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Endocytosis of Intestinal Tight Junction Proteins: In Time
and Space

Prashant Nighot, MVSc, PhD, and Thomas Ma, MD, PhD

Eukaryotic cells take up macromolecules and particles from the surrounding milieu and also internalize membrane proteins via a precise process
of endocytosis. The role of endocytosis in diverse physiological processes such as cell adhesion, cell signaling, tissue remodeling, and healing is
well recognized. The epithelial tight junctions (TJs), present at the apical lateral membrane, play a key role in cell adhesion and regulation of
paracellular pathway. These vital functions of the TJ are achieved through the dynamic regulation of the presence of pore and barrier-forming
proteins within the TJ complex on the plasma membrane. In response to various intracellular and extracellular clues, the TJ complexes are ac-
tively regulated by intracellular trafficking. The intracellular trafficking consists of endocytosis and recycling cargos to the plasma membrane
or targeting them to the lysosomes for degradation. Increased intestinal TJ permeability is a pathological factor in inflammatory bowel disease
(IBD), and the TJ permeability could be increased due to the altered endocytosis or recycling of TJ proteins. This review discusses the current
information on endocytosis of intestinal epithelial TJ proteins. The knowledge of the endocytic regulation of the epithelial TJ barrier will provide

further understanding of pathogenesis and potential targets for IBD and a wide variety of human disease conditions.
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INTESTINALTIGHT JUNCTION BARRIER
STRUCTURE AND PHYSIOLOGICAL FUNCTION

Epithelial cell junctions occur at points of cell-cell con-
tact. In vertebrates, cell-cell adhesion between 2 adjacent ep-
ithelial cells is mediated by tight junctions (TJs), adherens
junctions (AJs), and desmosomes.! The most apically located
intercellular TJs are the principal regulator of paracellular
permeability or passive diffusion of solutes and macromol-
ecules in between adjacent cells (gate function). Tight junc-
tions also polarize the epithelial cell membrane into apical and
basolateral regions (fence function).? By gate and fence func-
tion, TJs provide a gradient between the intestinal lumen and
epithelial basolateral side that is important for active and pas-
sive ion transport and nutrient absorption. The TJs also act as
a paracellular barrier and serve as a first line of defense against
paracellular permeation of noxious antigens into the epithelia
and subepithelial host tissue.>*
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At TJs, an array of membrane-spanning proteins are
linked to cytoplasmic plaque proteins, which in turn are at-
tached to the actin cytoskeleton. The transmembrane proteins
of TJs include single transmembrane domain proteins, junc-
tional adhesion molecule (JAM), and coxsackievirus and ad-
enovirus receptor (CAR); the triple transmembrane domain
protein blood vessel epicardial substance (Bves); and the four-
transmembrane domain proteins of the claudin and TAMP
(tight junction-associated MARVEL proteins) families, which
include occludin, tricellulin, and MarvelD3.>° The combina-
tion of barrier-forming proteins (eg, occludin and claudin-1, -3,
-4, -8), cationic pore-forming proteins (eg, claudin-2 and -15),
and anionic pore-forming proteins (eg, claudin-10a and -17)
primarily determine TJ permeability. Functionally, the TJs are
known to have 2 pathways based on size and charge selectivity:
a small, cation selective, high capacity “pore” pathway and a
large, noncharge selective “leak” pathway. The pore pathway
is defined by a subset of claudins, particularly pore-forming
claudin-2, whereas occludin is involved in the regulation of
leak pathway.”® The expression of claudins varies in different
intestinal segments and also along the crypt-villus axis, con-
ferring regional gradients of size and charge selectivity.” '
Disturbances in this TJ composition play an important role
in a variety of diseases including inflammatory bowel diseases,
kidney diseases such as hypomagnesemia and hypercalciuria,
autoimmune diseases, and dermal or retinal diseases.

