
by the mislocalization of apical brush border proteins. Notably, approximately 
half of all MVID patients also develop cholestasis leading to liver failure (10,11). 
Inspection of liver biopsies from some but not all (12) cholestatic MVID patients 
carrying MYO5B mutations revealed the mislocalization of ABCB11/BSEP and of 
ABCC2/MRP2, a canalicular bilirubin transporter mutated in Dubin-Johnson syn-
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drome, to intracellular compartments (11,13). Further, the ectopic expression of a 
myoVb tail fragment, presumed to compete with the endogenous myoVb protein 
for binding to rab proteins and thereby exert a dominant-negative effect, impaired 
canalicular protein trafficking in the hepatic WIF-B9 cell line (14). These observa-
tions together have led to suggest that myoVb is needed for the localization of bile 
canalicular proteins and can causes cholestasis when mutated. 

However, because MVID patients typically receive total parenteral nutrition (TPN) 
which is known to induce cholestasis and liver failure (15–17), it is difficult to de-
termine whether the liver symptoms in these patients are MYO5B mutation- or 
TPN-induced. Indeed, while mislocalization of bile canalicular proteins has been 
demonstrated in patient liver biopsies, there are no functional studies to support 
the hypothesis that patient-specific MYO5B mutation perturb the correct localiza-
tion of canalicular proteins in hepatocytes. Further, while missense, nonsense and 
frameshift MYO5B mutations all have been associated with MVID (reviewed in 
(8,9)), biallelic mutations predicted to eliminate myoVb expression (i.e., nonsense 
and frameshift MYO5B mutations) are noticeably absent in non-MVID cholesta-
sis patients (4,18). This apparent genotype-phenotype relationship with regard to 
MYO5B mutations and cholestasis is not understood. Clearly, these observations 
raise outstanding questions as to whether myoVb plays a role in the localization of 
bile canalicular proteins in hepatocytes and via which mechanisms MYO5B muta-
tions can give rise to PFIC.        

In this study we have addressed these questions and demonstrate that myoVb is 
dispensable for the correct localization of bile canalicular proteins yet can cause 
cholestasis-associated defects in their localization when mutated via an unexpect-
ed mechanism involving the small GTPase rab11a. 
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Experimental Procedures

Cell culture

HepG2 cells (ATCC HB8065) were maintained in high-glucose DMEM supple-
mented with 10% heat-inactivated fetal calf serum (FCS), 2mM l-glutamine, 100IU/
ml penicillin, and 100μg/ml streptomycin in a humidified atmosphere. For exper-
iments, cells were plated on poly-L-lysine-coated coverslips and used 3d later. 
HUES9 cells were maintained on vitronectin in E8 medium (Thermo-Fisher). Cells 
were passaged every 4-5 days with accutase, with 1% RevitaCell Supplement add-
ed to the cells overnight on the day of passage. For hepatocyte differentiation, 
50.000 cells pluripotent human HUES9 cells were plated on vitronectin in E8 me-
dium with RevitaCell supplement, and the next day differentiated to definitive en-
doderm using the PSC Definitive Endoderm Induction Kit (Thermo-Fisher). Two 
days later cells were incubated in RPMI1640 containing 20ng/ml BMP4 (R&D), 
10ng/ml FGF2 (Peprotech), 0.5% DMSO (Sigma) and B27-supplement (Ther-
mo-Fisher). Five days later hepatic progenitor cells were transferred to ESC-qual-
ified Matrigel-coated wells or coverslips in RPMI1640 with 20ng/ml HGF (Pepro-
tech), 0.5% DMSO and B27-supplement, and with 1% RevitaCell supplement on 
the first day only. The next day, cells were overlaid with a ESC-qualified Matrigel 
and further incubated for another 4d. Finally, cells were incubated in Lonza HCM 
Bulletkit medium with 20ng/ml Oncostatin-M (R&D) for 7d.

Viral transduction

Lentiviral particles were produced using a second-generation system based on 
pCMVdR8.1 and pVSV-G. 1×106 HEK293T cells were transferred to a poly-L-lysine 
coated 9cm2 plates in 1.3 ml culture medium. 1200ng of lentiviral vector, 1000ng 
pCMVdR8.1 and 400ng pVSV-G were mixed with 7.8 μl Fugene/HD in 200μl Op-
ti-MEM, and added to HEK293T in suspension. After overnight incubation, medi-
um was refreshed, and after 48 hours viral particles were harvested and filtered 
through a 0.45μm PVDF membrane filter. 1d after plating, cells were incubated 
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with viral particles for 16h (supplemented with 8μg/mL polybrene). Antibiotics 
(2.5μg/ml puromycin, 4μg/ml blasticidin) were added 24h after viral incubation.

CRISPR knockout

A lentiviral CRISPR construct targeting exon 3 of MYO5B was generated using the 
plentiCRISPR-V2 vector (Addgene#52961) following provided protocols (gRNA 
target sequence: tcttacggaatccagatatc). Cells were transduced and selected with 
puromycin as described. Cells were plated on poly-L-lysine coating at 18 cells/
cm2 with 5300 untreated cells/cm2 as feeder layer. After 4d cells were selected with 
puromycin (2.5μg/ml) to kill feeder cells, and remaining colonies were isolated as 
separate lines. To deplete MyoVb in HUES9 cells, the cells were incubated with 
MYO5B-targeting lentiCRISPR viral supernatant for 5h (in E8 medium supple-
mented with 8μg/mL polybrene). After 48h, cells were selected with puromycin 
(1μg/ml). Selected cells were then plated at 28 cells/cm2, and the resulting colo-
nies were mechanically passaged after 3 weeks. Clones were checked for myoVb 
knockout via Western blot.

Plasmids

Full-length human myoVb-coding sequence was amplified from HepG2 cDNA 
through PCR, including a myc-encoding ‘5 overhang in the forward primer se-
quence. Amplified myc-myoVb was inserted into pENTR1a vectors. All described 
myoVb mutants were generated by modification of this construct using the Q5® 
Site-Directed Mutagenesis Kit (NEB), with primers designed in the NEBaseChang-
er™ tool. MyoVb and thereof derived mutant constructs were transferred to len-
tiviral vectors for mammalian expression through Gateway™ cloning, using LR 
Clonase™ II (Thermo-Scientific) as per manufacturer’s instruction. Full-length 
myc-myoVb constructs were transferred to pLenti-CMV-Blast-DEST (706-1) (Ad-
dgene#17451), and myc-myoVb tail domain constructs to pLenti-CMV-Puro-DEST 
(w118-1) (Addgene#17452). EGFP-rab11aWT and EGFP-rab11aS25N (19) were 
gifts from R.E. Pagano (Mayo Clinic, USA). 
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Western blotting 

Cells were resuspended in RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% sodium 
deoxycholate, 0.1% SDS, 50mM Tris pH8.0) containing protease inhibitors. Lysates 
were mixed 1:1 with sample buffer (2% SDS, 5% β-mercaptoethanol, 0.125 M Tris–
HCl, pH 6.8, 40% glycerol, 0,01% bromophenolblue) and incubated at 70°C for 
10min. Samples were resolved on SDS-PAGE (10%) mini/gels and electrotrans-
ferred onto PVDF membranes. Membranes were blocked with Odyssey-blocking 
buffer and incubated overnight at 4°C with primary antibodies (supplemental 
Table T1). After incubation with appropriate secondary antibodies, immunoblots 
were scanned with the Odyssey (LI-COR Biosciences). Relative quantification was 
performed using the Odyssey software. 

Microscopy

Immunolabeling of fixed cells and tissues and fluorescence microscopy was 
performed essentially as described previously (9). Antibodies used are listed in 
supplemental Table T2). Fluorescent images were captured on a Leica DMI 6000 
fluorescent microscope and analyzed using a combination of ImageJ and Adobe 
Photoshop. For electron microscopy, cells were fixed by adding dropwise an equal 
volume fixative (2% glutaraldehyde and 2% paraformaldehyde in 0.1M sodium-
cacodylate buffer). After 10min this mixture was replaced by pure fixative at room 
temperature for 30min. After post-fixation in 1% osmiumtetroxide/1.5% potasium-
ferrocyanide (4⁰C; 30 min) cells were dehydrated using ethanol and embedded in 
EPON epoxy resin. 60nm sections were cut and contrasted using 2% uranylacetate 
followed by Reynolds lead citrate. Images were captured with a Zeiss Supra55 in 
STEM mode at 26 KV. 

 

qPCR

RNA was harvested using TRI reagent (Sigma). RNA was reverse transcribed in 
the presence of oligo(dT)12–18 (Invitrogen) and dNTPs (Invitrogen) with M-MLV 
reverse transcriptase (Invitrogen). Gene expression levels were measured by re-
al-time quantitative RT-PCR using ABsolute QPCR SYBR Green Master Mix 
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(Westburg) in a Step-One Plus Real-Time PCR machine (Applied Biosystems), and 
resulting data analyzed using the LinRegPCR method. Primers are listed in sup-
plemental Table T3.

Statistics

Statistical significance of differences between triplicate experiments was deter-
mined using Student’s t-test (two-tailed, unpaired, with equal variance).
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Results

MyoVb deficiency does not disrupt canalicular protein localization

The mislocalization of bile canaliculi (BC) transporters in hepatocytes, includ-
ing that of ABCC2/MRP2, has been observed in liver biopsies of some, but not 
all, patients with MYO5B mutations (12, 13). For example, no mislocalization of 
canalicular transporters was observed in a cholestatic patient with only nonsense 
MYO5B mutations (12). To address the role of MYO5B in the localization of bile 
canalicular transporters in hepatocytes, we examined the in vivo distribution of 
the Abcc2/Mrp2 and the structural BC protein radixin in the liver of whole-body 
Myo5b knockout mice (21). We observed their exclusive localization at bile canalic-
uli, indistinguishable from wild-type control mouse livers (Figure 1A-B). Human 
HepG2 cells (HepG2Par) develop apical-basolateral polarity and bile canaliculus 
lumens (BC) between adjacent cells (20). In agreement with the observations in 
Myo5b KO mouse hepatocytes, HepG2 cells in which endogenous myoVb had 
been knocked out by CRISPR/Cas9 (Figure 1C; supplemental Figure S1A) (HepG-
2KO cells) showed no defect in the canalicular localization of ABCC2/MRP2, which 
was indistinguishable from that in HepG2Par cells (Figure 1D). We also generated 
a myoVb-deficient HUES9 human pluripotent stem cell line via CRISPR/Cas9 me-
diated gene knockout (HUES9KO) (Figure 1E) and differentiated these to polarized 
hepatocyte-like cells (hiHeps). These hiHeps form in vivo-like multicellular bile 
canaliculi (Figure 1F). Similar to the results in HepG2KO cells, hiHeps derived from 
HUES9KO cells formed multicellular bile canaliculi to which ABCC2/MRP2 exclu-
sively localized, similar to HUES9Par-derived hiHeps (Figure 1F).

These data show that myoVb is dispensable for the correct localization of ABCC2/
MRP2 at the canalicular membrane. 
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The MVID-associated myoVb-P660L mutation causes the intracellular ac-
cumulation of canalicular proteins 

Liver biopsies of Navajo MVID patients carrying a homozygous mutation in the 
MYO5B gene (c.1979C>T) that leads to a P660L substitution in the myoVb pro-
tein showed mislocalization of bile canalicular proteins such as ABCC2/MRP2 
and signs of perturbed polarity (13). In order to determine whether this MYO5B 
mutation could be causally linked to canalicular protein localization defects, a 
full-length human myc-tagged MYO5B gene with the c.1979C>T mutation was 
constructed via site-directed mutagenesis, and either the myc-tagged wild-type 
myoVb or myc-myoVb-P660L protein was expressed in HepG2KO cells. The ex-
pression of myoVb-P660L in HepG2KO cells caused the intracellular accumula-
tion of the bile canalicular proteins ABCC2/MRP2 and anoctamin (ANO)6, when 
compared to HepG2KO cells expressing the wild-type MYO5B gene (Figure 2A-C). 
This was accompanied by a reduction in the amount of BC (supplemental Figure 
S1D). Notably, HepG2Par cells that expressed myoVb-P660L showed a less severe 
phenotype (more BCs with subapical localization of the mutant protein and less 
intracellular accumulation of the mutant protein and canalicular proteins) when 
compared to HepG2KO cells that expressed myoVb-P660L (Figure S1E-H, c.f., Fig-
ure 2). These data demonstrate that in the absence of wildtype myoVb, mutant 
myoVb-P660L caused the intracellular accumulation of BC-resident proteins, and 
provide evidence that this mutation is causally linked to the hepatic canalicular 
defects as observed in liver biopsies of the patients. Moreover, given the absence 
of a localization defect in myoVb-depleted cells, the results also indicate that the 
disruptive effect of myoVb-P660L on the localization of canalicular proteins in he-
patocytes cannot be explained by the mere loss of myoVb function.

The tail domain of myoVb is sufficient to cause the intracellular accumulation of 
vesicles and bile canalicular proteins

Because the mutated motor domain but not the absence of the myoVb protein 
produced a disease phenotype, we hypothesized that regions distal to the motor 
domain (that is, IQ domains, coiled coil domains and/ or the globular tail domain) 
may have been instrumental for the disruptive effects on the localization of can-
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Figure 1. (A-B) Immunofluorescence microscopy images of ABCC2 and radixin in wildtype and Myo5b 
KO mouse liver sections. HNF4α co-staining marks hepatocytes. (C) Western blot for myoVb in HepG-
2Par and HepG2KO cells (treated with MYO5B-targeting pLentiCRISPR V2). (D) Immunofluorescent mi-
croscopy images of ABCC2 and F-actin in HepG2Par and HepG2KO cells. Yellow arrowheads indicate 
BCs. (E) Western blot for myoVb in HUES9Par and HUES9KO cells. (F) Immunofluorescence microscopy 
images of ABCC2 in hiHeps generated from HUES9Par and HUES9KO cells. Scale bars: 10µm.
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alicular proteins. Therefore, we generated a human myoVb mutant that lacked 
the motor domain, IQ domains and part of the coiled-coil domain (Figure 3A), 
which is similar to conventionally used dominant-negative myoVb tail domain 
constructs (hereafter referred to as MyoVb/Δ1-1195). Similar to myoVb-P660L, the 
expression of MyoVb/Δ1-1195 in HepG2KO cells resulted in the intracellular ac-
cumulation of ABCC2/MRP2 and ANO6 and a reduction in the number of BCs 
(Supplemental Figure S2A-E). Notably, the effect of myoVb/Δ1-1195 was more 
severe when compared to myoVb-P660L and was also observed when expressed 
in HepG2Par cells (Figure 3B-E, supplemental Figure S3A). Also, the canalicular 
protein dipeptidyl peptidase (DPP)IV accumulated inside the cells (supplemental 
Figure S3B-C). The myoVb/Δ1-1195 mutant itself colocalized with the intracellular 
clusters (Figure 3B). Electron microscopy of HepG2 cells expressing the myoVb 
mutant revealed the presence of large clusters of vesicles which were not observed 
in control HepG2 cells (Figure 3F). Finally, the expression of myoVb/Δ1-1195 in 
pluripotent HUESPar stem cell-derived hepatocytes also caused the intracellular 
accumulation of ABCC2/MRP2 and ANO6 (supplemental Figure S3D), which in-
dicated that the effects caused by this mutant are not specific for the HepG2 cell 
line. Together, these results indicate that in contrast to the loss of myoVb, the ex-
pression of the tail domain of myoVb mimicked the myoVb-P660L-induced intra-
cellular accumulation of BC proteins.

