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BACKGROUND & AIMS: Epithelial tight junctions are
compromised in gastrointestinal disease. Processes that
contribute to the resulting barrier loss include endocytic
occludin removal from the tight junction and reduced
occludin expression. Nevertheless, the relatively-normal
basal phenotype of occludin knockout (KO) mice has been
taken as evidence that occludin does not contribute to
gastrointestinal barrier function. We asked whether stress
could unmask occludin functions within intestinal epithelia.
METHODS: Wildtype (WT), universal and intestinal epithe-
lial-specific occludin KO, and villin-EGFP-occludin transgenic
mice as well as WT and occludin knockdown (KD) Caco-2gg,
cell monolayers were challenged with DSS, TNBS, staur-
osporine, 5-FU, or TNF. Occludin and caspase-3 expression
were assessed in patient biopsies. RESULTS: Intestinal
epithelial occludin loss limited severity of DSS- and TNBS-
induced colitis due to epithelial resistance to apoptosis;
activation of both intrinsic and extrinsic apoptotic pathways

was blocked in occludin KO epithelia. Promoter analysis
revealed that occludin enhances CASP3 transcription and,
conversely, that occludin downregulation reduces caspase-3
expression. Analysis of biopsies from Crohn’s disease and
ulcerative colitis patients and normal controls demonstrated
that disease-associated occludin downregulation was
accompanied by and correlated with reduced caspase-3
expression. In vitro, cytokine-induced occludin down-
regulation resulted in reduced caspase-3 expression and
resistance to intrinsic and extrinsic pathway apoptosis,
demonstrating an overall protective effect of inflammation-
induced occludin loss. CONCLUSIONS: The tight junction
protein occludin regulates apoptosis by enhancing caspase-3
transcription. These data suggest that reduced epithelial
caspase-3 expression downstream of occludin down-
regulation is a previously-unappreciated anti-apoptotic pro-
cess that contributes to mucosal homeostasis in
inflammatory conditions.
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he first transmembrane tight junction protein

discovered, occludin, is present within tight junction
strands' and, when overexpressed, induces intracellular,
multilamellar bodies with fused, tight junction-like mem-
branes.” The occludin C-terminal coiled-coil domain binds
directly to zonula occludens-1 (Z0-1)° via interactions
regulated by phosphorylation within and adjacent to that
region.””” A range of in vitro studies, including analyses of
peptides corresponding to occludin domains,” occludin
knockdown,” ' or expression of occludin mutants (eg,
those lacking the C-terminal tail),"* suggest that occludin
limits paracellular permeability to macromolecules. The
observation that occludin removal from the tight junction,
either in response to F-actin depolymerization or cytokine
stimulation,’®**'* increases leak pathway permeability is
consistent with this function. Conversely, cytokine stim-
ulation of occludin-deficient monolayers does not reduce
barrier function beyond the increased permeability
already present as a consequence of occludin dele-
tion."”"" These data indicate that this form of cytokine-
induced barrier loss is largely, and perhaps entirely,
caused by occludin removal from the tight junction.

Despite extensive in vitro data, the viability and
absence of obvious structural or functional tight junction
defects within the small intestine, colon, and bladder of
occludin knockout (KO) mice'®'® has led many to
conclude that occludin does not contribute to mucosal
barrier function or homeostasis. This conclusion fails to
account for the multiple abnormalities of occludin KO
mice, including hearing loss, growth retardation, chronic
gastritis, cerebellar and basal ganglia calcification, male
sterility, and inability of females to suckle their
pups.”>'” In addition, transgenic enhanced green fluo-
rescent protein (EGFP)-occludin expression within the
intestinal epithelium, that is, overexpression, limited
tumor necrosis factor-a (TNF)-induced depletion of tight
junction-associated occludin, leak pathway permeability
increases, and diarrhea.'® Nevertheless, the lack of
baseline intestinal dysfunction in occludin KO mice
suggests that compensatory changes might be masking
relevant deficits. Experience with other KO mice has
shown that underlying phenotypes can often be exposed
by stress.'? %!

We hypothesized that occludin KO mice might be
hypersensitive to colitogenic stimuli. In contrast, mice
lacking intestinal epithelial occludin were markedly
protected from disease. This unexpected result reflected
insensitivity of occludin-deficient intestinal epithelial
cells to a variety of intrinsic and extrinsic apoptotic
pathway agonists. Protection was due to loss of
occludin-dependent CASP3 transcription that led to
reduced caspase-3 expression. Moreover, TNF-induced
occludin downregulation protected epithelia from
apoptosis by reducing caspase-3 expression. Finally, we
confirmed previous reports of intestinal epithelial
occludin downregulation in Crohn’s disease and

Gastroenterology Vol. 157, No. 5

WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

Intestinal barrier loss in patients with inflammatory bowel
disease (IBD) is associated with reduced expression of the
tight junction protein occludin. We investigated the
function of occludin in cell lines, mice, and patient
biopsies.

NEW FINDINGS

Occludin increases expression of caspase-3, which
induces apoptosis. Reduced occludin expression leads
to caspase-3 downregulation that limits epithelial
apoptosis and attentuates colitis. Occludin
downregulation correlates with lower levels of caspase-3
expression in biopsies from patients with IBD.

