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Although epithelial barrier dysfunction in the gut has been extensively reported in ulcerative colitis (UC),
the pathogenesis of this disease is not completely understood. In the present study, we investigated the
role of miR-21 in regulating intestinal epithelial barrier function in UC. Colonic biopsies were obtained
from 30 chronic UC patients and 30 healthy controls. Using real-time quantitative polymerase chain reac-
tion (qQRT-PCR), we found that both the mucosal and serum levels of miR-21 were upregulated in UC. In
situ hybridization (ISH) analysis confirmed the accumulation of miR-21 in UC epithelia cells in vivo.
Immunohistochemistry, Western Blot, qRT-PCR, and ultrastructural analyses further demonstrated that
the overexpression of miR-21 in UC mucosa and Caco-2 cells impaired the integrity of the tight junctions,

resulted in a decrease of the transepithelial electrical resistance (TER) and an increase of the inulin per-
meability. Furthermore, miR-21 induced the degradation of RhoB mRNA, which led to the depletion of
RhoB and the impairment of tight junctions in intestinal epithelial cells.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Inflammatory bowel disease (IBD) is a group of chronic, idio-
pathic, relapsing, and remitting immune dysregulation disorders
of the gastrointestinal tract in genetically susceptible individuals
who are exposed to environmental risk factors [1,2]. IBD is typi-
cally classified as ulcerative colitis (UC) or Crohn’s disease (CD).
A steady increase in the incidence and prevalence of UC has oc-
curred over the past two decades [3]. Although epithelial barrier
dysfunction in the gut has been extensively reported in UC, the
pathogenesis of this disease is not completely understood [4,5].

MicroRNAs (miRNAs) are short non-coding RNAs that have
emerged as key modulators of various cellular processes at the
post-transcriptional level [6]. miR-21 is highly expressed in almost
all types of cancer and has been reported to be involved in inflam-
mation [7,8]. Sheedy et al. [7] reported that miR-21 acts as a neg-
ative regulator of Toll-like receptor 4 (TLR4) signaling by targeting
the proinflammatory protein PDCD4. Wu et al. [9] identified
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miR-21 as one of the most highly expressed miRNAs associated
with active UC. Takagi et al. [10] confirmed that miR-21 levels were
elevated in inflamed tissues. Despite several studies investigating
the role of miR-21 in IBD, the functions of miR-21 in the intestinal
epithelial barrier, which plays a pivotal role in the etiology and
pathogenesis of IBD, remain to be defined. The purpose of this
study was to investigate the role of miR-21 in regulating the func-
tion of the intestinal epithelial barrier in UC.

2. Materials and methods
2.1. Clinical samples

Between 2010 and 2011, colonic biopsies were obtained from
30 chronic UC patients (cohort 1, 7 male and 8 female patients,
mean age of 39.4 years, range of 20-65 years; cohort 2, 9 male
and 6 female patients, mean age of 48.5 years, range of 22-
67 years) from the Department of Gastrointestinal Endoscopy,
the Sixth People’s Hospital Affiliated to Shanghai Jiao Tong Univer-
sity. Biopsy specimens were collected from 30 healthy control pa-
tients (cohort 1, 8 male and 7 female patients, median age of
445 years, range of 23-67 years; cohort 2, 9 male and 6 female pa-
tients, median age of 50.7 years, range of 26-70 years) undergoing
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Table 1
Clinical characteristics of patients.
Cohort 1 Cohort 2
Control uc Control uc

Total (n) 15 15 15 15
Male/Female (n) 8/7 7/8 9/6 9/6
Age (y)
Mean 44.5 394 50.7 48.5
Range 23-67 20-65 26-70 22-67
Extent of colitis (n)
Left-sided NA 6 NA 6
Pancolitis 9 9
Disease duration (y)
Mean NA 12.6 NA 14.6
Range 6-25 5-24
Medications (n)
5-ASA 0 14 0 13
Steroid treatment 0 5 0 6
Immunomodulator 0 7 0 8
Antibiotics 0 4 0 2
Probiotics 0 8 0 8

UC, ulcerative colitis; n, number; y, year; NA, not applicable.

a colonoscopy for UC exclusion; these patients did not show
inflammation either macroscopically or microscopically. Written
consent was obtained from all subjects prior to the procedures.
The clinicopathological data included age, gender, extent of colitis,
disease duration, and medications. To maximize RNA and protein
extraction, we adopted the strategy of using two cohorts that both
included 15 healthy controls and 15 UC individuals. We performed
gRT-PCR and immunohistochemistry on the samples from cohort
1, whereas Western Blot analysis and in situ hybridization were
performed on the samples from cohort 2. The clinical characteris-
tics of each group are listed in Table 1. The Ethics Committee of
the Sixth People’s Hospital Affiliated to Shanghai Jiao Tong Univer-
sity approved this project.

