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Abstract

Epithelial cells are the first line of mucosal defense. In the intestine, a single layer of epithelial
cells must establish a selectively permeable barrier that supports nutrient absorption and waste
secretion while preventing leakage of potentially harmful luminal materials. Key to this is the tight
junction which seals the paracellular space and prevents unrestricted leakage. The tight junction is
a protein complex established by interactions between members of the claudin, zonula occludens,
and tight junction-associated MARVEL protein (TAMP) families. Claudins form the characteristic
tight junction strands seen by freeze-fracture microscopy and create paracellular channels, but

the functions of ZO-1 and occludin, founding members of the zonula occludens and TAMP
families, respectively, are less well-defined. Recent studies have revealed that these proteins have
essential non-canonical (non-barrier) functions that allow them to regulate epithelial apoptosis
and proliferation, facilitate viral entry, and organize specialized epithelial structures. Surprisingly,
neither is required for intestinal barrier function or overall health in the absence of exogenous
stressors. Here, we provide a brief overview of ZO-1 and occludin canonical (barrier-related)
functions, and a more detailed examination of their noncanonical functions.
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Introduction

Epithelial surfaces form tissue barriers that are essential for complex life.1=> In simplest
terms, the plasma membranes of epithelial cells are the principal component of these
barriers. The space between adjacent epithelial cells, referred to as the shunt pathway,
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must, however, also be sealed. The apical junctional complex, composed of tight junctions,
adherens junctions, and desmosomes, accomplishes this while also conferring structural
integrity to epithelial structures.® Nevertheless, permeability of the seal formed by the apical
junctional complex, primarily the tight junction, varies widely across tissues.” At some sites,
including the skin and urinary bladder, the barrier is nearly absolute. In contrast, significant
paracellular flux occurs within the renal tubules and the gut. Defining characteristics of
tight junction flux and paracellular permeability are that they are passive and symmetrical,
respectively. Net paracellular transport is therefore determined by tight junction permeability
and transepithelial concentration gradients. The latter are typically established by active
transepithelial transport and a mechanism by which transmembrane transporters regulate
paracellular flux.8-14

The large claudin protein family forms the substructure of tight junctions, and different
claudins can create the paracellular barrier or form highly-selective paracellular channels
barriers.15-18 These have been reviewed extensively.1%-21 Here, we will review canonical
(barrier-related) and focus on recently elucidated noncanonical (non-barrier) functions of
two non-claudin proteins, ZO-1 and occludin.

Primary structures

Z0-1 was the first tight junction protein to be discovered.?? It is a cytosolic peripheral
membrane protein with multiple domains specialized for protein interactions. Among
these are three PDZ (PSD95/DIg/Z0-1) domains, a Src homology-3 (SH3) domain, an
actin binding region (ABR), and a ZU5 domain. These allow ZO-1 to bind to claudins,
occludin, ZO-2, Z0O-3, cingulin, afadin, JAM-A, a-catenin, shroom2, F-actin, angulin, and
numerous other proteins.23-29 This has led to the hypothesis that ZO-1 forms a scaffold
that organizes proteins at the tight junction, although only limited data suggest that this
occurs and is significant in living cells.39-32 More recently, ZO-1 has been implicated in
mechanotransduction, where it can take on elongated or globular forms and undergo phase
separation.26: 27, 33-35

In contrast to ZO-1, occludin is a 522 amino acid protein that spans the membrane four
times to form two extracellular loops and one intracellular loop. The short N-terminal and
much longer C-terminal domains are intracellular.36 The 257 amino acid C-terminal domain
comprises nearly half of occludin and is highly conserved throughout evolution. The distal
40% of the C-terminal tail forms three a-helices that arrange into the anti-parallel coiled-
coils OCEL domain that homology to the C-terminus of ELL family of RNA polymerase

Il elongation factors. The OCEL domain is required for occludin trafficking to the tight
junction and has been implicated in occludin interactions with a wide range of proteins.37-43

Contributions of occludin and ZO-1 to tight junction structure and barrier

function

Occludin was initially postulated to be an essential tight junction component, but this idea
was discarded due to the presence of tight junctions within occludin gene (Oc/n) knockout
embryoid bodies and the viability of Oc/nknockout mice. Moreover, the absence of obvious
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spontaneous disease in Oc/n knockout mice led many to conclude that occludin is not

an important protein. Occludin gene knockout mice do, however, have significant defects,
including chronic gastritis, hearing loss, brain clarifications, male infertility, and failure of
females to adequately suckle pups 44 45, These abnormalities can all be linked to epithelial
and endothelial barrier dysfunction, consistent with the potential role of occludin as a
regulator of barrier function. Occludin may, therefore, be a regulator, rather than requisite
structural component, of tight junctions.

