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ABSTRACT The mammalian intestinal epithelium establishes a selectively permeable
barrier that supports nutrient absorption and prevents intrusion by noxious luminal sub-
stances and microbiota. The effectiveness and integrity of the barrier function are tightly
regulated via well-controlled mechanisms. Long noncoding RNAs transcribed from ultra-
conserved regions (T-UCRs) control diverse cellular processes, but their roles in the regu-
lation of gut permeability remain largely unknown. Here we report that the T-UCR
uc.173 enhances intestinal epithelial barrier function by antagonizing microRNA 29b
(miR-29b). Decreasing the levels of uc.773 by gene silencing led to dysfunction of the in-
testinal epithelial barrier in cultured cells and increased the vulnerability of the gut bar-
rier to septic stress in mice. uc.173 specifically stimulated translation of the tight junction
(TJ) claudin-1 (CLDN1) by associating with miR-29b rather than by binding directly to
CLDNT mRNA. uc.173 acted as a natural decoy RNA for miR-29b, which interacts with
CLDNT mRNA via the 3’ untranslated region and represses its translation. Ectopically ex-
pressed uc.173 abolished the association of miR-29b with CLDNT mRNA and restored
claudin-1 expression to normal levels in cells overexpressing miR-29b, thus rescuing the
barrier function. These results highlight a novel function of uc.773 in controlling gut per-
meability and define a mechanism by which uc.773 stimulates claudin-1 translation, by
decreasing the availability of miR-29b to CLDNT mRNA.

KEYWORDS T-UCRs, microRNA, posttranscriptional regulation, gut permeability, tight
junction, septic stress

he mammalian intestinal epithelial barrier depends on specialized structures named

tight junctions (TJs) and adherens junctions (AJs) that protect the subepithelial
tissue against a wide array of luminal noxious substances, allergens, and microbial
pathogens (1, 2). TJs are located at the apical region of the epithelial lateral membrane
and fence the paracellular space in the intestinal epithelium, which is selectively
permeable to certain hydrophilic molecules, ions, and nutrients (1, 3). Functional TJ
complexes in the epithelium primarily include TJ-transmembrane proteins, such as the
claudin family of proteins, which interact directly with a cytosolic plaque of TJ-
membrane-associated proteins, such as ZO-1, that bind to the cortical cytoskeleton (3,
4). Immediately below the TJs are the cadherin-rich AJs, which mediate strong cell-to-
cell adhesion and also integrate distinct cellular signals to regulate epithelial paracel-
lular permeability (5). Both TJ and AJ complexes are highly dynamic, and their constit-
uent proteins undergo continuous remodeling and turnover (1, 6, 7). Maintenance of
dynamic levels of TJ and AJ proteins is essential for the integrity of the epithelial barrier
function, a process that is tightly controlled by numerous extracellular and intracellular
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factors (5, 8). Acute epithelial barrier dysfunction occurs commonly in various critical
pathological conditions, leading to the translocation of luminal toxic substances and
bacteria to the bloodstream and, in some instances, to multiple organ dysfunction
syndrome and death (9), but the mechanisms responsible for this dysfunction are
largely unknown.

The human genome transcribes a large number of noncoding RNAs (ncRNAs), such
as microRNAs (miRNAs), endogenous small interfering RNAs (siRNAs), natural antisense
transcripts (NATs), and long noncoding RNAs (IncRNAs), while protein-coding tran-
scripts account for only a minority of the transcriptional output (10, 11). IncRNAs,
defined as being at least 200 nucleotides long, have recently attracted much attention
due to their abundant presence in the human genome, tissue-specific expression
patterns in response to stress, and functional relevance in complex physiologic pro-
cesses and pathological conditions (12, 13). IncRNAs can create complex regulatory
networks by interacting with different molecular partners, such as transcription factors,
histones or other chromatin-modifying proteins, and RNA-binding proteins (RBPs), to
regulate gene expression at multiple levels (12, 14). Emerging evidence also shows that
the interplay between IncRNAs and miRNAs controls gene regulatory programs in-
volved in many aspects of cellular processes and human diseases (12, 15, 16). In this
regard, IncRNAs can be primary miRNAs (pri-miRNAs) (15), act as molecular sponges for
miRNAs (16), and regulate miRNA processing (17). Recently, IncRNA H19 was found to
disrupt the intestinal epithelial barrier by serving as a precursor for miRNA 675 (miR-675)
(18), whereas IncRNA SPRY4-IT1 enhanced intestinal epithelial barrier function by increasing
the expression of TJs at the posttranscription level via interaction with RBP HuR (19, 20).

Ultraconserved regions (UCRs) are sequences located in both intra- and intergenic
regions that are absolutely conserved (100%) among the orthologous regions of the
human, rat, and mouse genomes (21). Although UCRs are actively transcribed in various
tissues, more than half of all 481 known UCRs have no protein-coding potential. RNAs
transcribed from these UCRs (T-UCRs) have been identified as a class of novel IncRNAs
that regulate proliferation and apoptosis (22-24). The expression levels of T-UCRs are
altered in response to stress conditions and pathologies. For example, the levels of
cellular uc.349A, uc.352, uc.338, uc.8, uc.339, uc.63+, and uc475 (22-28) increased
dramatically in human cancers or after exposure to hypoxia. We have reported that 21
T-UCRs, including uc.173, are differentially expressed in the intestinal mucosae of fasted
mice relative to expression in nonfasted mice and that increasing the levels of uc.173
promotes mucosal renewal of the intestine by inducing the degradation of pri-miR-195
(29). In this study, we investigate the role of uc.773 in the regulation of the intestinal
epithelial barrier and present evidence that uc.773 stimulates the translation of TJ
claudin-1 (CLDN1) through interaction with miR-29b, thus enhancing epithelial barrier
function.