LIMITATIONS

These studies were performed in mice, cell lines, and
human tissue samples. Studies are needed to define the
mechanisms by which occludin regulates transcription.

IMPACT

Occludin downregulation by inflammatory stimuli may be
a mechanism of epithelial preservation that promotes
mucosal homeostasis.

ulcerative colitis and found that this was strongly
correlated with reduced caspase-3 expression. These
data indicate that the adaptive process initiated by
occludin downregulation is active and may enhance
epithelial survival in human disease. We conclude that
occludin serves as a critical regulator of epithelial
apoptosis and survival by modulating CASP3 transcrip-
tion and caspase-3 expression.

Materials and Methods

Mice

Occludin KO," intestinal epithelial specific EGFP-occludin
transgenic,'18 caspase-3 KO,%? and Z0-1 KO'®®?® mice have
been described. Occludin KO'™®® mice were generated using
Oclntm1aBUCOMMWESE o mhryonic stem cells to create C57BL/6])-
ocln”f mice, which were crossed with villin-Cre®® mice. Litter-
mate Ocl”f mice lacking Cre were used as wild-type (WT)
controls in experiments with occludin KO™ mice.

Further experimental details are available in the
Supplemental Methods.

* Authors share co-first authorship.

Abbreviations used in this paper: DSS, dextran sulfate sodium; EGFP,
enhanced green fluorescent protein; ERK, extracellular signal-related ki-
nase; 5-FU, 5-fluorouracil; ISOL, in situ oligonucleotide ligation; KD,
knockdown; KO, knockout; MAP, mitogen-activated protein; mRNA,
messenger RNA; STS, staurosporine; TNBS, 2,4,6-trinitrobenzene sulfonic
acid; TNF, tumor necrosis factor-a; TUNEL, terminal deoxynucleotidyl
transferase dUTP nick-end labeling; WT, wild-type; ZO-1, zonula occlu-
dens-1.
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Results

Epithelial Occludin Expression Exacerbates
Dextran Sulfate Sodium (DSS) Colitis

Extensive in vitro studies indicate that the tight junction
protein occludin is involved in epithelial barrier regu-
lation.® ** We initially asked if occludin expression con-
tributes to epithelial homeostasis by comparing mucosal
architecture, epithelial proliferation, and epithelial migra-
tion in WT and occludin KO mice; no differences were
detected (Supplementary Figure 1). Nevertheless, reduced
occludin expression in a range of intestinal disorders*
suggests that occludin may be involved in disease. To test
this hypothesis, we assessed the sensitivity of occludin KO
mice to epithelial damage. Exposure to DSS induced ex-
pected weight loss (Figure 14, Supplementary Figure 24),
clinical disease activity (Figure 1B, Supplementary
Figure 2B), colon shortening (Figure 1C), histologic dam-
age (Figure 1D), and neutrophil infiltration (Figure 1E) in
WT mice. However, universal occludin KO mice, in which all
tissues lacked occludin, were remarkably resistant to DSS-
induced colitis by all of these measures (Figure 1A4-E).
Complementation by transgenic intestinal epithelia-specific
EGFP-occludin expression®” restored sensitivity to DSS co-
litis (Figure 1A4-E). These data thereby link the observed
phenotype specifically to intestinal epithelia and demon-
strate that intestinal epithelial occludin expression pro-
motes pathogenesis of DSS colitis.

Although complementation with transgenic occludin
demonstrates the essential role of intestinal epithelial
occludin in DSS sensitivity, tissue-specific occludin KO is
more definitive. We therefore generated intestinal
epithelial-specific occludin KO (occludin KO'®®) mice. As
with universal occludin KO mice, intestinal mucosal ar-
chitecture of occludin KO'E¢ (0Ocin”' x Vil-Cre) mice was
indistinguishable from WT (Ocl””/) mice (Supplementary
Figure 3A4). Occludin KO™¢ did not, however, demon-
strate male infertility or any of the other phenotypic ab-
normalities reported in universal occludin KO mice.">"”
Similar to universal KO mice, DSS colitis severity was
reduced in occludin KO™¢ mice. The protection observed
included attenuation of DSS-induced increases in intesti-
nal permeability (Figure 1F) and inflammatory cytokine
production (Figure 1G) relative to occludin-expressing
controls.

