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Abstract
Background & Aims—Defects in the intestinal epithelial tight junction (TJ) barrier contribute
to intestinal inflammation. Tumor necrosis factor (TNF)-α induced increase in intestinal TJ
permeability contributes to the intestinal TJ barrier defect in inflammatory disorders. We
investigated the mechanisms by which TNF-α induces occludin depletion and increase in
intestinal TJ permeability.

Methods—We assessed intestinal TJ barrier function using intestinal epithelial model systems:
filter-grown Caco-2 monolayers and recycling perfusion studies of mouse small intestine.

Results—TNF-α caused a rapid increase in expression of miR-122a in enterocytes, in cultured
cells and intestinal tissue. The over-expressed miR-122a bound to a binding motif at the 3′-
untranslated region of occludin mRNA to induce its degradation; mRNA degradation depleted
occludin from enterocytes, resulting in increased intestinal TJ permeability. Transfection of
enterocytes with an anti-sense oligoribonucleotide against miR-122a blocked the TNF-α-induced
increase in enterocyte expression of miR-122a, degradation of occludin mRNA, and increase in
intestinal permeability. Overexpression of miR-122a in enterocytes using pre-miR-122a was
sufficient to induce degradation of occludin mRNA and increase in intestinal permeability.

Conclusions—TNF-α regulates intestinal permeability by inducing miR-122a-mediated
degradation of occludin mRNA. These studies demonstrate the feasibility of therapeutically
targeting miR-122a in-vivo to preserve the intestinal barrier.
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Introduction
Defective intestinal epithelial tight junction (TJ) barrier, characterized by an increase in
intestinal permeability, has been shown to be an important pathogenic factor contributing to
the development of intestinal inflammation1–5. In various inflammatory diseases of the gut,
including Crohn’s disease, ulcerative colitis, celiac disease, and number of infectious
diarrheal syndromes, the disturbance in intestinal TJ barrier allows increased antigenic
penetration, leading to an inflammatory response1, 2. The enhancement of the intestinal TJ
barrier prevents the development of intestinal inflammation or leads to a more rapid
resolution of the inflammatory disease3–5. The intracellular mechanisms that mediate the
disturbance in TJ barrier in intestinal permeability disorders remain largely undefined.

The studies from our laboratory and others have shown that an increase in myosin light
chain kinase expression and activity may be an important mechanism contributing to the
increase in intestinal TJ permeability in various inflammatory conditions of the gut6, 7.
However, the role of transmembrane TJ protein depletion in intestinal permeability disorders
remains unclear. Previous clinical studies have shown occludin levels to be markedly
decreased in intestinal permeability disorders, including in Crohn’s disease, ulcerative
colitis, and celiac disease8–10; and, it has been proposed that the decrease in intestinal
occludin level contributes to the increase in intestinal permeability. The mechanisms that
lead to occludin depletion and the role of occludin depletion as a cause of increase in
intestinal permeability remain unclear.

Tumor necrosis factor-α (TNF-α) is an essential mediator of inflammation in the gut11, 12.
TNF-α levels are markedly elevated in patients with inflammatory conditions, including
Crohn’s disease, ulcerative colitis and celiac disease. Anti-TNF-α therapy has been shown
to be effective in inducing remission in patients with severe active Crohn’s disease and
ulcerative colitis11, 13 and refractory celiac disease14. In addition to direct immune
activation, it has been shown that an important pro-inflammatory action of TNF-α is to
cause an increase in intestinal TJ permeability, which allows increased intestinal penetration
of luminal antigens6, 7, 15, 16. Previous studies have shown that the enhancement of intestinal
TJ barrier prevents the cytokine mediated development of intestinal inflammation and
diarrhea3, 16–18. In this regard, understanding the mechanisms that mediate the TNF-α
induced increase in intestinal TJ permeability is important in developing future therapeutic
strategies to prevent the disturbance in TJ barrier function in various inflammatory
conditions.