RESULTS

uc.173 silencing leads to intestinal epithelial barrier dysfunction in vitro. To
investigate the role of uc.773 in the regulation of the intestinal epithelial barrier
function, we silenced the expression of uc.773 by transfecting human epithelial colo-
rectal adenocarcinoma Caco-2 cells with locked nucleic acid (LNA)-modified anti-uc.173
oligonucleotides (anti-uc.173). As shown in Fig. 1A (left), levels of cellular uc.773 were
dramatically lower in cells transfected with LNA-modified anti-uc.173 than in cells
transfected with control oligonucleotides (Con-oligo). This effect of anti-uc.173-LNA
was specific, as evidenced by the fact that it did not alter the abundance of T-UCR
uc.346 (Fig. 1A, right). Decreasing the levels of uc.773 by anti-uc.173 transfection
specifically inhibited expression of the TJ claudin-1 but failed to alter cellular levels of
other TJs, such as claudin-3, occludin, JAM-1, and ZO-1, the AJ E-cadherin, and UBE2B
protein (the product of the uc.773 host gene) (Fig. 1B). The levels of claudin-1 protein
in a population of cells in which uc.773 was silenced decreased by ~75% (n = 3) (P <
0.05) from those in cells transfected with control oligonucleotides. In accordance with
this result, immunostaining also revealed that claudin-1 protein levels decreased
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FIG 1 LNA-mediated uc.173 silencing inhibits claudin-1 expression and disrupts epithelial barrier function. (A)
Levels of cellular uc.773 48 h after transfection with LNA-siRNA targeting uc.773 (anti-uc.173) or a control
siRNA (Con-oligo) in Caco-2 cells. Values are relative to control levels and are means = SEM from triplicate
experiments. The asterisk indicates a significant difference (P < 0.05) from the Con-oligo result. (B) Repre-
sentative immunoblots of tight junctions and an adherens junction in cells treated as described for panel A.
Three experiments were performed, with similar results. (C) Distribution of claudin-1 and E-cadherin in cells
treated as described for panel A. Forty-eight hours after transfection, cells were fixed, permeabilized, and
incubated first with an antibody against claudin-1 or E-cadherin and then with FITC-conjugated anti-lgG.
Original magnification, X500. (D) Changes in epithelial barrier function, as indicated by changes in TEER (left)
and FITC-dextran paracellular permeability (right), in cells treated as described for panel A. TEER assays were
performed on 12-mm Transwell filters; paracellular permeability was assayed by adding the membrane-
impermeant trace molecule FITC-dextran to the insert medium. Values are means = SEM of data from six
samples. Asterisks indicate significant differences (P < 0.05) from the Con-oligo results.
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remarkably after uc.773 silencing (Fig. 1C, top), although there were no differences in
the extent of immunostaining of E-cadherin between anti-uc.173-transfected cells and
cells transfected with control oligonucleotides (Fig. 1C, bottom).

Importantly, uc.173 silencing disrupted epithelial barrier function in an in vitro
model, as evidenced by a decrease in transepithelial electrical resistance (TEER) values
(Fig. 1D, left) and an increase in the levels of paracellular flux of fluorescein isothio-
cyanate (FITC)-dextran (Fig. 1D, right). To exclude off-target effects, other LNA-modified
anti-uc.173 oligonucleotides were tested; a similar repressive effect was observed on
the expression of uc.173, as well as on claudin-1 expression levels and epithelial barrier
function (data not shown). Transfection with either anti-uc.173 or control oligonucle-
otides did not affect cell viability, as examined by trypan blue staining (data not shown).
These data indicate that the T-UCR uc.773 is essential for normal expression of the TJ
claudin-1 and for the maintenance of epithelial barrier function in vitro.

uc.173 enhances the translation of claudin-1. To examine the effect of increasing
the levels of uc.773 on claudin-1 expression, Caco-2 cells were transfected with a
plasmid vector expressing uc.173 under the control of the cytomegalovirus (CMV)
promoter, as described in our previous study (29). As shown in Fig. 2A, the abundance
of uc.173 increased substantially by 48 h after transfection, but that of uc.346 did not.
Ectopically expressed uc.173 specifically stimulated the expression of claudin-1, with no
effect on the expression levels of the claudin-3, occludin, JAM-1, ZO-1, E-cadherin, and
UBE2B proteins (Fig. 2B).

To investigate the mechanism underlying the stimulation of claudin-1 expression by
uc.173, we examined the changes in CLDNT mRNA levels and found that neither the
silencing nor the overexpression of uc.173 altered the content of CLDNT mRNA (see Fig.
S1 in the supplemental material), suggesting that uc.773 might regulate claudin-1
expression at the translational level. To test this possibility, we examined the rate of
CLDNT mRNA translation by use of the Click-iT technology (see Materials and Methods)
as described previously (18). The levels of newly synthesized claudin-1 protein in cells
overexpressing uc.173 were significantly higher than those in cells transfected with a
control vector (Fig. 2C). The stimulation of claudin-1 protein synthesis by uc.173 was
specific, since there were no changes in the levels of nascent glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) synthesis after transfection with the uc.173 expres-
sion vector.

To further investigate the role of uc.773 in the regulation of claudin-1 translation, we
measured the relative distribution of CLDN7 mRNA in individual fractions from polyri-
bosome gradients after ectopic overexpression of uc.173 as reported previously (30).
Although increasing the levels of uc.773 did not affect global polysomal profiles (data
not shown), the association of CLDNT mRNA with actively translating fractions (fractions
10 to 12) increased in cells overexpressing uc.173, along with a reduction in the levels
of CLDNT mRNA in low-translating fractions (fractions 7 to 9) (Fig. 2D, left). In contrast,
GAPDH mRNA, encoding a housekeeping protein, was distributed similarly in the two
groups (Fig. 2D, right). These data reveal that uc.173 stimulates claudin-1 translation
without affecting CLDNT mRNA levels.