2.2. Immunohistochemistry

Formalin-fixed paraffin-embedded (FFPE) colonic biopsy sec-
tions were dewaxed in xylene and rehydrated. To block endoge-
nous peroxidase activity, the slides were treated with methanol
containing 0.3% hydrogen peroxide for 10 min. After washing in
Tris buffer, the slides were incubated for 30 min at 37 °C with pri-
mary antibodies against the following proteins: RhoB (rabbit poly-
clonal, diluted 1:150; Abcam, Cambridge, UK), occludin (rabbit
monoclonal, diluted 1:150; Cell Signaling Technology, MA, USA),
and zonula occludens-1 (ZO-1, goat polyclonal, diluted 1:150; San-
ta Cruz Biotechnology, CA, USA). Peroxidase-conjugated secondary
antibodies were used for immunostaining. The peroxidase activity
was visualized using the 3, 3’-diaminobenzidine-tetrahydrochlo-
ride (DAB) chromogen/substrate kit (Abcam, Cambridge, UK). The
staining of RhoB, occludin, and ZO-1 were evaluated by two inde-
pendent investigators using bright-field light microscopy.

2.3. In situ hybridization (ISH)

The in situ detection of miR-21 was performed using 5-pm FFPE
sections of specimens from cohort 2 with a 5’-end digoxigenin-la-
beled Locked Nucleic Acid (LNA)-modified mirCURY miR-21 detec-
tion probe (Exiqon, Vedbaek, Denmark). A probe specific for U6
small nuclear RNA (Exiqon, Vedbaek, Denmark) was used as posi-
tive control. Briefly, after deparaffinization, the sections were sub-
jected to proteinase K (20 pg/ml) digestion for 20 min, and the
postfixed tissues were subsequently incubated overnight with
the probes. For immunodetection, the tissues were incubated over-
night at 4°C with anti-DIG-AP FAB fragments conjugated to

alkaline phosphatase (1/2000; Roche, Mannheim, Germany). The
final visualization was performed with nitro blue tetrazolium/5-
bromo-4-chloro-3-indolyl phosphate (NBT/BCIP, Sigma-Aldrich,
MO, USA) solution. The slides were counterstained with nuclear
fast red to visualize the nuclei. The sections were examined sepa-
rately by two independent investigators.

2.4. Cell culture

The human colonic epithelial-like cancer cell line Caco-2 was
obtained from the Cell Institute Affiliated China Science Research
Institute (Shanghai, China). The cells were maintained at a density
of 1 x 10° cells/ml in DMEM containing 10% fetal bovine serum
and a 1% antibiotic-antimycotic solution under standard cell cul-
ture conditions at 37 °C in a humidified 5% CO, incubator.

2.5. RNA oligoribonucleotides and cell transfection

miR-21 mimics, mimics control, siRNA targeting RhoB coding
sequences (siRNA-RhoB, 5-GAACTATGTGGCCGACATT-3’), and an
siRNA-RhoB  negative control (siRNA-RhoB NC, 5-TAC-
ACATGTGTGTGACACG-3') were chemically synthesized by Gene-
Pharma (Shanghai, China). Transfection was performed with the
Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA) accord-
ing to the manufacturer’s instructions. For each transfection, a final
concentration of 50 nM of RNA mimics or 100 nM of siRNA and
their respective negative controls were used.