The major aim of this study was to elucidate the mechanisms that mediate the TNF-α
induced increase in intestinal TJ permeability using an in-vitro (consisting of filter-grown
Caco-2 monolayers) and an in-vivo (re-cycling perfusion of mouse intestine) intestinal
model systems. Herein, we describe a novel mechanism in which microRNA-122a
(miR-122a) plays a central role in the regulation of intestinal TJ permeability by targeting
occludin mRNA degradation. Our data show that TNF-α induces a rapid increase in
miR-122a expression in enterocytes; miR-122a binds to the non-coding region of occludin
mRNA and induces occludin mRNA degradation and occludin depletion, leading to an
increase in intestinal permeability.

Results
TNF-α induced increase in Caco-2 intestinal epithelial TJ permeability correlates with
occludin depletion

Transmembrane TJ proteins including occludin and claudins localize at the TJ strands and
have a role in TJ barrier function19, 20. In the following studies, the TNF-α effect on
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transmembrane protein expression was determined in filter-grown Caco-2 intestinal
epithelial monolayers. TNF-α at physiologically relevant concentration (10 ng/ml)7, 21

produced a progressive decrease in occludin protein expression starting at about 12 h (Fig.
1a). The drop in occludin expression reached the trough level by 24–48 h. TNF-α also
caused an increase in claudin-2 and -8 expression and did not affect claudin-1, -3 or -5
expression (Fig. 1a). These data suggested that the TNF-α induced depletion of occludin
protein was specific to occludin and did not apply to other TJ proteins. The TNF-α effect on
Caco-2 TJ permeability was assessed using a commonly utilized paracellular marker inulin
(MW = 5,000 g/mol)22. TNF-α produced a time-dependent increase in mucosal-to-serosal
flux of paracellular marker inulin (Fig. 1b). By 48 h, TNF-α treatment resulted in about 10-
fold increase in Caco-2 paracellular permeability to inulin (Fig. 1b). As shown in Fig. 1c,
there was a linear relationship between TNF-α induced depletion of occludin and an
increase in inulin flux, with a relative correlation coefficient of 0.99. These results suggested
a possible cause-and-effect relationship between occludin depletion and an increase in
Caco-2 TJ permeability to inulin.

TNF-α induced depletion of occludin is due to accelerated mRNA degradation
In the following studies, the intracellular mechanisms that mediated the TNF-α induced
depletion of occludin was investigated. First, the possibility that occludin depletion was due
to accelerated protein degradation was examined. TNF-α treatment did not affect Caco-2
occludin half-life as assessed by [35S]-methionine pulse-chase studies (data not shown),
suggesting that TNF-α did not accelerate occludin degradation. TNF-α caused a progressive
decrease in occludin mRNA level (Fig. 1d), suggesting a rapid mRNA degradation process.
The possibility that the decrease in occludin mRNA may be due in part to a decrease in
occludin gene activity was also examined. In these studies, occludin promoter region was
cloned into a pGL-3 basic vector, and transfected into filter-grown Caco-2 monolayers. The
TNF-α effect on occludin promoter activity was then assessed by determining luciferase
(reporter gene) activity. TNF-α treatment did not have significant effect on luciferase
activity (Fig. 1e), indicating that occludin promoter activity was not affected by TNF-α.
Together, these results suggested that TNF-α did not affect occludin promoter activity or
protein degradation but induced a rapid degradation of occludin mRNA.

MiR-122a binding to occludin 3′ untranslated region (3′UTR) regulates occludin mRNA
expression

