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Claudins in morphogenesis: Forming an epithelial tube
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ABSTRACT
The claudin family of tetraspan transmembrane proteins is essential for tight junction formation and
regulation of paracellular transport between epithelial cells. Claudins also play a role in apical-basal
cell polarity, cell adhesion and link the tight junction to the actin cytoskeleton to exert effects on
cell shape. The function of claudins in paracellular transport has been extensively studied through
loss-of-function and gain-of-function studies in cell lines and in animal models, however, their role
in morphogenesis has been less appreciated. In this review, we will highlight the importance of
claudins during morphogenesis by specifically focusing on their critical functions in generating
epithelial tubes, lumens, and tubular networks during organ formation.
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Introduction

Claudins are well-known for their roles in regulating
the tight junction barrier function in mammalian
organs to create physiologically distinct compartments.
Claudins are also expressed at critical time points dur-
ing embryogenesis and have unique roles in orchestrat-
ing events that underlie formation of these organs
during development.1-8 Here, we review the evidence
that claudins regulate morphogenesis in tissues and
organs that form from epithelial tubes – polarized epi-
thelial layers in which the apical cell surface faces a cen-
tral lumen. Claudins are essential for maintaining the
integrity of both the tubule lumen and the surrounding
epithelial cell layer, and are critical for the morphoge-
netic movements that give shape to the organs derived
from tubes. We begin by describing changes in cell and
tissue behaviors that are essential for epithelial tube for-
mation. We then describe the data demonstrating that
claudins regulate cellular events intrinsic to tubulogene-
sis. Finally, we consider the potential molecular
mechanisms used by claudins to direct epithelial cell
behaviors that contribute to morphogenesis.

Creating organs from epithelial tubes

Polarized epithelial cells are the building blocks
that give rise to tubes of all organs. Some organs,

including the central nervous system, heart, and
digestive tract, begin as a linear tube that then
undergoes bending and/or looping, followed by
regional specialization to generate discrete func-
tional domains that remain connected. In other
organs, such as the lung and kidney, the epithelial
tube undergoes branching morphogenesis to gener-
ate a complex network of connected tubules that
become segmentally differentiated to fulfill distinct
physiologic functions. The process of creating an
epithelial tube can be subdivided into 4 phases: (i)
formation of the primitive tube, (ii) tube elonga-
tion, (iii) lumen expansion, and, finally, (iv) tube
maturation during which the tube will bend, loop
and/or branch. Throughout these steps, claudin-
based tight junctions have a critical role in main-
taining both the integrity of the epithelial layer and
the barrier between the lumen and the rest of the
tissue. Below we outline the cellular events that
regulate these steps in tube formation.

Forming a tube
Epithelial tubes form by diverse mechanisms includ-
ing wrapping, budding, cord or cell hollowing, and
cavitation (Fig. 1). While tubular epithelia are gener-
ated in many ways, in all cases the simplest structural
unit of the tube is an epithelial cell. Neighboring

CONTACT Aimee K. Ryan aimee.ryan@mcgill.ca Centre for Translational Biology, RI-MUHC, Room EM0.3211, 1001 D�ecarie Boulevard, Montr�eal,
Qu�ebec, H4A 3J1, Canada.
© 2017 Taylor & Francis

TISSUE BARRIERS
2017, VOL. 5, NO. 4, e1361899 (16 pages)
https://doi.org/10.1080/21688370.2017.1361899

https://crossmark.crossref.org/dialog/?doi=10.1080/21688370.2017.1361899&domain=pdf&date_stamp=2017-08-17
mailto:aimee.ryan@mcgill.ca
https://doi.org/10.1080/21688370.2017.1361899


epithelial cells are linked through apical junctional
complexes consisting of tight and adherens junctions
to form a polarized cell sheet. In the early embryo, the
ectoderm and much of the endoderm is already epi-
thelial and, therefore, tubes derived from these cells
remodel from a flat epithelial sheet into a tube through
wrapping or budding (Fig. 1A, B).9 Wrapping and

budding refer to the invagination or evagination of
polarized sheets of epithelial cells to form a tube,
respectively. In contrast, tubes derived from cord hol-
lowing, cell hollowing and cavitation arise from
loosely adherent mesenchymal cells that undergo
polarization and thus, acquire epithelial identity.9

