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Abstract
SLC26A3 encodes a Cl−/HCO3

− ion transporter that is also known as downregulated in adenoma (DRA) and is involved in
HCO3

−/mucus formation. The role of DRA in the epithelial barrier has not been previously established. In this study, we
investigated the in vivo and in vitro mechanisms of DRA in the colon epithelial barrier. Immunofluorescence (IF) and co-
immunoprecipitation (co-IP) studies reveal that DRA binds directly to tight junction (TJ) proteins and affects the expression
of TJ proteins in polarized Caco-2BBe cells. Similarly, DRA colocalizes with ZO-1 in the intestinal epithelium. Knockdown
or overexpression of DRA leads to alterations in TJ proteins and epithelial permeability. In addition, TNF-α treatment
downregulates DRA by activating NF-кB and subsequently affecting intestinal epithelial barrier integrity. Furthermore,
overexpression of DRA partly reverses the TNF-α-induced damage by stabilizing TJ proteins. Neutralization of TNF-α in
dextran sulfate sodium (DSS)-induced colitis mice demonstrates improved the outcomes, and the therapeutic effect of the
TNF-α neutralizing mAb is mediated in part by the preservation of DRA expression. These data suggest that DRA may be
one of the therapeutic targets of TNF-α. Moreover, DRA delivered by adenovirus vector significantly prevents the
exacerbation of colitis and improves epithelial barrier function by promoting the recovery of TJ proteins in DSS-treated
mice. In conclusion, DRA plays a role in protecting the epithelial barrier and may be a therapeutic target in gut homeostasis.

Introduction

Inflammatory bowel disease (IBD) is a non-specific intest-
inal inflammatory disease with increasing incidence in
recent years [1]. Indeed, a growing body of evidence

indicates that IBD is associated with or may be secondary to
defects in the gut barrier [2]. The intestinal epithelial barrier
is composed of a layer of columnar cells that separate
internal tissues from the luminal content. The paracellular
pathway between cells are sealed by tight junctions (TJs)
and adherens junctions (AJs), which modulate the integrity
and permeability of epithelial monolayers [3, 4]. TJ dis-
ruption results in increased mucosal permeability, which
allows bacteria and toxins to pass from the lumen into the
submucosa, triggering inflammation [5]. TJ disruption is
considered as a vital event in the pathogenesis of intestinal
inflammation [6, 7], highlighting the importance of
exploring TJ protein dynamics.

DRA (downregulated in adenoma) is a Cl−/HCO3
−

exchanger encoded by the gene SLC26A3 that contributes to
intestinal fluid absorption and enterocyte acid/base balance
[8, 9]. Attention has largely focused on its ion exchange
properties. DRA anion exchange activity and expression are
both significantly decreased in IBD [10] and related animal
models [11]. Recent work suggested that the loss of DRA is
associated with decreased mucosal HCO3

− secretion,
potentially due to inflammation-induced changes in the
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crypt and villous architecture or to the effect of proin-
flammatory cytokines on epithelial ion transporters [12, 13].
We previously identified that DRA deficiency is associated
with the absence of a firmly adherent mucus layer and with
HCO3

−/mucus barrier impairment in mice. This change in
mucus layer renders SLC26A3

−/− mice susceptible to dex-
tran sulfate sodium (DSS)-induced colitis [14]. DRA was
also found to be involved in tumor suppression by main-
taining gastric mucosal integrity [15]. DRA regulation of
the intestinal epithelial barrier remains to be elucidated.

Previous work in TNF-α-overexpressing mice
(TNF+/△ARE mice) demonstrated that TJ-associated pro-
teins are altered, and DRA expression in the colon was
effected [16]. These findings led us to hypothesize that
TNF-α-induced TJ disruption occurs in part through
effects on DRA expression, ultimately exacerbating colon
inflammation. To test this hypothesis, we examined DRA
localization within TJs in a Caco-2BBe cell monolayer. In
addition, mice with DSS-induced colitis were infected
with adenovirus encoding DRA and treated with a TNF-α
monoclonal antibody (mAb). Epithelial permeability, TJ
protein expression, colitis severity, and histological
inflammation were then studied in these mice. On the basis
of these studies, we discuss the mechanism by which TNF-
α regulates DRA to further influence the intestinal epi-
thelial barrier.

Materials and methods

Ethics statement

All animal work was performed in accordance with the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals. The protocol was approved by the
Committee on the Ethics of Animal Experiments of Tongji
Medical College, and the study was monitored by the
Department of Experimental Animals of Tongji Medical
College.

Antibodies

The following antibodies were used in this study: DRA anti-
body (sc-34942, Santa Cruz Biotechnology, Dallas, TX, USA)
for immunofluorescence (IF) and co-immunoprecipitation (co-
IP); ZO-1 antibody (GTX108613, GeneTex, Irvine, CA, USA)
for IF and co-IP; occludin antibody (71–1500, Thermo Fisher
Scientific, Waltham, MA, USA); β-actin antibody (TDY051,
Beijing TDY Biotech, Beijing, China); DRA antibody
(ab83545) for western blot, ZO-1 antibody (ab190085) for
western blot, claudin 1 (ab180158), claudin 2 (ab53032) and
claudin 5 antibody (ab15106) were purchased from Abcam
(Shanghai, China).

Cell culture and treatment

Caco-2BBe cells were kindly provided by Prof. U. Seidler
(Hannover Medical School, Germany) and cultured as pre-
viously described [17]. The cells were stable for up to 25
passages (cells were not tested for longer time periods), and
all the experiments were performed within less than 25
passages. The DRA-knockdown (KD) cell line was produced
using a short hairpin RNA (shRNA) lentiviral vector plasmid
(hU6-MCS-CMV-Puromycin GV112, Genechem, Shanghai,
China). Recombinant lentivirus overexpressing DRA
(pLVX-DRA) was constructed using a lentiviral vector sys-
tem (Ubi-MCS-3FLAG-SV40-puromycin GV341, Gene-
chem, Shanghai, China). Cells were transfected at 80–90%
confluence for 12 h, and stably transfected cells were selected
with puromycin. To simulate the colonic epithelial cells
in vivo, Caco-2BBe cells were cultured for at least 1 week
under a polarized state. To determine whether NF-кB is
involved in regulating DRA expression, Caco-2BBe cells
were pretreated with 30 μM BAY-11-7082 (Med Chem
Express, USA) for 30min and then exposed to TNF-α
(100 ng/mL) for 6 h.