Motor-less myoVb induces the accumulation of apical and basolateral proteins 
in clustered compartments with mixed recycling endosome and trans-Golgi Net-
work identity 

The intracellular clusters of BC proteins and the appearance of clusters of vesicles 
in myoVb mutant-expressing cells suggested that these clusters represented in-
tracellular organelles. In order to determine the identity of the mutant myoVb-in-
duced ABCC2/MRP2- and ANO6-containing intracellular clusters, we performed 
immunofluorescence microscopy in cells co-labeled with markers for different or-
ganelles. Proteins that make up BC microvilli, such as F-actin, the ABCC2/MRP2- 
and F-actin-binding protein radixin or other phosphorylated ERM proteins, did 
not co-localize with the BC protein-containing intracellular cluster in cells express-
ing myoVb/Δ1-1195 (Figure 4A, supplemental Figure S4A), indicating that these 
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Figure 2. (A,B): Immunofluorescent microscopy images of myc-tagged myoVb proteins, ABCC2 and 
ANO6 in HepG2KO expressing myc-myoVb and -myoVb-P660L. White arrows indicate intracellular co-
localization of the proteins. Yellow arrowheads indicate BCs. Scale bars: 10µm. (C). Quantification of 
the percentage of myc-positive cells that show intracellular clusters/accumulations of myc localized 
with ANO6. (D) Quantification of the percentage of myc-positive cells that show subapical localiza-
tion of myc-tagged myoVb proteins.
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clusters did not represent microvillus inclusions, which represent a hallmark of 
enterocytes in MVID patients (22). 

By contrast, intracellular clusters containing BC proteins co-localized with the api-
cal recycling endosome markers rab11a and its interacting protein rab11a-FIP5/
rab-interacting protein (rip11) (Figure 5B-C). This subcellular distribution of ra-
b11a and its interacting partners was markedly distinct from their exclusive sub-
apical distribution in HepG2 cells that did not express the mutant protein. How-
ever, the subcellular distribution of rab11a and its interacting partners in HepG2KO 
cells and HepG2Par cells was indistinguishable, supporting that myoVb expression 
is dispensable for canalicular polarity (supplemental Figure 4B-C). Also, the re-
cycling endosome marker rab8, which in control HepG2 cells showed a relative-
ly dispersed staining pattern throughout the cell, colocalized with the clusters in 
cells expressing the myoVb mutants (Figures 4D). LAMP1, a marker for late en-
dosomes/lysosomes, did not co-localize with the canalicular protein-containing 
clusters and its normal subcellular distribution pattern was not visibly altered 
(supplemental Figure S4D). In addition to BC proteins, also the sinusoidal trans-
ferrin receptor and its ligand transferrin, which upon its endocytosis is recycled to 
the sinusoidal surface via recycling endosomes was found to co-localize with the 
BC protein-containing clusters (Figure 4E, supplemental Figure S4E). Moreover, 
when fluorescently-labeled transferrin was allowed to be endocytosed in control 
HepG2 cells or HepG2 cells expressing mutant myoVb, its subsequent recycling to 
the cell surface was inhibited in cells expressing the myoVb mutant as evidenced 
by its persistent accumulation in the ANO6- and transferrin receptor-containing 

Figure 3. (A) Schematic depiction of myoVb constructs. (B) Labeling of ANO6 and myc in 
HepG2Par cells expressing myoVb/Δ1-1195 (white arrows indicates intracellular colocal-
ization of both markers). (C) Quantification of the percentage of HepG2Par cells showing 
accumulation of ABCC2 (as shown in figure 4C) upon expression of myoVb/Δ1-1195 com-
pared to untreated cells, and cells transduced with an empty pLenti-Puro construct (con-
trol). (D,E) Labeling of ABCC2 and F-actin or ANO6 in HepG2Par cells expressing myoVb/
Δ1-1195, compared to untreated control. White arrows indicate intracellular accumula-
tion of ABCC2 (and ANO6 in figure D). Scale bars: 10µm unless labeled otherwise. Yellow 
arrowheads indicate BC. (F) Electron microscopy images of HepG2Par cells expressing my-
oVb/Δ1-1195. Cells displayed large collections of vesicles (enlarged areas) which were not 
observed in control cells. 
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clusters (Figure 4E). 

While the cis-Golgi protein giantin did not co-localize with the BC protein-contain-
ing clusters (Figure 5A), we found that three markers of the trans-Golgi Network 
(TGN) partly colocalized with the BC protein-containing clusters (Figure 5B-D). 
These included the integral membrane protein TGN46 and the peripheral mem-
brane proteins Golgin-97 (which was reported to regulate the tethering of recycling 
endosome-derived transport vesicles to the TGN (23) and AP1y (the gamma-1 
subunit of adaptor protein complex AP1 which sorts proteins in clathrin-coated 
transport vesicles at the TGN and recycling endosomes). With the exception of 
AP1y, which in addition to its typical TGN-like distribution pattern was also ob-
served in the subapical region of control HepG2 cells, TGN46 and golgin-97 did 
not show a subapical localization in control HepG2 cells (Figure 5B-D). Together, 
these results indicate that the BC protein-containing clusters in cells expressing the 
myoVb mutant represented trafficking-incompetent compartments with a mixed 
apical recycling endosome and TGN identity.  

The disrupting effect of motor-less myoVb on canalicular protein localization 
requires active rab11a

We hypothesized that the myoVb tail domain induced canalicular defects through 
rab8 or rab11a function rather than via competition with endogenous myoVb. To 
test whether the observed defects are mediated through rab8 or rab11a, we gen-
erated a myovb mutant which comprised only the globular tail domain (the last 
383 amino acids) and did not contain the binding site for rab8 in ExonC/Exon 30 
(hereafter referred to as myoVb/Δ1-1460) (Figure 6A). Like myoVb/Δ1-1195, my-
oVb/Δ1-1460 mutant led to the intracellular accumulation of BC proteins and a 
reduction in the number of BCs albeit to a lesser extent than the myoVb/Δ1-1195 
mutant, suggesting that rab8 binding may contribute but is not essential to induce 
the effect (Figure 6B-C, supplemental Figure S4A). Indeed, substitution of glycine 
at position 1300 in myoVb/Δ1-1195 to a leucine, a mutation known to abolish the 
interaction between myoVb and rab8 (24), partially ameliorated its disrupting ef-
fects to the levels seen with the myoVb/Δ1-1460 mutant (Figure 6B, D). By contrast, 
when tyrosine at position 1714 in myoVb/Δ1-1460 was mutated to glutamic acid 
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 Figure 4. Labeling of phospho-ERM proteins in HepG2 cells expressing myoVb/Δ1-1195 (white ar-
rows), compared to control. Yellow arrowheads indicate BCs. (B-D) Labeling of rip11, rab11a and 
rab8 with ANO6 or ABCC2 in HepG2 expressing myoVb/Δ1-1195 (white arrows), compared to con-
trol. White arrows indicate colocalization of endosomal proteins with BC-resident protein. Yellow 
arrowhead indicates juxta-nuclear staining of rip11 in non-polarized control cells. (E) Labeling of myc 
in control and myoVb/Δ1-1195 expressing HepG2, fixed after 30 min incubation (t=0h) with fluores-
cently labeled transferrin (388Tf), and after a 2h chase period. Scale bars: 10µm.
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Figure 5. (A) Giantin labeling in HepG2 cells expressing myoVb/Δ1-1195 compared to control. White 
arrows indicate lack of colocalization. (B,C) Golgin-97 and TGN46 showed colocalization with intra-
cellular cluster of ANO6 in HepG2 expressing myc-myoVb/Δ1-1195(white arrows). (D) AP1y localized 
with ANO6 in intracellular clusters in HepG2 expressing myc-myoVb/Δ1-1195 ( white arrows). Scale 
bars: 10µm. 
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(Y1741E) (Figure 6E-G), a mutation that has been shown to abolish myoVb bind-
ing to rab11a (24), the intracellular accumulation of the canalicular proteins was 
completely abolished. Similarly, the introduction of this Y1714E mutation in the 
patient myoVb-P660L mutant reduced the intracellular accumulation of the can-
alicular proteins (Figure 7A-C). Notably, the introduction of Y1714E in myoVb/
Δ1-1460 or myoVb-P660L did not lead to an increase in the number of BC. 

Moreover, the myoVb/Δ1-1195 mutant, as well as the patient myoVb-P660L mu-
tant, failed to cause the intracellular clustering of ABCC2/MRP2 when expressed 
in HepG2 cells that also expressed the EGFP-tagged mutant rab11aS25N (Figure 
7D), which is expected to shift the equilibrium of rab11a towards the GDP/nucle-
otide free state and exert dominant-negative effects on endogenous rab11a by oc-
cupying the endogenous guanine nucleotide exchange factors (GEFs). Consistent 
with reports in other cells (25) and the previously reported location of two rab11 
GEFS, REI-1 and Crag at the TGN (26,27), EGFP-rab11aS25N colocalized with the 
TGN in HepG2 cells (Figure 7E). While the expression of EGFP-tagged mutant 
rab11a-S25N in HepG2 cells, as such, inhibited polarity development, it did not 
cause the intracellular clustering of BC proteins (Figure 7F-H). Cells expressing 
wildtype EGFP-rab11a showed normal BC formation and a subapical distribution 
of the EGFP-rab11a, similar as wild type cells (Figure 7F-G). Thus, the intracellu-
lar clustering of BC proteins in cells expressing myoVb-P660L or the myoVb tail 
domain is not phenocopied by loss of rab11a function. Together, we conclude that 
the interaction of the myoVb-P660L or myoVb/Δ1-1195 mutant with active rab11a 
is required for the myoVb-P660L- or myoVb/Δ1-1195-induced intracellular accu-
mulation of BC proteins but not inhibition of polarity development, and that loss 
of rab11a function inhibited polarity development independent of myoVb. 

MVID-associated nonsense MYO5B mutations producing truncated myoVb mu-
tants do not disrupt hepatocyte polarity and canalicular protein localization 

We reasoned that if the disrupting effect of motor-deficient myoVb mutants on 
the localization of canalicular proteins required their interaction with rab11a via 
the distal C-terminal binding Y1714 residue, most nonsense MYO5B mutations 
that cause a premature translation termination codon and the resultant synthe-





6

145

A mechanism underlying cholestasis resulting from MYO5B mutations

sis of truncated myoVb proteins should not lead to polarity defects. We there-
fore generated different MYO5B nonsense mutation previously reported in MVID 
patients and listed in the MVID registry (www.mvid-central.org): myoVb-R363X 
(c.1087C>T), myoVb-R1016X (c.5382C>T) and myoVb-R1795X (c.5383C>T) (Fig-
ure 8A) and expressed these in HepG2KO cells. Note that in contrast to the my-
oVb-R363X and myoVb-R1016X mutants the myoVb-R1795X mutant contains 
the rab11a-biding site. Western blot analyses confirmed that these mutants led to 
the expression of truncated myoVb proteins at their predicted molecular weights 
(Figure 8B). Fluorescence microscopy showed that the mutants failed to cause 
the intracellular accumulation of ABCC2/MRP2 and ANO6 (Figure 8C and Sup-
plemental Figure S6). These results demonstrate that nonsense MVID-associated 
MYO5B mutations and the expression of resultant truncated myoVb mutants that 
lack the globular tail domain do not cause defects in BC formation and canalicular 
protein localization, and support our observations that the C-terminal region and 
a conserved interaction with rab11a is required for myoVb mutants to disrupt the 
localization of canalicular proteins. 

Discussion

In this study we demonstrated that the founding Navajo myoVb-P660L mutant (7) 
when expressed in hepatic HepG2 cells caused the aberrant localization of canalic-
ular proteins as well as the sinusoidal transferrin receptor to intracellular clusters. 

Figure 6. (A) Schematic depiction of the amino acid sequences of myoVb mutants. (B) 
Quantification of the percentage of cells showing intracellular accumulation of ABCC2 
upon expression of myoVb tail domain mutants. (C) HepG2 expressing myc-myoVb/Δ1-
1460 showed intracellular ABCC2 accumulation (white arrows). Myc labeling showed 
myc-myoVb/Δ1-1460 localized diffusely in the cytoplasm. (D) Labeling of ABCC2, F-actin 
and myc in HepG2 expressing myc-myoVb/Δ1-1195-Q1300L and untreated control. White 
arrows indicate intracellular ABCC2 accumulation. (E) In HepG2 cells expressing myc-my-
oVb/Δ1-1460-Y1714E ABCC2 localized at the BC with F-actin (yellow arrowheads). Label-
ing for myc confirmed expression of the construct. (F) Quantification of the percentage of 
cells with intracellular MDR1-GFP accumulations (depicted in Figure 8G), upon expression 
of myc-myoVb/Δ1-1460 or its Y1714E mutant variant. (G) HepG2 cells expressing myc-my-
oVb/Δ1-1460 showed intracellular accumulation of the co-expressed BC marker MDR1-
GFP (white arrows), but not when the Y1714E mutation was introduced in myc-myoVb/
Δ1-1460.



Figure 7. (A) ANO6 and myc labeling in HepG2KO expressing myc-myoVb-P660L or myc-myoVb-
P660L-Y1714E. Myc-myoVb-P660L frequently accumulated intracellularly with ANO6 (white ar-
rows), whereas myc-myoVb-P660L-Y1714E appeared diffuse in the cytoplasm or subapical (yellow 
arrowheads). (B) Quantification of the percentage of myc-positive cells that show intracellular clus-
ters/accumulations of myc localized with ANO6, in HepG2KO cells expressing myc-myoVb-P660L or 
myc-myoVb-P660L-Y1714E. (C) Quantification of the percentage of myc-positive cells that show 
subapical localization of myc in HepG2KO cells expressing myc-myoVb-P660L or myc-myoVb-P660L/
Y1714E. (D) HepG2 co-expressing EGFP-rab11aS25N and myc-myoVb/Δ1-1195 in HepG2Par cells (left 
side), EGFP-rab11aS25N and myc-myoVb-P660L in HepG2Par cells (middle), and EGFP-rab11aS25N 
and myc-myoVb-P660L in HepG2KO HepG2 (right side). (E) EGFP-rab11aS25N colocalized with gol-
gin-97 in HepG2 cells. (F) ABCC2 labeling in HepG2 overexpressing wildtype EGFP-rab11a or EG-
FP-rab11aS25N. In EGFP-rab11aS25N transduced cells, BC formation was only seen in cells with no or 
very low expression of the construct (right side, box). (G) Quantification of BC formation (expressed 
as BC/100 cells) in HepG2 cells expressing wildtype EGFP-rab11a or EGFP-rab11aS25N. (H) Quanti-
fication of the percentage of HepG2 cells showing accumulation of ABCC2 upon expression of wild-
type EGFP-rab11a or EGFP-rab11aS25N.
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These data are consistent with observations in hepatocytes in liver biopsies of pa-
tients with this mutation and, therefore, show that the liver symptoms and hepato-
cyte defects observed in Navajo MVID patients (13) are likely a direct consequence 
of their MYO5B mutation rather than a sole consequence of intestinal failure- or 
TPN-induced liver damage. 

We demonstrated that the loss of myoVb in human or mouse hepatocytes did 
not cause the aberrant localization of canalicular proteins, indicating that myoVb 
function as such is not required for the correct localization of bile canalicular pro-
teins. Instead, the hepatocyte polarity phenotype as observed in myoVb-P660L 
expressing cells was faithfully phenocopied by the expression of myoVb mutants 
that lacked the entire motor domain and consisted of only the tail domains of the 
myoVb protein. 