A reduction in uc.773 abundance increases the vulnerability of the gut barrier
to pathological stress. In an effort to define the in vivo function of uc.773 in regulating
gut permeability, the levels of endogenous uc.773 in the intestinal mucosa were
decreased by administering systemically the same LNA-modified anti-uc.173 oligonu-
cleotides that were used in cultured intestinal epithelial cells (IECs). As reported in our
previous study (29), treatment with anti-uc.173 for 4 consecutive days caused a
sustained decrease in uc.173 levels in the small intestinal mucosa (Fig. 3A, left) but did
not alter the levels of uc.346 (Fig. 3A, center) or U6 (Fig. 3A, right) RNA. The levels of
mucosal uc.773 in the small intestine were ~70% lower in mice treated with anti-uc.173
than in animals treated with control oligonucleotides. In contrast to the findings
observed in vitro, decreasing the levels of uc.773 in the mucosa did not affect the basal
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FIG 2 Ectopically expressed uc.773 enhances claudin-1 translation. (A) Levels of uc.173 (left) and uc.346
(right) in cells transfected with the uc.173 expression vector and measured 48 h later by RT-Q-PCR. Values
are relative to those for the control (Vector) and are means = SEM from triplicate experiments. O/E,
overexpression. The asterisk indicates a significant difference (P < 0.05) from the result with the control
vector. (B) Representative immunoblots of tight junctions and an adherens junction in cells treated as
described for panel A. (C) Newly synthesized claudin-1 protein in cells treated as described for panel A.
After cells were exposed to L-azidohomoalanine (AHA), cell lysates were incubated with the reaction
buffer containing a biotin-alkyne reagent; the biotin-alkyne-azide-modified protein complex was pulled
down by paramagnetic streptavidin-conjugated Dynabeads. (D) Distribution of CLDN7 mRNA in each
gradient fraction prepared from polysomal profiles in cells treated as described for panel A. Nuclei were
pelleted, and the resulting supernatants were fractionated through a 10-to-50% linear sucrose gradient.
Total RNA was isolated from different fractions, and the level of CLDNT or GAPDH mRNA in each fraction
was measured and plotted as a percentage of the total level of CLDNT or GAPDH mRNA, respectively, in
each sample.

level of gut permeability (Fig. 3B) in control mice (sham-treated groups), although the
levels of claudin-1 protein decreased in anti-uc.173-treated mice (Fig. 3C).

To determine if a reduction in the abundance of uc.773 in tissue affected the
vulnerability of the gut barrier in critical pathological conditions, we subjected the mice
to septic stress using the cecal ligation and puncture (CLP) model (31). Exposure to CLP
for 24 h led to acute gut barrier dysfunction in both anti-uc.173-treated mice and mice
treated with control oligonucleotides, as indicated by an increase in gut mucosal
permeability to FITC-dextran. Of interest, however, the levels of increased gut perme-
ability due to CLP in mice treated with anti-uc.173 were much higher than those in mice
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FIG 3 Inhibition of uc.773 impairs gut barrier function in mice subjected to CLP. (A) Levels of uc.773 (left),
uc.346 (center), and U6 (right) RNAs in the small intestinal mucosae of mice injected intraperitoneally with
LNA-modified anti-uc.173 or control oligonucleotides (Con-oligo) for 4 consecutive days. On day 5, total
RNA was isolated for RT-Q-PCR analysis. Values are relative to those with Con-oligo and are means = SEM
of data from 5 animals. The asterisk indicates a significant difference (P < 0.05) from the Con-oligo result.
(B) Gut permeability in sham-treated mice and in mice exposed to CLP for 24 h. FITC-dextran was given
orally, and blood samples were collected 4 h later. The asterisk and plus sign indicate significant
differences (P < 0.05) from sham-treated mice and from mice treated with Con-oligo and CLP, respec-
tively. (C) Representative immunoblots of claudin-1, claudin-3, and B-catenin in the small intestinal
mucosae of mice treated as described for panel B.

treated with control oligonucleotides (Fig. 3B). As expected, CLP stress decreased the
levels of both claudin-1 and claudin-3 in the intestinal mucosa, but the inhibition of
claudin-1 was amplified by decreasing the levels of uc.773 in anti-uc.173-treated mice
(Fig. 3C). In fact, claudin-1 protein disappeared almost completely in anti-uc.173-treated
mice subjected to CLP. On the other hand, there were no significant changes in
claudin-3 reduction (Fig. 3C) or in histological features of the small intestinal mucosa
between mice treated with anti-uc.173 and mice treated with control oligonucleotides
after CLP (data not shown). Additionally, treatment with either anti-uc.173 or control
oligonucleotides for 4 consecutive days did not result in diarrhea, loss of body weight,
loss of hair, or decreased activity in mice (data not shown). These results show that
decreasing the levels of uc.773 in the intestinal mucosa increases the vulnerability of
the gut barrier to septic stress in mice.