Immunofluorescence

Cells were fixed with 4% paraformaldehyde at room tem-
perature for 15 min and then permeabilized with 0.3%
Triton X-100 in PBS for 10 min at room temperature. For
paraffin-embedded tissue sections, routine dewaxing, rehy-
dration and antigen retrieval were performed before per-
meabilization. After permeabilization, cells or tissues were
blocked with 1% BSA in PBS for 30 min, incubated over-
night with primary antibodies diluted in 1% BSA in PBS at
4 °C, and washed 3 times with PBS. Then, the cells or
tissues were incubated with the appropriate secondary
antibody. Images were acquired at room temperature using
an Olympus laser scanning confocal microscope equipped
with a Plan Apo 60× 1.40 NA oil immersion lens and
controlled by FV1000 Viewer software (Olympus, Tokyo,
Japan) and were further processed using Imaris (Bitplane,
Concord, MA, USA).

Co-immunoprecipitation

For co-IP assays, Caco-2BBe cells were lysed on ice with
1% NP-40 lysis buffer for 30 min. After centrifugation,
supernatants were incubated overnight at 4 °C with pro-
tein G-conjugated Sepharose beads (Santa Cruz Bio-
technology, Dallas, TX, USA) and the appropriate
antibodies. The beads were then washed four times with
lysis buffer, and the precipitates were eluted with sample
buffer, separated by SDS/PAGE, and analyzed by
immunoblotting.
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Transepithelial electrical resistance (TEER)

Caco-2BBe cells were cultured on 0.4-μm 12-well hanging
cell culture inserts (Corning, NY, USA) for 21 days. A total
of 5× 105 cells were seeded in 0.5 mL of medium in the
inserts, and the basolateral chamber was filled with 1.5 mL

of medium. The medium was changed every 2 days for the
first week and then daily until analysis. Caco-2BBe cells
were pretreated with or without 100 ng/mL TNF-α (Pepro
Tech, Rocky Hill, NJ, USA) for 24 h before transepithelial
electrical resistance (TEER) measurement. Calcium- and
magnesium-free Hanks Balanced Salt Solution (HyClone,

Fig. 1 Delivery of Ad-DRA attenuates DSS-induced colitis with
improved epithelial barrier function. a Overview of the procedure.
Mice in the normal control group were allowed free access to tap
water, and the other two groups were treated orally with DSS water
(2.5%) for 7 days and then tap water for 3 days, as described in the
methods. The data for day 1 were collected before oral DSS admin-
istration. The time of recombinant purified adenovirus intervention is
indicated by the black arrow. b Disease activity index over 10 days. P
< 0.05 from day 5 to day 10, Ad/0 control vs. Ad/DRA. Statistical
significance was determined using the Holm–Sidak multiple compar-
ison test with alpha= 5.000%. c Body weight measurements over
10 days are presented as the % of original body weight (P< 0.05 from
day 6 to day 10). d Histologic scores of mice in different treatment
groups. N= 8 in the Ad/0 treatment group (one mouse died on day
10); N= 9 in the other two groups (**P< 0.01). e Intestinal perme-
ability measured by Evans blue assay. The data are presented as the
mean± SE, with 6 mice per experimental group (chosen based on
having a representative histologic score, 89.47± 5.98 vs. 128.70±

10.96 μg/g, *P< 0.05; 128.70± 10.96 vs. 387.50± 12.09 μg/g, **P<
0.01). f Colon length in each group. “a” indicates the normal group, “b”
indicates the DSS+Ad/0 group, and “c” indicates the DSS+Ad/DRA
group (7.33± 0.17 vs. 6.51± 0.26 cm, *P< 0.05; 6.51± 0.26 vs. 4.66
± 0.26 cm, **P< 0.01). The remaining colon samples are shown in
the Supplemental Information. g Representative histological images of
the distal colon (scale bar= 200 μm). h Ultrastructure micrographs of
TJs in the mouse colon. Scale bar= 0.5 μm. i. TJs are intact in normal
mice. II. The arrow indicates that the TJ architecture was altered, with
significantly shorter and more sparse microvilli on the free surface of
epithelial cells. III. TJs showed minor disruption and separation with
regular microvilli in the Ad-DRA-treated group. i Representative
western blots of DRA, ZO-1, occludin, claudin 2 and claudin 5 in
isolated colonic tissues. j Cytokine expression in serum at day 10.
Serum cytokine levels were analyzed by flow cytometry with a CBA
inflammatory kit, and the data are presented as the mean± SE of 6
mice (chosen based on having a representative histologic score). *P<
0.05, one-way ANOVA. # P< 0.05 compared with the Ad/0 group
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Logan, Utah, USA) was used to wash the cells. TEER
values were detected at 37 °C using an epithelial vol/ohm
meter (World Precision Instruments Inc., Sarasota, FL,
USA). Final values were obtained by subtracting the blank
value, and the results are expressed in Ω*cm2. All TEER
values were obtained from three independent trials per-
formed in triplicate.

Animals and experimental protocol

Male C57BL/6 mice (6–8 weeks old) were purchased from
the Department of Experimental Animals of Tongji Medical
College (Wuhan, China). The use of laboratory animals was
approved by the China Medical University Institutional
Animal Care and Use Committee. All C57BL/6 mice were
housed together for 1 week prior to the study, after which
they were randomly divided into 3 groups of 9 mice each.
Mice in the DSS control and experiment groups were given
2.5% DSS solution [2.5 g DSS powder (MW
36,000–50,000; MP Biomedicals, Solon, OH, USA) in 100
mL of drinking water] for 7 days, followed by normal water
for another 3 days, based on methods described in a pre-
vious study [18].