Both mechanisms require actomyosin-driven apical

Figure 1. Mechanisms of epithelial tube formation. The schematics illustrate the 5 mechanisms that can give rise to epithelial tubes.
(A) Wrapping. Tubes derived from epithelial wrapping are formed when cells within a flat sheet of epithelial cells (left) invaginate (mid-
dle), and then more lateral cells fuse to form a closed tube (right). (B) Budding begins with an existing epithelial tube (left). A group of
cells migrates out to form a bud (middle), which then extends and forms a lumen (blue) generating an epithelial tube that is a direct
extension of the original tube (right). (C) Cord hollowing. A group of mesenchymal cells condenses to form a cylindrical cord (left). The
cord undergoes epithelialization and small lumens (blue) are created between cells (middle). The individual lumens then fuse to gener-
ate an epithelial tube with a single central lumen (right). (D) Cell hollowing. A group of mesenchymal cells condense to form a cord of
single cells (left). The cells epithelialize and small lumens form within individual cells (blue) (middle) that then fuse to form a tube with
a common central lumen (right). (E) Cavitation. A group of mesenchymal cells condense forming a solid cylindrical mass of cells (left).
Cells in the center of the cylindrical mass undergo apoptosis (orange), while those on the periphery epithelialize (middle) resulting in
formation of an epithelial tube (right). Nuclei (brown) are shown only in cells at the transverse view of the tube.
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constriction of a subset of cells within the epithelial
sheet to initiate the process.10

An example of an epithelial tube that forms by
wrapping is the primary neural tube of mammalian
and avian embryos.11 Cells at the midline of the neural
epithelium undergo apical constriction causing the
neural epithelium to bend. Subsequent elevation of
the lateral neural ectoderm allows the edges to meet
and fuse to form a continuous tube which is separated
from surrounding tissue. Epithelial wrapping gener-
ates tubes that run parallel to the plane of embryonic
growth. In contrast, with epithelial budding the final
tubes are perpendicular to the plane of the epithelium
of origin.9 Cell shape changes regulate the position of
the bud and direct its outgrowth and the elongated
bud often remains contiguous with the epithelium of
origin. The Drosophila trachea and salivary glands
and the primary bronchi of the vertebrate lung are
examples of epithelial tubes that form by budding.12

With both wrapping and budding, the integrity and
polarity of the epithelium is maintained throughout
the process of tube formation by apical junctional
complexes and the lumens of tubes are formed pas-
sively as a consequence of the inward folding of the
epithelium to form a tube.

In contrast, when epithelial tubes arise from unpo-
larized mesenchymal precursors or from the coales-
cence of epithelial cells, a central lumen is actively
created.13 Three general mechanisms have been
described for the formation of epithelial tubes from
unpolarized precursors: cord hollowing, cell hollowing
and cavitation (Fig. 1C, D, E). In all cases, signaling
cues trigger mesenchymal cells to form condensations
that have adhesive properties and transition through a
cord-like structure. The cells in the cord then undergo
mesenchymal-to-epithelial transition to generate
polarized epithelial cells that are connected to each
other by apical junctional complexes. Cord hollowing
(Fig. 1C) involves the formation of multiple small
polarized lumens between cells that coalesce to form a
single common large lumen (e.g. the zebrafish gut and
the nephric duct that will form the mammalian kid-
ney).13 The related process of cell hollowing (Fig. 1D)
involves creating a lumen within a cell, as occurs in
the C. elegans excretory cell and in zebrafish blood
vessel formation.13 Lumen formation by cavitation
(Fig. 1E) begins with polarization of cells on the
periphery of the condensation, followed by apoptosis
of cells in the center.13 An example of tube formation

by cavitation is the primary neural tube of fish which,
in contrast to birds and mammals, occurs via coales-
cence of neural epithelial cells to form a rod called the
neural keel, which then undergoes cavitation to gener-
ate a central lumen called the neurocoel.14

Finally, some tubes are dependent both on epithe-
lial wrapping and condensation of non-polarized mes-
enchymal cells. One example is the mammalian
neural tube, which is the embryonic precursor of the
brain and the spinal cord.11 At the anterior end of the
embryo, a flat sheet of epithelial cells rolls up to form
a closed elongated tube in a process known as primary
neurulation. The posterior end of the neural tube is
formed during secondary neurulation, which involves
condensation of mesenchymal cells in the tail bud of
the embryo to form an epithelial rod that undergoes
canalization to form a lumen that is continuous with
that of the primary neural tube.11,14 Both primary and
secondary neurulation are required to generate the
complete neural tube in mammals, birds and frogs,
while in fish, neural tube formation is exclusively by
secondary neurulation.14

Tube elongation
Elongation of the epithelial tube ensures that it grows
in parallel with the developing embryo. During elon-
gation, epithelial cells undergo cell division, cell shape
changes, and cell rearrangements that are coordinated
in time and space.9 Throughout these processes, cells
are connected via tight junctions, which maintain
their epithelial integrity. Cell proliferation can contrib-
ute to tube elongation when the cell divisions are ori-
ented with respect to the direction of the tube.9

During neural tube closure in avian and mouse
embryos, cell divisions are preferentially oriented
along the anterior-posterior axis compared with the
medial-lateral axis contributing to the lengthening of
the neural plate.15 Similarly, in the developing mouse
lung, oriented cell divisions allow the tubules to grow
in length without affecting the overall diameter of the
tube.16 In tubes that elongate with few cell divisions,
change in cell shape is the predominant mechanism
driving tube growth. For example, elongation of indi-
vidual cells causes epithelial tube lengthening during
Drosophila salivary gland and trachea development.12