MECHANISMS OF ENDOCYTOSIS
Endocytosis is a process that enables eukaryotic cells to
take up any extracellular or membrane-bound molecules re-
gardless of their size. Besides carrying extracellular molecules
and particles into the cell, endocytic processes also internalize
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plasma membrane proteins. In epithelial cells, plasma membrane
proteins are endocytosed mainly via 3 routes of clathrin-coated
pits, lipid raft dependent caveolae, and macropinocytosis;'! al-
though, there are additional pathways mediated by GTPase
regulator associated with focal adhesion kinase-1 (GRAFI)
and adenosine diphosphate-ribosylation factor 6 (Arf6).!> 13
These endocytic pathways are defined by the morphology of
the carriers, the cargo being transported, and the accessory reg-
ulatory cytosolic proteins that physically attach to the carriers.'
The internalized cargo is sorted in the endocytic compartments
and can be either recycled back to the membrane through the
early and recycling endosomes or targeted to the lysosomes
for degradation through the late endosomes. Various modes
of intracellular vesicular transport such as clathrin-mediated
transport, caveolar transport, and macropinocytosis have been
shown to regulate maintenance and function of TJs.!'> !¢ The
TJ proteins such as occludin and claudin-2 were shown to be
localized to lysosomes, and lysosomal inhibition increased total
cellular TJ protein levels.!”- ¥ There is currently no evidence of
retrograde recycling of TJ proteins from endosome to the trans-
Golgi network.'?

The clathrin-coated endocytic pathway is initiated by
transient assembly of a complex protein machinery that selects
and concentrates cargo molecules into a vesicle. Transferrin re-
ceptor (TfR) and epidermal growth factor receptor (EGFR)
are known classical cargos that are endocytosed by the clathrin
pathway. Distinct stages of nucleation, cargo selection, clathrin
coat assembly, vesicle scission, uncoating, and clathrin compo-
nent recycling have been identified in clathrin-mediated endocy-
tosis.!” Studies have shown that pioneering molecules such as the
BAR domain proteins F-BAR domain only protein 1 (FCHO1)
and FCHO2? or the AP2 complex®' or comprehensive action of
several proteins? may initiate the endocytic process. These pi-
oneer proteins organize interactions between cargo molecules,
clathrin, and other accessory proteins.”> Dynamin, a 100-kDa
GTPase, organizes itself around the neck of the newly formed
vesicle and is needed for fission of the vesicles from the mem-
brane in both clathrin-mediated and caveolar endocytosis.”®
Several accessory proteins are critical for clathrin-coated en-
docytosis; for instance, AP180/CALM (clathrin recruitment®),
amphiphysin (clathrin polymerization®), epsin (clathrin orga-
nization®), and auxilin (uncoating of clathrin vesicles?’) are in-
volved in clathrin-AP2 adaptin a-specific modules.

Caveolae are cholesterol-enriched invaginations, 50 to
100 nm in size, arising from lipid raft areas in the plasma mem-
brane. Caveolin, a 21-24-kDa protein, is a principal constituent
of caveolae.”® Though the role and efficiency of caveolae in en-
docytosis is questioned by a few studies, caveolar endocytosis is
widely accepted as a specific pathway for uptake of particular
substances.” The caveolin-1-binding motif PXXXXPXX®D or
OXPXXXXD (where @ is aromatic amino acids), a peptide
signature present in cargo proteins, is known to facilitate their
binding to caveolin.?® However, indirect interaction of caveolin
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with cargo proteins is also possible through other intermediating
proteins. In contrast to the clathrin pits, the caveolae formed at
the membrane are thought to be relatively static, and their in-
ternalization rate is slow in the absence of endocytic stimuli. An
interaction of a specific ligand with caveolin triggers the rapid
internalization of caveolae. Caveolin phosphorylation, action
of GTP-binding protein dynamin, and cytoskeletal rearrange-
ments are critical for the caveolar pinching off from the plasma
membrane. The cortical actin cytoskeleton stabilizes caveolae
at the membrane while microtubules support inward movement
of caveolae. Actin depolymerization is also thought to cluster
cargo proteins within membrane subdomains for caveolae-
mediated internalization. For instance, actin depolymerization
may concentrate occludin within TJ subdomains that are ad-
jacent to the lateral membrane from where occludin under-
goes caveolae-mediated internalization.® After internalization,
caveolae may integrate into a classical endocytic pathway,
where Rab5 and Rab7 regulate early and late endosomal
sorting, respectively. Cargos endocytosed via caveolae are tar-
geted to lysosomes for degradation or can be recycled back to
the membrane.