Consistent with a regulatory function, occludin overexpression enhances epithelial barrier
function Jn vitro.*8: 47 This may correlate with the disruption of tight junction strand
structure in MDCK 11 cells lacking both tricellulin and occludin.*® /n vivo, TNF-a—
induced, myosin light chain kinase-mediated barrier loss is associate with progressive
increases in numbers of intracellular occludin vesicles (Fig. 1A) that were accompanied
by near complete occludin depletion of tight junction segments (Fig. 1B),4° Transgenic
occludin overexpression prevented occludin depletion (Fig. 1C) and attenuated barrier loss
induced by TNF-a (Fig. 1D).4° Quantitative electron microscopy demonstrated that occludin
internalization was accompanied by the appearance of a small population of vesicles

that increased in size over time (Fig. 1E) and contained both occludin and caveolin-1.4°
Consistent with an essential role of caveolar endocytosis in TNF-a—induced, occludin-
dependent barrier loss, TNF-a was unable to trigger occludin internalization and barrier
loss in CavZ™'~ mice (Fig. 1F).4° Further study using in vitro models showed that TNF-a.—
induced occludin endocytosis requires occludin interactions with ZO-1.40

In vitro occludin depletion by shRNA knockdown increased leak pathway flux of
macromolecules with diameters up to ~125 A across tight junctions in a manner similar
to TNF-a—induced occludin removal from tight junctions.%: 50 Consistent with this, we
have detected modest leak pathway permeability increases in intestinal epithelial-specific
occludin knockout mice using a multiprobe gavage assay.?! Although similar changes
were not detected in Ussing chamber studies of isolated intestine from occludin knockout
mice,* 52 this may reflect the small magnitude of the changes and variability in
macromolecular flux across mouse intestine mounted in Ussing chambers.

The possibility that posttranslational modifications of occludin itself contribute to TNF-
induced endocytosis has not been explored. However, VEGF-induced internalization of
endothelial occludin requires phosphorylation at S490 and consequent ubiquitination. Some
data suggest that interactions between ubiquitinated sites and Epsin-1 or Eps15 drive
occludin endocytosis.>3

Many other occludin phosphorylation sites are concentrated in a phosphorylation hotspot
between Y398-S408 that is targeted by PKC 7, PKC(, Src, and CK2.54-56 These
residues are located in an unstructured region that may interact with and modify tertiary
structure of the a-helices*! 5760 and occludin behaviors. For example, PKC 7-mediated
phosphorylation of T403 and T404 appears to promote occludin recruitment to tight
junctions.61
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Src-mediated phosphorylation of occludin Y398 and Y402 or CK2-mediated
phosphorylation of occludin S408 have both been reported to reduce ZO-1 binding.30. 62
Despite this similarity, the impact and functional outcomes of these phosphorylation
events are unique. Oxidative stress-induced Src-mediated Y398 and Y402 phosphorylation
destabilizes tight junctions; expression of phosphomimetic occludinY398D/Y402D poth
delayed tight junction assembly and sensitized monolayers to oxidant-induced

barrier loss.%3: 64 The observation that occludinY398D/Y402D or nonphosphorylatable
occludinY398A/Y402A expression similarly reduced the occludin mobile fraction and limited
tight junction disruption by CaZ* depletion suggests that dynamic phosphorylation and
dephosphorylation of these residues may be critical to occludin anchoring.6!

In contrast to Y398 and Y402, occludin S408 appears to be constitutively phosphorylated
by CK2 at steady-state.39 S408 dephosphorylation enhanced occludin binding to ZO-1

and, in turn, ZO-1 binding to claudin-2.3% This increased TER by disrupting claudin-2
channels and reducing paracellular Na* flux in vitro.3° In vivo studies have shown that CK2
inhibition also blocks claudin-2 channel activity in vivo and that this approach to claudin-2
channel inactivation attenuates progression of experimental inflammatory bowel disease.5>
Occludin—Z0O-1 interactions that are modulated by occludin phosphorylation are, therefore,
significant regulators of barrier function and potential therapeutic targets.