Intestinal Epithelial Occludin Promotes DSS-
induced Apoptosis

The damage that characterizes DSS colitis represents an
imbalance between chemical injury and mucosal repair.
Occludin could potentially affect either or both of these
processes. Epithelial proliferative responses to DSS-
induced injury were, however, indistinguishable in occlu-
din KO™¢ and WT mice (Figure 1H). We therefore turned
our attention to damage. Epithelial cell death, assessed as
DNA fragmentation using terminal deoxynucleotidyl
transferase dUTP nick-end labeling (TUNEL), was similar
in unstressed WT and occludin KO mice. DSS markedly
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increased the number of TUNEL-positive epithelial cells in
WT mice, but this increase was largely suppressed in
occludin KO™€ mice (Figure 1I). To better assess the
mechanism of cell death, sections were labeled by in situ
oligonucleotide ligation (ISOL), which specifically detects
double-strand DNA breaks that are blunt-ended or have a
1-base 3'-overhang. This is more specific for apoptosis than
TUNEL, which detects DNA fragmentation induced by
multiple processes. As with TUNEL, DSS-induced increases
in ISOL labeling were significantly attenuated in treated
occludin KO'®¢ mice (Figure 1)). Finally, cleaved caspase-3
staining, a hallmark of apoptosis, was increased by DSS
treatment of WT, but not occludin KO, mice (Figure 1K).
Collectively, these data indicate that intestinal epithelial
occludin expression sensitizes cells to DSS-induced
apoptosis.

Intestinal Epithelial Occludin Deletion Limits
2,4,6-Trinitrobenzene Sulfonic Acid (TNBS)-
induced Colitis and Tissue Damage

DSS induces colitis via direct chemical injury to intes-
tinal epithelial cells.”® We therefore considered the possi-
bility that the protection afforded by occludin deletion was
specific to direct chemical injury. To determine whether
the effects of intestinal epithelial occludin deletion
extended to other forms of injury, we assessed the sensi-
tivity of occludin KO and control mice to TNBS colitis.
TNBS haptenates autologous and luminal proteins to
trigger immune-mediated damage. Despite this distinct
pathogenic mechanism, resistance of occludin KO'™¢ mice
to TNBS was similar to that after DSS challenge. This
protection was obvious on physical examination
(Figure 2A4) and could be validated quantitatively by
reduced disease activity scores (Figure 2B). Histologic
damage (Figure 2C), intestinal barrier loss (Figure 2D), and
cytokine production (Figure 2E) were also limited in TNBS-
treated occludin KO'™® mice relative to occludin-sufficient
WT controls.

TNBS-induced injury caused similar epithelial prolifera-
tive responses in occludin KO'¢ and WT mice (Figure 2F,
Supplementary Figure 3B). As with DSS, epithelial occludin
deletion attenuated TNBS-induced apoptosis. Moreover,
TUNEL (Figure 2G, Supplementary Figure 3B), ISOL
(Figure 2H, Supplementary Figure 3B), and cleaved caspase-
3 (Figure 21, Supplementary Figure 3B) staining were
markedly reduced in TNBS-treated occludin KO™¢ mice
relative to WT mice. These data indicate that the protection
from apoptotic cell death afforded by intestinal epithelial
occludin deletion extends to multiple forms of epithelial
injury.

Occludin KO Limits Activation of Both Intrinsic
and Extrinsic Apoptotic Pathways

The results demonstrate that occludin-deficient
epithelia are resistant to colitis-associated apoptosis.
Given the immune-mediated mechanism of TNBS colitis, it
is likely that this resistance to apoptosis includes insensi-
tivity to extrinsic pathway activation by pro-apoptotic
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mediators, such as TNF. In contrast, the relative contribu-
tions of extrinsic, versus intrinsic (ie, cellular stress)
pathways to DSS-induced epithelial apoptosis have not
been defined. To determine whether occludin expression
facilitates apoptosis via the intrinsic pathway (Figure 34),
mice were treated with the chemotherapeutic nucleoside
analogue 5-fluorouracil (5-FU), which increased epithelial
apoptosis, as demonstrated morphologically (Figure 3B),
by TUNEL staining (Figure 3C), and by cleaved caspase-3
staining (Figure 3D). These increases were attenuated in
occludin KO mice. Occludin therefore facilitates, and
occludin deletion prevents, apoptosis via the intrinsic
pathway.

To assess the effect of occludin loss on extrinsic
pathway apoptosis (Figure 34), mice were treated with
recombinant TNF, which increased small intestinal
epithelial apoptosis 30-fold (Figure 3E). As with DSS- and
5-FU-induced epithelial apoptosis, TNF-induced apoptosis
was almost entirely blocked by occludin deletion. We also
assessed small intestinal epithelial apoptosis in response
to a more complex stimulus, cytokine storm induced by
systemic T-cell activation.””*® Small intestinal epithelial
apoptosis was readily detected 2 days after anti-CD3
administration, as indicated by TUNEL (Figure 3F) and
ISOL (Figure 3G) labeling, in WT mice. Occludin KO'™¢
mice were, however, protected. Occludin deletion there-
fore prevents apoptosis of intestinal epithelia in response
to intrinsic and extrinsic pathway stimuli.