Gene transfer was achieved via intracolonic administra-
tion of purified mouse type 5 adenovirus harboring the
DRA gene from Hanbio Biotechnology Co., Ltd. (Shang-
hai, China). DRA delivery was achieved by intracolonic
administration of 1× 109 plaque-forming units of DRA
(Ad/DRA) or null (Ad/0) type 5 adenovirus on days 1, 3,
and 5 (Fig. 1a). The route and time course of adenovirus
administration were based on a previous study [19]. For the
second part of the animal experiment, InVivoMAb anti-
mouse TNFα (Bio X Cell, West Lebanon, NH, USA) was
given to the experimental group via intraperitoneal injec-
tion, while the DSS control group received mouse IgG1
isotype under the same conditions as a negative control. The
dosage was 0.5 mg per mouse on days 4 and 6.

To evaluate colitis severity, we assessed the disease
activity index (DAI) score daily, as described by others [20,
21]. The histologic score is the sum of the inflammation

severity, inflammation extent, and crypt damage divided by
the percentage involvement [20]. The specific methods used
to calculate the DAI and histologic score are shown in
Tables 1 and 2.

Transmission electron microscopy (TEM)

After isolation from the mice, distal colon tissues were
lavaged with 0.9% saline and then fixed with glutar-
aldehyde. The remaining tissue preparation steps were
performed by the electron microscopy center of Wuhan
University. Images were acquired using a transmission
electron microscope (Hitachi Model HT7700, Tokyo,
Japan).

Assessment of intestinal permeability

Epithelial permeability was assayed using the Evans blue
(EB; Sigma-Aldrich Corp, St. Louis, MO, USA) method, as
described previously [22–24]. Because EB may influence
the detection of cytokines in serum, the distal small intestine
of mice in each group was incised to investigate intestinal
permeability to EB. The small intestinal epithelium is the
first to be affected in DSS-induced colitis [23, 25] and is
therefore appropriate for permeability measurements. The
EB results are expressed in μg EB/g intestinal tissue.

Table 1 Scoring of disease activity index (DAI)

Score Weight loss (%) Stool consistencya Occult/gross bleeding

0 None Normal Normal

1 1–5

2 5–10 Loose stools Hemoccult +

3 10–15

4 >15 Diarrhoea Gross bleeding

The DAI value is calculated as the sum of scores of % weight loss,
stool consistency and blood in feces
a Normal stools: pellets shape; loose: pasty stools, which do not stick
to the anus; diarrhoea: liquid stools that stick to the anus

Table 2 Histologic scoring

Feature scored Score Description

Severity of inflammation 0 None

1 Mild

2 Moderate

3 Severe

Extent of inflammation 0 None

1 Mucosa

2 Mucosa and submucosa

3 Transmural

Crypt damage 0 None

1 Basal 1⁄3 damaged

2 Basal 2⁄3 damaged

3 Crypts lost; surface epithelium
present

4 Crypts lost and surface epithelium
lost

Percentage involvement 0 0%

1 1–25%

2 26–50%

3 51–75%

4 76–100%

Histologic scores were calculated by multiplying the score for the first
three parameters by their percentage involvement, giving a maximum
score of 40
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Cytokine analysis

At day 10, blood was collected through the eye, and the mice
were killed. Mouse cytometric bead array (CBA) inflamma-
tory kits (BD Biosciences, San Diego, CA, USA) were used
to detect the serum levels of TNF-α, interleukin (IL)-10,
IL-6, and keratinocyte-derived chemokine (KC), according to
the manufacturer’s specifications. The samples were analyzed
by flow cytometry using Flow Cytometric Analysis Program
(FCAP) Array software (BD Biosciences).

Luciferase reporter analysis

Plasmids used for functional analysis of DRA promoter
activity were constructed in the pGL3

−basic vector carrying
a luciferase reporter gene. Mutation of the critical potential
binding site of the DRA promoter was accomplished by
site-directed mutagenesis by Hanbio Biology Company
(Shanghai, China) and confirmed by sequencing. Caco-
2BBe cells were seeded in 24-well plates and transfected at
50–70% confluence. Briefly, 0.8 µg of wild-type (WT) or
mutant (MUT) pGL3-DRA and 50 ng of pRL-TK plasmid
were mixed with the diluted reagent containing Lipofecta-
mine 3000 (Thermo Fisher Scientific, Waltham, MA, USA)
and then added to the cells according to the manufacturer’s
instructions. The medium was then replaced, and the cells
were stimulated with 100 ng/mL TNF-α for 6 h prior to
processing for the luciferase assay (Promega, Madison, WI,
USA). For co-transfection experiments, the transfections

included an additional 0.5–1 µg of NF-кB expression plas-
mid (Vigene Biosciences, Rockville, MD, USA). DRA
promoter region analyses were performed using the NCBI
database. Putative binding sites for NF-кB were predicted
using the JASPAR CORE database and PROMO
(TRANSFAC 8.3).

Statistical analysis

The data are presented as the mean± SE. One-way analysis
of variance or Student’s t tests were performed to assess
the significance of differences among treatment groups.
P< 0.05 indicated statistical significance.

Results

DRA localizes to TJs in polarized Caco-2BBe cell
monolayers

To explore the physiological functions of DRA in the epi-
thelial barrier, we first examined its subcellular localization
in polarized Caco-2BBe cells. Triple IF staining revealed
that at the apical region, DRA colocalized with F-actin and
the TJ markers ZO-1 along the cell−cell borders (Fig. 2a).
Intriguingly, DRA signals were also detected at the sub-
apical region where ZO-1 staining was almost absent.
Closer inspection showed that granular DRA staining
decorated the dense F-actin networks near the cell–cell

Fig. 2 Identification of DRA as a ZO-1 binding partner along with F-
actin in TJs. a Triple staining for DRA (blue), ZO-1 (red) and F-actin
(green) in polarized Caco-2BBe cells. Single confocal planes at the
apical (top) and subapical (bottom) region are shown. Scale bar= 15
µm. b Double staining for DRA (blue) and F-actin (green) in polarized
Caco-2BBe cells. Single confocal planes at the basal region (top) and
XZ section (bottom) are shown. Scale bar= 15 µm. c Double staining

for DRA (red) and ZO-1 (green) in the normal mouse distal colon.
Scale bar= 15 µm. d Endogenous IP assays of Caco-2BBe cell lysates
showing that DRA coprecipitated with ZO-1 (left panel). Reciprocal
co-IP confirmed that DRA was present in ZO-1 immunoprecipitates
(right panel). IgG was used as a negative control