Recent studies have shown microRNAs to play an integral role in the post-transcriptional
regulation of mRNAs23, 24. In the following studies, the possibility that miRNAs may be
involved in the post-transcriptional regulation of occludin mRNA was examined. Using 3
different bioinformatics algorithms (Mirbase, UCSC, and PicTar), miRNA binding sites on
3′UTR of occludin mRNA were determined23, 24. The PicTar algorithm, which has the
highest accuracy and sensitivity among the bioinformatics algorithms currently in use
predicted three potential miRNA binding motifs on occludin 3′UTR: miR-122a, miR-200b,
and miR-200c. The PicTar algorithm predicted with very high likelihood (98 % probability)
that miR-122a had functional activity; miR-200b (86 %) and miR-200c (91 %) were
predicted with lower probabilities. MiR-122a, miR-200b, and miR-200c were expressed in
resting Caco-2 cells. TNF-α treatment produced a rapid and dramatic increase in miR-122a
expression (Fig. 2a). By 2 h, there was about an eighty-fold increase in miR-122a level (Fig.
2a). In contrast, TNF-α had only minimal effect on miR-200b and miR-200c expression
(data not shown). In combination with the computational data, these results suggested a high
probability that miR-122a was involved in the post-transcriptional regulation of occludin
mRNA; and thus, miR-122a was selected for further analysis.
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The miR-122a binding sequence was located between 171–195 bps down-stream of occludin
stop codon in 3′UTR and a complete match in binding sequence was present (Fig. 2b). The
blast analysis revealed that the miR-122a binding site was highly conserved among
mammalian species, further supporting a functional role of miR-122a (Fig. 2b). MiRNA
induces mRNA degradation by binding to the complementary site on 3′UTR23. In the
following studies, the effect of miR-122a on occludin 3′UTR was determined. In these
studies, occludin 3′UTR was cloned into pMir-Report plasmid vector and transfected into
filter-grown Caco-2 monolayers. To simulate TNF-α induced over-expression of miR-122a,
filter-grown Caco-2 monolayers were transfected with pre-miR-122a. Pre-miR-122a
transfection resulted in a 50 to 70 fold increase in miR-122a expression (Fig. 3a). Pre-
miR-122a co-transfection with occludin 3′UTR plasmid vector inhibited the luciferase
(reporter gene) activity (Fig. 2c). The deletion of the miR-122a binding sequence on 3′UTR
prevented the pre-miR-122a inhibition of luciferase activity (Fig. 2d), suggesting that
miR-122a inhibits the luciferase activity by binding to its complementary sequence on
3′UTR.

MiR-122a expression induces occludin mRNA degradation and increase in Caco-2 TJ
permeability

In the following series of studies, we tested the hypothesis that the TNF-α increase in
miR-122a expression causes an increase in Caco-2 TJ permeability. In these studies,
miR-122a was expressed to the similar level induced by TNF-α, by transfecting pre-
miR-122a (Fig. 3a). The miR-122a over-expression caused a degradation of occludin mRNA
and decrease in occludin protein level (Fig. 3b, 3c). The increase in miR-122a expression
caused a similar increase in inulin flux rate as the TNF-α treatment (Fig. 3d). These data
indicated that the over-expression of miR-122a expression was sufficient to cause occludin
mRNA degradation and an increase in Caco-2 TJ permeability.

Anti-sense inhibition of miR-122a prevented the TNF-α induced increase in Caco-2 TJ
permeability

In the following studies, the requirement of miR-122a in TNF-α induced increase in Caco-2
TJ permeability was examined. For these studies, anti-sense oligoribonucleotide was used to
inhibit miR-122a expression. The transfection of 2′-0-methyl-modified anti-sense
oligoribonucleotide (M-ASO) directed against miR-122a resulted in an inhibition of TNF-α
increase in miR-122a expression (Fig. 4a). The M-ASO inhibition of miR-122a completely
prevented the TNF-α induced increase in inulin flux (Fig. 4b). The M-ASO inhibition of
miR-122a also prevented the TNF-α induced decrease in occludin mRNA and protein
expression (Fig. 4c, 4d). These results indicated that the increase in miR-122a expression
was required for the TNF-α induced degradation of occludin mRNA and increase in Caco-2
TJ permeability.

TNF-α causes an increase in mouse enterocyte expression of miR-122a and an increase in
intestinal permeability in-vivo

We next examined the involvement of miR-122a in TNF-α induced increase in mouse
intestinal permeability in-vivo. In these studies, the TNF-α effect on mouse intestinal
permeability was determined by recycling perfusion of isolated segment (6 cm) of small
intestine in-vivo, using FITC-labeled dextran (10 Kd) as a paracellular marker17.
Intraperitoneal administration of TNF-α (5 μg)25 at doses used in previous in-vivo studies
produced a 20- to 30-fold increase in miR-122a expression in the intestinal tissue at 24 h
experimental period (Fig. 5a) and a corresponding decrease in intestinal tissue occludin
mRNA and protein level (Fig. 5b). TNF-α also caused an increase in small intestinal
permeability to FITC-dextran (Fig. 5c). Since intestinal tissue consists of variety of cell
types that could disproportionately affect tissue miR-122a or occludin mRNA level, laser

