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Intestinal epithelial cell polarity is instrumental to maintain epithelial homeostasis and
balance communications between the gut lumen and bodily tissue, thereby controlling
the defense against gastrointestinal pathogens and maintenance of immune tolerance to
commensal bacteria. In this review, we highlight recent advances with regard to the molec-
ular mechanisms of cell polarity–controlled epithelial homeostasis and immunity in the
human intestine.

Intestinal epithelial cells (IECs) are short-lived
cells forming a barrier and facing the lumen of

the gut. As such, intestinal epithelial cells are
responsible for the metabolism and uptake of
diet-derived nutrients and for their transfer to
the tissue side where they can enter the blood
circulation. IECs are also the first line of defense
against ingested potential pathogens. The lu-
men of the intestinal tract, however, is also col-
onized by trillions of commensal bacteria that
play important roles in normal physiology. IECs
are thus confronted with the challenging task of
maintaining good relationships with these bac-
teria yet prevent these bacteria from entering the
body tissue. At the tissue side, IECs must main-
tain good relationships with the immune sys-
tem, which actively monitors and probes the

microbiota via intraepithelial immune cells.
IECs, thus, ensure carefully balanced commu-
nications between the gut lumen and bodily
tissue, thereby controlling the defense against
gastrointestinal pathogens while maintaining
immune tolerance to commensal bacteria.

A BRIEF INTRODUCTION TO EPITHELIAL
CELL POLARITY IN THE INTESTINE

IECs (also called enterocytes) comprise the vast
majority of all cell types in the intestinal epithe-
lium (including paneth cells, enteroendocrine
cells, and goblet cells). IECs are arranged as a
monolayer of columnar-shaped, polarized epi-
thelial cells (Fig. 1A). Cells predominantly com-
municate with their environment via proteins
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(receptors, transporters, channels) at their
surface. The surface (or plasma membrane) of
the IEC is divided into one apical and one baso-
lateral domain, which face the lumen of the gut
and the intestinal tissue, respectively. The baso-
lateral cell–surface domain can be further divid-
ed in a basal and a lateral domain that face the
basement membrane and neighboring cells,
respectively (Fig. 1B). The lateral surface houses
intercellular adhesions, including E-cadherin-
based adherens junctions (AJs) and claudin-
based tight junctions (TJs), which ensure
monolayer strength and impermeability, respec-
tively (Giepmans and van Ijzendoorn 2009).
The basal surface is home to integrin-based
cell-matrix adhesions, via which the cells are at-
tached to the basement membrane. Planar po-
larity mechanisms ensure that all IECs orientate
their apical and basal surface domains in the
same direction.

The apical and basal cell–surface domains
are distinguished with regard to structural or-

ganization and macromolecular composition.
Only the apical plasma membrane displays
densely packed actin filament–based projec-
tions called microvilli (Fig. 1B) (Crawley et al.
2014). In addition to their structural differences,
the apical and basal plasma membrane domains
are differently equipped with proteins to control
the metabolism, absorption, and/or secretion of
nutrients between the gut lumen, cell interior,
and body tissue. The polarized distribution of
cell-surface receptors and transporter proteins
allows for the vectorial transport of circulating
nutrients and immunoglobulins across the in-
testinal epithelial monolayer. Not surprisingly,
the mislocalization of apical brush-border pro-
teins leads to malnutrition, diarrheal disorders,
and, if untreated, to death (Overeem et al. 2016).
The mislocalization of integrins at the opposing
basal surface domain correlated with loss of ep-
ithelial architecture and cancer development
(Krishnan et al. 2013). Further, the polarized
basal expression of cytokine receptors mediate
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Figure 1. Intestinal epithelial cell polarity. (A) Crypt-villus organization of the intestinal epithelial cell mono-
layer. (B) Detail of the boxed area in panel A, showing the apical, basal, and lateral surface polarity of the
individual enterocyte. (C) Detail of the boxed area in panel B, showing the common/apical recycling endosome
(CRE) and the apical recycling endosome (ARE) in the individual enterocyte. (D) Detail of the boxed area in
panel C, showing a single microvillus and a microvillus-derived vesicle. TJ, Tight junction; AIP, alkaline intes-
tinal phosphatase; ARE, apical recycling endosome; CRE, common recycling endosome.
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the cytokine-mediated communication with
immune cells in the lamina propria, whereas
the polarized apical expression of several pat-
tern-recognition receptors controls the induc-
tion of innate immunity responses. Defects in
the mechanisms that control apical microvilli
development or the polarized distribution of
cytokine receptors or pattern-recognition re-
ceptors result in the perturbation of intestinal
epithelial–microbial interactions and gut im-
mune homeostasis in mice, and often contribute
to the pathogenesis of inflammatory bowel dis-
eases in humans (Takahashi et al. 2011; Shifrin
and Tyska 2012; Shifrin et al. 2012; Yu et al.
2014), as will be further discussed below.

