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Abstract

BACKGROUND & AIMS: Defects in the epithelial tight junction (TJ) barrier contribute to 

development of intestinal inflammation associated with diseases. Interleukin 1 beta (IL1B) 

increases intestinal permeability in mice. We investigated microRNAs that are regulated by IL1B 

and their effects on expression of TJ proteins and intestinal permeability.

METHODS: We used Targetscan to identify microRNAs that would bind the 3ʹ untranslated 

region (3ʹUTR) of occluding mRNA; regions that interacted with microRNAs were predicted 

using the V-fold server and Assemble2, and 3-dimensional models were created using UCSF 

Chimera linked with Assemble2. Caco-2 cells were transfected with vectors that express 

microRNAs, analyzed by immunoblots and real-time polymerase chain reaction (PCR), and grown 

as monolayers; permeability in response to IL1B was assessed with the marker inulin. Male 

C57BL/6 mice were given intraperitoneal injections of IL1B and intestinal recycling perfusion was 

measured; some mice were given dextran sodium sulfate to induce colitis and/or gavage with an 
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antagonist to MIR200C-3p (antagomiR-200C) or the nonspecific antagomiR (control). Intestinal 

tissues were collected from mice and analyzed by histologyand real-time PCR; enterocytes were 

isolated by laser capture microdissection. We also analyzed colon tissues and organoids from 

patients with and without ulcerative colitis.

RESULTS: Incubation of Caco-2 monolayers with IL1B increased TJ permeability and reduced 

levels of occludin protein and mRNA without affecting the expression of other transmembrane 

TJ proteins. Targetscan identified MIR122, MIR200B-3p, and MIR200C-3p, as miRNAs that 

might bind to the occludin 3ʹUTR. MIR200C-3p was rapidly increased in Caco-2 cells incubated 

with IL1B; the antagomiR-200c prevented the IL1B-induced decrease in occludin mRNA and 

protein and reduced TJ permeability. Administration of IL1B to mice increased small intestinal TJ 

permeability, compared with mice given vehicle; enterocytes isolated from mice given IL1B had 

increased expression of MIR200C-3p and decreased levels of occludin messenger RNA (mRNA) 

and protein. Intestinal tissues from mice with colitis had increased levels of IL1B mRNA and 

MIR200C-3p and decreased levels of occludin mRNA; gavage of mice with antagomiR-200C 

reduced levels of MIR200C-3p and prevented the decrease in occludin mRNA and the increase 

in colonic permeability. Colon tissues and organoids from patients with ulcerative colitis had 

increased levels of IL1B mRNA and MIR200C-3p compared with healthy controls. Using 3- 

dimensional molecular modeling and mutational analyses, we identified the nucleotide bases in the 

occluding mRNA 3ʹUTR that interact with MIR200C-3p.

CONCLUSIONS: Intestine tissues from patients with ulcerative colitis and mice with colitis 

have increased levels of IL1B mRNA and MIR200C-3p, which reduces expression of occludin by 

enterocytes and thereby increases TJ permeability. Three-dimensional modeling of the interaction 

between MIR200C-3p and the occludin mRNA 3ʹUTR identified sites of interaction. The 

antagomiR-200C prevents the decrease in occludin in enterocytes and intestine tissues of mice 

with colitis, maintaining the TJ barrier.
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Introduction

Intestinal epithelial tight junctions (TJ) are the apical-most junctions and function as 

intercellular barrier against paracellular permeation of bacterial antigens and other noxious 

agents in the intestinal lumen.1–3 Defective intestinal TJ barrier is an important pathogenic 

factor contributing to the development of various inflammatory conditions of the gut, 

including inflammatory bowel disease (IBD) and necrotizing enterocolitis.4–8 Despite the 

recognized importance of defective intestinal TJ barrier or “leaky gut” in the pathogenesis of 

intestinal inflammation associated with IBD and other inflammatory diseases, there are no 

available therapeutic agents that target the TJ barrier.

Interleukin-1β (IL-1β) is ubiquitous and pluripotent proinflammatory cytokine that plays 

an essential role in the development and prolongation of intestinal inflammation in IBD 

and other inflammatory conditions.9–21 Patients with IBD have elevated levels of IL-1β and 
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IL-1β has been shown to play a crucial role in animal models of intestinal inflammation.9, 

22 Previous studies in IBD patients have shown a correlation between elevated level 

of IL-1β and decreased level of its natural antagonist IL-1ra and increased intensity 

of intestinal inflammation.10–12, 23, 24 In addition, there is a direct correlation between 

defective intestinal TJ barrier, characterized by an increase in intestinal permeability and 

a persistence of intestinal inflammation in patients with IBD.1, 2, 6 Previous studies from 

our laboratory and others have shown that IL-1β at physiologically relevant concentrations 

causes an increase in intestinal TJ permeability.9–12, 23, 25–28 The IL-1β induced increase 

in intestinal TJ permeability appeared to be mediated in part by an increase in myosin 

light chain kinase (MLCK) activity.13–15, 29–34 In previous studies, we showed that IL-1β 
causes a decrease in occludin expression in Caco-2 monolayers.10 However, the functional 

relevance of occludin depletion or the molecular mechanisms responsible for the occludin 

down-regulation remains unclear.