Another important contributor to tube elongation
is cell rearrangement. Elongation of the neural tube in
chick and mouse embryos is dependent on convergent
extension cell rearrangements.17 Neural ectoderm cells
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intercalate contributing to the overall narrowing (con-
vergence) and anterior-posterior lengthening (exten-
sion) of the neural plate.18 Convergent extension is
regulated by the Wnt/planar cell polarity pathway
(PCP), which controls cell polarity in the plane of the
epithelium that is perpendicular to apical-basal polar-
ity.19-21 This allows cells to orient themselves relative
to their neighbors and move in a coordinated manner
thereby altering the shape of the tissue. PCP signaling
has also been implicated in tube elongation in the
mouse kidney by controlling tubule diameter through
oriented cell division.22,23

Lumen expansion
Expansion and maintenance of the lumen are also
critical for tube development. Lumens that are formed
passively as a result of epithelial folding primarily rely
on fluid accumulation inside the lumen to generate
sufficient hydrostatic pressure to maintain the lumen
with the correct morphology.13 This is regulated by
tight junctions in vertebrates and their functional
equivalent, septate junctions, in invertebrates. These
junctions create paracellular barriers or pores,
depending on the composition of claudin proteins, to
regulate the movement of ions and small molecules
between cells in epithelial layers, thereby regulating
the amount of fluid that accumulates within the
lumen.24 In contrast, lumens that are formed de novo
may depend on the deposition of negatively-charged
anti-adhesive matrix factors that force the membranes
of the lumen apart due to repulsion and provide struc-
tural support.13 The fibrous polysaccharide chitin
serves this purpose in Drosophila tracheal cells.25,26 A
third model suggests that lumen expansion depends
on changes in cell shape driven by expansion of the
apical membrane through fusion of intracellular mem-
brane vesicles.27 Relaxation of the apical actin-myosin
contractile network will also contribute to expansion
of the apical surface and lumen.

Tube maturation: Bending, looping and branching
morphogenesis
The neural tube is an example of a simple epithelial
tube that undergoes segment-specific constriction
events that demarcate the future lobes of the fore-,
mid- and hindbrain.28,29 The gut and heart undergo
more complex tube maturation and exhibit bending
and looping to generate the final 3-dimensional shape
of the organ.30,31 These stereotypic, and often

evolutionarily-conserved, steps in tubulogenesis are
critical for the organs to acquire their final shape that
allows them to fit into compact body cavities. In
organs that require a large tubular surface area, indi-
vidual tubes undergo branching events that rapidly
expand their surface area. The vertebrate lung, kidney,
and liver require a large surface area for gas, waste and
nutrient exchange to occur efficiently and thus are
composed of an elaborate network of tubes.32 Posi-
tioning of the buds and bifurcations that lead to
branch points depend on local signaling cues that
direct cell shape changes, including apical constric-
tion.33 This highly reiterative process leads to a stereo-
typic branched network in the mature organ.

The events that contribute to reshaping of the tubes
during organogenesis are dependent on temporally-
and spatially-regulated changes in the shape of indi-
vidual cells, which are largely driven by local dynamic
regulation of the actin-cytoskeleton. Several reviews
have described the cellular and tissue movements that
control tube formation during organogenesis.28-30,34-36

The purse-string hypothesis has been proposed to be a
mechanism to change epithelial cells from columnar
to wedge-shaped via contraction of the apical actin
cytoskeleton and may explain how buds or branch
points arise within an epithelial layer.37 To exert indi-
vidual cell shape change, junctional complexes within
the epithelial layer may undergo remodelling to effect
changes in the actin-cytoskeleton and/or their interac-
tions with neighboring cells within the epithelial cell
layer. The remainder of this review will focus on the
roles played by claudins, a family of small integral
tight junction proteins, in epithelial tube formation
and morphogenesis.

The claudin family of tight junction proteins
and epithelial tube morphogenesis

Claudins
In vertebrates, tight junctions are essential to maintain
the integrity of the epithelial cell layer that surrounds
the tubular structures and the tensile forces that
keep the lumen expanded.24,38,39 Tight junction for-
mation depends upon the presence of claudins,40,41 a
family of »24 tetraspan transmembrane proteins that
range in size from 20–27kDa.42 Claudins have 4 trans-
membrane domains, 2 extracellular loops, a short
intracellular loop and cytoplasmic N- and C-termini.
The second extracellular loop (»16–33 amino acids)
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participates in trans-interactions (head-to-head) of
claudin molecules between apposing cells,41,43 and in
cis-interactions (side-to-side) with other claudins in
the same cell.41,44,45 Cis-interactions of the claudin
transmembrane domains with those of other claudins
in the cell membrane also promote oligomerization.46

Together these cis- and trans-interactions form the
backbone of tight junction strands and segregate the
apical and basolateral membrane components (Fig. 2).