These results indicated that the effects of myoVb-P660L on the localization of can-
alicular proteins could not be explained by a mere loss of myoVb motor function. 
Indeed, additional mutagenesis experiments showed that the disrupting effect 
of myoVb motor domain mutants on the localization of canalicular proteins was 
critically dependent on their ability to interact with active rab11a. Further, the ab-
sence of intracellular clusters of BC proteins upon inhibition of rab11a activation 
indicated that the mechanism via which myoVb mutants exerted their effects on 
the distribution of canalicular proteins involved active rather than inhibited ra-
b11a function. 

A recent study demonstrated that the globular tail domain of myoVb induced the 
clustering of rab11a-decorated lipid vesicles (liposomes) in a chemically defined 
in vitro reconstitution system by stimulating homotypic rab11-rab11 interactions 
(28). While this effect has thus far not been demonstrated in living cells, it would fit 
with the myoVb-Y1714- and rab11a-dependent clustering of rab11a and associated 
cargo and the appearance of clusters of vesicles that we observed in cells express-
ing myoVb-P660L or only the myoVb tail domain. Conceivably, the C-terminal 
tail domain of mutant myoVb, upon its displacement from its normal subapical 
location, in this way induced the ectopic clustering of TGN- and/ or recycling en-
dosomes-derived transport vesicles via rab11a and thereby perturbed the correct 



Figure 8. (A) Schematic depiction of the amino acid sequences of nonsense myoVb mutants. (B) 
Western blot showing the truncated myoVb mutant proteins expressed in HEK293 cells. (C) Immu-
nofluorescence microscopy images showing the subcellular distribution of the truncated myoVb 
mutant proteins and the canalicular protein ABCC2. Scale bars: 10µm 

distribution of bile canalicular proteins. 

Notably, PFIC in non-MVID patients has been associated with only biallelic missense mu-
tations and, in contrast to the enteropathy in MVID, has not been associated with biallelic 
MYO5B mutations that are predicted to result in the loss of myoVb protein expression, such 
as nonsense or frame-shift mutations (5,18,29). In agreement with these clinical findings, we 
found that the expression of truncated myoVb resulting from MVID-associated nonsense 
MYO5B mutations did not cause a canalicular protein localization defect. Together with the 
findings that myoVb as such is not required for the correct localization of canalicular pro-
teins in vitro and in vivo, and that myoVb mutants required active rab11a for their disruptive 
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effect on canalicular protein localization, this study thus provides a direct and 
simple explanation for this genotype-phenotype correlation in non-MVID PFIC-6 
patients. It may also lead us to speculate that intrahepatic cholestasis in patients 
with MVID (10,11,17) is less likely to be caused by their MYO5B mutations when 
these involve nonsense mutations than when these involve missense mutations. 
In support of this, a MVID patient was reported with only nonsense MYO5B mu-
tations including R1795X who presented with cholestasis with normal CGT levels 
for 9 months but liver biopsies showed normal canalicular protein localization. 
Cholestasis in this patient later spontaneously resolved (12). 

Our results suggest that the specific inhibition of the interaction between mutant 
myoVb and rab11a in the patients’ hepatocytes may ameliorate the harmful effects 
of the myoVb mutant on canalicular protein localization and thereby the PFIC in 
patients. This study thus paves the way for the discovery of small molecule inhibi-
tors of this interaction and the exploration of their potential beneficial effects.

Finally, the ectopic expression of the globular tail domain of myoVb has been 
widely used to implicate the involvement of myoVb in intracellular trafficking 
of a variety of proteins in a variety of cell types (14,30–33). The results from our 
study, demonstrating that the effects of the myoVb tail domain are not necessarily 
mimicked by the loss of myoVb expression or loss of rab11a activity, yet depend 
on their interaction with active rab11a, suggest that the need to recheck the inter-
pretation of some of the studies using this myoVb mutant is warranted.
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Supplemental figure S1

(A) Sequencing results of HepG2KO clone. Top depicts wildtype reference genomic se-
quence of exon 3 of MYO5B, with corresponding amino acid translation. Below depicts 
the sequence results corresponding to the two modified alleles. One allele contains a 
19 nucleotide deletion, the other allele contains a 1 nucleotide insertion. Both modifica-
tions result in a frameshift, and thereby a premature stop-codon. (B and C) Localization 
of apical proteins ABCC2 and ANO6 is identical in MYO5B KO and control parental HepG2 
(D) Quantification of BC formation (expressed as BC’s per 100 cells) in HepG2KO cells 
expressing myc-myoVb or myc-myoVb-P660L. (E) Immunofluorescent labeling of myc and 
ANO6, in HepG2KO or HepG2Par expressing myc-myoVb-P660L. White arrows indicate 
ANO6 accumulated intracellularly with myc-myoVb-P660L. Yellow arrowheads indicate 
BCs. (D) Quantification of BC formation (expressed as BC’s per 100 cells) in HepG2KO 
cells or HepG2Par expressing myc-myoVb-P660L. (E). Quantification of the percentage 
of myc-positive cells that show intracellular clusters/accumulations of myc localized with 
ANO6, in HepG2KO or HepG2Par expressing myc-myoVb-P660L. (F) Quantification of the 
percentage of myc-positive cells that show subapical localization of myc, in HepG2KO or 
HepG2Par expressing myc-myoVb-P660L

Supplemental figure S2

(A) Labeling of ANO6 and myc in HepG2KO cells expressing myoVb/Δ1-1195 showed intra-
cellular colocalization of both markers (white arrows). (B) Quantification of the percentage 
of HepG2KO cells showing accumulation of ABCC2 (as shown in figure 3D, white arrows) 
upon expression of myoVb/Δ1-1195 compared to untreated control. (C) Quantification of 
BC formation (expressed as BC’s per 100 cells) in HepG2KO cells expressing myc-myoVb/
Δ1-1195, and untreated HepG2KO cells. (D,E) Labeling of ABCC2 with F-actin or ANO6 re-
spectively, in HepG2KO cells expressing myoVb/Δ1-1195, compared to untreated control. 
White arrows indicate intracellular accumulation of ABCC2 (and ANO6 in figure E).
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Supplemental figure S3

(A) Quantification of BC formation (expressed as BCs per 100 cells) in HepG2Par cells expressing 
myc-myoVb/Δ1-1195, HepG2Par cells transduced with empty pLenti-Puro plasmid, or untreated 
HepG2Par. (B) Immunofluorescent images of HepG2 cells co-expressing myc-myoVb/Δ1-1195 and 
DPPIV-mCherry (or DPPIV-mCherry only as control), stained for ABCC2. DPPIV-mCherry colocalized 
with ABCC2 intracellular accumulations (white arrows), but not exclusively (yellow arrowheads in-
dicate lack of colocalization). (C) Immunofluorescent images of HepG2 cells co-expressing myc-my-
oVb/Δ1-1195 and DPPIV-mCherry (or DPPIV-mCherry only as control), stained for myc. White arrows 
indicate colocalization of myc and DPPIV-mCherry, yellow arrowheads indicate lack of colocaliza-
tion. (D) Wildtype HUES9 derived human induced hepatocytes (hiHeps), expressing myc- myoVb/

Δ1-1195, labeled for ANO6, myc and hepatic lineage marker HNF4α. In hiHeps lacking myc- myoVb/
Δ1-1195 expression, ANO6 is present at bile canaliculi (yellow arrowhead) and faintly at basolateral 
membranes. In hiHeps expressing myc- myoVb/Δ1-1195, ANO6 colocalized with myc inside the cells 
(white arrows).

Supplemental figure S4

(A) Labeling of radixin in HepG2 cells expressing myc- myoVb/Δ1-1195 (white arrows), compared to 
untreated control. Yellow arrowheads indicate BCs. (B,C) In both HepG2Par and HepG2KO, rip11 and 
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rab11a localized as subapical rings surrounding the BC (labeled with ABCC2 and ANO6 respectively). 
(D) Labeling of LAMP1 In proteins in HepG2 expressing myc- myoVb/Δ1-1195 (white arrows), com-
pared to untreated control. White arrows indicate lack of colocalization. (E) Microscopy images of 
untreated and myc- myoVb/Δ1-1195 expressing HepG2, fixed after 30 minutes incubation (t= 0h) 
with fluorescently labeled transferrin (388Tf), and after a 2 hour chase period. Cells were stained for 
transferrin receptor (TfR) and ANO6.



Supplemental figure S5

(A) Quantification of BC formation upon expression of myoVb tail domain variants, compared to 
untreated control. (B) Quantification of BC formation upon expression of myc-myoVb/Δ1-1460, or 
its Y1714E mutant variant, compared to untreated control. (C) Relative (over)expression levels of 
myc-myoVb/Δ1-1460 and myc-myoVb/Δ1-1460-Y1614E as determined by qPCR, compared to en-
dogenous myoVb expression in untreated control. 
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Abstract

Background & Aims: Hepatocyte polarity is essential for the development of bile 
canaliculi and transport of bile and waste products such as copper safely out of 
the liver. Genetically inherited defects in polarized processes can cause severe 
diseases. Functional studies of autologous mutated proteins in the context of the 
polarized hepatocyte have been challenging because of the lack of appropriate cell 
models. The aim of this study was to obtain a patient–specific hepatocyte model 
that recapitulated hepatocyte polarity and to employ this model to study endoge-
nous mutant proteins in liver diseases that involve hepatocyte polarity. Methods: 
Patients’  and control subjects’ urine cell-derived pluripotent stem cells were dif-
ferentiated towards hepatocyte-like cells. Results: Polarized hepatocyte-like cells 
(hiHeps) that formed in vivo-like bile canaliculi could be generated from embry-
onic and patient urine cell-derived pluripotent stem cells. HiHeps recapitulated 
polarized protein trafficking processes, exemplified by the Cu2+-induced redistri-
bution of the copper transporter protein ATP7B to the bile canalicular domain. We 
demonstrated that, in contrast to the current dogma, the most frequent yet enig-
matic Wilson disease-causing ATP7B-H1069Q mutation per se did not preclude 
trafficking of ATP7B to the trans-Golgi Network. Instead, it prevented its Cu2+-in-
duced polarized redistribution to the bile canalicular domain, unrepairable by 
pharmacological folding chaperones. Finally, we demonstrate that hiHeps from a 
MEDNIK disease patient suffering from liver copper overload of unclear etiology 
showed no defect in the Cu2+-induced redistribution of ATP7B to the bile canalic-
uli. Conclusions: Functional cell polarity can be achieved in patient pluripotent 
stem cell-derived hepatocyte like cells, and allow for the first time the study of the 
endogenous mutant proteins, patient-specific pathogenesis and drug responses 
for diseases where hepatocyte polarity is a key aspect.   
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Introduction

Hepatocytes are polarized cells, exemplified by the segregation of their plasma 
membranes into basolateral/sinusoidal and apical/canalicular domains [1,2]. He-
patocyte polarity is essential for many hepatocyte-specific functions [1]. Not sur-
prisingly therefore, loss of hepatocyte polarity is correlated with liver diseases [2]. 
In inherited liver diseases, mutations in specific genes can cause a defect in the 
targeting, expression and/ or function of proteins that display a steady state resi-
dence at either sinusoidal or canalicular surface domain [2]. 

Some proteins adopt a polarized distribution in hepatocytes only under specif-
ic circumstances. For example, the copper transporter protein ATP7B normally 
resides in the trans-Golgi Network (TGN) but when intracellular copper levels 
become too high ATP7B displays a polarized translocation to the bile canalicular 
domain where excess copper is excreted [3,4]. Mutations in the ATP7B gene in pa-
tients with Wilson disease (WD) [5] lead to excess copper deposition and damage 
to the liver and brain [6]. Some mutations have been reported to impair the intra-
cellular trafficking of the mutant ATP7B protein [7,8]. However, for several, in-
cluding the frequent H1069Q mutation in the Caucasian WD population [9], their 
impact on the polarized trafficking of the mutant ATP7B to the bile canalicular do-
main in response to excess copper is unknown. Similarly, the impact of mutations 
in the traffic regulatory gene AP1S1 on the trafficking of ATP7B in hepatocytes of 
patients with MEDNIK syndrome, a disease with parallels to WD [10] has been 
postulated but not experimentally addressed.    

Patients’ biopsies provide information about the steady-state distribution of mu-
tant proteins, but not about the regulated dynamics of mutant proteins such as the 
polarized trafficking of ATP7B mutants in copper-exposed cells. Studies of mutant 
proteins including WD ATP7B mutants required their heterologous overexpres-
sion [11–14] in cancer cell lines, a strategy with several drawbacks [15]. Therefore, 
there is an urgent need for a cell culture system that recapitulates the trafficking 
of endogenously expressed mutant proteins in polarized human hepatocytes. Pa-
tient-own cells are the ideal source to study endogenous mutant proteins. The 
ability to generate induced pluripotent stem cells (iPSC) from patients’ cells and to 
differentiate these to hepatocytes has been a major step towards the study of en-
dogenous mutant proteins, including ATP7B, in physiologically relevant cell types 
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[16–24]. However, the potential of iPSC-derived hepatocytes to polarize and form 
bile canaliculi, and their potential to study the polarized trafficking of endoge-
nously expressed mutant protein, is not known.   

Here, we characterized the potential of human pluripotent stem cell-derived he-
patocytes to develop apical-basal polarity, bile canaliculi, and recapitulate polar-
ized trafficking processes. We investigated their potential to study the functional-
ities of endogenous mutant proteins in human diseases where hepatocyte polarity 
is a key aspect, in this case the copper-stimulated redistribution of (mutant) ATP7B 
to the bile canalicular domain. This study reveals unexpected results with implica-
tions for proposed disease mechanisms and novel therapeutic strategies.   
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Materials and methods
Generation of induced pluripotent stem cells 

WD iPSC cells from the homozygous patient were generated as described pre-
viously [25].  WD iPSC cells from the heterozygous patient were generated from 
urine-derived cells [26]. Informed consent was obtained from all subjects. Briefly, 
at 75% confluence, urine-derived cells were transduced with the lentiviral vec-
tor pRRL.PPT.SF.hOct34co.hKlf4co.hSox2co.hmyc.idTomato.pre.FRT (Supple-
mentary CTAT Table). After two days cells were transferred to vitronectin-coated 
(ThermoFisher) vessels and cultured in Essential-6 medium (ThermoFisher) with 
10ng/ml FGF. When nascent iPSC colonies appeared, medium was switched to 
Essential-8 medium (ThermoFisher) for colony expansion. After two weeks, iPSC 
colonies were isolated and cultured for >6 passages. 

Embryoid body formation assay

Embryoid bodies (EB) were generated by detaching iPSC colonies with 0.5mM 
EDTA in PBS. Aggregates were transferred to Ultra-Low attachment flasks (Corn-
ing) and cultured in Essential-8 overnight. EB’s were cultured in KnockOut™ Se-
rum-Replacement-medium (ThermoFisher) for 10d. Then, EB were transferred to 
hESC-qualified matrigel (BD/Biosciences)-coated coverslips and cultured for an-
other 4d in KnockOut™SR. EB were fixed in 4% paraformaldehyde and immuno-
histochemically analyzed.

Stem cell culture

All human pluripotent stem cell lines (Supplementary CTAT Table) were main-
tained on Vitronectin in Essential-8.  Cells were passaged every 4-5d with 1% Re-
vitaCell Supplement added overnight on the day of passage.