SLC26A3 and the epithelial barrier



boundary, but there was relatively less DRA/F-actin colo-
calization in this region. XZ sections of filter-grown Caco-
2BBe monolayers revealed an apical and lateral distribution
of DRA, whereas no DRA staining was detected in the basal
region (Fig. 2b). DRA also colocalized with ZO-1 in the
normal distal colon (Fig. 2c). Endogenous co-IP assays
revealed that DRA was immunoprecipitated by the ZO-1
antibody in Caco-2BBe cells. Similarly, ZO-1 was detected
in DRA immunoprecipitates (Fig. 2d). Taken together, the
data indicate that DRA is a binding partner of ZO-1 and F-
actin and localizes to TJs in polarized Caco-2BBe cells, and
this localization provides a platform for DRA at the epi-
thelial barrier.

DRA is necessary for maintaining epithelial barrier
integrity

To further characterize the role of DRA in TJs, we first
knocked down DRA in Caco-2BBe cells (Fig. 3c). After
DRA depletion, there was weaker ZO-1 staining along the
bicellular TJs, and ZO-1 was redistributed to tricellular TJs,
where residual DRA was present (arrow, Fig. 3a, i).
Unexpectedly, XZ stacks showed that ZO-1 was almost
absent from the apical region but was relocated to the lateral

region in DRA KD cells (triangle, Fig. 3a, i). Moreover,
immunoblotting revealed a reduction in ZO-1 protein
expression in DRA KD cells (Fig. 3c). In addition, IF
staining revealed that exogenously expressed DRA selec-
tively colocalized with ZO-1 along cell–cell borders in the
apical region but showed no correlation with ZO-1 in the
basal region (Fig. 3a, III). Furthermore, both immunos-
taining and immunoblotting revealed higher ZO-1 expres-
sion in DRA-overexpressing Caco-2BBe cells.

Next, we investigated the effects of DRA on other TJ
components (Fig. 3b). Intriguingly, F-actin attachment was
apparently weakened, and F-actin no longer accumulated at
the apical and lateral regions in DRA KD cells. In contrast,
the F-actin fluorescence signal intensity was stronger in
pLVX-DRA-transfected Caco-2BBe cells. Occludin stain-
ing was weaker and discontinuous after DRA depletion but
concentrated at cell–cell borders in DRA-overexpressing
Caco-2BBe cells. Moreover, both XY and XZ sections
showed higher occludin internalization in DRA KD cells
than in control or DRA-overexpressing cells (arrow,
Fig. 3b). Claudin 2 is known as a “leaking” claudin; its
upregulation contributes to a leaky gut. Increased claudin 2
expression has been found in both UC and CD patients [26].
Compared with other TJ proteins, claudin 2 showed the

Fig. 3 DRA regulates epithelial barrier integrity in vitro. a Double
staining for DRA (red) and ZO-1 (green) in DRA KD (I), control (II)
and pLVX-DRA-transfected (III) Caco-2BBe monolayers. The top and
corresponding bottom rows show projections of XY planes and XZ
sections, respectively. The images of XZ sections were taken at the
position indicated by the two white lines in the XY sections. Arrows
indicate ZO-1 redistribution from bicellular junctions to tricellular
tight junctions in DRA KD monolayers. The triangle shows that ZO-1
relocated to the lateral region in DRA KD cells. Scale bar= 15 µm. b
Immunofluorescence staining for occludin, F-actin and claudin 2 in

DRA KD, DRA-overexpressing and control Caco-2BBe cells. The top
and corresponding bottom rows show projections of XY planes and XZ
sections, respectively. The images of XZ sections were taken at the
position indicated by the white line in XY planes. Arrows indicate
DRA KD-induced occludin internalization in Caco-2BBe cells. Scale
bar: 15 µm. c Immunoblotting for DRA and TJ components, including
ZO-1, occludin, claudin 1, claudin 2 and claudin 5, in DRA KD and
DRA-overexpressing Caco-2BBe cells, as well as their respective
controls

X. Ding et al.



opposite localization pattern in DRA KD and DRA-
overexpressing Caco-2BBe cells. Alterations in TJ pro-
teins were also evaluated by immunoblotting (Fig. 3c). The
expression levels of occludin, claudin 1 and claudin 5 were
significantly lower in DRA KD cells, whereas claudin 2
expression was higher. In response to DRA overexpression,
ZO-1 and occludin levels were increased, and claudin 2
expression decreased; there were no significant changes in
claudin 1 or 5 levels.

We therefore measured TEER in DRA KD, DRA-
overexpressing and normal polarized Caco-2BBe cells.
Compared with normal cells, DRA-depleted cells showed
much lower TEER values (530.3 ± 22.75 vs. 265.7± 18.02
Ω*cm2, P< 0.01, Fig. 4d). Consistent with these results, the
TEER value in DRA-overexpressing cells was higher than

that in control cells (602.7± 12.73 vs. 524.3± 19.06
Ω*cm2, P< 0.01, Fig. 4e).

DRA overexpression strengthens the epithelial
barrier and mitigates TNF-α-induced damage

Previous work showed that DRA expression is down-
regulated in a TNF-α-overexpressing mouse model and
that TNF-α can affect the expression of TJ proteins [16].
We have also confirmed that TNF-α significantly decrea-
ses DRA expression in a dose-dependent manner over a
24-h treatment period (Unpublished). To determine whe-
ther DRA protects the epithelial barrier against TNF-α,
Caco-2BBe cells were treated with TNF-α (100 ng/mL) for
24 h.