Ye et al. Page 4

Gastroenterology. Author manuscript; available in PMC 2013 July 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



capture microdissection (LCM) was used to isolate pure population of intestinal epithelial
cells from the intestinal mucosal surface26. The enterocytes were captured by 7.5 μM
diameter laser beam (pulsed at duration of .5 msec)26. TNF-α caused an increase in
miR-122a (Fig. 5d) expression and a decrease in occludin mRNA level (Fig. 5e) in the
enterocytes. These in-vivo studies indicated that the TNF-α induced increase in intestinal
permeability was associated with an increase in enterocyte miR-122a expression and a
decrease in occludin level.

MiR-122a over-expression is sufficient to cause an increase in mouse small intestinal
permeability in-vivo

To determine whether miR-122a over-expression in-vivo is sufficient to induce an increase
in intestinal permeability, mouse intestinal mucosal surface was transfected with pre-
miR-122a as decribed in the Methods. In brief, about 6 cm segment of small intestinal
mucosal surface was transfected with pre-miR-122a in-vivo, and the effect of pre-miR-122a
transfection on intestinal permeability determined 3 days after transfection (see Fig. 6a for
the diagram of the experimental set-up). Pre-miR-122a transfection in-vivo resulted in an
increase in miR-122a expression in mouse enterocytes (Fig. 6b) and an increase in mouse
intestinal permeability (Fig. 6c). The pre-miR-122a transfection also caused a decrease in
occludin mRNA and protein level (Fig. 6d, 6e). These results indicated that miR-122a over-
expression was sufficient to cause an increase in intestinal permeability.

Anti-sense inhibition of miR-122a expression inhibits the TNF-α induced increase in
intestinal permeability in-vivo

To provide the proof-of-concept that miR-122a can be targeted in-vivo to preserve the
intestinal epithelial barrier, we examined the effect of M-ASO inhibition of miR-122a on
TNF-α induced increase in mouse intestinal permeability. In these studies, mouse intestinal
mucosal surface was transfected with M-ASO directed against miR-122a in-vivo. M-ASO
transfection in-vivo inhibited the TNF-α induced increase in miR-122a expression in mouse
enterocytes and prevented the TNF-α induced increase in intestinal permeability (Fig. 7a,
7b). M-ASO transfection also prevented the decrease in enterocyte occludin mRNA
expression (Fig. 7c). These results indicated that M-ASO inhibition of miR-122a expression
inhibits the TNF-α induced increase in intestinal permeability.

