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ACKGROUND & AIMS: Whereas the importance of
icroRNA (miRNA) for the development of several tissues

s well established, its role in the intestine is unknown. We
imed to quantify the complete miRNA expression profile
f the mammalian intestinal mucosa and to determine the
ontribution of miRNAs to intestinal homeostasis using
enetic means. METHODS: We determined the miRNA
ranscriptome of the mouse intestinal mucosa using ultra-
igh throughput sequencing. Using high-throughput se-
uencing of RNA isolated by cross-linking immunoprecipi-
ation (HITS-CLIP), we identified miRNA-messenger RNA
arget relationships in the jejunum. We employed gene
blation of the obligatory miRNA-processing enzyme Dicer1
o derive mice deficient for all miRNAs in intestinal epithe-
ia. RESULTS: miRNA abundance varies dramatically in
he intestinal mucosa, from 1 read per million to 250,000.
f the 453 miRNA families identified, mmu-miR-192 is the
ost highly expressed in both the small and large intestinal
ucosa, and there is a 53% overlap in the top 15 expressed
iRNAs between the 2 tissues. The intestinal epithelium of
icer1loxP/loxP;Villin-Cre mutant mice is disorganized, with a
ecrease in goblet cells, a dramatic increase in apoptosis in
rypts of both jejunum and colon, and accelerated jejunal
ell migration. Furthermore, intestinal barrier function is
mpaired in Dicer1-deficient mice, resulting in intestinal
nflammation with lymphocyte and neutrophil infiltration.

ur list of miRNA-messenger RNA targeting relationships
n the small intestinal mucosa provides insight into the

olecular mechanisms behind the phenotype of Dicer1 mu-
ant mice. CONCLUSIONS: We have identified all intes-
inal miRNAs and shown using gene ablation of Dicer1
hat miRNAs play a vital role in the differentiation and
unction of the intestinal epithelium.

eywords: MicroRNA; miRNA; Intestinal Epithelium; Ep-
thelial Barrier Function.

icroRNAs (miRNAs) are 19 –25 nucleotide (nt) sin-
gle-stranded RNA molecules that modulate the

ctivity of thousands of genes. miRNAs can decrease
xpression of target messenger RNA (mRNA) by binding
o their 3= untranslated regions (UTRs), leading to
RNA degradation, or by translational inhibition.1 It has
een proposed that more than one-third of human genes
re regulated by miRNAs.2

The synthesis of mature miRNAs is complex. Primary
iRNAs are transcribed by RNA polymerase II and

ropped by the RNase III-type enzyme Drosha to a pre-
ursor miRNA (pre-miRNA), which forms an �70 nt
tem-loop structure.3 Pre-miRNAs are cleaved by the
Nase Dicer to form the mature and functional miRNA,
hich is loaded onto the Argonaute protein in the RNA-

nduced silencing complex (RISC).3 Because Dicer is
bligatory for miRNA processing, the inactivation of this
ene by conditional gene ablation has been utilized to study
iRNA function in several organ systems.4–6 miRNAs play

entral roles in several important developmental and disease
tates ranging from larva formation in Drosophila to regula-
ion of cancer progression in humans. In the intestine, thus
ar the main focus has been on the role of miRNAs in
olorectal cancer.7 In addition, specific miRNAs have been
mplicated in ulcerative colitis.8

The miRNA transcriptome of most organ systems is
ot known. Only a relatively shallow survey, with �10 to
000 miRNA sequences per tissue, has been reported
ased on sequencing of cloned miRNAs, capturing only
he most abundantly expressed miRNAs.9 The “colorectal

icroRNAome” also had a very limited sequencing depth
ecause of technical limitations.10 Thus, a comprehensive
tlas of miRNAs expressed in the intestinal epithelium
as not yet been reported.
Here, we report the comprehensive miRNA transcrip-

ome of the intestinal mucosa of the mouse using ultra-
igh throughput sequencing. We also evaluated the con-
ribution of miRNAs to intestinal differentiation and
unction using conditional gene ablation of Dicer1, the
ene encoding the obligatory miRNA-processing enzyme,

Abbreviations used in this paper: BrdU, bromodeoxyuridine; miRNA,
icroRNA; mRNA, messenger RNA; NCBI, National Center for Biotech-

ology Information; nt, nucleotide; PCR, polymerase chain reaction;
re-miRNA, precursor miRNA; RISC, RNA-induced silencing complex;
UNEL, terminal deoxynucleotidyl transferase-mediated deoxyuridine
riphosphate nick-end labeling; UTR, untranslated regions.
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November 2010 MicroRNAs IN THE INTESTINE 1655
n the epithelium of the small and large intestine. Finally,
e determined key miRNA-mRNA target relationships in

he jejunal mucosa.