Macropinocytosis is a process in which a large amount
of fluid or macromolecule is engulfed via the actin-driven ex-
tension of plasma membrane ruffles. Similar to caveolae and
clathrin-mediated pathways, macropinocytosis can internalize
TJ proteins and target them to the early/recycling endosomes.?!

REGULATION OF TIGHT JUNCTIONS BY
ENDOCYTOSIS

Tight junction proteins are constitutively exchanged be-
tween the membrane and cytoplasmic pool, indicating impor-
tance of endocytosis for normal cellular functions of intestinal
epithelial cells. Such normal functions of intestinal epithelial
cells mediated by endocytosis of junctional proteins may in-
clude but are not limited to the formation of TJ domains,*> %
tissue remodeling,* normal shedding of epithelial cells at the
tip of villi,* cell polarity,* intracellular signal transduction
pathway,!! repairing of TJ complex by removal of defective
TJ proteins,'" wound healing,”” and fortification of TJ barrier
during the stress.!” The half-life of occludin ranged between 6
and 8 hours in intestinal epithelial cells.®® ¥ About 25%-40%
of surface biotinylated occludin was found to be internalized
in an hour,"®* and half or more of the endocytosed occludin
was quickly recycled back to the membrane.* Therefore, there
is significant and constant trafficking of occludin between the
membrane and the cytoplasmic compartments. The half-life of
claudins was found to be 90 minutes for claudin-5,* 2 hours
for claudin-2,*> and 4 hours for claudin-4,*>% and their endo-
cytosis and recycling dynamics can vary based on the cell type,
endocytosis, recycling pathway and their regulators, and the
degradation rate.® There is also evidence of hemophilic and
heterophilic crossover endocytosis of TJ proteins, particularly
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claudins, between adjacent cells.*** Such crossover endocytosis
seems to be similar to the internalization of gap junction pro-
teins and suggests coupled and synchronized cellular responses.
Besides these constitutive, physiological contexts, numerous cell
culture and in vivo studies have demonstrated endocytosis of
TJ proteins in response to pathological stimuli.

How is a specific TJ protein removed from the membrane
during endocytosis? Many studies show internalization of a
specific TJ protein under various experimental conditions, but
few studies reveal concurrent endocytosis of more than one TJ
protein. Bulk endocytosis of TJ proteins can also occur as a
secondary event after primary barrier loss.*® Therefore, the dif-
ferences between various events of TJ barrier loss are probably
dependent on the specific stimuli, the cell model, and the com-
plex interactions between various TJ proteins. The interactions
between specific TJ protein domains and others including cy-
toplasmic plaque protein ZO-1 are thought to be critical for
release of TJ protein into endocytic compartments.*® Although
diffusion of occludin and other TJ proteins within the mem-
brane represents rapid remodeling for acute accommodation of
structural and functional needs, removal of TJ proteins from
the membrane by endocytosis probably signifies sustained re-
sponses. Because loss of clathrin is lethal in multicellular and
not unicellular organisms,” clathrin-mediated endocytosis
assumingly plays a significant role in tissue remodeling in multi-
cellular organisms in which TJs and other junctional complexes
help bind adjacent cells.

Equally important to the endocytic process, the exocytic
pathway is also known to affect TJ assembly and struc-
ture through recycling of previously endocytosed proteins or
through the biosynthetic pathway. Recycling endosomes in
conjunction with small GTPase Rabl1 and Rabl3 have been
shown to be involved in assembly of TJs.*”-% The biosynthetic
pathway, which delivers newly synthesized proteins from the
endoplasmic reticulum (ER) and the Golgi to the membrane,
is also involved in the regulation of paracellular barrier.
Reticulon-4B, a protein required for formation and stabiliza-
tion of endoplasmic reticulum, is downregulated in Crohn’s
disease and experimental colitis, and its downregulation is as-
sociated with the defects in paracellular barrier and reduced ex-
pression of occludin. The ER stress and disruption of ER and
Golgi during intestinal inflammation may also cause defects in
TJ assembly.® * Disruption of trafficking between the ER and
the Golgi or within the Golgi complex and fragmentation of
the Golgi is known to compromise TJ assembly and epithelial
TJ barrier.>