Hepatocyte differentiation

50,000 iPSC were plated as single cells in a vitronectin-coated (ThermoFisher) 
well and cultured in Essential-8 with RevitaCell supplement. Next day, cells were 
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differentiated to definitive endoderm using the PSC Definitive-Endoderm-Induc-
tion Kit (ThermoFisher). After 2d, RPMI1640 (ThermoFisher) containing 20ng/ml 
BMP4, 10ng/ml FGF2, 0.5% DMSO (Sigma) and B27-supplement (ThermoFisher) 
was added for 5d for hepatic lineage specification. The hepatic progenitor cells 
were then transferred to ESC-qualified Matrigel-coated wells in RPMI1640 with 
20ng/ml HGF, 0.5% DMSO and B27-supplement, with 1% RevitaCell supplement 
on the first day. Next day cells were overlaid with a ESC-qualified Matrigel and 
cultured for 5 more days. To promote further maturation, cells were cultured in 
Lonza HCM/Bulletkit medium with 20ng/ml Oncostatin-M, known to stimulate 
hepatocyte polarity development [27]. Medium was changed daily for all stages of 
differentiation. For ATP7B translocation experiments, mature hiHeps were treated 
with 200μM BCS (Sigma) for 8h, washed with PBS, and treated with 200μM BCS 
or 100μM CuSO4 for 16h. For CFDA transport assay, hiHeps were incubated with 
0.5μM CFDA (Sigma-Aldrich) at 37°C for 30min and analyzed with a Leica DMI 
6000 fluorescent microscope. To asses LDL uptake, hiHeps were incubated with 
10μg/ml DiI-LDL (Alfa-Aesar) for 4h, washed, fixed in 4% paraformaldehyde for 
20min, stained with DAPI and mounted. For chemical chaperone rescue experi-
ments, hiHeps were incubated with 5mM PBA  or 5μM curcumin 48h prior to and 
during CuSO4 treatment.

Western blotting 

Cell lysates were prepared in RIPA buffer (150 mM NaCl, 1% NP-40, 0,5% sodium 
deoxycholate, 0.1% SDS, 50mM Tris pH 8,0) with protease inhibitors, and mixed 
1:1 with sample buffer (2% SDS, 5% β-mercaptoethanol, 0.125 M Tris–HCl, pH 6.8,  
40% glycerol, 0,01% bromophenolblue) and incubated at 70°C for 10 min. Proteins 
were resolved by SDS-PAGE and electrotransferred onto PVDF membranes. Mem-
branes were blocked with Odyssey blocking buffer and incubated with primary 
antibodies (Supplementary CTAT Table). Membranes were washed, incubated 
with fluorescently labeled secondary antibodies, and scanned with the Odyssey. 
Relative quantification was performed using the Odyssey software.

Microscopy

Immunolabeling was done as described previously [28]. For antibodies see Sup-
plementary CTAT Table. Fluorescent images were captured on a Leica DMI 6000 
fluorescent microscope and a Leica SP8 DMI 6000 confocal microscope, and an-
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alyzed using ImageJ and Adobe Photoshop. Quantification of colocalization in 
high-resolution confocal images was done using ImarisColoc software. Thresh-
olds were set using the ImarisColoc automatic thresholding algorithm. Electron 
microscopy was performed as described previously [29]. 60nm sections imaged 
with a Zeiss Supra55 in STEM mode at 26KV using an external scan generator 
(Fibics, Canada) yielding mosaics of large area scans at 2.5nm pixel resolution.  

Quantitative polymerase chain reaction

RNA was collected using TRI reagent (Sigma). Total RNA was reverse transcribed 
in the presence of oligo(dT)12–18 (Invitrogen) and dNTPs (Invitrogen) with 
M-MLV reverse transcriptase (Invitrogen) according to manufacturer’s instruc-
tions. Gene expression levels were measured by real-time quantitative RT-PCR 
with ABsolute QPCR SYBR Green Master Mix (Westburg) in a Step-One Plus RTP-
CR apparatus. Resulting data analyzed using the LinRegPCR method. See supple-
mentary information and CTAT Table for primers and detailed protocol. 
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Results

Differentiation of pluripotent stem cells to hepatocyte-like cells

Pluripotent HUES9 cells were differentiated toward hepatocyte-like cells (hi-
Heps) using a protocol based on embryonic hepatic development and previous 
studies on hepatocyte differentiation in culture [16,24,30] (Figure 1A). Differenti-
ation resulted in the loss of expression of pluripotency markers and progressive 
expression of hepatic marker proteins, including hepatocyte nuclear factor (HN-
F)4-alpha, alpha-fetoprotein and albumin (Figure 1B and 2B), glutamate-ammonia 
ligase and carbamoyl-phosphate synthetase-1, sodium-taurocholate cotransport-
ing polypeptide (NTCP), and alpha-1-antitrypsin (AAT) (Figure 2A). Virtually all 
AAT-positive HiHeps were positive for HNF4a and most HNF4a-positive cells 
were positive for AAT (Supplemental Figure S1A). Fluorescently labeled low-den-
sity lipoprotein was endocytosed in hiHeps (Figure 2A). Electron-microscopy 
showed copious quantities of glycogen in the hiHeps’ cytosol (Figure 2C). Chol-
angiocyte markers were absent from hiHeps (supplemental Figure S1B). The dif-
ferentiation yield, based on the percentage of AAT- or HNF4a-expressing HiHeps, 
was ~50% (Supplemental Figure S1A). 

Pluripotent stem cell-derived hiHeps develop apical-basolateral polarity and 
form branching bile canalicular networks

The canalicular multispecific organic anion transporter 1 (cMOAT1/ABCC2) re-
vealed the presence of branching networks of canaliculi running between adjacent 
mature hiHeps (Figure 3A-B). Canaliculi also contained Thr567-phosphorylated 
(active) ERM-family proteins including the dominant ERM-protein in hepato-
cytes, radixin, which is considered a structural marker of bile canaliculi [31] (Fig-
ure 3B-C). 

ABCC2 was exclusively localized to the canalicular domain (Figure 3B), flanked 
by the tight junction-associated protein ZO-1 (Figure 3C) [32], indicating that hi-
Heps developed canalicular-sinusoidal polarity. Three-dimensional reconstruc-
tion supported the lateral orientation of the canaliculi (Figure 3E), a hallmark of 
hepatocytes in the liver [1]. Other canalicular proteins including bile salt export 
pump (BSEP/ABCB11) and 5’nucleotidase (NT5E) were also restricted at the cana-
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Figure 1. Differentiating HUES9 cells progressively acquire hepatic markers during directed differ-
entiation to hiHeps 
(A) Schematic overview of hiHep directed differentiation method with phase contrast images of 
cells at progressive stages of differentiation. (B) Immunofluorescent labeling of differentiation 
markers at subsequent hiHep generation stages. Differentiating cells rapidly lost expression of 
pluripotency marker Oct3/4 (day 3, stage 1) and progressively gained expression of hepatic markers 
HNF4α (day8, stage 2), AFP (day 13, stage3) and Albumin (day 20, stage 4). Scale bars: 10 µM.



Figure 2.  Mature hiHeps express key hepatic markers and show capability of glycogen storage and 
LDL internalization

(A) Fluorescence microscopy images of glutamine ligase (GLUL), Carbamoyl-phosphate synthase 1 
(CPS1), NTCP, AAT and internalized DiI-LDL. Scale bar of NTCP and AAT stainings: 10µM. (B) Western 
blot analysis of undifferentiated HUES9 (S0) and hiHeps (S4) showing expression of pluripotency and 
hepatocyte markers. (C) Electron microscopy show the presence of glycogen in hiHeps. Yellow box 
and arrow (left image) indicate magnified area depicting cytosolic glycogen (right image).
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licular domain (Figure 3F). By contrast, anoctamin-6 (ANO6) was observed at both 
the apical and basolateral surface domains (Figure 3F), as in vivo. The fluorescent 
ABCC2 substrate 5-chloromethylfluorescein (CFDA) [31] was secreted and re-
tained in the canaliculi of living hiHeps (Figure 3F), supporting the luminal nature 
of the bile canaliculi. Electron-microscopy confirmed the presence bile canaliculi 
with microvilli and associated tight junctions (Figure 3G). Notably, all hiHeps that 
formed bile canaliculi expressed the AAT protein (Figure 3D, Supplemental Figure 
S1C), indicating that these represented well-differentiated hiHeps. Together, hu-
man pluripotent stem cell-derived hiHeps developed apical-basolateral polarity 
and formed bile canaliculi.  

Polarized hiHeps recapitulate polarized trafficking processes

To investigate whether the polarized hiHeps recapitulated regulated polarized 
trafficking processes, we examined the ability of copper to trigger the redistri-
bution of the copper transporter ATP7B from TGN to the canalicular domain 
[3,12,33]. During HUES9 differentiation to hiHeps ATP7B was expressed from the 
endoderm stage (Figure 4A). In mature hiHeps ATP7B colocalized with the TGN 
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(A) Fluorescence microscopy images of ABCC2 at subsequent differentiation stages. Scale bar: 10µM. 
(B-E) Fluorescence microscopy images of ABCC2, radixin, ERM proteins and ZO-1 at bile canaliculi. 
Co-staining of ABCC2 and AAT demonstrate maturity of polarized hiHeps (Figure 3D). Orthogonal 
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marker Golgin-97 (Figure 4B) and was absent from the ABCC2-labeled canaliculi 
(Figure 4C,D) under copper-chelated conditions. Copper-treatment resulted in re-
duced ATP7B colocalization with Golgin-97 (Figure 4B) and its appearance at the 
ZO-1-bordered canaliculi (Figure 4C-D). ATP7B in copper-treated hiHeps also ap-
peared at LAMP1-positive compartments (Figure 4E), which have been implicated 
in the trafficking of ATP7B to the bile canaliculi [12,23] although debated [34]. Flu-
orescence intensity boxplots covering the intracellular ATP7B compartments and 
the canalicular domain illustrated ATP7B translocation by the appearance of over-
lapping ABCC2 and ATP7B peaks in the copper-treated conditions (Figure 4F). To 
obtain a measure of ATP7B canalicular translocation that was representative of the 
population as a whole, these intensity plots were used to determine the relative 
ATP7B intensity at the maximum relative intensity of ABCC2 for multiple cana-
liculi. Resultant dotplots showed that in copper-treated hiHeps, ATP7B staining is 
significantly more intense at the canalicular domain for the majority of canaliculi, 
when compared to BCS-treated controls (Figure 4G). 

Pluripotent stem cells can also be generated by reprogramming somatic cells from 
any individual. The differentiation of these induced pluripotent stem cells (iPSC) 
from healthy individual’s somatic cells to hiHeps (Control-1) yielded similar re-
sults when compared to HUES9-derived hiHeps, including development of cell 
polarity and bile canaliculi (supplemental Figure S2A-B) and the copper-stimu-
lated canalicular redistribution of ATP7B (Figure 5A-D). 

These data show that hiHeps not only developed apical-basolateral polarity and 
formed bile canaliculi, but also recapitulated regulated polarized trafficking pro-
cesses.      

views of 3D imaged bile canaliculi reveal the lateral orientation of the canaliculi (Figure 
3E, right side, top). Schematic orthogonal views illustrate the formation of hepatic polarity 
(Figure 3E, right side, middle and bottom). Dashed line represents the author’s interpreta-
tion of a possible cell membrane arrangement not based on staining data. Dashed yellow 
line indicates orthogonal section plane. TJ: tight junction. BC: bile canaliculus. Scale bars: 
10 µM (F) Fluorescence microscopy images of ANO6, BSEP and 5’Nucleotidase (NT5E) at 
the BC in hiHeps. In addition, hiHeps transported the fluorescent ABCC2 substrate CFDA 
into BC lumens. White arrows: apical ANO6, yellow arrowheads: basolateral ANO6. Scale 
bars: 10µM (G) Electron microscopy showing small lumens with villi  (white arrows) be-
tween hiHeps, which display microvilli formation at the apical surface enclosed by tight 
junctions (yellow arrowheads) and desmosomes (red arrowhead).
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overlapping ABCC2 and ATP7B intensity peaks in copper treated hiHeps but not in control. (G) Graph 
depicting the percentage values of ATP7B intensity at which the ABCC2 intensity is at its maximum 
(e.g. 3.8% for BCS condition and 84.7% for CuSO4 condition in figure 4F) for multiple BC.  Error bars 
indicate standard error of the mean. Asterisks indicate statistical significance (P <0.001) based on 
Mann–Whitney U test.  

AT
P7

B 
/ G

ol
gi

n-
97

/ H
N

F4
α

AT
P7

B 
/ A

BC
C

2/
 N

uc
le

i

BCS/ Control + CuSO4

Control-1 iPSC derived iHeps

A B

C

12.3%

85.7%

BCS/ Control + CuSO4

D
ABCC2 ABCC2

A
B

C
C

2

***

Figure 5. HiHeps derived from healthy control iPSC recapitulate copper-stimulated ATP7B translo-
cation 

 (A-B) Fluorescence microscopy images of ATP7B and Golgin-97 (A) and ATP7B and ABCC2 (B) in 
BCS-treated and copper-treated control iPSC derived hiHeps (Control-1). Scale bars: 10µM. (C) Flu-
orescence intensity profile plots along the polarization axis  (areas indicated by yellow brackets in 
Figure 3D, yellow arrows indicate plot direction) showing clear overlap of ABCC2 and ATP7B inten-
sity peaks in copper treated hiHeps, but not in control.  (D) Graph depicts the percentage values of 
ATP7B intensity at which the ABCC2 intensity is at its maximum (12.3% for BCS condition and 85.7% 
for CuSO4 condition in figure 5B) for multiple BCs. Error bars indicate SEM. Asterisks: significance 
(p<0.001) based on Mann–Whitney U-test.  

172



7

173

Stem cell-derived hepatocytes to study liver diseases involving hepatocyte polarity

Endogenously expressed mutant ATP7B-H1069Q shows defective copper-stimu-
lated redistribution to the bile canalicular domain

The ability of iPSC-derived hiHeps to develop apical-basolateral polarity, form 
bile canaliculi and recapitulate regulated polarized trafficking processes allowed 
us to for the first time characterize the polarized trafficking phenotype of endog-
enously expressed mutant ATP7B proteins. We generated urine cell-derived iPSC 
(supplemental Figure S3A-C) and thereof derived hiHeps of a WD patient (WD1) 
who presented advanced liver fibrosis at age 13 and has a compound heterozy-
gous nonsense W779X and missense H1069Q mutation in the ATP7B gene. This 
was confirmed in the patient’s iPS (supplemental Figure S4A). H1069Q is the most 
common ATP7B mutation in the Caucasian WD population and presumed to lead 
to folding defects and retention of the mutant protein in the endoplasmic reticu-
lum (ER) and its degradation [35]. The also common nonsense W779X mutation 
causes depletion of the protein. In accordance, Western blot analysis revealed 
the presence of a single band at the molecular weight of ATP7B and no truncated 
products in the WD hiHeps (Figure 6A). 