Materials and Methods
Identification and Quantification of miRNAs
Jejunal mucosa was scraped from the longitudi-

ally sliced intestine of CD1 mice (n � 4), and small
NAs were isolated using the mirVana miRNA kit (Am-
ion catalogue No. AM1560). Libraries were prepared
sing the Digital Gene Expression-Small RNA sample
rep kit (Illumina, San Diego, CA, FC-102-1009) and
equenced on a Genome Analyzer II (Illumina). Trimmed
eads were aligned to precursor miRNA sequence from

iRBase (release 13.0), reference sequence (RefSeq) se-
uence (National Center for Biotechnology Information
NCBI], Bethesda, MD), and the mouse genome (mm8,

CBI build 36) with up to 2 mismatches using Illumina’s
fficient large-scale alignment of nucleotide databases
ELAND) aligner.

To compute expression levels, we grouped miRNA ma-
ure features into families when they shared a perfectly

atching trimmed read with a length between 19 and 25
t. Expression values were reported as the total number
f trimmed reads that align to any member of the family
ith up to 2 mismatches. When trimmed reads hit mul-

iple families, the counts for those reads were spread
cross the families in proportion to the number of un-
mbiguously assigned reads. The average expression was
alculated as the weighted average of the reads per mil-
ion of the 2 technical replicates (25% each) and the
iologic replicate (50%).

Mice
Dicer1loxP mice4 were a gift from Matthias Merken-

chlager, and Villin-Cre mice11 were kindly shared with us
y Deborah Gumucio. Genotyping was performed by
olymerase chain reaction (PCR) analysis using genomic
NA. All procedures involving mice were conducted in

ccordance with approved Institutional Animal Care and
se Committee protocols.

Expression Analysis
Dicer mRNA expression was measured using

uantitative reverse-transcription polymerase chain reac-
ion, as previously described.12 miRNA levels were mea-
ured using the appropriate Taqman kits, using Sno202
s reference gene (mir-21 4373090, let-7b 4373168,
no202 4380914; Applied Biosystems, Carlsbad, CA).

Histologic Analysis
Immunostaining was conducted as previously de-

cribed13 with the following antibodies and kits: CD3
:200 (catalogue No. RM-9107: Labvision, Fremont, CA),
D45R 1:1000 (catalogue No. 550786: Pharmingen, San

iego, CA), Claudin-7 1:200 (catalogue No. Rb-10284: E
abvision), Claudin-4 1:200 (catalogue No. 32-9400:
ymed, San Francisco, CA), BrdU 1:1000 (catalogue No.
BT0030G: Accurate, Westbury, NY), and Apoptag Plus
eroxidase In Situ apoptosis kit (Millipore, Billerica, MA,
7101).

Microarray Analysis
Total RNA was isolated from small intestinal mu-

osa from control and Dicer1loxP/loxP;Villin-Cre mice using
he mirVana miRNA kit (Ambion catalogue No.
M1560). Fifty nanograms of each RNA sample (4 pairs)
ere amplified and labeled using the Agilent QuickAmp
it (Agilent Technologies, Santa Clara, CA). Labeled sam-
les were purified using the CGH Cleanup Column (In-
itrogen, San Diego, CA) and hybridized overnight to the
gilent 4X44 Whole Mouse Genome Array. After hybrid-

zation the arrays were washed and scanned with the
gilent DNA microarray Scanner (Agilent Technologies).
edian intensities of each element on the array were

aptured with Agilent Feature Extraction version 10.5
Agilent Technologies).

The data were normalized by the print tip loess
ethod using the Linear models for microarray data

LIMMA) package in R as described.14 For statistical
nalysis, genes were called differentially expressed using
he Significance Analysis of Microarrays one class re-
ponse package with a false discovery rate of 10%15 and a

inimum fold change of 1.5�. Genes marked as absent,
e, with expression levels near background, were omitted.

iRNA target predictions were downloaded from the
iRBase Web site.16

Intestinal Permeability
Adult mice (n � 4) were fasted 3 hours and then

avaged with 500 �L of fluid containing unlabeled lac-
ulose and mannitol (Sigma-Aldrich, St Louis, MO) at 5.5

mol/L each in water and 10 �Ci of [3H] lactulose (1
Ci/mL) and 5 �Ci of [14C] mannitol (100 �Ci/mL)

American Radiolabelled Chemicals, St Louis, MO). Fif-
een microliters of plasma were collected via tail vein at
arious time points and [3H] lactulose and [14C] mannitol
adioactivity determined by liquid scintillation counting.