Endocytosis of Occludin

The role of occludin as a barrier-forming TJ pro-
tein is established by several in vitro and in vivo studies.>*>’
Overexpression of occludin has been shown to reduce TJ
permeability,® whereas depletion of occludin increased mac-
romolecular TJ permeability.’* 37 Steady-state endocytosis,

recycling of occludin,* * and its diffusion within the plasma
membrane® have been demonstrated previously. Several studies
have pointed out caveolae as a primary route for endocytosis
of occludin. A series of elegant studies from Turner and
coworkers have demonstrated rapid, actomyosin-dependent,
caveolae-mediated occludin endocytosis, correlating with the
functional loss of TJ barrier, after T-cell activation and direct
administration of recombinant tumor necrosis factor (TNF) or
lymphotoxin-like inducible protein that competes with glyco-
protein D for herpes virus entry on T cells (LIGHT) in mouse
intestine."% Activation of small GTPase RhoA by cytotoxic
necrotizing factor-1, a toxin from Escherichia coli, has also
been shown to cause caveolae-mediated endocytosis of oc-
cludin.* Furthermore, extraction of cholesterol, which enriches
caveolae, has been shown to prevent occludin internalization
caused by actin depolymerization.*® In our studies, we have ob-
served an inverse relationship between caveolin-1 and occludin
protein levels. Intestinal Caco-2 cells genetically manipulated
to have reduced levels of caveolin-1 showed increased level of
occludin and reduced rate of occludin endocytosis.® We also
found that exogenous cell permeant caveolin-1 scaffolding do-
main was sufficient to downregulate the occludin protein level in
Caco-2 cells.® In the same way, intestine specific disruption of
von Hippel-Lindau tumor suppressor (VHL), an E3 ubiquitin
protein ligase, has been shown to increase caveolin-1 expression
in mice colon via hypoxia-inducible factor (HIF) activation
and cause reduction in occludin expression.® In the same study,
knockdown of caveolin-1 in colonic HCT116 cells increased
occludin expression, and exogenous expression of caveolin-1
decreased occludin expression. On a similar note, increased
caveolin-1 expression precedes the loss of occludin expression
during blood-brain barrier breakdown.®” Although reduced
caveolin-1 levels have been shown to cause diminished caveolae
formation and reduced targeting of occludin to lysosomes,*
Rabl13-dominant active mutant inhibited postendocytic recyc-
ling of occludin to the membrane, suggesting the role of Rab13
in occludin recycling to the membrane.’

The mechanism of occludin removal from the mem-
brane during endocytosis is not entirely clear. The C-terminal
coiled-coil occludin/ELL domain (OCEL) was shown to be
critical in case of TNF-a-induced endocytosis of occludin.®> ¢
Though occludin and caveolin-1 were coimmunoprecipitated,
deletion of C-terminal 150 amino acids of occludin did not af-
fect its interaction with caveolin-1, suggesting that caveolin-1
might interact with occludin indirectly through another pro-
tein.® Moreover, the fact that occludin does not have con-
sensus caveolin-binding motif*® raises the possibility that
caveolae-mediated endocytosis of occludin is orchestrated
by other caveolae-regulating proteins.® In our recent studies,
autophagy-related ATG6/beclin-1, which is involved in multiple
vesicle trafficking and endocytosis pathways, was found to form
a complex with occludin, providing an additional mechanism
of occludin endocytosis.!”® Activation of beclin-1 stimulated
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the rate of occludin endocytosis, increased colocalization of
occludin to caveolae, and increased targeting of occludin to
lysosomes, resulting in reduced total occludin levels.'”® Among
the accessory proteins involved in occludin endocytosis, the
role of small GTPases Rab5 is particularly remarkable. Rab5
controls intracellular vesicle docking and fusion and is closely
involved in the movement of occludin between cytoplasmic ve-
sicular and membrane domains. The exogenous expression of
dominant negative Rab5 trapped occludin at the tight junction,
and constitutively active Rab5 led to the retention of occludin
in the cytoplasmic vesicles.”” Caveolin-1 can directly bind and
activate Rab5, resulting in increased caveolar endocytosis.”
Although, caveolae are not an exclusive route for occludin en-
docytosis. Additionally, Ca* depletion has been shown to cause
clathrin-mediated endocytosis of occludin,”” whereas IFN-y
induces endocytosis of occludin via a macropinocytosis-like
process, sorting it to the early recycling endosomal compart-
ment.’! Also, poly-L-arginine treatment of Caco-2 cells induced
transient clathrin-mediated internalization of occludin and in-
creased paracellular permeability.”