Within the paracellular space, the larger first extra-
cellular loop (»50 amino acids) determines the size
and charge of the ions and small molecules that can
move between the cells.47,48 It has a conserved
W-GLW-C-C motif where the 2 cysteine residues are
predicted to form a disulfide bond that stabilizes the
conformation of the loop and several charged residues
that determine the permeability properties of the junc-
tion.49 The conformation of the loop and the charged
amino acid residues within the first loop determine
the charge and size selectivity of the paracellular pore
(Fig. 2).50-55

The C-terminal domain shows the most sequence
and size heterogeneity between claudin family
members.42 Compared to the other domains, the
C-terminus is enriched in serine, threonine and

tyrosine residues that can undergo post-translational
modifications that affect stability of the protein, its
localization to the tight junction complex,56,57,58 and
the paracellular permeability properties of the tight
junction.59-61 All claudins, except for Claudin-12, have
a conserved PDZ binding motif at their C-termini.
This motif interacts with the PDZ domain of tight
junction cytoplasmic proteins, including the zonula
occludens family (ZO-1, -2, -3) and MUPP1,62-64

which link claudins to the actin cytoskeleton. Thus the
C-terminal domain is essential to bridge the apical
tight junction complex to intracellular signaling
events, thereby linking cell polarity to cell proliferation
and differentiation, and morphogenesis (Fig. 2).
Through these activities, claudins have the potential
to coordinate changes in cell shape and tissue
movements that regulate morphogenesis.

Most cells express multiple claudin family mem-
bers; the combination and proportion of individual
claudins expressed within an epithelial or endothe-
lial layer creates functional diversity in the size and
ion selectivity of the tight junction paracellular
barrier.65-67 In addition to their roles in tight junc-
tion formation, the extracellular loops act as recep-
tors for viruses and enterotoxins. For example, the

Figure 2. Interactions of claudin extracellular and intracellular domains. The extracellular (left) and intracellular (right) functions of
claudins involved in epithelial tube formation are depicted. (1) Paracellular permeability: interactions between extracellular domains of
claudins form charge and size-selective pores/barriers to regulate the paracellular movements of ions and small molecules. (2) Cell adhe-
sion: claudins act as adhesion molecules through trans-interactions between adjacent cells. (3) Apical-basal polarity: claudins maintain
apical-basal polarity by preventing the lateral diffusion of proteins and through direct and indirect interactions with the Par polarity
complex (pink) through interactions at their C-terminal cytoplasmic tail. (4) Actomyosin contraction: claudins anchor RhoA (purple) to
the apical cell membrane, where active RhoA-ROCK signaling leads to phosphorylation (yellow stars) and activation of myosin light
chain (green) and actin-myosin contraction (actin fibers in red). This causes cells to constrict apically resulting in bending or invagination
of epithelial cells. The interaction between claudins and RhoA may be direct or indirect via the interaction of their PDZ-binding domain
(gray circles) with tight junction scaffolding proteins like the zonula occludens family (orange).
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first extracellular loop of Claudin-1 serves as a
receptor for the Hepatitis C virus (HCV),68 while
the second extracellular loops of Claudin-3, -4, -6,
-7, -8 and -14 act as a receptor for Clostridium per-
fringens enterotoxin (CPE).69-73

The exact origin and evolution of claudins remains
unknown. Claudins arose before the development of
chordates, suggesting that the claudin gene family pre-
dates that of structural tight junctions.74 Consistent
with this hypothesis, claudin-like molecules have been
identified in sponges (e.g., Amphimedon queensland-
ica) and lower chordates (e.g., the ascidian
Halocynthia roretzi).42,74 C. elegans has 5 claudins
(clc-1 to -5) and 5 claudin-like molecules including
nsy-1 to -4 and vab-9. These proteins are functionally
similar to vertebrate claudins regulating cell adhesion
and paracellular permeability, however, they localize
to adherens junctions.75-77 In invertebrates, claudin-
like proteins are also present in septate junctions, the
functional equivalent of the vertebrate tight junction.
In contrast to the vertebrate tight junction, septate
junctions lie immediately basal to adherens junctions.
The Drosophila septate junction contains 3 claudin-
like molecules, Sinuous, Kune-kune, and Megatrachea,
which regulate the barrier function of tight junctions,
but not apical-basal polarity.4-6 Thus, claudins and
claudin-like proteins have an evolutionarily-conserved
role in mediating epithelial permeability and cell adhe-
sion. However, their relative position within the mem-
brane and role in maintaining apical-basal polarity is
not.