High-Throughput Sequencing of RNA Isolated
by Cross-Linking Immunoprecipitation
(HITS-CLIP)
HITS-CLIP was performed as published using the

onoclonal argonaute antibody 2A8.17 Jejunal mucosa of
D1 mice (n � 4) was coarsely homogenized with a
ounce homogenizer and cross-linked 3 times on ice at

00 mJ/cm2. The Illumina library was sequenced on an
llumina GA-IIx following standard protocols to a length
f 38 base pairs to yield 20,943,291 reads. Trimmed reads
ere aligned to the mouse genome (NCBI Build 36/
m8), RefSeqs, and pre-miRNA (mirBase 13.0) using
LAND and allowing up to 2 mismatches. A total of
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3,099,974 reads were mapped uniquely to RefSeq
RNAs. There were 1762 regions located in 3=UTRs of
RNAs that were covered by 10 or more reads. We

abulated the frequency of all 6mers found in these
egions and determined the significance of their enrich-

ent by comparing the actual observed frequencies to
he frequencies observed in 1000 sets of randomly se-
ected 3=UTR regions. A 6mer was considered significant
f it was more frequent in fewer than 10 (P value �
0/1000 � 0.01) of the random samples. We then
atched the significant 6mers to the seed region of the
ature miRNA sequence to identify potential miRNA

egulators.

Results
We quantified small RNAs from jejunal and co-

onic mucosa of adult wild-type mice using ultrahigh
hroughput sequencing. We aligned the resulting se-
uence reads to known miRNA precursor genes obtained

igure 1.The miRNA transcriptome of the mouse intestine. (A) Small RN
ouse genome (mm8) but not to mRNA sequences from RefSeq. (B
omparison of expression levels of miRNAs in jejunum and colon. Colon
ots.
rom miRBase.16 Next, we verified that these sequence a
eads represented miRNAs and not degraded mRNAs by
ligning them to the RefSeq database. As shown in Figure
A, less than 20% of reads in the miRNA size range
ligned to mRNAs, whereas more than 90% matched
recursor miRNAs, indicating that our small RNA prep-
rations were highly enriched for true miRNAs. In total,
e generated 15.3 million trimmed reads for the small and
7.7 million for the large intestine mucosa. Using these
eads, we found evidence for expression of 545 of the 1094
55.4%) known or predicted mature miRNAs in the jejunal

ucosa and 582 (53.2%) in the large intestine mucosa. In
he jejunum, these reads represent 540 distinct families and
over 339 of 574 (59.1%) known pre-miRNAs (Figure 1B,
upplementary Table 1). In the large intestine, they repre-
ent 577 families and cover 357 (62.2%) pre-miRNAs (Figure
C, Supplementary Table 1). We confirmed expression of
mu-miR-194 in both small and large intestinal epithelium

ia in situ hybridization (Supplementary Figure 1). Included
n the miRNA families expressed in the intestinal mucosa

etween 19 and 25 nucleotides in length align to both miRBase and the
) The 15 most abundant miRNAs in jejunal and colonic mucosa. (D)

ched miRNAs are noted with red dots and jejunum-enriched with green
As b
and C
-enri
re those with known functions in intestinal disease, such
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November 2010 MicroRNAs IN THE INTESTINE 1657
s miR-192, and the miR-200 and let-7 families (Figure 1B
nd C).7,18,19

There was a strong correlation between the miRNA
xpression profiles of the small and large intestine (Fig-
re 1D). A vast majority (514, 83.8%) of the 613 miRNAs
xpressed were found in both tissues. In the jejunum,
mu-miR-31 was the most highly enriched gene with a

10-fold change, whereas mmu-miR-196b was enriched
n the large intestine by 1231-fold (Figure 1D). This
uggests that specific miRNAs play unique roles in dif-
erent portions of the intestinal epithelium, and it will be
nteresting to investigate the basis of their differential
egulation. The sensitivity of the technology used allowed
s to detect miRNAs present in a few copies per million
s well as those that individually contribute up to �30%
f the total miRNA pool, ie, mmu-miR-192. Because of
echnical limitations of prior efforts, many of the

iRNAs identified here had been missed previously.10

ecause the intestinal epithelium is made up of multiple
ell types, without detailed in situ hybridization analysis
or all 613 intestinal miRNAs, we cannot determine
hether they are expressed uniformly or whether they
re expressed at high levels in rarer cell types such as
nteroendocrine cells. Nevertheless, our miRNA atlas
f the intestinal mucosa dramatically extends prior
nowledge in this field.
Next, we wanted to determine to what degree miRNAs