ATP7B expression was lower in WD hiHeps when compared to control hiHeps 
(Figure 6A,B). The protein reduction exceeded mRNA reduction (Figure 6C), sup-
porting the previously reported increased degradation rate of ATP7B-H1069Q 
[23]. Importantly, WD and HUES9 showed similar differentiation yields, as deter-
mined by the percentage of AAT- and HNF4a-expressing hiHeps (Supplemental 
Figure S1A). Further, WD hiHeps developed apical-basal polarity and bile can-
aliculi, indicating that functional ATP7B is not essential for hepatocyte polarity 
(Figure 6F). In WD hiHeps, ATP7B-H1069Q co-distributed with the TGN marker 
under copper-chelated culture conditions (Figure 6D, supplemental Figure S5A), 
indistinguishable from HUES9 cell-derived hiHeps (c.f., Figure 4B) and iPSC-de-
rived hiHeps of control individuals (c.f., Figure 5A). Quantitative colocalization 
analyses revealed no difference between the extent of ATP7B or ATP7B-H1069Q 
colocalization with the TGN (supplemental Figure S5B).  However, in striking con-
trast to control iPSC- and HUES9-derived hiHeps, exposure of WD hiHeps to cop-
per failed to trigger the redistribution of ATP7B-H1069Q to the canalicular domain 
(Figure 6F-H, respectively). Similar results were obtained with hiHeps derived 
from iPSC of an unrelated WD patient (WD2) with homozygous H1069Q/H1069Q 
mutations. Thus, hiHeps of this patient confirmed the significant localization of 
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(A) Blot of WD1 H1069Q/W779X hiHeps showing expression of ATP7B-H1069Q of wildtype length. 
No ATP7B-W779X expression was observed. Note that the ATP7B antibody epitope is located before 
the W779 and an 80kDA band is expected for the truncated product. (B) Quantification of three in-
dependent WD1 hiHeps ATP7B blots relative to Hues9. Significance testing of WD1 column was done 
to a hypothetical value of 1. (C) Relative expression of ATP7B mRNA in Hues9 and WD1 hiHeps. (D-F) 
Fluorescence microscopy images of ATP7B-H1069Q and Golgin-97 (D), ATP7B-H1069Q and LAMP1  
(E), ad ATP7B-H1069Q and ABCC2 (F) in BCS- and copper-treated WD iPSC derived hiHeps (BCS and 
CuSO4, white arrows). Scale bars: 10µM. (G) Fluorescence intensity profile plots along the polar-
ization axis (areas indicated by yellow brackets, yellow arrows indicate plot direction) showing no 
overlap of ABCC2 and ATP7B intensity peaks in copper-treated hiHeps. (H) Graph depicting the per-
centage values of ATP7B intensity at which the ABCC2 intensity is at its maximum (e.g. 24.1% for BCS 
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condition and 3.6% for CuSO4 condition in figure 6D) for multiple WD H1069Q/W779X  
hiHep BC’s. Error bars indicate standard error of the mean. No significant difference was 
observed between means of BCS and CuSO4 conditions (p= 0.445 based on Mann–Whit-
ney U-test).

the endogenous ATP7B-H1069Q mutant protein at the TGN [25] (Supplemental 
Figure S7A) and the failure of the mutant protein to redistribute to the canalicu-
li in response to copper (Supplemental Figure S6C-E). Importantly, in hiHeps of 
a first-degree family member of this patient (Control-2) the copper-induced re-
distribution of ATP7B to the bile canaliculus was unaffected (Supplemental Fig-
ure S6A,B,E), indistinguishable from the unrelated control subject (c.f., Figures 4 
and 5). Notably, while copper stimulated the redistribution of ATP7B-H1069Q to 
LAMP1-positive compartments in hiHeps of the homozygous patient (Supple-
mental Figure S7C), this was not observed in hiHeps of the heterozygous H1069Q/
null patient (Figure 6E). These results reveal, for the first time, the trafficking phe-
notypes of endogenously expressed mutant ATP7B proteins in polarized hepatocytes. 
They demonstrate that the H1069Q mutation in ATP7B protein does not per se 
preclude the endogenous mutant protein from reaching a steady-state distribution 
at the TGN but, unexpectedly, causes a defect in its copper-triggered polarized 
redistribution to the bile canaliculi.       

Figure 7. Curcumin and 4-phenylbutyrate do not restore copper-induced canalicular 
translocation of ATP7B-H1069Q

(A) Fluorescence microscopy images of ATP7B/H1069Q and ABCC2 in curcumin- or 
4-PBA-pretreated and copper-treated WD hiHeps and hereof derived fluorescence in-
tensity plots (plot areas indicated by yellow brackets, yellow arrows indicate plot direc-
tion). (B) Graph depicting the percentage values of ATP7B intensity at which the ABCC2 
intensity is at its maximum for multiple BC in each condition. Note: HUES9 data points 
are the same as depicted in figure 4G and data points from BCS and CuSO4 conditions 
are the same as depicted in figure 6F. No significant difference was observed upon PBA 
treatment compared to CuSO4 alone (p=0.126 )Mann–Whitney U-test), or upon curcumin 
treatment compared to CuSO4 alone (p=0.227 (Mann–Whitney U-test). (C) Blot showing 
ATP7B-H1069Q expression in  curcumin-treated hiHeps and graph depicting quantifica-
tion of ATP7B-H1069Q signal relative to actin. 
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Curcumin and 4-phenylbutyrate do not restore copper-induced canalicular 
translocation of ATP7B-H1069Q 

Earlier studies have demonstrated that ATP7B-H1069Q when overexpressed in 
cells or present in homozygous patient tissue can be retained in the ER, which pre-
cludes its trafficking to and function at the TGN and its copper-induced redistribu-
tion to the bile canaliculi. The pharmacological folding chaperones curcumin and 
4-phenylbutyrate have been reported to improve the folding, stability and traffick-
ing of ER-retained ATP7B-H1069Q to the TGN [36]. Whether curcumin and 4-phen-
ylbutyrate can also restore the redistribution of TGN-resident ATP7B-H1069Q 
to bile canaliculi in response to high copper levels has not been experimentally 
addressed [36]. In curcumin-treated WD hiHeps, ATP7B-H1069Q maintained its 
predominant TGN localization and no copper-triggered redistribution to the cana-
liculi was observed (Figure 7A-B). Comparable results were obtained with 4-phen-
ylbutyrate (Figure 7A-B). Western blot analysis revealed that curcumin treatment 
of WD hiHeps expressing the endogenous mutant ATP7B-H1069Q protein led to 
a 1.5-fold increase in the expression of ATP7B-H1069Q (Figure 7C), which is com-
monly interpreted to reflect improved stability of the mutant protein [22,36]. Our 
results suggest that curcumin and 4-phenylbutyrate may not be suitable to restore 
ATP7B-H1069Q trafficking in all patients and demonstrate the importance of in-
vestigating the usefulness of therapeutic compounds in the context of patient-spe-
cific, autologous ATP7B mutant proteins.          

AP1S1 mutations do not preclude copper-induced canalicular translocation of 
ATP7B in MEDNIK hiHeps 

Copper overload has been reported in patients with MEDNIK syndrome who have 
no mutations in ATP7B but mutations in the AP1S1 gene [37]. Whether copper 
overload in MEDNIK patients is due to a  ATP7B localization or trafficking defect, 
as suggested [34,38], has not been determined. We generated iPSC lines from a 
MEDNIK patient (Supplementary Figure S3A-C and S4B) and differentiated these 
to hiHeps. Our data show that in MEDNIK hiHeps under control conditions, AT-
P7B predominantly localized at the TGN (Figure 8A). No redistribution of ATP7B 
to other cellular locations or the canalicular domain was observed under control 
conditions. Copper exposure caused ATP7B redistribution to LAMP1-positve ves-
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Figure 8. Copper stimulates ATP7B redistribution to the canalicular domain In MEDNIK syndrome 
hiHeps 

(A-C) Fluorescence microscopy images of ATP7B and Golgin-97 (A), ATP7B and LAMP1 (B), ATP7B and 
ABCC2 (C) in BCS-treated and copper-treated MEDNIK hiHeps. Scale bars: 10µM.  (D) Fluorescence 
intensity profile plots along the polarization axis (areas indicated by yellow brackets, yellow arrows 
indicate plot direction) shoawing overlapping ABCC2 and ATP7B intensity peaks in copper treated 
hiHeps, but not in control. (E) Graph depicting the percentage values of ATP7B intensity at which the 
ABCC2 intensity is at its maximum for multiple BCs. Error bars represent SEM. Asterisks: significance 
(p<0.001) (Mann–Whitney U-test).

icles (Figure 8B) and to the canalicular domain (Figure 8C-E), indistinguishable from cop-
per-exposed control hiHeps (c.f., Figure 4D-G and 5B-D). No accumulation of ATP7B was 
observed at other subcellular locations, which would be indicative for ATP7B missorting. 
Thus, the MEDNIK AP1S1 mutation, as such, does not necessarily change the subcellular 
distribution of ATP7B or prevent its copper-induced redistribution to the canalicular do-
main. 
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Discussion

We report a stem cell-based model system that reiterates the (dys)functionality of 
endogenously expressed mutant proteins in the context of the polarized hepato-
cyte, their associated diseases and treatment responses. We show that pluripotent 
stem cells can be differentiated to hepatocyte-like cells (hiHeps) that 1) develop an 
in vivo-like branching canalicular network flanked by tight junctions, 2) establish 
a polarized distribution of bile canalicular membrane proteins at the apical surface 
domain, 3) secrete and retain bile canalicular efflux pump substrates in the cana-
licular lumen and, 4) display regulated polarized trafficking as exemplified by the 
copper-stimulated redistribution of ATP7B to the canalicular domain. Polarized 
iPSC-derived hiHeps offer a major advance over currently available hepatocyte 
model systems [39] as they allow the study of human patient-specific and endoge-
nously expressed mutant proteins (homozygous or (compound) heterozygous) in 
easy to obtain and unlimited cultures of patient-own cells.  

We have applied iPSC-derived hiHeps to investigate the phenotype of the most 
frequent ATP7B mutation, H1069Q, in the Caucasian WD population [9], of which 
the functional consequences for the protein remain enigmatic [4]. Contrasting pre-
vious studies in which ATP7B-H1069Q was overexpressed and found retained in 
the ER, our data show that endogenously expressed ATP7B-H1069Q at low copper 
levels  localized at the TGN, indistinguishably from wild-type ATP7B. Possibly, 
there is a critical expression level of the mutant protein beyond which the chap-
erone-based protein quality control machinery, which can suppress the unfold-
ing propensity of (mutant) proteins [40], becomes overwhelmed. This could result 
in the ER retention of superfluous mutant proteins. Such scenario is in line with 
the reported role of the chaperone protein HspB5 in the folding of ATP7B [41,42] 
and ability of the pharmacological chaperones 4-phenylbutyrate and curcumin 
to suppress ER retention of ATP7B-H1069Q [36] in conditions where the mutant 
protein was overexpressed in cell lines. While the influence of the protein quality 
control capacity and other putative genetic modifiers [43–45] on endogenous AT-
P7B-H1069Q stability and trafficking deserves further studies, our work and that 
of Parisi and colleagues [23] clearly demonstrate that the H1069Q substitution in 
ATP7B per se does not preclude its trafficking to the TGN.

While the predominant ER retention of ATP7B-H1069Q when overexpressed in 
cell lines prohibited studies with regard to its copper-stimulated post-TGN and 
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polarized trafficking behavior, our experiments with endogenously expressed AT-
P7B-H1069Q in polarized WD hiHeps now clearly demonstrate that the H1069Q 
mutation inhibited the copper-stimulated redistribution of ATP7B to the bile can-
alicular domain. Furthermore, treatment of the WD hiHeps with the folding chap-
erones curcumin or 4-phenylbutyrate, which can improve the stability and TGN 
residence of ATP7B-H1069Q under conditions where this mutant was trapped in 
the ER [36], failed to restore copper-stimulated redistribution of the endogenously 
expressed ATP7B-H1069Q to the bile canalicular domain. 

Our results indicate that the disease mechanism in WD patients with the H1069Q 
mutation involves, in addition to the reduced expression of the mutant protein 
[25], a defect in the copper-stimulated redistribution of the non-degraded mutant 
protein to the canalicular domain. Importantly, as our findings suggest that cur-
cumin and 4-phenylbutyrate are not likely to be effective therapeutics to promote 
canalicular translocation of ATP7B-H1069Q, this study underscores the potential 
of personalized preclinical in vitro model systems for the evaluation of drug effica-
cy, especially in the context of emerging WD treatment concepts [46].   

In addition to mutations in ATP7B itself, mutations in genes that control ATP7B 
trafficking may also give rise to liver copper overload. We previously demonstrat-
ed that MEDNIK syndrome patients showed copper metabolism perturbations 
and hepatopathy, and MEDNIK fibroblasts showed aberrant intracellular traffick-
ing of Menkes protein ATP7A [10]. The MEDNIK disease-causing gene AP1S1 en-
codes the sigma-1 subunit of an adaptor protein complex that mediates the sorting 
of membrane proteins with a cytoplasmic (D/E)XXXL[L/I] signal. Like ATP7A, AT-
P7B contains such a signal [47] which has led to suggest that the observed copper 
overload in MEDNIK patients results from defective ATP7B trafficking to the bile 
canaliculi [34,38]. We now demonstrate that hiHeps that endogenously express 
the disease-causing mutations in the AP1S1 gene do not show defects in the cop-
per-stimulated redistribution of ATP7B to the canalicular domain in MEDNIK Hi-
Heps. This suggests that the copper metabolism perturbation and hepatopathy in 
this particular MEDNIK patient may not be caused by defective ATP7B trafficking 
in hepatocytes. 

In conclusion, investigating patient-derived polarized hiHeps that endogenously 
express disease-causing mutant genes and proteins revealed unexpected and new 
trafficking phenotypes of the ATP7B protein, as a function of mutations in AP1S1 
and as a function of the H1069Q mutation in ATP7B. The results demonstrate the 
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importance of investigating the (dys)functionality of endogenously expressed 
mutant proteins and their response to novel therapeutic strategies in patient-own 
cells in which the disease-causing mutant gene is endogenously expressed. The 
polarity and bile canaliculi-forming capacity of iPSC-derived hiHeps, as reported 
in this study, is an important step forward for the study of severe and incurable 
inherited liver diseases in which hepatocyte polarity plays an important role.         
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Supplemental Figure S1
(A) Quantification of hiHep differentiation yields, in HUES9 and WD1 derived hiHeps by 
analysis of fluorescent microscopy images. Cells were scored as HNF4α positive, alpha 
1-antitrypsin (AAT) positive, or positive for both, and expressed as percentage of total 
cells (as determined by DAPI quantification). Over 200 cells were scored per replicate 
(n=3) (B) HUES9-derived hiHeps stained negative for cholangiocyte markers CK19 and 
CK7. Scale bars: 10 µM. (C) Quantification of alpha 1-antitrypsin expression in polarized 
HUES9 and WD1 hiHeps. Cells were considered polarized if they  expressed ABBC2 at a 
clearly distinguishable bile canaliculus. Over 100 cell were scored per replicate (n=3).
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Supplemental Figure S2
(A) Similar to HUES9 derived hiHeps, healthy control iPSC derived hiHeps expressed he-
patic markers: HNF4α, AFP, Albumin, GLUL and NTCP. Scale bars: 10 µM (B) Control iPSC 
derived hiHeps developed branching bile canaliculi,  as evidenced by ABCC2, phosphoryl-
ated ERM proteins and ZO-1 staining. Scale bars: 10 µM
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Supplemental Figure S3
(A) Generated iPSC pluripotency was verified by immunofluorescent staining for stem cell markers. 
Similar to HUES9, all generated iPSC lines showed nuclear staining of NANOG and OCT3/4, and cell 
surface staining of TRA-1-81.  Somatic cells derived from urine did not express any of these mark-
ers. Scale bars: 10 µM (B) qPCR analysis showed  the expression of pluripotency  OCT3/4, NANOG 
and Sox2 in iPSC lines. Depicted is the relative expression (as a fold change) compared to untreated 
urine derived cells (UC’s). (C) Embryoid body assay demonstrated that all three generated iPSC 
lines possess the capability to differentiate into the three germ layers spontaneously. Phase con-
trast images depict embryoid bodies in suspension culture. Immunofluorescent staining of germ 
layer markers GATA4, Smooth muscle actin (SMA) and β-III-Tubulin, was performed on embryoid 
bodies grown on Matrigel coated coverslips for four days. Scale bars: 50 µM



Mednik patient IVS2-2A>G intronic  mutation

Wilson’s disease iPSC line:
H1060Q site:

W799X site:

Wildtype reference
Sample sequence

Wildtype reference
Sample sequence

Wildtype reference
Sample sequence

G to A C to G
Note:
For sequencing the H1069Q site, a PCR was performed on the genomic locus and the product sequenced, resulting in a double peak at the H1069Q site  due to heterozygosity . 
Due to issues with direct sequencing,  The W799Q site was sequenced by first cloning a into a baceterial plasmid. Clones of this plasmid were then sequenced, 
resulting in seperate sequences of  the wildtype and mutated alleles, as shown above.