Discussion
Defective intestinal epithelial TJ barrier, leading to increased antigenic penetration, is an
important pathogenic mechanism contributing to the development of intestinal inflammation
in various intestinal permeability disorders1–3. Previous studies indicated that the
enhancement of the TJ barrier prevents the development of intestinal inflammation3–5.
Elucidation of the intracellular mechanisms that lead to intestinal TJ barrier disruption is
essential in developing future therapeutic strategies to induce re-tightening of the TJ
barrier3. Herein we describe a novel, physiologically relevant mechanism of intestinal TJ
barrier regulation. Our data show that miR-122a plays a central role in the TNF-α
modulation of intestinal TJ barrier. TNF-α caused a rapid increase in miR-122a level in
filter-grown Caco-2 monolayers; and anti-sense inhibition of miR-122a prevented the
increase in Caco-2 TJ permeability, indicating that the increase in miR-122a was required
for the increase in TJ permeability. The in-vivo intestinal perfusion studies also confirmed
that the TNF-α induced increase in mouse intestinal permeability was mediated by an
increase in enterocyte miR-122a expression; and that over-expression of miR-122a was
sufficient to induce an increase in mouse intestinal permeability. These studies demonstrated
that miR-122a expression was an essential intracellular process mediating the TNF-α
induced increase in intestinal TJ permeability.
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MiRNAs are small RNA molecules that bind to the non-coding region of mRNA and
regulate mRNA activity by inducing mRNA degradation or suppressing mRNA
activity23, 24. MiRNAs are an essential component of transcriptional output of genomes of
both animals and plants and they serve as an important regulator of biological response23, 24.
MiRNAs regulate thousands of protein-coding genes23, 24; however, the vast majority of
miRNA regulated protein-coding genes have yet to be identified. Our data show that
miR-122a regulates intestinal TJ permeability by targeting occludin mRNA degradation.
The bioinformatics data indicated a perfect complementary match with miR-122a binding
sequence on occludin 3′UTR, predicting 98 % likelihood of functional activity. TNF-α
caused a dramatic increase (~80-fold increase) in miR-122a expression. The 3′UTR studies
suggested that miR-122a binding to the binding motif on 3′UTR suppressed occludin
3′UTR. Moreover, TNF-α induced increase in miR-122a expression caused a rapid
degradation of occludin mRNA and depletion of occludin. The anti-sense inhibition of
miR-122a prevented the TNF-α induced degradation of occludin mRNA, depletion of
occludin, and increase in intestinal TJ permeability in-vitro and in-vivo, confirming that the
miR-122a induced degradation of occludin mRNA was responsible for the increase in
intestinal permeability.

The possibility that miR-122a may affect other transmembrane proteins was also considered
but bioinformatics analysis did not reveal any miR-122a binding sequence on 3′UTR of
claudins or JAM family of proteins. Our data also indicated that the TNF-α induced
depletion of occludin was protein specific and did not extend to other transmembrane TJ
proteins. TNF-α caused an increase in claudin-2 and claudin-8 expression and did not affect
expression of claudin-1, claudin-3, or claudin-5. Since increase in claudin-8 expression
causes an enhancement in TJ barrier27, the increase in claudin-8 levels could not have
contributed to the observed increase in TJ permeability. Claudin-2 has been shown to be an
important component of the TJ pore pathway, which is responsible for flux of ions and small
solutes having molecular radius < 4 Å28. The pore pathway is functional under physiological
conditions. Although unlikely, the possibility that the increase in claudin-2 expression may
have contributed to the increase in inulin flux (molecular radius = 15 Å) was also
considered. However, siRNA induced silencing of claudin-2 expression did not affect the
TNF-α induced increase in inulin flux (data not shown), indicating that claudin-2 expression
was not involved in the increase in inulin flux.

Occludin was the first transmembrane TJ protein to be discovered29. Previous studies have
firmly established the role of occludin in TJ barrier function. Earlier studies have shown
occludin to be localized at the TJ strands and that over-expression of occludin in fibroblasts
conferred an adhesive property to these cells19, 30. Occludin over-expression in MDCK cells
resulted in an increase in TJ strand and barrier function31; and decrease in occludin level
correlated with a loss of TJ barrier function32. Although occludin knock-out mice did not
appear to have obvious defect in TJ barrier function33, the studies were limited to a single
time point in mature mice and compensatory or adaptive changes could not be ruled out.
More recent studies have shown that occludin knock-down in intestinal epithelial cells in-
vitro and in-vivo leads to an increase in intestinal TJ permeability via a non-restrictive or
“leak” pathway and that occludin depletion leads to a preferential increase in flux of
macromolecules34.

A noteworthy technological advance of the present study is the successful transfection of
mouse enterocytes with pre-miR-122a in-vivo to induce over-expression of miR-122a and
cause an increase in intestinal permeability. These studies also show the feasibility of
selectively transfecting mouse enterocytes with anti-sense oligoribonucleotide in-vivo to
inhibit the miR-122a mediated degradation of occludin mRNA and increase in intestinal
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permeability. As far as we are aware, this is the first report demonstrating the feasibility of
enterocyte transfection of miRNA and M-ASO in-vivo to affect physiological activity.