The major aims of this study were to determine the role of occludin depletion in IL-1β 
induced increase in intestinal TJ permeability and to delineate the molecular mechanisms 

that mediate the IL-1β induced decrease in occludin level and increase in TJ permeability, 

using both in vitro model system (consisting of filter grown Caco-2 monolayers) and in 
vivo model system (consisting of recycling intestinal perfusion of small intestine in live 

mice). Using in silico approach, we predicted microRNA (miR)-200c-3p to play a regulatory 

role in IL-1β modulation of intestinal TJ permeability by targeting occludin mRNA 

degradation. We also identified the 3-dimensional (3D) molecular docking interaction with 

the occluding messenger RNA (mRNA). Our experimental data show that IL-1β induces a 

rapid transcription of miR-200c-3p in enterocytes in vitro and in vivo; miR-200c-3p binds to 

the 3’UTR noncoding region of occludin mRNA and induces occludin mRNA degradation 

and occludin depletion, resulting in an increase in TJ permeability; and antagomiR-200c 

inhibits the dextran sulfate sodium (DSS)-induced increase in intestinal tissue miR-200c-3p, 

increase in intestinal permeability, and development of colitis.

Materials and Methods

Cell cultures

Caco-2 cells were maintained in a culture medium as previously described.10, 35 The cells 

were grown at 37˚C in a 5% CO2 environment.

Bioinformatics Analysis and In Silico 3-Dimensional Predictions

TargetScan analysis was used for initial predictions of miRNA target.36 A modified protocol 

described in Gan and Gunsalus37 was followed to determine the initial molecular docking 

interactions by secondary molecular structures of both target and miRNA. The single 

stranded fragments of both occludin 3’ untranslated region (3’UTR) interacting region (139–

145) and human miRNA-200c-3p were individually predicted for their tertiary structure 

by V-fold server38 and Assemble2; Java application was used to manipulate and create 

energy minimized models.39 Further the structures of mature miRNA-200c-3p and fragment 

picked from occludin 3’UTR region (124–146; UUGCUUUAACAUCAUCAGUAUUG) 

were subjected to tertiary structure predication and simulations by programs RASSIE and 
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RASCAL.40, 41 The 3D models were visualized in 3D viewer UCSF Chimera linked with 

Assemble2.42 The 2D structures from 3D structures were predicated for simplification by 

RNApdbee 2.0.43, 44 The target complex with initial interaction predicted by RASCAL 

software was subjected to MD simulation and trajectory analysis conducted using the 

Desmond software.45 The full system was prepared by using Maestro’s Preparation Wizard. 

The system was solvated in TIP3P water models with Sodium cations to neutralize the 

charges on the molecules and 0.15 M NaCl. A simulation box covering the whole system 

was placed with a 10 Å buffer space. The simulation was run for 2 ns at 300 K temperature 

and, standard pressure (1.01325 bar), OPLS-AA 2005 force field parameters were elected 

for utilization for both this preparation and all later simulations.45

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 described.35, 46 

Construction of 570 bp long occludin 3′UTR reporter was carried out using the pMIR-

REPORT reporter vector.35 Deletion construct of miR-200c-3p binding site were generated 

as previously described.35

Transfection of DNA Constructs

Caco-2 cells were transfected using lipofectamine 2000 as previously described by us.35, 47 

Luciferase activity was determined using the DUAL Luciferase assay kit (Promega).35, 47

Western blot and [ 35S]Methionine Pulse-Chase Experiment

Occludin protein expression from Caco-2 cells and mouse tissue was assessed by western 

blot as previously described.9, 10 Caco-2 cells were pulse-labeled with [35S] methionine and 

the time course of 35S-labelled occludin (pulse-chase) decomposition was determined.46, 48

Determination of Caco-2 Paracellular Permeability

Caco-2 paracellular permeability was determined using an established paracellular marker 

inulin.10, 49 Known concentrations of permeability marker inulin (2 μM) and its radioactive 

tracer were added to the apical solution.35

RNA Isolation and Quantification of Gene Expression Using Real-Time PCR

Total RNA was isolated using the miRNeasy kit (Qiagen, Valencia, CA) and reverse 

transcription (RT) was performed using the QuantiTect reverse transcription kit (Qiagen, 

Valencia, CA) according to manufacturer’s protocol. The real-time PCRs were performed 

using PikoReal 96 Real-Time PCR system (Thermo Scientific, Waltham, MA).

