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Abstract

Background—Crohn’s disease (CD) and ulcerative colitis (UC) are associated with expression
differences in genes involved in immune function, wound healing, and tissue remodeling. Micro-
RNAs (miRNAs) are small, noncoding RNAs that act as potent negative regulators of gene expression
and are differentially expressed in chronic inflammatory diseases, including UC. We examined the
expression of mMiRNAs in tissues from different intestinal regions and in patients with active ileal
and colonic CD.

Methods—Colonoscopic pinch biopsies were obtained from the terminal ileum, cecum, transverse
colon, sigmoid colon, and rectum of normal, healthy adults and from the ileum and sigmoid colon
of patients with active ileal and colonic CD. miRNA expression was assessed using miRNA
microarray and validated by mature miRNA quantitative reverse-transcription polymerase chain
reaction (RT-PCR).

Results—Ten intestine region-specific miRNAs were identified. Three miRNAs were increased
and one miRNA was decreased in the terminal ileum as compared to the colon. Six other miRNAs
expressed varying levels of expression among the colon regions. Five miRNAs were found to be
differentially expressed in tissues of patients with active colonic CD, with three increased and two
decreased as compared to normal, healthy controls. Similarly, four miRNAs were found to be
significantly increased in tissues of patients with active ileal CD.

Conclusions—The expression differences between ileal CD, colonic CD, and previously identified
UC-associated miRNAs support the likelihood that miRNAs influence differing inflammation-
related gene expression in each inflammatory bowel disease (IBD) subtype and may form the basis
for future diagnostic tests and therapeutic targets for IBD.
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Crohn’s disease (CD) and ulcerative colitis (UC) are the two major types of chronic idiopathic
inflammatory bowel disease (IBD). While both are thought to arise as a consequence of an
aberrant host immune response to gut flora in genetically predisposed individuals, CD and UC
differ with respect to clinical presentation, genetic associations, and gene expression patterns.
1 Uc affects only the colon, while CD can affect any part of the gastrointestinal tract, with the
terminal ileum most commonly involved. Since 2005, genome-wide association studies have
identified multiple shared as well as distinct genetic risk factors for CD and UC.2 Furthermore,
genome-wide mRNA expression studies have demonstrated that CD and UC differ regarding
respective mRNA expression profiles.3= These differences in gene expression patterns have
also been corroborated by proteomics studies comparing CD and UC.6—8

While the regulation of inflammatory gene expression is not fully understood, microRNAs
(miRNAS) are increasingly recognized as important posttranscriptional regulators of gene
expression.? Mature miRNAs are short (19-24 nucleotides) noncoding RNAs that are
processed from longer pri-miRNASs transcripts. In the cytoplasm, mature miRNA is
incorporated into the RNA-induced silencing complex (RISC) where it recognizes and binds
to complementary sequences in the 3’ untranslated region (3" UTR) of the target mMRNAs,
resulting in suppression of translation and/or degradation of mRNA.10:11

Since the first human miRNA, Let-7, was discovered in 2000,12 ~700 human miRNAs have
been identified. Each miRNA may regulate hundreds of different protein-coding messenger
RNA (mRNA), and conversely, a given mRNA sequence may be targeted by several miRNAs.
13 Overall, miRNAs are thought to contribute to the regulation of at least one-third of all
protein-encoding mRNAs in humans.14

miRNASs have been implicated in many biological processes, including development,
determination of cell fate, metabolism, and hematopoiesis.1> While alterations in miRNA
expression have been most widely studied in cancer, growing evidence indicates a significant
role of miR-NAs in immune function.16 For example, miRNAs have been shown to influence
the expression of cytokines,1’ proteins involved in Toll-like receptor and cytokine receptor
activation,18:19 and T-cell function.20 Furthermore, there is increasing evidence that miRNAs
are altered in chronic inflammatory and autoimmune diseases.!

We recently demonstrated that certain miRNASs are differentially expressed in the tissues of
patients with active UC, finding that eight miRNAs were significantly increased and three
miRNAs were decreased in sigmoid colon tissues with active UC.22 However, altered
expression of MiRNAs in CD has not been fully investigated. In this study we examined
whether there is intestinal region-specific miRNA expression and whether this expression is
altered in ileal CD (Crohn’s ileitis) and colonic CD (Crohn’s colitis).