uc.173 does not bind to CLDNT mRNA but interacts directly with miR-29b. To
test if uc.173 activates claudin-1 translation through direct interaction with CLDNT
mRNA, we tagged uc.773 with MS2 hairpins (Fig. 4A) and coexpressed it in cells along
with the chimeric protein MS2-glutathione S-transferase (GST). After affinity purifica-
tion using glutathione-SH beads, the RNAs present in the ribonucleoprotein complexes
were examined by real-time quantitative PCR (Q-PCR) analysis as reported previously
(32). Cells were cotransfected with the pMS2 (control) or pMS2-uc.173 vector along with
pMS2-GST, and the binding of uc.773 to CLDNT mRNA and miRNAs was examined 24 h
after transfection. As shown in Fig. 4B, uc.173 levels increased significantly. There were
no differences in the levels of CLDNT mRNA in materials pulled down by MS2-GST
between cells transfected with pMS2-uc.173 and cells transfected with pMS2 (Fig. 4C),
indicating that uc.773 does not bind directly to CLDNT mRNA. Because miR-29b is highly
expressed in IECs and plays an important role in maintaining intestinal epithelial
homeostasis (33-35), we examined the interaction of uc.773 with miR-29b. Interestingly,
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FIG 4 uc.173 interacts with miR-29b but not with CLDNT mRNA. (A) Schematic of plasmids used for assays
of CLDNT mRNA and miR-29b pulldown. pMS2 and pMS2-uc.173 expressed MS2 and MS2-uc.773 RNAs,
respectively, each containing 24 tandem MS2 hairpins; pMS2-GST expressed a fusion protein (MS2-GST)
that can pull down MS2-containing RNA. (B) Levels of uc.773 (a) and MS2-BP (b) 24 h after cotransfection
with pMS2-GST and the pMS2 or pMS2-uc.173 vector. Values are relative to those with the pMS2 vector
and are means = SEM from triplicate experiments. The asterisk indicates a significant difference (P <
0.05) from the result for cells transfected with pMS2. (C) Binding of pMS2-uc.173 to RNAs. Shown are
levels of CLDNT mRNA and miR-29b in the materials pulled down by pMS2-uc.173, given relative to levels
with pMS2 (a) and as percentages of total input RNAs (b). The asterisk indicates a significant difference
(P < 0.05) from the result for cells transfected with pMS2.

miR-29b levels were enriched in materials pulled down from cells transfected with
pMS2-uc.173 relative to levels from cells transfected with pMS2 (Fig. 4Ca). The inter-
action of uc.173 with miR-29b was specific, since increasing the amount of pMS2-uc.173
did not increase the level of miR-222 or IncRNA H19 in the pulldown materials (see Fig.
S2 in the supplemental material). In addition, cotransfection with pMS2-GST and
pMS2 or pMS2-uc.173 did not alter the steady-state levels of CLDNT mRNA or
miR-29b (Fig. 4Cb).

Since uc.173 shows perfect complementarity with miR-29b at 8 nucleotides at its 3’
terminus (Fig. 5A), we investigated further the direct interaction between these two
ncRNAs by using biotinylated miR-29b as described previously (19, 33). Twenty-four
hours after transfection, miR-29b levels were significantly higher in cells transfected
with biotin-labeled miR-29b than in cells transfected with a control scrambled oligomer
(Fig. 5B, left), although the levels of U6 RNA did not differ between these two groups
(Fig. 5B, right). As expected, uc.173 levels in samples pulled down using biotin-labeled
miR-29b were much higher than those in samples pulled down using a biotin-labeled
scrambled oligomer (Fig. 5Ca). Biotin-labeled miR-29b did not pull down other T-UCRs,
such as uc.346 and uc.283; transfection with biotin-labeled miR-29b also failed to alter
the levels of input RNAs (Fig. 5Cb). These results strongly suggest that uc.773 binds
directly to miR-29b and can reduce the availability of miR-29b.
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FIG 5 Biotinylated miR-29b associates with uc.773. (A) Schematic of uc.173 depicting its complementarity
with miR-29b. (B) Levels of biotinylated miR-29b (left) and U6 RNA (right) 24 h after transfection with
biotinylated miR-29b as measured by Q-PCR analysis. Values are relative to those with the scrambled
oligonucleotide and are means *= SEM of data from triplicate experiments. The asterisk indicates a
significant difference (P < 0.05) from the result for cells transfected with the control scrambled oligomer.
() Binding of biotinylated miR-29b to T-UCRs. Shown are levels of uc.173, uc.346, and uc.283 in the
materials pulled down by biotin-miR-29b, given relative to the level with the scrambled oligomer (a) and
as percentages of total input RNAs (b). The asterisk indicates a significant difference (P < 0.05) from the
result for cells transfected with the scrambled oligonucleotide.

miR-29 interacts with CLDNT mRNA and represses its translation. CLDN7 mRNA
is a potential target of miR-29b, since there are two predicted binding sites for miR-29b
within its 3" untranslated region (3’ UTR) (Fig. 6A). Thus, we examined the association
of miR-29b with CLDNT mRNA by RNA pulldown assays using biotin-labeled miR-29b
(Fig. 6Ba). Twenty-four hours after transfection with biotin-labeled miR-29b (Fig. 6Bb),
CLDNT mRNA was found to be enriched in materials pulled down by biotin-miR-29b
but not in materials from cells transfected with a biotin-labeled control scrambled
oligomer (Fig. 6Bc). On the other hand, biotin-miR-29b failed to pull down the mRNAs
encoding E-cadherin and CUG-binding protein 1 (CUGBP1). To determine the functional
consequence of miR-29b-CLDNT mRNA association, we examined whether increasing
the levels of miR-29b through transfection with its precursor (pre-miR-29b) reduced the
expression of claudin-1. Transient transfection with pre-miR-29b dramatically increased
miR-29b levels (Fig. 6C, left), although it did not alter U6 RNA levels (Fig. 6C, right). In
contrast to the findings observed for cells overexpressing uc.173, increasing the levels
of miR-29b by pre-miR-29b transfection specifically inhibited the expression of
claudin-1 without affecting the expression levels of E-cadherin and B-catenin (Fig. 6D);
CLDNT mRNA levels decreased by ~12% in cells transfected with pre-miR-29b, but this
difference was not statistically significant. In turn, ectopically expressed miR-29b also
resulted in epithelial barrier dysfunction, as revealed by a decrease in TEER values and
an increase in paracellular permeability (see Fig. S3 in the supplemental material).
Moreover, miR-29b overexpression inhibited claudin-1 expression predominantly by
repressing its translation, since increasing the levels of miR-29b decreased the abun-
dance of CLDNT mRNA in actively translating fractions of polyribosome gradients and
showed a significant shift to weakly translating fractions (fractions 4 and 5) (Fig. 6E, left).
In contrast, transfection with pre-miR-29b did not alter the distribution of GAPDH mRNA
(Fig. 6E, right) or global polysomal profiles (data not shown).