The appearance of tight junctions in vertebrates
was accompanied by the expansion of the claudin
gene family. There are 20 claudins in Xenopus tropica-
lis,78 17 in the chick,65 and »24 family members in
mouse and human.42 Teleosts have a much larger
number of claudins with 56 family members identified
in the pufferfish Takifugu79 and 54 in zebrafish.78

Several pairs of highly homologous CLDN genes
(CLDN3 and 4, CLDN6 and 9, CLDN8, 14 and 17,
and CLDN22 and 24) are located in close proximity in
the mammalian genome. This genomic organization
suggests that gene duplication events contributed to
the expansion and evolution of claudins from an
ancient common ancestor.

Claudins are expressed in tubular epithelia that
arise from each of the germ layers: the ectodermally-
derived neural tube, mesodermally-derived tubes of
the kidney, and endodermally-derived tubes that give

rise to the lung, liver, gut, and pancreas.65 Claudins
have been shown to play a critical role in regulating
ion permeability and in maintaining apical-basal
polarity in the mature epithelia of most of these
organs.80-92 But what about in development? There is
also a growing body of evidence demonstrating that
claudins influence the formation of these tissues by
affecting the behavior of the epithelial cell layers dur-
ing organogenesis in the developing embryo.1-7,93

Below we describe examples of claudin function in
regulating cell polarity, adhesion and shape changes,
as well as in maintaining the epithelial barrier
and promoting lumen formation during tubular
morphogenesis.

Claudins in cell polarity
Cells in epithelial layers exhibit both apical-basal
polarity as well as planar polarity with respect to their
relative orientation to other cells within the epithe-
lium. Several examples exist that demonstrate the
importance of claudins in maintaining apical-basal
polarity in epithelial tubes (Fig. 3A), including in the
zebrafish intrahepatic biliary system, a tubular net-
work that drains bile away from hepatocytes into the
biliary tree. In the liver, hepatocytes are arranged in
rows with their basal side facing the sinusoidal endo-
thelial cells that carry blood and their apical domains
forming canaliculi that empty into the bile duct that is
lined by biliary epithelial cells. The canaliculi form a
dilated intercellular space between adjacent hepato-
cytes through which bile flows. During zebrafish
development, claudin 15-like b (cldn15lb) is expressed
in tight junctions of the biliary epithelial cells and hep-
atocytes.93 Mutant livers from zebrafish that have a
nonsense point mutation, C290T, in cldn15lb have
fewer polarized hepatocytes and their clustered non-
polarized hepatocytes are unable to form a continuous
epithelial layer. Consequently, in cldn15lb mutants the
vascular and biliary networks are intermixed and the
canaliculi are shorter and wider. The biliary epithelial
cells are closer to each other and their cytoplasmic
extensions that normally form the tubular network of
the biliary system appear dilated. These data reveal an
essential role for cldn15lb in establishing hepatocyte
apical-basal polarity and the intrahepatic vascular and
biliary tubular networks.

Another example of the importance of claudins in
establishing apical-basal polarity comes from studies
of the Xenopus pronephros, a transient kidney
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structure formed during vertebrate development. Pro-
nephros morphogenesis involves a series of events
including induction, mesenchymal-to-epithelial tran-
sition, patterning and differentiation, lumenization
and elongation.94 In Xenopus, XCldn6 is expressed in
the pronephric anlage and in the pronephric tubule
and duct but not in the glomus.7 Morpholino
knockdown of XCldn6 caused polarization defects
during pronephric tubule morphogenesis, such that
they were unable to complete epithelialization and
failed to differentiate.7 Phosphorylated ezrin was no
longer restricted to the apical surface and expression
of the basolateral marker NaC/KC-ATPase was
reduced, as were the differentiated tubular cell marker
PDZK1 and the duct marker CLC-K. In our studies of
the kidney development in chick and mouse embryos,
we observed that several claudins are highly expressed
in the pronephros, nephric duct and branched collect-
ing duct network of the developing and mature

kidney.1,65,67 However, embryonic kidney phenotypes
in the single claudin knockout mouse models have
been underwhelming.80,87,95-101 For example, we did
not observe any kidney defects in either the Claudin-7
knockout or in the Claudin-16 knockdown mutant
mouse models despite their strong expression during
kidney organogenesis.67 Similar observations have
been made in the analyses of many claudin mutant
models in a range of organisms, and we expect that
this is most likely due to functional redundancy
among claudin members. Studies using reagents that
target multiple claudin family members, such as the
C-terminal domain of Clostridium perfringens entero-
toxin (C-CPE), will clarify the role of claudins in regu-
lating the morphogenesis of the developing kidney
and other organs.