MATERIALS AND METHODS

Human Intestinal Tissues

Normal, healthy individuals undergoing colonoscopy for colorectal cancer screening and
patients with CD were recruited for colonoscopic pinch biopsies using a protocol approved by
the Johns Hopkins University Institutional Review Board. Pinch biopsies from the terminal
ileum, cecum, transverse colon, sigmoid, and rectum were obtained from six normal healthy
individuals undergoing screening colonoscopies. Additional sigmoid pinch biopsies were
obtained from seven normal healthy individuals. Pinch biopsies from the ileum were obtained
from six patients with chronically active CD. Pinch biopsies from the sigmoid colon were
obtained from five patients with chronically active Crohn’s colitis. Diagnoses of active CD
were confirmed by histopathology conducted on parallel biopsies taken within 10 cm of the
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research specimens. Clinical characteristics of patients enrolled in the study are summarized
in Table 1.

Total RNA and miRNA Enrichment

Pinch biopsies were placed immediately into 1 mL of Trizol reagent (Invitrogen, La Jolla, CA)
and total RNA was extracted. The total RNAs were separated into small RNA fraction and
large RNA fragments (>200 nucleotides) using the PureLink miRNA Isolation Kit (Invitrogen).
The small RNA fraction was measured using RediPlate 96 RiboGreen RNA Quantitation Kit
(Invitrogen). The RNA samples were stored at —80°C.

mMiRNA Microarray

The miRNA expression profile in the small RNA fraction from each patient was established
using the NCode Multi-Species miRNA Microarrays, v. 2 (Invitrogen). This array contains
three replicate subarrays, each detecting 467 unique human miRNAs and various controls. A
total of 48 miRNA microarray assays were performed.

Briefly, 500 ng of small RNAs, mixed with NCode miRNA Microarray Controls, were labeled
with Oyster-550 or Oyster-650 using the Flashtag RNA labeling kit (Genisphere, Hatfield,
PA). The labeled RNA was hybridized to an NCode miRNA microarray slide at 52°C for 16
hours. Arrays were scanned using a GenePix 4000B scanner (Molecular Devices, Palo Alto,
CA) and raw hybridization intensities were obtained. The background subtracted median
fluorescence intensity was used for normalization based on dChip software
(http://www.dchip.org/). When comparing two groups, findings were considered significant if
1) fold change was >2; 2) t-test, P-value was <0.05; and 3) difference in fluorescence intensity
between the two group means were >100 arbitrary units.

Quantitative Reverse-transcription Polymerase Chain Reaction (qRT-PCR)

For validation of miRNA expression, the NCode SYBR green miRNA gRT-PCR Kit
(Invitrogen) was used. Briefly, 200 ng of small RNA was converted to cDNA. For miRNA
gPCR, the reverse primer was the NCode miRNA universal gPCR primer (Invitrogen). Forward
primers were obtained (Operon Technologies, Alameda, CA) and are listed in Table 2. The
cycles passing threshold (Ct) were recorded. The expression of each target miRNA in tissues
was calculated relative to U6B, a ubiquitously expressed small nuclear RNA that has been
widely used as an internal control. Data are presented as target miRNA expression = 2ACt with
ACt = (U6B Ct — target miRNA Ct).

Statistical Analysis

Experimental results are expressed as mean values + standard error. Statistical analyses for
gRT-PCR were performed using unpaired, two-tailed Student’s t-tests and one-way analysis
of variance (ANOVA) for multiple group comparisons (GraphPad Prism 5, San Diego, CA).
P-values < 0.05 were considered significant.

RESULTS

Region-specific miRNA Expression in the Gut

The previous demonstration of intestinal region-specific MRNA expression led us to
hypothesize that miRNAs also demonstrate region-specific expression differences.23 To test
this hypothesis we performed miRNA microarray analyses on endoscopic pinch biopsies
obtained from the terminal ileum, cecum, transverse colon, sigmoid colon, and rectum in six
consecutive patients undergoing screening colonoscopy. A total of 30 miRNA microarrays
profiles were generated and data analyzed.
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Most of the 467 unique miRNAs probed demonstrated undetectable expression or no
expression differences. The most highly expressed 5% of miRNAs demonstrated expression
levels at least 4-fold greater than the background signal. We identified 13 miRNAs with high
expression levels in both the terminal ileum and all four colon regions, i.e., with expression
levels at least 4-fold greater background in all regions tested (Table 3). The expression levels
of 12 of these 13 miRNAs, let-7a, let-7b, let-7¢c, miRs-143, -192, -194, -200c, -200b, -24, -26a,
-30d, and -375, demonstrated no significant differences among any regions studied. Of these
13 highly expressed miRNAs, only miR-320 demonstrated regional expression differences,
with significantly higher levels in the four colon regions as compared to the terminal ileum.