Fig. 4 DRA overexpression strengthens the epithelial barrier, enhances
the resistance to damage by TNF-α and is associated with changes in
TEER values. a Double staining for DRA (red) and ZO-1 (green) in
DRA KD, DRA-overexpressing and control Caco-2BBe cells treated
with 100 ng/mL TNF-α for 24 h. The top and corresponding bottom
rows show projections of XY planes and XZ sections, respectively.
Arrows show that ZO-1 localization was characterized by a ring-like
appearance at points of multiple cellular contacts after TNF-α treat-
ment of control Caco-2BBe cells. Scale bar= 15 µm. b Immuno-
fluorescence staining for occludin and F-actin in DRA KD, DRA-
overexpressing and control Caco-2BBe cells. The top and corre-
sponding bottom rows show projections of XY planes and XZ sections,
respectively. The images of XZ sections were taken at the position
indicated by a white line in the XY planes. Scale bar= 15 µm. c

Immunoblotting for DRA and TJ components, including ZO-1,
occludin, claudin 1, claudin 2, and claudin 5, in DRA KD, DRA-
overexpressing and control Caco-2BBe cells after treatment with TNF-
α for 24 h. d, e TEER values in DRA KD, DRA-overexpressing and
control cells in the absence or presence of TNF-α. d Knocking down
DRA in Caco-2BBe cells significantly decreased the TEER value
compared with control Caco-2BBe cells. TNF-α treatment resulted in
lower TEER values in control shRNA cells but had no further effect on
the TEER value in DRA KD cells (#P< 0.05 compared with all other
groups). e DRA overexpression increased the TEER value compared
with the empty vector. In addition, DRA overexpression restored the
TNF-α-induced decrease in TEER value (*P= 0.0286, **P< 0.01)

SLC26A3 and the epithelial barrier



Epithelial barrier function was assessed by measuring
TEER (Fig. 4e). Upon TNF-α treatment, DRA-
overexpressing cells had a higher TEER value than cells
harboring the vector control (440.3 ± 16.25 vs. 259.0±
10.79Ω*cm2, P< 0.01). Notably, compared with normal
control cells, DRA-overexpressing cells still had a sig-
nificantly decreased TEER value after TNF-α treatment
(P< 0.05).

We then performed IF to assess the cellular distribution
of DRA and TJ proteins after TNF-α treatment. In control
Caco-2BBe cell monolayers, TNF-α treatment (100 ng/mL)
led to an almost complete disappearance of DRA at the cell
borders and slightly higher cytosolic DRA levels. Mean-
while, TNF-α induced variability in the ZO-1 profile and
resulted in reduced colocalization of ZO-1 and DRA at the
apical regions, as shown in the XY and XZ sections.
Although ZO-1 showed a ring-like appearance at points of
multiple cellular contacts (arrow, Fig. 4a), the continuity of
ZO-1 along cellular borders was not remarkably disrupted
following exposure to TNF-α for 24 h. DRA overexpression
prevented the TNF-α-induced disturbance of ZO-1 locali-
zation at cellular junctions and partially recovered ZO-1/
DRA colocalization in the apical region. To further deter-
mine whether the effect of TNF-α on ZO-1 localization was
dependent on DRA, we treated DRA KD Caco-2BBe cells
with TNF-α; the outlines of ZO-1 were significantly dis-
torted, and the continuity of ZO-1 expression was sig-
nificantly interrupted. In addition, TNF-α altered occludin
and F-actin localization, similar to the effects on ZO-1, in
control and DRA-overexpressing Caco-2BBe cells
(Fig. 4b). Notably, occludin staining in DRA KD Caco-
2BBe monolayers was weaker and discontinuous and
showed more internalization into cytoplasmic vesicles in
response to TNF-α treatment. Moreover, actin bundles were
disorganized and disappeared at the lateral regions. In
contrast, F-actin remained intact, and occludin was still
localized to apical domains in pLVX-DRA-transfected
Caco-2BBe cells treated with TNF-α.

We further investigated changes in TJ proteins by
immunoblotting (Fig. 4c). In association with the reduction
in DRA expression, the levels of ZO-1, occludin, claudin 1,
and claudin 5 were significantly decreased, whereas claudin
2 expression increased in the DRA KD group after TNF-α
treatment. TNF-α-treated DRA-overexpressing cells
showed elevated DRA, ZO-1, occludin, claudin 1, and
claudin 5 levels and decreased claudin 2 levels.

Delivery of Ad-DRA ameliorates DSS-induced
experimental colitis in mice and reduces TNF-α
levels

To determine whether DRA has potential to modulate IBD,
we evaluated this therapeutic approach in a DSS-induced

colitis model. The colitis severity and morphological para-
meters were measured over 10 days. Ad-DRA-treated mice
had significantly lower DAI scores from the 6th day of DSS
treatment onward compared with Ad-0 control mice (P<
0.05, Fig. 1b). Mice treated with Ad-DRA lost significantly
less weight (from day 6 onward, P < 0.05, Fig. 1c) and had
a significantly longer colon (P< 0.01, Fig. 1f) than Ad-0-
treated controls; colon length is regarded as an additional
macroscopic indicator of damage from colitis. On the 10th
day after initiating DSS feeding, morphological epithelial
damage was observed in the Ad-0 control group and con-
firmed by blind scoring of the colon. In the Ad-0 controls,
colonic histopathology showed a hyperplastic epithelium,
goblet cell depletion, and mononuclear cell infiltration into
the epithelium (Fig. 1g). However, Ad-DRA mice displayed
significantly less histopathologic evidence of colitis, a lower
histologic score (16.56 ± 1.62 N= 9 vs. 31.38± 1.34 N=
8, P< 0.01, Fig. 1d, g) and a relatively intact intestinal
epithelium. The intestinal permeability was determined
using Evans Blue (EB). The amount of EB that permeated
into the intestinal wall in the DSS-induced group was
387.5± 12.09 μg/g (N= 6), which was markedly higher
than that of the Ad-DRA group (128.7 ± 10.96 μg/g N= 6,
P< 0.01, Fig. 1e), suggesting mild epithelial barrier dys-
function in the Ad-DRA group. However, there was a
statistically significant difference between the normal group
(89.47 ± 6.0 μg/g, N= 6) and the Ad-DRA group
(P< 0.05). TEM was used to visualize the ultrastructure of
the epithelial barrier and TJs. Figure 1h shows an intact TJ
structure in the normal control mice. In the Ad-0 control
group, discontinuous zones were easy to find, and there was
less electron-dense material present between adjoining cells
near the brush border, indicating a disruption of normal TJ
morphology. The Ad-DRA group exhibited intensive and
regular microvilli and ameliorated TJs.