ontribute to the differentiation and function of the
ntestine. We derived mice lacking functional miRNAs in
he intestinal epithelium by crossing Dicer1loxP/loxP condi-
ional mutant mice to Villin-Cre mice.4,11 Quantitative
CR analysis confirmed the deletion of Dicer1 in the

ejunal mucosa at both 3 and 10 weeks of age (Figure 2A).
n addition, we confirmed the ablation of Dicer1 at the
unctional level by determining the abundance of 2 in-
estinal miRNAs, mmu-miR-21 and mmu-let-7b, via
uantitative PCR (Figure 2A). Both were dramatically but
ot completely reduced, reflecting residual Dicer1 and
iRNA expression in cell populations where the Villin-
re transgene is silent, such as mesenchymal or immune

ells. Collectively, these results indicate that Dicer1 was
fficiently ablated in the intestinal epithelium of
icer1loxP/loxP;Villin-Cre mice.
Dicer1loxP/loxP;Villin-Cre mutants appeared normal at

irth and were born in the expected Mendelian ratio.
icer1loxP/�;Villin-Cre mice displayed no abnormal pheno-

ype. Mutant mice fed normally but were significantly
maller than their littermate controls beginning at 10
ays after birth (Figure 2B and C). This growth impair-
ent continued through weaning (p21). After approxi-
ately 2 weeks on chow, mutants began to catch up in
eight with their control littermates, becoming indistin-
uishable in size by 7 weeks of age (Figure 2B). In con-

unction with impaired growth, preweaned pups had
oticeably pale and loose stool. Oil-red-O staining on
ecal smears from preweaned (p19) mutants showed the t
resence of large fat droplets (Figure 2D). Once weaned
nd subsisting on chow, which has only 13.5% kcal from
at as compared with the 80% kcal from fat in mouse

ilk, mutant feces normalized (data not shown). How-
ver, when placed on a “Western Diet” of 45% kcal from
at, Dicer1 mutants again had markedly increased levels of
at in their stool as compared with controls (Figure 2D).
hus, Dicer1loxP/loxP;Villin-Cre mutants cannot process di-
tary triglycerides. In addition, adult mutants have �20%
igher percent mass of water in their stool as compared
ith controls (Figure 2E).
The Dicer1-deficient intestine differed from that of

ontrols morphologically. In the small intestine, there
as increased lymphocyte infiltration in the lamina pro-
ria of 10-week Dicer1 mutants, in particular near the
rypt zone, as compared with controls (Figure 3A). In the
olon, the regular crypt structure was disorganized in
icer1-deficient mice, and a more densely packed lamina
ropria was present between crypts (Figure 3B). Whereas
aneth and enteroendocrine cells were present in normal
umbers in Dicer1 mutants (data not shown), the mu-
ants had fewer goblet cells at both 3 weeks (Figure 3F)
nd 10 weeks of age (Figure 3C–E), as shown by Alcian
lue staining. This decrease was most pronounced in the
olon of Dicer1 mutants (Figure 3E and F).

There was also a drastic increase in the number of
poptotic epithelial cells in the lower crypt zone of the
ntire intestine of both 3-week-old (Supplementary Fig-
re 2) and 10-week-old (Figure 4A and B) Dicer1 mutants
s shown by terminal deoxynucleotidyl transferase-medi-
ted deoxyuridine triphosphate nick-end labeling (TUNEL)
taining, whereas apoptotic cells were extremely rare in
he healthy intestinal epithelium (Figure 4A and B). Care-
ul quantification of TUNEL-positive epithelial cells un-
overed a significant increase of apoptotic cells in the
ntire gut at 3 weeks of age (Figure 4C). Because of the
evere disorganization of the epithelium, accurate quan-
ification of TUNEL-positive epithelial cells was not pos-
ible at later stages; however, apoptosis was still present.

We found crypt expansion and increased epithelial
ell migration rates in Dicer1 mutants. Immunohisto-
hemical detection of bromodeoxyuridine (BrdU) in-
orporation 24 hours after a BrdU pulse showed an
ncrease in proliferating cells higher up on the crypt-
illus axis in mutants as compared with controls (Fig-
re 4D). Comparison of the leading edge of BrdU-
ositive cells at 1 hour and 24 hours postinjection
llows for calculation of epithelial cell migration rate.
n Dicer1 mutants, epithelial cells of the jejunum mi-
rate 35% faster than those in the control (Figure 4D),
ikely contributing to the disorganization and dysfunc-
ion of the mutant epithelium.