Endocytosis of Claudins

Claudins have diverse expression patterns and functions.
The claudin family includes claudins that form cation pores
(claudin-2, -10b, and -15), anion pores (claudin-10a and -17),
and barrier-forming members (claudin-1, -3, -4, -5, -6, -8, -12,
-18, and -19).° Integration of claudins into the TJs may also
vary; for instance, claudin-1 has less mobile fraction within the
TJ membrane compared with occludin.® Moreover, though
many claudins are restricted to TJ, some such as claudin-7 are
also localized to the lateral plasma membrane.” All these fac-
tors may influence the endocytic process for claudins under
physiological or pathological conditions. A peculiar “eat each
other” kind of endocytosis has been described for claudins,*
wherein during cellular remodeling, GFP-claudin-3 was
endocytosed together with endogenous claudins. The claudin
aggregates on 2 apposed membranes of TJs were not sep-
arated but co-endocytosed together into one of the adjacent
cells. Moreover, other TJ proteins including occludin, JAM,
and ZO-1 were dissociated from the claudins aggregates be-
fore the endocytosis. Wounding of the monolayers, which trig-
gers cellular motility, increased the rate of claudin endocytosis,
suggesting a crucial role for claudin internalization during the
cell remodeling. The claudins are the key components of the
TJ strands, which are visible on the freeze fracture electron mi-
croscopy as the contact points between 2 adjacent cells. The
intracellular trafficking must play a principal role in the contin-
uous renewal of the TJ strands. Indeed, a recent model specu-
lated polymerization and incorporation of newly synthesized
claudins at the strand breaks or free edges of strands on the
basal side of TJs and removal of old claudins via endocytosis,
explaining continous renewal of TJ strands without losing the
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cell-to-cell contact and the paracellular barrier.” In contrast,
occludin is thought to be able to associate with preformed TJ
strands within the apical TJ complex.”

It seems that clathrin pits are the main route for claudins
internalization. Claudin-2 is known to be endocytosed via MEK/
ERK pathway-mediated activation of clathrin pit after EGF treat-
ment. Moreover, the clathrin pits carrying claudin-2 are known to
be positive for adaptin a, a key constituent of clathrin adaptor pro-
tein AP-2 complex that links cargo proteins to the clathrin coat and
the accessory proteins regulating coat assembly and disassembly.”
Inhibition of clathrin-mediated endocytosis also increases surface
expression of claudin-16 L203X, a mutant with entire C-terminal
cytosolic domain deletion,”” supporting clathrin pits as a consti-
tutive endocytic route for claudin-16.”® Familial hypomagnesemia
with hypercalciuria and nephrocalcinosis (FHHNC)-related mu-
tations in claudin-16 have been shown to affect intracellular traf-
ficking of claudin-16 and its ability to facilitate paracellular Mg
transport.” Lipid kinase PIKfyve promotes claudin-1 and -2
endocytic recycling,*® whereas Rab14a regulates endocytic recycling
of claudin-2.*" Infectious agents such as Hepatitis C and West Nile
virus have been shown to cause clathrin and dynamin-dependent
endocytosis of claudin-1.8% Also, claudin-1-derived peptide C1C2
and the endogenous claudin-1 were found to be mainly internalized
via clathrin pathway?* Interactions of phosphorylated claudin-4
with (-arrestin 2, which regulates signal transduction at G protein-
coupled receptors, have been shown to cause clathrin-dependent
claudin-4 internalization. Claudins can be endocytosed via
caveolae, too. In an oxygen and glucose deprivation (OGD) model
of blood-brain barrier, knockdown of caveolin-1 with siRNA pre-
vented the degradation of claudin-5. Nitric oxide promoted the
caveolar endocytosis of claudin-5 and its subsequent lysosomal
degradation under ischemic conditions.®