Intracellular sorting and trafficking secures
the polarized distribution of integral membrane
proteins at the apical and basal plasma cell–
surface domains (van der Wouden et al. 2003;
Weisz and Rodriguez-Boulan 2009). The Golgi
apparatus is well known for its role in the po-
larized sorting and trafficking of proteins. In
addition, the endosomal system and its associ-
ated small GTPases Rab8, Rab11, Rab25, and
their effectors, and the epithelium-specific po-
larized sorting factor adaptor protein (AP)-1B
have, in the last decade, emerged as important
regulators of polarized sorting and trafficking of
proteins (Sato et al. 2007; Golachowska et al.
2010; Shifrin and Tyska 2012; Shifrin et al.
2012; Knowles et al. 2014). Intracellular sorting
and trafficking also controls the constitutive or
regulated polarized secretion of signaling mol-
ecules such as growth factors, cytokines, and
antimicrobial products. Recycling endosomes
have been implicated in the polarized secretion
of cytokines in immune cells (Stow and Murray
2013) and neuronal cells (Moidunny et al.
2012), but the mechanisms of polarized cyto-
kine secretion in IEC (Rossi et al. 2013) is not
well understood.

TJs situated at the border between the apical
and basal cell–surface domains establish tight
cell–cell adhesion, and restrict the lateral diffu-
sion of apical and basal cell–surface proteins,
thereby securing cell-surface polarity (Fig. 1B).
TJs, by virtue of the pore-forming claudins, also
control the paracellular transport of electrolytes
and water (Giepmans and van Ijzendoorn 2009;

Marchiando et al. 2010), and mediate the com-
partmentalization of secreted molecules in ei-
ther gut lumen or lamina propria (Marques
and Boneca 2011; Wells et al. 2011). TJs and,
consequently, the intestinal barrier are often im-
paired in inflammatory bowel disorders (IBDs,
comprising Crohn’s disease and ulcerative coli-
tis), allowing the translocation of pathogens or
pathogen-derived molecules (Marchiando et al.
2010). TJs also recruit transcription factors and
prevent their translocation to the nucleus, and
thereby contribute to cell proliferation regula-
tion (Matter et al. 2005). The aberrant expres-
sion or distribution of several TJ-associated
proteins has been implicated in colon cancer
development and progression (Wang et al.
2011; Singh and Dhawan 2015), underscoring
the importance of TJs in intestinal epithelial
homeostasis.

The polarized intracellular trafficking ma-
chinery and TJs are central players in the epithe-
lial polarity program (Rodriguez-Boulan and
Macara 2014). Evolutionary conserved polarity
protein complexes are the core components of
this epithelial polarity program. Three polarity
complexes are typically distinguished: a com-
plex consisting of Crb3a, Pals1, and PATJ, a
complex consisting of Par3, Par6, atypical (a)
protein kinase C (PKC), and the small GTPase
Cdc42, and a complex consisting of Lgl, Dlg,
and Scribble (Rodriguez-Boulan and Macara
2014). Impaired expression or function of
many core cell polarity–determining proteins
has been correlated with impaired intestinal
epithelial homeostasis (Sakamori et al. 2012;
Melendez et al. 2013; Whiteman et al. 2014;
Charrier et al. 2015) and inflammatory bowel
disorders (Weersma et al. 2009; Ivanov et al.
2010; Mashukova et al. 2011; Wald et al. 2011;
Schumann et al. 2012; Xu et al. 2014).

Taken together, intestinal epithelial cell–
surface polarity and TJs are instrumental to bal-
ance communications between the gut lumen
and bodily tissue and control the defense against
gastrointestinal pathogens and maintenance of
immune tolerance to commensal bacteria (Mar-
ques and Boneca 2011; Wells et al. 2011; Rossi
et al. 2013). Below, we highlight recent advances
with regard to the molecular mechanisms of cell
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polarity–controlled epithelial homeostasis and
immunity in the intestine.

APICAL BRUSH-BORDER DYNAMICS
CONTRIBUTE TO EPITHELIAL
HOMEOSTASIS AND INNATE
IMMUNITY IN THE GUT
Apical microvilli greatly enlarge the absorptive
cell-surface area while minimally influencing
cellular volume. In agreement, apical microvil-
lus atrophy has been correlated with suboptimal
absorption of dietary nutrients. Interestingly,
recent studies have shown novel roles for apical
plasma membrane microvilli and their protein
components in intestinal epithelial cells beyond
absorptive surface expansion.

Villin is an actin-modifying protein in in-
testinal epithelial cells exclusively located in
apical plasma membrane microvilli and the
underlying subapical terminal web (Fig. 1D)
(Khurana and George 2008). Targeted disrup-
tion of the villin-encoding gene in mice did not
impair the organization of apical microvilli,
suggesting that villin plays a minor or redun-
dant role in microvilli development (Pinson
et al. 1998). Villin was required to sever filamen-
tous actin to depolarize microvilli and, in this
way, allow IEC migration and remodeling on
mucosal injury (Ubelmann et al. 2013). Villin
is also subject to proteolysis following gut infec-
tion and during the recovery phase of gut in-
fection (Solaymani-Mohammadi and Singer
2013). Villin expression in IEC is reduced in
IBD characterized by recurring inflammation
and associated lesions (Kersting et al. 2004).
These results highlight the importance of the
apical polarity of IEC and, specifically, apical
plasma membrane microvilli and their dynam-
ics, in the process of gut wound healing and,
hence, intestinal epithelial homeostasis and im-
munopathology.