Next, we aimed to link the intestinal phenotype of
icer1-mutants to dysregulation of specific classes of
RNAs. Whereas miRNAs affect protein translation,
hey often also regulate mRNA abundance.1 We em-
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loyed microarray analysis to identify differentially ex-
ressed protein-coding genes. We identified 3156 differ-
ntially expressed genes in the jejunal mucosa of Dicer1
utants (Supplementary Table 2), which we grouped

nto functional categories (Figure 5A, Supplementary
igure 3).20 Surprisingly, differentially expressed genes in

mmune pathways were the largest category of genes
ffected in Dicer1-deficient mice (Figure 5A), which we
ecided to investigate further.
An important component of intestinal defense against lu-
inal pathogens are neutrophils in the lamina propria. H&E

taining showed an increase in the number of neutrophils in
he lamina propria in both the small and large intestine, with

igure 2. Mice with conditional ablation of Dicer1 in the intestinal ep
re/loxP-mediated gene ablation of Dicer1 was verified by expression an
utant (Dicer1loxP/loxP;Villin-Cre) mice (*P � .05). (B) Dicer1 mutants are

hereafter (n � 28) (*P � .05 by multivariant analysis of variance). (C
ittermates. (D) Oil-Red-O staining of fecal smears showing fatty stool
ompared with controls. (E) Dicer1 mutants fail to absorb water in the c
ith control littermates (*P � .05).
more dramatic phenotype in the colon (Figure 2A–D). Low w
agnification images demonstrate a dramatic increase in lym-
hoid nodules in the colon of Dicer1 mutants (Figure 5B).
here was an increase in neutrophil number in the lamina
ropria at the base of the crypts, in addition to a small number
een infiltrating the colonic epithelium, suggesting mild
hronic colitis (Figure 5C).

To investigate potential causes for the redistribution
nd increase in immune cells in Dicer1-deficient mice, we
ext analyzed epithelial maintenance in the small intes-
ine of the mutants. In controls, epithelial nuclei were
ligned equidistant to the apical surface (Figure 5D, left,
lue). This was not the case, however, in Dicer1 mutants,
here the epithelial layer was disorganized and the nuclei

um display impaired growth, fat absorption, and water retention. (A)
s of Dicer1, mmu-miR-21, and mmu-Let-7b in control (Dicer1loxP/�) and
ificantly growth retarded from 10 to 50 days of age but regain weight
comparison of representative preweaned (p19) mutant and control

utant pups preweaning (p19) and adult mutants on high-fat chow as
as evidenced by the increased water content of their stool compared
itheli
alysi
sign

) Size
in m
olon,
ere distributed on different planes throughout the ep-
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November 2010 MicroRNAs IN THE INTESTINE 1659
thelium (Figure 5D, right, blue). High-resolution confocal
maging of Claudin-7, a component of tight junctions,
howed the protein localized to puncta along the baso-
ateral and intracellular membranes of epithelial cells in
ontrol intestine (Figure 5D, left, red). In the Dicer1 mu-
ants, this regular pattern of Claudin-7 staining was lost,
gain demonstrating the disorganization of Dicer1-defi-
ient epithelium (Figure 5D, right, red). Claudin-4, an-
ther component of tight junctions, was expressed in
lear puncta that lined the apical membrane in the con-
rol jejunum (Figure 5D, left, green). In contrast, in Dicer1

utants, Claudin-4 puncta were no longer strictly local-
zed to the apical membrane and appeared less densely
acked (Figure 5D, right, green).
To determine the consequence of the observed epithe-

ial disorganization in Dicer1 mutants, we measured the
ntestinal paracellular permeability. Lactulose and man-
itol are nondigestable carbohydrates that cross the ep-

thelium via paracellular routes and are thus useful tools
o measure intestinal barrier function.21 We fed radioac-
ively labeled mannitol and lactulose to 3-month-old

ice by gastric gavage and determined their rate of trans-
er to circulation. Epithelial crossing of both lactulose

igure 3. Dicer1 mutants display increased lymphocyte infiltration and
isplay increased cellular density in the crypt zone of the small intes

ymphocyte infiltration. Colonic crypts of adult Dicer1 mutants (B, right)
oblet cells, as shown by Alcian blue staining (C and D), throughout th

n the colon, where there is a 4-fold decrease (*P � .05).
Figure 5E) and mannitol (Figure 5F) was dramatically T
ncreased in Dicer1-deficient mice, indicative of decreased
ntestinal epithelial barrier function.