These miRNA microarray data also demonstrated 20 other miRNAS exhibiting region-specific
expression (Fig. 1). By conducting mature miRNA gPCRs we validated regional expression
differences in 10 of these 20 miRNAs (Fig. 2). Specifically, miR-22, miR-31, and miR-215
were significantly increased in the terminal ileum as compared to all four colonic regions.
Additionally, miR-19b showed a 3.2-fold decrease in expression in the terminal ileum relative
to the neighboring cecum.

Moreover, six miRNAs, miRs-26a, -422b, -23a, -126, -320, and let-7d, demonstrated colon
region-specific miRNA expression differences (Fig. 2). For example, miR-422b was expressed
at equal levels in the terminal ileum, transverse colon, sigmoid colon, and rectum but was
significantly increased in the cecum. Meanwhile, miR-26a was significantly decreased in the
cecum as compared to the terminal ileum, sigmoid colon, and the rectum and significantly
decreased in the transverse colon as compared to the sigmoid colon. Overall, these data support
the hypothesis that specific miRNAs exhibit unique expression levels in different intestinal
regions, with the most dramatic differences seen in the terminal ileum compared to the colon.

Identification of miRNAs Differentially Expressed in Crohn’s Colitis

We previously demonstrated the miRNA expression in sigmoid colon pinch biopsies of patients
with active UC differed from that in normal adults as well as from that in patients with
microscopic colitis, CD, infectious colitis, and irritable bowel syndrome.22 However, a direct
comparison of the miRNA expression from colonic biopsy tissues of CD patients with healthy
subjects was not performed in that previous study. In the current study we focused on further
comparing miRNA expression in sigmoid colon pinch biopsies of five patients with chronically
active CD and 13 normal healthy adults to determine whether miRNA expression patterns in
patients with active Crohn’s colitis differ from healthy adults.

Our initial miRNA microarray profiling identified eight miRNAs, miR-21, miR-23b, miR-29a,
miR-106a, miR-107, miR-126, miR-191, and miR-200c, with increased expression in tissues
from Crohn’s colitis patients compared to normal healthy adults (Fig. 3A). Validation by
mature miRNA gPCR confirmed that miR-23b, miR-106, and miR-191 were increased in
active Crohn’s colitis tissues (Fig. 3B). These miRNAs were not previously identified as UC-
associated miRNAs and their lack of altered expression in active UC was confirmed (data not
shown).

The initial mMiRNA microarray profiling also identified three miRNAs, miR-19b, miR-422b,
and miR-629, showing diminished expression in tissues from Crohn’s colitis patients as
compared to normal healthy adults (Fig. 3A). Validation by mature miRNA gPCR confirmed
that miR-19b and miR-629, but not miR-422b, were underexpressed in active Crohn’s colitis
tissues (Fig. 3B). MiRs-19b and -629 were 2.6- and 3.5-fold decreased, respectively, in Crohn’s
colitis tissues as compared to normal healthy control tissues. Analogous to the three upregulated
miRNAs, these two downregulated miRNAs had not been previously identified as UC-
associated miRNAs and their lack of altered expression in active UC was confirmed (data not
shown).
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Identification of miRNAs Differentially Expressed in Crohn’s lleitis

We conducted a similar assessment comparing the miRNA expression in terminal ileal biopsies
from six patients with chronically active terminal ileal CD and six normal healthy adults. Initial
miRNA microarray profiling identified one microRNA, miR-422b, which exhibited
diminished expression in Crohn’s ileitis, and six miRNAsS, let-7i, miR-16, miR-20a, miR-21,
miR-223, and miR-594, with increased expression in Crohn’s ileitis as compared to normal
healthy control tissues (Fig. 4A). Validation by mature miRNA gPCR confirmed that miR-16,
miR-21, miR-223, and miR-594 were overexpressed in chronically active terminal ileal CD
tissues (Fig. 4B). Specifically, miRs-16, -21, -223, and -594 were 3.2-, 3.3-, 8.6-, and 2.3-fold
increased, respectively, in Crohn’s ileitis tissues as compared to normal healthy control tissues.
The remaining two miRNAs, miR-422b and let-7i, were not found to be altered significantly
by mature miRNA gPCR validation (data not shown).