Determination of Mouse Intestinal Permeability

The laboratory animal care and use committee at the University of New Mexico and Penn 

State University approved all experimental protocols. Male C57BL/6 male mice (9–10 

weeks) were purchased from Jackson Laboratory (Bar Harbor, ME). IL-1β (5 μg) effect on 

intestinal permeability in an in vivo mouse model system was determined using recycling 

intestinal perfusion method.9, 35, 50, 51
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In Vivo Transfection of MIR-200C-3P Precursor

The in vivo miRNA and antisense transfection of intestinal epithelial cells were carried out 

as previously described.35 The transfection solution (0.5 ml) consisting of pre-miR-200c-3p 

(25 nM) or antisense of miR-200c-3p (25 nM) or scramble control and lipofectamine (50 μl) 

was injected through a 30-gauge needle into the lumen of isolated intestinal segment and the 

mucosal surface was exposed to transfection solution for 1 h.35 The mouse was allowed to 

recover for 3 days before the permeability studies were performed.35

DSS-Colitis and AntagomiR-220c Treatment

Mice received 3% DSS (36–50 KDa; MP Biomedicals, Santa Ana, CA) in autoclaved 

drinking water for 7 days.52 For anti-sense therapeutic studies, antagomiR-200c and 

nonspecific antagomiR were designed by Creative biogene, (Shirley, NY) and were 

administrated daily by oral gavage (800 mg/d) starting 2 days prior to DSS treatments and 

continued throughout DSS administration.

Laser Capture Microdissection

Frozen mouse tissue sections were fixed and processed for microdissection as previously 

described.35 On average, approximately 1000 cells were obtained per microdissection cap 

and total RNA was isolated.35

Patient Samples and Human Colon Organoids

The samples used were collected with patient consent as part of the biorepository within 

the Department of Surgery, Division of Colon and Rectal Surgery at the Pennsylvania State 

University College of Medicine. Colon organoids (colonoids) are established from donor 

biopsies and maintained in 3D culture as previously described.53, 54

Statistical Analysis

The experimental data was analyzed using paired t test (Graph Pad (La Jolla, CA) Prizm 

6.00). All experiments were repeated at least three times to ensure reproducibility.

Results

IL-1β modulation of TJ proteins

The involvement of the TJ proteins that actually form the TJ complex in mediating the IL-1β 
effect on TJ barrier remains unclear. In the following studies, we examined the possibility 

that the IL-1β induced increase in intestinal epithelial TJ permeability was mediated in 

part by an alteration in TJ protein expression. IL-1β at physiological concentration (10 

ng/ml) caused a time-dependent increase in Caco-2 TJ permeability as assessed by mucosal-

to-serosal flux of paracellular marker inulin, starting at about 24 hours (Figure 1A). The 

IL-1β treatment of filter grown Caco-2 monolayers also caused a time-dependent decrease in 

occludin expression starting at about 24 hours (Figure 1B), without affecting the expression 

of ZO-1 or other transmembrane TJ proteins known to affect the TJ barrier, including 

claudin-1, claudin-2, claudin-3, claudin-4, or claudin-5. These results suggested that the 

IL-1β increase in Caco-2 TJ permeability was associated with a decrease in occludin 
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level but not other transmembrane TJ proteins. To assess the possible cause-and-effect 

relationship, the time course effect of IL-1β on Caco-2 TJ permeability was correlated with 

Caco-2 occludin expression. There was a direct linear relationship between the level of 

IL-1β induced decrease in occludin expression and the increase in TJ permeability, with a 

correlation coefficient of 0.95331, suggesting a cause-and-effect relationship (Figure 1C).

To determine the intracellular mechanisms responsible for the decrease in occludin, we 

examined the possibility that the decrease in occludin expression was due to an accelerated 

degradation of occludin. By 35S-methionine labelling of occludin, the time course of 35S-

labelled occludin (pulse-chase) decomposition was determined. IL-1β did not affect the 

degradation rate of 35S-methionine labeled occludin (Figure 1D). Next, the possibility that 

IL-1β causes an accelerated degradation of occludin mRNA was examined by real-time 

PCR. IL-1β treatment resulted in a rapid decrease in occludin mRNA level (Figure 1E). The 

rapid time course (within 1–2h) of occludin mRNA decrease suggested that the IL-1β effect 

was due to rapid degradation and not decrease in gene activity or gene transcription. To rule 

out the possibility that IL-1β effect was due to a decrease in occludin gene activity, IL-1β 
effect on occludin promoter activity was also examined. IL-1β did not affect the occludin 

promoter activity (Figure 1F).

Bioinformatics analysis and in-silico prediction

It has been previously shown that the genes regulated by miRNAs have significantly longer 

3’UTR compared with the genes not-targeted by miRNAs.55 Occludin mRNA has a long 

3’UTR, having 1241–1276 base pairs depending on the mRNA variant.56 Using RNAfold 

Web server, we calculated the mRNA fold energy of occludin 3’UTR region to be −152.96 

kcal/mol (−0.241/base), which suggested a highly complex secondary 3’UTR structure. 

The long length and high energy state of occludin mRNA 3’UTR strongly predicted the 

susceptibility of this region for RNA interference mediated regulation. To identify the 

potential miRNAs that regulate occludin mRNA, a candidate-based approach was used with 

the Web server Targetscan.57

The Targetscan analysis identified 3 microRNAs, miR-122, miR-200b-3p, and miR-200c-3p, 

as potential candidates to bind to the occludin 3’UTR. The computer algorithm probability 

analysis based on miRNA binding interactions predicted miR-122, miR-200b-3p or 

miR-200c-3p to have over 90% probability of regulating occludin mRNA 3’UTR. The 

expression of these miRNAs (miR-122, miR-200b-3p, and mR-200c-3p) and the effect of 