While the regulated breakdown of apical
microvilli appears to be necessary for gut wound
healing, apical microvilli are also important for
maintaining intestinal epithelial homeostasis.
This is well exemplified by the deletion of ezrin,
the only member of the ezrin–radixin–moesin
(ERM) family of membrane-actin cross-linking

proteins present in intestinal epithelial cells.
Deletion of ezrin led to apical microvillus atro-
phy throughout the intestinal epithelium, and
resulted in villus morphogenesis defects (i.e.,
villus fusions) and neonatal death in mice (Sao-
tome et al. 2004; Casaletto et al. 2011). Similar
effects were observed in Crumbs3-deficient mice
(Whiteman et al. 2014; Charrier et al. 2015),
presumably because of the functional interac-
tion between Crumbs3 and ezrin (Whiteman
et al. 2014). Moreover, villus fusions were also
reported in humans with microvillus inclu-
sion disease and carrying MYO5B mutations
(Dhekne et al. 2014). Loss of the myosin Vb
protein in these individuals was shown to in-
hibit the activation of ezrin at the apical surface
and lead to microvillus atrophy in their intesti-
nal epithelial cells (Dhekne et al. 2014). The loss
of ezrin-mediated microvillus atrophy in the
adult mouse intestine caused defects in cell
geometry, cell extrusion, cell–cell adhesion re-
modeling, and mitotic spindle orientation (Ca-
saletto et al. 2011), which are essential for epi-
thelial homeostasis and villus morphogenesis.
By contrast, an increased expression of ezrin
has been correlated with elongated apical mi-
crovilli in the small intestine of vitamin D re-
ceptor knockout mice (Kühne et al. 2015). Ezrin
is proteolytically cleaved in mice with intestinal
inflammation in a CD4þ T-cell-dependent
manner (Solaymani-Mohammadi and Singer
2013), but the physiological or pathophysiolog-
ical relevance of this phenomenon is not clear.

The intestinal brush border, in agreement
with its role in the regulation of epithelial tissue
morphogenesis and architecture (see above),
protects against carcinogenesis. Thus, the loss
or inactivation of myosin-Ia, another abundant
component of microvilli (Fig. 1D) and neces-
sary for microvilli development (Tyska et al.
2005), leads to the loss of IEC polarity, carcino-
genic behavior of IEC, and tumor develop-
ment in mice (Mazzolini et al. 2012). These
results point to a functional link between apical
plasma membrane architecture and epithelial
homeostasis.

Apical microvilli are highly dynamic struc-
tures, governed by interactions between the api-
cal plasma membrane and the underlying actin
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cytoskeleton. The motor activity of myosin-Ia
and myosin-VI controls the microvillus tip- and
base-directed movement, respectively, of the
plasma membrane along the actin filaments
that make up the microvillus core (McConnell
and Tyska 2007). As such, these myosins regu-
lates the intramicrovillus (that is, microvillus
tip versus microvillus base) distribution of
brush-border enzymes (Tyska and Mooseker
2004; Hegan et al. 2012; Chen et al. 2014). In-
terestingly, the tips of the apical microvilli give
rise to vesicles that are shed into the gut lumen
(McConnell et al. 2009). These microvillus-de-
rived vesicles are enriched in the IAP (Fig. 1D).
This enzyme allows the vesicles to dephosphor-
ylate and, thereby, detoxify bacterial lipo-
polysaccharide and prevent Toll-like receptor-
4 (TLR4) responses on host cells (Poelstra
et al. 1997; Tuin et al. 2009). Furthermore, the
exposure of IEC to Escherichia coli induced the
expression of IAP and the production of micro-
villi-derived vesicles, which, in turn, inhibited
E. coli proliferation and the attachment of these
bacteria to the host cells in vitro, albeit in an
IAP-independent manner (Shifrin et al. 2012).
The activity of myosin-Ia appears to be crucial
for the correct assembly of these microvilli-de-
rived vesicles, as microvilli-derived vesicles in
mice and cell lines lacking myosin-Ia were not
enriched in intestinal alkaline phosphatase but,
rather, displayed a protein composition that
was similar to the overall enterocyte brush bor-
der (Shifrin et al. 2012). Together, apical brush-
border microvilli release membrane vesicles
into the intestinal lumen, which are laden
with a host defense machinery, representing a
new role for apical plasma membrane microvilli
in intestinal innate immunity (Shifrin and Tys-
ka 2012). Whether loss of villin, ezrin, or my-
osin-Vb and resultant microvillus atrophy af-
fects the release of microvilli-derived vesicles
and therewith associated functions, and wheth-
er microvilli-derived membrane vesicles con-
tribute to intestinal epithelial wound healing,
homeostasis, and/or tumor suppression, is not
known.

In conclusion, these studies have shown
novel roles for apical plasma membrane mi-
crovilli and their protein components in

wound healing, epithelial homeostasis and
tumor suppression, and innate immunity in
the gut.