In contrast to occludin, ZO-1 gene ( 7jp1) knockout results in an embryonic lethal
phenotype.%6: 67 This has prevented in vivo analyses of ZO-1-deficient epithelia. To
overcome this, we recently generated mice with intestinal epithelial-specific ZO-1 gene
knockout.88 Surprisingly, the mice were healthy and born in expected Mendelian ratios.
Similar to /n vitro studies of ZO-1-deficient epithelial cells,3 69 70 there was a mild
increase in macromolecular (leak pathway) permeability. Although not studied in the
intestinal epithelial-specific ZO-1 gene knockout mice, in vitro data suggest that the role
of ZO-1 in creating a barrier to macromolecular flux requires dynamic interactions with
F-actin that can be regulated by myosin light chain kinase and depend, at least in part, on the
Z0-1 ABR.31 69.70 This contrasts with the roles of ZO-1 PDZ1 and GuK domains, which
mediate interactions with claudin and occludin, respectively.30

Noncanonical occludin contributions to intercellular interactions

Shortly after its discovery, occludin was found to enhance intercellular adhesion.” This
was initially taken as evidence of a role for occludin in tight junction assembly and
paracellular barrier function. However, homotypic interactions may allow occludin to direct
aPKC-PAR3 and PATJ assembly at the leading edge to orient epithelial migration in vitro.”2
Conversely, some data indicate that occludin suppresses migration and invasion of tumor
cells.”® Unfortunately, no subsequent studies have reconciled these potentially contradictory
results, and conclusions based on these data must, therefore, be considered speculative.

Intraepithelial lymphocyte migration represents an additional process that occludin-mediated
intercellular adhesion may facilitate. Although primarily expressed in epithelial and
endothelial cells, small quantities of occludin are also present in -y6 T cells. A series

of /n vitroand in vivo analyses have shown that occludin promotes intraepithelial
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lymphocyte migration.” Occludin expression on both epithelial and 8 T cells contributes
to this process, suggesting that homotypic occludin interactions promote direct interactions
between these cell types.”* 7> Consistent with this, a dense ring of occludin accumulates
around intraepithelial y& T lymphocytes in vivo.”

In contrast to -yS T cells, whose migration is limited to the intestinal epithelium

and lamina propria,’4 neutrophils are able to traverse paracellular junctions, thereby
crossing the epithelium and accumulating within the lumen to form crypt abscesses. This
process requires dynamic interactions between neutrophils and tight junction proteins.”®
Interestingly, disruption of the free N-terminal cytoplasmic domain of occludin enhanced
transepithelial neutrophil migration, but deletion of the long C-terminal tail was without
effect.”” This could suggest that tight junction-associated occludin restricts neutrophil
transmigration. That would, however, not explain how deletion of 13 residues within the
first extracellular loop of occludin increases TER and reduces neutrophil transmigration.’”
It is also difficult to integrate these observations with reports that a peptide derived

from the second extracellular loop enhanced neutrophil transmigration across endothelial
monolayers.’8 Further elucidation of these processes might benefit from comparisons
between migration of neutrophils, which do not express occludin, and y& T cells. For
example, do the occludin mutants from the second extracellular loop peptide that modulates
neutrophil transmigration have the same effects on intraepithelial migration of y& T cells?
It would also be of interest to know if epithelial occludin downregulation and increased
neutrophil transmigration in inflammatory bowel disease are related functionally.”%-81

Occludin as a cofactor in viral entry

Extracellular domains of tight junction proteins, including occludin, are typically
sequestered within the protected paracellular space and are inaccessible to apical materials,
including viruses. However, tight junction proteins are redistributed along lateral membranes
and exposed to the intestinal lumen during epithelial extrusion.82 83 The resulting transient
unmasking of these proteins may explain, evolutionarily, why several tight junction proteins
have been identified as viral receptors.84 Among these, the immunoglobulin domain-
containing proteins JAM-A and CAR stand out as receptors for reovirus and retrovirus8®: 86
or coxsackievirus and adenovirus,87-89 respectively. Similarly, claudin-1 serves as a viral
receptor for HCV and dengue virus.%% 91 Occludin contributes to viral entry as an essential
co-receptor for HCV and coxsackievirus entry.89: 92 This may reflect the ability of occludin

to direct internalization via caveolar endocytosis in response to cytoskeletal and immune
stimuli.49~ 88, 89, 93

Occludin as an organizer of neoplastic epithelial architecture

One characteristic of neoplastic gastrointestinal epithelium is loss of the normally well-
organized monolayer. This can be modeled in vitro by expressing oncogenic proteins, such
as constitutively active c-RAF, in nonneoplastic epithelial cell lines.94-96 For example,
c-RAF-mediated transformation of rat parotid epithelial cells activated MEK-ERK signaling,
enabled anchorage-independent growth, and converted the growth pattern on semi-
permeable supports from high TER monolayers to low resistance multilayered epithelia.®*
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These changes were accompanied by reduced expression of occludin and claudin-1 and
redistribution of ZO-1 and E-cadherin.®* Remarkably, forced expression of occludin
triggered claudin-1 re-expression, normalized distributions of ZO-1 and E-cadherin,
suppressed anchorage-independent growth, restored monolayer growth morphology, and
partially corrected TER.% Further study showed that the second extracellular loop of
occludin as well as the N- and C-terminal cytoplasmic tails were required for this

reversal of c-RAF-mediated transformation.®” Activation of the epithelial to mesenchymal
transformation-promoting transcription factor SLUG was responsible for suppression of the
occludin promoter, and siRNA-mediated SLUG inhibition was sufficient to prevent occludin
downregulation in c-RAF transformed cells.%8 Although It has not been studied, this
suggests that either SLUG knockdown or forced occludin expression might also inhibit the
MEK-ERK signaling cascade that directs c-RAF-mediated transformation. Thus, despite
many remaining questions, these data demonstrate the complex interaction between tight
junction proteins and signal transduction pathways that are not typically considered to be
related to barrier function.