Phosphorylation is a major mechanism among the
post-translational modifications that affect localization of
TJ proteins. Claudin-1 and -2 are dephosphorylated during
their clathrin-dependent internalization and lysosomal deg-
radation in response to hypotonic stress. However, hypotonic
stress failed to reduce expression levels of TI91E phosphor-
ylated claudin-1 and S208E phosphorylated claudin-2 mu-
tant.’” But the phosphorylation effect on claudin localization
can vary among different claudins. The cAMP-dependent
protein kinase-mediated phosphorylation at T192 redis-
tributed claudin-3;* but EPH receptor A2 (EphA2), which
induced a specific phosphorylation of Tyr-208 in the cyto-
plasmic tail of claudin-4, caused a delay in relocalization
of claudin-4 to the TJs after the calcium switch.® Claudins
are also known to be endocytosed and colocalized to late
endosome marker Rab7 or the lysosome enzyme cathepsin
D during polyubiquitination. The p80 isoform of the E3
ubiquitin ligase ligand of Numb-protein X1 (LNXI1p8&80)
directly binds to claudin-1 and promotes its proteasome-
independent degradation through polyubiquitination.*
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TIGHT JUNCTION BARRIER DEFECTS IN
INFLAMMATORY BOWEL DISEASES

The defects in intestinal TJ barrier are believed to allow
increased antigenic penetration, resulting in amplified inflam-
matory response in intestinal tissue. Several lines of evidence
indicate the importance of TJ barrier defects in the pathogen-
esis of IBD. Structural and morphological abnormalities in the
strands of the TJs and increased intestinal permeability have
been described in Crohn’s disease, ulcerative colitis, and celiac
disease patients.”** Moreover, the TJ composition in terms of
pore-forming and barrier-forming proteins is altered in Crohn’s
disease,” ulcerative colitis,”**® and microscopic colitis.” 1%
In contrast to the distinct, dot-like presence of occludin and
JAM-A at the apical region of the lateral plasma membrane in
epithelial cells of normal mucosa, occludin and JAM-A were
found to be internalized and present in subapical vesicle-like
structures in mucosal biopsies from patients with actively in-
flamed ulcerative colitis.’! In addition, numerous studies have
demonstrated increased pro-inflammatory cytokines in IBD
mucosal samples, and these cytokines have been shown to alter
TJ permeability in cell or animal IBD models. For instance, in
live imaging of mouse intestine, TNF-a-mediated activation of
myosin light chain kinase (MLCK) has been shown to trigger
caveolin-1-dependent endocytosis of occludin within 90 min-
utes.®? Proteins that stabilize TJ barrier-forming occludin at
the TJs have been shown to have reduced levels in IBD tissue,
and their genetic deficiency exaggerates experimental colitis.*®
101 We have previously shown that in dextran sulfate sodium
(DSS) colitis, a mouse model of IBD, occludin expression shifts
from detergent insoluble to detergent soluble fraction on su-
crose density gradient,'”! indicating its redistribution from the
TJs. In experimental DSS colitis, presence of occludin away
from the apical membrane of colonic epithelium can be seen
commonly (Fig. 1). Similarly, in a trinitrobenzenesulfonic acid

(TNBS) colitis mouse model, TJ proteins have been shown to
be redistributed in membrane micro domains.!®> Myosin light
chain kinase-induced occludin endocytosis has been shown to
mediate intestinal epithelial barrier dysfunction during anoxia/
reoxygenation injury.'” In a mouse model of necrotizing en-
terocolitis (NEC), internalization of enterocyte claudin-4 and
occludin occurs at early time points.!™ Similarly, claudin-3 in
enterocytes has been shown to be remarkably internalized in a
neonatal rat NEC model. Based on these studies, it is quite un-
derstandable that altered intracellular trafficking or increased
endocytosis of TJ barrier proteins can disrupt TJ barrier in
human diseases.”® Autophagy, a cell survival and degradation
pathway, is closely aligned with endocytic processes. The genome
wide association studies have identified mutations in autophagy
related genes ATGI6L1 and IRGM as substantiated risk fac-
tors for Crohn’s disease. In our previous studies, autophagy en-
hanced TJ barrier via degradation of claudin-2. Induction of
autophagy increasingly removed claudin-2 from the membrane
and targeted it to the lysosomes.!” Though specifics of the role
of autophagy in TJ barrier are not yet known, association of
autophagy with intracellular trafficking machinery, including
early endosomes,' clathrin pits,'% caveolin-1,'"7 cell signaling
involved in intracellular trafficking,'®® and overlap and intersec-
tion of endocytotic and autophagic pathways,'® 1% is expected
to play an important role in the homeostasis of TJ protein traf-
ficking in health and disease.