2.6. Ultrastructural analysis

The morphological evaluation of TJs in the Caco-2 cells was per-
formed using transmission electron microscopy (TEM) analysis.
Briefly, after transfection, cells were fixed with 2% glutaraldehyde
and postfixed with 1% osmium tetroxide in PBS and incubated at
4 °C for 2 h. The samples were then placed at 4 °C overnight and
stained with 3% uranyl acetate (2 h). After passing through a series
of solutions with increasing alcohol concentration, the samples
were immersed in propylene oxide (10 min), immersed in equal
parts propylene oxide and epoxy resin (2 h), incubated overnight
in pure resin, and then embedded in resin molds at 60 °C for
2 days. Semi-thin sections (0.5 pm) stained with toluidine blue
were examined using a light microscope to pre-select the most
important areas. Lastly, ultrathin sections (80 nM) were cut using
an LKB-V (Philip, Eindhoven, Netherlands); the sections were
placed on copper grids, treated with lead citrate, and observed
and photographed using a CM-120 (Philip, Eindhoven, Nether-
lands) TEM.

2.7. Measurement of TER and FITC-inulin flux

Caco-2 cells were seeded on to 24-well transwell inserts
(Corning, NY, USA) for the assays. TER was measured by using a
Millicell-ERS electrical resistance system (Millipore, Bedford,
MA, USA). TER (Q cm?) = (Total resistance () — Blank resistance
(Q)) x Area (cm?). Paracellular flux assay was measured by incu-
bating cell monolayers in the presence of FITC-inulin (500 pg/ml,
Sigma) in the apical chamber. After 2 days incubation at 37 °C,
aliguots of the apical and basal medium were sampled, and the
fluorescence level was measured by using a spectrofluorometer
(Fluoroskan Ascent FL, Thermo Labsystem, USA). The flux of
FITC-inulin into the basal well was calculated as the percentage
of total fluorescence administered into the apical well per hour
per cm? surface area.
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2.8. Real-time RT-PCR analysis of mRNA and miRNA expression

The isolation of total RNA from serum, tissues of patients or
Caco-2 cells was performed using the Trizol reagent (Invitrogen,
Carlsbad, CA, USA) for both the miRNA and mRNA analyses.
Stem-loop quantitative PCR was performed for the analysis of ma-
ture miR-21 expression using the miScript PCR System (Qiagen,
Hilden, Germany) with the 7900 Real-Time PCR system. The rela-
tive expression was calculated by the comparative CT method
and normalized to the expression of U6 small nuclear RNA. RhoB
mRNA was quantified by qRT-PCR using the Quantitect SYBR Green
PCR Kit (Qiagen). A GAPDH endogenous control was used for nor-
malization. The relative transcript level of each gene was calcu-
lated by the change in threshold (2-22<T) method.

2.9. Western Blot analysis

The total protein from the specimens and cultured cells was ob-
tained by cell lysis using the M-PER Mammalian Protein Extraction
Reagent (Pierce Biotechnology Inc., Rockford, IL, USA). The protein
concentration was determined using the BCA protein assay kit
(Pierce Biotechnology Inc.) with BSA as the standard. The proteins
(100 pg) were separated by SDS-polyacrylamide gel electrophore-
sis and transferred onto polyvinylidene difluoride membranes
(Millipore Co., Bedford, MA, USA). After blocking with 5% non-fat
milk in TBS with 0.05% Tween-20 (TBST) at room temperature for
2 h, the membranes were incubated at 4 °C overnight with the pri-
mary antibodies. The proteins were visualized using an enhanced
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chemiluminescence Western Blot substrate (Pierce Biotechnology
Inc.). Primary antibodies against the following proteins were used:
RhoB, occludin and ZO-1. GAPDH was used as an internal control.

2.10. Statistical analysis

Quantitative variables were analyzed using the Student’s t-test
and the Mann-Whitney U test; qualitative variables were analyzed
using either the chi-square test or Fisher's test. Comparisons
among multiple groups were performed using a one-way analysis
of variables (ANOVA). The data are presented as the mean # stan-
dard deviation (SD) from at least three separate experiments. The
confidence intervals (CI) throughout the study were set at 95%. A
two-sided P-value of <0.05 was regarded as statistically significant.
The statistical analyses were performed using the GraphPad Prism
software (Version 5.01, GraphPad, San Diego, CA) and the SAS Sys-
tem for Windows software (version 8.02, Cary, North Carolina,
USA).