Recently, we discovered that claudins also regulate
planar cell polarity (PCP), which allows cells to main-
tain their correct orientation relative to their

Figure 3. Events in tubulogenesis that are regulated by claudins. (A) Left, claudins maintain apical-basal polarity by preventing the mix-
ing of apical (orange) and basolateral (purple) proteins. This is required for cells to maintain their epithelial identity. They also function
as adhesion molecules. Right, in the absence of claudins, apical and basolateral proteins mix and some cells lose their epithelial identity
and become mesenchymal. Cells also detach from one another. As a result, the epithelial tube becomes disorganized. (B) Left, claudins
anchor RhoA (purple) to the apical cell membrane. This interaction is important for actomyosin contraction and invagination of epithelial
cells by ensuring that RhoA/ROCK signaling phosphorylates (yellow circles) and activates myosin light chain (green). Right, in the
absence of claudins, RhoA is distributed throughout the cytoplasm where it does not activate ROCK and phosphorylation and activation
of myosin light chain fails to occur. Consequently, cells do not undergo apical constriction and invagination does not occur. (C) Left,
claudins form paracellular pores to restrict the paracellular movement of water molecules (yellow circles) and maintain hydrostatic pres-
sure that is required for lumen expansion. Right, in the absence of claudins, water molecules can freely pass between cells leading to
loss of hydrostatic pressure and collapse of the lumen.
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neighbors in epithelial layers. PCP is regulated by the
evolutionarily-conserved non-canonical Wnt/PCP
pathway102 and is essential for convergent extension
movements and oriented cell division during neural
tube formation.19,20,103-105 These processes contribute
to the lengthening of the epithelium and are necessary
to bring the 2 edges of the neural folds sufficiently
close for the epithelial remodelling events that result
in neural tube closure. Using C-CPE72,106 to remove
Claudin-3, Claudin-4 and Claudin-8 from tight junc-
tions during neural tube closure caused open neural
tube defects in all treated embryos.8 Both convergent
extension and oriented cell division in the neural ecto-
derm were affected in C-CPE-treated embryos, and
molecular analysis revealed a significant reduction in
the level of the core PCP protein Vangl2 following
depletion of Claudin-4 and Claudin-8 from tight junc-
tions in the neural ectoderm.8 Our data suggest that in
addition to maintaining apical-basal polarity, claudins
can regulate the localization of planar polarity proteins
at the apical cell surface. These data also suggest that
individual claudins may specifically contribute to pro-
tein localization and complex formation at the tight
junction cytoplasmic face to regulate the intracellular
actin-cytoskeleton during cell shape changes.

Claudins regulate changes in cell shape
Cell shape changes are an integral part of tubule for-
mation. It is well known that claudins are upregu-
lated when cells undergo cell shape changes
associated with mesenchymal-to-epithelial transition
and that their expression is downregulated when
cells undergo epithelial-to-mesenchymal transi-
tion.107-111 However, there are also several examples
of claudin-dependent cell shape changes in develop-
ing embryos. In Drosophila, 3 claudin-like molecules
– Sinuous, Kune-kune and Megatrachea - regulate
tracheal tube morphogenesis.4-6 The Drosophila tra-
cheal system is a branched network of epithelial
tubes that functions as a combined pulmonary and
vascular system to exchange gas and deliver oxygen
to tissues. The trachea forms from a cluster of »80
epithelial cells that undergo a series of coordinated
morphogenetic movements to produce a complex
network of polarized tubes with a characteristic
diameter and length. The apical sides of tracheal
cells face the lumen while their basal surface makes
contact with the interstitial space. Mutations in the
Drosophila claudin-like molecules lead to

abnormally shaped tracheal cells that have an elon-
gated morphology rather than their characteristic
cuboidal shape. This change in cell shape results in
tracheal tubules that are elongated and tortuous.
Apical-basal polarity is maintained in these mutants
and polarity markers such as Crumbs, E-cadherin,
and Dlg are appropriately localized,4-6 indicating
that the shape change is not due to a disruption of
cell polarity. As with most vertebrate claudins, the
C-terminal domain of Megatrachea, Sinuous, and
Kune-kune has a PDZ binding domain that interacts
with PDZ domain adaptor proteins that bridge sep-
tate junctions to the actin cytoskeleton. Thus, these
data suggest that the organization of the septate
junctions and their interactions with the actin-cyto-
skeleton is necessary for regulating the shape of tra-
cheal cells, which is important for ultimately
regulating tracheal morphogenesis.