Polarized Endosomal Sorting and Trafficking
Mechanisms Control Epithelial Homeostasis,
Tumor Suppression, and Innate Immunity
in the Gut

The endosomal system has emerged as a crucial
regulator of polarized sorting and trafficking of
cell-surface proteins in epithelial cells (Gola-
chowska et al. 2010). In addition, the spatial
distribution of endosomal system provides po-
larized signaling platforms (Bryant et al. 2010;
Dhekne et al. 2014; Kravtsov et al. 2014) that
control the activation of ezrin at the apical sur-
face of intestinal epithelial cells and, thereby, the
development of the apical brush-border mem-
brane (Dhekne et al. 2014). Within the complex
endosomal system (Perret et al. 2005; Bay et al.
2015), two endosomal subcompartments have
been identified that appear particularly impor-
tant for the correct sorting and trafficking of
apical and basal proteins: the apical recycling
endosome (ARE) and the common recycling
endosome (CRE) (Fig. 1C). The ARE is charac-
terized by the presence of Rab8, Rab11a, Rab25,
and their common effector protein, myosin-Vb.
The ARE is predominantly accessible for resi-
dent apical proteins and functions in the dis-
patch of newly synthesized and apically recy-
cling and/or transcytosing proteins to the
apical brush-border membrane. The CRE is
characterized by its accessibility to proteins in-
ternalized from either apical or basal surface
domain (Hughson and Hopkins 1990) and con-
tains the polarized sorting factor adaptor pro-
tein AP-1B, which is believed to control sorting
of proteins to the basal cell surface. Noteworthy,
most of the knowledge about the organization
of the endosomal system in polarized cells is
derived from Madin–Darby canine kidney
(MDCK) epithelial cells (Perret et al. 2005;
Bay et al. 2015). Whether this organization of
the endosomal system is similar in IEC has not
been carefully addressed. Nevertheless, compo-
nents of the ARE and/or CRE play a role in the
regulation of epithelial homeostasis, tumor
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suppression, and innate immunity in the gut, as
outlined below.

The Apical Recycling Endosome

Intestine-specific Rab11a knockout mice show
intracellular accumulation and mislocalization
of resident apical plasma membrane proteins to
the basal surface domain, microvillus atrophy,
and microvillus inclusion bodies (Sobajima
et al. 2014a; Knowles et al. 2015). Some apical
proteins, such as dipeptidyl peptidase-IV, and
IAP are downregulated in the intestinal epithe-
lial cells of Rab11a knockout mice, whereas the
polarized distribution of basal proteins ap-
peared unaffected. Rab11a knockout mice die
in the postnatal period as a consequence of
starvation. IEC of intestine-specific Rab8 or
Myo5b-knockout mice, and individuals with
microvillus inclusion disease that carry MYO5B
mutations show very similar intracellular accu-
mulation of resident apical plasma membrane
proteins, microvillus atrophy, and microvillus
inclusion bodies, yet died of diarrhea (Cutz
et al. 1989; Ameen and Salas 2000; Sato et al.
2007; Cartón-Garcı́a et al. 2015; Schneeberger
et al. 2015; Weis et al. 2016). The apical trans-
port abnormalities in IEC in Rab8-deficient
mice may be the result of effects of Rab8a de-
pletion on the secretion of Wnt ligands, which
play an important role in intestinal epithelial
morphogenesis (Das et al. 2015). The aberrant
expression or function of either Rab11a, Rab8,
or myosin Vb in mice or humans affected each
other’s expression or subcellular distribution in
IEC (Sato et al. 2007; Szperl et al. 2011; Gola-
chowska et al. 2012; Sakamori et al. 2012;
Dhekne et al. 2014; Sobajima et al. 2014b). To-
gether, these results support the in vitro
evidence that Rab11a, Rab8, and myosin Vb
operate in the same pathway that controls the
trafficking of apical brush-border proteins and
development of apical microvilli in (intestinal)
epithelial cells (Bryant et al. 2010; Dhekne et al.
2014; Knowles et al. 2014).

The RAB11A gene is located adjacent to a
Crohn’s disease risk locus (Yu et al. 2014). Intes-
tine-specific Rab11a knockout mice spontane-
ously develop colitis, and show excessive intes-

tinal epithelial proliferation. IEC of Rab11a
knockout mice show up-regulation of interleu-
kins-6 and -1B and monocyte chemoattractant
protein-1, and show a redistribution of Toll-like
receptor-9 (TLR9) from its normal brush-bor-
der location to late endosome and/or lyso-
somes. Stimulation of TLR9 at the apical surface
domain of IEC was shown to counteract the ac-
tivation of nuclear factor kB (NF-kB) that cur-
tailed inflammatory responses induced by basal
stimulation by other TLRs or tumor necrosis
factor receptora (TNF-a) (Lee et al. 2006; Gha-
dimi et al. 2010). Tlr9 knockout mice are highly
susceptible to experimental colitis (Lee et al.
2006). In line with this, intestinal epithelial cells
of Rab11a knockout mice show upregulated sig-
naling activity through NF-kB and mitogen-ac-
tivated protein kinase, which is involved in in-
flammatory and stress responses (Pasparakis
2009). Moreover, germ-free Rab11a knockout
mice failed to tolerate intraluminal stimulation
by microbial agonists and induced interleukin-6
when compared to wild-type mice undergoing
the same treatment (Yu et al. 2014). Thus, the
apical recycling endosome, by virtue of Rab11a,
controls subcellular TLR9 compartmentaliza-
tion and, consequently, is crucial for the regula-
tion of immune tolerance and inflammation.