Caspase-3 Activation Is Defective in Occludin-
deficient Epithelia In Vivo and In Vitro

To identify the events downstream of TNF receptor
activation affected by occludin, small intestinal epithelial
cells from WT and occludin KO mice that received vehicle or
recombinant TNF were isolated and probed for extracellular
signal-related kinase (ERK) and p38 mitogen-activated
protein (MAP) kinase activation, IkB degradation, and cas-
pase cleavage (Figure 3H). ERK and p38 MAP kinase acti-
vation as well as IkB and caspase-8 degradation were

d

Occludin Links Tight Junctions to Apoptosis 1327

similar in epithelia from TNF-treated WT and occludin KO
mice (Figure 3H, Supplementary Figure 4A4-D). Caspase-9
was not degraded, consistent with direct TNF-induced cas-
pase-8 activation (Figure 3E, Supplementary Figure 4E). In
contrast to WT mice, in which substantial caspase-3 cleav-
age was present, almost no cleaved caspase-3 was detected
in intestinal epithelial cells from TNF-treated occludin KO
mice (Figure 3H; Supplementary Figure 4F). These data
suggest that insufficient caspase-3 activation may be
responsible for the apoptotic resistance of occludin KO
epithelia. Because caspase-3 is a terminal executioner cas-
pase, this single defect induced by occludin deletion can
explain resistance to both intrinsic and extrinsic pathway
activation.

Although the in vivo data are striking, they do not
address whether the effects of occludin KO on intestinal
epithelial apoptosis reflect interactions with other cell types,
such as immune cells, or are cell autonomous. To assess this,
occludin knockdown (KD) intestinal epithelial monolayers
were tested for sensitivity to intrinsic and extrinsic
pathway-induced apoptosis induced by staurosporine (STS)
or TNF and cycloheximide, respectively (Supplementary
Figure 5). Both epithelial loss, as demonstrated by
reduced nuclear density, and caspase-3 activation were
limited in occludin KD monolayers (Supplementary
Figure 5). ERK and p38 MAP kinase activation were
similar in occludin-sufficient and KD monolayers following
STS or TNF treatment. Caspase-3 activity, indicated by
cleavage of poly (ADP-ribose) polymerase, a caspase-3
substrate and key intermediate in apoptotic progression,
was also significantly reduced in both STS- and TNF-treated
occludin KD, relative to WT, monolayers. These data
demonstrate that in vitro occludin KD accurately re-
capitulates the effects of occludin KO in vivo and suggest
that this is due to reduced capase-3 activity. The results
further indicate that occludin deficiency limits epithelial
apoptosis in a cell autonomous manner.

To measure caspase activation directly, cytosolic ex-
tracts from occludin-sufficient and occludin-deficient
epithelia were studied. In the absence of activating stimuli,

<

Figure 1. Intestinal epithelial occludin expression promotes DSS-induced intestinal disease. (A) DSS-induced weight loss was
attenuated in occludin KO mice. Transgenic intestinal epithelial EGFP-occludin expression (Tg/KO) restored DSS sensitivity to
that of WT mice. Analysis at day 7 is shown (n > 3 for water groups and n > 4 for DSS-treated groups). The complete time
course is shown in Supplementary Figure 2A. (B) Disease activity clinical scores were attenuated by occludin KO and restored
by in Tg/KO mice (day 7 data, n > 6 per group). The complete time course is shown in Supplementary Figure 2B. (C) Colonic
shortening occurred in DSS-treated WT and Tg/KO mice but was markedly reduced in occludin KO mice (n > 6 per group).
(D) Histopathology shows preservation of surface epithelium and some crypts in DSS-treated occludin KO, relative to WT or
KO mice with transgenic occludin expression. Bar = 50 um. (E) DSS-induced increases in myeloperoxidase activity were
attenuated in occludin KO mice but restored to WT levels in Tg/KO mice (n > 3 for water groups and n > 4 for DSS-treated
groups). (F) DSS-induced increases in intestinal permeability to 4 kD dextran were markedly attenuated in occludin KO'E° mice
(n > 5 per group). (G) DSS enhanced /16, I11b, lI17, and Cxcl1 (an IL-8 ortholog) expression in WT, but not occludin KO'EC, mice
(n > 5 per group). (H) DSS increased colonic epithelial proliferation, as assessed by Ki-67 staining, similarly in WT and occludin
KO'™E® mice (n > 5 per group). () DSS increased numbers of TUNEL-positive cells in WT, but not occludin KO'¥C, mice (n = 4
per group). (J) DSS increased numbers of ISOL-positive cells (red) in WT, but not occludin KO'E®, mice. Nuclei shown in blue.
Bar = 20 um (n = 4-6 per group). (K) DSS increased numbers of cleaved caspase-3-positive cells (green) in WT, but not
occludin KO'®¢, mice. Occludin (cyan) and E-cadherin (red) are shown for reference. Bar = 10 um (n > 4 per group). Ocin™*
littermates were used as WT controls for Ocin™~ and Ocin™'~ x villin-EGFP-occludin (Tg/KO) mice. Ocin™ littermates were
used as WT controls for Ocin™ x Vil-Cre (occludin KO'E®) mice in this and all other figures. Statistical analyses by one-way
analysis of variance with Bonferroni posttest. *P < .05; **P < .01.
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caspases-8, -9, and -3 all displayed low protease activity that extracts but only 4.6 + 0.4-fold in cytosolic extracts from
was quantitatively similar in WT and occludin KD extracts occludin-deficient epithelia. These data indicate that occlu-
(Supplementary Figure 6). Cytochrome C and dATP acti- din depletion reduces caspase-3 activity and further sup-
vated caspases-8 and -9 in all extracts. In contrast, caspase-3  ports the hypothesis that occludin deficiency prevents
activity increased 12.0 + 1.6-fold in occludin-sufficient apoptosis by suppressing caspase-3 activation.
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Occludin Enhances Transcription From the
CASP3 Promoter