IL-1β on miRNA expression were determined in filter-grown Caco-2 monolayers. IL-1β 
(10 ng/ml) caused a 15–20 fold increase in miR-200c-3p levels, 3–5 fold increase in 

miR-122, and no change in miR-200b-3p (Figure 1G). IL-1β also caused a 20-fold increase 

in precursor microRNA of miR-200c-3p, and a 4–5 fold increase in primary microRNA of 

miR-200c-3p (Figure 1H and 1I). As miR-200c-3p was rapidly and markedly up-regulated 

by IL-1β, miR-200c-3p was targeted as a likely candidate for post-transcriptional regulation 

of occludin mRNA.
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Antisense Inhibition of MIR-200C-3P

To determine the involvement of miR-200c-3p in IL-1β-induced degradation of occludin 

mRNA and the subsequent increase in Caco-2 TJ permeability, the effect of antisense 

oligoribonucleotide inhibition of miR-200c-3p was examined. For these studies, anti-

miR-200c-3p was used to silence miR-200c-3p. As shown in Figure 1G, IL-1β caused a 

rapid increase in miR-200c-3p levels. This increase was inhibited by pre-treatment with 

anti-miR-200c-3p, which binds to the complimentary binding motif on miR-200c-3p (Figure 

2A). The anti-miR-200c-3p prevented the IL-1β-induced decrease in occludin mRNA, 

occludin protein depletion and increase in Caco-2 TJ permeability (Figure 2B, 2C and 2D).

MIR-200C-3p, Occludin mRNA Degradation and Caco-2 TJ Permeability

To validate the functional role of miR-200c-3p in post-transcriptional degradation of 

occludin mRNA, miR-200c-3p was overexpressed in filter-grown Caco-2 monolayers by 

pre-miR-200c-3p transfection. The transfection of pre-miR-200c-3p resulted in an about a 

15- to 20-fold increase in miR-200c-3p (Figure 2E), a level similar to that of IL-1β effect on 

miR-200c-3p (Figure 1G). The pre-miR-200c-3p transfection resulted in a rapid degradation 

of occludin mRNA and a decrease in occludin protein level (Figure 2F and 2G). The 

pre-miR-200c-3p transfection also caused an increase in Caco-2 TJ permeability (Figure 2I). 

On the other hand, the transfection of pre-miR-122 leading to a 5-fold increase in miR-122 

did not have significant effect on inulin flux (data not shown). Next, we examined the effects 

of occludin overexpression by full-length occludin gene transfection of Caco-2 cells using 

pCMV3-C-OFPSpark expression vector.58 The occludin overexpression by occludin gene 

transfection resulted in a 60% to 70% decrease in mucosal-to-serosal flux of dextran-10kd 

(Figure 2J) and also completely inhibited the pre-miR-200c induced increase in dextran flux 

(Figure 2K).58

Il-1β Effect on Mouse Intestinal Permeability and MIR-200C-3p

The preceding studies indicated that the IL-1β induced increase in Caco-2 intestinal 

epithelial TJ permeability was regulated by miR-200c-3p induced degradation of occludin 

mRNA. In the following studies, we examined the involvement of miR-200c-3p in IL-1β 
induced increase in mouse intestinal permeability by in vivo recycling small intestinal 

perfusion.35, 50 As previously shown by us, intraperitoneal administration of IL-1β (5 μg) 

caused an increase in intestinal permeability to FITC-dextran (10kd) (Figure 3A). Because 

intestinal tissue consists of various cell types, a pure population of intestinal epithelial cells 

following IL-1β administration was obtained from the intestinal mucosal surface by laser 

capture microdissection of surface epithelial cells as previously described.35, 59 The real 

time PCR analysis of mouse enterocytes isolated from the mouse intestinal tissue confirmed 

that IL-1β administration (5 μg intraperitoneal injection) causes a marked increase in 

enterocyte miR-200c-3p, a decrease in occludin mRNA level, an increase in precursor 

miR-200c, and an increase in primary miR-200c in vivo (Figure 3B- 3E).

Antisense Inhibition of MIR-200C-3p and Mouse Intestinal Permeability

We hypothesized that the IL-1β induced increase in mouse intestinal permeability was 

also mediated by miR-200c-3p degradation of occludin mRNA and occludin depletion in 
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mouse enterocytes. The effect of in vivo mouse enterocyte anti-miR-200c-3p transfection 

on IL-1β- induced increase in mouse intestinal permeability was determined. The mouse 

small intestinal epithelial cells were selectively transfected in vivo with anti-miR-200c-3p. 
35 The in vivo anti-miR-200c-3p transfection of mouse intestinal epithelial cells inhibited 

the IL-1β induced increase in miR-200c-3p expression, decrease in occludin mRNA level 

and depletion in occludin protein (Figure 4A, 4B, 4F). Anti-miR-200c-3p transfection also 

inhibited the IL-1β induced increase in mouse intestinal permeability (Figure 4C).