Supplemental Figure S4
Depicted are sequenced genomic DNA loci of the ATP7B (W779X and H1069Q) and AP1S1 (IVS2-
2A>G) mutations present in iPSC DNA, aligned to their respective wildtype sequences (NCBI ATP7B: 
NC_000013.11 Reference GRCh38.p12 and NCBI AP1S1: NC_000007.14 Reference GRCh38.p12 
Primary Assembly). 
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Supplemental Figure S5.
(A)High resolution confocal images of WD1 and HUES9 derived hiHeps stained for alpha 
1-antitrypsin (AAT), ATP7B and TGN46. Note: Depicted images represent maximum 
intensity projections of 3D Z-stacks, but all colocalization analyses were done on the 
unmodified 3D images. The TGN46-ATP7B colocalization channel depicting colocalized 
voxels was generated using ImarisColoc software. (B) Percentage of ATP7B positive 
voxels above threshold colocalized with TGN46,  in HUES9 and WD1 hiHeps (4 images 
per condition). Thresholds were set by the automatic threshold detection function in 
ImarisColoc. (C) Manders  overlap coefficient of ATP7B with TGN46 (MATP7B) in HUES9 
and WD1 hiHeps (4 images per condition)

Supplemental Figure S6
 (A) Fluorescence microscopy images of ATP7B and ABCC2 in BCS- and copper-treated 
Control-2 iPSC derived hiHeps (BCS and CuSO4, white arrows). (B) Fluorescence intensity 
profile plots along the polarization axis (areas indicated by yellow brackets, yellow ar-
rows indicate plot direction) showing clear overlap of ABCC2 and ATP7B intensity peaks 
in copper treated hiHeps, but not in BCS control (C) Fluorescence microscopy images of 
ATP7B-H1069Q and ABCC2 in BCS- and copper-treated WD2 iPSC derived hiHeps (BCS 
and CuSO4, white arrows). (D) Fluorescence intensity profile plots along the polarization 
showing no overlap of ABCC2 and ATP7B intensity peaks in copper treated hiHeps. (E) 
Graph depicting the percentage values of ATP7B intensity at which the ABCC2 intensity is 
at its maximum for multiple Control-2 and WD2 hiHep BC’s. Error bars indicate standard 
error of the mean. In contrast to in the control condition, no significant difference was 
observed between means of BCS and CuSO4 conditions (P = 0.5953 based on Mann–
Whitney U test).
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Supplemental Figure S7
(A) Fluorescence microscopy images of Control-2 and WD2 hiHeps in low copper condition (BCS), 
stained for ATP7B, TGN46 and AAT. (B) Fluorescence microscopy images of ATP7B in BCS- and 
copper-treated Control-2 iPSC derived hiHeps (BCS and CuSO4, white arrows) stained for ATP7B, 
HNF4α and LAMP1. (C) Fluorescence microscopy images of ATP7B in BCS- and copper-treated 
WD-2 iPSC derived hiHeps (BCS and CuSO4, white arrows), stained for ATP7B, HNF4α and LAMP1. 
Scale bars: 10µM.
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Summary
The ability of cells to form two separate membrane domains (ie. apical and basolat-
eral), and to specifically target certain proteins to a particular domain, is required 
for the proper functioning of many tissues. Disruption of the processes that enable 
this essential feature can lead to a wide variety of different diseases. The focus of 
this thesis are two such diseases, namely microvillus inclusion disease (MVID) 
and Wilson disease (WD), the symptoms of which are (primarily) caused by a fail-
ure in the apical targeting of proteins. In the case of microvillus inclusion disease, 
mutation of the myosin Vb motor protein disrupts the protein trafficking machin-
ery, leading to compromised delivery of multiple trans-membrane proteins. In a  
large subset of Wilsons disease patients, mutations in the gene that encodes the 
ATP7B copper transporter, result in the impaired transport of this protein from the 
ER to the trans-Golgi, (Huster et al., 2003; Payne et al., 1998) and thereby also to the 
apical membrane. The main goal of this thesis was to increase our understanding 
of how protein trafficking is disrupted in these two diseases, and how this gives 
rise to disease symptoms.

MVID patients show variability in the type and severity of the symptoms they 
develop (chapter 3). These include the onset time of the disease, severity of villus- 
and microvillus atrophy, and development of extra-intestinal symptoms such as 
intrahepatic cholestasis. An outstanding question on the disease mechanism of 
MVID is to what extent certain MYO5B mutations affect the disease outcome. That 
is to say, are particular types of mutations responsible for the development or se-
verity of certain symptoms? Properly addressing questions on patient variability 
requires a baseline understanding of the effect of general myosin Vb deficiency. To 
establish this, we generated new MVID mouse model by knockout of  the Myo5b 
gene (chapter 4).  

Newborn Myo5b knockout mice showed signs of diarrhea and died during the 
first 12 hours of life. They appeared to suffer from dehydration and had low glu-
cose levels, which are consistent with the absorption defects observed in MVID 
patients. Examination of the intestines of Myo5b knockout mice revealed ectopic 
localization of apical plasma membrane markers, microvillus atrophy and for-
mation of microvillus inclusion bodies. These findings confirm that it is a lack 
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of functional myosin Vb that is the cause of microvillus inclusion disease. In ad-
dition, they show that it is not the presence of mutant Myosin Vb protein that is 
responsible for the hallmark intestinal symptoms seen in MVID patients. Notably, 
the intestinal defects could be observed in embryos as well, demonstrating that 
these defects are tissue-autonomous. Thus we can exclude the possibility that, in 
MVID patients,  these same defects are caused by secondary effects associated with 
MVID (e.g. prolonged lack of nutrients in the intestine, microbiota disruption or 
iatrogenic effects).  The converse is true for defects that are present in patients, but 
that were not observed in knockout mouse. Abnormalities in the tissue architec-
ture such as villus atrophy were not present in knockout mice, suggesting this is a 
complication caused by secondary disease effects, or by the presence of particular 
myosin Vb mutants. Later in chapter 6, we analysed the liver of these mice, and 
found that they lacked the hepatic defects that  were reported in patient samples. 
This suggests that, like villus atrophy,  defects in the liver of MVID patients which 
are associated with cholestasis, are not likely to be caused by a general myosin Vb 
deficiency.

Investigating whether certain Myosin Vb mutations cause or exacerbate symp-
toms, requires genotype-phenotype correlations. For this purpose, proper docu-
mentation of known patient mutations is required, preferably with information 
on the manifesting symptoms. In chapter 5 we document and discuss all newly re-
ported mutations since 2013 (Velde et al., 2013), that are associated with MVID. An 
interesting recent development is the discovery of unconventional forms of MVID.  
The intestine of patients with mutations in the genes encoding syntaxin-3 (STX3) 
or munc18-2 (STXBP2), displays most of the major MVID hallmarks, including mi-
crovillus atrophy, intracellular retention of brush border proteins and microvillus 
inclusion bodies. Both these proteins are involved in facilitating membrane fusion 
of vesicles at the apical membrane, and thus, like myosin Vb, are thought to be im-
portant for transporting proteins to the apical domain. The overlap between these 
three proteins in terms of their functional pathway and their resulting phenotypes 
in case of mutation, has led to the suggestion that a common disease mechanism 
unites the three genes and their encoded proteins.  So far this notion has been in-
vestigated in a cellular and a murine model (Knowles et al., 2015; Weis et al., 2016), 
but not in patients. In this work we show that in two MVID patients, munc-18-2 
and syntaxin-3 were ectopically localized as intracellular puncta in enterocytes, 
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rather than at the apical domain. Similarly, syntaxin-3 was localized as intracel-
lular puncta in enterocytes of patients with mutated munc18-2 (FHL5 patients). 
Taken together with previous in vitro studies, our results confirm the functional 
link between myosin Vb, syntaxin-3 and munc18-2 in enterocytes. 

While these proteins may be functionally linked in the intestine, this link  cannot 
be generalized to other organs. Extra-intestinal symptoms vary between the three 
MVID variants.  The intrahepatic cholestasis that can develop in MVID patients 
with MYO5B mutations, has not been observed in the other two variants thus far. 
To explain this particular symptom, a disease mechanism that is different from 
the one occurring in enterocytes needs to be considered. The recent discovery of 
a group of patients with MYO5B mutations suffering from congenital intrahepat-
ic cholestasis, but without conventional intestinal MVID symptoms, can provide 
useful insights.  A total of 26 different MYO5B mutations were described in 17 
PFIC patients.  MYO5B mutations in patients with isolated cholestasis are more 
often heterozygous than in MVID patients (though not significantly so). These het-
erozygous patients with isolated cholestasis and MYO5B mutations often carry at 
least in one allele, a missense mutation in the motor domain of the protein. Biallel-
ic mutations that lead to a total lack of myosin V protein (e.g. through frameshifts 
or aberrant intronic splicing), are notably absent in any of the isolated cholestasis 
patients.

Our work in chapter 6 aimed to elucidate the mechanism through which MYO5B 
mutations cause intrahepatic cholestasis. It was reported that in MVID patients, 
the apical transporter protein ABCC2 is  mislocalized, and hepatocyte polarity 
is disrupted (Girard et al., 2014; Gonzales et al., 2017; Schlegel et al., 2018). As 
mentioned above, we did not observe such hepatic defects in Myosin5b KO mice. 
ABCC2/MRP2 and structural apical marker radixin were localized in bile cana-
liculi, indistinguishable from wildtype mice.  Similarly, knock-out of MYO5B in 
hepatic cancer cell line HepG2 or in pluripotent stemcell-derived hepatocytes (hi-
Heps), did not induce ectopic localization of ABCC2/MRP2. From these results we 
can conclude that in hepatocytes, myosin Vb is dispensable for the localization of 
ABCC2/MRP2 at the bile canaliculi.

To more accurately model the pathophysiological mechanism in patients, we then 
overexpressed myosin Vb-P660L mutated patient protein in MYO5B knock-out 
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HepG2.  Strikingly, overexpression of myosin Vb-P660L resulted in the increased 
intracellular accumulation of ABCC/MRP2 (co-localized with the mutant), when 
compared to overexpressed wildtype myosin Vb.  Our results provide evidence 
that the P660L mutation is causally linked to the hepatic canalicular defects that 
are observed in liver biopsies of patients. Taken together with the results on 
MYO5B knock-out, our findings show that it is not deficiency in myosin Vb that is 
responsible for hepatic defects, but the presence of a mutated myosin Vb protein. 
We hypothesized that this effect is somehow caused by the presence of a myosin 
Vb protein with a non-functional motor domain, but with an intact cargo-binding 
tail domain. To test this, we generated myosin Vb mutants which lacked the entire 
motor domain and most of the coiled-coil region, and expressed these in HepG2 
cells. This mutant proved even more capable than myosin Vb-P660L in inducing 
the intracellular accumulation of bile canalicular proteins. These accumulation 
are collections of vesicles of mostly endosomal identity, containing the endoso-
mal markers rab11, RIP11 and rab8.  Interestingly, some trans-Golgi markers were 
observed in these structures as well, suggesting that these myosin Vb mutants 
disrupt the transition of vesicles from the trans-Golgi to the endosomal trafficking 
system. 

Further mutagenesis experiments showed that the terminal globular tail domain 
of myosin Vb is sufficient to induce BC protein accumulation. This inducement is 
dependent on the binding of this domain to active rab11. Rendering rab11 inactive 
through overexpression of a dominant negative rab11 mutant, completely abro-
gated the accumulation phenotype caused by myosin Vb tail domain overexpres-
sion. Thus, myosin Vb motor domain mutants cause the intracellular mislocaliza-
tion of canalicular proteins, through a mechanism that appears to be dependent 
on an unexpected toxic rab11 gain-of-function. How exactly the binding of mutant 
myosin Vb tail domain to rab11 leads to the observed phenotype remains unclear. 
It was recently shown in vitro that the tail domain of myosin Vb induced the homo-
typic interaction between rab11 proteins located on liposomes, thereby promoting 
liposome tethering (Inoshita and Mima, 2017). If this process occurs similarly with 
vesicles in cells, it would provide a compelling hypothetical mechanism for how 
myosin Vb tail-rab11 interactions could interfere with vesicle trafficking.

In the final experimental chapter of the thesis, the focus is shifted from MVID to 
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Wilson disease. As previously mentioned, many ATP7B mutations that are carried 
by WD patients result in the mislocalization of this protein in the ER or other un-
known compartments (Huster et al., 2003; Payne et al., 1998).  These mutants are 
not necessarily non-functional however, as many of them have been shown to ex-
hibit significant copper transport activity (Morgan et al., 2004; Rodriguez-Granillo 
et al., 2008). Thus, it is thought that for many patients, it is the failure of mutant 
ATP7B to reach the  apical plasma membrane, not a lack of protein function, that 
lies at the heart of WD pathogenesis. Increasing our understanding of how ATP7B  
trafficking goes awry in WD patients, and finding ways to circumvent this, are 
promising research directions for finding new therapeutic options.  For this pur-
pose, we aimed to develop a new WD disease model, based on the differentiation 
of patient-derived pluripotent stem cells towards hepatocytes in vitro. However, 
such a model would only be suitable for studying ATP7B trafficking, if these hu-
man induced hepatocytes (hiHeps) form bile canaliculi. In the field of hepatocyte 
differentiation, it has not been established if hiHeps recapitulate this fundamental 
property of in vivo hepatocytes. Therefore we first investigated whether hiHeps 
polarize and form bile canaliculi, using the HUES9 embryonic pluripotent stem 
cell line.

We generated hiHeps from HUES9 cells through directed differentiation over a 19-
day period, which involved the sequential treatment of undifferentiated HUES9 
with various growth factors that are known to promote differentiation to the he-
patic lineage. The resulting hiHeps showed expression of key hepatic markers 
HNF4α, AFP, Albumin and alpha-1-antitrypsin, as determined by immunofluo-
rescence and western blot analysis. Additional hepatic hall markers included, the 
uptake of fluorescent LDL and the presence of large amounts of glycogen visible 
by electron microscopy. Importantly, hiHeps also formed branching bile canalic-
uli, which could be visualized by immunofluorescent staining of the hepatic api-
cal markers ABCC2/MRP2, BSEP and radixin. These narrow BC lumens could be 
observed by electron microscopy, were enclosed by tight junctions, and showed 
formation of microvilli at the apical domain. We then characterized ATP7B traf-
ficking in HUES9-derived hiHeps by exposing the cells to increased copper levels, 
and determined the localization of endogenous ATP7B.  Consistent with previous 
reports, ATP7B localized in the trans-Golgi at low copper concentration, and was 
trafficked to the bile canaliculi when copper levels were increased. Thus, we have 
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established hiHeps as a novel model for ATP7B trafficking and the study of polar-
ized trafficking in hepatocytes in general.