We also analyzed TJ protein expression (Fig. 1i). Ad-0
control mice displayed markedly reduced DRA, ZO-1,
occludin and claudin 5 expression but enhanced claudin 2
expression in response to DSS treatment. Compared with
Ad-0 control mice, total occludin and ZO-1 protein levels
were reduced to a significantly smaller extent in Ad-DRA
mice but were not fully restored. Ad-DRA treatment effi-
ciently prevented the effects of DSS on TJ protein levels.

We also examined whether Ad-DRA treatment was
associated with modifications in pro- and anti-inflammatory
cytokine production (Fig. 1j). Ad-0-treated animals dis-
played significantly elevated levels of TNF-α, IL-6 and KC
(all P < 0.05 compared with the normal control group). IL-
10 secretion in the normal control and Ad-0 control groups
was low with no significant difference between these two
groups (P> 0.05). However, Ad-DRA treatment dramati-
cally suppressed proinflammatory cytokine (TNF-α, IL-6
and KC) levels while increasing IL-10 expression (P< 0.05
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compared with the Ad-0 control group). No differences in
TNF-α, IL-6 and KC levels were observed between the Ad-
DRA and normal control groups (P> 0.05), indicating the
inhibition of inflammation in the Ad-DRA group.

To analyze the localization of colonic DRA, IF staining
and confocal laser scanning microscopy were performed.
Previous work clearly showed that DRA is strongly
expressed in the distal colon [27]. Therefore, we chose the
distal colon as a representative site. In normal mice, DRA
was expressed on the cell surface and colocalized with the
TJ protein ZO-1 (Fig. 5a). Intense DRA staining was typi-
cally concentrated near the apical margin of the surface
beyond F-actin in the normal colon (Fig. 5b). In Ad-0

control mice, DSS caused substantial depletion of the nor-
mal epithelium structure, along with inflammatory cell
infiltration, leading to the complete loss of ZO-1 and F-actin
staining. Delivery of Ad-DRA led to increased expression
of DRA in the epithelium and colocalization with ZO-1
compared with Ad-0 control group. The damage caused by
DSS was still observed in Ad-DRA mice but was much less
severe than that in Ad-0 control mice, as reflected by F-actin
remodeling at the epithelial cell surface. Importantly, DRA
was typically observed in epithelial cells without colocali-
zation with F-actin, and F-actin was concentrated beneath
DRA in the Ad-DRA group. We also observed single
staining of occludin and claudin 2. In normal mice, occludin

Fig. 5 Delivery of Ad-DRA stabilizes TJ proteins. a Confocal
immunofluorescence of DRA (red) and ZO-1 (green) in each group.
Nuclei were stained with DAPI (blue). Scale bar= 50 μm. DRA
colocalized with the tight junction protein ZO-1. b Confocal immu-
nofluorescence of DRA (red) and F-actin (green) in each group. Scale
bar= 50 μm. DRA was concentrated near the apical margin of the

surface, beyond F-actin, in the normal colon. In the Ad-DRA group,
DRA was typically present in epithelial cells but not colocalized with
F-actin. c Immunofluorescence staining of distal colon tissues with
occludin and claudin 2 antibodies. Scale bar= 50 μm
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was appropriately localized at the colonic epithelial apical
cell–cell contacts, which is consistent with ZO-1 localiza-
tion. In the normal control group, almost no claudin 2 signal
was detected. Ad-DRA treatment recovered occludin
staining and reduced the elevated claudin 2 levels (Fig. 5c).

Anti-TNF-α treatment prevents the loss of DRA in
DSS-induced colitis

Administration of a TNF-α mAb was effective at blocking
TNF-α in serum at day 10 (Fig. 6a, P< 0.01). Consistent
with the previous observations [18, 28], TNF-α

neutralization resulted in less severe acute colitis compared
with IgG1 isotype treatment (Supplementary Fig. 2). TNF-α
mAb treatment has been associated with more favorable
outcomes, including a lower DAI, less weight loss and a
longer colon, compared with IgG control. In addition, the
increase in intestinal permeability was significantly smaller
in TNF-α mAb-treated mice than in IgG control-treated
mice, as shown in the EB assay and electron microscopy,
suggesting an improvement in colon function and the
effectiveness of the TNF-α mAb treatment.

The previously described pattern of DRA localization
with ZO-1 and F-actin in normal mice was observed.

Fig. 6 DRA is retained in anti-TNFα-treated colitis mice and asso-
ciated with changes in TJ expression and F-actin. a Modulation of
TNF-α levels by the TNF-α mAb. The TNF-α concentration (in pg/
mL) data are presented as the mean± SE of 6 mice per group (**P<
0.01, one-way ANOVA). Intraperitoneal injection of the TNF-α mAb
on days 4 and 6 significantly neutralized TNF-α in serum. b Double
immunofluorescence staining for DRA (red) and ZO-1 (green) in
colonic tissue sections from control mice (top), DSS-treated IgG
control mice (middle) and DSS- and TNF-α mAb-treated mice (bot-
tom). DRA predominantly localized at the apical region of injured
colonic epithelial cells, and colocalization with retained ZO-1 in TNF-
α mAb-treated mice. Scale bar= 20 µm. c Immunofluorescence for

DRA and F-actin (green) in colonic tissue sections from control mice
(top), DSS-treated IgG control mice (middle) and DSS- and TNF-α
mAb-treated mice (bottom). Scale bar= 20 µm. DSS treatment caused
a dramatic reorganization of F-actin in TNF-α mAb-treated mice and
weakened the fluorescence intensity in some areas, as indicated by the
arrow. d Consistent with the immunofluorescence results, anti-TNFα
treatment resulted in higher DRA expression. The expression of TJ
proteins, including occludin and ZO-1, was significantly higher com-
pared with the IgG control group, whereas claudin 2 was not affected.
Claudin 5 expression obviously decreased in both DSS-treated groups
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However, DSS- and IgG control-treated mice displayed a
dramatic reduction in DRA staining intensity, which led to a
complete loss of colocalization with ZO-1 (Fig. 6b) and F-
actin (Fig. 6c) at the apical membrane. In contrast, TNF-α
mAb-treated mice showed a less severe decrease in DRA
staining intensity with less epithelial damage. Notably,
DRA predominantly localized at the apical region of injured
colonic epithelial cells, and colocalization with ZO-1 was
retained. DSS treatment caused a dramatic reorganization of
F-actin in TNF-α mAb-treated mice and resulted in some
regions of weakened fluorescence intensity (arrow, Fig. 6c).
DRA was still present and accumulated in the terminal web
region but did not colocalize with diffuse F-actin. Although
TNF-α mAb treatment prevented the loss of DRA, the
levels of DRA remained diminished, as manifested by
discontinuities in some areas and a reduction in membrane
staining intensity.