3. Results

3.1. Both the mucosal and serum levels of miR-21 were upregulated in
patients with chronic UC

First, we sought to determine whether miR-21 is differentially
expressed under physiologic conditions and in chronic inflamma-
tion. Colon pinch biopsies were obtained from patients with
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Fig. 1. Up-regulation of miR-21 levels in the colon and serum of UC patients and healthy controls. (A) Expression levels of miR-21 assessed by qRT-PCR in UC (n = 15) and
normal colonic biopsies (n = 15). Bars, SD. *P < 0.05. (B) Expression levels of miR-21 by qRT-PCR in the serum of UC patients (n = 15) compared with that of healthy subjects
(n=15). The data are presented as box-whisker plots (box, 25-75%; whisker, 5-95%; line, median). Bars, SD. **P < 0.01. (C) Expression of miR-21 in UC and normal colonic
biopsies using ISH analysis. The positive staining of epithelial cells appears as a blue-violet color, whereas the nuclei stain red. The pictures were imaged at 20x or 40x
magnification. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Immunohistochemical and Western Blot analyses evaluating the expression of tight junction proteins. (A) Occludin and ZO-1 immunostaining of the UC colonic
tissues, the non-inflamed colonic tissues in UC, and the healthy control colonic tissues. The pictures were imaged at 20x or 40x magnification. (B) Western Blot analysis
showing representative images of the protein levels of occludin and ZO-1 in the UC and control colonic sections. The assays were performed in triplicate. Bars, SD. **P < 0.01

compared with the PBS control.

zhistologically confirmed UC and normal, healthy control individu-
als. The clinical characteristics of each group are listed in Table 1.

qRT-PCR analysis was performed using samples from cohort 1,
revealing that the expression of miR-21 was 2.4-fold (95% CI,
0.32-2.61) higher in the UC tissues than in normal colonic mucosa
(P<0.05; Fig. 1A). We also measured the levels of miR-21 in the
serum of the control subjects and compared them with those from
the patients with chronic UC. Again, there was a marked increase
(P<0.01; Fig. 1B) in the levels of miR-21 in the serum of the pa-
tients with UC.

3.2. ISH analysis for miR-21

Given the abundant expression of miR-21 in UC in cohort 1, we
sought to identify the cellular localization of miR-21 by performing
ISH on colon biopsy tissues from cohort 2 to better characterize the
molecular pathways regulated by miR-21 in disease processes.
Consistent with the results of the qRT-PCR from cohort 1, miR-21
expression was more abundant in the UC tissue, with a significant
reduction observed in the control tissue (Fig. 1C). miR-21 was pre-
dominantly expressed in the epithelial cells in chronic UC tissues,
whereas miR-21 expression appeared to be qualitatively lower in
the epithelial layer in the normal colon.

3.3. Overexpression of miR-21 in patients with UC and Caco-2 cells
impaired intestinal epithelial tight junction integrity and morphology

Immunohistochemical studies of the expression of such tight
junction proteins as occludin and ZO-1 were performed using the

15 UC samples from cohort 1. Compared to the healthy control
specimens and the non-inflamed colonic tissues in UC, we found
that the staining of occludin and ZO-1 at the intercellular junctions
was significantly weaker in the UC specimens (Fig. 2A). The Wes-
tern Blot analysis (Fig. 2B) also showed decreased protein expres-
sion of occludin and ZO-1 in the UC colonic sections, compared
to the healthy colonic tissues from cohort 2.

We next determined the effects of miR-21 on the intestinal epi-
thelial barrier function in Caco-2 cell culture assays. Caco-2 cells
were transfected with mimics of mature miR-21, and Western Blot
analysis (Fig. 3A) revealed a loss of occludin and ZO-1 compared to
the PBS or miR-21 mimics control.

At the ultrastructural level (Fig. 3B), microvilli were found on
the apical cell surface, and a reduction or change in their appear-
ance was noted in the miR-21-transfected cells. In addition, the
miR-21-transfected group exhibited an irregular widening of the
intercellular space, vacuolization, chromatin condensation, and
even epithelial apoptosis.

Epithelial permeability was performed by measuring the TER
and the FITC-inulin flux in Caco-2 cell monolayers. Transfection
of miR-21 mimics into Caco-2 cells resulted in a decrease of the
TER and an increase of the FITC-inulin flux compared with cells
transfected with control group (P < 0.01; Fig. 4C and D).