Next, we generated an iPS line from a Wilson disease patient harboring a H1069Q 
mutation of ATP7B on one allele, and a non-expressed W779X truncation on the 
other. This was achieved through Yamanaka factor-based reprogramming of so-
matic cells derived from urine of the patient. HiHeps derived from this iPS line 
achieved similar levels of hepatic maturity and BC-formation, when compared 
to Hues9 or healthy control iPS. In low concentrations of copper, mutant ATP7B 
was found in the trans-Golgi of patient hiHeps, similar to our results in HUES9 hi-
Heps. This is striking, since the H1069Q mutation was previously reported to lead 
to the retention of the mutant in the ER, and not the Golgi. When patient hiHeps 
were exposed to copper,  H1069Q-ATP7B remained in the trans-Golgi and did not 
translocate to the apical domain. Previous studies had found that treatment with 
the chemical chaperones phenylbutyrate and curcumin were capable of restoring 
translocation of H1069Q-APT7B to the plasma membrane. In contrast, we found 
that addition of these chemical chaperones to patient hiHeps, had no effect on the 
capability of H1069Q-ATP7B to translocate upon copper exposure. 

Finally, we investigated the copper induced translocation of ATP7B in hiHeps 
derived from MEDNIK syndrome patient iPS. MEDNIK syndrome is a disease 
caused by mutations in the traffic regulatory gene AP1S1, which shows symp-
toms of copper metabolism deficiency similar to WD (Martinelli et al., 2013). It 
has been suggested that AP1S1 is involved in the trafficking of ATP7B, and that 
the symptoms related to copper metabolism are the result of disrupted ATP7B 
transport. However, we found that in MEDNIK patient hiHeps, ATP7B behaved 
indistinguishable from ATP7B in HUES9 hiHeps. In MENDIK hiHeps  ATP7B 
was localized at the trans-Golgi when copper levels were low, and showed am-
ple staining at the canalicular membrane when exposed to copper. Thus, ATP7B 
translocation to the canalicular membrane is not impaired in MEDNIK patients, 
and other mechanisms will need to be considered.

We have shown in the final chapter that stem cells can be differentiated to hepato-
cyte-like cells (hiHeps), which develop functional, branching bile canaliculi. These 
hiHeps can be used to study polarized trafficking processes, as we exemplify by 
studying the trafficking of ATP7B in response to copper, in healthy and diseased 
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cells. This has yielded unexpected new insights in the trafficking mechanism of 
the common H1069Q mutant, and its responsiveness to treatment with chemical 
chaperones, which are at odds with previous studies using overexpressed ATP7B 
and/or immortalized cell lines. Our results highlight the importance of studying 
endogenously expressed mutant proteins in patient-own cells, with regard to de-
veloping and testing new therapeutic strategies.

Perspectives
Microvillus Inclusion Disease

The work presented in this thesis aimed to increase our understanding of the 
pathogenesis of microvillus inclusion disease. Specifically on why certain symp-
toms variably manifest in different patients. The generation of a new knock-out 
myosin vb mouse model has provided new insights on how myosin Vb deficiency 
affects mammalian organ systems, without interference from mutant protein or 
secondary disease complications. We observed no villus atrophy or liver defects 
in these mice, suggesting that in patients, these symptoms are not primarily the 
result of loss of myosin Vb.  In chapter 8, we investigate the subject of MVID as-
sociated liver symptoms, and show that is the presence of mutant myosin vb, and 
not myosin vb deficiency, that is responsible for defective trafficking of canalicu-
lar proteins in hepatocytes. Specifically the presence of a myosin Vb mutant with 
a defective motor domain, and a functional rab11-binding tail domain. We can 
speculate that that cholestasis is more likely to occur in patients with a missense 
mutation in the motor domain. 

Should we then advice against a bowel transplant in these patients, in favor of a 
bowel and liver co-transplant to prevent the development of cholestasis? At this 
stage, such treatment advice is still premature, and further confirmation of our hy-
pothetical model will be required.  The effect of additional motor domain myosin 
Vb mutants on canalicular proteins will have to be investigated. Preferably using 
endogenously mutated myosin Vb (by CRISPR-CAS9 technology), or by using hi-
Heps generated from patient iPS lines. These methods will  ensure that any ob-
served phenotypes are not due to artificially high levels of overexpressed mutant. 
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While we have shown that mutant myosin Vb protein can cause the intracellular 
accumulation of canalicular proteins, it is not yet certain if this would ultimate-
ly lead to cholestasis. One of these mislocalized canalicular proteins is ABCC2/
MRP2. This transporter has a broad substrate specificity and exports various an-
ionic compounds, including divalent bile salts with two negative charges such as 
sulfated tauro- or glycolithocholate (Trauner and Boyer, 2003). Congenital loss of 
ABCC2/MRP2 leads to Dubin-Johnson syndrome, which is a relatively benign dis-
order characterized by jaundice due to failure to export conjugated bilirubin into 
the bile. This is a different type of cholestasis as seen in MVID patients, which is 
characterized by build-up of bile salts, resulting in pruritus. Still, Dubin-Johnson 
patients have increased levels of serum bile salts (Douglas et al., 1980; Kimura et 
al., 1991; Kimura et al., 1995), and show a lower clearance rate of bile salts from the 
blood when challenged by oral administration of the secondary bile salt ursode-
oxycholate (UDCA) (Hironaka et al., 1981). Similarly, Abcc2-deficient rats show 
increased bile salt levels in blood serum (Jansen et al., 1985; Paulusma et al., 1996). 
Thus, while ABCC2 deficiency in itself is not likely to increase bile salt concentra-
tions to pruritus-inducing levels, it could be a contributing factor to this symptom 
when bile salt circulation is challenged. 

The primary transporter of bile acids across the apical domain of hepatocytes is 
BSEP (Trauner and Boyer, 2003). Patients harboring mutations in the gene encod-
ing BSEP develop progressive familial intrahepatic cholestasis type 2. In contrast 
to Dubin-Johnson syndrome, the cholestasis that these patients develop is charac-
terized by pruritus and liver failure, in addition to jaundice, which is more akin 
to the symptoms seen in MVID-associated cholestasis. Like ABCC2/MRP2,  BSEP 
was found to be mislocalized in the liver tissue of MVID patients (Girard et al., 
2014; Schlegel et al., 2018).  Considering its importance in bile acid transport, it is 
seems reasonable to speculate that the mislocalization of BSEP is the major driver 
of MVID-associated cholestasis. We hypothesize that BSEP trafficking to the apical 
membrane is impaired by the presence of mutant myosin Vb similarly to what we 
have shown for ABCC2 in HepG2.  The inclusion of BSEP localization will be pru-
dent in any further research. We were unable to address the localization of BSEP 
in this work due to technical difficulties. HepG2 cells do not express BSEP endog-
enously, and human BSEP cDNA is toxic to E.Coli bacteria (Noé et al., 2002; Stin-
dt et al., 2011), which severely limits conventional molecular biology techniques 
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for generating overexpression cDNA vectors. HepG2 cells expressing GFP-tagged 
mouse BSEP showed only very faint GFP signal at ectopic locations (not shown), 
suggesting this construct is unstable and/or degraded. Again, the use of hiHeps 
generated from patient iPS might circumvent these issues, since BSEP is expressed 
endogenously in hiHeps. For any further experiments, functional assays for bile 
acid transport (e.g. by using isotope-labeled or fluorescently-labeled bile acid ana-
logs) would be useful to confirm the link between transporter mislocalization and 
failure to export bile acids.

In addition, the molecular mechanism on which our proposed model for MVID-as-
sociated cholestasis is based, remains to be elucidated. In particular, how does the 
presence of myosin Vb tail domain induce the clustering of endosomal vesicles 
through rab11 binding? As mentioned before, the recent discovery that  myosin 
Vb tail domain induced the tethering between rab11-coated liposomes provides a 
suitable hypothesis for this phenomenon (Inoshita and Mima, 2017). The authors 
suggest that binding of myosin Vb tail domain induces a homotypic interaction 
between rab11 molecules on opposing membranes . However, the authors did not 
do experiments that exclude the possibility of interaction between the tail domains 
that are attached to rab11.  Further research on the biochemical mechanisms of this 
process will likely be the first step. At the moment it is not clear how the possible 
occurrence of rab11 homotypic interactions can be proven in cells. Conventional 
methods for studying protein-interaction in cells like yeast-two-hybrid or FRET are 
not applicable to studying the interaction of a protein with another molecule of the 
same protein on an opposing membrane. Discovering the conformational changes 
and key amino acid residues that are responsible for homotypic interactions be-
tween rab proteins will be important for future elucidation of a possible tethering 
mechanism. If these can be identified, it will allow the testing of tethering-deficient 
rab11 mutants in combination with myosin Vb tail domain expression.

The discrepancy we demonstrate between knock-out of myosin Vb and tail domain 
overexpression, has implications beyond the specific topic of myosin Vb function 
in the liver. The overexpression of myosin Vb tail domain has been widely used 
in protein trafficking research as a stand-in for myosin Vb deficiency, under the 
assumption that it acts dominant negatively, competing with endogenous myosin 
Vb (Fan et al., 2004; Gupta et al., 2016; Hales et al., 2002; Lapierre et al., 2001; Lisé et 
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al., 2006, 2006; Millman et al., 2008; Nedvetsky et al., 2007; Swiatecka-Urban et al., 
2007; Wakabayashi et al., 2005).  However, we have shown that overexpression of 
myosin Vb tail domain cannot be equated with true myosin Vb deficiency. There 
is no reason to assume that our findings on this discrepancy are specific to the 
liver. Indeed, we found that overexpression in the intestinal cancer cell line Caco-2 
also induced the accumulation of apical markers such as ANO6, but not in Caco-2 
MYO5 KO cells (data not shown). While some studies validate their findings from 
myosin Vb tail domain overexpression with MYO5B knock-out or knock-down, 
many do not. The interpretation of the results of these studies may have to re-eval-
uated. Certain trafficking phenotypes which are attributed to a specific lack of 
myosin Vb function, may in fact be caused by a general disruption of post-Golgi 
endosomal trafficking.

Wilson disease

We have demonstrated for the first time the copper-induced polarized trafficking 
of endogenous ATP7B in hepatocyte-like cells (hiHeps) derived from pluripotent 
stem cells in vitro. This new model system represents a great improvement in terms 
of accurately reproducing the in vivo context of ATP7B transport, when compared 
to conventional, cancer cell line based models. This is important, as elucidating 
the trafficking routes of ATP7B in these conventional models has proven to be 
challenging.  This topic has long been a subject of intensive debate, and various 
subcellular localizations and trafficking routes of ATP7B have been proposed over 
the years (Harada et al., 2000, 2005; Hung et al., 1997; Lalioti et al., 2016; Nyasae 
et al., 2014; Polishchuk et al., 2014; Roelofsen et al., 2000; Schaefer et al., 1999). It 
is hard to say what exactly can explain the discrepancies between some of these 
studies, but two likely candidates are differences in the use of cell line models, and 
in the study of endogenous or exogenous ATP7B. Because of the relative similarity 
between hiHeps and true hepatocytes, insights gained on ATP7B trafficking in a 
hiHeps model will be more reliable, and could prove decisive in settling conten-
tious issues.  Moreover, studying endogenous ATP7B avoids the risks of introduc-
ing misleading overexpression artifacts. While trafficking of wildtype endogenous 
ATP7B can be studied in hepatic cancer cell lines, endogenous expression of pa-
tient mutant ATP7B variants requires labor intensive genome editing. Thus, hi-
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Heps are particularly appealing to study the trafficking of mutant ATP7B variants 
in patient-derived cells, and test potential new treatments.

In recent years, two previously disputed issues on ATP7B trafficking have been 
settled: 1. ATP7B normally localizes to the trans-Golgi of hepatocytes, and 2. It 
translocates to the apical canalicular domain when copper levels are increased to 
above a certain threshold level. What remains contentious is the trafficking route 
that ATP7B uses to reach the apical domain.  Polishchuk and colleagues have 
demonstrated that copper-induced ATP7B trafficking occurs through lysosomal 
exocytosis (Polishchuk et al., 2014). However, this was contested by two studies 
(Lalioti et al., 2016; Nyasae et al., 2014), that determined that ATP7B reaches the 
apical membrane indirectly, by trafficking to the basolateral membrane first, fol-
lowed by transcytosis to subapical endosomes and the apical membrane . In addi-
tion, Gupta and colleagues had previously reported the involvement of subapical 
recycling endosomes in the trafficking of ATP7B (Gupta et al., 2016).  In hiHeps, 
we saw clear localization of ATP7B in the LAMP1-positive lysosomes in response 
to copper treatment, which supports a lysosomal-exocytosis model for ATP7B 
translocation. Still, it would be useful to investigate if transport through any of the 
other proposed trafficking routes occurs in hiHeps.  A particular interesting differ-
ence between these studies is the use of varying Cu concentrations to induce AT-
P7B translocation. We have not done a comprehensive dose-response experiment 
with Cu in hiHeps in this study. Such an experiment would be useful to determine 
whether trafficking routes vary at different copper concentrations, and to establish 
what concentrations of copper are toxic for hiHeps. The latter will also be essential 
for studying copper-induced toxicity in WD patient-derived hiHeps.

Our study of the common Wilson disease causing mutant H1069Q-ATP7B in 
hiHeps yielded interesting new insights into its pathogenicity. We confirm that 
expression of this mutant is greatly reduced, presumably due to rapid ER-asso-
ciated protein degradation (ERAD). But unlike reported in in previous studies, 
H1069Q-ATP7B that escapes this fate is not retained in the ER, but is capable of 
reaching the trans-Golgi. This pool of  H1069Q-ATP7B protein is unresponsive to 
copper-induced translocation however, adding a second bottleneck to the traffick-
ing of this mutant. This is problematic for new treatment strategies that focus on 
preventing ERAD of the H1069Q mutants (such as chemical chaperones), as this 
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will not solve the issue of Golgi-retention. Should we abandon this approach to re-
storing mutant ATP7B function? Before we can answer this, we need to verify that 
there  is truly no translocation of the H1069Q mutant whatsoever. Considering that 
fluorescence intensity of ATP7B at the bile canaliculi is not particularly high even 
in wildtype copper-treated cells, and that patient hiHeps have greatly reduced 
expression of ATP7B, it is conceivable that we would not be able to detect the 
translocation of a small percentage of the Golgi-residing mutant H1069Q-ATP7B 
by immunofluorescence. In this case, if ERAD prevention is sufficiently high, it 
might be capable of  increasing mutant ATP7B translocation to the BC.  Before de-
finitively abandoning ERAD-based approaches, it would be helpful to determine 
their effect, if any, by using functional assays to determine copper metabolism and 
excretion. These could include the visualization of copper flow with fluorescent 
copper sensing compounds, or determining tolerance to copper-induced toxicity.  
Developing such functional assays will also be important for testing other novel 
treatments that are not based on ERAD prevention. Finally, the H1069Q mutant 
might be unique in its Golgi-retention phenotype, and perhaps other, less  com-
mon missense mutations that result in misfolding might respond better to ERAD 
prevention strategies.