Claudin-dependent cell shape changes are also criti-
cal during neural tube closure.8 In chick and mouse
embryos, cells at the midline of the neural plate transi-
tion from columnar to wedge-shaped to form the
median hinge point.112-115 Wedging of the median
hinge point cells generates intrinsic forces that deform
the midline of the neural plate causing the neural folds
to elevate.112-115 During neural tube closure, apical
localization of RhoA-ROCK signaling components at
the neural plate midline is required for phosphoryla-
tion of myosin light chain (pMLC), which then moves
along actin filaments to generate the contractile force
required for apical constriction.116-118 We recently
showed that claudins act upstream of the actomyosin-
driven apical constriction and microtubule-mediated
basal nuclear migration required for the cell shape
changes at the median hinge point.8 In C-CPE-treated
embryos, where Claudin-4 and Claudin-8 are selec-
tively removed from the neural ectoderm, RhoA and
pMLC showed reduced localization to the membrane
suggesting that Claudin-4 and/or Claudin-8 participate
in the recruitment of RhoA-ROCK signaling compo-
nents to the cytoplasmic plaque.8 In addition, the api-
cal-basal microtubule network was discontinuous in
the Claudin-4 and Claudin-8-depleted embryos.
Together these data demonstrate that C-CPE-sensitive
claudins regulate cell shape changes that are dependent
on the actin-myosin and microtubule cytoskeletons
(Fig. 3B) and further support the importance of clau-
din interactions with cytoplasmic proteins to regulate
morphogenesis.
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Claudins as adhesion molecules
The above studies have demonstrated intracellular
roles for claudins during tube morphogenesis, but
what about the extracellular loops, which have well
established roles in paracellular transport and “trans”
interactions between cells? First we will consider the
second extracellular loop and the potential for its
trans- interactions to function in cell adhesion. Cell
adhesion is particularly important for condensing
mesenchymal cells that form a cord which transitions
into an epithelial tube. Prior to acquiring apical-basal
polarity, they must first be able to adhere to one
another.119 Direct evidence for claudins being able to
function as adhesion molecules (Fig. 3A) comes from
studies in gastrula-stage zebrafish and Xenopus
embryos.120,121 The first coordinated cell movement
during zebrafish development is epiboly.122 During
epiboly, a multilayered cell sheet consisting of cells
that give rise to embryonic tissues (the deep cells), an
extraembryonic epithelial monolayer (the enveloping
layer), and a membrane-enclosed group of nuclei that
lies at the interface between the yolk cell and envelop-
ing layer (the yolk syncytial layer) spread and thin,
ultimately engulfing the yolk cell. Tight junctions not
only connect the cells of the enveloping layer to each
other, but they also attach the enveloping layer to the
yolk syncytial layer. This attachment allows the yolk
syncytial layer to pull the overlying enveloping layer
along with it as epiboly progresses. Morpholino
knockdown of cldne delays initiation and progression
of epiboly.120 While cells in the enveloping layer of
morphant embryos differentiate normally, they have a
rounded shape and have reduced cell-cell contacts
with the cells of the yolk syncytial layers. These data
suggest that Claudin E is able to act as an adhesion
molecule to maintain tight junction contacts between
these 2 cell layers,120 thereby maintaining the tension
between the cells of the enveloping layer and those of
the yolk syncytial layer during epiboly. Cldne has no
mammalian ortholog, although it is most closely
related to mammalian Claudin-3 and -4.120

Further evidence that claudins affect cell adhesion
in vivo comes from studies in Xenopus. At the blastula
stage, the Xenopus embryo is divided into 3 regions:
the animal cap, which forms ectodermal derivatives,
the marginal zone that forms mesoderm tissues, and
the vegetal pole, which develops into endodermal tis-
sue. As gastrulation occurs, the cells or blastomeres of
the animal cap undergo epiboly. In contrast to control

blastomeres, overexpression of the Xenopus claudin,
Xcla, caused these cells to remain in tight clusters and
fail to undergo epiboly.121 In addition, overexpression
of Xcla cells derived from animal cap explants
increased adherence and made them difficult to disso-
ciate. These data demonstrate a role for Xcla in
cell adhesion through its interaction with claudins
in neighboring cells. In addition to being expressed in
blastomeres at the animal pole, Xcla is expressed in
epithelial tissues including the neural ectoderm, the
pronephros, and the nephric duct. Xcla, subsequently
named Xcla 4a, is the homolog of human CLDN4.

CLDN3 and CLDN4 are thought to have arisen
through a gene duplication event42; they are similar in
sequence and located within 50 kb of each other on
human chromosome 7, mouse chromosome 5, and
chicken chromosome 19.42,123 While the individual
knockout mice for CLDN-3124 and -4100 do not exhibit
defects in cell adhesion, it is tempting to speculate that
these 2 claudins may act in a functionally redundant
manner. Expression of Cldn-3 and -4, in addition to
Cldn-6, and -7, is regulated by the grainyhead-like-2
(Grhl2) transcription factor, which is expressed in the
non-neural ectoderm.125 Up- or downregulation of
Grhl2 expression causes neural tube defects due to a
failure in the fusion event of the neural folds.125-127

Further experiments are needed to confirm that
knockdown of claudins is responsible for the neural
tube defects observed in these mice and whether it is a
cell adhesion defect. Similarly in the mouse kidney,
inactivation of Grhl2 results in impaired lumen
expansion in the nephric duct and in impaired lumen
formation in mIMCD-3 cells grown in Matrigel. Inter-
estingly, the lumen phenotype in Grlh2-/- collecting
duct cells was rescued when Claudin-4 was overex-
pressed.128 New technologies such as the CRISPR/
Cas9 system will enable the creation of a double
knockout for Cldn-3 and -4 and allow us to answer
the question of whether theses claudins act in a func-
tionally redundant manner to regulate cell adhesion
during morphogenesis.