MiR-200c-3p overexpression and mouse intestinal permeability

To further validate the regulatory role of miR-200c-3p in the modulation of mouse intestinal 

permeability, we next examined whether miR-200c-3p overexpression was sufficient to 

cause an increase in mouse intestinal permeability in vivo. In these studies, the effect 

of pre-miR-200c-3p transfection on mouse intestinal permeability was examined.35 The 

in vivo pre-miR-200c-3p transfection resulted in a rapid up-regulation of miR-200c-3p 

in mouse enterocytes (Figure 4D), similar to the level induced by intraperitoneal IL-1β 
administration.35 The pre-miR-200c-3p transfection also caused a decrease in mouse 

enterocyte occludin mRNA level, depletion of intestinal tissue occludin protein and increase 

in mouse intestinal permeability (Figure 4E–4G).

MIR200C-3p Expression in Murine DSS-induced Colitis and Human Ulcerative Colitis 
Tissue

The effect of murine DSS-induced colitis on intestinal tissue IL-1β and miR-200c-3p 

expression was examined. The daily administration of 3% DSS for 7 days resulted in 

an increase in colonic tissue IL-1β mRNA, an increase in miR-200c-3p and a decrease 

in occludin mRNA (Figure 5A–5C). The oral-gastric gavage of antagomiR-200c daily 

starting 2 days before and continuing throughout the DSS administration resulted in an 

inhibition of IL-1β mRNA increase, miR-200c-3p increase, and decrease in occludin mRNA 

(Figure 5D–5F). The antagomiR-200c treatment also inhibited the DSS-induced increase 

in colonic permeability, drop in body weight, and colitis (Figure 5G-I). The examination 

of human colonic tissue expression of IL-1β and miR-200c-3p levels in inflamed colonic 

tissues obtained from patients with active ulcerative colitis and from patients with normal-

appearing colonic tissue undergoing colonic resection for noninflammatory conditions 

revealed a significant increase in IL-1β mRNA and miR-200c-3p levels in the inflamed 

tissues compared to the normal colonic tissues (Figure 6A and B). In Addition, organoids 

generated from the patients with ulcerative colitis also had a marked increased expression 

of IL-1β mRNA and miR-200c-3p compared to the organoids generated from the normal 

colonic tissues (Figure 6C and D). These results showed that the colonic tissue IL-1β and 

miR-200c-3p levels are elevated in an animal model of colitis and in patients with ulcerative 

colitis, and that treatment with antagomiR-200c inhibits the DSS-induced decrease in 

occludin mRNA and the development of colitis.

In Silico Analysis of MIR200C-3p/occludin mRNA 3’UTR Molecular Interactions

Based on the in silico analysis, the occludin 3’UTR region was found to have 7mer 

pairing site and m8 seed match with miR-200c-3p. Targetscan indicated a high 3’ pairing 

score (−0.016)60, a positive seed-pairing stability score (0.062), and the positive target-site 
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abundance score of 0.013 suggested high specificity of miR-200c-3p and occludin 3’UTR 

region.61 Pct (probability of conserved targeting) score of 0.72 indicated phylogenetically 

highly conserved interaction between miR-200c-3p and occludin 3’UTR among other 

mammalian species.62

The molecular modeling studies using RASSIE and RASCAL programs and Metropolis 

Monte Carlo simulation 41 40, shows the primary event of dimerization or the initial 

“kissing” interaction between the hairpin loop of the miR-200c-3p (dimerization initiation 

site) and occludin 3’UTR (Figure 7). Figure 7C shows the 3D molecular modeling of 

the critical nucleotide bases on occludin 3’UTR responsible for the initial contact or the 

‘kissing’ interaction (labeled “kissing loop”). This 3D simulation is the closest prediction 

of the real interaction in vivo in which miR-200c-3p and occludin 3’UTR initially interact 

with each other to form the final docking complex by recruiting argonaut proteins. The 

molecular simulation shows the progressive dimer maturation following the initial “kissing” 

interaction. The pivotal importance of initially interacting bases for the formation of the 

dimer can be clearly observed in the video showing the initial kissing and the final docking 

interactions of the dimer in 3-dimension (Supplementary Video 1).

To validate the preceding 3D in silico predictions, the requirement of the predicted 

initial and final contact sites of miRNA-200c-3p and occludin 3’UTR interactions were 

interrogated in filter grown Caco-2 monolayers. In these studies, occludin 3’UTR was 

cloned into pMIR-REPORT Expression Reporter Vector System which also encodes reporter 

gene firefly luciferase and co-transfected into Caco-2 cells with pre-miR-200c-3p. Pre-

miR-200c-3p co-transfection caused a marked increase in miR-200c-3p expression and a 

decrease in luciferase transcription (Figure 3A and 7B). The deletion of the predicted 

miR-200c-3p final binding sequence (139-C, 140-A, 141-G, 142-U, 143-A, 144-U and 145-

U) on occludin 3’UTR inhibited the pre-miR-200c-3p induced decrease in transcriptional 

activity (Figure 7A and B). These results suggested that miR-200c-3p inhibits occludin 

3’UTR (or transcription activity) by binding to its complementary sequence on the occludin 

3’UTR as predicted by the Targetscan analysis (Figure 7A and B).