Occludin regulates epithelial survival

Occludin knockdown in MDCK cells did not significantly affect steady-state TER but did
cause modest increases in paracellular permeability of organic cations.>° The observations
that cholesterol depletion neither activated rho nor reduced TER in occludin knockdown
monolayers suggest that occludin may play an important role in regulating the composition
of tight junction membrane microdomains. Curiously, occludin knockdown also limited
extrusion of apoptotic cells from the monolayer.>% Subsequent studies suggested that
occludin enhances mitochondrial-mediated, i.e., intrinsic pathway, apoptosis, possibly by
promoting Ca?* release from the endoplasmic reticulum, in hepatocellular carcinoma cell
lines.” Separate in vitro studies showed that a short sequence within the occludin second
extracellular loop promoted extrinsic pathway of apoptosis.9% 190 Finally, ex vivo analyses
show that mammary epithelial cells from occludin knockout mice are resistant to apoptosis
induced by disruption of claudin-mediated interactions.?® Thus, scattered /n vitro data
indicate that occludin may regulate epithelial apoptosis and, conversely, survival.

The conclusion that occludin regulates epithelial survival seems inconsistent with the
absence of spontaneous disease in universal occludin knockout mice. Moreover, intestinal
epithelial-specific Oc/nknockout mice lack nearly all of the abnormalities detected in
universal Oc/n knockout mice.191 This does not, however, exclude an important role for
intestinal epithelial occludin as, for example, an essential component of responses to
external challenges. To assess the potential contributions of intestinal epithelial occludin
to exogenous stressors, occludin knockout mice were challenged with DSS, a form of
chemical colitis that induces massive epithelial damage. Surprisingly, both universal and
intestinal epithelial-specific occludin knockout mice were protected from DSS-induced
mucosal damage, colitis, and systemic features of disease, including weight loss (Fig. 2A)
and epithelial apoptosis (Fig. 2B).101 The observation that transgenic occludin expression
within intestinal epithelium fully restored disease in universal occludin knockout mice
indicates that DSS-resistance was entirely due to occludin loss in intestinal epithelial cells
rather than other cell types, such as endothelial cells or intraepithelial v& T cells (Fig. 2A).
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Moreover, this protection was not limited to DSS-induced colitis, as intestinal epithelial
Ocln knockout mice were also resistant to TNBS-induced chemical colitis.101

Although DSS and TNBS administration are useful colitis models, the means by which
damage occurs are neither well-established nor relevant to human disease. Nevertheless,
analysis of these models showed reduced numbers of apoptotic, cleaved caspase-3 positive
intestinal epithelial cells in the absence of occludin expression. To better define how
apoptotic resistance was induced by occludin deletion, mice were challenged with 5-
fluorouracil (Fig. 2C), a chemotherapeutic nucleoside that disrupts DNA replication and
triggers intrinsic pathway apoptosis or TNF-a (Fig. 2D), a classic activator of extrinsic
pathway apoptosis. Intestinal epithelial occludin knockout conferred resistance to both
intrinsic and extrinsic pathway apoptosis, suggesting that occludin deletion occurred
downstream of mitochondrial apoptotic activation. Consistent with this, intestinal epithelial
occludin deletion reduced caspase-3 transcription (Fig. 2E) and protein expression (Fig. 2F)
in vivoand in vitro,101

Intestinal epithelial occludin deletion only reduced caspase-3 expression by ~50%, raising
concerns that some other process might also contribute to the apoptotic resistance of
occludin-deficient epithelial cells. However, this idea was refuted by analyses of mice in
which one allele of Casp3was deleted. Similar to intestinal epithelial occludin knockout,
caspase-3 protein expression was reduced ~50% in Casp3"/~ mice, and this was sufficient to
prevent both DSS and TNF-a—induced intestinal epithelial apoptosis 77 vivo.101 Therefore,
the protection from apoptosis afforded by occludin deletion can be fully explained by the
reduction in caspase-3 expression.