Because the results point to a defect at the level of
caspase-3 activation, we tested expression of genes that
could affect caspase-3 activity downstream of caspase-8 and
-9 activation. Intestinal epithelial caspase-3 protein and
Casp3 messenger RNA (mRNA) expression were both
markedly reduced in intestinal epithelia from occludin KO
mice (Figure 44 and B). This was specific for caspase-3, as
caspase-8 and -9 expression were not affected by occludin
KO (Figure 3H, Supplementary Figure 4D-F). Moreover,
Western blot analyses comparing expression of a panel of
apoptosis-related proteins, including the inhibitor of
apoptosis family, pro- and anti-apoptotic Bcl-2 proteins, and
apoptosis-related mitochondrial proteins, failed to identify
differences between WT and occludin KO epithelia
(Figure 4C). We also considered the possibility that occludin
promotes caspase-3 expression by interacting with Z0-1, as
Z0-1 is known to regulate gene expression via the ZO-1-
associated nucleic acid binding protein/DbpA.>° However,
Casp3 transcription was indistinguishable in WT and intes-
tinal epithelial specific Z0-1 KO (ZO-1 KO™®) mice*’
(Supplementary Figure 4G). These data indicate that occlu-
din specifically promotes caspase-3 expression via a mech-
anism that is unrelated to ZO-1 and further suggests that
reduced caspase-3 expression is the primary means by
which occludin deficiency limits apoptosis.

To determine whether occludin regulates CASP3 mRNA
content via transcriptional activation, we took advantage of
apoptosis resistance in occludin KD Caco-2pp. intestinal
epithelial cells (Supplementary Figure 5). Western blot an-
alyses confirmed that, like native epithelia, occludin loss
in vitro reduced caspase-3, but not caspase-8 or -9, protein
expression (Figure 4D), indicating that, in this context, the
in vitro model accurately recapitulates in vivo biology.
CASP3 mRNA was markedly reduced in occludin KD relative
to WT Caco-2gp. (Figure 4E). To further analyze CASP3
transcriptional regulation, the human CASP3 promoter was
used to drive luciferase expression in transfected Caco-2gg,
cells. Luciferase activity in occludin KD cells was only 31%
+ 3% of that in occludin-sufficient cells (Figure 4F). The
specificity of this effect was confirmed by analyzing the
activity of the same reporter after induction of EGFP or
EGFP-occludin expression in occludin KD cells. Luciferase
activity was significantly increased by induction of

d
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EGFP-occludin, but not by EGFP, expression, confirming
occludin-dependent CASP3 promoter regulation (Figure 4G).
In contrast, a reporter construct containing the CASP3 3’
untranslated region generated similar luciferase activity in
occludin-deficient and occludin-sufficient epithelial mono-
layers (Figure 4H). These data show that occludin expres-
sion results in increased CASP3 promoter activation and
mRNA transcription.

Reduced Caspase-3 Expression Is Sufficient to
Confer Apoptosis Resistance

To determine if reduced caspase-3 expression was suffi-
cient to explain the apoptotic resistance of occludin KO mice,
we analyzed mice in which one Casp3 allele was deleted
(Casp3™ 7). Intestinal epithelial caspase-3 expression in
Casp3™/~ mice was reduced by 50% (Figure 5A), similar to
the reduction in occludin KO epithelia. Casp3+/ ~ mice were
protected from DSS-induced apoptosis of colonic epithelia
(Figure 5B) and TNF-induced apoptosis of small intestinal
epithelia (Figure 5C). The effects of deleting one Casp3 allele
are therefore similar to the effect of occludin KO in terms of
intestinal caspase-3 protein expression and apoptotic sensi-
tivity. Although these data cannot be interpreted as indi-
cating that reduced caspase-3 expression is the sole means
by which occludin modulates apoptosis, they do show that
the partial caspase-3 downregulation induced by occludin
loss is sufficient to explain apoptotic resistance.

Caspase-3 Expression Is Reduced in Parallel
With Occludin Loss in Crohn’s Disease and
Ulcerative Colitis

Intestinal epithelial occludin expression is reduced in
Crohn’s disease and ulcerative colitis.??*¥3? If, as sug-
gested by in vivo studies of mice and in vitro studies of
human cell lines, occludin downregulation leads to
reduced CASP3 transcription, occludin downregulation in
disease should be accompanied by reduced caspase-3
expression. Quantitative morphometry confirmed reduced
epithelial expression of occludin and caspase-3 in ileal
biopsies from patients with Crohn’s disease, relative to
healthy control subjects (Figure 64-C). Similarly, epithelial
occludin and caspase-3 expression were both reduced in
colonic biopsies from patients with ulcerative colitis
(Figure 6D, Supplementary Figure 74 and B). Caspase-3