Roles for claudins in maintaining lumen shape
The integrity of liquid-filled lumens is maintained by
hydrostatic pressure, which requires maintenance of
the appropriate ionic balance. The claudin first extra-
cellular loop is the major contributor to the perme-
ability/ barrier properties of the tight junction, with
respect to ion charge and size of molecules that can
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pass through the junction. Thus it is not surprising
that claudins contribute to shaping lumens (Fig. 3C).
In early mouse development, the trophectoderm func-
tions as a barrier that covers the surface of the blasto-
cyst to protect the inner cell mass from the external
environment. Transport of ions, water and small mol-
ecules across the trophectoderm generates the blasto-
coel cavity.129 Once the blastocoel cavity has formed,
tight junctions function as a barrier that prevents
the paracellular movement of materials across the
trophectoderm and maintains the hydrostatic pressure
that is required for expansion of the blastocoel cavity.
In the mouse, Claudin-4 and -6 are required in the
blastocyst to maintain the hydrostatic pressure that
gives the blastocoel its shape.24 When in vitro cultured
mouse blastocysts were treated with C-CPE, which
removes Claudin-4 and -6, the trophectoderm paracel-
lular barrier was compromised and exhibited increased
permeability, consequently the blastocoel cavity failed
to expand. However, apical-basal polarity was main-
tained as localization of occludin and Claudin-7 to
tight junctions was not affected and expression of the
basolateral marker NaC/KC-ATPase was normal.
These data suggest that Claudin-4 and Claudin-6 are
required in the trophectoderm tight junctions to
appropriately regulate the paracellular barrier and
maintain the appropriate pressure within the blastocyst
(Fig. 3C).

Claudins also play a role in maintaining hydrostatic
pressure that drives lumen formation during zebrafish
brain and gut development. Hydrostatic pressure is
required for expansion of the brain ventricular lumen
during brain morphogenesis.130 In zebrafish, Claudin-
5a forms a barrier in the neuroepithelium lining the
brain ventricles to maintain the hydrostatic pressure
required for ventricular lumen expansion.38 Morpho-
lino knockdown of claudin-5a increased leakiness
through the neuroepithelial cells and ventricle size
was decreased. Again apical-basal polarity was unaf-
fected. These data suggest that claudin-5a is required
to establish the neuroepithelial-ventricular barrier,
which maintains ventricular fluid pressure necessary
for brain ventricle morphogenesis. Similarly to what
occurs in the brain, hydrostatic pressure is required to
generate a lumen in the gut tube. In zebrafish, fusion
of multiple small lumens to form a single lumen is
driven by fluid accumulation, which provides an
intraluminal force that causes expansion and coales-
cence of these smaller lumens. Claudin-15 creates a

paracellular pore in the gut that allows the passage of
ions into the lumen to create hydrostatic pressure
necessary for lumen formation.131 Morpholino knock-
down of claudin-15 causes a multiple lumen pheno-
type in the gut due to defective transport of ions.
Together these studies demonstrate that the claudin
extracellular domains also play critical roles in tubular
morphogenesis.

Persepctives

Functional analyses of claudin variants and the effects
of claudin depletion during embryonic development
clearly demonstrate that claudins are required
throughout all phases of tubular morphogenesis.
These studies also indicate that some claudins are
likely to be functionally redundant during early stages
of embryonic development. Tools that target multiple
claudins, such as the C-terminal domain of Clostrid-
ium perfringens enterotoxin (C-CPE) or using the
CRISPR/Cas9 approach to delete claudins that are
linked on the same chromosome, will identify mor-
phogenetic events that are regulated by functionally
redundant claudins but masked when claudins are
studied individually.

There remain several gaps in our understanding of
claudin biology to precisely delineate the unique and
overlapping roles of individual family members. For
example, data describing the temporal and spatial
dynamics of claudin expression during embryogenesis
is limited. Detailed analysis of claudin mRNA and
protein expression patterns during morphogenesis is
essential to identify the tissues and developing tubules
where each family member can contribute to the for-
mation of epithelial tubes. Moreover, we are also lim-
ited in our knowledge about the complexity of the
heteromeric interactions between claudin family
members and how they are positioned within the
strands of the tight junction complex. Approaches
that interrogate interactions of the claudin cyto-
plasmic C-terminal tail with signaling and polarity
complexes at the tight junction cytoplasmic plaque
will provide further insight into how claudins affect
cellular behaviors and tissue morphogenesis. Increas-
ing our knowledge of claudin-claudin intercellular
interactions and the ability of different combinations
of claudins to uniquely regulate paracellular barriers is
critical to our understanding of events in tubular
morphogenesis that are regulated by claudins.
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Undoubtedly these studies will contribute to the iden-
tification of claudin-specific functions during tissue
morphogenesis.
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