To determine whether the repression of claudin-1 translation by miR-29b was mediated
through the CLDN1 5’ UTR, coding region (CR), or 3" UTR, fractions of the CLDN1 5’ UTR, CR,
and 3’ UTR were subcloned into the Dual-Luciferase miRNA target expression vector
pmirGLO to generate reporter constructs pmirGLO-CLDN1-5'UTR, pmirGLO-CLDN1-CR, and
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FIG 6 miR-29b represses claudin-1 translation. (A) Schematic representation of CLDN7 mRNA de-
picting predicted target sites for miR-29b in its 3" UTR. BS, predicted miR-29b-binding site. (B)
Binding of biotinylated miR-29b to CLDNT mRNA. (a) Schematic representation of biotinylated
miR-29b; (b) miR-29b levels 24 h after transfection; (c) levels of mRNAs encoding claudin-1,
E-cadherin (E-cad), and CUG-binding protein 1 (Cugbp1) in materials pulled down by biotin-miR-29b.
Values are relative to that with the control scrambled oligomer and are means = SEM of data from
triplicate experiments. The asterisk indicates a significant difference (P < 0.05) from the result for
cells transfected with the control scrambled oligomer. (C) Levels of miR-29b in cells transfected with
pre-miR-29b for 48 h. The asterisk indicates a significant difference (P < 0.05) from the result for cells
transfected with the control scrambled oligomer. (D) Representative immunoblots of claudin-1,
E-cadherin, and B-catenin in cells treated as described for panel C. (E) Distribution of CLDNT mRNA
in each gradient fraction prepared from polysomal profiles in cells treated as described for panel C.
The levels of CLDNT or GAPDH mRNAs were measured and plotted as percentages of total CLDNT or
GAPDH mRNA levels in the samples, respectively.
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FIG 7 Deletion of the miR-29b binding site in the CLDNT 3’ UTR prevents miR-29b-mediated repression
of claudin-1. (A) (Left) Schematic of CLDN7 5" UTR, CR, and 3’ UTR luciferase (Luc) reporters. (Right) Levels
of reporter activities after ectopic overexpression of miR-29b. BS, predicted miR-29b-binding site.
Twenty-four hours after transfection with pre-miR-29b, cells were transfected with different CLDNT
luciferase reporter plasmids. The levels of firefly and Renilla luciferase activities were assayed 24 h later.
The results were normalized to Renilla luciferase activities and are expressed as means = SEM of data
from triplicate experiments. The asterisk indicates a significant difference (P < 0.05) from the result for
cells transfected with the scrambled oligomer. (B) Effects of 5’ deletions of the CLDNT 3’ UTR (as shown
in the schematic) on its luciferase reporter activity in cells treated as described for panel A. Asterisks
indicate significant differences (P < 0.05) from results for cells transfected with the scrambled oligomer.
(C) Effect of point mutation of a specific miR-29b binding site (schematic) in CLDNT 3'UTR-F3 on its
luciferase reporter activity in cells treated as described for panel A. WT, wild type. The asterisk indicates
a significant difference (P < 0.05) from the result for cells transfected with the scrambled oligomer.

pmirGLO-CLDN1-3"UTR (Fig. 7A, schematic). As shown in Fig. 7A (right), miR-29b overex-
pression by transfection with pre-miR-29b selectively decreased the level of CLDN1-3'UTR
luciferase reporter activity but did not inhibit the activity of the CLDN1-5'UTR or -CR
reporter, indicating that miR-29b inhibits claudin-1 translation through the CLDNT 3" UTR.
To further characterize the specific binding site of miR-29b in the CLDN1 3’ UTR, we
prepared various reporter constructs that expressed chimeric RNAs containing the lucifer-
ase and a partial CLDNT 3" UTR with or without the potential binding site (Fig. 7B,
schematic). Ectopic miR-29b overexpression decreased the levels of luciferase reporter gene
activity when cells were transfected with the full-length 3’ UTR (3'UTR-FL) or with a
construct containing the miR-29b binding site located at positions 2129 to 2151 (3'UTR-F3)
but not when cells were transfected with 3'UTR-F1, -F2, -F4 (which also contains a predicted
binding site), or -F5 (Fig. 7B, right).

To gain a more detailed understanding of this regulatory paradigm, four nucleotides
of CLDN1 3'UTR-F3, located at the F3 site of the CLDNT 3’ UTR, were mutated (Fig. 7C,
schematic). As shown in Fig. 7C (right), repression of claudin-1 by miR-29b was
completely prevented when this specific site from the CLDN7 3’ UTR was mutated.
These results indicate that miR-29b interacts with CLDNT mRNA via the specific binding
site at positions 2129 to 2151, thereby repressing claudin-1 translation.
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FIG 8 Ectopically expressed uc.173 prevents miR-29b-induced epithelial barrier dysfunction. (A) Levels of
miR-29b (a) and uc.773 (b) 48 h after cells were either transfected with pre-miR-29b alone or cotrans-
fected with pre-miR-29b and a uc.773 expression vector. O/E, overexpression. Values are relative to those
with a scrambled control oligomer and are means *= SEM of data from triplicate experiments. Asterisks
indicate significant differences (P < 0.05) from results for cells transfected with the scrambled oligomer.
(B) Effect of increasing uc.773 levels on the association of miR-29b with CLDNT mRNA. Twenty-four hours
after cells were transfected with a uc.773 expression vector, they were transfected with biotin-labeled
miR-29b (Bio-miR-29b). The levels of CLDNT mRNA in the materials pulled down by miR-29b were
examined 24 h thereafter. The asterisk and plus sign indicate significant differences (P < 0.05) from the
results for cells transfected with a scrambled oligomer or for cells transfected with Bio-miR-29b and a
control vector, respectively. (C) Representative immunoblots of claudin-1, occludin, and E-cadherin
proteins in cells treated as described for panel A. (D) Changes in TEER (left) and FITC-dextran paracellular
permeability (right) in cells treated as described for panel A. Values are means = SEM of data from six
samples. The asterisks and plus sign indicate significant differences (P < 0.05) from results for cells
transfected with a scrambled oligomer or with pre-miR-29b alone, respectively.