At least in cultured epithelial MDCK cells,
Rab11a and Rab8 at ARE coordinate the activa-
tion of the small r family GTPase Cdc42 (Bryant
et al. 2010). In Cdc42-deficient mice, the intes-
tinal epithelium showed gross hyperplasia,
crypt enlargement, microvillus inclusions, and
brush-border formation at the lateral surface
domains, and abnormal epithelial permeability,
suggesting a coordinating role for Cdc42 in the
polarity, migration, and differentiation of intes-
tinal epithelial cells (Melendez et al. 2013). In
other intestine-specific Cdc42-deficient mice,
generated independently, impaired Rab8 activa-
tion, intestinal stem-cell division, survival, and
differentiation of IEC was observed (Sakamori
et al. 2012). Also, in human colorectal carcino-
ma cells, loss of Cdc42 caused mitotic spindle
orientation defects and deranged intestinal
epithelial morphogenesis (Jaffe et al. 2008).
Furthermore, single intestinal LS174:W4 cells
show multiple brush-border domains and dis-
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persed apical recycling endosome localization
(Bruurs et al. 2015). Notably, in contrast to
the loss of Rab11a (Yu et al. 2014), the loss of
Cdc42, Rab8, or myosin Vb did not elicit in-
testinal inflammation in mice (Melendez et al.
2013). This suggests that the latter three pro-
teins play a minimal or redundant role in
the regulation of intestinal immunity, and it
will be of interest to investigate the distribution
of TLR9 in the IEC of Cdc42-, Rab8-, and
Myo5b-deficient mice.

In addition to Rab11a and Rab8, Rab25 is
an epithelial-specific component of the ARE
(Casanova et al. 1999). Depletion of Rab25 in
human intestinal Caco-2 cells resulted in disor-
ganized apical microvilli, loss of apical villin,
and the intracellular retention of the brush-bor-
der protein sucrase-isomaltase, without affect-
ing the expression of Rab11a or Rab8 (Krishnan
et al. 2013). Unlike Rab11a and Rab8, Rab25 has
been linked to tumor aggressiveness and metas-
tasis in several tissues (Mitra et al. 2012). Loss of
Rab25 was shown to promote the development
of intestinal neoplasia and was found to be as-
sociated with human colorectal adenocarcino-
ma’s (Nam et al. 2010). As part of the underly-
ing mechanism, loss of Rab25 from intestinal
colon carcinoma Caco-2 cells was shown to
lead to upregulated claudin-1 expression (pre-
viously associated with perturbed intestinal
epithelial homeostasis and colon cancer devel-
opment [Pope et al. 2014]) increased trans-
epithelial resistance and increased invasive be-
havior (Nam et al. 2010). Loss of Rab25 likely
contributed to invasiveness of (colon) cancer
cells by regulating basal integrin expression
and/or trafficking (Caswell et al. 2007; Krish-
nan et al. 2013) via the rab-coupling protein
(Caswell et al. 2008) and consequent reorgani-
zation of the cortical actin cytoskeleton
(Jacquemet et al. 2013; Paul et al. 2015). Loss
of Rab25 did not appear to affect E-cadherin-
based AJs (Krishnan et al. 2013). Together, these
findings suggest that Rab25 is an important reg-
ulator of intestinal epithelial homeostasis and
a tumor suppressor in colon carcinogenesis
(Goldenring and Nam 2011). The occurrence
of spontaneous colitis, defects in the polarized
distribution of TLRs, or alterations in other as-

pects of intestinal immunity have not been re-
ported in Rab25-deficient mice. Notably, Rab25
and myosin-Vb were shown to control the
transcytosis of the neonatal major histocompat-
ibility complex class I–related IgG receptor
FcRN, when ectopically expressed in MDCK
cells, between the apical brush border and the
basal surface (Tzaban et al. 2009). In an in vivo
setting in the intestine, the loss of Rab25 could
then be predicted to impair IgG-mediated hu-
moral immunity of the fetus or newborn, but
this has not been shown.

The Common Recycling Endosome

The best-characterized regulator of polarized
protein sorting at the CRE is AP-1B. AP-1B is
downregulated in the colonic epithelium of in-
dividuals with Crohn’s disease (Takahashi et al.
2011). Further, a reduced ratio of tumor to non-
tumor tissue expression of AP-1B was correlated
with nuclear translocation of b-catenin in hu-
man colorectal tumor tissue, indicative for a
hyperproliferative state (Mimura et al. 2012).

Deletion of the Ap1m2 gene, which encodes
one of the four AP-1B subunits, resulted in the
mislocalization of several basolateral proteins in
mice. For example, the low-density lipoprotein
receptor accumulated in cytoplasmic vesicular
structures. Ap-1B deficiency led to mistargeting
of a subset of basolateral cytokine receptors to
the apical plasma membrane (Takahashi et al.
2011). Also E-cadherin was mislocalized to cy-
toplasmic structures, the E-cadherin–b-cate-
nin interaction was inhibited, and enhanced
nuclear translocation ofb-catenin was observed
(Hase et al. 2013). The mislocalization of E-
cadherin was also observed in an intestinal ep-
ithelial cell line that lacked the mu1B subunit,
and the ectopic expression of the latter restored
the normal distribution of E-cadherin (Mimura
et al. 2012). The nuclear translocation of b-cat-
enin was shown to stimulate the preproliferative
b-catenin/Tcf4 pathway, and Ap1m22/2 mice
showed intestinal crypt hyperplasia with villous
dysplasia massively enlarged as a result of exces-
sive proliferation of IEC, but the overall length
of the small intestine does not seem to be sig-
nificantly changed.