In conclusion, in this report we describe a novel, physiologically relevant mechanism of
intestinal epithelial TJ barrier regulation in vitro and in-vivo (Fig. 7d). Our data show for the
first time that the TNF-α induced increase in intestinal epithelial TJ permeability was
regulated by an increase in miR-122a expression. TNF-α induces a rapid increase in
miR-122a expression in enterocytes; miR-122a binds to occludin 3′UTR and induces a
degradation of occludin mRNA, leading to occludin depletion in enterocytes and an increase
in TJ permeability. Our results also show the feasibility of targeting enterocyte miR-122a
expression in-vivo to modulate intestinal permeability. Since defective intestinal TJ barrier
has been shown to be an important pathogenic factor contributing to the development of
intestinal inflammation3, elucidation of the intracellular and molecular targets that mediate
intestinal TJ barrier has important future therapeutic implications. Mir-122a, as described
here, represents a potential therapeutic target to induce re-tightening of intestinal TJ barrier
in intestinal permeability disorders.

MATERIALS and METHODS
Cell cultures

Caco-2 cells were maintained in a culture medium as previously described7. The cells were
subcultured by partial digestion with 0.25 % trypsin and 0.9 mmol/l EDTA in Ca2+-free and
Mg2+-free PBS.

Cloning
Construction of occludin promoter reporter was carried out using the pGL-3 basic luciferase
reporter vector. The primers used and PCR condition were as previously described35.
Construction of occludin 3′UTR reporter was carried out using the pMIR-REPORT reporter
vector. The primers used for cloning occludin 3′UTR are: ocln3′UTR1 5′-
CGAGCTCAAGGCTGATGCCAAGTTGTTTGAG-3′; ocln3′UTR2 5′-
CCCAAGCTTACAGAGGAGGCTGGTAGATCATCA-3′. Deletion construct of miR-122a
binding site was performed by using the GeneTailor Site-Directed Mutagenesis System
(Invitrogen) following manufacturer’s protocol. The sequence was confirmed by DNA
services at University of New Mexico.

Transfection of DNA constructs and luciferase assay
Caco-2 cells were transfected using lipofectamine 2000. The experiments were carried out
48 h after transfection. Luciferase activity was determined using the duel luciferase assay kit
(Promega) as previously described36.

Western blot
Occludin protein expression from Caco-2 cells and mouse tissue was assessed by western
blot as previously described15. 10 μg of protein from each sample was loaded into a SDS-
PAGE gel. The gel was transblotted against anti-occludin antibody, and developed using the
Santa Cruz Western Blotting Luminol Reagents (Santa Cruz Biotechnology) on the Kodak
BioMax MS film (Fisher Scientific).

Determination of Caco-2 paracellular permeability
Caco-2 paracellular permeability was determined using an established paracellular marker
inulin15. Known concentrations of permeability marker (2 μM) and its radioactive tracer
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were added to the apical solution. Low concentrations of permeability marker were used to
ensure that negligible osmotic or concentration gradient was introduced.

RNA isolation and reverse transcription
Total RNA was isolated using the miRNeasy kit (Qiagen, Valencia, CA) according to the
manufacturer’s protocol. Total RNA concentration was determined by absorbance at
260/280 nm using SpectrraMax 190 (Molecular Devices). The reverse transcription (RT)
was performed using the GeneAmp Gold RNA PCR core kit (Applied Biosystems, Foster
city, CA) as previously described36.

Quantification of gene expression using real-time PCR
The real-time PCRs were performed using an ABI Prism 7900 sequence detection system
(Applied Biosystems) as previously described36. TaqMan universal PCR master mix kit was
used for determine occludin expression, and power SYBR green PCR master mix kit was
used to determine miRNA expression. GAPDH was used as an internal control. Primer sets
used for occludin and GAPDH are as previously described35. Primer sets for miR-122a,
miR-200b, and miR-200c were purchased from Applied Biosystems. For each sample, real-
time PCR reactions were performed in triplicate, and the average threshold cycle (Ct) was
calculated. Series dilution of RT reaction was used to cover different RNA expression level.
Standard curve was generated to convert the Ct to copy numbers. The average copy number
in control samples was set to 1.0. The relative expression in treated samples was determined
as a fold increase compared with control samples.