Next, the requirement of the predicted initial “kissing” interactions which allows 

miR-200c-3p to dock and then migrate to the final binding site on the occludin 3’UTR 

was studied. The in silico RNA-RNA tertiary complex analysis predicted 133-C, 134-A, 

135-U, 143-A, 145-U and 146-G as the initial docking site (Figure 7C). To investigate this 

possibility, the predicted nucleotide motif on occludin mRNA 3’UTR was also selectively 

mutated. The targeted mutation of the predicted bases involved in the kissing interaction 

caused a near-complete inhibition of transcriptional activity (Figure 7D), confirming that the 

kissing or docking interaction was necessary for the final miRNA/occludin 3’UTR binding 

and the subsequent mRNA degradation.

Discussion

The intestinal epithelial TJ barrier acts as an intercellular barrier against diverse range 

of microbes residing in the gut. This barrier regulates the passive paracellular permeation 

of various water soluble molecules and bacterial antigens in the intestinal lumen. The 
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TJs, which are the apical-most intercellular junctions, form a functional and physical 

barrier in-between cells to prevent paracellular penetration of luminal molecules. Defective 

intestinal TJ barrier, characterized by an increased intestinal permeability to paracellular 

markers, has been shown to play a key pathogenic role in promoting and propagating 

intestinal inflammation by allowing increased antigenic penetration.1–8 Recent studies from 

our laboratory and others have shown that transmembrane TJ protein occludin plays an 

important regulatory role in restricting the paracellular flux of large macromolecules.51, 

63–66 In contrast, claudin-2 proteins form a small channel or pore pathway that permits the 

flux of small sized molecules < 4 Å in molecular radius.67 In this study, we examined the 

role of transmembrane TJ protein occludin in IL-1β induced increase in intestinal epithelial 

TJ permeability. Herein, we show that miRNA-induced occludin depletion plays a crucial 

role in IL-1β induced increase in intestinal TJ permeability and provide a novel insight into 

the molecular interactions that mediate the occludin depletion in enterocytes in vitro and in 
vivo.

In the present study, we examined the involvement of occludin and scrutinized various 

leads in search of a novel, therapeutically relevant mechanism of intestinal TJ barrier 

regulation. Using computer algorithms and bioinformatics analysis, we identified miR-122, 

miR-200b-3p and miR-200c-3p as likely candidates to bind to occludin 3’UTR and to 

have high probability of functional activity. Our studies showed that miR-200c-3p was 

rapidly and markedly increased in response to IL-1β treatment and that miR-200c-3p plays 

a central regulatory role in IL-1β modulation of intestinal TJ permeability by targeting the 

posttranscriptional degradation of occludin mRNA. Our data showed that IL-1β causes a 

rapid increase in miR-200c-3p expression in filter-grown Caco-2 monolayers; the antisense 

inhibition of miR-200c-3p inhibited the IL-1β increase in TJ permeability, demonstrating 

the requirement of miR-200c-3p up-regulation in the increase in TJ permeability. Using live 

mice, we also showed that the IL-1β induced increase in mouse intestinal permeability 

in vivo was also regulated by an increase in miR-200c-3p. In the in vivo study, we 

also transfected pre-miR-200c-3p and anti-miR-200c-3p antisense oligoribonucleotide 

into mouse enterocytes.35 These in vivo transfection studies demonstrated that the 

overexpression of miR-200c-3p in mouse enterocytes was an essential process that causes a 

degradation of occludin mRNA and subsequent increase in intestinal permeability, and that 

antisense blocking of miR-200c-3p expression in mouse enterocytes inhibits the degradation 

of occludin mRNA and increase in mouse intestinal permeability. Thus, our results show that 

the IL-1β induced increase in miR-200c-3p expression was responsible for the degradation 

of occludin mRNA and the increase in intestinal TJ permeability. The potential clinical and 

translational application of therapeutic targeting of miR-200c-3p was also demonstrated by 

the animal and human studies showing an increase in IL-1β and miR-200c-3p expression in 

colonic tissue and organoids derived from inflamed colonic tissue of patients with ulcerative 

colitis and that antagomiR-200c treatment of mice inhibits the DSS-induced increase in 

colonic permeability and the development of colitis.

We also performed a detailed in silico analysis to predict the molecular docking interactions 

between miR-200c-3p and occludin 3’UTR, which allows miRNA to dock within the 3D 

mRNA-3’UTR molecular structure. Detailed computational analyses predicted both the 

early and the final molecular interactions. The tertiary molecular modeling studies of 
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miR-200c-3p and occludin mRNA predicted a strong compatibility and complementary 

molecular interactions that initiated the initial contact and the final docking as shown in 

Figure 7 and the movie video of the 3D molecular interactions. The in silico approach 

predicted the critical bases (133-C, 134-A, 135-U, 143-A, 145-U and 146-G) involved in 

the initial docking interaction that lead to the miRNA-mRNA complex formation. The 

site-directed mutagenesis studies of the predicted docking sites confirmed the requirement 

of the initial 3D kissing interactions to modulate the occludin mRNA 3’UTR transcriptional 

activity.