To extend our observations of altered TJs, we analyzed
the expression of TJ proteins by western blot. Along with
changes in IF staining, TNF-α mAb treatment prevented the

loss of DRA and the colonic TJ proteins ZO-1 and occludin.
Claudin 2 levels were increased significantly in IgG control
mice but were not much lower in TNF-α mAb-treated mice.
Much lower levels of claudin 5 were observed in both the
TNF-α mAb and IgG control groups (Fig. 6d).

NF-κB mediates the TNF-α-Induced decrease in DRA

Activation of the TNF-α/NF-кB pathway has been shown to
contribute to barrier dysfunction in IBD [29]. As shown in
Figs. 7a and 7b, BAY-11-7082 treatment attenuated the
reduction in DRA upon TNF-α stimulation and preserved
normal ZO-1 morphology compared with the DMSO con-
trol group. These results suggest that TNF-α/NF-кB sig-
naling is likely involved in regulating DRA expression. We
therefore investigated the molecular mechanisms underlying
the transcriptional modulation of SLC26A3 gene expression
by TNF-α. The databases identified one common highly
conserved consensus sequence in the DRA promoter region
(−1137 to −1128 bp), which was also mentioned by

Fig. 7 TNF-α inhibits DRA expression via the NF-кB pathway. The
results are presented as the % of control transfected cells, and the data
were obtained from 3 separate experiments. *P< 0.05 compared with
control. a Caco-2BBe cells were pretreated with BAY-11-7082 for 30
min and then treated with TNF-α (100 ng/mL) for 6 h. BAY-11-7082
treatment prevented the TNF-α-induced decrease in DRA. b Immu-
nofluorescence detection of ZO-1. In the DMSO control group, ZO-1
showed morphological changes. BAY-11-7082 treatment preserved
normal ZO-1 morphology, which implied the stabilization of TJs. c
Identification of the role of NF-кB/p65 in DRA promoter regulation.

Caco-2BBe cells were transiently transfected with the p65/control
vector (pHage), wild-type or mutant NF-кB DRA-LUC promoter
construct and the pRL-TK vector. Data were normalized to pRL-TK
activity to correct for transfection efficiency. d The NF-кB-binding site
is responsible for DRA promoter regulation in response to TNF-α.
Caco-2BBe cells were transfected with the WT or mutant NF-кB
DRA-LUC promoter construct and the pRL-TK vector and then
treated with 100 ng/mL of TNF-α for 6 h in media
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Saksena and colleagues [30]. To confirm the role of this
NF-кB-binding site in inhibiting DRA promoter activity, we
mutated this site in a DRA promoter luciferase reporter
construct (DRA-LUC; Fig. 7d). In WT DRA-LUC Caco-
2BBe cells transfected with the p65 plasmid, a significant
reduction in luciferase activity was observed compared with
transfection with the vector control (pHage) (0.54± 0.02 vs.
1.03 ± 0.04, P< 0.05). On the other hand, luciferase activ-
ity was unchanged in the MUT DRA-LUC Caco-2BBe cell
line (0.97 ± 0.02 vs. 1.04± 0.06, P> 0.05), suggesting that
this NF-кB-binding site plays an important role in regulat-
ing DRA expression (Fig. 7c). Furthermore, we examined
the effects of TNF-α on DRA promoter activity. Caco-2BBe
cells were transfected with WT or MUT DRA-LUC and
then incubated with or without TNF-α (100 ng/mL) for 6 h.
As shown in Fig. 7d, TNF-α treatment resulted in a marked
decrease in WT DRA-LUC activity (0.56± 0.03 vs. 0.93±
0.05, P< 0.05) but no significant difference in MUT DRA-
LUC activity (0.87 ± 0.05 vs. 0.95± 0.06, P> 0.05). All
results were obtained from three independent experiments,
and the data suggest that NF-кB is involved in modulating
the DRA promoter in response to TNF-α.

Discussion

Many studies have proposed therapeutic approaches for
IBD such as probiotics and peptides targeting impaired TJs

and disordered gut barrier function [31–34]. TJs consist of
transmembrane proteins, such as ZO-1 and occludin, and
the perijunctional actin cytoskeleton, which together med-
iate adhesive functions. These proteins provide the general
basis for selective paracellular permeability in epithelial
cells [35–38]. Moreover, ZO-1 was reported to be directly
associated with claudins and occluding [39]. Here we
observed the colocalization of ZO-1 and DRA as repre-
sentative of TJs.

In the present study, we investigated the influence of
DRA on the epithelial barrier and TJ protein expression, and
the mechanisms of regulation in a mouse model of acute
colitis and in Caco-2BBe cells. Caco-2BBe cells exhibit a
well-developed brush border, and they have been shown to
be polarized and structured similar to human enterocytes
in vivo [40]. In polarized Caco-2BBe cells, DRA coloca-
lized with ZO-1 directly affected the expression of TJ
proteins. These colocalization and co-IP results suggest that
DRA and ZO-1 potentially interact, which lays a foundation
for further study. In addition, we found that prolonged
treatment with high-dose TNF-α disturbed ZO-1, occludin
and F-actin expression, which correlated with DRA down-
regulation and internalization from TJ complexes. More-
over, DRA overexpression prevented the TNF-α-mediated
alteration of TJ proteins and other negative effects to a
certain extent compared with the normal control, suggesting
that overexpressing DRA strengthened the epithelial barrier
antagonized by high-dose TNF-α. In contrast, DRA KD was
associated with the disruption of TJ proteins and an
impaired epithelial barrier. These results indicate that DRA
ensures intestinal barrier function, in part through stabiliz-
ing TJs. Herein, we delineate a novel function of DRA in TJ
maintenance.