From the severe phenotype of Dicer1 mutants, it is clear
hat miRNAs play a vital role in the intestinal mucosa;
owever, the role of particular miRNAs cannot be de-
uced from this mouse model. To investigate the roles of
pecific miRNAs and the mRNAs that they target, we
ndertook HITS-CLIP for Argonaute, which is an inte-
ral part of the RISC that mediates miRNA action.17 This
ethod involves isolating the jejunal mucosa, immedi-

tely cross-linking the protein components of the RISC
o the paired miRNA and mRNA simultaneously, isolat-
ng these RNA species by immunoprecipitation of Argo-
aute, and subjecting them to ultrahigh throughput se-
uencing (Figure 6A and B). Although most models of
iRNA function cite seed sequence binding at the

=UTR of the target mRNA, our data demonstrate that
iRNAs can bind throughout the transcript, although

eed sequence binding was enriched within the 3=UTR
Figure 6C).17

We identified hexamers enriched in 1762 Ago target
egions located in Refseq 3=UTRs and matched these to
he seed regions of 27 known miRNAs (Supplementary

er goblet cells throughout the intestine. Adult Dicer1 mutants (A, right)
s compared with littermate controls (A, left), most likely because of
sorganized compared with control mice (B, left). There is a decrease in
stine in Dicer1 mutants at 10 weeks (E) and 3 weeks (F), most notably
few
tine a
are di
e inte
able 3). mmu-miR-145 seed sequences (ACTGGA) were
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1660 MCKENNA ET AL GASTROENTEROLOGY Vol. 139, No. 5
ound in 40 of the mRNA targets identified, many of
hich are plausible contributors to the phenotype of
icer1 mutants described above. Dicer1 mutant mice dis-
lay impaired goblet cell differentiation, potentially ex-
lained by mmu-miR-145’s strongly occupied seed se-
uences in the 3=UTR of Klf4, a master regulator of
oblet cell differentiation.22 Interestingly, mmu-miR-145
s not the only highly expressed miRNA in the small
ntestinal mucosa that has an occupied seed sequence in
he Klf4 3=UTR; mmu-miR-224 (10 reads) also binds to
n enriched hexamer in this region (data not shown).
urthermore, the expressed miRNAs mu-miR-182 (74
eads), mmu-miR-350 (49 reads), mmu-miR-361 (44
eads), and mmu-miR-486 (62 reads) have hexamer

atches in the occupied regions of the Klf4 gene as
ell (Supplementary Table 3). Dicer1 mutants also dis-
lay impaired epithelial barrier function, likely caused
y disorganization of the epithelial layer and junc-
ional complexes (Figure 5D–F). Two important cell
dhesion proteins, Cadherin1 and Epithelial Membrane
rotein 1, are targeted by mmu-miR-145 (Figure 6D). An-
ther interesting target of mmu-miR-145 is Cathepsin B
Figure 6D), a protein that accumulates in patients with
nflammatory bowel diseases.23 Interestingly, inhibition of
athepsin B led to amelioration of colitis symptoms.23 In

otal, we have uncovered 1328 miRNA-mRNA relationships
n the jejunal mucosa using HITS-CLIP, a data set that will
ndoubtedly be a useful tool for future studies of the roles

igure 4. Epithelial cell dynamics in the Dicer1-deficient intestine. Epit
t both 3 (C) and 10 weeks of age (A and B). Crypt expansion is observ
fter a BrdU pulse (D). Epithelial cell migration is accelerated by one-third
ells at 1 and 24 hours postpulse (D) (*P � .05).
f miRNAs (Supplementary Table 3). t
Discussion
By combining the mRNA microarray data with

ITS-CLIP-derived targeting information, we can iden-
ify a set of miRNA targets whose expression levels are
ffected in the small intestine by deletion of Dicer1,
mong them the aforementioned Cadherin 1 and Ca-
hepsin B genes (see Supplementary Table 4 for sum-

ary). We analyzed transcription factors as potentially
mportant targets because they control transcriptional
etworks and often play fundamental well-studied roles

n processes such as development and homeostasis. Table
contains 7 transcription factors and signaling mole-

ules that are both up-regulated in Dicer1 mutants and
re high-confidence targets of miRNAs expressed in the
ejunal mucosa. Among these are the Reg proteins, orig-
nally identified as growth factors for pancreatic �-cells.
eg� and � are both miRNA targets as determined by
ITS-CLIP and up-regulated in Dicer1 mutants (Supple-
entary Table 2). Reg3� negatively regulates tumor ne-