In vitro studies have shown that occludin expression is reduced by TNF-a.. This raises

the possibility that occludin downregulation in response to low-grade inflammatory stimuli
may protect epithelial cells from more severe stressors. To test this hypothesis, wild-type
and occluding-knockdown Caco-2 cells were treated with very low concentrations of
TNF-a (0.5 ng/ml). This did not induce apoptosis but did reduce expression of both
occludin and caspase-3 by ~50% in wild-type Caco-2.191 Low-dose TNF-a treatment did
not affect viability or caspase-3 expression of occluding-knockdown Caco-2 cells. Vehicle
and low-dose TNF-a—treated cells were subsequently challenged with either staurosporine,
an activator of intrinsic pathway apoptosis, or high-dose TNF-a and cycloheximide. The
low-dose TNF-a pretreatment reduced apoptosis of wild-type cells in response to either
stimulus to levels comparable to occludin knockdown cells. In contrast, low-dose TNF-a
pretreatment did not affect apoptotic sensitivity of occludin knockdown cells. Thus, occludin
downregulation may be an adaptive mechanism that limits apoptosis under inflammatory
conditions (Fig. 2G).

To test the idea that occludin downregulation might lead to reduced caspase-3 expression in
human disease, quantitative immunostains were used to assess expression of both proteins

in small intestinal epithelia of Crohn’s disease patients and healthy subjects (Fig. 3A) as
well as colonic epithelia of ulcerative colitis patients and healthy controls. As expected,
occludin expression was reduced in both sets of patients relative to the healthy control
groups. Intestinal epithelial caspase-3 expression was also reduced in epithelia within patient
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biopsies (Fig. 3B). Moreover, the degree of caspase-3 downregulation correlated directly
with that of occludin (Fig. 3C).101 Occludin is therefore a critical regulator of epithelial
survival whose downregulation in inflammatory disease may represent an adaptive response
to limit tissue injury.

Z0O-1 regulates apical epithelial structure

Z0-1 has numerous binding partners,24 102. 103 the diversity of which likely explains the
embryonic lethality of 7jpZ knockout mice as well as the disruption of junction-associated
F-actin in C. elegans embryos lacking the ZO-1 orthologue.®8: 104 |n cultured epithelial
cell lines, loss of both ZO-1 and its cousin ZO-2 prevents recruitment of claudin proteins
to the tight junction?” and markedly impairs barrier function.105 106 |n these Z0-1/20-2—
deficient cell lines, barrier function can be rescued by expression of full-length ZO-1,

and truncated ZO-1 consisting only of the N-terminal half of the protein is sufficient to
restore claudin recruitment.106 ZO-1 and ZO-2 deletion also disturbs apical cytoskeletal
organization, and this also appears to be rescued by an N-terminal truncation mutant of
Z0-1.106,107 Thys, although the studies were performed in cell lines lacking both ZO-1 and
Z0-2, the phenotypes observed may be primarily linked to ZO-1 loss.108

Consistent with a dominant role, ZO-1 loss with retained ZO-2 expression resulted in
disruption of microvillous and apical membrane structures in vitro and in vivo.199 This
was associated with hypercontraction of cortical actin that led to formation of a dome-like
distensions of the apical membrane in vivo (Fig. 4A,B) and in vitro (Fig. 4C).199 Rescue
experiments using ZO-1 deletion mutants showed that the U5 GuK region, specifically
the U5 domain, is essential for ZO-1-mediated maintenance of apical membrane and
microvillous structure. This is, perhaps, surprising, as no protein interactions with U5
domain alone have been described. However, the U5 domain does seem to be the primary
region required for tight junction localization of ZO-1. Further study in cells lacking

both ZO-1 and ZO-2 showed similar results except that ZO-1 lacking the PDZ1 domain
was sufficient to rescue structure in ZO-1 knockdown, but not double knockdown cells.
This suggests that interactions with claudins, or other proteins that bind to PDZ1, are
essential for ZO-1 effects on apical structure and that, in ZO-2-sufficient cells, ZO-14PDZ1
heterodimerization with ZO-2 allows interactions to occur via the ZO-2 PDZ1 domain.109

Further study of the actin-based structural abnormalities induced by ZO-1 gene deletion
showed that inhibition of myosin Il ATPase activity and actomyaosin contraction or F-actin
depolymerization were sufficient to restore apical structure /n vivo (Fig. 4B) and in vitro
(Fig. 4C).199 |n contrast, ROCK inhibition was insufficient to restore structure. Consistent
with this, in vitro atomic force microscopy studies showed that deletion of ZO-1 and Z0O-2
markedly enhanced apical tension and viscosity and that apical tension could be restored

to normal levels by myosin Il ATPase, but not ROCK, inhibition.110 In contrast, viscosity
could be restored by inhibition of either myosin 1l ATPase or ROCK, suggesting that apical
cytoskeletal tension is regulated by processes distinct from those that modulate viscosity.110
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Z0O-1 regulates lumen formation in vitro