Elevation of uc.173 expression prevents miR-29b-induced epithelial barrier
dysfunction. To test the possibility that uc.773 stimulates claudin-1 translation by
decreasing the association of miR-29b with CLDN7 mRNA, we cotransfected cells with
pre-miR-29b and a uc.173 expression vector. As shown in Fig. 8A, increasing the levels
of uc.173 did not affect induced miR-29b levels in cells cotransfected with pre-miR29b
and the uc.773 expression vector. However, increased uc.173 levels abolished the
binding of miR-29b to CLDNT mRNA. There were no differences in the levels of CLDN1
mRNA in pulldown materials between cells transfected with biotin-labeled miR-29b and
cells transfected with a biotin-labeled control scrambled oligomer after uc.173 overex-
pression (Fig. 8B). Cotransfection with biotin-labeled miR-29b and the uc.173 expression
vector did not affect the total input of CLDNT mRNA (see Fig. S4 in the supplemental
material). In accordance with this effect, elevation of uc.173 expression also prevented
the inhibition of claudin-1 expression (Fig. 8C) and restored epithelial barrier function
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(Fig. 8D) in cells overexpressing miR-29b. The levels of TEER and FITC-dextran flux in
cells cotransfected with pre-miR-29b and the uc.773 expression vector were indistin-
guishable from those in cells transfected with the control scrambled oligomer. On the
other hand, cotransfection with pre-miR-29b and the uc.773 expression vector did not
alter the expression levels of occludin or E-cadherin protein. Taken together, these
findings indicate that increasing uc.773 levels stimulates claudin-1 translation and
enhances the barrier function, largely through the action of uc.773 as a molecular
sponge for miR-29b to reduce its bioavailability to CLDN7T mRNA.

DISCUSSION

Claudin-1 is a member of the claudin family of TJs. Claudins seal epithelial cells together
in the intestinal epithelium in a way that prevents even small molecules from leaking
between cells (1, 36), but the exact mechanisms that control cellular claudin-1 abundance
are largely unknown. In this study, we show that the T-UCR uc.773 is a novel regulator of
claudin-1 expression and that increasing the levels of uc.773 stimulates claudin-1 translation
without affecting total CLDN7 mRNA levels. As shown above, uc.173 did not bind to CLDN1
mRNA but acted as a decoy RNA for miR-29b, which represses claudin-1 translation via
direct interaction with the CLDNT 3" UTR. The present study also highlights the importance
of uc.773-mediated claudin-1 expression in the regulation of gut permeability, since de-
creased levels of claudin-1 due to uc.773 silencing not only resulted in epithelial barrier
dysfunction in vitro but also increased the vulnerability of the gut barrier to septic stress in
mice. Because of the striking evolutionary retention of T-UCRs in the human genome, these
findings provide a strong rationale and a fundamental basis for developing new therapeu-
tic strategies directed at uc.773 and/or its target, miR-29b, in order to preserve the integrity
of gut barrier function in stressful environments, especially in surgical intensive care
patients supported with total parenteral nutrition.

T-UCRs are highly expressed in the epithelium of the intestinal mucosa, and their
levels change remarkably after food starvation, during inflammation, and in cancers (23,
29, 37). T-UCR expression profiles are also dysregulated in human Barrett’s esophagus
(38). However, our understanding of the biological functions of T-UCRs and their
involvement in pathology in the gut mucosa is limited. Our present results constitute
the first demonstration that uc.773 is essential for maintaining the normal function of
the intestinal epithelial barrier by enhancing claudin-1 expression. In cultured IECs,
uc.173 silencing specifically decreased the levels of cellular claudin-1 protein, since it
did not affect the expression levels of other TJs, such as claudin-3, occludin, JAM-1, and
Z0-1, nor that of the AJ E-cadherin. Decreased levels of claudin-1 in uc.773-silenced
cells were associated with epithelial barrier dysfunction in an in vitro model. In keeping
with these results, the degree of CLP-induced gut permeability in mice treated with
LNA-modified anti-uc.173 was much higher than that observed in mice treated with a
control oligomer. Moreover, ectopically expressed uc.773 enhanced nascent claudin-1
protein synthesis and increased the levels of CLDNT mRNA associated with actively
translating fractions of polyribosomes. In support of our present findings, uc.173
enhances the growth of the small intestinal mucosa in mice (29) and inhibits lead-
induced neuronal apoptosis in brain tissue (39). In contrast, the T-UCR uc.261 was found
to decrease TJ expression and repress TJ assembly, thus damaging intestinal epithelial
barrier function (37). Clearly, more studies are needed to fully investigate the exact roles
and mechanisms of different T-UCRs in the regulation of epithelial barrier function
under various pathophysiological conditions.

In this study, we also observed that uc.773 interacted directly with miR-29b via the
complementary sites located at its 3’ end, suggesting the possibility that uc.773 can act
as a molecular sponge for miR-29b so as to reduce the availability of miR-29b to CLDN1
mRNA. As shown in Fig. S2 in the supplemental material, MS2-tagged uc.173 specifically
pulled down miR-29b in IECs but did not bind to miR-222 or IncRNA H179. Furthermore,
miR-29b was associated only with uc.773, not with uc.346 or uc.283, as measured by
RNA pulldown assays using biotin-labeled miR-29b (Fig. 5C). In keeping with our
present results, several T-UCRs have been shown to regulate gene expression by
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interacting with given miRNAs but not directly targeting mRNAs (23). For example,
uc.339 functions as a natural decoy RNA for three miRNAs—miR-339-3p, miR-663-3p,
and miR-95-5p—in lung cancer cells (26), while uc.8+ entraps miR-596 and reduces the
availability of this miRNA to MMP9 mRNA in bladder tissues (25). In addition, T-UCRs can
also regulate miRNA activity at another level. It has been reported that uc.283+ controls
miRNA processing by preventing pri-miRNA cleavage by Drosha (17). We have recently
demonstrated that uc.173 interferes with miRNA stability by binding to pri-miR-195 via
sequence complementarity in IECs (29). It is likely that uc.773 affects gene regulatory
programs governing intestinal epithelial homeostasis and barrier function predomi-
nantly by functioning as a decoy RNA, as for miR-29b, and/or by modulating miRNA
degradation, as for miR-195.

