














Defects in intestinal barrier function
The barrier function of the intestine is important for fluid
homeostasis and critically depends on cell-cell adhesions. Defects
in the intestinal barrier function have been associated with at least
one CDD.

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 affected individuals display a milder phenotype than others,
and these can sometimes be progressively weaned off TPN (Lemale
et al., 2011). A subset of individuals with CTE display a syndromic
form of the disease [congenital sodium diarrhea (CSD)] that
includes dysmorphic features, woolly hair, punctate keratitis,
atresias, reduced body size and immune deficiency (see Box 1).
Like THES, CTE can present as very-early-onset inflammatory
bowel disease (Kammermeier et al., 2014).
Histological analysis of the intestine in the context of CTE reveals

various degrees of villous atrophy, basement membrane
abnormalities, disorganization of enterocytes, and focal crowding
at the villus tips, resembling tufts (Fig. 5). 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
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 SPINT2mutations. EpCAM is
a multifunctional transmembrane glycoprotein involved in cell-cell
adhesion, proliferation and differentiation (Schnell et al., 2013b). In
individuals with CTE, EpCAM protein levels in the intestine are
decreased (Sivagnanam et al., 2008) and all CTE-associated
EPCAM mutations lead to loss of cell-surface EpCAM (Fig. 5)
(Schnell et al., 2013a), either because of impaired plasmamembrane
targeting or because of truncation of the protein, both of which
result in its secretion. Both EpcamKOmice and mice in which exon
4 of Epcam is deleted 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 also
mislocalized, leading to disorganized transition from crypts to
villi (Guerra et al., 2012). Mice with reduced EpCAM levels and
Caco-2 cells depleted of EpCAM show decreased expression of
tight-junction proteins, increased permeability and decreased ion
transport (Kozan et al., 2015). EpCAM 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 (Fig. 5), 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 owing to developmental defects
that are unrelated to the intestine (Szabo et al., 2009), and are
therefore unsuitable for studying the intestinal symptoms of CTE.
Interestingly, two of the target enzymes of Spint2 are the serine
proteases 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 complete loss of the ability of Spint2 to inhibit prostasin
and another intestinal protease, 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 that
encoded by SPINT2, abolishes the constitutive stimulation of apical
Na+ transport by nonvoltage-gated sodium channel-1-alpha
(Scnn1a) in polarized intestinal epithelial cells (Planes̀ and
Caughey, 2007), which could contribute to secretory diarrhea. It
is possible that such a mechanism forms 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 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 underscoring
the need to study its involvement in the pathogenesis of CTE.

Outlook and future perspectives
Establishing amolecular diagnosis for CDDENT is becoming feasible
in most cases, and can be a key contributor to clinical decision
making. At the moment, the prognosis and survival of individuals
with CDDENT depend on early TPN and successful bowel
transplantation, but survival is generally poor. A variety of extra-
intestinal symptoms are associated with CDDENT. Of these, renal
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Fig. 5. Schematic overview of tissue and cellular defects associated with
CTE. In congenital tufting enteropathy (CTE), villi are shortened and are
disorganized, with focal crowding of enterocytes (tufts). Mutated EpCAM is
mislocalized intracellularly, which results, through an unknown mechanism, in
the loss of tight junction (TJ) integrity and a concomitant increase in
permeability (red arrows). TJ, tight junction; β-cat, β-catenin.

8

CLINICAL PUZZLE Disease Models & Mechanisms (2016) 9, 1-12 doi:10.1242/dmm.022269

D
is
ea

se
M
o
d
el
s
&
M
ec
h
an

is
m
s

http://coxpresdb.jp/cgi-bin/coex_list.cgi?gene=4072%26sp=Hsa
http://coxpresdb.jp/cgi-bin/coex_list.cgi?gene=4072%26sp=Hsa
http://coxpresdb.jp/cgi-bin/coex_list.cgi?gene=4072%26sp=Hsa
http://coxpresdb.jp/cgi-bin/coex_list.cgi?gene=10653%26sp=Hsa
http://coxpresdb.jp/cgi-bin/coex_list.cgi?gene=10653%26sp=Hsa
http://coxpresdb.jp/cgi-bin/coex_list.cgi?gene=10653%26sp=Hsa


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
models, 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 (see Box 3).