DISCUSSION

Previous systematic studies have demonstrated intestinal region-specific differences in gene
expression.23 The molecular basis underlying region-specific expression of these genes has
not yet been established. In this study we confirmed that miRNAs, key negative regulators of
post-transcriptional gene expression, are expressed in the gastrointestinal tract and demonstrate
intestinal region-specific expression. Overall, these miRNAs expressed in the intestine
comprise asmall fraction of the total number of known miRNAs encoded in the human genome.
These results are analogous to observations of MRNA expression in the gastrointestinal tract.
However, our new findings suggest that the influence of region-specific miRNAs on region-
specific MRNASs and proteins now merits further investigation.

We previously demonstrated that miRNAs are differentially expressed in the sigmoid colon of
patients with active UC.22 These active UC-associated miRNAs demonstrated distinct
expression levels relative to tissues from patients with inactive UC, infectious colitis,
microscopic colitis, irritable bowel syndrome, Crohn’s colitis, and normal healthy patients. In
the current study we determined that tissues from the ileum and the sigmoid colon of CD
patients also express distinct miRNAs. Specifically, we showed that five miRNAs were
differentially expressed in active Crohn’s colitis and that four miRNAs were differentially
expressed in Crohn’s ileitis. These results are consistent with our previous findings regarding
differential expression of miRNAs in UC.

Taken together, our findings of IBD-associated miRNAs and intestinal tissue region-specific
miRNASs suggest that miRNAs are involved in the maintenance of intestinal homeostasis and
in differences in the pathogenesis of IBD subtypes. In particular, it is striking that there was
very little overlap between the expression levels of specific miRNAs in active UC, Crohn’s
colitis, and Crohn’s ileitis. We previously demonstrated that none of the active UC-related
miRNAs, including miRs-16, -21, -23a, 24, -29a, -126, -192, -195, -375, -422b, and let-7f, are
altered in Crohn’s colitis tissues. Similarly, in the current study, none of the Crohn’s colitis-
associated miRNAs were previously found to be altered in UC tissues. Of the miRNAs altered
in Crohn’s ileitis, we identified only miR-16 and miR-21 as altered in UC but not in Crohn’s
colitis.

There is accumulating evidence that miRNAs play a significant role in modulating
inflammatory gene expression.2* For example, miR-146 downregulates the expression of
tumor necrosis factor receptor-associated factor 6 and interleukin-1 receptor-associated kinase
1, key molecules in cytokine and Toll-like receptor signaling.® Similarly, our laboratory
demonstrated that miR-192, an miRNA significantly downregulated in active UC tissues, is
expressed in colonic epithelial cells and regulates inflammatory cytokine-induced macrophage
inflammatory peptide 2a expression.22 Further studies are now indicated to determine the
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cellular localization of the Crohn’s colitis- and Crohn’s ileitis-associated miRNAs, as well as
whether these miRNAS regulate genes associated with inflammation or fibrosis.

Our data contribute to the growing evidence that miRNAs are differentially expressed in
inflammatory and autoimmune diseases. Specifically, miRNAs have been found to be
differentially expressed in psoriasis and atopic eczema,?® rheumatoid arthritis, 26728 asthma,
29 systemic lupus erythematosus, and idiopathic thrombocytopenic purpura.3°

Of all the CD-associated miRNAs identified in the current study, miR-21 has been particularly
widely implicated in the regulation of inflammatory disorders. For example, we previously
demonstrated increased miR-21 expression in active UC. Similarly, miR-21 was also found to
be increased in the lungs of mice exposed to aerosolized lipopolysaccharide.3! In addition,
Sonkoly et al?® reported that miR-21 was among several miRNAs upregulated in psoriasis and
atopic eczema. The expression of miR-21 was also increased in peripheral blood cells from
patieng% with systemic lupus erythematosus (SLE) and idiopathic thrombocytopenic purpura
(ITP).

Other CD-associated miRNASs have also been identified in inflammatory disorders. Like
miR-21, miR-106 was found to be upregulated in psoriasis,2> while miR-223 was upregulated
in chorioamnionitis membranes,32 endometriosis,33 and T-cells from patients with rheumatoid
arthritis.3 Finally, miR-16 was found to be upregulated in peripheral blood mononuclear cells
of patients with rheumatoid arthritis.3® It can be hypothesized that the overlap of these miR-
NAs among multiple inflammatory and autoimmune processes indicates that specific miRNAs
function as key regulators of innate and adaptive immune mechanisms by regulating families
of immune-related target mMRNAS. These new findings now merit further studies to understand
the precise role of immune-associated miRNAs.