<

Figure 2. Intestinal epithelial-specific occludin KO limits epithelial apoptosis and overall severity of TNBS colitis. (A) TNBS
induced wasting and loss of normal fur texture in WT (Ocin) mice. At day 4 after rectal TNBS instillation these features were
almost undetectable in occludin KO'E€ (Ocin™ x Vil-Cre) mice. Bar = 1 cm.éB) TNBS-induced increases in disease activity
scores were attenuated in occludin KO'SC mice (day 4 data, n = 5 WT, 10 KO'°). (C) Histopathology shows severe damage in
TNBS-treated WT, but not occludin KO'E®, mice. Bar = 50 um. (D) TNBS-induced increases in intestinal permeability to 4 kD
dextran were markedly attenuated in occludin KO'EC, relative to WT, mice (n > 5 per group). (E) TNBS-induced //6, Il1b, Cxcl1,
and Tnf upregulation in WT, but not occludin KO'E®, mice (n = 5 per group). (F) TNBS increased colonic epithelial proliferation
similarly in WT and occludin KO'®C mice (n = 3 per group). Representative photomicrographs are shown in Supplementary
Figure 3B. (G) TNBS increased numbers of TUNEL-positive cells in WT, but not occludin KO'E®, mice (n = 3 per group).
Representative photomicro%raphs are shown in Supplementary Figure 3B. (H) TNBS increased numbers of ISOL-positive cells
in WT, but not occludin KO'®, mice (n = 3 per group). () TNBS increased numbers of cleaved caspase-3—positive cells in WT,
but not occludin KO'EC, mice (n = 3 per group). Representative photomicrographs are shown in Supplementary Figure 3B.
Statistical analyses by Student t test or one-way analysis of variance with Bonferroni posttest. *P < .05; **P < .01.
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Figure 4.Occludin promotes CASP3
transcription. (A) Caspase-3 expression
was reduced in jejunal epithelial cells
isolated from occludin KO mice.
Caspase-8, caspase-9, and E-cadherin
expression were not affected (n = 3 per
group). (B) Quantitative reverse-
transcription polymerase chain reaction
(9RT-PCR) of jejunal epithelial cells from
WT or occludin KO mice shows reduced
Casp3 mRNA abundance in occludin
KO mice (n = 5 per group). (C) Expres-
sion of apoptosis-related proteins was
similar in jejunal epithelial cells from WT
and occludin KO mice. Data shown are
representative of n > 3 per group. (D)
Caspase-3 protein expression was
reduced in occludin KD Caco-2gge
monolayers. Caspase-8, caspase-9,
and E-cadherin expression were not
affected (n = 3 per group). (E) gRT-PCR
shows reduced CASP3 mRNA abun-
dance in occludin KD, relative to WT,
Caco-2gge (N = 3 per group). (F) Lucif-
erase reporter assay shows reduced
activity of the CASP3 promoter in
occludin KD compared to WT mono-
layers (n = 6 per group). (G) Induction of
EGFP-occludin, but not EGFP, expres-
sion, increased CASP3 promoter activ-
ity in occludin KD Caco-2gge (N = 5 per
group). (H) Caco-2gge were transfected
with  PGK promoter-driven luciferase
expression plasmid containing the
CASP3 3' untranslated region. Lucif-
erase activity was similar in WT and
occludin KD monolayers (n > 5 per
group). Statistical analyses by Student
t test or one-way analysis of variance
with Bonferroni posttest. *P < .05;
P < .01.
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downregulation correlated directly with reduced occludin
expression in both forms of inflammatory bowel disease.
These data suggest that occludin downregulation is the
mechanism of reduced caspase-3 expression in human
disease.

Proinflammatory Cytokines Decrease Occludin
and Caspase-3 Expression to Cause Apoptotic
Resistance

Previous studies have shown that prolonged (ie, >20
hours) TNF treatment reduces occludin transcription in
HT29 intestinal epithelial cells.>® Consistent with this, treat-
ment of WT Caco-2gg. monolayers with low-dose TNF (0.5
ng/mL) for 24 hours reduced occludin expression by 32%
(Figure 74 and B) and was accompanied by a 41% reduction
in caspase-3 expression. As a result, caspase-3 expression in
TNF-treated WT monolayers was similar to that of untreated
occludin KD epithelia (Figure 74 and B). In contrast, low-dose
TNF treatment did not affect caspase-3 expression in
occludin-deficient monolayers (Figure 7A and B). Cytokine-
induced occludin downregulation is, therefore, sufficient to
reduce caspase-3 expression in vitro in a manner similar to
that observed in inflammatory bowel disease.

We next assessed the effect of cytokine-induced caspase-
3 downregulation on activation of intrinsic and extrinsic
apoptotic pathways. After STS or high-dose TNF and cyclo-
heximide challenge, 23% and 25% of occludin-sufficient
cells stained positively for cleaved caspase-3, respectively,
whereas only 9% and 6% were positive after low-dose TNF
pretreatment (Figure 7C and D). This low level of apoptosis
was similar to both untreated and high-dose TNF-treated
occludin KD epithelia, which were not affected by low-dose
TNF pretreatment (Figure 7C and D). The data demonstrate
that mild inflammatory stimuli that trigger occludin down-
regulation also downregulate caspase-3 and, in turn, confer
resistance to intrinsic and extrinsic pathway apoptosis. The
failure of low-dose TNF to affect caspase-3 expression or
apoptotic sensitivity of occludin-deficient epithelia confirms
that occludin is required for this mechanism of caspase-3
downregulation and apoptotic resistance. Cytokine-
induced occludin downregulation may therefore be an
adaptive process that enhances epithelial survival in in-
flammatory environments.