Determination of mouse intestinal permeability in-vivo
TNF-α effect on intestinal permeability in an in-vivo mouse model system was established
using a re-cycling intestinal perfusion method17. TNF-α (5 μg)25 was injected
intraperitoneally into the mouse for 24 h, a 6 cm segment of mouse small intestine was
isolated and cannulated with a small-diameter plastic tube (in an anesthetized mouse) and
continuously perfused with 5 ml Krebs-phosphate saline buffer for a 2 h perfusion period.
An external recirculating pump was used to recirculate the perfusate at a constant flow rate
(0.75 ml/min). The body temperature of the mouse was maintained at 37 °C with a
temperature-controlled warming blanket. The intestinal permeability was assessed by
measuring luminal-to-serosal flux rate of paracellular probe, FITC-labeled dextran (MW =
10,000 g/mol). The water absorption was determined by using a non-absorbable marker
sodium ferrocyanide or by measuring the difference between initial and final volume of the
perfusate17.

In-vivo transfection of miR-122a precursor and antisense
MiR-122a effect on mouse small intestinal TJ permeability was determined using the
perfusion model described above. In these studies, with the abdominal cavity open, a 6 cm
segment of mouse small intestine was isolated and cannulated with plastic tubing. The
transfection solution (0.5 ml) consisting of pre-miR-122a (25 nM) or M-ASO (25 nM) or
scramble control and lipofectamine (50 μl) was injected through a 30-gauge needle into the
lumen of small intestine and the small intestine was cannulated for 1 h. The small intestine
was then placed back into the abdominal cavity, and the abdominal cavity was closed with
sutures. The mouse was allowed to recover for three days before the permeability studies.

Laser capture microdissection
Frozen mouse tissue sections were fixed with 75 % ethanol for 30 sec; haematoxylin stained
for 20 sec; and dehydrated with 75 % ethanol, 30 sec; 95 % ethanol, 30 sec; 100 % ethanol,
30 sec; xylene, 5 min. After dehydration, sections were air dried for 5 min. The arcturus
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PixCell II system (Molecular Devices, Sunnyvale, CA) was used for microdissection. The
sections were captured using a 7.5 μM diameter laser beam typically at 80 to 100 mV power
with pulse duration of 0.5 to 1.0 ms. On average, about 500 shots were taken per cap, and
approximately 1000 cells were obtained per cap. Microdissection caps were inserted into 0.5
ml microcentrifuge tubes containing 350 μl of lysis buffer and total RNA was isolated.