Our present results also indicate that miR-29b represses claudin-1 translation by
interacting directly with the 3’ UTR of CLDNT mRNA, but not with its 5" UTR or CR, in
IECs. Studies using various ectopic luciferase reporters bearing partial transcripts span-
ning the CLDNT 3’ UTR with or without the miR-29b binding site further show that a
specific sequence at positions 2129 to 2151 in 3'-UTR-F3 was the predominant func-
tional site through which miR-29b interacted with claudin-1 and repressed its transla-
tion, whereas another predicted site, located in 3'-UTR-F4, exhibited a lesser effect.
These findings are consistent with results from others, who demonstrate that miR-29b
commonly interacts with the 3’ UTRs of its target transcripts, such as bcr-abl1, gata3,
pdpn, collal, col3al, col5al, eln, Cdk2, dnmt3a, and dnmt3b mRNAs, thus destabilizing
mRNAs and/or repressing their translation (20, 33, 40-44). In some instances, miR-29b
also binds to the CRs of target mRNAs for its regulatory actions. For example, miR-29b
destabilizes Men7 mRNA through a single binding site in the CR of Men7 mRNA rather
than in its 3" UTR (34). In a similar manner, miR-322/503 represses Smurf2 mRNA
translation by interacting with the Smurf2 CR (45), and miR-222 inhibits Cdk4 mRNA
translation through interaction with the Cdk4 CR (46).

Finally, our findings show that increasing uc.773 levels in cells overexpressing miR-29b
rescued claudin-1 expression and restored epithelial barrier function by reducing the
association of miR-29b with CLDNT mRNA. miR-29b is a potent repressor of intestinal
mucosal regeneration, and elevation of cellular miR-29b levels causes mucosal atrophy
and compromises the integrity of the intestinal epithelium in mice (20, 33, 35). Our
present studies provide additional evidence that uc.773-mediated repression of miR-
29b also contributes to the stimulation of intestinal mucosal growth after uc.173
overexpression. On the other hand, miR-195 represses I[EC migration over the wounded
area after injury by targeting Stim7 mRNA, thus impairing the repair of the intestinal
epithelium (47). Therefore, inhibition of miR-195 activity by uc.773 (29) also plays a role
in the uc.773-mediated protective effect on the epithelial barrier. Because the basal
level of mucosal uc.773 is relatively high in the intestine and its levels in tissue decrease
dramatically in stressful environments, enhancement of epithelial barrier function and
mucosal regeneration by uc.773 through antagonism of miR-29b and miR-195 is crucial
for homeostasis of the intestinal epithelium, representing a novel therapeutic target for
patients with gut barrier dysfunction and mucosal atrophy or hyperplasia.

MATERIALS AND METHODS

Cell culture and animals. Caco-2 cells were purchased from the American Type Culture Collection
(Manassas, VA) and were maintained under standard culture conditions (48). Tissue culture medium and
fetal bovine serum were purchased from Invitrogen (Carlsbad, CA), and biochemicals were from Sigma
(St. Louis, MO). The antibodies recognizing claudin-1, claudin-3, occludin, JAM-1, ZO-1, E-cadherin,
B-catenin, UBE2B, and GAPDH were obtained from Santa Cruz Biotechnology (Santa Cruz, CA) and BD
Biosciences (Sparks, MD). The secondary antibody conjugated to horseradish peroxidase was from Sigma.
LNA-modified anti-uc.173 oligonucleotides and control LNA-scrambled oligonucleotides were custom-
generated by Exiqon (Vedbaek, Denmark). The pre-miR miRNA precursor of miRNA-29b (pre-miR-195) was
purchased from Ambion (Austin, TX). Biotin-labeled miRNA-29b was custom-made by Dharmacon
(Lafayette, CO).

C57BL/6J mice (male and female, 6 to 9 weeks old) were purchased from The Jackson Laboratory (Bar
Harbor, ME) and were housed in a pathogen-free animal facility at the Baltimore VA Medical Center. All
animal experiments were conducted in accordance with NIH guidelines and were approved by the
Institutional Animal Care and Use Committee of the University of Maryland School of Medicine and the
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Baltimore VA hospital. In studies of LNA-mediated uc.173 silencing, mice were injected intraperitoneally
(i.p.) with LNA-anti-uc.173 (500 ng/100 g of body weight/day) for 4 consecutive days, whereas control
mice were injected with an equal dose of control LNA-scrambled oligonucleotides as described previ-
ously (29). On day 5, a 4-cm segment taken from the middle of the small intestine was removed, and the
mucosa was scraped with a glass slide for various measurements.

Plasmid construction. An expression vector containing a 284-bp fragment flanking the human
uc.173 locus under the control of the pCMV promoter was constructed as described previously (29). The
chimeric firefly luciferase reporter constructs containing the full-length CLDN7 5" UTR, CR, or different 3’
UTR fragments were subcloned into the Dual-Luciferase miRNA target expression vector pmirGLO
(Promega, Madison, WI) to generate pmirGLO-Luc-CLDN1-5’UTR, pmirGLO-Luc-CLDN1-CR, and pmirGLO-
CLDN1-3"UTR as described previously (49). DNA sequencing and enzyme digestion were used to confirm
the sequence and orientation of the fragment in the luciferase reporter. Transient transfections were
performed using the Lipofectamine reagent as recommended by the manufacturer (Invitrogen) (30).
Luciferase activity was examined using the Dual-Luciferase assay system, and the levels of firefly
luciferase activity were normalized to the levels of Renilla luciferase activity and were further compared
with the levels of luciferase mRNA in every experiment. All the primer sequences used to generate these
constructs are given in Table S1 in the supplemental material. Both the pcDNA-MS2 and pcDNA-MS2-GST
plasmids have been described previously (32), and full-length uc.173 was inserted into pcDNA-MS2 at the
Xhol site as described previously (7, 47).