When cultured in 3D, ZO-1-knockdown MDCK cells failed to form typical single lumen
cysts (Fig. 5A).198 Lumen development was delayed and, ultimately, was characterized by
septae that divide the lumen into multiple compartments. A transient multilumen stage is
typically seen when MDCK cells are grown in collagen gels, but this ultimately resolves.
The inability of ZO-1-deficient cells to form single lumen cysts does not, however, represent
failure of progression, as results were similar in Matrigel, where there is not an intermediate
multilumen phase. The development of septae in cysts formed by ZO-1-deficient cells was,
in part, due to impaired contact inhibition and increased proliferation of ZO-1-knockdown
cells at later, but not earlier, times after plating. This could be rescued, to a limited degree,
by culture in reduced serum media in which proliferation is reduced.108

Similar to apical structure, single lumen cyst formation was rescued by expression of
full-length ZO-1 but not ZO-12Y5-GUK The observation that ZO-124BR was able to rescue
single lumen cyst formation when cells were grown in Matrigel, but not when cells were
grown in collagen gels, suggests that the strong polarity cues provided by Matrigel were
sufficient to compensate for the absence of morphogenetic signals provided by ZO-1-F-actin
interactions. 108

Three proteins, shroom2, a-catenin, and occludin, are known to interact with the U5 GuK
region of ZO-1. Knockdown of shroom2 had no effect on the ability of MDCK cells to
develop single lumen cysts. a-Catenin—knockdown cells took on bizarre, angulated, sheet-
like structures but were able to form single-lumen cysts.198 In contrast, occludin knockdown
resulted in multi-lumen cysts. This could be rescued by expression of full-length occludin,
but not by occludin lacking the C-terminal OCEL domain that mediates interactions with
Z0-1.

Z0O-1 regulates epithelial proliferation, mitotic spindle orientation, and

mucosal repair

Despite a modest increase in leak pathway permeability, mice with intestinal epithelial-
specific ZO-1 gene deletion reproduced, developed, and gained weight normally without
spontaneous disease.58 Thus, ZO-1 is not essential for intestinal homeostasis and barrier
function. However, when stressed by either chemically-induced or immune-mediated
intestinal injury, disease was far more severe and recovery was incomplete in intestinal
epithelial ZO-1 gene knockout mice (Fig. 5B). This failure of repair correlated with
reduced proliferation of ZO-1 gene knockout intestinal epithelial cells /n vivo (Fig. 5C),
which was surprising, as previous studies of MDCK cell lines and embryonic stem cells
demonstrated enhanced proliferation in the absence of Z0-1.68 111,112 system based
analysis of RNAseq data demonstrated that, in response to injury, ZO-1-deficient intestinal
epithelial cells were defective in WNT—p-catenin signaling, mitotic spindle function, DNA
repair, and progression through the G2/M checkpoint (Fig. 5D). Consistent with this,
proliferation and DNA synthesis were markedly reduced in ZO-1 gene knockout organoids
(Fig. 5E). Potentiation of WNT signaling by inhibiting GSK3p did not expand numbers of
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proliferating cells (Fig. 5E) but caused a ~10-fold increase in numbers of cleaved-caspase
3-positive apoptotic cells (Fig. 5F).68

To determine how enhanced WNT signaling leads to increased apoptosis, cell division

was studied by live imaging.68 ZO-1 gene knockout resulted in aberrant mitotic spindle
orientation (Fig. 6A). This resulted in one daughter cell losing contact with the basement
membrane and undergoing anoikis, a form of anchorage-independent apoptosis. Thus, ZO-1
gene loss resulted in abortive proliferation that failed to generate additional viable cells.%8
Further studies showed that mitotic spindle orientation of ZO-1-deficient intestinal epithelial
cells was disturbed in vivo and that ZO-1 associates transiently with spindle poles during
mitosis (Fig. 6B). Moreover, close examination identified a very small pool of endogenous
Z0-1 that was associated with the centriole. It may be that centriole-associated ZO-1
contributes to WNT signaling (Fig. 6C).

In contrast to MDCK cells, neither occludin- nor ZO-1-deficient intestinal organoids
formed multilumen cysts. However, similar to organoids, mitotic spindle polarization was
defective in MDCK cells lacking either ZO-1 or occludin.198 Consistent with this, studies
of immortalized or transformed cultured cells grown in 3D have shown that mitotic

spindle misorientation is a common cause of multi-lumen cyst formation. Therefore, one
explanation for multilumen cyst formation in immortalized but not non-neoplastic epithelial
cells is that immortalized do not undergo anoikis after loss of contact with the basement
membrane. Continued growth of these detached cells could result in formation of septae that
ultimately create multi-lumen cysts that is prevented in organoids that undergo anoikis. This
hypothesis remains to be tested.