Statistical Analysis
The values of experimental data were expressed as the mean ± S.E., and analyzed using
paired t test (Graph Pad Prizm 4.00 for Windows, GraphPad Software, San Diego, CA). P
values of < 0.05 were considered significant. All experiments were repeated at least three
times to ensure reproducibility.
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Figure 1.
Time course of TNF-α effect on TJ protein expression, paracellular permeability, occludin
mRNA transcription, and promoter activity in filter-grown Caco-2 monolayers. (a) Filter-
grown Caco-2 monolayers were treated with TNF-α (10 ng/ml) over 72 h experimental
period. The time-course of TJ protein expression was determined. (b) Time course of TNF-α
effect on mucosal-to-serosal inulin flux. Inulin flux of 1 is equal to 0.114 pmol/cm2-min. (c)
Graph of occludin expression versus inulin flux. The correlation coefficient of occludin
expression and inulin flux was 0.99. (d) TNF-α effect on occludin mRNA expression as
determined by real-time PCR. (e) TNF-α effect on occludin promoter activity as determined
by luciferase assay. * p < 0.005 vs control.
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Figure 2.
TNF-α effect on miR-122a expression, and effect of miR-122a over-expression on occludin
3′UTR. (a) Time course of TNF-α (10 ng/ml) effect on miR-122a expression as analyzed by
real-time PCR. (b) MiR-122a binding site on occludin 3′UTR in various mammalian
species. (c) Occludin 3′UTR region was cloned into pMIR-REPORT vector in 5′ to 3′
direction, and the effect of pre-miR-122a transfection on occludin 3′UTR was determined
by luciferase assay. (d) MiR-122a binding site was deleted by site-directed mutagenesis, and
effect of pre-miR-122a transfection on deletion construct was determined. * p < 0.01 vs
control; ** p < 0.001 vs WT transfected with pre-miR-122a.
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Figure 3.
Effect of pre-miR-122a transfection induced miR-122a over-expression on occludin mRNA
and protein expression and paracellular permeability in filter-grown Caco-2 monolayers. (a)
Effect of pre-miR-122a transfection on miR-122a expression. (b) Effect of pre-miR-122a
transfection on occludin mRNA expression. (c) Effect of pre-miR-122a transfection on
occludin protein expression. (d) Effect of pre-miR-122a transfection on Caco-2 paracellular
permeability to inulin. * p < 0.01 vs control.
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Figure 4.
Effect of anti-sense oligoribonucleotide (M-ASO) inhibition of miR-122a on TNF-α
modulation of miR-122a, inulin flux, and occludin expression in Caco-2 monolayers. (a) M-
ASO was transfected into filter-grown Caco-2 monolayer and the effect of M-ASO
transfection on TNF-α induced increase in miR-122a expression was determined. (b) Effect
of M-ASO transfection on TNF-α induced increase in inulin flux. (c) Effect of M-ASO
transfection on TNF-α induced decrease in occludin mRNA expression. (d) Effect of M-
ASO transfection on TNF-α induced decrease in occludin protein expression. * p < 0.01 vs
control. ** p < 0.001 vs TNF-α treatment.
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Figure 5.
Effect of in-vivo administration of TNF-α on intestinal expression of miR-122a and
occludin, and mouse intestinal permeability after 24 h treatment period. (a) Effect of
introperitoneal (i.p.) TNF-α (5 μg) on miR-122a expression in small intestinal tissue. (b)
Effect of i.p. TNF-α on occludin mRNA and protein expression in small intestinal tissue. (c)
Effect of i.p. TNF-α on luminal-to-serosal FITC-dextran (MW = 10,000 g/mol) flux. (d)
Effect of i.p. TNF-α on mouse enterocyte miR-122a expression. Mouse enterocytes were
isolated using LCM. (e) Effect of i.p. TNF-α on mouse enterocyte occludin mRNA
expression. * p < 0.05 vs control.
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Figure 6.
The effect of miR-122a over-expression on mouse small intestinal permeability in-vivo. (a)
Experimental design for pre-miR-122a transfection in-vivo. (b) Mouse small intestinal
mucosal surface were transfected with pre-miR-122a in-vivo. Effect of pre-miR-122a
transfection on mouse enterocyte miR-122a level in-vivo. Enterocytes were isolated from
the mucosal surface by LCM. (c) Effect of pre-miR-122a transfection on mouse intestinal
permeability in-vivo. (d) Effect of pre-miR-122a transfection on enterocyte occludin mRNA
level. (e) Effect of pre-miR-122a transfection on intestinal tissue occludin protein level. * p
< 0.01 vs control.
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Figure 7.
The effect of M-ASO inhibition of miR122a on mouse small intestinal permeability in-vivo
and the schematic of miR-122a regulation of the intestinal epithelial TJ barrier. (a) Effect of
M-ASO transfection on TNF-α induced increase in mouse enterocyte miR-122a expression
was determined. Mouse intestinal mucosal surface was transfected with M-ASO or a
scramble control in-vivo. (The “scramble” group was transfected with the transfecting
reagent and a scramble control having the same nucleotide composition as M-ASO but not
matching any known mRNA and miRNA sequences. The “reagent” group was transfected
with transfecting reagent alone.) (b) Effect of M-ASO transfection on TNF-α induced
increase in mouse intestinal permeability. (c) Effect of M-ASO transfection on TNF-α
induced decrease in mouse enterocyte occludin mRNA expression. (d) Schematic of
miR-122a regulation of intestinal TJ permeability. TNF-α induces an increase in miR-122a
expression; miR-122a binds to 3′UTR of occludin mRNA, leading to occludin mRNA
degradation, protein depletion and occludin depletion induced increase in TJ barrier
permeability. * p < 0.01 vs control. ** p < 0.01 vs TNF-α treatment.
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