Taken together, the identification of miRNAs associated with active Crohn’s ileitis, Crohn’s
colitis, and UC not only implies distinct pathogenic mechanisms underlying IBD subtypes but
also raises the possibility that distinct miRNA expression patterns in IBD subtypes can be used
to distinguish these IBD subtypes or to assess disease activity and therapeutic efficacy. Indeed,
the use of miRNAs as diagnostic tools and therapeutic targets for disease has been
proposed38 and shown to distinguish numerous cancers.3” While we have identified 11 UC-
associated miRNAs, five Crohn’s colitis miRNAs and four Crohn’s ileitis miRNAs, further
studies on tissue and blood-based miRNAs on larger patient populations are now indicated to
determine whether miRNA expression profiles will lead to useful IBD diagnostic tools and
therapeutic targets.
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FIGURE 1.
Heatmap of differential miRNA expression in the normal gut. Twenty miRNAs were identified
in the miRNA microarray profiling of intestinal regions from six consecutive patients. Red
indicates higher than mean intensity (black) across all samples, green represents lower than
mean intensity (black).
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Mature miRNA validation in the normal gut. Ten miRNAs were validated by mature miRNA

gRT-PCR. Data are presented as mean = SEM (*P < 0.05).
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Identification of active colonic CD-associated miRNAs. (A) Heatmap of 11 miRNAs identified
by miRNA microarray as differentially expressed in colonic CD. Red indicates higher than

mean intensity (black) across all samples, green represents lower than mean intensity (black).
(B) Mature miRNA gRT-PCR validation of five miRNAs differentially expressed in colonic

CD. Data are presented as mean = SEM (*P < 0.05).
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FIGURE 4.

Identification of active ileal CD-associated miRNAs. (A) Heatmap of seven miRNAs identified
by miRNA microarray as differentially expressed in ileal CD. Red indicates higher than mean
intensity (black) across all samples, green represents lower than mean intensity (black). (B)
Mature miRNA gRT-PCR validation of four miRNAs differentially expressed in ileal CD.
Data are presented as mean + SEM (*P < 0.05).
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Clinical Characteristics of Patients

TABLE 1

Healthy Control  Crohn’s Disease Sigmoid  Crohn’s Disease Tl
Number patients 13 5 6
Male/Female 6/7 312 5/1
Age (years) 54.6 326 40.3
Mean (range) (38-68) (23-51) (28-64)
Duration I1BD (years) n.a. 10.2 9.2
Mean (range) (1-22) (1-27)
Medications
5-ASA 0 3 (60%) 3 (50%)
Antibiotics 0 1 (20%) 2 (33.3%)
Steroids 0 0 1 (16.7%)
Immunomodulators 0 0 2 (33.3%)
Biologics 0 1 (20%) 1 (16.7%)
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TABLE 2

Primers Used for Quantitative Real-time PCR

Name Direction  Primer (5’-3")

Universal gPCR primer ~ Reverse ~ NCode miRNA First-strand cDNA Synthesis Kit (Invitrogen)
Let-7d Forward  AGAGGTAGTAGGTTGCATAGT
Let-7i Forward TGAGGTAGTAGTTTGTGCTGT
miR-22 Forward  AAGCTGCCAGTTGAAGAACTGT
miR-106a Forward  AAAAGTGCTTACAGTGCAGGTAGC
miR-107 Forward  AGCAGCATTGTACAGGGCTATCA
miR-126 Forward TCGTACCGTGAGTAATAATGC
miR-16 Forward TAGCAGCACGTAAATATTGGCG
miR-191 Forward CAACGGAATCCCAAAAGCAGCT
miR-19b Forward TGTGCAAATCCATGCAAAACTGA
miR-200c Forward TAATACTGCCGGGTAATGATGG
miR-20a Forward TAAAGTGCTTATAGTGCAGGTAG
miR-21 Forward TAGCTTATCAGACTGATGTTGA
miR-215 Forward ~ ATGACCTATGAATTGACAGAC
miR-223 Forward TGTCAGTTTGTCAAATACCCC
miR-23a Forward ATCACATTGCCAGGGATTTCC
miR-23b Forward  ATCACATTGCCAGGGATTACC
miR-26a Forward TTCAAGTAATCCAGGATAGGC
miR-29a Forward TAGCACCATCTGAAATCGGTT
miR-31 Forward GCAAGATGCTGGCATAGCTG
miR-320 Forward  AAAAGCTGGGTTGAGAGGGCGAA
miR-422b Forward CTGGACTTGGAGTCAGAAGGCC
miR-594 Forward  ATCTGGGGTGGCCTGTGACTTT
miR-629 Forward GTTCTCCCAACGTAAGCCCAGC
u6B Forward CGCAAGGATGACACGCAAATTCG
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