Patient registries and databases
Dedicated patient registries are crucial resources for correlating the
genotype, phenotype and clinical presentation of individuals with
CDDENT. Thus far, only a registry of patients with MVID and
associated MYO5B mutations has been established (http://www.
mvid-central.org) (van der Velde et al., 2013). Given that
individuals with CDDENT 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 interventions, 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 differentiation 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 and
CTE, which are more pronounced in the villus than they are in the
crypt region (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 treatment options preclinically. KO
animals are useful for studying the function of the targeted gene and
for modeling CDDENT individuals with homozygous mutations, and
gene-editing techniques such asCRISPR-Cas canbeused to introduce
patient-relevant homozygous and compound heterozygous missense
mutations both in 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
ortholog 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 vertebrate zebrafish (van Ham et al., 2014) make
these animals a promising model for studying the effect of
genetic manipulations and pharmacological treatment. Intestinal
anatomy and architecture in zebrafish closely resemble 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). Zebrafish could therefore make a useful addition to
current CDDENT models. Indeed, sar1b-deficient zebrafish
display phenotypes resembling CMRD (Levic et al., 2015).
The absence of the myosin-V ortholog 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., 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. Generating three-dimensional cultures of stem-cell-
derived intestinal cells that resemble to some extent the intestinal
tissue (so-called organoids) enables disease modeling 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 individuals with MVID recapitulate 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-stem-cell- and iPSC-derived intestinal 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 maturation outside of the intestinal niche
(Matano et al., 2015). However, adult-stem-cell-derived organoids
have been reported to engraft in the chemically injured mouse colon,
to contribute to tissue regeneration, and to be indiscernible from
host epithelium (Yui et al., 2012).

These differences are important to consider when organoids are
used to study CDDENT. 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 because
CDDENT phenotypes do not always manifest immediately after birth

Box 3. Clinical and basic research opportunities
• The use of genetics and automated microscopy in the differential
diagnosis of CDDENT in the clinic.

• The development of genetically engineered animal models of CDDENT.
• The creation of CDDENT patient-specific stem-cell-based organoids for
disease modeling.

• The establishment and maintenance of CDDENT patient registries that
integrate basic and clinical data.

• The exploration of stem-cell-based replacement strategies as a
potential cure for CDDENT.
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(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 acquired.
Organoid technology uniquely allows the creation of patient-

specific disease models. Despite harboring mutations in the same
protein, many individuals with CDDENT often 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 genetic background of a patient and any adverse effects of
treatment. Organoids from affected individuals with varying
symptoms exclude confounding environmental factors 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 genotype-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 and/or 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 corrected organoids could represent a
regenerative medicine approach to cure CDDENT.
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Martıń, M. G., Turk, E., Lostao, M. P., Kerner, C. andWright, E. M. (1996). Defects
in Na+/glucose cotransporter (SGLT1) trafficking and function cause glucose-
galactose malabsorption. Nat. Genet. 12, 216-220.

Martin, B. A., Kerner, J. A., Hazard, F. K. and Longacre, T. A. (2014). Evaluation
of intestinal biopsies for pediatric enteropathy: a proposed immunohistochemical
panel approach. Am. J. Surg. Pathol. 38, 1387-1395.

Massarwa, R., Schejter, E. D. and Shilo, B.-Z. (2009). Apical secretion in epithelial
tubes of the Drosophila embryo is directed by the Formin-family protein
Diaphanous. Dev. Cell 16, 877-888.

Massey-Harroche, D. (2000). Epithelial cell polarity as reflected in enterocytes.
Microsc. Res. Tech. 49, 353-362.

Matano, M., Date, S., Shimokawa, M., Takano, A., Fujii, M., Ohta, Y., Watanabe,
T., Kanai, T. and Sato, T. (2015). Modeling colorectal cancer using CRISPR-
Cas9-mediated engineering of human intestinal organoids. Nat. Med. 21,
256-262.

Melendez, J., Liu, M., Sampson, L., Akunuru, S., Han, X., Vallance, J., Witte, D.,
Shroyer, N. and Zheng, Y. (2013). Cdc42 coordinates proliferation, polarity,
migration, and differentiation of small intestinal epithelial cells in mice.
Gastroenterology 145, 808-819.

Mierau, G. W., Wills, E. J., Wyatt-Ashmead, J., Hoffenberg, E. J. and Cutz, E.
(2001). Microvillous inclusion disease: report of a case with atypical features.
Ultrastruct Pathol 25, 517-521.

Mouzaki, M., Vresk, L. and Gonska, T. (2014). An infant with vomiting, diarrhea,
and failure to thrive. Chylomicron retention disease. Gastroenterology 146, 912,
1137-1138.

Müller, T., Hess, M. W., Schiefermeier, N., Pfaller, K., Ebner, H. L., Heinz-Erian,
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