RT-PCR and Q-PCR analysis. Total RNA was isolated by using an RNeasy minikit (Qiagen, Valencia,
CA), and reverse transcription (RT) and PCR amplification reactions were performed as described
previously (50). The levels of the GAPDH PCR product were examined to monitor the evenness of RNA
input in RT-PCR samples. Real-time quantitative PCR (Q-PCR) analysis was conducted using 7500 Fast
Real-Time PCR systems with specific primers, probes, and software (Applied Biosystems, Foster City, CA).
For miRNA studies, the levels of miRNA-29b were also quantified by Q-PCR by using a TagMan microRNA
assay; the small nuclear RNA (snRNA) U6 was used as an endogenous control.

Western blot analysis. Whole-cell lysates were prepared using 2% SDS, sonicated, and centrifuged
(12,000 rpm) at 4°C for 15 min. The supernatants were boiled for 5 min and were size-fractionated by
SDS-PAGE (7.5% acrylamide). After proteins were transferred to nitrocellulose filters, the blots were
incubated with primary antibodies recognizing claudin-1 or other TJs; following incubations with
secondary antibodies, immunocomplexes were developed by using chemiluminescence.

Analysis of newly translated protein. De novo synthesis of nascent proteins was detected by a
Click-iT protein analysis detection kit (Life Technologies, Grand Island, NY) according to the manufac-
turer’s instructions, with minor modifications as described previously (18). Briefly, cells were first
incubated in a methionine-free medium and then exposed to L-azidohomoalanine (AHA). After the cell
lysates were mixed with the reaction buffer containing a biotin-alkyne reagent and CuSO, for 20 min, the
biotin-alkyne-azide-modified protein complex was pulled down using paramagnetic streptavidin-
conjugated Dynabeads. The pulldown material was resolved by 10% SDS-PAGE and was analyzed by
Western immunoblot analysis using antibodies that recognized claudin-1 or GAPDH protein.

Polysome analysis was performed as described previously (51). Briefly, cells at ~70% confluence were
incubated for 15 min in 0.1 mg/ml cycloheximide, lifted by scraping in 1T ml of polysome extraction
buffer, and lysed on ice for 10 min. Nuclei were pelleted, and the resulting supernatant was fractionated
through a 10-to-50% linear sucrose gradient to fractionate cytoplasmic components according to their
molecular weights. Fractions were eluted with a fraction collector (Brandel, Gaithersburg, MD), and their
quality was monitored at 254 nm using a UV-6 detector (ISCO, Louisville, KY). After the RNA in each
fraction was extracted, the level of each individual mRNA was quantified by Q-PCR in each of the
fractions.

Biotin-labeled RNA pulldown assays. Biotin-labeled pri-miR-29b was transfected, and 24 h later,
whole-cell lysates were collected, mixed with streptavidin-coupled Dynal beads, and incubated on a
rotator overnight (52). After the beads were washed thoroughly, the bead-bound RNA was isolated and
subjected to RT, followed by Q-PCR analysis. Input RNA was extracted and served as a control.

Measurements of epithelial barrier function in vitro. Epithelial barrier function in vitro was
examined by paracellular tracer flux assays using the 12-well Transwell plate (surface area, 1.12 cm?) as
described previously (19). FITC-dextran (70 kDa; Sigma), a membrane-impermeant molecule, served as
the paracellular tracer and was added to the apical bathing wells. The basal bathing well had no added
tracers and contained the same flux assay medium as that in the apical compartment. All flux assays were
performed at 37°C, and the basal medium was collected at different times after the addition of
FITC-dextran. The concentration of FITC-dextran in the basal medium was determined using a fluores-
cence plate reader with an excitation wavelength of 490 nm and an emission wavelength of 530 nm.
TEER was measured with an epithelial volt/ohm meter under open-circuit conditions (World Precision
Instruments, Sarasota, FL) as described previously (53), and the TEER values of all monolayers were
normalized to those of control monolayers in the same experiment.

Surgical procedures. Mice were anesthetized with pentobarbital (Nembutal; 5.5 mg/100 g of body
weight, given i.p.), and CLP was performed as described previously (31). The distal portion of the cecum
(1 cm) was ligated with 5-0 silk sutures. The ligated cecum was then punctured with a 25-gauge needle
and was slightly compressed with an applicator until a small amount of stool appeared. In sham-
operated animals, the cecum was manipulated, but without ligation and puncture, and was placed back
in the peritoneum. The incision was closed using a 2-layer procedure: 5-0 silk sutures on the muscle layer
and the skin, respectively. Mice received 1 ml of saline i.p. for fluid resuscitation at the time of closure
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and 0.1 mg buprenorphine (Buprenex)/100 g of body weight subcutaneously (s.c.) 4 times at 12-h
intervals to minimize distress.

Gut permeability in vivo was determined by examining the appearance in blood of FITC-dextran

administered by gavage as described previously (54). Briefly, mice were gavaged with FITC-dextran at a
dose of 60 mg/100 g of body weight 4 h before harvest. Blood samples were collected by cardiac
puncture. The concentration of FITC-dextran in serum was determined using a fluorescence plate reader
as described above.

Statistical analysis. All values are expressed as means =+ standard errors of the means (SEM). An

unpaired, two-tailed Student t test was used where indicated, and a P value of <0.05 was considered
significant. In assessing multiple groups, one-way analysis of variance (ANOVA) was utilized with Tukey’s
post hoc test (55). The statistical software used was SPSS 17.1.
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