Mechanisms of Cell Polarity in the Intestine
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Interestingly, although AP-1B is considered
to be a regulator of basolateral protein sorting
(Fölsch 2005), also resident apical proteins were
found missorted in IEC of Ap1m22/2 mice. For
example, the resident apical proteins villin and
sucrase-isomaltase were mistargeted to the lat-
eral plasma membrane. The apical surface of the
IEC developed sparse and disorganized micro-
villi, whereas ectopic microvillus-like structures
developed at the lateral membrane. In accor-
dance, these mice developed digestive and/
or absorptive defects (Hase et al. 2013). In
Ap1m22/2 mice, intestinal IgA responses were
induced, but the basal-to-apical transcytosis of
IgA from the lamina propria to the lumen of the
intestine was impaired (Takahashi et al. 2011),
possibly reflecting impaired basal sorting of the
polymeric IgA receptor. Also in the nematode
Caenorhabditis elegans AP-1 was shown to con-
trol an apical trafficking pathway and regulate
apical polarity and intestinal epithelial morpho-
genesis (Shafaq-Zadah et al. 2012; Zhang et al.
2012). The role of AP-1B in the delivery of apical
proteins in IEC may be explained by the ob-
servation that some apical membrane proteins,
including sucrase-isomaltase, are transported in
distinct vesicular carriers (Jacob and Naim
2001) and are first sorted to the basal surface,
from where these are subsequently internalized
and transcytosed to the apical brush-border do-
main of IECs (Hauri 1983; Le Bivic et al. 1990;
Meerson et al. 2000). In conclusion, AP-1B is
required for the delivery of (at least a subset of )
proteins to the apical surface in IEC and, as a
result, controls the function of the intestinal
apical brush-border surface.

Ap1m22/2 mice spontaneously develop
colitis (Takahashi et al. 2011). It was proposed
that the missorting of cytokine receptors from
the basal to the apical surface, the reduced
expression of antimicrobial proteins, and the
impaired apical release of IgA in these mice
resulted in intestinal dysbiosis and increased
bacterial translocation from the lumen of the
gut into the lamina propria (Takahashi et al.
2011).

These results show the importance of the
CRE-associated polarized sorting factor adap-
tor protein AP-1B as a crucial player in the

establishment of IEC polarity, epithelial ho-
meostasis, and immunity in the gut.

EVOLUTIONARY CONSERVED CELL
POLARITY DETERMINING PROTEINS
REGULATE EPITHELIAL HOMEOSTASIS,
TUMOR SUPPRESSION, AND INNATE
IMMUNITY IN THE GUT

Three evolutionary conserved protein com-
plexes, initially discovered in the nematode
C. elegans (Kemphues et al. 1988), play a pivotal
role in the development of cell polarity, includ-
ing mammalian epithelial cell polarity (Rodri-
guez-Boulan and Macara 2014). These proteins
complexes include (1) the Crumbs3/protein as-
sociated with tight junctions (PATJ)/protein as-
sociated with Lin Seven (Pals)1 complex, (2) the
Partitioning defective (Par)3/Par6/atypical
protein kinase C (aPKC) complex, and (3) the
Scribble/Lethal giant larvae (Lgl)/Discs large
(Dlg) complex. Many of these proteins are tu-
mor suppressors and therefore link epithelial
cell polarity to the maintenance of epithelial
homeostasis. These polarity protein complexes
have been extensively studied in a variety of po-
larized cell systems, and much less in the intes-
tine. Nonetheless, as outlined below, the aber-
rant expression, localization, and/or function
of the human orthologs of these proteins have
been implicated in defective epithelial homeo-
stasis and immunity in the gut.

The Crumbs3/PATJ/Pals1 Complex

Crumbs3 is localized to the apical and subapical
area of epithelial cells from the mouse and hu-
man intestine (Lemmers et al. 2004). Studies in
Caco-2 cells showed that PATJ stabilized the
Crumbs3 complex and regulated the spatial
concentration of several components at the bor-
der between the apical and lateral domains (Mi-
chel et al. 2005). Although PATJ or Pals1-deficient
mice have not been reported, Crumbs3-defi-
cient mice show defective intestinal epithelial
morphogenesis via its role in apical brush-bor-
der organization (Whiteman et al. 2014; Char-
rier et al. 2015). Of interest, TJs and the barrier
function of the intestinal epithelium appeared
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unaffected in Crumbs3-deficient mice (White-
man et al. 2014).