3.4. RhoB and miR-21 expression were inversely correlated in vitro and
in vivo

Because miR-21 has been widely reported to target RhoB [11-
13] and because RhoB is also involved in modulating intestinal
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Fig. 3. Overexpression of miR-21 in Caco-2 cells impaired intestinal epithelial barrier function. (A) Western Blot analysis showing representative images of the protein levels
of occludin and ZO-1 in miR-21 mimics-transfected and miR-21 mimics control-transfected Caco-2 cells and normal (PBS) Caco-2 cells. The assays were performed in
triplicate. Bars, SD. *P < 0.05 compared with the PBS control; **P < 0.01 compared with the PBS control. (B) Ultrastructural characteristics of the Caco-2 cells transfected with
PBS, miR-21 mimics control, or miR-21 mimics. The lateral surface is indicated with arrows. Bars, 1 um: 35,000x magnification; 2 um: 17,500x magnification. (C, D)
Measurement of TER and FITC-inulin flux in the Caco-2 cells transfected with PBS, miR-21 mimics control, or miR-21 mimics. The assays were performed in triplicate. Bars,

SD. *P < 0.05 compared with the PBS control.

epithelial permeability [14,15], we then assayed the protein and
mRNA levels of RhoB in colonic tissues and Caco-2 cells.

As shown by the immunohistochemical analysis (Fig. 4A) and
Western Blot analysis (Fig. 4B), the colonic RhoB protein level
was significantly decreased in the patients with UC. To confirm
that transfected miR-21 was successfully delivered into the Caco-
2 cells and that it suppressed the expression of RhoB, we evaluated
the miR-21 and RhoB mRNA and protein levels by qRT-PCR analysis
and Western Blot analysis, respectively. The results showed that
the RhoB mRNA (P < 0.01) and protein levels were inversely corre-
lated with an increased accumulation of miR-21 in the miR-21-
mimics-treated groups, compared to those transfected with PBS
or the miR-21 mimics control (Fig. 4C). Similarly, as demonstrated
by Western Blot analysis, the introduction of either miR-21 mimics
or the siRNA-mediated depletion of RhoB in Caco-2 cells caused the
downregulation of both RhoB and occludin expression (Fig. 4D).
Decreased TER by siRNA-mediated depletion of RhoB was accom-
panied by increased permeability to inulin (P <0.01; Fig. 4E and
F), in accordance with the result of miR-21-transfected group.

4. Discussion

The intestinal epithelial barrier, a delicate structure composed
of a single layer of epithelial cells, has evolved to maintain a bal-
ance between absorbing essential nutrients and preventing the en-
try of and response to hazardous substances [16]. Disruption of the
gut mucosal barrier is a hallmark of IBD that leads to permeability

defects, increased antigenic penetration, exacerbation of the
underlying immune system, and subsequent tissue damage
[5,17]. In contrast, enhancement of the TJ] barrier prevents the
development of gut inflammation [18].

There are recent reports on the role of miRNAs in the regulation
of intestinal permeability. A previous study by Ye et al. indicated
that miR-122a regulates intestinal T] permeability by targeting
occludin mRNA degradation [19]. Tang et al. reported that alco-
hol-induced miR-212 expression resulted in the disruption of the
intestinal paracellular tight junctions by down-regulating ZO-1
translation [20]. McKenna et al. confirmed in mouse models that
miRNAs play multiple important roles in the intestinal epithelium
and that loss of intestinal miRNAs causes impaired epithelial bar-
rier function, resulting in acute inflammation [21]. In the present
study, we measured the miR-21 levels in serum samples of UC pa-
tients and found an increase (P < 0.01) in the levels of miR-21, a re-
sult that is supported by the findings in peripheral blood cell
miRNAs in a study conducted by Paraskevi et al. [22]. Similar stud-
ies identifying a significant increase in miR-21 levels in the serum
of patients with pediatric CD have been reported [23]. Therefore,
circulating miRNA-21 can be regarded as a potential biomarker
with clinical utility.