To further validate the independent regulatory function of miR-200c-3p on occludin mRNA 

degradation and TJ permeability, the sufficiency of miR-200c-3p overexpression on occludin 

mRNA and TJ barrier regulation was also demonstrated. The miR-200c-3p over-expression 

studies by pre-miR-200c-3p transfection demonstrated that miR-200c-3p overexpression by 

itself was sufficient to induce a rapid degradation of occludin mRNA and cause an increase 

in intestinal TJ permeability in live mice and also in Caco-2 monolayers. The overexpression 

of miR-200c-3p, similar to the level produced by IL-1β, had a similar functional effect 

on enterocyte occludin mRNA degradation and increase in TJ permeability. In addition, 

occludin overexpression by occludin gene transfection prevented the miR-200c-3p increase 

in Caco-2 TJ permeability. These data confirmed that the IL-1β effect on intestinal TJ 

permeability could be entirely accounted for by the increase in enterocyte miR-200c-3p 

expression and its effect on occludin mRNA. The alternative possibility that miR-200c-3p 

may also affect other transmembrane proteins was also considered, but bioinformatics 

algorithm did not identify any miR-200c-3p binding sequence on 3’ UTR regions of other 

transmembrane TJ proteins, including claudin and JAM family of proteins. As previous 

studies have shown nuclear factor (NF)-κB mediated increase in MLCK gene and protein 

expression to be important in proinflammatory mediator induced increase in intestinal TJ 

permeability68, 69, as an alternative possibility, we also considered the possible involvement 

of myosin light kinase in miR-200c-3p induced increase in TJ permeability. In our studies, 

pre-miR-200c-3p transfection did not cause an activation of NF-κB or increase in MLCK 

mRNA or protein level, ruling out this possibility (data not shown). Previous studies have 

shown occludin to be a component of the TJ strands, which provide sealing function 

at the level of TJ’s between two adjacent cells. The occludin overexpression in MDCK 

cells resulted in thicker TJ strands and improved barrier function70 and targeted occludin 

depletion correlated with a loss of TJ barrier function.71 Recent studies have shown that 

occludin knockdown in intestinal epithelial cells both in vitro and in vivo leads to an 

increased intestinal TJ permeability via a non-restrictive or “leak” pathway and that occludin 

depletion leads to a preferential increase in flux of macromolecules.51, 63–66 Our results 

described herein show for the first time that miR-200c-3p has a functional role in occludin 

mRNA degradation and occludin depletion and in regulating intestinal TJ permeability.

In conclusion, we used in silico modeling to predict potential miRNA targets and the 3D 

molecular interactions that may mediate IL-1β regulation of intestinal TJ permeability. We 

tested the in silico predictions using in vivo and in vitro models to determine the molecular 

mechanisms involved in miR-200c-3p and occludin mRNA molecular interaction and the 

subsequent IL-1β induced opening of the intestinal TJ barrier. We identified the nucleotide 

bases critical to the 3D miRNA-mRNA molecular docking process. IL-1β actuates the 
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miR-200c-3p machinery that brings about the degradation of occludin miRNA in intestinal 

epithelial cells in vitro and in vivo. MIR200C-3p binds to the occludin 3’UTR, initiating 

its degradation process, culminating in occludin depletion and increase in TJ permeability. 

Our results also demonstrate the feasibility of repressing/neutralizing miR-200c-3p in an 

animal model of IBD to protect the intestinal TJ barrier and the development of intestinal 

inflammation. Thus, our data suggest that microRNA could be a potential therapeutic target 

to preserve the intestinal TJ barrier function.
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Figure 1. 
IL-1β effect on occludin paracellular permeability, protein expression, occludin mRNA 

transcription, promoter activity and miRNA expression in filter-grown Caco-2 monolayers. 

(A,B) Time course effect of IL-1β on mucosal-to-serosal flux of inulin and occludin 

expression (C) Occludin expression vs inulin flux, the correlation coefficient of occludin 

expression and inulin flux was 0.95. (D) Filter-grown Caco-2 monolayers were treated 

with IL-1β and the time course of 35S-labelled occludin (pulse-chase) decomposition was 

determined. (E,F) Effect of IL-1β (10 ng/ml) over 2-hours on occludin mRNA expression 
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and occludin promoter activity. (G) Effect of IL-1β (10 ng/ml) over 2-hour on in silico 
predicted miRNA expression as determined by real-time PCR. (H,I) Effect of IL-1β on pre-

miRNA-200c and pri-miRNA-200c expression. *P < .001 vs control, # P < .005 vs control. 

pre-miR-200c: precursor microRNA of miR-200c-3p; pri-miR-200c: primary microRNA of 

miR-200c-3p.
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Figure 2. 
Effect of antisense ribonucleotide (ASO) inhibition of miR-200c-3p and miR-200c-3p 

overexpression on occludin mRNA, protein expression and paracellular permeability in 

filter-grown Caco-2 monolayers. Effect of anti-miR-200c-3p transfection on IL-1β induced 

increase on miR-200c-3p expression (A), decrease in occludin mRNA expression (B), 

decrease in occludin protein expression and relative occludin densitometry (C), and increase 

in inulin flux (D). Effect of pre-miR-200c-3p transfection on miR-200c-3p expression (E), 

occludin mRNA expression (F), occludin protein expression (G), and Caco-2 paracellular 
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permeability to inulin (H). Effects of occludin gene transfection on Caco-2 paracellular 

permeability to dextran 10kD (I), and pre-miR-200c induced increase in dextran 10kD flux 