rosis factor �-induced nuclear factor-�B activation and
herefore plays a role in innate immune response in the
ntestine.24,25 Expression of both these genes is regulated
y Relm� levels,24 a signaling molecule secreted by goblet
ells and known to play a role in inflammation and
nfection susceptibility.26 Interestingly, Relm� expression
s also up-regulated in Dicer1 mutants (Supplementary
able 2). Relm��/� mice have decreased epithelial resis-

cell apoptosis is increased in Dicer1 mutants compared with controls
Dicer1 mutants as shown by detection of BrdU incorporation 24 hours
er1 mutants as determined by comparison of the leading edge of BrdU
helial
ed in
in Dic
ance and increased epithelial permeability and are also
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rotected from the deleterious symptoms of chemically
nduced colitis.24 Taken together, the regulation of these

genes by miRNAs is likely involved in epithelial barrier
unction and innate immune response.

Transcription factor CP2-like1 (Tcfp2l1) is active in
luripotent embryonic stem cells and is down-regulated
s cells differentiate.27 Its role in the intestine may be

igure 5. Dicer1 mutants exhibit increased inflammation because of a
ntestinal permeability. (A) Gene expression profiles of jejunal mucosa of D
ere sorted into pathways, and the differentially activated pathways w
f the differentially expressed genes. (B) Low magnification (4�) image o

n the number of lymphoid nodules in mutants as compared with cont
ontrols. (D) The small intestinal epithelium of mutants is disorganized a
f Claudin-7 (red), Claudin-4 (green), and nuclei (blue). Dicer1 mutants h

F) absorption (*P � .05. **P � .01, ***P � .0001) (n � 5).
imited to the stem cell compartment that repopulates r
he epithelium as cells move up the crypt-villus axis.
iRNA targeting of Tcfp211 may be part of the down-

egulation of this gene as cells commit to the various
ntestinal epithelial cell types, and its overexpression in
ur Dicer1 mutants might contribute to the observed
xpansion of the proliferative zone described above.

Hoxb9 is a Wnt/Tcf/Lef target gene that was shown

ganized epithelium and decreased tight junctions leading to increased
mutants and controls were determined. Differentially expressed genes
mbined into functional groups. Immune pathways made up one-third
wiss-roll” large intestine stained for B cells (CD45R) shows an increase
C) Dicer1 mutants have increased B-cell infiltration as compared with
wn by high-resolution confocal imaging of immunofluorescent staining
creased intestinal permeability as shown by lactulose (E) and mannitol
disor
icer1

ere co
f a “S

rols. (
s sho
ave in
ecently to be involved in metastasis of adenocarcinma of
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he lung, an organ that, like the intestine, is derived from
mbryonic endoderm.28 Whereas a function for Hoxb9 in
he intestine has yet to be described, it is tempting to
peculate that its normal repression by miRNAs in the
ntestine—which is subject to active Wnt signaling in

igure 6. Identification of miRNA targets in the intestinal epithelium. (
oprecipitated from lysates of jejunal mucosa. (B) Along with Argonaut
recipitated samples. (C) While miRNA target sequences obtained from
ummary analysis, there was an enrichment of binding near the end of
RNAs obtained from HITS-CLIP. To be able to represent all different m
= end of the respective RefSeq mRNA, which was defined as position 0
eads obtained. (D) miR-145, one of the most highly expressed miRNAs
ould explain the Dicer1 mutant phenotype: Klf4, Cadherin1, Epithelial M
ene (yellow) box and the sequencing reads of mRNA fragments obtain
he top of each graph is the alignment with the seed sequence of miR
equence coincide with peaks of mRNA fragments obtained from HITS

able 1. Transcription Factors and Signaling Molecules
Targeted by Intestinal miRNAs and Up-Regulated in
Dicer1 Mutants

Transcription
factors and
signaling
proteins

mRNA fold
change Targeting miRNAs (reads per million)

cfcp2l1 5.53 miR-25 (2313), miR-145 (9321)
eg3g 4.52 miR-23a (1402), miR-23b (876),

miR-130a (244), miR-130b (134)
oxb9 3.56 mir-150 (105)
eg3b 2.73 miR-23a (1402), miR-23b (876),

miR-805 (909)
nfaip3 2.09 miR-31 (1945)
lf4 1.67 miR-22 (1099)
necut2 1.52 miR-33 (139), miR-375 (1244)

OTE. Seven transcription factors and signaling molecules are listed
hat are both up-regulated in Dicer1 mutants and are high-confidence
argets of miRNAs expressed in the jejunal mucosa along with the
WRNA fold change in Dicer1 mutants and targeting jejunal miRNAs.
ransit amplifying cells—is required for intestinal tissue
omeostasis.
TNFAIP3, also known as A20, is a negative regulator of

oll-like receptor signaling in intestinal epithelial cells as
t inhibits nuclear factor-�B.29 Its expression is rapidly
p-regulated in response to immune challenge and grad-
ally declines back to basal levels as the cells or tissue
ecover.29 Dicer1 mutants have substantial tissue damage
nd immune infiltration, therefore, miRNA targeting of
20 suggests a role of the innate immune system in

esponse to compromised barrier function in these mu-
ants.