The Par3/Par6/aPKC Complex

aPKC is aberrantly expressed in intestinal tissue
from individuals with active and inactive in-
flammatory bowel disease (Wald et al. 2011).
A negative correlation has been reported be-
tween the expression of active aPKC and local
inflammation. Induction of inflammation in
mice with dextran-sulfate sodium or treatment
with TNF-a was shown to disrupt the Par3/
Par6/aPKC polarity complex and its activity in
intestinal epithelial cells via a posttranslational
mechanism, which involved the degradation of
aPKC as a result of inhibited chaperoning activ-
ity of BAG-1M and Hsc/Hsp70 (Mashukova et
al. 2011, 2014). Par3 and aPKC were proposed
to act as inhibitors of the canonical NF-kB ac-
tivation pathway in this way involved in proin-
flammatory responses (Forteza et al. 2013). Loss
of aPKC or Par3 by RNA interference in cultured
IEC phenocopied inflammatory signaling, as
evidenced by enhanced NF-kB activity and re-
sultant myosin light chain kinase (MLCK)
expression, an enhanced TNF-a response, and
enhanced paracellular leakage (Mashukova et al.
2011; Forteza et al. 2013). Genetic variants of
Par3 have been associated with coeliac disease
and ulcerative colitis in a Dutch cohort (Wape-
naar et al. 2008). Reduced expression of Par3 in
cultured intestinal epithelial cells was associated
with altered expression and assembly of several
TJ proteins (Schumann et al. 2012), the latter of
which, in turn, have been associated with en-
hanced paracellular leakage in intestinal inflam-
matory diseases (Edelblum and Turner 2009;
Schulzke et al. 2009), including celiac disease
(Schumann et al. 2012), ulcerative colitis (Oshi-
ma et al. 2008), and Crohn’s disease (Schulzke
et al. 2009).

Atypical PKC and Par6B show aberrant lo-
calization in IEC of individuals with microvillus
inclusion disease carrying MYO5B mutations
(Dhekne et al. 2014; Kravtsov et al. 2014; Mi-
chaux et al. 2015), which is in agreement with a
reported role for apical recycling endosomes in
the regulation of the subcellular distribution of

these polarity proteins (Golachowska et al. 2010;
Dhekne et al. 2014). The mislocalization of
aPKC-iota from the subapical domain of IEC
was associated with impaired activation of ezrin
at the apical surface and consequent impaired
brush-border development (Dhekne et al.
2014). Individuals with microvillus inclusion
disease do not typically show signs of intestinal
inflammation (Cutz et al. 1989), suggesting that
the mislocalization of the Par3/Par6/aPKC
complex, as such, does not necessarily compro-
mise the intestinal barrier function and immu-
nity in the gut. Further, hypoxic stress signaling
resulted in the angiomotin-mediated retention
of Par3 and Crumbs3 in intracellular vesicles
and prevented these proteins from reaching
the apical cell surface. The resulting loss of cell
polarity potentiated the response to invasive
cues, both in vitro in intestinal epithelial Caco-
2 cells and in vivo in mice (Mojallal et al. 2014).
Par6 was reported to play a role in the directional
(i.e., polarized migration of IEC as part of the
intestinal wound healing response [Koch et al.
2009]).

Taken together, both the expression and lo-
calization of members of the Par3/Par6/aPKC
polarity complex are important, albeit in differ-
ent ways, for intestinal epithelial functions. The
maintenance of proper expression levels of
members of the Par3/Par6/aPKC polarity com-
plex appears important for the barrier function
of the intestinal epithelium and thereby for in-
nate immunity, and reduced expression and/or
activity of aPKC and Par3 likely contribute to
epithelial barrier dysregulation in inflammatory
bowel diseases (Mashukova et al. 2011). By con-
trast, the maintenance of the proper subcellular
localization of members of the Par3/Par6/
aPKC complex appears important for apical
brush-border membrane development and pre-
venting carcinogenesis but, based on the avail-
able data, not for the regulation of immunity in
the intestine.

The Scribble/Lgl/Dlg Complex

The expression of Scribble was reported to be
downregulated in inflamed colonic mucosa of
active Crohn’s disease (Ivanov et al. 2010). RNA
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interference studies in human intestinal cell
lines showed that Scribble, independently of
its interaction with LgL and Dlg, regulated the
epithelial barrier function via its effects on the
de novo assembly and reassembly of tight junc-
tions (Ivanov et al. 2010). The depletion of
Scribble did not affect E-cadherin-based adhe-
rens junctions (Ivanov et al. 2010). In vitro ex-
posure IEC to interferon g (IFN-g), a key proin-
flammatory cytokine in inflammatory bowel
disease (Neurath 2014), resulted in the mislo-
calization of Scribble away from the tight junc-
tions, suggesting that IFN-g-induced depletion
of Scribble from tight junctions may contribute
to the breakdown of the epithelial barrier dur-
ing intestinal inflammation or impair the recov-
ery of the intestinal epithelial barrier during
epithelial restitution (Ivanov et al. 2010). In-
flammatory bowel disease is an important risk
factor for the development of colorectal cancer
(Francescone et al. 2015). Notably, changes in
the expression patterns of Scribble and Dgl are
correlated with loss of colon tissue architecture
during malignant progression (Gardiol et al.
2006). Further, Scribble was found to accumu-
late in colorectal neoplasia in association with
an altered distribution of b-catenin (Kamei
et al. 2007). In addition to Scribble, the human
ortholog of the Drosophila melanogaster tumor
suppressor gene Lgl, was found to be reduced in
colorectal tumor samples in a stage-dependent
manner (Schimanski et al. 2005), and the hu-
man ortholog of D. melanogaster Discs Large
(Dlg) has been associated with inflammatory
bowel diseases (Stoll et al. 2004; Weersma et
al. 2009), albeit debated (Büning et al. 2006),
and colon cancer (Subbaiah et al. 2012). Alto-
gether, these findings suggest a role for the cell
polarity–regulating Scribble/Lgl/Dlg complex
in the pathogenesis of inflammatory bowel dis-
ease (Ivanov et al. 2010) and in colon carcino-
genesis (Kamei et al. 2007).