Discussion

In vivo and in vitro studies have demonstrated that
occludin loss is critical to epithelial tight junction leak
pathway permeability increases induced by inflammatory
stimuli,' %1 #18253%  Nevertheless, the observation that
occludin KO mice have essentially normal tight junction

d
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structure and barrier function'®'® has caused many to
question the importance of this protein. A possible explana-
tion for the lack of intestinal defects in occludin KO mice could
be partial compensation by tricellulin or MARVELD3, which
together with occludin comprise the tight junction-associated
MARVEL protein (TAMP) family.*” In order to unmask such
compensation, we asked if occludin KO mice would display an
intestinal epithelial phenotype in response to stress.

We hypothesized that mild barrier defects might render
occludin KO mice hypersensitive to injury, as has been shown
in other mice lacking tight junction proteins.***” Instead,
occludin KO mice were markedly protected from DSS-induced
chemical injury. We initially considered that this unexpected
result might be explained by occludin loss in nonepithelial
cells, such as intraepithelial lymphocytes.*® Transgenic
occludin expression within intestinal epithelia was, however,
able to complement universal occludin KO. Moreover, we
developed intestinal epithelial-specific occludin KO (KO'™)
mice and found that they too were protected from both DSS-
induced chemical damage and immune-mediated damage
triggered by TNBS. Finally, in vitro studies using occludin KD
intestinal epithelial cell lines confirmed that apoptotic resis-
tance was a cell autonomous consequence of occludin loss.

To better characterize the mechanism by which occlu-
din deletion confers apoptotic resistance, we challenged
mice with prototypic activators of intrinsic and extrinsic
apoptotic pathways. Occludin-deficient epithelia were
protected from both, in vivo and in vitro. Events upstream
of caspase-3 cleavage were excluded as potential causes of
this resistance to apoptosis. Occludin depletion did, how-
ever, reduce CASP3 transcription, protein expression, and
enzymatic activity. Consistent with this, cleavage of poly
(ADP-ribose) polymerase, a proteolytic target of activated
caspase-3, was reduced in occludin-deficient epithelia. We
asked whether a ~50% reduction in caspase-3 expression
was sufficient to limit apoptosis using Casp3™~ mice.
Remarkably, these mice, in which caspase-3 expression
was also reduced by ~50%, were protected from
apoptotic stimuli to the same extent as in occludin KO
mice. These data demonstrate that the downregulation of
capase-3 expression induced by occludin loss is sufficient
to limit epithelial apoptosis, thereby indicating that
occludin downregulation prevents apoptosis by reducing
CASP3 transcription.

Our studies are not the first to link occludin to transcrip-
tional regulation. Previous work demonstrated that trans-
formation of a salivary gland epithelial cell line, by transfection
of oncogenic Raf-1, downregulated occludin and claudin-1
expression while inducing epithelial-mesenchymal trans-
formation and disrupting monolayer growth in vitro.’**’
Remarkably, transfection-induced occludin overexpression

<«

Figure 5. Partial loss of caspase-3 expression is sufficient to limit DSS-induced intestinal epithelial apoptosis. (A) Caspase-3
expression was reduced in colonic epithelia from Casp3*~ (+/-), relative to WT (+/+), mice (n = 5 per group). Intestinal
epithelial caspase-3 expression was similar in in Casp3*’~ and occludin KO mice (n = 3 per group). (B) TUNEL staining (red)
shows DSS-induced epithelial apoptosis in colonic mucosa from Casp3*"", relative to WT, mice. Bar = 100 um (n = 4 per
group). (C) Cleaved caspase-3 staining shows attenuated TNF-induced apoptosis of small intestinal epithelium of Casp3™*/~,
relative to WT, mice. Bar = 100 um (n = 3 per group). Littermates from Casp3*/~ x Casp3™~ matings were used in these
experiments Statistical analysis by one-way analysis of variance with Bonferroni posttest; **P < .01.

:
2

:E
"2




1334 Kuo et al Gastroenterology Vol. 157, No. 5

A occludin caspase-3

normal

Crohn’s disease

&
=
o

Figure 6. lleal epithelia from

patients with Crohn’s disease

demonstrate reduced expres-

sion of occludin and caspase-

3. (A, B) Hematoxylin-eosin

(H&E) and muiltiplex immuno-

histochemical staining of ileal

biopsies from healthy sub-

jects and patients with

Crohn’s disease. Expression

of occludin and caspase-3

(green, as indicated) were

< reduced in Crohn’s disease.

E-cadherin (red) and nuclei

(blue) are shown for reference.

Bars = 100 um (A), 50 um (B).