Despite the novel insights gained in our study, the behavior of the H1069Q-AT-
P7B mutant remains enigmatic. Its apparent Golgi-retention raises a new question: 
Why is the H1069Q mutant incapable of copper-induced translocation to the BC?  
Binding of copper to the metal binding domains at the N-terminus induces the 
phosphorylation of certain key amino acid residues (Hasan et al., 2012). These 
phosphorylated residues then induce conformational changes that promote the 
exit of ATP7B from the Golgi. It is not immediately clear how the H1069Q muta-
tion would affect this process. The His1069 residue contributes to the ATP-binding 
pocket, and its mutation is thought to decrease the affinity for ATP and prevent the 
formation of a catalytic phosphointermediate (Dmitriev et al., 2011). In addition, 
it decreases the stability of the N-domain, which is likely to contribute to ERAD 
of the mutant, and possibly also its failure to exit the Golgi.  However, the exact 
biochemical mechanism is unclear at this point. It would be useful to observe  the 
copper-induced Golgi exit of ATP7B mutants which harbour mutations in other 
ATP-binding pocket residues. Preferably these would be mutations that diminish 
ATP affinity, but do not affect N-domain stability, in order to determine which of 



8

209

Summary and perspectives

these  two factors affect trans-Golgi exit in the case of H1069Q-ATP7B.

Another aspect of ATP7B trafficking that remains unclear is the involvement of 
AP1S1. We have determined that are no clear defects in AP1S1 deficient MEDNIK 
patient-derived hiHeps in terms of ATP7B trafficking to the apical domain. If not 
through perturbing ATP7B trafficking, how does AP1S1 deficiency result in Wil-
son disease-like symptoms in MEDNIK syndrome? Perhaps loss AP1S1 of affects 
other aspects of ATP7B trafficking that are not directly apparent in our transloca-
tion assays. Examining translocation through immunofluorescence as we did in 
this study is not very accurate in terms of quantification (i.e. percentage of total  
ATP7B protein trafficked to the BC), and is more suited for binary assessments 
(i.e. whether translocation occurs). Thus, we cannot exclude the possibility that 
MEDNIK hiHeps have reduced levels of ATP7B at the BC. The dileucine motif of 
ATP7B with which AP1S1 is thought to interact, is versatile in its function. It has 
been associated with the proper localization of ATP7B in the trans-Golgi and its re-
cycling at the plasma membrane (Jain et al., 2015; Lalioti et al., 2016). Furthermore, 
this motif has been reported to sort and retain cargo in lysosomes (Braulke and 
Bonifacino, 2009), although this has not been determined for ATP7B. Disruption of 
any of these trafficking processes might diminish the amount of ATP7B that is ulti-
mately present on the BC. Still, this reduction would have to be substantially high-
er than 50%, as heterozygous carriers of a pathogenic ATP7B mutation show no 
symptoms whatsoever.  We have found no indications for a very large reduction 
of apical ATP7B in our MEDNIK patient-derived hiHeps by immunofluorescence. 
Therefore, alternative mechanisms beyond disruption of ATP7B trafficking should 
be considered to explain the defective copper metabolism observed in MEDNIK 
patients.

Future work on studying WD with hiHeps should focus on expanding the amount 
of iPS lines of patients, to encompass a bigger variety of ATP7B mutations. It 
would be useful to join the iPS lines of separate research groups into a central 
biobank, or at least to register generated lines into a database that is available 
online. This would be great resource for the testing of new treatments strategies 
when they are discovered in more basic disease models or by biochemical studies. 
This kind of approach can help prevent wasting resources on treatments that will 
most likely fail in patients, and provide additional support to start clinical trials 
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in those treatments that prove effective. Beyond Wilson disease, the approaches 
outline in this work can be applied for various other hepatic diseases, particularly 
those that are congenital or involve hepatocyte polarity (see Treyer and Müsch, 
2013). Ultimately, the disease modeling approach may be adapted for therapeutic 
purposes to generate hepatocytes for transplantation. This would require gener-
ating iPS with non-integrative DNA transfer methods, and the use of gene edit-
ing technology to correct the faulty gene.  Moreover,  hepatocytes will need to be 
generated with high efficiency, and even then, some purification method may be 
necessary to remove non-hepatocytes from the differentiated cell population. Fi-
nally, many safety concerns will need to be addressed (e.g. genome stability, gene 
editing off-target effects) before actual transplantation can occur. Thus, it seems 
that we are still many years away until hiHep transplantation becomes a viable 
therapeutic option. However, the initial steps to achieving this are being made 
animal models (Carpentier et al., 2014; Chen et al., 2015; Ramanathan et al., 2015; 
Tolosa et al., 2015; Yusa et al., 2011), and it is with great anticipation that we follow 
the progress in this field. 
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Voor het welzijn van een grote stad is goede infrastructuur essentieel.  Elke dag 
bevoorraden vrachtwagens vol voedingsmiddelen de winkels waar wij ons eten 
kopen. Wegen en openbaar vervoer brengen de mensen van en naar hun school 
of werk. Water wordt tot ons gebracht met een leidingsysteem, en energie via 
een elektriciteitsnetwerk. Het afval wat we produceren wordt opgehaald door 
vuilniswagens of weggevoerd via het riool. Soortgelijke processen worden ook 
op veel kleinere schaal uitgevoerd in ieder van ons, in de cellen waar onze or-
ganen uit zijn opgebouwd. En net als in een stad, heeft het langdurig verstoren 
van deze transport processen catastrofale gevolgen. De focus van deze thesis ligt 
op de transport routes van eiwitten binnen de cel, en wat er gebeurt als daar iets 
mee fout gaat.

In cellen worden de meeste essentiële biologische processen uitgevoerd door 
eiwitten.  Een paar voorbeelden van de enorme hoeveelheid taken die door eiwit-
ten worden uitgevoerd zijn: het pompen van voedingstoffen en mineralen de cel 
in, het uitscheiden van afvalstoffen, het omzetten van voedingstoffen in andere 
bruikbare materie en het genereren van energie uit suikers.  Voor het vervullen 
van al deze taken is het belangrijk dat eiwitten die deze taken uitvoeren, op de 
juiste plek in de cel worden gebracht. Bijvoorbeeld, een eiwit dat verantwoordeli-
jk is voor het pompen van glucose de cel in, moet naar het celmembraan gebracht 
worden op het oppervlak van de cel, waar het in contact staat met het externe 
milieu. Als dit eiwit om één of andere reden verhinderd om het celmembraan te 
bereiken, zal het niet functioneel zijn en zal de cel geen glucose op kunnen ne-
men. 

Cellen hebben een geavanceerd transport mechanisme om eiwitten op de juiste 
plek te krijgen. Eiwitten worden geproduceerd  in het Endoplasmatisch reticu-
lum (ER), en worden daar verpakt in kleine, holle membraan bolletjes genaamd 
vesicles. Deze vesicles zijn pakketjes gevuld met eiwitten die vervolgens naar een 
volgend organel worden gebracht, het Golgi-systeem. Dit is ’t distributie centrum 
van de cel waar eiwitten gesorteerd worden voor hun eindbestemming, en weer 
in nieuwe vesicles worden gestopt. Het glucose-transport eiwit uit ons eerdere 
voorbeeld zou hier in een vesicle gesorteerd worden met het celmembraan als 
bestemming. De beweging van vesicles van ER, naar het Golgi-systeem, en ver-
volgens door naar de eindbestemming, wordt ook weer teweeggebracht door een 
groep eiwitten. Deze eiwitten hebben dus specifiek als taak om andere eiwitten in 
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vesicles op de juiste plek te krijgen. 

Eén van deze gespecialiseerde transport eiwitten is myosine Vb. Dit eiwit bindt 
met één kant vast aan vesicles ( ‘de vracht’), en met de andere kant trekt het 
zichzelf en de gebonden vesicle langs microscopische strengen voort (over een 
draadvormig eiwit genaamd actine). Myosine Vb is betrokken bij het laatste 
stukje van de transport route, naar het membraan oppervlak.  Vooral in de cellen 
van de darmen is transport door dit eiwit erg belangrijk. Door zeldzame erfeli-
jke mutaties in het gen dat codeert voor myosine vb, kan het voorkomen dat het 
myosine Vb eiwit defect is. Kinderen die worden geboren met zulke mutaties 
ontwikkelen een ernstige zeldzame aandoening genaamd microvillus inclusie 
ziekte (MVIZ). Door het gebrek aan transport via myosin Vb, missen de cellen 
in de darmen van deze kinderen essentiële eiwitten op hun membraan opper-
vlak die spijsvertering en vochtopname regelen. Het voornaamste symptoom als 
gevolg van dit defect is chronische diarree. Kinderen kunnen niet normaal eten, 
en moeten al hun voeding en vocht intraveneus via sonde toegediend krijgen. 
Levenslange sonde voeding brengt veel risico’s en complicaties met zich mee, en 
de kans is groot dat de kinderen vroeg komen te overlijden door een infectie via 
de sonde. De enige behandelingsoptie is een darm transplantatie, en nieuwe be-
handelingen zijn dus dringend nodig.

Een ander symptoom van MVIZ wat nog relatief onderbelicht is in het onder-
zoeksveld, is de ontwikkeling van cholestasis. Cholestasis wordt gekenmerkt 
met de ophoping van galzouten in het bloed, met pruritus (aanhoudende jeuk) 
als gevolg. In gezonde mensen worden galzouten in het gal uitgescheiden in de 
lever, maar blijkbaar is dit proces verhinderd in MVIZ patiënten. Het merkwaar-
dige aan dit symptoom is dat het zich bij de meeste patiënten niet ontwikkelt. Bij 
sommige patiënten ontwikkelt cholestase specifiek na het krijgen van een darm 
transplantatie. Dit duidt er op dat de lever de nieuwe toestroom van galzouten 
vanuit de darm niet aan kan. Het ontstaan van  cholestase na een transplantatie 
is een groot probleem omdat de behandeling van de cholestase niet compatibel 
is met de medicijnen die nodig zijn om donororgaan afstoting te voorkomen. Het 
gevolg hier van is helaas dat het donororgaan weer moet worden verwijderd. 
Het zou daarom zeer bruikbaar zijn als we meer wisten over waarom cholestase 
optreedt, en hoe we dit kunnen voorkomen. We vermoedden dat het gebrek aan 
myosine Vb er voor zorgt dat de eiwitten die galzouten uitscheiden niet aan het 
oppervlak van de levercellen terecht komen.
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Om er achter te komen wat het effect is van gemuteerd myosine Vb, kun je natu-
urlijk de patiënten en hun biopten bestuderen. Er zijn in een patiënt echter veel 
variabelen die invloed kunnen hebben op hetgeen dat je onderzoekt. Bijvoor-
beeld de specifieke mutatie die de patiënt heeft, of de effecten/bijwerkingen van 
medicatie en sondevoeding.  Om een duidelijk beeld te krijgen van het missen 
van myosine Vb, hebben we muizen gegenereerd die het gen dat codeert voor 
myosin Vb missen. Deze zogenaamde Myosin Vb knock-out muizen sterven vlak 
na geboorte.  Onder de microscoop kunnen we zien dat de darmen van deze 
muizen veel van dezelfde defecten laten zien als MVIZ patiënten. We zien alleen 
geen defecten in de lever van de muizen, met betrekking tot de correcte lokalisa-
tie van de eiwitten die galzouten uitscheiden. Dit suggereert dat het missen van 
myosine Vb niet direct tot cholestase leidt, maar dat er in de kinderen nog andere 
factoren nodig zijn die daar aan bijdragen.

Wij vermoedden dat de cholestase wordt veroorzaakt door specifieke mutaties 
die voorkomen bij patiënten. Een nieuw idee, omdat er toe vanuit gegaan werd 
dat de cholestase wordt veroorzaakt door het algehele verlies van myosine Vb en 
niet per se de aanwezigheid van een specifieke mutatie.   Om dit te testen bracht-
en we zo’n patiënt mutatie (genaamd P660L) in bij lever cellen in het laboratori-
um. We vonden dat in de aanwezigheid van deze mutatie, een bepaald eiwit die 
betrokken is bij galzout-uitscheiding (genaamd ABCC2/MRP2) op de verkeerde 
plek terecht kwam in de cel.  We zagen dat de myosine Vb mutanten leidde tot 
de ophoping van transport vesicles net na vertrek uit het Golgi systeem. Deze 
ophoping wordt veroorzaakt doordat een stukje van het uiteinde van het mutant 
myosine Vb bindt aan de vesicles en ze bij elkaar houdt, op een manier die we 
nog niet begrijpen. Op basis van ons onderzoek verwachten we dat patiënten met 
mutaties die vergelijkbaar zijn met de P660L mutatie, eerder cholestase zullen 
ontwikkelen. Hoewel verder onderzoek nodig zal zijn om onze theorie te veri-
fiëren, kunnen onze resultaten in de toekomst bruikbaar zijn in de besluitvorm-
ing omtrent darmtransplantaties bij MVIZ patiënten.  

De focus van hoofdstuk 7 is Wilson disease. Deze ziekte wordt gekenmerkt door 
een verstoring van koper metabolisme. Patiënten hebben een mutatie in het gen 
dat codeert voor het eiwit ATP7B, dat verantwoordelijk is voor het pompen van 
koper uit levercellen, de galkanalen in.  Het gevolg hier van is dat koper opbou-
wt in het lichaam, met name de lever en later ook de hersenen. Dit koper is giftig 
en kan ernstige problemen in de lever veroorzaken (waaronder leverfalen), en 
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ook verscheidene neurologische symptomen (vergelijkbaar met de ziekte van 
Parkinson). De meeste voorkomende Wilson disease mutatie in Europa en Noord 
Amerika is H1069Q. Veel is nog onduidelijk over wat er precies mis gaat bij deze 
mutatie, maar op basis van vorig onderzoek wordt gedacht dat het ATP7B met 
de H1069Q mutatie in het endoplasmatisch reticulum blijft, in plaats van dat 
het naar het cel oppervlak gaat. We hebben hier dus ook weer te maken met een 
transport probleem. 

Om beter te begrijpen wat er met deze mutatie aan de hand is, en om nieuwe 
therapieën te kunnen testen, hebben we een nieuw ziektemodel ontwikkeld in 
het laboratorium. Hier voor isoleerden we enkele levende cellen uit de urine van 
Wilson disease patiënten die afkomstig zijn uit de nieren, en kweekten deze op 
totdat we grote hoeveelheden cellen van deze patiënten opgeslagen hadden. Bij 
deze cellen brachten we vervolgens eiwitten in die  er voor zorgen dat de cellen 
omgevormd worden tot stamcellen. Deze stamcellen kunnen in alle typen li-
chaamscellen veranderen. We maakten in het lab vervolgens levercellen vanuit 
deze stamcellen, en onderzochten de eigenschappen van het mutant ATP7B ei-
wit, ten opzichte van ATP7B in gezonde controle cellen. We vonden dat in tegen-
stelling tot bij controle, het mutant ATP7B niet in staat was om het celoppervlak 
van de lever cellen te bereiken. In plaats daar van bleef het steken in het Golgi 
apparaat, wat in tegenstelling is tot wat er eerder beweerd is in vorige onder-
zoeken (namelijk dat het in endoplasmatisch reticulum blijft). Met ons nieuwe 
model komen we dus op nieuwe inzichten over waar precies het probleem ligt bij 
deze patiënten. We weten nu dat we nieuwe experimentele behandelingen kun-
nen richten op het bevorderen van het transport van mutant ATP7B uit de Golgi, 
in plaats van uit het endoplasmatisch reticulum. Bovendien kunnen de methoden 
die we hier gedemonstreerd hebben met het maken van levercellen uit stamcel-
len, helpen bij het onderzoek naar vele andere leverziekten.
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