CONCLUDING REMARKS

The polarity of IEC is essential to properly bal-
ance communications with the microbiota and
immune cells at opposite sides of the epithelial
barrier and, in this way, ensures effective im-

mune responses that allow a full restoration
of intestinal tissue function when inflammation
is resolved. Defects in the mechanisms that con-
trol the polarity of IEC are associated with im-
paired epithelial homeostasis, impaired innate
immunity and inflammatory bowel disease, and
colon carcinogenesis.

Particularly the apical brush-border mem-
brane and the recycling endosomal system ap-
pear as prominent regulators of epithelial ho-
meostasis, tumor suppression, and immunity
in the gut. Interestingly, components of both
the ARE system (Rab11a, Rab8, Rab25, myo-
sin-Vb) and the CRE system (AP-1B) appear to
be involved in epithelial homeostasis and immu-
nity in the intestine, and further research is war-
ranted to elucidate how these proteins and the
different endosomal compartments cooperate.

Rab8 and AP-1B were initially reported as
regulators of basolateral protein sorting and
trafficking in cultured Madin–Darby canine
kidney cells (Huber et al. 1993; Ang et al.
2003; Fölsch 2005; Henry and Sheff 2008). In-
testine-specific deletion these proteins, howev-
er, have implicated these proteins (also) in the
regulation of apical protein sorting and/or traf-
ficking (Sato et al. 2007, 2014; Takahashi et al.
2011). These results suggest that the function of
these proteins may differ between in vitro and in
vivo contexts, or may be different in intestinal
epithelial cells. Regardless, the study of these
proteins in IEC have shed new light onto their
function in cell polarity.

Notably, although Rab11a, Rab8, and Rab25
all have been implicated in the regulation of
intracellular trafficking via the apical recycling
endosomes and all can interact with myosin Vb,
the individual depletion of these proteins from
the intestine in mice gives rise to only partly
overlapping and often distinctive effects on
intracellular protein expression and distribu-
tion, epithelial homeostasis, and immunity in
the intestine. This may indicate that the apical
recycling endosome and/or its molecular com-
ponents display extensive functional heteroge-
neity with regard to the regulation of nutrient
absorption, epithelial homeostasis and tumor
suppression, and immunity. A caveat, however,
is the nonuniformity of read-out between the
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different knock-out mice as reported in the dif-
ferent studies. For example, TLR mislocalization
has been studied in the mouse intestine depleted
of Rab11a, but not in the mouse intestine de-
pleted of Rab8, Rab25, or Myosin Vb (or at least
not reported). A more comprehensive and uni-
form read-out of effects is, therefore, needed to
obtain better insight into the roles of the apical
recycling endosomal system and its regulators in
the different processes.

Along the same lines, further studies are re-
quired to determine the organization and func-
tion of the endosomal system, expression, and
function of cell polarity–determining proteins,
and immunity-regulating cell-surface proteins
(1) along the vertical (crypt-to-villus) axis
(e.g., Lindfors et al. 2001; Xiong et al. 2016),
(2) along the horizontal (from duodenum to
colon) axis of the intestine (Middendorp et al.
2014), and (3) as a function of age (Man et al.
2014; Soenen et al. 2016), and to determine
how variations herein contribute to the regula-
tion of intestinal epithelial homeostasis and
immunity.

An intriguing finding is that apical surface
microvilli appear to produce extracellular vesi-
cles that can interfere with bacteria in the lumen
of the gut. It will be of interest to determine the
consequences of microvillus atrophy, as a result
of different causes, on the regulation of im-
munity in the intestine. Further, it will be of
interest to determine the potential contribution
of apical microvilli-derived vesicles to normal
intestinal epithelial homeostasis and tumor
suppression.

Perturbed immunity in the intestine and the
initiation and/or progression of colon carcino-
genesis have been proposed to be associated. The
observation that inhibition or depletion of some
polarity-determining proteins give rise to both
inflammation and colon cancerare in support of
this. However, in some cases defects in either
immunity or tumor suppression are observed,
underscoring that these events may not be nec-
essarily linked, and offer tools to further inves-
tigate their interrelationship.

In conclusion, IEC polarity is at the heart of
epithelial homeostasis and immunity in the in-
testine. Defects in the mechanisms that underlie

intestinal epithelial cell polarity are functionally
associated with inflammatory bowel disease and
colon carcinogenesis, of which the pathogenesis
is not fully understood and for which cures do
not exist. The further elucidation of the mech-
anisms that underlie IEC polarity will contrib-
ute to our understanding of the pathogenesis of
these diseases and is expected to identify mo-
lecular targets that may be exploited for thera-
peutic interventions.
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