Overall, the studies of intestinal epithelial-specific ZO-1 gene knockout mice show that,

in the absence of stress, ZO-1 is dispensable for intestinal epithelial function. However, in
response to stress, ZO-1 is required for effective WNT—f3-catenin signaling, mitotic spindle
orientation, and overall epithelial proliferation. These defects may reflect association of
Z0-1 with the centriole and mitotic spindle poles. However, they appear to be independent
of ZO-1 contributions to tight junction barrier function. Thus, noncanonical, rather than
canonical functions are responsible for the severe phenotype of stressed ZO-1 gene knockout
mice.

Conclusion

Although occludin and ZO-1 contribute to tight junction barrier function, neither is
essential for basal intestinal epithelial function /n vivo. However, stress unmasked essential
contributions of each of these proteins to processes responsible for epithelial proliferation,
repair, and survival. In the case of occludin, Oc/n knockout resulted in reduced caspase-3
expression and protection from apoptotic stimuli /7 vivoand in vitro. Conversely, epithelial
cells lacking ZO-1 were markedly impaired in their ability to activate effective proliferation
in wound healing due to defects in WNT signaling and mitotic spindle orientation.
Importantly, discovery of these noncanonical functions required development of new
experiments and models, such as tissue-specific knockout mice, that permit analyses in

the complex /in vivo milieu. Nevertheless, previous work using reductionist in vitro models,
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including cell lines, created an essential foundation without which it would have been
difficult to interpret vivo results. Future studies should continue to use complementary
in vitro and in vivo approaches to solve the many remaining mysteries of tight junction
biology.
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Figure 1.

Occludin endocytosis mediates TNF-a—~induced tight junction regulation in vivo. (A) Wild-
type (WT) mice received TNF-a by i.p. injection and jejunal segments were harvested and
stained for occludin (green), F-actin (red), and nuclei (blue) at designated times. Note the
onset of occludin endocytosis at 90 min after TNF-a. administration. Bar, 10 um. (B) When
viewed en face, it is clear that, focally, TNF-a induced complete depletion of tight junction-
associated occludin. Bar, 10 um. (C) Intestinal epithelial-specific occludin overexpression
(OCLN Tg) prevents depletion of tight junction-associated occludin at 120 min after TNF-a
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administration. Compare to areas of perijunctional F-actin (red) that lack occludin (green)
in WT mice (arrows). Bar, 10 um. (D) /n vivo perfusion assays show that TNF-a—induced
paracellular leakage of BSA from the bloodstream to the intestinal lumen is markedly
reduced by transgenic occludin overexpression. (E) Electron micrographs of jejunum,
morphometric analyses, and Gaussian fits show a marked increase in numbers of 80 nm
cytoplasmic vesicles 90 min after TNF-a injection. The decrease in 80 nm cytoplasmic
vesicle numbers at 120 min coincides with increase numbers of larger vesicles, suggesting
endosomal maturation. Bar, 500 nm. (F) /n vivo perfusion data show that paracellular BSA
leakage is not increased by TNF-a in caveolin-1 gene knockout (CavZ~'~) mice. Originally
published in Marchiando et a/*°
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Figure 2.

Occludin expression confers colitis sensitivity by enhancing caspase-3 expression. (A)
Occludin gene knockout (KO) attenuates DSS-induced weight loss. Sensitivity of Oc/n
knockout mice is restored to that of wild-type mice (WT) by transgenic intestinal epithelial
occludin expression (KO/Tg). (B) Apoptotic ISOL-positive cells (red) numbers are increased
after DSS challenge in WT, but not intestinal epithelial-specific Oc/n knockout (KO'EC)
mice. Nuclei are shown in blue for reference. Bar = 20 pm. (C) 5-Fluoruracil induces
epithelial apoptosis as detected by cleaved caspase-3 staining (red) in WT, but not occludin
KO, mice. Bar = 20 um. (D) TNF-a. induces caspase-3 cleavage and apoptosis in WT, but
not Oc/n KO, mice. Bar = 50 um. (E) Quantitative qRT-PCR demonstrates reduced Casp3
mRNA in jejunal epithelial cells from occludin KO, relative to WT, mice. (F) Caspase-3
protein expression is reduced in jejunal epithelial cells isolated from Oc/n KO mice.
Caspase-8, caspase-9, and E-cadherin expression are not affected by occludin deletion. (G)
Occludin promotes apoptosis by enhancing caspase-3 transcription, suggesting that occludin
downregulation in inflammatory conditions may confer apoptotic resistance and promote
mucosal homeostasis. Originally published in Kuo er /101
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Figure 3.