It is also noteworthy that the rate of endocytosis of mem-
brane proteins is balanced by the rate of exocytosis or recycling
of proteins to the membrane. Therefore, reduced rate of recyc-
ling or exocytosis of TJ barrier proteins can have similar dis-
ruptive effects on TJ barrier as those of increased endocytosis.
For pore-forming TJ proteins such as claudin-2, increased en-
docytosis or decreased exocytosis would reduce TJ permeability
(Fig. 2). Indeed, redistribution of sealing TJ proteins occludin,

FIGURE 1. Occludin (green) is commonly seen within the cytoplasm (arrows) in DSS colitis compared with the distinct punctate appearance at the
tight junctions on the membrane in control mouse colon. Nuclei: blue. Bar = 7.5 pm.
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FIGURE 2. In steady state, the TJ permeability is balanced by the rate of endocytosis and recycling of pore- and barrier-forming TJ proteins.
Accelerated endocytosis of barrier-forming occludin or reduced endocytosis of pore-forming claudin-2 under various pathological conditions lead

to increased TJ permeability.

claudin-5, and -8 away from the TJs has been demonstrated in
active Crohn’s disease,” whereas internalization of claudin-4
was characteristic for refractory celiac disease.!'! Zonulin (also
identified as the precursor for haptoglobin-2 [pre-HP2]), whose
levels are increased in the intestinal mucosa of celiac disease
patients, is also known to increase intestinal permeability via
activation EGF receptor and proteinase-activated receptor 2
(PAR2)."? The effect of alteration in TJ composition is, how-
ever, context dependent. For instance, an increase in cation and
water permeable claudin-2 pores causes excessive water efflux
into the lumen, causing diarrheal symptoms; such water efflux
can also help clearance of the enteric pathogens.!'> Numerous
other human diseases including metabolic, neurodegenerative,
and a variety of dominant myopathies and muscular dystro-
phies are linked to the defects in intracellular transport pro-
cess; and in view of the vital importance of the core endocytic
machinery, common mutations in endocytic or intracellular
trafficking genes are not likely to be found.' '"* Therefore, it
is critical to understand how endocytic processes contribute to
the cell and organismal health and how their dysregulation con-
tributes to the human diseases.

CONCLUSIONS

Various intracellular trafficking processes finely regu-
late epithelial TJs to maintain cell homeostasis and impart
dynamicity to the TJ barrier. Intracellular trafficking of TJ
proteins is also an efficient way to cope and communicate with
external environment. At times, such as after Ca?* chelation,
the endocytic processes could internalize TJ proteins in a bulk
but synchronized way, whereas other stimuli can alter the traf-
ficking of specific TJ proteins and shape the TJ barrier. The in-
sertion and removal of TJ proteins, to and from the membrane,
also helps in tissue remodeling, wound healing, and fortification
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of the TJ barrier during stress. Though pathological insults can
result into internalization of barrier-forming TJ proteins, the
TJ barrier can be healed quickly through recycling of TJ pro-
teins back to the membrane. Most importantly, cells can adjust
the TJ barrier via intracellular trafficking under various physi-
ological or pathological conditions without expending time and
energy on new protein synthesis. The mechanisms and extent
of TJ protein endocytosis and recycling varies based on the cell
type and the stimuli. Further studies are warranted to define
the commonalities and the specifics of TJ protein trafficking
under various physiological and pathological conditions. The
endocytic mechanisms of TJ barrier disruption during clinical
mucosal inflammation are poorly understood currently, and
there is a need for phenomenological or mechanistic research
investigating the role of this important mechanism in intestinal
inflammation and mucosal healing. The advances in the under-
standing of the molecular mechanisms involved in intracellular
trafficking of TJ proteins will help rationalize and identify ther-
apeutic targets against IBD and other autoimmune and infec-
tious diseases.
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