(J). * P < 0.01 vs control; * * P < 0.001 vs IL-1β treatment and pre-miR-200c; OCLN+/+: 

plasmid pCMV3-OCLN-OFPSpark
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Figure 3. 
Effect of in vivo intraperitoneal administration of IL-1β (5μg) on mouse intestinal epithelial 

cell expression of miR-200c-3p and occludin mRNA and mouse intestinal permeability after 

24 h treatment period. Effect of intraperitoneal IL-1β on luminal-to-serosal FITC-dextran 

(MW = 10,000 g/mol) flux (A), mouse enterocyte miR-200c-3p expression (B), mouse 

enterocyte occludin mRNA expression (C), mouse enterocyte pre-miR-200c expression 

(D), and mouse enterocyte pri-miR-200c expression (E). Mouse enterocytes were isolated 
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using LCM. * P < 0.01 vs control. pre-miR-200c: precursor microRNA of miR-200c-3p; 

pri-miR-200c: primary microRNA of miR-200c-3p.
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Figure 4. 
The effect of anti-miR-200c-3p transfection and miR-200c-3p overexpression on mouse 

small intestinal permeability in vivo. Effect of anti-miR-200c-3p transfection on IL-1β 
induced increase in mouse enterocyte miR-200c-3p expression (A). Mouse intestinal 

mucosal surface was transfected anti-miR-200c-3p in vivo. Effect of anti-miR-200c-3p 

transfection on IL-1β induced decrease in mouse enterocyte occludin mRNA expression (B), 

and increase in mouse intestinal permeability(C). Mouse small intestinal mucosal surface 

were transfected with pre-miR-200c-3p in vivo. Enterocytes were isolated from the mucosal 
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surface by LCM. Effect of pre-miR-200c-3p transfection on mouse enterocyte miR-200c-3p 

(D), and occludin mRNA (E) expression. Effect of pre-miR-200c-3p and anti-miR-200c-3p 

transfection on intestinal tissue occludin protein expression (F), and pre-miR-200c-3p 

transfection on mouse intestinal permeability in vivo (G). * P < .01 vs control, * * P < 

.01 vs IL-1β treatment.
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Figure 5. 
The effect of murine DSS-induced colitis on cooperation between IL-1β, miR-200c-3p, 

and mouse intestinal permeability. Effect of DSS oral administration for 7 days on IL-1β 
mRNA expression (A), miR-200c-3p expression (B) and on occludin mRNA expression 

(C). The colonic perfusion of DSS mice to analyze the effect of antagomiR-200c on DSS 

induced increase in IL-1β mRNA expression (D), increase on miR-200c-3p expression (E), 

decrease in occludin mRNA expression (F), and increase in dextran 10kD flux (G). Effect 

of antagomiR-200c gavage on body weights of DSS mice (H), Histology of mice colon to 
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see the effect of antagomiR-200c, (I). *P < .01 vs control; * *P < .01 vs DSS; Histology 

scale-black bar: 20μm.
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Figure 6. 
Expression of IL-1β mRNA and miR-200c-3p in human ulcerative colitis (UC) tissue and in 

human colon organoids. IL-1β mRNA expression (A), and miR-200c-3p expression (B) in 

human ulcerative colitis (UC) tissue. Control tissues from the six non-IBD/UC individuals 

and inflamed tissues from gut of the six ulcerative colitis (UC) patients were used. IL-1β 
mRNA expression (C), and miR-200c-3p expression (D) in ulcerative colitis (UC) vs non-

IBD/UC control colon organoids. *P < .05 vs control.
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Figure 7. 
The potential molecular interactions of miRNA-200c-3p and occludin mRNA 3’UTR 

predicted by in silico bioinformatics analysis. Occludin 3’UTR region was cloned into 

pMIR-REPORT vector in 5’to 3’ direction, and the effect of pre-miR-200c-3p transfection 

on occludin 3’UTR was determined by luciferase assay. (A) Schematic representation of the 

predicted 3D final heterodimer formation of miRNA-200c-3p and occludin mRNA 3’UTR 

as predicted by bioinformatics analyses (rotated for full coverage), Red backbone represents 

the mature miR-200c-3p, blue backbone represents the occludin 3’UTR fragment (120–
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151). (B) MiR-200c-3p binding site (139-C, 140-A, 141-G, 142-U, 143-A, 144-U and 145-

U) was deleted by site-directed mutagenesis, and effect of pre–miR-200c-3p transfection 

on deletion (Del) construct was determined. (C) Schematic representation of the initial 3D 

molecular interactions between miRNA-200c-3p and occludin mRNA 3’UTR (rotated for 

full coverage), Red backbone represents the mature miR-200c-3p, blue backbone represents 

the occludin 3’UTR fragment (120–151). (D) Targeted mutation of bases involved in 

initial kissing interactions (133-C, 134-A, 135-U, 143-A, 145-U and 146-G) prevented 

pre-miR-200c-3p induced inhibition of occludin mRNA 3’ UTR activity. *P < 0.01 vs 

control, **P <0.05 vs wild type (Wt) transfected with pre–miR-200c-3p.
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