Occludin downregulation in inflammatory bowel disease is accompanied by reduced
caspase-3 expression. (A) Hematoxylin-eosin (H&E) and immunofluorescent staining of
occludin (green) and caspase-3 (green) in ileal biopsies from healthy control subjects and
Crohn’s disease patients. E-cadherin (red) and nuclei (blue) are shown for reference. Bar
=50 um. (B) Quantitative morphometry of occludin, caspase-3, and E-cadherin staining
intensity within the intestinal epithelium. (C) Caspase-3 expression correlates with occludin
expression (/2 = 0.76). Originally published in Kuo et a/101
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Figure 4.
Z0-1 regulates cortical actomyosin and epithelial structure. (A) The smooth apical

surface normally seen in wild-type (WT) epithelial monolayers is disrupted by apical
distensions in jejunum from intestinal epithelial-specific ZO-1 gene knockout (KO'EC) mice.
NHE3 (green), ZO-1 (red), E-cadherin (cyan), and nuclei (white). Bars = 100 um (low
magnification) and 10 um (high magnification). (B) 3D reconstructions of F-actin—labeled
epithelial surfaces highlight the apical distensions of KO'EC epithelium and show that
blebbistatin, a myosin Il inhibitor, normalizes apical contours. (C) The effect of apical
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distensions induced by in vitro ZO-1 knockdown (ZO-1XP) is emphasized in reconstructions
by pseudocoloring each cell according to height (violet = 6 um, red = 15 pm). Similar to

the in vivo effect of blebbistatin, /n vitro application of latrunculin A, which causes F-actin
disruption, normalizes the height of ZO-1KP epithelial cells. Bars = 10 um. Originally
published in Odenwald er a/10°
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Figure5.

Z0-1 directs epithelial growth and repair. (A) WT and ZO-1 knockdown (ZO-1XP) MDCK
epithelial cells were stained for ZO-1 (red), E-cadherin (green), F-actin (purple), and nuclei
(blue) at days 4, 8, and 11 after plating in collagen gels. Lumen formation (arrows)

is delayed in ZO-1KD epithelial cells, which also fail to resolve the normally transient
multilumen phase to form single-lumen cysts. Bars = 20 um (low magnification) and 10 um
(high magnification). (B) Wildtype (WT, blue) and intestinal epithelial-specific ZO-1 gene
knockout (KO'EC, red) mice were treated with DSS for 6 days. Weight loss is exaggerated
and recovery is delayed in KO'EC mice. Bar = 50 um. (C) One day after discontinuing

DSS treatment (day 7), mice were injected with EdU (green) and sacrificed 2 hours later

in order to track proliferating cells. Despite significant damage, the proliferative response
of KO'EC mice is defective. (D) Gene set enrichment analysis (GSEA) of RNA-sequencing
data from jejunal epithelia harvested 2 days after induction of cytokine storm (by anti-CD3
antibody injection). Activation of WNT—B-catenin, mitotic spindle, G2/M check point, and
DNA repair pathways is deficient in KO'EC mice. (E) Colonoids from WT and KO'EC mice
were treated with the GSK3p inhibitor CHIR99021 to potentiate WNT signaling and fixed
2 hours after EAU (green) addition. Numbers of EdU-labeled cells increased markedly in
WT, but not KO'EC, colonoids. Bar = 20 pm (F) CHIR99021 induces extensive apoptosis in
KO'EC, but not WT, colonoids. Bar = 20 um. Panel A: Originally published in Odenwald et
al 198 panels B-F: Originally published in Kuo et a/8
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Figure 6.

Z0-1 associates with spindle poles facilitating correct mitotic spindle orientation. (A)
Live imaging of colonoids expressing EGFP-B-actin (magenta) and H2B-mCherry (cyan)
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shows that the mitotic spindle (arrows) is correctly oriented perpendicular to the basement

membrane in wildtype (WT) but not ZO-1 gene knockout (KO'EC) cells. Drawings are
presented to simplify interpretation. Bars = 10 um. (B) Live imaging of mCherry-ZO-1
(green) expressing colonoids labeled with an intravital DNA stain (red) shows transient

Z0-1 association with mitotic spindle poles (arrows). Bar = 5 um. Drawings are presented to
simplify interpretation. (C) Non-canonical functions, including regulation of WNT signaling

and mitotic spindle orientation, make ZO-1 critical to mucosal repair. Reduced ZO-1
expression may contribute to ineffective mucosal healing in inflammatory bowel disease.

Originally published in Kuo et a/.8
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