ELF-4 controls proliferation of CD8� T cells by directly
ctivating the tumor-suppressor gene KLF4.30 Interest-
ngly in NIH3T3 fibroblast cells, over-expression of ELF-4
ushes cells through the G1/S transition to promote cell
ycle entry and proliferation.31 Because miRNAs are gen-
rally thought to decrease expression of their targets,
icer1 mutants would have increased levels of ELF-4,
otentially explaining the crypt expansion and increased
ell migration rate in the small intestinal epithelium.

Onecut 2 (Hnf6�) has been shown to play a role in gut
atterning and differentiation of enteroendocrine cells.32

onaute protein, and the cross-linked RISC, were successfully immu-
A populations of the expected size were also present in the immuno-
S-CLIP were distributed along the length of mRNAs as shown in this
=UTR. The graph depicts the summary for all target sequences within
s in 1 graph, the distances were expressed in each case relative to the
y-axis indicates the “intensity” as derived from the number of sequence
small intestinal epithelium, targets several genes whose misexpression
rane Protein 1, and Cathepsin B. The graphs display the 3=UTR of each
om the HITS-CLIP experiment for each of the 4 genes (gray peaks). At
(red box). Note that the locations of the match to the miR-145 seed
analysis.
A) Arg
e, RN

HIT
the 3
RNA

. The
in the
emb
ed fr
-145
hereas there is no direct correlation with the phenotype
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f the Dicer1 mutants and these functions, it is likely that
necut 2 plays other roles in the intestinal epithelium as
ell as it is highly expressed throughout the tissue.32 It
as been previously reported that both miR-495 (43.78
eads per million) and miR-218 (25.75 reads per million)
egulate Onecut 2 in liver and pancreas,33 but these 2

iRNAs are expressed at very low levels in the intestine.
e predict mmu-miR-33 (166 reads per million) and
mu-miR-375 (2086 RPM) as likely regulators of Onecut
in the jejunal mucosa from our HITS-CLIP data and

examer seed matches (Supplementary Table 3).
In summary, we have established that miRNAs play
ultiple important roles in the intestinal epithelium.
his was not a foregone conclusion because the function
f hepatocytes, another endoderm derived cell type, is

argely independent of microRNAs.5 Whereas previous
tudies have focused on the role of miRNAs in colon
ancer, here we show new functional roles for miRNAs in
pithelial organization, cell migration, barrier function,
nd the prevention of colitis. Additionally, we provide the
asis for a better understanding of miRNA-mRNA tar-
eting relationships in the intestinal mucosa using HITS-
LIP technology and show that targets of particular
iRNAs can be linked to aspects of the phenotype of
icer1 mutant mice, thus providing at least part of the
olecular mechanism behind miRNA function in the

ntestinal epithelium.

Supplementary Material

Note: To access the supplementary material
ccompanying this article, visit the online version of
astroenterology at www.gastrojournal.org, and at doi:
0.1053/j.gastro.2010.07.040
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upplementary Figure 1. In situ hybridization confirms mmu-miR-
94 expression in both the small and large intestinal epithelium. In situ
ybridization using both a scramble probe as a control (A and C) and a
robe for mmu-miR-194 (B and D) shows clear epithelial miRNA ex-
ression in both the small (B) and large (D) intestine in a wild-type
ouse.
S
K
o
w
g
r
d

upplementary Figure 3. The most highly up- and down-regulated
yoto Encyclopedia of Genes and Genomes (KEGG) pathways in each
f the categories used in Dicer1 mutants. Enriched KEGG pathways
ere identified using gene set enrichment analysis (GSEA), and the
enes were grouped into categories. The most highly up- and down-
egulated pathways in each category are listed, along with its false
upplementary Figure 2. Increased apoptosis in the small and large
ntestine of 3-week-old Dicer1 mutant mice. Apoptotic epithelial cells,
s shown by terminal deoxynucleotidyl transferase-mediated deoxyuri-
ine triphosphate nick-end labeling staining, are increased in the epi-
helium of 3-week-old Dicer1 mutants (B and D) as compared with
iscovery rate (FDR).
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