¢ (C) Quantitative morphometry

of occludin, caspase-3, and

E-cadherin staining intensity

within the intestinal epithelium

202 (n=81to 11). (D) lleal epithelial

caspase-3 expression corre-

lated with occludin expression

in biopsies from patients with

0017711 Crohn’s disease (¥ = 0.76).

+ 00 02 04 06 08 gtatistical analysis by Student
Occludin expression index 4 tegt *p < 05, *P < .01.

g
£
=

Crohn’s disease

occludin caspase-3 E-cadherin

38

N
(65}

N
o

1.5
1 n.s.

1.0

{ah %
0.5 %
0.0 :

Crohn's by
disease

o
3

Expression (normalized) O

O§-§§“ lO

Caspase-3 expression index O




November 2019 Occludin Links Tight Junctions to Apoptosis 1335

A B ILI *%
120 - - - 1207 | ]
65 kD -| M SN occludn 5 = ’“100-i
2 351004 23 °
QS hudiit =
= g ¢ 80 -~
35 kD 88™] : 88 T >
| e e |casp-3 £'5 60 3560- -
3840 - 8 2 40 °
g 2
135KD | M S S S |E-cad © 20- O 20-
0 1l — Sen &8 0
WT KD WT KD WT KD
TNF pre- TNF pre- TNF pre-
treatment = ¥ - * featment = T =~ ® dfemment~ ® 2= F
*%
C *%
|
o .
2 5 {.
o [0 -
§0\2 | u * *
B2 104 .
bE 538 &
&g 0°
£ O
L
23 cm F e w
TNF pre- WT, KD =
treatment - + - + o2
WT KD EE
STS - + - + STSs - + - + - + - + §5
7]
D o g
r—
" *%
(3] + ] *
e T 20
[OX] -
g %9
Oy *
[, Ne] b
SDQ o *
) },:,Z 10~ * % °®
(OB o
53 §8 . = -
LL‘I—'
Z3 o . % v —
TNF pre- o WT, KD
treatment - + - +
WT KD

Figure 7. TNF-induced occludin downregulation prevents apoptosis of occludin-sufficient cells. (A, B) Low-dose (0.5 ng/mL)
TNF treatment decreased occludin and caspase-3 expression in occludin-sufficient, but not occludin-deficient, cells. (C, D)
TNF pretreatment diminished apoptosis and cell loss induced by STS (C) or TNF and cycloheximide (CHX). Cleaved caspase-3
(red) and nuclei (blue) are shown. Low-dose TNF pretreatment did not affect occludin KD monolayers. Bar = 100 um (n = 3 per
group). Statistical analysis by one-way analysis of variance with Bonferroni posttest; *P < .05; *P < .01.

restored claudin-1 expression, reversed epithelial- but the extent to which occludin protein expression was
mesenchymal transformation, and prevented in vivo growth restored did correlate directly with claudin-1 mRNA content.*’
of the transformed line.*”*" The mechanisms by which Thus, in addition to our discovery of occludin-dependent
occludin reversed neoplastic transformation were not defined, caspase-3  transcription, occludin may also be a
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transcriptional activator of claudin-1 and, possibly, other
genes that regulate epithelial-mesenchymal transformation.

In hepatocellular carcinoma cell lines, occludin over-
expression has been reported to enhance caspase-3
expression and apoptotic sensitivity*® (ie, the inverse of
occludin deletion). Those studies linked occludin effects to
the C-terminal coiled-coil domain, as an occludin splice
variant lacking exon 9, which includes that domain, did not
affect apoptosis.*’ Interestingly, this region also includes the
occludin-ELL (OCEL) domain.**** ELL encodes an elonga-
tion factor that increases the catalytic rate of RNA poly-
merase II transcription; chromosomal translocations that
create a bifunctional protein by fusing ELL to an RNA po-
lymerase II, MLL, are common in acute myeloid leukemia.**
As a whole, these studies, our results, and data indicating
that a C-terminal occludin fragment enhances epithelial
apoptosis*® suggest that the occludin OCEL domain may
regulate caspase-3 transcription.

We have previously reported that the occludin OCEL
domain is essential for TNF-induced reductions in occludin
anchoring at the tight junction and subsequent endocy-
tosis.'” Although not fully characterized, it is thought that
this endocytosis results in lysosomal degradation and
reduced occludin expression in colitis.”* Our data indicate
this occludin downregulation promotes mucosal homeosta-
sis. How this effect interacts with the occludin loss induced
increases in leak pathway permeability, which has been
hypothesized to exacerbate disease, remains to be defined.

Overall, our data indicate that inflammation-associated
occludin downregulation leads to reduced caspase-3
expression and generalized apoptotic resistance. This may,
therefore, represent an adaptive mechanism that limits
epithelial damage in the context of disease. We further
speculate that, in chronic inflammation (eg, inflammatory
bowel disease), this apoptotic insensitivity might also allow
accumulation of cells with genetic defects and, in turn,
facilitate neoplastic transformation. This hypothesis will
need to be tested, but the results presented here demon-
strate that occludin downregulation has beneficial effects. It
also will be important for future studies to better define this
new relationship between tight junction molecular structure
and epithelial survival.

Supplementary Material

Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at https://doi.org/10.1053/
j-gastro.2019.07.058.
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