To investigate the possible mechanism by which TNF-α
decreases DRA expression, we used a dual-luciferase
reporter system to assess the effect of mutating the pre-
dicted NF-кB-binding site in the DRA promoter region. The
abnormal NF-кB activation regulated by TNF receptor
signaling was taken as evidence that this pathway con-
tributes to the pathogenic functions of TNF-α in IBD [41].
Moreover, an NF-кB inhibitor showed therapeutic effects
against colitis in mice [42]. Our research indicated that this
pathway actively regulates DRA, and sequence analysis of
the DRA promoter revealed a potential NF-кB-binding site.
We observed that mutation (−1137 to −1128 bp) of the
DRA promoter region disrupted the TNF-α-induced
reduction in DRA-LUC activity compared with the WT
control, suggesting that the TNF-α-induced inhibition of
DRA promoter activity is mediated by NF-кB. Our finding
is consistent with a recent study by Kumar et al, who also
showed that TNF-α decreases DRA expression by activat-
ing NF-кB [43]. There are indirect signaling pathways
between TNF-α and DRA. For example, the intestinal

Fig. 8 Proposed model of the potential mechanisms of TNF-α-
mediated TJ dysfunction via the inhibition of DRA gene expression in
human intestinal epithelial cells
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transcription factor CDX2 has been reported as a down-
stream target of TNF-α and a direct transcriptional activator
of the DRA promoter [44]. Numerous intracellular signaling
molecules, including protein kinases and phosphatases, are
involved in regulating TJs [45]. Although we have shown
that DRA maintains intestinal epithelial barrier integrity via
TJs, AJs were not investigated in this study. Therefore, we
cannot exclude the possibility that DRA has other targets in
addition to TJs, and further research on this topic is needed.
A schematic representation of the mechanism of TJ reg-
ulation through DRA downregulation by TNF-α/NF-кB is
shown in Fig. 8.

To determine the biological effects of DRA, we also
conducted in vivo experiments. Previous work has shown
that normal mature intestinal epithelial cells are extremely
resistant to transduction by adenovirus, whereas tissue from
IBD patients is transduced significantly more readily than
normal tissue [46]. Therefore, Ad-DRA was administered
on days 1, 3, and 5 following the initial DSS treatment.
Consistent with the in vitro data, delivery of Ad-DRA
ameliorated disease activity and reduced the loss of TJ
proteins, which protect the epithelial barrier from harmful
substances in the colonic lumen. The experimental group
showed a significant reduction in both outcomes and
ultrastructural pathology. Notably, ultrastructure observa-
tions by electron microscopy showed that the intercellular
junction was sealed in Ad-DRA mice, thus providing a
structural basis for the blockade of pathogenic factors in the
gut. Consistent with the in vitro results, Ad-DRA treatment
preserved DRA expression in colonic epithelial cells,
thereby stabilizing the TJ structure and maintaining the
epithelial barrier. Distinctive cytokine profiles have been
identified with significant correlations with disease duration
and activity [47]. Delivery of Ad-DRA reduced proin-
flammatory cytokine levels, perhaps due to the enhanced
epithelial barrier function, which could prevent harmful
factors from breaking through the epithelial barrier.

We also observed that TNF-α neutralization in mice with
colitis mitigated the loss of DRA and alleviated the epi-
thelial barrier damage (Supplementary Figure 2). Intraper-
itoneal administration of the TNF-α mAb improved colitis
in mice, as has been reported in other studies [18, 29, 30].
We observed DRA recovery in response to TNF-α mAb
treatment even before the recovery of F-actin, which sug-
gested that DRA recovers before restoration of the epithe-
lium. In other words, DRA is an intermediate event between
TNF-α mAb treatment and restoration of the epithelial
barrier. These results may highlight the protective role of
DRA in the colitis model.

Therefore, both in vivo and in vitro experiments showed
that the prevention of DRA downregulation is protective
against TNF-α-induced barrier loss. Because these two
animal studies were not performed at the same time, and the

time points and intervention methods were different, the
two therapeutic effects could not be compared. However,
we found that DRA overexpression in mice significantly
reduced diarrhea and blood in stool (Supplementary Fig. 1).
Moreover, the water content of stool (%) at the end of the
observation period (the 10th day) was significantly lower in
mice with DRA overexpression than in TNFα mAb-treated
mice (54.02 ± 1.03 vs. 64.89± 1.53%, P< 0.01). In TNF-α
mAb-treated mice, thickening and significant edema of the
intestinal wall were observed by visual inspection and
electron microscopy. In contrast, we observed shaped feces
in most tissue samples from Ad-DRA-treated mice, which
may have been due to the fluid-electrolyte absorption
function of DRA.

Because there is no effective treatment for IBD, and up
to 40% of patients exhibit primary nonresponsiveness to
anti-TNF therapy or complications [48, 49], new therapeutic
strategies are needed. The risk of undesired effects may be
lower with other specific strategies that directly target the
epithelium. However, the field of gene therapy is currently
focused on protective immune responses and cytokines, and
still presents enormous challenges regarding biosafety, tar-
get cell specificity, suitable vector systems, and delivery
methods. Nevertheless, DRA has demonstrable biological
effects in animal experiments, which may provide a basis
for future human studies.

In conclusion, our in vitro and in vivo data show that
DRA plays a role in protecting the epithelial barrier in
intestinal inflammation. The present study shows that, in
addition to participating in fluid-electrolyte absorption and
acid/base balance in the gut, as well as mucus layer barrier
formation, DRA is involved in the epithelial barrier and in
preventing the progression of inflammation. Our study
characterized a new mechanistic pathway in IBD, in which
DRA interacts with the TNF-α/NF-кB pathway by targeting
TJ proteins. The multiple roles of DRA may inform novel
therapeutic strategies for the management of IBD in the
future.
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