We confirmed that the mucosal levels of miR-21 were upregu-
lated in patients with UC. Moreover, our results demonstrate the
association between the elevation of miR-21 and impaired intesti-
nal barrier function in patients with UC. We transfected Caco-2
cells with synthetic mimics of mature miR-21, which resulted in



Y. Yang et al./Biochemical and Biophysical Research Communications 434 (2013) 746-752 751

‘ Control\:%?

& %q Y
o

1.5

0.0

Relative RhoB protein levels

©
2
Relative RhoB protein levels
of Caco-2 cells

RhoB MR wws S = -
Occludin g v e e

GAPDH i SER G R G

Relative Occludin protein levels
of Caco-2 cells

RhoB "N S

cappy D

\ C
@
co® 8
c
©
2
3 49
2 . 3 RhoB
S > El miR-21
o
g Y
E 8
= ®
< 2
z 2
© o
£ £
m 14
23
o ** **
o —
K4 o
5 & & & _F &
% ® <°\§ & £ &
12 P & 4 Ny
& & < £
&
&
&
E 300 *
250
< h— —
£ 200
Q
G 150,
£ 100
]
50
C >
£ &
&
E)

FITC-inulin flux (%/cm2 hr)
g g ¢

o
£ &

Fig. 4. The protein levels of RhoB in colonic tissues and Caco-2 cells. (A) Immunohistochemical analysis of RhoB in UC and healthy control colonic sections. The lateral surface
is indicated with arrows. The slides were imaged at 20x or 40x magnification. (B) Western Blot analysis showing representative images of the protein levels of RhoB in the UC
and control colonic sections. The assays were performed in triplicate. Bars, SD. *P < 0.05 compared with the PBS control. (C) qRT-PCR analysis of RhoB mRNA in Caco-2 cells
transfected with PBS, miR-21 mimics, miR-21 mimics control, RhoB siRNA, or siRNA control. **P < 0.01 compared with the PBS control. (D) Western Blot analysis showing
representative images of the protein levels of RhoB and occludin in Caco-2 cells. **P < 0.01 compared with the PBS control; ***P < 0.001 compared with the PBS control. (E, F)
Measurement of TER and FITC-inulin flux in the Caco-2 cells transfected with RhoB siRNA or siRNA control. The assays were performed in triplicate. Bars, SD. *P < 0.05

compared with the siRNA control.

the loss of tight junction proteins and ultrastructural changes,
compared to the control group.

To propose a putative mechanism for the role of miR-21 in the
inhibition of intestinal barrier function, we focused on the identifi-
cation of the targets of this miRNA. We employed two different
computational programs, TargetScan (http://www.targetscan.org/
) [24] and miRanda (http://www.microrna.org/) [25], to predict
the targets of miR-21. Interestingly, RhoB, a member of the Ras
superfamily of GTPases was identified. The subfamily of Rho GTP-
ases consists of 22 members that can be divided into eight sub-
classes, all of which play important roles in the organization of
the actin cytoskeleton and cell shape [26]. In contrast to its family
members RhoA and RhoC, RhoB is known to act as a tumor sup-
pressor that affects the cell cycle, angiogenesis, and apoptosis
and regulates actin organization, cell migration, and cell adhesion
[13,27]. In addition, via a luciferase reporter assay, RhoB was re-
cently reported to be targeted by miR-21 in eight colorectal cancer
cell lines [13], hepatocellular carcinoma cell lines [11], and human
umbilical vein endothelial cells (HUVECs) [12]. Given that the RhoB
mRNA contains one conserved binding site for miR-21 within the
RhoB 3'UTR, we assayed the level of RhoB in colonic tissues and
Caco-2 cells. Our results showed that levels of RhoB were reduced

by the overexpression of miR-21 in the UC dysfunctional process.
The transfection of either miR-21 oligonucleotide or RhoB-siRNA
resulted in the decrease of the TER and an increase of the FITC-inu-
lin flux. These data strongly support that overexpression of miR-21
impairs the intestinal epithelial tight junction by targeting RhoB.

In summary, this study demonstrates that miR-21 is upregu-
lated in chronic UC. miR-21 induces the degradation of RhoB
mRNA, leading to an increase in intestinal epithelial permeability.
Circulating miRNA-21 is considered to be a potential novel bio-
marker with clinical utility, a potential that will require confirma-
tion in large validation groups.
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